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a  b  s  t  r  a  c  t

The  adsorption  of  thiacyanine  dye molecules  on citrate-stabilized  silver  nanoparticle  clusters  drop-cast
onto  freshly  cleaved  mica  or highly  oriented  pyrolytic  graphite  surfaces  is  examined  using  colocalized
surface-enhanced  Raman  spectroscopy  and  atomic  force  microscopy.  The  incidence  of  dye  Raman  sig-
natures  in  photoluminescence  hotspots  identified  around  nanoparticle  clusters  is considered  for  both
citrate-  and  borate-capped  silver  nanoparticles  and  found  to be substantially  lower  in  the former  case,
suggesting  that  the  citrate  anions  impede  the efficient  dye  adsorption.  Rigorous  numerical  simulations
of  light  scattering  on random  nanoparticle  clusters  are  used  for estimating  the  electromagnetic  enhance-
ment  and  elucidating  the hotspot  formation  mechanism.  The  majority  of  the  enhanced  Raman  signal,
estimated  to  be more  than  90%,  is  found  to originate  from  the  nanogaps  between  adjacent  nanoparticles
in  the  cluster,  regardless  of the cluster  size  and  geometry.

© 2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Dye coated metallic nanoparticles (NPs) exhibit interesting opti-
cal properties provided by the interaction between the metal core
and dye shell. Depending on the interaction mechanism between
the two, the optical properties of dye molecules and NPs can be
changed separately or jointly within the adsorbate–NP complex [1].
For example, the NP surface plasmon frequency can be changed
by the presence of adsorbate while the dye fluorescence can be
quenched or enhanced by the NP [2,3]. Ultimately, under special
conditions, these complexes can exhibit unique characteristics dif-
ferent than those of either isolated dye molecules or NPs. Owing to
the variety of mechanisms by which dyes can interact with met-
alic NPs, dye–NP complexes can lead to applications ranging from
nanoscale sensing [4] to advanced composite materials for novel
active and nonlinear optical devices [5].

Many of the recent studies have been focused on dyes which
are able to self-assemble in highly oriented structures called J-
aggregates on the surface of the NPs [6–14]. J-aggregates have a
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strong and narrow excitonic absorption band that is red-shifted
with respect to the monomer absorption band [15]. The special way
of molecular stacking, responsible for the formation of Frenkel exci-
tons, has been extensively studied [16–24] as these aggregates are
the most famous spectral sensitizers of silver halides for the photo-
graphic industry [25]. On the other hand, it has been shown that the
combination of J-aggregates and silver or gold NPs provides a plat-
form for the fundamental studies of excitons and their interaction
with high electromagnetic fields, as well as a way  to utilize optical
properties of such a hybrid system for nanoscale optical devices.

A necessary condition for the interaction to occur is that the
dye molecules are adsorbed on the surface of the NPs. Therefore,
the adsorption process plays one of the key roles in these systems.
The most common way  in which the dye–NP hybrid systems are
prepared is by mixing the appropriate colloid and dye solutions and
letting the resulting mixture reach its metastabile or stabile state
in which the NPs have dye molecules adsorbed on their surface.
The dynamics of the adsorption process is quite complex as it the
depends on various factors including the target concentration of
the constituents, affinity of the dye molecules to bind to the NP
surface and the type of capping anions protecting the surface of the
NPs. For instance, the spectrophotometric studies of thiacyanine
(TC) dye coated silver nanoparticles (AgNPs) in Refs. [26,12–14]
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show that the capping anions can influence the mechanism of the
adsorption process and therefore its efficiency.

The influence of capping anions on the adsorption process can
be studied on a nanoscopic level by exploiting very strong localized
plasmonic fields at the NP surface and employing surface-enhanced
Raman scattering (SERS) [27,28]. SERS has already been used for
identification of TC J-aggregates and for studying their dynamics
on the surface NP clusters in solutions [29–36].

In view of the significance of the dye-to-NP adsorption mech-
anism, here the mechanism of TC dye adsorption on the surface
of AgNP clusters with citrate anion stabilization is investigated. In
order to probe the presence of TC dye molecules on the nanoscale
(i.e. on individual AgNP clusters), Ag colloids are mixed with TC dye
solutions, and subsequently drop-cast onto freshly cleaved mica
or SiO2 substrates and, after drying, investigated using colocalized
Raman microspectroscopy and atomic force microscopy (AFM). The
key mechanism used for the identification of a small amount of TC
dye molecules adsorbed on AgNP clusters is SERS [32]. The mea-
surements are complemented by rigorous numerical simulations of
plane wave scattering on AgNP clusters, showing that the electro-
magnetic enhancement of the Raman signal originates dominantly
from the nanogaps between adjacent AgNPs within the clusters.
The analysis of the SERS spectra acquired at the AgNP clusters on
mica substrate and the fact that the majority of the SERS signal
comes from the nanogaps indicate that the citrate anions impede
the efficient dye adsorption.

2. Materials and methods

2.1. Chemicals

Silver nitrate (AgNO3), potassium chloride (KCl), and sodium
borohydride (NaBH4) trisodium citrate (Na3C6H5O7 × 3H2O) of the
highest purity were purchased from Sigma Aldrich and used as
received.

Thiacyanine dye (3,3-disulfopropyl-5,5-dichlorothiacyanine
sodium salt, TC) was purchased from Hayashibara Biochemical
Laboratories, Okayama, Japan.

2.2. Samples

Aqueous solutions of borate- and citrate-capped AgNPs
were synthesized by NaBH4 reduction of AgNO3, as described
in Refs. [12,14]. For the synthesis of citrate-capped AgNPs,
Na3C6H5O7 × 3H2O was used as a stabilizing agent. The solution
of borate-capped AgNPs was prepared immediately before use as
the colloid is stable only up to a few hours. Oppositely, the solu-
tion of citrate-capped AgNPs is stable for a longer period of time,
measured in months, due to the protective citrate anion mantle.
The average diameter of both borate- and citrate-capped AgNPs is
around 10 nm (see Section S1 of the Supplementary information).
The nominal concentration of citrate-capped AgNPs in water solu-
tion is cAg = 16 nM (see Fig. S1 for the related absorption spectra).

Aqueous TC dye solution with nominal concentration
cTC = 50 �M of TC and 1 mM of KCl was prepared by dissolv-
ing the solid TC in water and by adding KCl afterwards. Water
purified with a Millipore Milli-Q water system was used in all
cases. The absorption spectra of the TC dye is given in Fig. S1 in the
Supplementary information.

The Ag colloid and the TC dye solution are mixed, and the
resulting mixture (see Fig. S1 in the Supplementary information
for the related absorption spectra) is drop-cast on a substrate.
The adsorption of TC molecules on the surface of borate-capped
AgNPs happens almost instantaneously [13,12], and the mixture
was therefore drop-cast on the substrate a few minutes after mix-

ing the two  solutions. On the other hand, the adsorption of TC dye
on the surface of citrate-capped AgNPs is a much slower process
[26,14] and for that reason the mixture was  left overnight and
afterwards drop-cast on a substrate.

For the investigation of TC/citrate-capped AgNP clusters, as well
as for initial characterization of pristine citrate-capped AgNP clus-
ters, mica was used as a substrate. Mica has an atomically flat,
hydrophilic surface on which the AgNPs are easily deposited, while
its contribution to the total Raman signal is small (see Section S2
of the Supplementary information). In addition to mica, highly ori-
ented pyrolytic graphite (HOPG) and SiO2 substrates were used as
their surfaces are hydrophobic and, therefore, facilitate the forma-
tion of large, closely spaced AgNP clusters as well as more efficient
aggregation of the TC dye on their surface. In particular, HOPG is
used for Raman characterization of concentrated TC dye, since the
dye efficiently aggregates on its surface. The SiO2 is used for the
control study of AgNPs having dye/borate anions conformed to their
surface, since the large closely spaced AgNP clusters are required for
fast Raman/SERS characterization of the initially unstable borate-
capped AgNPs. Raman spectra of the TC dye, Mica, Si and HOPG are
shown in Fig. S2 in the Supplementary information.

2.3. Methods

The AgNP clusters on a substrate are investigated using colo-
calized Raman microspectroscopy and AFM. The two techniques
are used simultaneously thus providing spatially resolved chemi-
cal information of the sample along with its surface topography at
the same place. In this way one is able to identify and assert the
size of the SERS active AgNP clusters while obtaining the chemi-
cal identity of the analyte adsorbed on the surface of AgNPs. The
AFM is operated in tapping mode in order to minimize the lateral
force between the tip and the sample induced by lateral move-
ments of the tip across the sample. The cantilever-tip system is
oscillated at the characteristic first order resonance which is usually
in the 90–230 kHz range. For Raman spectroscopy and SERS mea-
surements a linearly polarized semiconductor laser operating at a
wavelength of 532 nm is used. The laser power was  varied from 2 to
0.2 mW within the ∼0.3 × 0.3 �m sized focus. The experiments are
performed using commercial NTegra Spectra system from NT-MDT.

To numerically solve the classical Maxwell equations we have
used the finite element method implemented within the Comsol
Multiphysics software package [37]. We  consider clusters of AgNPs
having a diameter of 10 nm on a substrate under plane wave illu-
mination. The Ag dielectric constant is taken from Rakic et al. [38].
The substrate is assumed to be semi-infinite and isotropic with
a dielectric constant of 2.25, which roughly corresponds to the
dielectric constants of both mica and SiO2 at visible frequencies.
The surrounding medium is vacuum and its dielectric constant is 1.
For purposes of efficient meshing, AgNPs are assumed to lie 1 nm
above the substrate. The clusters are formed in the plane which is
parallel to the substrate by allowing AgNPs to have random posi-
tion but enforcing the following conditions: (i) there is a certain
minimal allowed distance d between two AgNPs; two  AgNPs sep-
arated by the minimal distance are said to be adjacent; (ii) each
AgNP must be adjacent to at least one other AgNP, thus ensuring
that each randomly generated cluster is connected. By imposing
these two  conditions, we were able to randomly generate various
cluster geometries and mimic  the lack of control over the clusters
morphology in the experiment.

The absorption �a(�), scattering �s(�) and extinction �ext(�)
cross sections are calculated as a function of wavelength �,
according to their well-known definition [39]. The electric-field
enhancement f(r, �) is defined as the squared ratio of magnitudes of
the local electric field EL(r, �) and the incoming electric field E0(�),
with r denoting the coordinate at which the former is evaluated.
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Following Kerker et al. [40], the SERS enhancement factor is defined
as F(r, �inc, �) = f(r, �inc)f(r, �) with �inc and � denoting the laser and
Stokes wavelength, respectively. Since the measured PL/Raman sig-
nal being reported in this paper originates from large (relative to
a cluster), diffraction limited, spots of 300 nm approximate diame-
ter, it cannot be directly related to the spatially-resolved field and
SERS enhancement factors. Instead, we consider their integrals over
the cluster surface S and the corresponding cluster-averaged SERS
factor 〈F(�inc, �)〉 defined as

〈F(�inc, �)〉 = 1
S

∫
S

F(r, �inc, �)dS. (1)

3. Results and discussion

3.1. Surface-enhanced Raman spectroscopy of pristine
citrate-capped AgNPs

Fig. 1(a) shows an AFM topograph of pristine AgNP clusters
on mica surface. The corresponding PL/Raman map  is shown in
Fig. 1(b). The intensity of every pixel in the PL/Raman map  is
obtained by dividing the sum of PL/Raman intensities across the
entire spectral range (100–2000 cm−1) with the number of spec-
tral points. The color bar in panel (b) thus enumerates the average
photon count. Bright areas in Fig. 1(b) represent the regions of
enhanced signal, henceforth referred to as hotspots. These regions
coincide with AgNP clusters consisting of a large number of AgNPs
(with diameters in the 10–50 nm range), as seen by comparing the
PL/Raman map  with the AFM topography image. In fact, we  find
that the hotspots are dominantly formed within larger AgNP clus-

ters, such as those in Fig. 1(a), regardless of the substrate which is
used (mica, SiO2 or HOPG).

Fig. 1(d) and (e) shows two  sets of consecutively acquired spec-
tra with a 40 s time step taken at two  hotspots from Fig. 1(b) using
532 nm laser with intensity of ≈200 �W/�m2. The spectra in panels
(c) and (d) are similar, but cannot be quantitatively compared. Both
sets feature a wide background which spreads over the entire spec-
tral range, and a pronounced band blinking in the 1000–1800 cm−1

range (shaded region) which hinders a quantitative analysis. Con-
sidering that citrate anions are used for stabilizing the AgNPs, our
hypothesis is that the blinking spectra is the SERS signal from the
citrate anion mantle, sensitive to local heating in hotspots due to
the small size of citrate anions, while the wide background is PL
coming from the AgNP clusters.

3.2. Numerical simulations of light scattering on random AgNP
clusters

In order gain an insight into hotspot formation and assess the
Raman enhancement factors, we  employ a numerical model to
calculate the electromagnetic fields scattered on randomly gener-
ated AgNP clusters. The motivation for considering random AgNP
clusters is to get an idea on the variability of the electric field
enhancement upon changing the cluster geometry and to identify
any invariants which could be used to interpret SERS measure-
ments on clusters whose exact geometry is unknown. A typical
cluster consisting of 20 AgNPs is shown in Fig. 2(a). In this example
we set the minimal AgNP distance at d = 0.8 nm while the adjacent
AgNPs are indicated by solid (red) lines Fig. 2(a). The extinction
cross-section of the AgNP cluster in panel (a) is plotted in Fig. 2(b),

Fig. 1. (a) AFM topograph of pristine AgNP clusters drop-cast onto a freshly-cleaved mica substrate. (b) Corresponding PL/Raman map. (c), (d) Typical SERS spectra acquired
within  two hot spots in panel (b). The spectra were measured consecutively with a 40 s time step. The excitation laser wavelength is 532 nm.
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Fig. 2. (a) Sketch of a typical cluster geometry used in the numerical model. Normal incidence is assumed for the incoming wave while its electric field is polarized parallel
to  the plane of the cluster and oriented as indicated by the arrow. The incident field intensity is set to 200 �W/�m2. (b) Extinction spectra of the cluster in panel (a). The
inset  shows the electric field magnitude distribution at 532 nm.  (c) Surface integrals of the intensity enhancement over the entire cluster surface (solid black line) and over
the  entire gap area (dashed red line) plotted as the function of the wavelength. (d) Surface integrals of the total field enhancement (solid, black) and the ratio of the field
component perpendicular to the AgNP surface (dashed, red) both taken over the entire cluster surface. (For interpretation of the references to color in this legend, the reader
is  referred to the web version of the article.)

as a function of the incident wavelength. For the considered cluster,
the scattering cross-section is negligible with respect to the absorp-
tion cross-section and therefore �ext ≈ �a. The two  peaks observed
at 365 and 435 nm,  represent the single particle and cluster surface
plasmon, respectively. Below we find that the wavelength of the
former is virtually independent on the presence of other AgNPs,
while the cluster plasmon wavelength redshifts with increasing
cluster size. Upon the excitation of a cluster plasmon, the electric
field is resonantly enhanced over the entire cluster. Although the
distribution of resonant fields is highly dependent on the details of
AgNP arrangement [41], the highest enhancement is known [42,43]
to be invariably reached within the gaps between adjacent AgNPs,
which is corroborated by our numerical simulations of many ran-
dom AgNP arrangements.

The inset of Fig. 2(b) shows the spatial distribution of the elec-
tric field magnitude in the plane containing the NP centers, excited
at 532 nm which is far from the cluster plasmon at 435 nm.  This
hints that the highest field enhancements are reached in NP gaps
for any wavelength and not just for resonances. Fig. 2(c) shows the
surface integral of the field enhancement evaluated over: (i) the
entire cluster surface, consisting of the surfaces of all AgNPs and
(ii) over the entire gap area, consisting of the sum of gap areas of
individual AgNPs, defined as parts of the NP surface located very
close to the adjacent AgNP, as indicated by the (red) shading in
Fig. 2(c) inset. According to this definition, the surface over which
the (ii) integral is evaluated is a small fraction of the (i) integral.
However, the spectra in Fig. 2(c) show that these integrals have
virtually the same value away from surface plasmon resonances.
The difference around the cluster plasmon wavelength is also not
significant, being of the order of 10%. This shows that regardless of
the cluster geometry, the majority of the SERS signal of any species
adsorbed uniformly on AgNPs is likely to come from the gap region
(see also Fig. S3 in the Supplementary information).

Another important question regarding the fields on AgNP clus-
ters is their orientation with respect to the AgNP surface, as

it determines the SERS cross section of vibrational modes of
molecules adsorbed on the AgNP surface. To evaluate the extent
to which the electric field is perpendicular to the local surface, in
Fig. 2(d) we  evaluate the surface integrals (taken over the entire
cluster) of (i) the square of the normalized total electric field mag-
nitude, which equals f(r, �) by definition (solid, black), and (ii) the
square of the normalized magnitude of the electric field component
perpendicular to the AgNP surface (dashed, red). The comparison of
the two  spectra in Fig. 2(d) shows that the contribution of the tan-
gential component of the local electric field is negligible, indicating
that in such clusters the perpendicular component of the electric
field is the principal source of the SERS signal.

Having established that for an arbitrarily chosen AgNP cluster
the large majority of the SERS signal comes from gaps between
AgNPs and is associated with the perpendicular electric field com-
ponent, we  now focus on the cluster-averaged SERS enhancement
factor 〈F(�inc, �)〉 and investigate how is it affected by the clus-
ter size and geometry. The typical case is illustrated in Fig. 3(a) in
which we  consider a hierarchy of 3 NP clusters shown in the inset,
each having twice as many AgNPs as the previous one. The first one
represents a randomly chosen connected arrangement of 5 AgNPs
with d = 0.8 nm.  The second is obtained by adding 5 more AgNPs
so that each new AgNP is adjacent to one of the existing AgNPs.
Finally, the third and largest cluster is obtained by adding 10 more
AgNPs to the second one. The corresponding 〈F(�inc, �)〉 spectra in
Fig. 3(a) shows two main effects of the cluster size increase. First,
the enhancement peaks associated with the cluster plasmon under-
goes a gradual redshift. Second, the surface-average enhancement
〈F(�inc, �)〉 increases, meaning that the actual SERS signal enhance-
ment given by S × 〈F(�inc, �)〉 will increase even more rapidly with
adding new particles to the cluster. For example, a cluster having 5
AgNPs exhibits an average Raman enhancements of the order of 10
in the 532–600 nm range, whereas a cluster having 20 AgNPs yields
10 times higher values in the same range. In previous studies on
AuNP chains [44], the increase of particle number has been found
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Fig. 3. (a) The average Raman enhancement calculated as a function of the emission wavelength for clusters having 5 particles (dotted orange line), 10 particles (dashed
red  line) and 20 particles (solid black line). (b) The average Raman enhancement calculated as a function of the emission wavelength for a cluster with 8 particles when the
minimal distance between the particles is varied. Particles connected by lines, in the inset, are at the minimal distance d from each other. Solid (black) line corresponds to
d  = 0.5 nm,  whereas dash-dotted (gray) line, dashed (orange) line and dotted (red) line correspond to d = 1 nm,  d = 2 nm and d = 5 nm,  respectively. (c) The left panel shows
some  of the 150 considered cluster variants and the electric field polarization direction. All the clusters have 8 particles, with the minimal distance d = 0.8 nm. The right panel
shows  a histogram of the average Raman enhancement calculated at the emission wavelength 550 nm for all 150 cluster variants. In all calculations normal incidence at a
wavelength 532 nm and the incident field intensity of 200 �W/�m2 are assumed. (For interpretation of the references to color in this legend, the reader is referred to the
web  version of the article.)

to either increase or decrease the average Raman enhancement,
depending on the relative position of the incident wavelength and
the cluster (chain) plasmon.

In Fig. 3(b) we consider the role of the spacing d between adja-
cent AgNPs. For a cluster comprising 8 AgNPs decreasing d from
5 nm down to 0.5 nm is seen to result in drastic changes of 〈F(�inc,
�)〉. The cluster plasmon is rapidly blueshifted and approaches the
single-particle plasmon as the AgNPs are moved further apart (see
also panel (c) of Fig. S3 in the Supplementary information). Simi-
lar conclusions have been previously reported for the AuNP linear
chains embedded in a dielectric medium [42,45]. Meanwhile, the
peak values of 〈F(�inc, �)〉 are seen to decrease very rapidly since
the gap field enhancement becomes less effective with increasing
d. For example, the lowest considered minimal distance of 0.5 nm
yields SERS enhancements as high as 104 in the 532–600 nm range.

Lastly, by evaluating the average Raman enhancement at
the excitation and Stokes wavelengths of 532 nm and 550 nm,
respectively, for a 150 randomly generated 8 AgNP clusters, we
evaluate how the cluster morphology affects the non-resonant SERS
enhancement value. The variety of clusters that have been consid-
ered in the 150 member ensemble, is represented by 25 typical
members sketched in the left panel of Fig. 3(c). The histogram
of 〈F(�inc, �)〉 values is shown in the right panel, where the col-
umn  colors are selected so that they correspond to the color of the
associated cluster in the left panel. The distribution is quite wide,
spanning the range from 50 to 600. By comparing the two  panels
of Fig. 3(c), we see that the highest enhancements are reached in
chain shaped clusters having the chain axis aligned with the inci-
dent electric field, such as the one illustrated in Fig. 3(c) by filled
circles. The effect of disorder of the linear AuNP chain on the Raman

enhancement was  studied in Ref. [43], where increasing disorder
was found to diminish the Raman enhancement. In this case, the
highest Raman enhancements were found for AuNP chains, when
the incident electric field is oriented along the chain axis.

The brief numerical analysis of light scattering on random
AgNP clusters made in this section shows that the overall SERS
enhancement is highly dependent the cluster geometry and its ori-
entation relative to the electric field polarization. The sensitivity
of 〈F(�inc, �)〉 to fine details, such as the gap spacing, makes its
exact evaluation very difficult even when electron microscopy is
used for determining the AgNP arrangement with nanometer spa-
tial resolution [46]. In the present case, the possibility of resonant
enhancement cannot be excluded, since the cluster plasmon res-
onances are seen to redshift in elongated clusters with a larger
number of particles than the ones considered here [42,43]. How-
ever, beside the well elaborated enormous Raman enhancements
having a resonant origin [42], we have shown that in the non-
resonant case enhancement factors in the range of 102–103 are to
be expected.

3.3. Surface-enhanced Raman spectroscopy of TC coated AgNPs I:
influence of citrate capping anions on the TC dye adsorption

In the TC/AgNP mixture, the AgNPs may  have the J-aggregates or
dye monomers or dimers adsorbed on their surface, or even remain
pristine. Therefore, it is expected that AgNP clusters drop-cast
from the mixture would have a variety of SERS spectra corre-
sponding to those of different dye conformations, citrate anions
and even their combinations. To make a clear distinction between
the non-aggregated and aggregated molecules one must have an
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Fig. 4. (a) AFM topograph of TC dye coated Ag NP clusters which are drop-cast on
mica. (b) Corresponding PL/Raman map. (c) and (d) Typical SERS spectra acquired
within the hot spots, by consecutive measurements with 40 s time step. The exci-
tation laser wavelength is 532 nm.  In the lower parts of panels (c) and (d) shown
are  the SERS spectra obtained by summation of the corresponding consecutively
acquired spectra, and the Raman spectra of the drop-cast TC dye. (For interpretation
of  the references to color in this legend, the reader is referred to the web version of
the article.)

excitation resonant with the absorption of either aggregated or
non-aggregated dye molecules [32,47]. Here we use a non-resonant
laser line at 532 nm which does not allow identification of differ-
ent dye conformations. However, AgNP clusters are very efficient
enhancers at this wavelength, as it is shown in Section 3.1 and thus
through the SERS effect alone we are able to determine if the TC
dye molecules are adsorbed on AgNPs or not.

Comparison of the AFM topograph and the corresponding
Raman map  in Fig. 4(a) and (b) reveals that the hot spots are located
within the larger AgNP clusters, as in the case of pristine AgNPs
in Section 3.1. The SERS spectra acquired at these hot spots can
be unambiguously categorized in two groups: one featuring stable
Raman bands during successive measurements and the other hav-
ing blinking Raman bands. The wide background from the AgNP
clusters exists in this case as well. Fig. 4(c) and (d) shows the two
distinct spectra types. The recording time step is 40 s and the laser
intensity is ≈200 �W/�m2.

The consecutively measured SERS spectra having stable Raman
bands are reminiscent of the drop-cast TC dye Raman spectrum.
The similarity between the two becomes even more convincing
after summation of ten consecutively measured spectra, six of
which are displayed in Fig. 4(c). By applying markers to the three
wave-number regions, I (300–1000 cm−1), II (1050–1250 cm−1), III
(1400–1600 cm−1), where the TC dye has its characteristic Raman
bands (see Fig. S2 in the Supplementary information), we find
that in region I around 600 cm−1 the summed SERS spectrum has

two bands matching those of a drop-cast TC dye, which is plot-
ted again, for clarity, below the summed spectrum. The modes
around 400 cm−1 and 900 cm−1 are, however, absent in the related
TC dye SERS. In the remaining regions II and III the two  spectra
have, more or less, the same Raman bands and even similar back-
grounds. Hence, our experiments corroborate the fact that the dye
molecules are adsorbed on the surface of the AgNPs, and point out
another interesting possibility – the dye molecules drop-cast on the
surface of HOPG may  be similarly organized as the dye molecules
on the surface of the AgNPs.

Panel (d) in Fig. 4 displays SERS spectra characterized by a pro-
nounced band blinking in the 1000–1800 cm−1 range, as indicated
by gray (orange) region. The resemblance of the spectra in Fig. 4(d)
and those of pristine AgNPs in Fig. 1(c) and (d) suggests that the TC
dye molecules are not adsorbed on the surface of the AgNPs. How-
ever, the sum of the consecutive recordings, shown in the lower part
of Fig. 4(d), reveals certain SERS bands in region II and III which are
overlapping the drop-cast TC dye bands. Occasional emergence of
Raman bands which could belong to the TC dye bands in regions I,
II and III, however, is a common event even for the SERS spectra of
pristine AgNPs. Having in mind that practically the entire enhanced
Raman signal originates form the analyte located in the nanogaps,
the blinking SERS signal can be interpreted as a consequence of
mixing of the pristine AgNPs blinking SERS and the TC dye SERS
which are collected at different nanogaps where the former has the
dominant contribution. Consequently, we  are unable to conclude
whether the AgNP clusters exhibiting blinking SERS bands have the
dye molecules adsorbed on their surface or not. However, the exis-
tence of the two  distinct SERS spectra clearly points out that the
AgNPs are partially covered by the TC dye molecules. This further
indicates that during the adsorption process, the TC dye molecules
are either competing with citrate anions in order to replace them on
the surface of AgNPs or that the TC dye molecules have a difficulty
conforming over the citrate anion mantle. Hence, we  proceed fur-
ther by changing the concentration of TC dye in the mixture while
maintaining the concentration of AgNPs constant at cAg = 16 nM.

The blinking and TC dye SERS spectra observed for
0.01cTC = 0.5 �M,  0.1cTC = 5 �M,  and 0.5cTC = 25 �M of TC, are
shown in Fig. 5(a)–(c), respectively. By analyzing spectra at the
hotspots within various Raman maps, we find that the AgNP
clusters deposited from the solution with the lowest dye concen-
tration yield no clear dye SERS spectra, whereas the AgNP clusters
deposited from the solution with the two higher dye concentration
provide a number of distinct TC dye SERS spectra at the hotspots,
shown in Fig. 5. Comparison of the summed SERS spectra, in the
lower parts of panels (a), (b) and (c) in Fig. 5, and the concentrated
TC dye Raman spectra corroborates that the SERS spectra in panels
(b) and (c) correspond to the one of the TC dye. As expected,
using TC dye concentrations of 0.01cTC = 0.5 �M, 0.1cTC = 5 �M in
the final solution yields either pristine or partially covered AgNP
clusters, a fact that concurs with the results in Ref. [14]. However,
observation of the blinking type SERS within the AgNP clusters
derived from the mixture with the highest TC dye concentration of
0.5cTC = 25 �M,  for which all of the AgNPs in the solution should be
covered by the dye molecules [14], further indicates that the citrate
anion mantle impedes the adsorption of the TC dye molecules.

3.4. Surface-enhanced Raman spectroscopy of TC coated AgNPs II:
influence of borate and citrate capping anions on the TC dye
adsorption

In order to examine if the citrate anions impede the TC dye
adsorption, we have performed an additional set of measurements
on a control sample – borate–capped AgNPs mixed with the TC dye
and deposited on the surface of 300 nm thick SiO2, which is ther-
mally grown on the Si wafer. Meanwhile, the borate-capped AgNPs
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Fig. 5. Blinking and TC dye SERS spectra (acquired by consecutive measurements with 40 s time step) at hotspots on the samples made by varying the TC concentration in
TC-Ag  NP mixture: (a) 0.5 �M,  (b) 5 �M and (c) 25 �M. All shown spectra were taken under the same conditions using 532 nm laser with intensity of 200 �W/�m2.

are unstable with the average lifetimes of the order of couple of
hours in the colloid dispersion and are usually stabilized by sodium
citrate (or rather by the citrate anions which replace the borate
anions while conforming to the surface of the AgNPs), as explained
in Ref. [14]. The related lifetimes are much shorter upon deposition
of these AgNPs on a substrate. The SiO2 surface is hydrophobic, and,
therefore, promotes formation of closely spaced clusters larger than
those observed on mica, since the droplet drop-cast of the former
dries over a certain area rather than spreading all over the surface.
Such an arrangement, along with the enhanced contrast between
the SiO2 surface and the clusters, is absolutely necessary for fast
acquisition of the SERS signal from the unstable, dye/borate-capped
AgNP clusters.

Fig. 6(a)–(c) shows the three Raman maps corresponding to:
(i) AgNP clusters deposited on mica from a solution having
a (citrate-capped) AgNP to the TC dye concentration ratio of
22 nM/17 �M≈1.3 × 10−3, (ii) AgNP clusters deposited on mica
from a solution having a (citrate capped) AgNP to the TC dye con-
centration ratio of 16 nM/25 �M ≈ 0.64 × 10−3, (iii) AgNP clusters
deposited on SiO2/Si from a solution having a (borate-capped) AgNP
to the TC dye concentration ratio of 10 nM/16 �M≈0.63 × 10−3,
respectively. The (red) diamonds mark the spatial positions within
the hotspots where the blinking type of Raman spectra is observed,
whereas the (green) squares mark the pixels having the TC dye type
of Raman spectra. These maps share the color bar which is located
below them. Panels (d), (e) and (f) of Fig. 6 display examples of the
spectra collected at the hotspots within the corresponding maps
in panels (a), (b) and (c), respectively. For comparison, the concen-
trated TC dye Raman spectra is plotted in each panel, below all the
other spectra.

The dye/borate-capped AgNPs deposited on the SiO2/Si, form a
higher number of larger clusters than the dye/citrate-capped AgNPs
on mica, as seen by comparing the Raman maps in panels (a), (b)

and (c), as expected. The SERS spectra acquired at these clusters is
exclusively of the TC dye type, as seen in panel (c). In fact, we find
this to be the case for every recorded Raman map. In contrast, the
dye/citrate-capped AgNP clusters exhibit both the blinking and the
TC dye SERS, even when the ratio of the citrate-capped AgNPs and
the TC dye concentrations in solution is approximately the same as
the one of the borate-capped AgNPs and the TC dye (compare panels
(b) and (c) in Fig. 6). The adsorption of the TC dye seems to be more
efficient if the AgNPs have borate anions initially conformed to their
surface and, therefore, we conjecture that the citrate anions indeed
interfere with the adsorption process of the TC dye molecules.

Our findings are in agreement with the previous spectrophoto-
metric study of J-aggregation of TC dye on the surface of AgNPs
[26,13,14,12], where is found that the capping anions (borate
or citrate), as well as added KCl, have an important role in the
adsorption and J-aggregation of the dye molecules. In case of
borate-capped AgNPs, the J-aggregation is found to be a fast pro-
cess (kapp = 4.97 s−1) whose kinetics can be explained in terms of
autocatalysis. Differently, kinetics measurements of J-aggregation
on the surface of citrate-capped AgNPs has shown that the J-
aggregation occurs via a two-step slower process (adsorption and
aggregation, kapp1 = 0.008 s−1 and kapp2 = 0.11 s−1). Also, in the case
of citrate-capped AgNPs was found that the quantity of added KCl
has an important role in the adsorption of TC dye molecules.

This conclusion is further supported by the analysis of the DFT
calculated adsorption energies of the TC dye, borate and citrate
anions on the surface of Ag, reported in our previous work [26]
(see also Section S4 of the Supplementary information).

4. Summary

In summary, the analysis of SERS enhancement based on rigor-
ous simulations of Maxwell equations for the case of plane wave
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Fig. 6. Raman maps of (a) clusters deposited on mica from a solution having a (citrate capped) NP to the TC dye concentration ratio of 22 nM/17 �M ≈ 1.3 × 10−3, (b) clusters
deposited on mica from a solution having a (citrate capped) NP to the TC dye concentration ratio of 16 nM/25 �M ≈ 0.64 × 10−3 (c) clusters deposited on SiO2/Si from a
solution having a (borate capped) NP to the TC dye concentration ratio of 10 nM/16 �M ≈ 0.64 × 10−3. (d)–(f) Examples of the blinking and dye SERS spectra observed in the
Raman  maps, displayed below the corresponding Raman maps.

scattering on random silver nanoparticle clusters on various sub-
strates has shown that, for the investigated nanoparticles and the
532 nm excitation laser, typical enhancement factors in the range
of 102–103 can be expected. The highest field enhancement factors
are reached at collective nanoparticle plasmon resonances, which
lie in the 400–500 nm range for medium sized clusters (around 20
nanoparticles), and become redshifted in elongated clusters with
an increasing number of particles. From an inspection of electro-
magnetic field distribution on nanoparticle surfaces, a conclusion is
reached that at least 90% of the SERS total enhancement originates
from nanogaps between adjacent nanoparticles, implying that the
experiments are sensitive only to adsorbates located in these gaps.

Combined AFM and PL mapping of citrate-capped AgNP clus-
ters with dye molecules adsorbed from solutions of variable TC
concentration have shown that, even at highest TC concentrations,
not all hotspots exhibit Raman signatures characteristic of TC dye
molecules, indicating that the clusters are only partially covered
by dye molecules. In contrast, the control experiment carried out
with borate-capped AgNP clusters, with similar nanoparticle and
dye concentrations, has shown a complete dye-coverage of AgNP
clusters.

These results are a direct demonstration that the citrate anions,
while useful for stabilizing the colloid, impede the efficient TC dye
adsorption.
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A B S T R A C T

The simple green method for synthesis of stable L-Methionine (L-Met) capped silver (Ag@LM NPs) and gold
(Au@LM NPs) nanoparticles (NPs) without adding any additional reduction agent or stabilizer was developed.
Colloidal dispersions were characterized by UV–Vis spectrophotometry. The size and spherical shape of NPs
were evaluated by transmission electron microscopy. Their surface covering was confirmed by atomic force
microscopy, Fourier transform infrared spectroscopy, dynamic light scattering, and zeta potential measurements.
Density functional theory calculations pointed that the preferential adsorption mode of L-Met on both Ag and Au
surfaces was a vertical binding geometry via –NH2 group, while horizontal binding mode via eSe and –NH2

groups is also possible. The genotoxicity (evaluated by the micronucleus assay) of NPs, as well as their effects on
some oxidative stress parameters (catalase activity, malondialdehyde level), were assessed in vitro using human
peripheral blood cells as a model system. The influence of NPs on the morphology of lymphocyte cells studied
using atomic force microscopy revealed that the membrane of cells remained unaffected after the treatment with
NPs. When considering the effects of NPs on catalase activity and malondialdehyde level, neither particle type
promoted oxidative stress. However, the treatment of lymphocytes with Ag@LM NPs induced a concentration-
dependent enhancement of the micronuclei incidence and suppression of the cell proliferation while Au@LM
NPs promoted cell proliferation, with no significant effects on micronuclei formation. The Ag@LM NPs were
more prone to induce DNA damage than Au@LM NPs, which makes the latter type more suitable for further
studies in nano-medicine.

1. Introduction

During the past decade, noble metal nanoparticles (NPs) have been
extensively studied due to their unique optical, chemical and physical
properties [1], and have found many applications in different areas,
such as electronics, catalysis, and optoelectronic devices. Besides, there
is a growing interest in their use in nano-medicine as potential drugs
[2,3], in biosensing and drug delivery [4]. There are various physical,
chemical, and biological methods for NPs synthesis, including physical
vapor deposition, laser ablation, gamma radiation, reduction of metal
ions, use of microorganisms, and enzymes [5–7]. For a biomedical
application, noble metal NPs are most frequently synthesized in solu-
tions by chemical reduction method [8]. The color of noble metal col-
loidal dispersions originates from their localized surface plasmon re-
sonance (LSPR) and can be tuned by controlling the NPs size and
morphology [8].

Silver and gold NPs (Ag NPs, Au NPs, respectively) are the most
frequently studied metal NPs due to their fascinating physical and
chemical properties, including the well-defined surface plasmon re-
sonance (SPR). Various amino acids, which are the basic structural units
of proteins and also biologically important substances whose activities
depend largely on their redox behavior, can be used for the preparation
of small-scale metal particles of silver and gold. The application of
surfactants and stabilizing ligands on solid matrix [1] determines their
size, shape, stability, color, as well as the state of aggregation and
physicochemical properties. Amino acids capped NPs have extensive
use because of the excellent conductivity, chemical stability, and anti-
microbial activity. Especially, Ag NPs and Au NPs have found appli-
cation in the biomedical field [9,10], and their interactions with various
biomolecules have been extensively studied [11]. They are also very
promising for medicinal applications in both diagnostics (application of
surface enhanced Raman spectroscopy (SERS), cellular imaging,
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biosensors, an assay for Alzheimer's diseases), and therapy (antioxidant
and anticancer activity, in photothermal therapy, as drug delivery ve-
hicles) [10,12,13]. With NPs' potential to have a good impact on the
human health, there is also a growing need for the development of the
green methods for their synthesis [14,15], in order to obtain bio-
compatible NPs that could find application in nano-medicine [4].

L-Methionine (L-Met) is one of the two sulfur-containing essential
amino acids, which is generally found in proteins and has some crucial
biological functions in antioxidant defense mechanisms and regulation
of cellular function through reversible oxidation and reduction [16,17].
Besides, L-Met has an essential role in cysteine synthesis in the body of
healthy persons [18]. In the biochemical processes, it is usually oxi-
dized to methionine sulfoxide [19,20], but in the presence of halogen
species, a dehydromethionine form has also been reported [21].

Recently, some papers reported the new green synthesis procedures
for obtaining Au NPs, ZnS NPs, and magnetic Fe3O4 NPs using L-Met as
the biocompatible reducing and capping agent [22–24]. For the
synthesis of Ag NPs and gold-coated CoFe2O4 NPs, L-Met was used as
reducing agent [25,26]. Also, the Ag NPs synthesis in the presence of L-
Met by photoreduction method was recently performed [27]. However,
in these syntheses, L-Met was used in the presence of other reduction
and stabilizing agents (e.g. sodium citrate, NaBH4, CTAB – cetyl-
trimethylammonium bromide), which exert additional side effects in
biochemical processes. Although there are various reductant agents
used, the reaction mechanism for NPs formation is not completely
evaluated in many cases, including the nucleation and particle growth
[25,28]. However, there is a lack of data concerning L-Met capped NPs
green synthesis using no additional reduction or capping agents. Before
considering any medical application of NPs in diagnostics or treatment
of human diseases, it is necessary to evaluate their biological effects.
Though there are numerous studies of metal NPs toxicity [29,30],
constant development and improvement of the synthesis methods re-
quire a continuous study of the newly synthesized metal NPs biosafety.
Physicochemical properties such as size, shape, and surface charge, may
influence the penetration of NPs into cells and their interaction with
biomolecules [31,32]. Some studies show that free silver ions, which
could be present in colloid dispersion after NPs synthesis, also play an
important role in the toxicity of Ag colloids [33].

This work aims to develop a new, environmentally friendly, green
method for the synthesis of stable Ag NPs and Au NPs, avoiding the
application of toxic chemicals for the reduction and stabilization of
colloids. For that purpose, the amino acid L-Met was used as reducing
and capping agent, in order to obtain the nontoxic NPs, capable of
delivering L-Met with its biocompatible properties. Numerous methods
(UV–Vis and Fourier transform infrared spectroscopy, transmission
electron, and atomic force microscopy, dynamic light scattering, den-
sity functional theory calculations) were used to characterize the size,
shape, and stability of obtained conjugates, including the optimized
geometry of L-Met on NPs surface.

In order to consider the possible diagnostic or therapeutic applica-
tions of these NPs in nano-medicine, the biological effects, including the
toxicity assessment and oxidative stress effects were performed using
human peripheral blood cells as a model system. For this reason, the
genotoxic potential and redox modulating activities of newly synthe-
sized NPs were examined, including the morphological study of the
untreated and NPs treated lymphocytes carried out using the atomic
force microscopy method.

2. Experimental methods

2.1. Chemicals

Silver nitrate (AgNO3), Hydrogen tetrachloroaurate trihydrate
(HAuCl4 × 3H2O), L-2-Amino-4-(methylthio)butanoic acid (L-
Methionine), and Potassium hydroxide (KOH) were commercial pro-
ducts from Aldrich and Merck and were used as received. All solutions

were prepared using water purified with a Millipore Milli-Q water
system. Cytochalasin B, Histopaque-1077 (Lymphocyte separation
medium), thiobarbituric acid (TBA), and Giemsa stain were purchased
from Merck (Darmstadt, Germany). RPMI-1640 medium, fetal bovine
serum, and phytohemagglutinin (PHA-M) were purchased from Fisher
Scientific – UK (Leicestershire, UK).

2.2. Ag@LM NPs and Au@LM NPs synthesis

For L-Met capped silver (Ag@LM) NPs synthesis, 1 ml of 10−3 M
AgNO3 and 0.5 ml of 10−2 M L-Met were mixed, and water was added
to the final volume of 10 ml, then the reaction mixture was heated to
boiling. A few minutes after the mixture started to boiling, the trans-
parent color became dark yellow, indicating the NPs formation. The
dispersion was heated for a few minutes, and when it was stopped, the
solution was cooled under water.

For L-Met capped gold (Au@LM) NPs synthesis, 10 ml of 10−3 M
HAuCl4 was heated to boiling, then 0.5 ml of 10−1 M L-Met and water
were added to the final volume of 20 ml. The yellow color of tetra-
chloroaurate first became transparent than pink due to the formation of
NPs. The colloid dispersion was centrifuged, and the precipitate was
washed with deionized water. Finally, Au colloid was concentrated in
1 ml. The alkalinity of solutions (pH = 9–11) was adjusted by adding a
proper amount of 1 M KOH for both colloids. The Ag and Au NPs
working solutions were made by appropriate dilution of stock disper-
sion.

The concentration of Ag@LM and Au@LM NPs (cNPs) in stock dis-
persion (6.37 × 10−9 M and 2.25 × 10−9 M) was approximately de-
termined using Eq. (1):

=c
c M

r N
NPs

M Ag or Au

o

( )
4
3

3 (1)

where cM represents the AgNO3 or HAuCl4 molar concentration, MAg (or

Au) - the Ag or Au molar mass, r – an average particle size radius, ρ – the
Ag or Au density (10.49 g cm−3 and 19.30 g cm−3) and No – the
Avogadro number.

2.3. Blood cultures

Blood samples were obtained from healthy, non-smoking young
volunteer donors following current regulations [34]. Aliquots of whole
heparinized blood (0.5 ml) were added to culture tubes containing
4.5 ml of RPMI-1640 medium supplemented with 15% fetal bovine
serum and 2% phytohemagglutinin. The blood cultures were treated
with increasing doses of Ag and Au NPs (final concentrations
1 × 10−13 M - 1 × 10−11 M). The untreated cultures served as a
control. The adequate number of blood cultures per treatment was es-
tablished to enable examinations of catalase activity, malondialdehyde
(MDA) level, micronuclei incidence, and a cell proliferation index. For
the Thiobarbituric acid (TBA) and catalase assays, after 72 h of in-
cubation, the blood cultures were separated using Histopaque-1077; the
lymphocytes were collected by centrifugation, washed in physiological
saline, and frozen at −80 °C while erythrocytes were hemolyzed in ice-
cold deionized water, and frozen at −20 °C for 24 h. For each analysis
performed, three independent experiments were carried out. The ob-
tained data were pooled, and the results are expressed as the mean and
standard deviation (SD) of the mean.

2.4. Micronuclei analysis

The incidence of micronuclei was estimated employing the cyto-
kinesis-block micronucleus (CB-MN) method of Fenech [35]. Cytocha-
lasin B at a final concentration of 4 μg/ml was added to each sample
44 h after incubation to inhibit cytokinesis. The lymphocyte cultures
were incubated for a further 28 h. Cells were collected by centrifugation
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and treated with hypotonic solution (0.56% KCl + 0.90% NaCl, mixed
in equal volumes) at 37 °C. The cell suspensions were prefixed in me-
thanol/acetic acid 3:1, washed three times with fixative, and dropped
onto a clean slide. Slides were air-dried and stained with alkaline
Giemsa (2%). For each sample, at least 1000 binucleated (BN) cells
were scored, and micronuclei (MN) were evaluated using a microscope
with 400× or 1000× magnification. A minimum of 1000 BN cells was
scored to evaluate the number of cells with micronuclei.

2.5. Cytokinesis-block proliferation index

A cytokinesis-block proliferation index (CBPI) was calculated ac-
cording to a method of Surrales et al. [36] as follows:
CBPI = [MI + 2MII + 3(MIII +MIV)]/N, where MI-MIV represents the
number of cells with one to four nuclei, and N is the number of cells
scored. For its determination, at least 500 cells per slide were counted.
The relative frequencies of mononucleate, binucleate, trinucleate, and
tetranucleate cells in the culture provide an accurate method of quan-
tifying the effect on cell proliferation and the cytotoxic or cytostatic
activity of a treatment. The cytotoxicity was measured in accordance
with the Organization for Economic Cooperation and Development
(OECD) Guideline for the Testing of Chemicals 487 [37], by using the
CBPI, where:

% Cytostasis = 100–100[(CBPIT– 1)/(CBPIC – 1)], where CBPIT is
the CBPI of the test compound and CBPIC the CBPI of the untreated
control cells. According to Test Guideline, cytotoxicity is identified as a
reduction in CBPI. If the maximum concentration is based on cyto-
toxicity, the highest concentration should aim to achieve 55 ± 5%
cytotoxicity and, i.e. show a reduction in CBPI up to 45 ± 5% of the
concurrent negative control [37].

2.6. Catalase activity assay

The catalase activity was measured using the method of Aebi [38]
with minor modifications by following the catalytic reduction of hy-
drogen peroxide. The decomposition of the substrate H2O2 was mea-
sured using a Perkin Elmer Lambda 35 Spectrophotometer at 240 nm.
The activity was expressed as K – the rate constant of the first-order
reaction per minute per mg of hemoglobin (min-1 mg Hb-1). The
concentration of hemoglobin was marked by Drabkin's method.

2.7. Thiobarbituric acid (TBA) assay

A thawed lymphocyte suspensions were used for the measurement
of malondialdehyde, spectrophotometrically [39] at the 532 nm wa-
velength. The values are expressed as nmol of thiobarbituric acid-re-
active substance (MDA equivalent)/mg protein, using a standard curve
of 1,1,3,3-tetramethoxypropane. Protein concentration was determined
according to the method of Lowry et al. [40].

2.8. Statistics

Statistical analysis was performed using the Product-Moment and
partial correlations and One-way ANOVA followed by post-hoc Tukey
test with the software package Statistica 8, for Microsoft Windows. P
values < .05 were considered significant.

2.9. Apparatus

Absorption spectra of colloidal dispersions were recorded by Perkin
Elmer Lambda 35 UV – Vis spectrophotometer using the quartz cuvette
with a 1 cm path length.

Transmission electron microscopy (TEM) measurements were car-
ried out using FEI Talos F200X at an operating voltage of 200 kV.

Atomic Force Microscopy (AFM) measurements were performed in
air using NTegra Prima from NT-MDT, which was operated in semi-

contact mode. The sample was prepared by placing a drop of colloid (or
cell suspension) on a freshly cleaved mica surface. The measurements
were done upon drying of the droplet.

Dynamic Light Scattering (DLS) and zeta potential (ZP) measure-
ments were performed using a Nano ZS zetasizer system with 633 nm
HeeNe laser (Malvern Instruments, UK) and data were analyzed by the
Zetasizer Software Version 6.20.

Fourier transform infrared (FTIR) spectra of Ag and Au colloids
were recorded on Nicolet IS 50 FTIR Spectrometer. The samples were
prepared by dropping colloids on a clean glass plate and left to dry.

The micronuclei and cell proliferation were analyzed using an
Optech microscope (Munich, Germany) with 400× or 1000× magni-
fication.

2.10. Density functional theory calculation details

Density functional theory (DFT) calculations were performed using
Pwscf code of Quantum ESPRESSO [41]. Employed Vanderbilt ultrasoft
pseudopotentials [42] were based on GGA-PBE approximation for ex-
change-correlation functional [43]. Cutoff energy for plane waves was
set to 25 Ry. For calculations of methionine interactions with one metal
atom a supercell of dimensions, 50x50x50 Bohr with Martyna Tuck-
ermann correction was used [44] to assume that the system is isolated.
Calculations with one metal atom were performed in a single gamma-
point. The electronic convergence criterion was set to 10−6 eV. Gaus-
sian smearing was applied. The negative charge of the methionine
molecule was modeled through the addition of an excess electron to the
supercell, as implemented in Quantum ESPRESSO.

Ag111 and Au111 surfaces were modeled as 3-layer slabs in a 4 × 4
supercell. Bottom two layers were fixed, and all others were allowed to
relax. Space between periodic images was set to at least 15 A of vacuum
to minimize their interaction. The sampling of k-points was performed
using the Monkhorst Pack grid [45] of 2 × 2 × 1 k-points. Molecular
structures were represented by XCrysDen [46].

3. Results and discussion

3.1. Synthesis of Ag and Au colloids

Ag and Au colloids (Ag@LM NPs and Au@LM NPs, respectively)
were prepared by chemical reduction of Ag+ and Au3+ ions by L-Met
from their salts. The experiments were performed in excess of L-Met
(from 1:5 to 1:10) in the pH range 5–11, at 100 °C, without adding any
additional reducing or stabilizing agent. The NPs formation and their
time stability were followed spectrophotometrically. Our previous re-
sults indicated that Au(III) reduction by L-Met in acidic media and
ambient temperature to elemental metal proceeded in multi-step pro-
cesses [47,48], including also complex formation, but without colloids
formation. The in situ reductions of HAuCl4 using NaBH4 as reducing
and L-Met as stabilizing agent in an aqueous medium [22,49] led to the
formation of L-Met protected Au NPs, including the spherical shape of
various particle size (25–100 nm) and flowers. The NPs size and shape
depended on pH, concentration of capping, and reducing agents, and
they were stable over one week. Besides, the simple, time-saving pro-
cedure for gold nanoclusters (Au NCs) formation was published by
using L-Met as both reducing and stabilizing ligands [49], which does
not require toxic reductants (e.g., NaBH4). The resulting Met-Au NCs
exhibit intense yellow fluorescence maximized at 530 nm, the high
luminescence quantum yield, wide pH, and time stability (over two
months), but the data about their biological effect are still missing.

The Ag@LM and Au@LM colloid dispersions exhibited an intense
SPR peak with a maximum at 411 nm (Fig. 1 a), and at 537 nm (Fig. 1
b), respectively. By increasing the molar ratio metal ion: L-Met up 1: 5
in alkaline medium (pH 9–11), the intensity of the characteristic
plasmon bands changed, indicating the change of concentration and
size of NPs (Fig. S1, SI). Besides, the slight red shifting (3–5 nm) of
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plasmon band position was observed, indicating that L-Met was also
responsible for interparticle interaction, growth, and cross-linking be-
tween the particles. Fig. 1 shows the characteristic absorption spectra of
Ag@LM and Au@LM colloids obtained under the controlled conditions
(concentration of reactants, pH, molar and volume ratio, temperature,
and stirring).

In general, pH of the initial solution, the type of reducing and sta-
bilizing agent, their concentration ratio, and working temperature have
a significant influence on NPs size, shape, and stability [50,51]. The red
shift of Au@LMet NPs absorption band (Fig. S2 a)) due to the increase
of pH indicated NPs agglomeration in the solution [22].

However, in our synthesis, pH did not have a significant influence
on the position of the absorption band of Ag@LM NPs but significantly
affected its intensity and width (Fig. S2 b)). Similarly, the irradiation of
AgNO3 solution by Xe light promoted the formation of L-Met capped Ag
NPs of the size ranging from 15 to 30 nm, with the same position of
plasmon band [27], but the increase of pH harms the stability. In our
case, the gradual increase in peak intensity with pH increasing in-
dicated that more numbers of particles were present in solution. The
highest peak intensity and the narrowest band were obtained at pH >
9.

The use of various surface-active compounds as stabilizers de-
termined the size and shape of NPs. As an example, the reduction of Ag
(I) by L-Met in the presence of CTAB resulted in the formation of corn-
shaped Ag NPs [25]. By omitting the surface-active compounds from
the synthesis in our case, e.g. CTAB, the spherically-shaped NPs of
desired size were obtained. Concerning the colloids time stability, both
Ag and Au colloidal dispersions were stable for more than one year, in
the alkaline medium at pH 9–11. This finding was confirmed by spec-
trophotometric measurements (Fig. S3).

3.2. Reaction mechanism

It seems that L-Met concentration plays a critical role in nucleation
and Ag NPs stabilization, together with temperature and time, which
control the NPs growth, size, and shape. The reaction steps in Ag+

reduction and Ag NPs formation are presented in detail in
Supplementary Information. Briefly, the reaction occurred due to Ag+-
L-Met complex formation, followed by the Ag+ reduction and radical
cation (Ag+-L-MetṠ) formation. It reacted further with Ag+ which led
to its reduction and another Ag+-L-Met sulfoxide complex formation.
The formatted of metal nucleation center acted as a catalyst for the
reduction of other Ag+ ions in solution due to their adsorption on Ag
metal surface. The overall reaction can be described by Eq. (2):

2Ag+ + CH3SCH2CH2CHCOO- → 2Ag0 + CH3SCH2CH2CHCOO-

│                                     ║              │           
NH2 O              NH2 (2)

For Au NPs formation, the first and fastest step was the [Au3+Cl3(L-
Met)]− complex formation resulting from a nucleophilic attack of S-
donor from the thioether group and Cl− substitution, as shown in our
previous study [47]. In the less acidic media, deprotonated –COOH
group enhanced the participation of N-donor from -NH2 group (zwitter
ionic form of L-Met) in the reaction process, resulting in the formation
of the more stable chelate. The slow reaction path requires the second
L-Met to promote Au3+ reduction by forming a linear two-coordinated
Au+-L-Met complex and methionine sulfoxide.

Moreover, 1H NMR signal confirmed S-coordination in Au+-L-Met
complex [47,48]. In this reaction step, L-Met was oxidized in the pre-
sence of water to the corresponding sulfoxide, and the dis-
proportionation of aurous species to gold atoms occurred [28]. The
reaction steps are given in Supplement Information, and the overall
reaction for the formation of elemental gold can be described as fol-
lows:

2Au3+ + 3CH3SCH2CH2CHCOO- → 2Au0 + 3CH3SCH2CH2CHCOO-

│                                     ║              │           
NH2 O              NH2 (3)

However, the stoichiometric ratio of L-Met to Au required for
complete conversion of [AuCl4]− to elemental Au should be larger than
1.5. The Au atoms adsorb Au+, and by further complexation and re-
duction by L-Met, the large aggregates of Au atoms are formed, as also
described for Au NPs formation by using the citrate ions for Au3+ re-
duction [28].

3.3. TEM characterization of Ag@LM and Au@LM NPs

The presence of nanometer-sized particles in colloidal dispersions
was confirmed by TEM measurements. TEM micrographs with particle
size distribution (PSD) histograms for Ag@LM NPs and Au@LM NPs are

Fig. 1. Absorption spectra of (a) Ag@LM NPs and (b) Au@LM NPs colloids at
pH 9–11; 100 °C; cAg@LM = 6.4 × 10−9 M; cAu@LM = 2.2 × 10−9 M;
cMet = 5 × 10−4 M.

Fig. 2. TEM micrographs of Ag@LM NPs (a) and Au@LM NPs (b). Inset: particle size distribution of NPs.
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shown in Fig. 2. The mean particle size of NPs was determined by fitting
the obtained TEM data with the Gaussian distribution function (Fig. 2,
inset) and are given in Table 1.

A TEM study of colloids confirmed the presence of nearly spherical
shaped NPs with a layer of film capping their surface in both cases. This
film is assumed to be a layer of L-Met adsorbed on NPs surface upon
reduction and during the Ag and Au nucleation and aggregation pro-
cesses. TEM images further indicate that NPs underwent aggregation
and cross-linking. It can be concluded that this process was due to the
intermolecular binding of adsorbed L-Met molecules by hydrogen bonds
formation between its acido-basic functional groups [52].

3.4. AFM study of NPs

The size (diameter) of Ag@LM NPs and Au@LM NPs was assessed
from the AFM topography images by evaluating the NPs height. The
NPs were identified as bright pixels (yellow-colored areas) within the
topography maps. For example, the left images in panels (a) and (b) of
Fig. 3 show the raw AFM topography. Next to them are the images in
which the color of the pixels identified as NPs represents the value of
the assessed NP diameter. The exact diameter values are given in the
graphs at the right end of the corresponding panels.

For the particular case illustrated in Fig. 3, the diameter of Ag@LM
NPs varies between 9 nm and 26 nm (see panel (a)), whereas the dia-
meter of Au@LM NPs varies between 13 nm and 34 nm (see panel (b)).

The average NPs height was determined by analyzing a series of
AFM topography maps (10 maps per NP type, either Ag@LM NPs or
Au@LM NPs). Fig. 4 shows the Ag@LM NPs and Au@LM NPs diameter
distribution, with the average values given in Table 1.

These values are slightly higher in comparison to those estimated by
TEM measurements (Table 1). This is, however, as AFM topography
maps show the size of NPs with metal core and adsorption layer. Taking
into account the PSD difference between two NPs, it can be concluded
that it's approximately equal to the thickness of the adsorbed L-Met
layer.

3.5. DLS and zeta potential

DLS analysis enabled us to obtain the hydrodynamic PSD of Ag@LM
NPs and Au@LM NPs in colloid suspension. The values obtained by DLS
study are presented in Table 1, together with the electrophoretic
parameters.

Concerning the PSD, it must be pointed out that the size obtained by
DLS was quite bigger compared to TEM and AFM results, as usually
obtained for analysis of colloidal solutions [53]. However, DLS provides
better size distribution due to the higher number of analyzed particles.
Moreover, DLS measures the hydrodynamic radius, i.e., the radius of
the hypothetical sphere of the dispersed particles whereas TEM and
AFM provide the projected surface area of the corona. It appears that
the difference between these various methods represents the thickness
of the diffuse layer (capping agent and solvation ions/molecules layer)
on the particle corona.

Besides, DLS also provides a polydispersity index (PDI) as a measure
of the heterogeneity of NPs size. The values of PDI for both dispersions
suggest a high degree of their homogeneity (Table 1). The zeta potential
measurements indicated that the surface of NPs was negatively
charged. The obtained results were in the range of the values obtained
for our previously synthesized citrate and borate capped NPs of similar
size [53–55]. According to the classification of NPs based on zeta po-
tential values, both colloid dispersions are highly stable [56]. Con-
cerning the colloids time stability, both Ag and Au colloidal dispersions
were stable for more than one year, in the alkaline medium at pH 9–11.
This stability was also confirmed by measuring absorption spectra.

The surface conductivity for Ag@LM NPs is higher for more than
one order of magnitude compared to Au@LM NPs due to the electro-
migration of counter and co-ions of the electrical double layer (EDL)
along the surface of the particle. It is in accordance with literature data,
which indicates that this value is inversely proportional to the size of
the particle [57,58]. Moreover, it is also in accordance with lower zeta
potential value compared to Au@LM NPs.

The values of the electrophoretic mobility parameter for both col-
loids were slightly different, as also found for previously synthesized
citrate and borate capped Ag and Au NPs [53–55]. This result is as
expected since the migration of charged colloidal particles depends on
their size, zeta potential, surface conductivity and stationary medium
(ionic strength and pH) [56,59].

3.6. FTIR spectra

Fig. 5 compares the infrared spectra of solid L-Met with the spectra
of Ag@LM NPs and Au@LM NPs. The FTIR spectrum of pure L-Met
exhibited an intense and broad band at 2910 cm−1 assigned to –NH
vibrations indicating a zwitter ion form. The bands at 1600 cm−1,
1510 cm−1, 1315 cm−1 were assigned to C]O, OeH, and CeO vi-
brations, respectively. The band at 542 cm−1 is assigned to –CSC and

Table 1
The pH, dav, and zeta potential of Ag and Au colloids.

Colloids dav (nm) ζ (mV) PDI Mobility (cm2 V−1 s−1) Conductivity (μS cm−1)

pH TEM AFM DLS

Ag@LM 11 7.7 ± 0.2 11.7 ± 1 44 ± 3 −24.6 0.388 −1.93 ± 0.15 0.15 ± 0.001
Au@LM 9.4 25.9 ± 0.6 26.2 ± 1 46 ± 0.2 −33.2 0.258 −2.6 ± 0.16 0.01 ± 0.002

Fig. 3. Raw AFM topography image, color-coded NP diameter image, and a
graph showing exact diameter values for every NP assessed from the AFM to-
pography image for (a) Ag@LM NPs and (b) Au@LM NPs.
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the second one, at about 680 cm−1 to –SC vibration. Some bands in the
range from 700 cm−1 to 1300 cm−1 were due to coupled –CH2 vibra-
tions [24,60].

The FTIR spectra of L-Met capped Ag and Au surface (Fig. 5 (b, b’))
are identical, indicating the modification of their metal surface due to
the same orientation of capping agent for both Ag@LM NPs and Au@
LM NPs. They show bands characteristic for –COOH group, as well as
for –SC and –CH2 vibrations. An absence of band characteristic for –NH
vibrations indicates that L-Met is attached to Ag and Au surface through
an amino group. The broad band at around 3300 cm−1 is due to
stretching vibration of –OH group, which comes from the water. The
1564 cm−1, 1391 cm−1, 1366 cm−1 bands come from a stretch of
–COOH group. The band near 1006 cm−1 corresponds to S]O
stretching vibration from an oxidation product methionine sulfoxide
[26].

Bands at 826 cm−1 and 971 cm−1 were assigned to CeN vibrations

and, at 660 cm−1 and 700 cm−1 to –SC vibrations. These results in-
dicate that L-Met molecule, more precisely, its oxidation form L-Met
sulfoxide, is bound to NPs surface.

3.7. DFT calculations of L-met adsorption on Ag and Au surface

In order to make a more detailed prediction of L-Met orientation on
Ag@LM NPs and Au@LM NPs surface in alkaline medium, its adsorp-
tion was modeled both as a neutral molecule and a deprotonated anion.
The simplest approach, which can be used to predict the binding or-
ientation of the organic molecules on metallic surfaces [53,61], com-
prises the binding of one metal atom (Ag or Au) to the selected func-
tional groups of the investigated molecule. Calculated one-atom
interaction energies are given in Table 2.

Similar trends were observed for both neutral and anionic L-Met
molecule. It exhibited the strongest interaction with both Au and Ag

Fig. 4. Diameter distribution of (a) Ag@LM NPs and (b) Au@LM NPs.

Fig. 5. FTIR spectra of solid L-Met (a, a’), and Ag@LM NPs (1) and Au@LM NPs (2) (b, b’).
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atoms via N- atom of -NH2 group. The thiol group also exhibited a re-
markable interaction with one-atom models, which was stronger in the
case of the anion. On the other hand, the –COOH group of the neutral
molecule did not bind to Ag nor Au atoms, while interaction occurred
when it was deprotonated.

According to the observed results two modes for L-Met adsorption
on Ag and Au surfaces are proposed on Ag111 and Au111 slabs: (1) a
vertical geometry with –NH2 group oriented towards the Ag and Au
surface and (2) a horizontal geometry with both eSe and -NH2 groups
in contact with the surface. Adsorption on Ag(111) and Au(111) surface
slabs was investigated only for the neutral L-Met. Optimized geometries
in two proposed adsorption modes and adsorption energies are given in
Table 3.

Similar adsorption energies were obtained for both adsorption
modes, on both Ag111 and Au111 surfaces. Somewhat weaker ad-
sorption on Au111 compared to Ag111 is expected according to the
more noble character of gold. Obtained results, in general, imply that
both geometries are probable, and the resulting adsorption mode is
dependent on the coverage and presence of other adsorbed species on
the surface. However, FTIR results indicate that a vertical geometry
with –NH2 group oriented towards the surface is more realistic in both
cases. Also, dissociation of the carboxyl group is expected to further
increase the number of the possibilities, according to the results of one-
atom model calculations that predict a favorable binding between Au

(or Ag) atom and –COO– group of L-Met.

3.8. Toxicity assessment

The considerable potential for utilizing the Ag@LM NPs and Au@
LM NPs for diagnostic and/or therapy in nanomedicine requires their
toxicity to be examined. Since most substances are toxic at high doses, it
is essential to examine whether they are toxic at a concentration at
which they are meant to be used. We examined the toxicity of syn-
thesized NPs in a concentration-dependent manner.

3.8.1. Genotoxic effects of Ag@LM NPs and Au@LM NPs
The genotoxic potential of Ag@LM NPs and Au@LM NPs against

normal lymphocytes was determined using the CB-micronucleus assay
(CB-MN), which is one of the standard genotoxicity assays re-
commended by ISO 10993-3 [62]. The CB-MN assay enables a reliable
and precise evaluation of the presence and the extent of the DNA da-
mage, cytostasis, and cytotoxicity [63]. In the present study, the lym-
phocyte cultures were treated with increasing concentrations of Ag@
LM NPs and Au@LM NPs. The results obtained for lymphocytes exposed
to increasing concentrations of Ag@LM NPs are presented in Table S1
(SI).

The Ag@LM NPs induced a significant concentration-dependent
enhancement of the MN incidence (Fig. 6a; F = 94.83, p = .000001)
and decrement of the cell proliferation potential (F = 37.75
p = .000045) compared to control. Although at investigated con-
centration range, a mild increase of the CBPI was observed (Fig. 6b), the
obtained values were notably lower than that in control. Accordingly,
the positive correlation between these parameters was obtained
(r = 0.91, p = .0007). The cytotoxic/cytostatic effects of Ag@LM NPs
were evaluated by determining the CBPI. As shown in Table S1, upon
treatments with Ag@LM NPs the percentage of cytostasis fluctuated
between 8.6 ± 1.08% (1 × 10−11 M) and 18.28 ± 2.15%
(1 × 10−13 M). In other words, compared to the numbers of cells that
have divided to form binucleate and multinucleate cells in the control
culture, approximately 91.4% and 81.72% of this number, respectively,
were viable cells that have divided in the treated cultures.

The results obtained for lymphocytes exposed to increasing con-
centrations of Au@LM NPs are presented in Table S2. Upon treatment
of lymphocytes with Au@LM NPs, it has been shown that the tested
compound did not induce any observable changes in the MN incidence
compared to control (Fig. 6a). The Au@LM NPs increased the CBPI in a
concentration-dependent manner (F = 32.07 p = .000083) being the
most effective at the highest concentration applied (Fig. 6b). The in-
cidence of micronuclei and cytokinesis-block proliferation index cor-
related inversely (r = −0.76, p = .017).

The observed concentration-dependent enhancement of cell pro-
liferation induced by Au@LM NPs implicates a modulation of cell cycle
control checkpoints. Since the maintenance of genomic integrity is
ensured by DNA repair and cell cycle checkpoints, an impaired fidelity
of checkpoint control may result in genomic instability [64]. We hy-
pothesize that Au@LM NPs stimulate cell proliferation by altering the
expression and/or function of the proteins that regulate cell cycle
progression. These findings are in accordance with our previously
published report on citrate-capped gold nanoparticles [31]. As shown in
Table S2, the treatment of lymphocytes with Au@LMNPs
(1 × 10−13 M) induced a cell growth inhibition in 18.64 ± 0.62%
cells while treatment with other tested concentrations resulted in an
increase in the proportion of dividing cells compared to control, as
represented by the negative percentage of cytostasis (% cytostasis was
up to −12.54%).

Generally, our experimental results show that Ag@LM NPs were
more potent MN inducers than Au@LM NPs. At all investigated con-
centrations, the Ag@LM NPs induced a highly significant enhancement
of the MN incidence (p < .001) compared to the values induced by
Au@LM NPs.

Table 2
Interaction energies for N, O, and S of neutral and anionic L-Met forms binding
with one Ag or Au atom (light blue sphere).

Interaction energy (eV)

Binding atom Ag Au

L-Met molecule form Neutral Anionic Neutral Anionic

N

−1.22 −1.58 −1.36 −1.63

O

Unstable −0.33 Unstable −0.63

S

−0.16 −0.37 −0.64 −0.47

Table 3
Optimized adsorption geometries of L-Met on Ag111 and Au111 surfaces, with
corresponding adsorption energies.

Ag111

Adsorption energy (eV) −0.43 −0.47
Au111

Adsorption energy (eV) −0.23 −0.25
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3.8.2. Effects of Ag@LM NPs and Au@LM NPs on oxidative stress
parameters

To investigate whether the Ag@LM NPs and Au@LM NPs affect the
antioxidant defense system, we analyzed the activity of erythrocyte
catalase in cultures treated with increasing concentrations of in-
vestigated compounds. The potency of investigated NPs to induce lipid
peroxidation in the cell membrane was estimated by measuring the
level of MDA.

As shown in Table S3, upon treatment with Ag@LM NPs, the cata-
lase activity was slightly decreased compared to control (Fig. 6c).
Further analysis has shown that Ag@LM NPs induced an increase of
MDA levels in a dose-dependent manner, however, without statistical
significance.

As shown in Table S4, the Au@LM NPs did not significantly affect
the catalase activity as compared to control (Fig. 6c). The catalase ac-
tivity reached the control value at the highest concentration applied.
Statistical analysis of the results showed a significant negative corre-
lation (p < .05) between the MN incidence and catalase activity. A
concentration-dependent decrease in the MN incidence was followed by
an increase in catalase activity.

Similar to the results obtained in treatments with Ag@LM NPs, in all
the cultures treated with Au@LM NPs, no significant changes in MDA
levels compared to control were observed (Fig. 6d).

3.9. AFM analysis of cells

The AFM measurements of cell suspensions (lymphocytes) were
performed (Fig. 7), to analyze the morphology of untreated cells (panel
(a)) and those treated with Ag@LM NPs and Au@LM NPs (panels (b)
and (c)).

Previous AFM studies of lymphocytes have shown that the mem-
brane of lymphocytes is smooth and the average size of cells can vary
from 600 to 1500 nm [65–67]. Our analysis of the AFM measurements
reveals that the height of the cells varies between 600 and 900 nm
(Fig. 7). If the normal function of the cell is jeopardized (e.g., treatment
with drugs or NPs), causing cell apoptosis, the morphology of cells
changes, cell diameter changes dramatically, roughness, disruptions, or
fragment appearance on membrane occurs [65–67]. As shown in Fig. 7,

the surface of the cell membrane stayed smooth, and there were no
visible changes on cells membrane after the cells were treated with NPs.

By comparing our results with previously reported L-Met mediated
NPs synthesis [22,24–26] where various additional agents were in-
cluded in the synthesis process, we show that L-Met can be a good re-
ductant and stabilizing agent at the same time. As a result, NPs with the
same morphology and surface modification, both for Ag and Au, can be
obtained. Toxicology of NPs with these properties was tested for the
first time.

4. Conclusion

In this paper, we report the simple green method for Ag@LM NPs
and Au@LM NPs synthesis, using amino acid L-Met as reducing as well
as a capping agent. The obtained NPs are spherical with ~8 nm Ag@LM
NPs and ~26 nm Au@LM NPs in diameter and with the same surface
properties. The NPs shape and size were also confirmed using TEM and
AFM measurements. Besides, FTIR and DLS measurements of PSD and
electrophoretic properties confirmed the surface morphology, i.e., L-
Met binding on Au and Ag surface. The DFT calculations show that the
strongest interaction between metal, both Ag and Au, and L-Met is via
N- atom of the amino group. The interaction with the thiol group is also
noteworthy, proposing vertical and horizontal geometry of L-Met to-
wards metal (Ag and Au) surface.

Toxicity measurements show that Ag@LM NPs induced a con-
centration-dependent enhancement of the MN incidence and suppres-
sion of the cell proliferation, while Au@LM NPs were characterized by
concentration-dependent ability to promote cell proliferation, with no
effects on MN formation. The cytotoxicity/cytostasis assessments show
that treatment with Ag@LM NPs resulted in mild cell growth inhibition
while Au@LM NPs treatment stimulated cell growth. The investigated
NPs did not induce oxidative stress in human peripheral blood cells as
revealed by their insignificant effects on catalase activity and MDA
production. AFM studies of lymphocytes upon NPs treatment show that
cell membrane stayed unaffected, making these NPs suitable for future
studies in nano-medicine.

Further studies are warranted to examine the effects of a broader
dose range of synthesized NPs, for a more clear understanding of their

Fig. 6. Diagrams of: incidence of micronuclei (a),
cytokinesis-block proliferation index (b), catalase
activity (c), and level of malondialdehyde (d) in
lymphocyte cultures treated with increasing con-
centration of Ag@LM NPs and Au@LM NPs (bars
from left to right represent increasing concentrations
of Ag and Au NPs, respectively).
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biosafety. Based on the current knowledge, it appears that Au@LM NPs
are more suitable for further studies on their potential application in
nano-medicine.
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A B S T R A C T

Chemical vapour deposition (CVD) is a promising method for producing large-scale graphene (Gr). Nevertheless,
microscopic inhomogeneity of Gr grown on traditional metal substrates such as copper or nickel results in a
spatial variation of Gr properties due to long wrinkles formed when the metal substrate shrinks during the
cooling part of the production cycle. Recently, molybdenum (Mo) has emerged as an alternative substrate for
CVD growth of Gr, mainly due to a better matching of the thermal expansion coefficient of the substrate and Gr.
We investigate the quality of multilayer Gr grown on Mo and the relation between Gr morphology and nanoscale
mechanical and electrical properties, and spatial homogeneity of these parameters. With atomic force micro-
scopy (AFM) based scratching, Kelvin probe force microscopy, and conductive AFM, we measure friction and
wear, surface potential, and local conductivity, respectively. We find that Gr grown on Mo is free of large
wrinkles that are common with growth on other metals, although it contains a dense network of small wrinkles.
We demonstrate that as a result of this unique and favorable morphology, the Gr studied here has low friction,
high wear resistance, and excellent homogeneity of electrical surface potential and conductivity.

1. Introduction

Chemical vapour deposition (CVD) is the most dominant method for
fabrication of large-area single- and few-layer graphene (Gr) films on
various metallic substrates (catalysts) [1–4]. After the growth, Gr films
are transferred onto desired substrates that allow practical use [5,6].
The main advantages of CVD over other fabrication techniques are its
relative simplicity, low cost, and industrial applicability [7–9]. Still,
CVD growth and Gr transfer yield films with defects such as grain
boundaries [10–16], wrinkles [17–23] and cracks. Formation of wrin-
kles, for example, occurs due to a large difference in thermal expansion
coefficients of Gr and the catalytic substrate, which results in different
shrinking rates during cooling at the end of the CVD growth process.
Wrinkles in Gr have been shown to be highly detrimental to the me-
chanical robustness and electrical homogeneity of graphene [23]. CVD
graphene is prone to formation of defects both on most commonly used
catalytic metal substrates such as copper [1–3] and nickel [4], as well as
on less traditional substrates such as ruthenium, iridium, and platinum
[9].

Recently, Gr grown by CVD on thin molybdenum (Mo) films

sputtered on silicon wafers [24–26] has emerged as an alternative to Gr
grown on traditional metal substrates. Growth on Mo offers several
advantages. Namely, the thermal expansion coefficient of Mo is well
matched to that of Gr, supporting wrinkle-free growth [25]. Also, Mo
has a high melting point, resulting in less restructuring of the Mo
substrate compared to copper during the CVD process. Finally, low
solubility of carbon in bulk Mo facilitates easy growth of Gr layers [24],
making the process attractive for high-volume applications. In addition
to the advantages for growth, graphene on a thin sputtered layer of Mo
has advantages for subsequent processing. The Mo layer can be pat-
terned prior to growth, enabling patterning of CVD graphene without
post-growth lithography, and the Mo can be easily removed once Gr is
grown on it, which allows transfer-free fabrication of Gr devices that is
compatible with CMOS processes [27,28]. Graphene grown with this
novel process was shown to have applications in anti-corrosion coatings
[29–31], gas [27,32] and pressure sensors [28]. Although Gr grown on
Mo has high potential for practical use, the relation between micro-
scopic morphology, distribution and geometry of wrinkles, and their
influence on the mechanical and electrical properties of the material
have not yet been studied.
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Using atomic force microscopy (AFM) based methods, here we
present nanoscale analysis of the morphology, mechanical and elec-
trical properties of few-layer Gr grown by CVD on Mo. We demonstrate
that the material contains very few wrinkles and that those wrinkles
have dimensions that are much smaller than those typically en-
countered in Gr grown on copper foils. Gr grown on Mo has low friction
and high wear resistance as demonstrated by friction force microscopy
and nanoscale wear tests. Using Kelvin probe force microscopy (KPFM)
and conductive AFM (c-AFM) we show that this material has high
uniformity of the Fermi level (work function) and electrical con-
ductivity, respectively, over large areas. These results allude to strong
potential uses of Gr grown on Mo for both mechanical and electrical
applications such as ultrathin solid lubricants, electrodes and mem-
branes for nano and microelectromechanical systems.

2. Experimental

2.1. Graphene fabrication and transfer

We studied both Gr on Mo as grown, as well as Gr transferred from
Mo to Si/SiO2. The 50 nm thick Mo catalyst was deposited using mag-
netron sputter coating on top of a Si/SiO2 wafer (p-type, 10 cm, (1 0 0)
orientation). SiO2 was approximately 600 nm thick and it was grown
using wet thermal oxidation. The Mo target purity was 99.95%. Gr was
deposited using an AIXTRON Blackmagic Pro system at 915 °C using
960/40/25 sccm of Ar/H2/CH4 at 25 mbar for 30 min and cooled to
room temperature under an Ar atmosphere. After this, the wafers were
cut into smaller dies for sample preparation. Further details of the CVD
growth of Gr on Mo can be found in our previous paper [25].

Graphene was transferred by first immersing dice of Gr on wafer in
30% hydrogen-peroxide for 25 min. Hydrogen peroxide etches away
the Mo underneath the Gr layer and Gr is released, floating on the
surface of the hydrogen peroxide solution. Gr was transfered into a Petri
dish, 5 cm in diameter and 17 ml of volume, with H O2 2. Hydrogen
peroxide was exchanged with deionized (DI) water. The DI water was
exchanged three times to ensure complete removal of peroxide. Gr was
then carefully picked up onto a Si/SiO2 wafer die. The sample was dried
at room temperature for 25 min, and was put under a glass bell for the
next 24 h to dry completely.

2.2. AFM and Raman characterization

All AFM measurements were performed with an NTEGRA Spectra
system at ambient conditions. Morphology was measured in tapping
AFM mode with NSG01 probes. The surface roughness was measured
across ten × μ50 50 m2 areas, calculated as the root-mean square of the
height distributions, and then averaged. Phase lag of the AFM probes
was measured simultaneously with topography in order to achieve
better contrast of small topographic features and to check for possible
changes in material contrast on the sample surface.

Wear tests were done in contact AFM mode on 5–10 different
× μ10 10 m2 areas with diamond coated probes DCP20. In order to in-

itiate Gr wear, the normal load was kept constant during scanning
within μ1 m wide parallel stripes and increasing in steps of around μ1 N
from stripe to stripe, for a total range between μ0.5 N and μ5 N [23].
During the wear tests, we recorded the lateral forces in both forward
and backward directions. These forces correspond to the lateral torsion
of the AFM cantilever due to the AFM tip-Gr friction. The friction force
was determined as the half-difference between the lateral force in the
forward and backward direction. The normal force was calculated ac-
cording to force–displacement curves, whereas the friction force was
calibrated on a standard Si grating [33].

Kelvin probe force microscopy (KPFM) and Pt coated NSG01/Pt
probes were employed in order to measure local electrical surface po-
tential. KPFM is a two-pass AFM-based measurement technique which
returns a local contact potential difference (CPD) between a metallic

AFM tip and the sample surface. The topographic profile of the sample
was measured in the first pass. In the second pass, the AFM probe was
lifted by 20 nm and scanned along the same topographic line as in the
first pass, while a sum of DC and variable AC voltages was applied
between the probe and the sample. The role of the AC voltage was to
electrically excite probe oscillations, while the DC voltage was con-
trolled by the AFM feedback loop in order to nullify these oscillations.
The value of DC voltage which nullifies AFM probe oscillations is equal
to the local CPD between the AFM tip and the sample.

Since CPD is equal to the difference between the work functions of
the AFM tip (WFtip) and the sample (WFsample), in order to find the ab-
solute value of WFsample, the WFtip of the Pt coated AFM probes was
calibrated on a HOPG sample with a well known work function of
4.6 eV [34]. Measurements on HOPG yielded =WF 5 eVtip . The work
functions of the Gr samples were calculated as = −WF CPD WFGr tip. As
in the case of the surface roughness and wear tests, the CPD was
measured on 5–10 different areas ( × μ50 50 m2 in the case of Gr grown
on Mo, and × μ30 30 m2 on Gr transferred on SiO2) and then averaged.

Conductive AFM (C-AFM) with highly doped diamond coated
probes DCP20 was used for characterization of local conductivity. In C-
AFM, during standard topographic imaging in AFM contact mode, a DC
voltage in a range between 1 V and 2 V was applied between the probe
and the sample. The resulting DC current through the AFM probe,
proportional to the local conductivity of Gr samples, was simulta-
neously measured with a built-in current amplifier. In order to avoid
wear of AFM tips and achieve reliable current measurements, C-AFM
was done using diamond coated DCP20 probes which were heavily
doped by nitrogen. The diamond coating provides the robustness and
wear resistance of AFM tips, while the high doping makes them highly
conductive. As a result, these probes enabled reliable current mapping
in contact AFM mode.

Raman imaging of CVD Gr transferred on Si/SiO2 was performed on
the same NTEGRA Spectra module equipped with a confocal Raman
system (NA 0.7). Raman maps were measured with a step of μ0.5 m. The
wavelength of the excitation laser was 532 nm.

3. Results and discussion

3.1. Morphology

3.1.1. CVD Gr on Mo
The topography of CVD Gr on Mo is depicted in Fig. 1 on two dif-

ferent length scales. One of the main motivations and potential benefits
of CVD on Mo is the growth of wrinkle-free Gr since the thermal ex-
pansion coefficient of Mo is much better matched to that of Gr than the
thermal expansion coefficients of copper or nickel. Indeed, in these
topographic images there are no long wrinkles typically observed in
traditional CVD Gr grown on copper.

Still, very short wrinkles can sometimes be observed on small-scale

0 30nm 0 30nm

(a) (b)

5 m 1 m

Fig. 1. Morphology of CVD Gr on Mo: (a) × μ50 50 m2 and (b) × μ10 10 m2 area.
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images. A typical example is presented in the topographic and phase
images in Figs. 2(a) and 2(b), respectively. Usually it is difficult to re-
cognize wrinkles in topographic images since they are very small. On
the other hand, wrinkles can be resolved in the phase image as elon-
gated, curved lines, several hundreds of nanometers long (denoted by
arrows). By using the position of wrinkles found from the phase image
to carefully search the topographic map, one can identify bright and
narrow lines indicating that here Gr is locally wrinkled. The local Gr
wrinkling is best visualized if we further zoom into an area containing a
single wrinkle, as illustrated in Figs. 2(c) and 2(d), with the three-di-
mensional topographic and phase image, respectively. The inset in part
(c) depicts the height profile across the wrinkle. Its width ww and height
hw are around 20 nm and 1.5 nm, respectively.

Surface roughness of Gr calculated from large-scale images such as
from Fig. 1(a) was ±2.9 0.1 nm (averaged over ten × μ50 50 m2 areas).
Lower roughness could be achieved by using Mo foils as substrates [26],
but foils are not compatible with semiconductor technologies. There-
fore, we have considered Gr grown on thin films such as sputtered Mo,
which is fully compatible with CMOS processing [27,28].

The roughness of Gr originates from patches with slightly increased
height and from the grain structure of the underlying substrate. Gr
patches in topographic images in Fig. 1 look like brighter domains, with
a lateral size of several microns, and a height of several nanometers. A
high-resolution image of an × μ2 2 m2 area, depicted in Fig. 2(a), re-
veals that Gr follows the morphology of the underlying Mo substrate
while the grain structure of Mo is imprinted and replicated onto Gr. As a
result, the grain structure of Mo dominates the measured topography
thus contributing to increased surface roughness. It should be empha-
sized that as deposited Mo is very flat with sub-nm roughness. However,
the Mo turns into Mo C2 upon exposure to CH4 before the Gr formation
starts [26], and due to this recrystallization into Mo C2 , the roughness

increases.
Grain structure and especially grain boundaries are even better vi-

sualized in the corresponding phase image in Fig. 2(b). Since the phase
signal is generally very sensitive to sudden and sharp topographic
features such as hills (grains) or narrow holes (grain boundaries), it can
be used for their visualization with even better resolution than in pure
topographic images. As can be seen, the shape of grains is rather irre-
gular, with an average grain diameter of around 100 nm. The auto-
correlation function of the height distribution (not-shown here) is iso-
tropic, indicating that on average, there is no preferential in-plane
anisotropy of the grain structure.

3.1.2. CVD Gr on SiO2
The morphology of CVD Gr transferred on SiO2 is presented in

Fig. 3. The calculated surface roughness was ±3.8 1 nm (averaged over
ten × μ50 50 m2 areas). Therefore, the roughness slightly increased after
the transfer mainly because micron-size patches with a slightly in-
creased height were more evident than in the previous case of Gr on
Mo. In addition, Gr on SiO2 has a rather dense network of short wrinkles
as depicted in Fig. 3 and it contains nano-particles, represented by
bright, isolated point-like features in Fig. 3(a), which are most probably
residues from the transfer process.

As mentioned above, Mo thin films as substrates allow transfer-free
Gr fabrication, thus making the fabrication simpler and compatible
with semiconductor technologies [27,28]. Here we consider Gr trans-
ferred on SiO2 because it facilitates characterization and analysis, but it
should be emphasized that the chemical treatment is the same in both
cases (i.e. Gr is immersed in hydrogen-peroxide in both cases, the only
difference is that in the transfer-free approach, the original growth
substrate is reused, whereas during the transfer, another substrate is
used for picking Gr up). Therefore, the results presented here hold for
transfer-free Gr as well.

Short Gr wrinkles observed in Fig. 3(b) are better visualized in the
small-scale images in Fig. 4(a) and 4(b). The typical height profile of a
wrinkle is depicted in Fig. 3(c), whereas the distributions of wrinkle
widths and heights are given in Fig. 4(d). The height can be fitted with a
linear function of the width. According to Ref. [[20]], there are three
classes of wrinkle geometry: ripples, standing collapsed wrinkles and
folded wrinkles. Since the wrinkle width in our case is less than ~50 nm,
they have the geometry of ripples, while higher wrinkles are most
probably standing collapsed ones. This is a significant difference com-
pared to CVD Gr grown on copper [23] where thermally induced
wrinkles are much wider, up to several hundreds of nanometers, and
belong to the class of folded wrinkles. On the Gr studied here, wrinkles
are generally short, most of them with lengths in the range

−100 200 nm. They do not have any preferential direction, while
shorter wrinkles are usually curved. These wrinkles appear during
transfer onto SiO2. According to wrinkle lengths, shapes, and their
mutual distances, it seems that they correspond to grain boundaries of
Gr on Mo - narrow, irregular and curved domains along which Gr on Mo

0 30nm 0 50deg

0 20nm 0 48deg

(a) (b)

(c) (d)

200 nm200 nm
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Fig. 2. Wrinkles in CVD Gr on Mo: (a) topography and (b) phase of × μ2 2 m2

area. (c) Three-dimensional topography and (d) phase of × μ0.6 0.6 m2 area.
Wrinkles are marked by arrows. The inset in part (c) depicts the topographic
cross-section across the wrinkle, along the solid line. The dotted line is a guide
to the eye which follows the surface of the grain in order to emphasize the
wrinkle geometry.

Fig. 3. Morphology of CVD Gr on SiO2: (a) × μ50 50 m2 and (b) × μ7 7 m2 area.
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was locally bent and corrugated. The different wrinkle type of Gr grown
on Mo compared to that grown on copper is the most probable reason
for improved mechanical and electrical properties, as will be discussed
in the following sections.

3.2. Raman analysis

Further characterization of CVD Gr transferred on SiO2 was done by
combined AFM and Raman mapping. The results are presented in Fig. 5
with the topography (part (a)), integrated Raman intensity (part (b)),
the ratio between the intensity of G and 2D Raman modes (part (c)),
and Raman spectra taken at three representative points (part (d)). As
can be seen, the characteristic Raman modes of Gr, G (around

−1586 cm 1) and 2D (around −2700 cm 1) modes are clearly resolved. Still,
the appearance of the defect mode D (around −1350 cm 1) indicates non-
negligible defects in CVD Gr. The 2D peak is slightly shifted to longer
wavenumbers which indicates that the considered CVD Gr is multi-
layered. The ratio G/2D is in the range between 0.5 and 0.7, which
corresponds to a thickness of 4–6 layers [35]. The same thickness is
confirmed by AFM measurements as shown in Fig. S1 of Supplementary
material. By comparing encircled domains in all maps, most of the
patches with increased height correspond to domains with decreased
total Raman intensity and increased G/2D ratios. Therefore, the number
of Gr layers is locally increased within those patches. Still, some patches
where the G/2D ratio is not increased (or has even slightly decreased)
likely contain just locally wrinkled and/or folded layers. Raman spectra

Fig. 4. Wrinkles in CVD Gr on SiO2: (a) two-dimensional topographic image of × μ2 2 m2 area, and (b) three-dimensional × μ1 1 m2 area, (c) the height profile of the
wrinkle along the solid line in part (b), and (d) the distribution of wrinkle widths and heights from part (c). The dashed line in the distribution plot is a linear fit.
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Fig. 5. (a) Topography, (b) total Raman intensity integrated between −1200 cm 1 and −2800 cm 1, (c) the ratio between the intensity of G and 2D Raman modes, and (d)
Raman spectra measured at three points marked in part (b).
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of samples stored in ambient conditions for over two years reveal no
deterioration due to aging.

3.3. Friction and wear properties

Wear tests were done by scratching CVD Gr on SiO2 in contact AFM
mode. The results are presented in Figs. 6(a) and 6(b), that depict to-
pography obtained during scratching and an enlarged topographic
image recorded in tapping mode after scratching, respectively. The
scratching was done from the bottom to the top. The normal load was
increased in a range starting from μ0.9 N applied to the bottom Gr stripe
with μ1 m width, to μ5.4 N applied on the top of the image where
tearing occured. The points where the normal load was increased are
marked by arrows in Fig. 6(a). When the normal load reached a
threshold value of μ5.4 N, Gr started to tear. The moment of tearing is
clearly visible as a sudden change in the contrast of both topographic
images in Fig. 6. The normal load was then kept at a high value, while
Gr was peeled off by the AFM probe within the scan area. The area
where Gr was peeled off is apparent in Fig. 6(b) as a rectangular stripe
with bare SiO2. Peeled Gr was rolled and deposited at the top of this
domain, where scratching was stopped, and it is visible as a bright and
narrow horizontal stripe.

The same wear experiment was repeated on five different areas of
the Gr sample. The results were similar in all cases - sudden Gr tearing
at a high enough normal load, while the threshold normal force needed
for Gr tearing varied in the range − μ3.4 5.4 N. The mechanism of Gr
tearing can be explained in the following way. High normal forces
applied by the AFM tip during wear test lead to plastic deformations of
Gr beneath the tip [36]. The plastic deformations are characterized
with various defects, mostly by vacancy defects, which degrade the
mechanical properties of Gr and its breaking strength [37]. By in-
creasing normal force, Gr becomes more defective while the breaking
strength of Gr becomes very small, which results in Gr fracture and
tearing. The average threshold force for the tearing of CVD Gr con-
sidered here is around μ4 N and it is much higher, at least by an order of
magnitude, than in CVD Gr grown on copper and transferred on SiO2,
where Gr tearing was always initiated from long and wide, thermally
grown wrinkles, for normal loads less than μ0.5 N [23] and sometimes
already at around 100 nN [38]. Although in the former cases single-
layer Gr samples were considered, the wear resistance of CVD Gr grown
on Mo seems to be higher because of the different type of wrinkles in
CVD Gr grown on Mo. Here they are small and narrow (simple ripples
[20]) and can be easily pressed by the AFM tip without tearing, while
the Gr sheet is simultaneously just locally flattened.

The lateral force recorded during the scratching test is displayed in
Fig. 7(a). The force increases with the normal load in stepwise fashion
before Gr tearing. The friction force was calculated according to the
lateral force recorded in forward and backward directions. The friction
map is depicted in Fig. 7(b), whereas the corresponding histogram is
presented in Fig. 7(c). The friction map is characterized by two distinct

domains: the bottom part with low friction on Gr covered SiO2 and the
top part with high friction on bare SiO2. According to the histogram,
friction on Gr is more than 4 times smaller than on SiO2, indicating
good lubrication properties of Gr.

The average profile of the friction map along the vertical direction is
given in Fig. 7(d). The friction force increases stepwise with the normal
load. When the threshold force for Gr tearing is reached, the friction
increases abruptly and stays at a constant level representing friction on
bare SiO2. The initial stepwise increase of the friction can be approxi-
mated by a linear function represented by the dashed line in Fig. 7(d).
The slope of this linear curve is the ratio between the friction force and
applied normal load and it yields a friction coefficient of Gr of only
0.13. This value is similar to that obtained earlier for Gr grown on
copper and nickel [39]. Friction is also influenced by defects in Gr [40],
mainly by exposed Gr edges and wrinkles, which lead to increased
friction [38,41]. As mentioned above, the considered CVD graphene is
almost free of cracks and exposed edges. At the same time, friction maps
(the typical one shown in Fig. 7(b)) do not show increased friction due
to Gr wrinkles, because they are small and narrow and could be easily
pressed by the AFM tip. According to these results, CVD Gr grown on
Mo could be an excellent choice for making large-scale and ultrathin
solid lubricants with increased wear resistance for friction [39,42,43]
and wear reduction [36,44–46] of underlying substrates.

3.4. Electrical surface potential

3.4.1. CVD Gr on Mo
Homogenity of electrical surface potential was investigated by

KPFM. Topography of CVD Gr on Mo and the corresponding CPD map
are given in Figs. 8(a1) and (a2), respectively, whereas the histogram of
the CPD map is shown in Fig. 8(a3). The histogram contains a single,
narrow peak indicating that the measured CPD is rather uniform over a
wide × μ50 50 m2 area. Averaged CPD (taking into account 10 different
areas) was ±352 6 mV. The absolute value of the work function of the
considered CVD Gr on Mo is thus 4.66 eV. The maximal half-width of all
CPD maps measured on × μ50 50 m2 areas was only around 5 mV, in-
dicating a very uniform electrical surface potential distribution. Still,
CPD maps clearly show irregularly shaped potential puddles. The
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Fig. 6. Wear test: (a) topography during scratching in AFM contact mode, and
(b) topography of enlarged area measured in tapping AFM mode after
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The arrows in part (a) mark positions where the normal load was increased.
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potential between adjacent puddles varies by several mV , while their
lateral shapes can not be related to any morphological features such as
patches with increased height. Similar electron-hole puddles have been
already observed in graphene [47–50] due to charge impurities in the
substrate, intercalated between Gr and the substrate, or due to intrinsic
ripples in Gr.

3.4.2. CVD Gr on SiO2
Similar analysis of the distribution of electrical surface potential

was done for CVD Gr transferred on SiO2. The results are given in
Fig. 8(b) representing × μ30 30 m2 topographic and KPFM images (parts
(b1) and (b2), respectively), and the CPD histogram (part (b3)). CPD
maps exhibit similar features as in the previous case, with a very flat
surface potential, implying that CVD Gr on SiO2 is electrically homo-
geneous. Since wrinkles are narrow and small, Gr is free of wrinkle-
induced potential variations previously observed in other forms of CVD
Gr [23,21,22]. However, small and irregular charge puddles are still
present, as in the case on Mo. The average CPD was ±205 4 mV, thus
giving the absolute value of the work function of Gr transferred on SiO2
of 4.8 eV. Therefore, there was a small difference of around 0.14 eV
between the work functions of Gr on Mo and SiO2. In the former case,
Gr was most probably not thick enough to completely screen an electric
field originating from the underlying Mo with a lower work function
than Gr. As a result, the work function of Gr on Mo was slightly de-
creased. A second possibility is that Mo dopes the Gr by charge transfer,
again lowering its work function [51,52].

The work function of a material or surface is a key property that
determines its behavior in an electronic circuit. Energy level differences
between different constituent layers of a device dictate functionality
ranging from Ohmic contacts to Schottky barriers. One of the primary
strengths of silicon and other materials of choice in the semiconductor
industry is their uniform work function, or surface potential. Bare si-
licon surfaces, typically used as references for KPFM measurements,

have RMS uniformity on the order of 3 mV [53]. Aside from their use in
integrated electronics, surfaces with flat topography and surface po-
tential are also of interest as substrates for self-assembly. The quality of
molecular self-assembly is critically determined by the electronic
structure of the substrate surface and by variations of its surface po-
tential due to charge transfer between the substrate and adsorbed
molecules. As a result, highly homogeneous metal surfaces are often the
substrate of choice due to well-defined molecule-metal interactions
[54–57].

Here we show that few-layer Gr grown by CVD on sputtered Mo
films has an extremely uniform surface potential profile over large
areas, as measured by KPFM. In addition, such Gr that has been
transferred, keeps the excellent uniformity, with RMS variability in
surface potential in the order of 4 mV for areas as large as × μ30 30 m2.
This is an improvement compared to the epitaxial Gr grown on SiC
which has surface potential with RMS uniformity on the order of
~10 mV, however domains of few-layer Gr and steps in the SiC spoil this
homogeneity in the surface potential at scales larger than μ1 m [58].
Monolayer Gr grown by CVD on copper contains wrinkles that also
introduce inhomogeneity in surface potential on the order of ~20 mV
[23]. Even metal films, such as sputtered gold, display larger variability
of surface potential over large areas [59], whereas films deposited with
atomic layer deposition display variability on the order of ~10 mV [60].

3.5. Electrical conductivity

3.5.1. CVD Gr on Mo
Homogenity of electrical conductivity was studied by C-AFM.

Topography and corresponding current maps are presented in Figs. 9(a)
and 9(b), respectively. The current map exhibits rather homogeneous
and high current. The corresponding histogram is displayed in Fig. 9(c).
As can be seen, the current distribution is characterized with a single
peak around 14.5 nA, with a half-width of around 1 nA. The broadening
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of the current peak appears due to decreased conductivity on the pat-
ches with increased thickness. The height and current profiles across
one such patch (along the dashed lines indicated in Figs. 9(a) and 9(b))
are depicted in Fig. 9(d). As can be seen from these profiles, the current
drops by several nA on the patch. In addition, small current drops
(shown in Fig. S2 of Supplementary material) are visible along narrow
Mo grain boundaries (imprinted in Gr as well) because of unstable
contact with the AFM tip.

3.5.2. CVD Gr on SiO2
As in the previous case for the electrical surface potential, a similar

analysis of the current distribution was conducted for CVD Gr on SiO2.
The conductivity exhibits the same characteristics as previously ob-
served for Gr on Mo: homogeneous and high current except on thicker
patches (results presented in Fig. S3 of Supplementary material).

The small-scale images with topographic and current maps are
presented for two cases: Figs. 10(a1) and 10(a2) for flat Gr (without
patches) and Figs. 10(b1) and 10(b2) across a Gr patch. Both current
images show homogeneous current despite of a dense network of Gr
wrinkles. As we discussed above, wrinkles in the considered case have
the geometry of simple, small and narrow ripples [20]. Then, during
scanning in AFM contact mode, such wrinkles are pressed by the AFM
tip leading to local Gr flattening, which finally gives a constant and
high current. At the same time, Gr is wear resistive, so this local me-
chanical deformation does not result in Gr tearing. This is a significant
improvement compared to CVD Gr grown on copper, where wrinkles
are much wider and folded [20], leading to a more pronounced current
drop. In the worst case, an AFM tip going across such wrinkles easily
initiates local Gr tearing thus producing narrow and insulating trenches
in a Gr sheet with zero current [23].

Still, the current map in Fig. 10(b2) contains local, point-like do-
mains, represented by dark contrast, with a slightly decreased current.
Reduced conductivity across patches indicates possible irregularities in
the growth of these additional layers. However, the current drops only
along patch edges or at pronounced topographic features such as point-

like bumps. Therefore, one possible reason of decreased current on
these parts is a less stable electrical contact between the AFM tip and
Gr. Further improvement in the Gr growth process is needed in order to
avoid these imperfections. Current histograms for both Gr with and
without patches are given in Fig. 10(c). As can be seen, due to a slightly
decreased conductivity of the domain with patches, the current peak is
shifted by around 0.2 nA to a lower value.

4. Conclusion

In summary, we have demonstrated that although few-layer Gr
grown on Mo does contain wrinkles with a height of several nan-
ometers, the wrinkles are much narrower than in CVD Gr grown on
copper, and they do not have a detrimental effect on uniformity of wear
and electrical properties. It is shown that few-layer Gr grown by CVD on
sputtered Mo films is characterized with a very low friction coefficient
of around 0.13. Its wear resistance is improved compared to CVD Gr
grown on copper, giving the threshold normal load for wear of around

μ4 N. The considered Gr has very uniform surface potential over large
areas, with RMS variability on the order of 5 mV for areas as large as

× μm50 50 2. The uniformity of electrical properties is better than in
other types of Gr and is on par with industrial-grade materials such as
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silicon and metals deposited by atomic layer deposition. The local
conductivity of the Gr films is also uniform, although with small var-
iations at the edges of Gr patches with varying thickness. The patches
are a result of the growth process which should be further optimized in
order to overcome this issue.

We thus propose that few-layer Gr grown on Mo holds strong po-
tential for use as an ultrathin solid lubricant for friction and wear re-
duction. It can also be used as an ultrathin electrode in integrated
electronics, allowing wafer-scale device uniformity and reproducibility.
Furthermore, the material holds potential as a substrate for self-as-
sembly and for other uses that require uniform and well-defined elec-
trical properties over large areas.
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A B S T R A C T

Semiconductors of II-IV-V2 type with chalcopyrite structure have been studied for several decades. Due to ad-
vances in materials synthesis technologies, and doping with various elements, the possibilities of their appli-
cation have expanded. In this paper, polycrystalline ZnSnSb2 + Mn was examined with the aim to explain the
connection of its high free carrier concentration with the material structure and influence on optical properties.
Two samples of Zn1-xMnxSnSb2 with different compositions (x = 0.027 and x = 0.076) and significant differ-
ence in carrier concentrations were analyzed. Their structural properties were examined by x-ray diffraction,
optical microscopy, and AFM. The existence of several different phases - ZnSnSb2, ZnSb, SnSb, and small
amounts of Sn and MnSb, as well as very complex microstructures, were registered. It was found that the high
free carrier concentrations are caused by a large number of defects, especially zinc vacancies. Optical properties
were analyzed using IR spectroscopy at room temperature. Based on the analysis of IR reflection spectra, the
presence of plasmon - phonons interaction was registered. It was determined that three ZnSnSb2 phonons of B2

symmetry interact with plasma, which then leads to the change of their positions. A detailed analysis of this
interaction provides insight into the behavior of some other material parameters. Also, vibration modes of ZnSb
and SnSb phases were registered on the spectra. Knowledge of phonon behavior and their interaction with
plasma is important for possible applications, especially as a thermoelectric material.

1. Introduction

Semiconductors have been widely used thanks to the ability to
adapt to different requirements. The II-IV-V2 chalcopyrite semi-
conductors have been intensively studied in recent decades [1]. The
fields of their application are considerably expanded by doping with
various impurities. A significant breakthrough was achieved by the
addition of magnetic impurities, whereby ferromagnetism at room
temperature was achieved [2,3]. The synthesis technology of this class
of compounds has been developed, but it is still adapting to new re-
quirements [4]. Zn-Sn-Sb based alloys have required thermoelectric
properties and find application as low-toxic thermoelectric materials
[5,6,7]. The engineering of structural, transport, electrical, optical,
magnetic properties as well as other material parameters, goes along
with the increasing application of this class of semiconductors.

ZnSnSb2 is II-IV-V2 type material with the tetragonal chalcopyrite
structure, narrow gap of 0.7 eV at room temperature, high

concentration of free carriers (1021–1022 cm−3) and inhomogeneous
structure [8,9]. In this paper we analyzed ferromagnetic semiconductor
ZnSnSb2 + Mn, which has interesting magnetic properties, such as
paramagnet-ferromagnet transition with the Curie temperature about
522 K and the cluster-glass behavior with the transition temperature
about 465 K, caused by the formation of MnSb clusters in the material
[10]. The Zn1-xMnxSnSb2 samples were obtained using direct fusion
method, and characterization of their structural, magnetic, optical and
phonon properties were done [9]. We chose two samples with different
chemical contents, x = 0.027 and x = 0.076, which we labeled as
samples A and B respectively, with the aim to examine their properties
in more detail. Main reason was a ten times difference in their free-
carrier concentrations (pA = 13 × 1021 cm−3 and
pB = 1.2 × 1021 cm−3). We wanted to determine what the cause of this
difference in concentration is, and whether there is a reaction between
the free carriers and the crystal lattice. The question of plasmon-phonon
interaction is particularly interesting in the study of thermoelectric
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materials, as well as their electrical and thermal conductivity, and their
interdependence.

ZnSnSb2 is not a homogeneous material, and the consequence is that
even two samples from the same crystal can have significantly different
properties. This is not surprising given the complicated ZnSnSb2 mi-
crostructure. Our goal was to analyze the relationship between micro-
structures, their phonons and free carriers, their conditionality and
interactions. For this purpose we used x-ray diffraction, optical micro-
scopy, AFM and IR spectroscopy measurements. Obtained results were
analyzed by applying the model for plasmon-phonon interaction.

2. Samples and characterization

ZnSnSb2 semiconductor has a chalcopyrite structure, spatial group
I42d, with lattice parameters a ≈ 6.275 Å and c ≈ 12.55 Å and ratio c/
a close to 2. ZnSnSb2 melts by a peritectic reaction at T= 362 °C with a
possible phase transformation of the cubic modification into a tetra-
gonal one at T = 348 °C [11,12]. The ZnSnSb2 + Mn ferromagnetic
semiconductors were synthesized using the method that makes it pos-
sible to obtain single crystals at temperatures below the temperature of
the peritectic reaction.

The analyzed samples of Zn1-xMnxSnSb2 were synthesized by the
direct fusion method. High purity components were used for the

 
Fig. 1. (a) X-ray diffraction pattern for ZnSnSb2 + Mn samples which contain different amounts of Mn. The registered crystal phases are marked; (b) The two spectra
are overlapped to compare their relative intensities.
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synthesis: zinc single crystals (99.999%), shots of tin (99.999%), anti-
mony single crystals (99.999%), and manganese powder (99.999%).
They were mixed in stoichiometric ratios.

The reaction mixture was put into a quartz glass tube and heated up
to 631 °C. After that, ampoules were quenched to 355 °C and then
annealed at 355 °C. This is described in more detail in the papers
[12,13]. The synthesized crystals were cut into slices of about 1.5 mm
thickness.

The chemical composition of the samples (x) was determined using
the energy dispersive x-ray fluorescence method (EDXRF) [10]. Ob-
tained results showed that average Mn content (x) in the samples is
between 0.027 and 0.138. All the studied crystals had the correct
stoichiometry of Zn1-xMnxSnSb2 alloy equal to 1-x : x : 1 : 2, within our
measurement accuracy of about 10% of the x value.

Based on the magnetotransport measurements [10] it was found
that electrical and magnetotransport parameters, such as resistivity,
carrier concentration, and carrier mobility, do not depend linearly on
composition, i.e. on the Mn content. Therefore, as mentioned above,
two samples with a considerable difference in free-carrier concentra-
tions were selected. The sample with x = 0.027 and
p = 13 × 1021 cm−3 was labeled as sample A and the one with x
= 0.076 and p = 1.2 × 1021 cm−3 as sample B. In this way we wanted
to determine the connection between the free carriers and the structural
and optical properties of the alloy.

The structural properties of these samples were investigated by the
XRD powder technique. Measurements were done using a Philips PW
1050 diffractometer equipped with a PW 1730 generator,
40 kV × 20 mA, using Ni filtered Co Ka radiation of 0.1778897 nm at
room temperature. The x-ray diffraction patterns were collected during
2 h in the range of 10−100° with a scanning step of 0.05° and 10 s
scanning time per step. Phase analysis showed that besides the main
phase of chalcopyrite ZnSnSb2, the orthorhombic ZnSb, rhombohedral
SnSb, and hexagonal MnSb phases are present in the samples. This is
consistent with the literature [8,10].

An optical microscope was used to get an insight into the distribu-
tion of different phases of the material along the surface. Images were
captured using Olympus BH series modular microscope with UIS ob-
jective lenses with 50x and 400x enhancement.

The surfaces of ZnSnSb2 + Mn samples were examined in detail
using Atomic Force Microscope (AFM), NTEGRA prima from NTMDT.
The topography and phase images were acquired simultaneously by
operating the AFM in semi-contact mode. NSG01 probes with a typical
resonant frequency of 150 kHz and 10 nm tip apex curvature radius
were used.

The far-infrared (FIR) reflectivity measurements were done with a
BOMEM DA-8 Fourier-transform infrared spectrometer in the spectral
range from 40 to 450 cm−1 at room temperature. A Hyper beamsplitter
and deuterated triglycine sulfate (DTGS) pyroelectric detector were
used.

3. Results and discussion

It is known that during the preparation of ZnSnSb2 the poly-
crystalline material is formed, consisting of the main phase and ZnSb,
SnSb and β-Sn inclusions [11].

The structure of the two selected samples was investigated by X-ray
diffraction measurements. Obtained results with marked phases are
presented in Fig. 1. In Fig. 1(b) the overlap of the results is shown, with
the aim to compare their relative intensities. The list of XRD peaks
positions and their corresponding Miller indices and phases is given in
Table 1 in Supplementary Materials.

Besides the chalcopyrite ZnSnSb2 phase the orthorhombic ZnSb,
rhombohedral SnSb, Sn have also been registered, as well as weak lines
from hexagonal MnSb inclusions. The idea was to detect differences in
the structures of these two samples. It is obvious that diffraction lines
corresponding to the ZnSnSb2 phase (squares) are stronger for sample A

as well as lines of SnSb phase (open circles). Also, it is clear that lines
corresponding to ZnSb (black circles) are mostly stronger for sample B.
Existence of the Sn phase is evident, but lines corresponding MnSb
phase are barely visible.

In order to examine the spatial distribution of the existing different
crystal phases, the samples were recorded by an optical microscope
with two different magnifications (50 × and 400 × ). Obtained mi-
crographs are presented in Fig. 2.

Existing phases are clearly visible and they form multiphase struc-
tures. It should be noted that this is a very non-homogeneous material
and that images from different parts of the samples differed, so the
characteristic ones are selected and shown in Fig. 2.

In our previous work [9] is determined that gray fields are ZnSnSb2
crystal, white ones correspond SnSb phase and that dark parts consist of
ZnSb. Micrometric crystals of MnSb in the shape of dark circles were
registered also.

Although microstructures of similar shapes have been formed in
both samples, it is apparent that the surfaces significantly differ. Based
on previous work [8,9,14], it can be concluded that these spherical and
needle like microcrystals are ZnSb, MnSb, Sn, and Sb phases formed
during crystallization of the material. As can be seen from Fig. 2. the
sample B contains a lot of micron-sizes phases relatively evenly dis-
tributed over the surface (volume).

In order to more accurately examine the surface of the samples, we
used atomic force microscopy (AFM) measurements. The characteristic
results are presented in Fig. 3.

The surfaces of both samples have a granular structure. The sample
A has evenly distributed grains over the entire surface with a few larger
clusters and an average grain height of around ~100 nm (see Fig. 3(a)
and the profile in Fig. 3(c)). The phase contrast in Fig. 3(b) originates
exclusively from the abrupt changes in the height, indicating that the
material properties of the sample A surface are homogeneous. The
grains on the surface of the sample B are exclusively arranged into
clusters which are not evenly distributed over the surface. The majority
of the clusters reach several tens of nm in height, with a few exceptions
having a height of ~100 nm (see Fig. 3(d) and the profile in Fig. 3(f)).
The phase contrast of the sample B surface shows that the larger clusters
have a distinct phase shift, seen as dark and white regions in Fig. 3(e),
so that clusters have different material properties than the remainder of
the surface.

This material is known to be difficult to synthesize and beside
ZnSnSb2 the ZnSb and SnSb phases are formed [11,15]. The series of
Zn1-xMnxSnSb2 samples were synthesized under the same conditions
with the only difference being the starting amounts of manganese and
zinc [10]. Obviously, the small variation in the starting mixture causes
rather different structures and properties of the materials.

It was found that a large concentration of lattice defects, especially
in the cation sublattice, in ZnSnSb2, as well as in other II-IV-V2 semi-
conductors [16,17], causes a high hole concentration. In particular, Zn
vacancies are those defects that lead to a very high concentration of
holes [18,19,20]. Typical hole concentration in ZnSnSb2 is 1020 cm−3

[15–20], in two-component p-type ZnSb it is 1019 cm−3 [18,19], while
SnSb is a n-type material with metallic character and electron con-
centration of about 1022 cm−3 at 1.8 K [21]. Evidently, the electronic
structure is very complex in this material.

It is difficult to say exactly what is the cause of different hole con-
centrations in the Zn1-xMnxSnSb2 samples, but it could be assumed that
Zn vacancies are the main reason. Sample A has a higher content of

Table 1
Expected values of ZnSnSb2 phonons of B2 and E symmetries, from literature
[26].

Phonon B2
1 B2

2 B2
3 E1 E2 E3 E4 E5 E6

Estimated value [cm−1] 189 199 70 189 185 195 111 88 54
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SnSb, which is related to a higher deficiency of Zn atoms, and therefore
higher hole concentration. So, the different concentrations of free car-
riers in the samples are a consequence of various defects and micro-
structures which are formed.

In order to examine the interaction of free carriers and a lattice, the
far-infrared reflectivity spectra in the range 40–450 cm−1 at room
temperature have been recorded. Obtained spectra are shown in Fig. 4.

It is obvious that the most distinct difference between the spectra
relates to wave numbers above 220 cm−1, where the high carrier
concentration has a main influence. Also, in the range from 120 to
180 cm−1 the spectrum for sample B (black line) contains some phonon
lines which are absent or attenuated in the spectrum for sample A (red
line).

A detailed analysis of the obtained results was necessary. For the
analysis of the spectra the fitting procedure which includes plasmon -
phonon interaction was applied.

4. Plasmon - phonon interaction

In materials with high free carrier concentration a plasmon-phonon
interaction should be taken into account, as it significantly affects the
properties of the material. Its influence on the dielectric properties of
the material is important for the analysis of the reflection spectra.

A theoretical model of the dielectric function in bulk materials [22]
has been applied. The dielectric function ε(ω) describes dielectric
properties of single crystal and includes classical oscillators corre-
sponding to the TO-modes, and Drude part which takes into account the
free carrier contribution:
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In this equation ε∞ is the high-frequency dielectric constant, ωTOk

and ωLOk are the transverse and longitudinal optical-phonon fre-
quencies, l is the number of phonons,ωP is the plasma frequency, γTOk

and ΓP are the phonon and plasmon damping. The use of such a di-
electric function is valid in multiphase materials, since it is based on a
phenomenological approach where the effective values of the material
parameters are used, e.g. = + + + ⋯ω ω ω ωp p p p
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As our ZnSnSb2 + Mn samples have high concentration of free-

carriers (p), and therefore high values of ωP (ωP
2 ~ p), it is expected that

plasma interacts with phonons. As a result the phonon frequencies are
changed, i.e. their positions are shifted from the expected values. The
phonon lines observed at the reflection spectra are these shifted modes
i.e. coupled plasmon-phonon modes. So, the situation is much clearer if
the dielectric function which takes a plasmon–phonon interaction in
advance is used [23,24]. It also allows the possibilities that more than
one phonon interact with plasma as well as existence of uncoupled
phonons. That dielectric function is:
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The first fraction in Eq. (2) describes coupling of a plasmon and n LO
phonons, where parameters ωlj and γlj are eigenfrequencies and
damping coefficients of the longitudinal component of the coupled
phonons. ωti and γti are frequencies and damping of transverse com-
ponent of these phonons. Γp is the plasma damping. The second factor
in Eq. (2) represents s uncoupled phonons of the crystal, wherein ωLOk

(ωTOk) and γLOk (γTOk) are LO (TO) frequencies and damping coeffi-
cients of the k-th uncoupled phonon of the crystal.

The analysis of the obtained reflection spectra was performed by a
fitting procedure, by adjusting the parameters of Eq. (2) in order to
obtain a match between the experimental and theoretical curves. The
values of ωlj and ωti are directly obtained in this way while the ωP and
ωLO values are calculated [25]. It can be seen that the positions of the
ωl2 and ωl4 are significantly different for samples A and B. The behavior
of phonons and interactions with plasma were analyzed based on the
data thus obtained.

    

Sample A 

 

ample B 

 

 

 

S

Fig. 2. Micrographs of the ZnSnSb2 + Mn samples surfaces with magnifications of 50 × and 400×.
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The phonons of ZnSnSb2 which are IR active are known from lit-
erature [26], and they are of B2 and E symmetries. Their estimated
values are given in Table 1.

Plasmon - phonon interaction commonly refers to the coupling of
the plasma and one phonon [27]. In that case two coupled modes ap-
pear ωl1 and ωl2, often labeled as ω+ and ω-. In the case of ZnSnSb2,
based on data obtained by fitting procedure, it was established that the
plasma interacts with three phonons of B2 symmetry [28,29,30]. As a
result of that their positions are shifted and instead three B2 modes
there are four coupled modes ωl1, ωl2, ωl3 and ωl4. Obtained values are
shown as black points in Fig. 6. Their positions are different for the two
samples because of the different influences of the plasma (ωP

2 ~ p).
Because of the high plasma frequency of sample A, the ωl4 has high
value of 675 cm−1 which is outside of the measured range.

For ease of analysis, it is common to draw a dependency diagram of
obtained parameters (ωlj, ωt, ωTO, ωLO) on plasma frequency ωp, as

shown in Fig. 6. The full lines are solutions of Re{ε(ω)} = 0 from Eq.
(1). It should be noted that line ωl3 between B2

1 and B2
2 phonons is

barely visible because they are very close. The lines are calculated for
five different values of plasma damping Γp (Fig. 6) (Γp = 1/τ, where τ is
a lifetime of plasmon). This was done to determine Γp interdependence
with plasmon - phonon interaction.

The obtained values of plasma damping and plasma frequency of
samples A and B are: ΓpA = 500 cm−1, ΓpB = 375 cm−1,
ωpA = 837 cm−1 and ωpB = 405 cm−1. It should be noted that these
parameters represent the effective values that describe the sample as a

Sample A 

     
Sample B 

    
Fig. 3. (a) AFM topography and (b) corresponding phase-contrast image of
sample A; (c) Height profile taken along the straight solid line in (a) from point
P1 to point P2; Figures (d), (e), and (f) refer to sample B in the same way.

Fig. 4. Far-infrared reflectivity spectra of ZnSnSb2 + Mn.

  
Fig. 5. Analyzed reflection spectra; experimental data are represented by cir-
cles while black lines are theoretical curves; registered optical phonons are
indicated on the spectra.
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whole. It could be expected (based on pA and pB values and ωP
2 ~ p)

that ωpA and ωpB differ about three times, which was not established.
Plasma frequency is defined as ωp

2 = (npe2)/(ε0ε∞mh*), i.e. it includes
other parameters of the material. Thus, by determining the plasma
frequency and plasma damping the other properties of the material can
be analyzed.

Besides phonons of B2 symmetry which interact with plasma, other
ZnSnSb2 phonons are not registered on the IR reflectivity spectra.
However, characteristic phonons of the other phases can be identified,
as can be seen in Fig. 5. It was necessary that these phonons are not
covered by the plasmon - phonon interaction. ZnSb modes are noticed
at about 125 and 165 cm−1, which is in agreement with results from
the literature [31]. Two modes that correspond to SnSb phase are at
about 94 and 145 cm−1, which matches the previously obtained data
[9,32]. The appearance of these modes is expected due to the sig-
nificant presence of ZnSb and SnSb phases in the samples. MnSb pho-
nons are not registered, i.e. it was not possible to discern them due to
the small amount of that phase.

Based on the performed analyses, it can be seen that different mi-
crostructures formed in the investigated samples lead to high con-
centrations of free carriers, but which are ten times different from each
other. Those high values cause plasmon - B2 phonons interaction. That
can be used to analyze optical and electrical properties of the materials,
as well as other parameters, such as dielectric constants, effective mass
of charge carriers and phonon lifetimes. In this way, the multiphase
material with different microstructures was analyzed as a whole.

Investigation of thermoelectric properties of ZnSnSb2 is a current
issue [5,15,33]. The analysis of plasmon - phonon interaction per-
formed in this paper can significantly assist in the study and under-
standing of thermoelectric processes in this as in other semiconducting
polycrystalline materials [34].

5. Conclusion

Two samples of ZnSnSb2 + Mn with different amounts of manga-
nese were analyzed in this paper. The small difference in the initial
composition of the material led to a difference of ten times in the free
carrier concentrations. Their structural properties were examined by x-
ray diffraction, optical microscopy, and AFM. Several different phases
were registered - ZnSnSb2, ZnSb, SnSb, and small amounts of Sn and
MnSb. These phases form different microstructures, which is related to
the large irregularities of the lattice. It was found that the high free
carrier concentrations are caused by a large number of defects, espe-
cially zinc vacancies.

The optical characteristics of these multiphase materials were

examined, whereby the samples were considered as a whole. Based on
the analysis of IR reflection spectra the presence of a plasmon - phonons
interaction was confirmed. It was determined that three ZnSnSb2 pho-
nons of B2 symmetry interact with plasma, which led to the change of
their positions. It is clear that strong plasmon - phonon interaction
modifies optoelectronic properties of the ZnSnSb2 + Mn samples, and
that phonon positions depend on a free carrier concentration. A de-
tailed analysis of this interaction also provides insight into the behavior
of other material parameters, such as dielectric constants, effective
mass of charge carriers and phonon lifetimes. Also, vibration modes of
ZnSb and SnSb phases were registered on the spectra. Knowledge of
phonon behavior in a material, as well as interaction with plasma, is
very important for studying its thermoelectric properties.
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A B S T R A C T

In investigation of (patho)physiological processes, cells represent frequently used analyte as an exceptional
source of information. However, spectroscopic analysis of live cells is still very seldom in clinics, as well
as in research studies. Among others, the reasons are long acquisition time during which autolysis process
is activated, necessity of specified technical equipment, and inability to perform analysis in a moment of
sample preparation. Hence, an optimal method of preserving cells in the existing state is of extreme impor-
tance, having in mind that selection of fixative is cell lineage dependent. In this study, two commonly used
chemical fixatives, formaldehyde and methanol, are used for preserving primary mesenchymal stem cells
extracted from periodontal ligament, which are valuable cell source for reconstructive dentistry. By means
of Raman spectroscopy, cell samples were probed and the impact of these fixatives on their Raman response
was analyzed and compared. Different chemical mechanisms are the core processes of formaldehyde and
methanol fixation and certain Raman bands are shifted and/or of changed intensity when Raman spectra of
cells fixed in that manner are compared. In order to get clearer picture, comprehensive statistical analysis
was performed.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Mesenchymal stem cells (MSCs) are heterogenous group of adult
stem cells originally discovered in bone marrow, but present in
all tissues and organs, with the purpose to keep tissue homeosta-
sis, regeneration and renewal. These acts are performed not only
through multipotent differentiation potential (toward chondrogenic,
adipogenic, and osteogenic lineages), but also through their ability to
modulate immune response (directly or indirectly) [1-5]. Although
MSCs posses common cellular features, it is overall accepted that
these cells still exhibit variable regenerative capacity due to differ-
ent tissue origin, donor diversity, and variations in culture condi-
tions [6,7]. Human MSCs investigated in this study originate from
periodontal ligament, a fibrous, cellular, and vascular soft connec-
tive tissue. The main role of periodontal ligament is to anchor tooth
to the alveolar bone, maintain mineralisation level and alleviate
mechanical forces associated with the process of mastication [8-10].
Previously, it was demonstrated that human periodontal ligament

* Corresponding author.
E-mail address: nenadl@ipb.ac.rs (N. Lazarević).

stem cells (hPDLSCs) investigated in this experiment fulfill criteria
for MSCs identification and characterization, set by The International
Society for Cell Therapy (ISCT) [11,12]. Minimal criteria for char-
acterization of human MSCs, set by ISCT, include plastic adhesion,
with expression of CD73, CD90, CD105 surface markers and lack
of hematopoietic markers CD34−, CD45−, CD14−, CD79a −, HLA-
DR−; and multilineage differentiation potential into osteoblasts,
adipocytes, and chondroblasts [13]. However, MSCs nature, includ-
ing hPDLSCs, is still elusive. Therefore, the exploration of hPDLSCs, as
a cell source for reconstructive dentistry, is of great importance for
the novel therapeutic strategies related to recovery of periodontium
and curing dental defects [14].

Taking into account the heterogeneity of MSCs, it is crucial
for these cells to be adequately characterized during the lifes-
pan, before further manipulation. Although many techniques are
available in this field, including mass spectroscopy, flow cytometry,
and immunocytochemistry, most of them are destructive, invasive,
time consuming or require expensive cell-specific labels [15,16].
However, a light scattering technique, Raman spectroscopy, is able to
overrun these issues due to its unique properties: it is non-invasive,
non-destructive, fast, label-free, and complex sample preparation is
not required. It operates with low sample volume even in aqueous

https://doi.org/10.1016/j.saa.2019.03.012
1386-1425/© 2019 Elsevier B.V. All rights reserved.
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solutions and provide a plenty of biochemical information as an
outcome. Raman spectroscopy is a type of vibrational spectroscopy,
based on Raman effect [17], in which an inelastically scattered com-
ponent of the visible light bears the information of the analyte.
Raman scattering experiment results in vibrational spectrum, a fin-
gerprint of a sample, which carries the information about chemical
composition and structure of a sample, on a submolecular level. Typi-
cally, it comprises vibrational modes of the highest Raman scattering
cross section [16, 18-20].

Spectroscopic analysis of live cells is still very seldom, both in
clinical and research conditions, particularly due to the longevity of
the processes, when autolysis is inevitable. On the other hand, it is
not always possible to investigate a sample in a moment of acquir-
ing. The crucial and fundamental step in cell biology, for obtaining
sensitive and reproducible results, is a process called fixation, which
maintain the localization of biomolecules. It is used for preserving a
cell in a physiological state, by preventing cell shrinkage or swelling
caused by osmotic pressure initiated with air-drying, as well as
autolysis by activating lysosomal enzymes, which includes denatu-
ration of proteins, dephosphorylation of mononucleotides, phospho-
lipids and proteins, chromatin compaction, nuclear fragmentation,
and cytoplasmic condensation and fragmentation [21]. However, it
is known that selection of a fixative is very much dependent on a cell
nature when it comes to Raman spectroscopy and can significantly
distort experimental data [22]. In the past decade, investigations of
different fixatives’ influence on Raman spectra of numerous cell lin-
eages were reported, with an aim to clarify the best option for each
cell lineage. One of the studies investigated the effect of formalde-
hyde and ethanol fixation on CARS (Coherent Anti-Stokes Raman
Spectroscopy) signal of proteins and lipids in different cellular com-
partments of glial and neuronal cells, concluding that formaldehyde
fixation is preferable method of preservation of these cells [22]. Also,
the effect of chemical fixation procedures on the Raman spectra of
normal and leukemia cells was characterized [23]. When compared
to the spectra of unfixed cells, the fixed cell spectra showed changes
in the intensity of specific Raman markers, and latter statistical anal-
ysis suggested that methanol provokes greater changes in Raman
spectra when compared to paraformaldehyde. Further, micro-Raman
spectroscopy was employed for chemical fixation mechanism study
in three cell lines (normal skin, normal bronchial epithelium, and
lung adenocarcinoma) [24]. Nucleic acid degradation, protein denat-
uration, and lipid leaching was observed with all fixatives (formalin,
Carnoy’s fixative, and methanol-acetic acid) and for all cell lines, but
to varying degrees. Also, the authors suggested that formalin best
preserves cellular integrity and gives the closest spectral content to
that in live cells. The next study monitored the impact of fixation
by formalin, desiccation, and air-drying on in vitro cell culture lines
[25]. The results indicate that the choice of fixation methodology sig-
nificantly influences the quality and reproducibility of the resulting
spectral data. Formalin showed inconsistency in sample preservation
and a loss of signal intensity, while air-drying appears to be incon-
sistent in terms of spectral reproducibility. Desiccation showed good
spectral reproducibility and good signal-to-noise ratio [25].

Although numerous Raman studies of fixative process’ spectral
influence have been performed [22-25], according to our knowl-
edge, no such research has been performed on primary mesenchymal
stem cells originating from periodontal ligament. We used micro-
Raman spectroscopy in order to probe fixed hPDLSCs and investigate
the effects of two most frequently used chemical fixatives which
have different chemical mechanisms of preservation (formaldehyde
and methanol), and then compared those effects. Formaldehyde
reacts extensively with amino groups to form methylene bridges
and cross-links molecules, which alters, but stabilizes them [26].
Further, formaldehyde does not appear to perturb tertiary struc-
ture very much. On the other hand, methanol replaces water in
cell environment, disrupts hydrophobic and hydrogen bonding, and

consequently alters tertiary structure of proteins [27,28]. Although
fixation substantially alters composition and appearance, it is pos-
sible to produce consistent chemical and physical properties by
selection of suitable preparation conditions. Nevertheless, standard-
ization of Raman spectroscopy regarding fixative selection could
provide valuable additional information in many biological tests that
require cell fixation and also indicate the existence of fine differences
in the fixative effect that are necessary to be taken into consideration
during standard biological protocols.

2. Experiment

2.1. Isolation and Cultivation of Human Periodontal Ligament Stem
Cells

After getting the informed consent from healthy patients (age
18), subjected to the procedure of tooth extraction for orthodon-
tic reasons, at the Department of Oral Surgery of the Faculty of
Dental Medicine, the University of Belgrade, human periodontal lig-
ament tissues from normal impacted third molars were collected.
Immediately after, tissues were placed in sterile cell culturing con-
ditions. As previously reported [11], human PDLSCs were isolated,
characterized and expanded. For hPDLSCs isolation, periodontal tis-
sues were carefully detached from the mid-third of the root surface,
cut into small pieces and placed in a 25 cm2 flask with Dulbecco’s
modified Eagle’s medium (DMEM; Sigma-Aldrich St. Louis, MO,
USA) supplemented with 10% fetal bovine serum (FBS; Capricorn-
Scientific, Germany), 100 U/ml penicillin and 100 mg/ml strepto-
mycin (Gibco, Thermo Fisher Scientific, USA). Standard cultivation
conditions included 37 ◦C temperature, humidified atmosphere con-
taining 5% CO2, while medium was exchanged two times per week.
After reaching 80% to 90% confluence, cells were detached regularly
in growth medium (GM-DMEM with 10% FBS) using 0.05% trypsin
with 1 mM EDTA (Gibco, Thermo Fisher Scientific, USA). In order to
demonstrate the universality of experimental results for MSCs, cells
from third and sixth passages were used, divided into two batches.
Moreover, hPDLSCs were characterized based on immunophenotype
and multipotent differentiation potential toward osteogenic, chon-
drogenic and adipogenic lineages as it has been described before
[11]. All treatments were performed according to the approved eth-
ical guidelines set by Ethics Committee of the Faculty of Dental
Medicine, University of Belgrade and Declaration of Helsinki.

2.2. Sample Preparation

For the Raman experiment, hPDLSCs were seeded on rounded
CaF2 slides in 24-well plate (5 × 103 cells per slide) and cultivated
in GM in standard cultivation conditions during 24 h. Following the
adhesion, hPDLSCs were washed with saline buffer and fixed with
3.7% formaldehyde or methanol for 10 min at room temperature.
Right before Raman spectroscopy was performed, samples were
washed with distilled water.

2.3. l-Raman Spectroscopy

In most of the cases, the Raman spectroscopy independently
probes single vibrations within a molecule or a crystal, but in a
complex biological systems composed of various types of macro-
molecules, only vibrational bands consisting of numerous vibrations
of the same type, rather than a single vibration, could be distin-
guished. Consequently, the changes of biological system composition
may result with a change of certain Raman bands line-shapes and/or
intensities.

The Raman scattering experiment was performed using NTegra
Spectra from NTMDT. The 532 nm line of a semiconductor laser was
used as an excitation source. The laser power was set to 2 mW
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Fig. 1. A single PDLSC Raman (a) interpolated integral intensity map, and (b) pixelized integral intensity map. (c) Human PDLSC Raman scattering spectrum acquired on a pixel
marked in white.

and focused on the area of about 1 lm, in order to provide a rea-
sonable Raman intensity for a 60 s long acquisition. Under these
conditions, the sample associated Raman bands, acquired sequen-
tially at the same position, were found to be stable in terms of both
the band intensity and spectral position. In other words, no visible
laser induced modifications of the cells were observed upon repeat-
ing the signal acquisition for a few times at any of the acquisition
points.

Due to very complex inner structure of a cell, there may be small
variations in Raman spectra for the data collected at different posi-
tions. Consequently, suitable methodology must be applied in order
to achieve the needed level of sample representation. In other words,
the applied method has to be robust. Here, two batches of cells
treated with methanol and formaldehyde were examined by spa-
tially mapping the Raman scattering signal on 20 cells per batch.
The spectra were collected at 10 × 10 or 11 × 11 matrices of spa-
tial points separated by a distance larger than the estimated focus
diameter of ≈1 lm. The distance between adjacent spatial points, or
the spatial resolution, was varied between 2 lm and 3 lm depend-
ing on the cell size. The example of an interpolated spectral map of
a single methanol fixed cell is presented in Fig. 1(a). Fig. 1(b) shows
the same map with the actual pixels omitting the interpolation for
clarity. The x and y represent spatial coordinates in which a spec-
trum is acquired. The intensity of a pixel, labeled white in Fig. 1(b),
is obtained by integrating the Raman spectra collected at that pixel.
The value of the integral is equal to the area below the acquired sig-
nal as illustrated by shaded (orange) area below the typical hPDLSC

Raman spectra in Fig. 1(c). It is characterized by clearly visible Raman
bands in two spectral regions marked in Fig. 1(c). The first spectral
region spans from 800 cm−1 to 1770 cm−1, whereas the second starts
at 2500 cm−1 and ends at 3600 cm−1.

2.4. Data Processing and Analysis

In addition to typical PDLSCs Raman spectra [Fig. 1(c)], a few
(in total) significantly different spectra, having an extremely high
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Fig. 2. A typical PDLSCs, substrate, and high luminescence points Raman spectra
in the range from 800 cm−1 to 1800 cm−1, depicting spectral selection and
preprocessing.
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luminescence contribution, were observed as well. The example of
such a spectrum truncated to the spectral region from 800 cm−1 to
1770 cm−1 is shown in Fig. 2. Clearly, extremely strong lumines-
cence masks the relevant Raman bands, making them misleading.
Consequently, the high luminescence spectra were omitted from the
analysis. The relevant Raman spectra were preprocessed before fur-
ther manipulation. In the initial step, the background, modelled as a
polynomial function of the fourth degree, was subtracted (see Fig. 2).
Upon background removal, the spectra were normalized to the value
of the integral intensity, calculated within the considered spectral
region and then subjected to the analysis.

Besides the direct comparison of the Raman spectra of the
cells fixed with formaldehyde and methanol, a multivariate
statistical method, principal component analysis (PCA), was
applied [15,18,29,30]. Thereby, the dimensionality of the
experimental data set is reduced, by transforming to a new set of
variables, the principal components, which are uncorrelated and
ordered in a way that the first few retain most of the variation
present in all of the original variables [31]. The outcome of this
analysis is distinct grouping of Raman spectra based on their mutual
features [18,29].

3. Results and Discussion

Regarding biological background of our samples, it is well known
that primary mesenchymal stem cell cultures represent heterogenic
cellular populations, thus the intrinsic heterogeneity of primary cells
should be taken into consideration. Moreover, cellular features of

these cells are highly prone to modifications during standard cultiva-
tion process [32,33]. Therefore, in order to get reproducible results,
we analyzed cells from different passages (passage 3 in Batch 1 and
passage 6 in Batch 2).

It is known that the effect of fixation process is cell type and
fixative dependent [25]. Different chemical mechanisms may result
in variations of the respective Raman spectra. Whereas depletion of
certain component will result in reduction of corresponding Raman
bands’ intensities, various perturbations of the electronic cloud will
lead to the changes of bands energy and linewidth. The second does
not exclude the possibility of variations of the Raman intensities
since the change in electronic structure may impact probability of
the inelastic light scattering processes. In our data, the most pro-
nounced changes are occurring in two spectral regions [Fig. 1], rang-
ing from 800 cm−1 to 1770 cm−1 and from 2500 cm−1 to 3600 cm−1.
In the statistical treatment, these regions were analyzed indepen-
dently due to the intrinsic imperfections of the spectrometer.

In Fig. 3, 2D Raman spectra map, averaged spectra, their differ-
ence and PCA of Batch 1 and Batch 2 of formaldehyde and methanol
fixed PDLSCs, are presented respectively, for spectral region between
800 cm−1 and 1770 cm−1. Closer inspection of formaldehyde and
methanol fixed PDLSCs 2D Raman spectra map [Fig. 3(a) and (c)]
already reveals significant difference between two groups. Relative
change of intensity and/or energy shift can be clearly observed for
multiple Raman bands. This is even more evident in the differ-
ence of formaldehyde and methanol fixed PDLSCs average Raman
spectra [Fig. 3(a) and (c)]. It can be seen that phenylalanine peaks
at 1002 cm−1 and 1030 cm−1 are of higher intensity in methanol
fixed PDLSCs Raman spectra compared to formaldehyde fixed ones.

Fig. 3. 2D Raman spectra map obtained from PDLSCs (see Supplementary information), fixed with formaldehyde and methanol, their mean spectra, as well as their difference
for the spectral region from 800 cm−1 to 1770 cm−1; PCA score plots calculated for these two groups of cells, and PCA loading vectors for (a)–(b) Batch 1 and (c)–(d) Batch 2,
respectively. Percentage of variance PC1–PC2: for Batch 1 19.85%–5.76%; for Batch 2 17.95%–7.43%.
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The DNA bands at 1095 cm−1, 1130 cm−1, and 1330 cm−1 are of
higher intensity in formaldehyde fixed PDLSCs spectra whereas the
band at about 1330 cm−1 is also slightly shifted. Amide III band at
about 1260 cm−1 is significantly shifted and of higher intensity in
methanol fixed spectra. When it comes to lipid band at 1450 cm−1,
it is of noticeable higher intensity and shifted in formaldehyde fixed
spectra, as well as the Amide I band at about 1660 cm−1.

The observed behaviour is consistent with the biochemical pic-
ture in which the protein content is larger in methanol fixed cells.
This is evidenced by more pronounced phenylalanine peak. On the
other hand, the secondary structure is more preserved in formalde-
hyde fixed samples (Amide I band). Modification of native proteins
by formaldehyde does not perturb the secondary structure very
much. Lipid content is maintained greatly in formaldehyde fixed
sample, which is in a good agreement with the literature, due to
methanol-caused leaching of lipids through deteriorated cell mem-
brane. As a consequence of cross-linking mechanism of fixation, DNA
level is maintained in greater moiety in formaldehyde fixed PDLSCs
Raman spectrum [27,28,34].

Spectra of averaged formaldehyde and methanol fixed PDLSCs
spectra, and their difference spectrum, from Batch 2 are given in
Fig. 3(c). The only observable difference, in comparison to Batch 1,
is lower intensity of Amide I band at 1660 cm−1 in formaldehyde
fixed PDLSCs Raman spectrum, relative to methanol fixed PDLSCs
spectrum.

The same procedure is repeated for spectral region from
2500 cm−1 to 3600 cm−1. In Fig. 4, 2D Raman spectra map, averaged

spectra, their difference, and PCA of Batch 1 and Batch 2 of formalde-
hyde and methanol fixed PDLSCs, are presented respectively. Again,
formaldehyde and methanol fixed PDLSCs Raman spectra are com-
pared in this spectral region which reflects protein, lipid, and water
content. In Fig. 4(a) and (c), it is observable from averaged spec-
tra of difference that the bands at 2860 cm−1 and 2890 cm−1, are
more intense in formaldehyde fixed PDLSCs Raman spectra. These
two bands present CH2 and CH3 symmetric stretch in lipids and pro-
teins [35]. Raman band at 2940 cm−1 is assigned to CH vibrations
in lipids and proteins and is more pronounced in methanol fixed
PDLSCs Raman spectra. This confirms above-mentioned statements
that formaldehyde better maintains the level of lipids with regard to
methanol. On the other hand, methanol keeps protein levels.

Further, PCA is applied for the treatment of the spectral data,
and the outcome is presented in Figs. 3 (b), (d) and 4(b), (d) for
Batch 1 and Batch 2, respectively. Analyzing PCA score plots, clear
assemblage of cells fixed with the same fixative is observable and,
as expected, in all cases, PC1 is the component that makes the dif-
ference [Figs. 3(b), (d), and 4(b), (d)]. Only a few overlapping points
have been observed due to the heterogeneity of the samples and/or
variable signal-to-noise ratio. For illustration, PC2s and correspond-
ing loading vectors are also presented. They represent intra- and
inter-cellular variations, within the group of cells fixed with the
same fixative. PC1 loading vectors are consistent with discrepan-
cies directly observable in Raman spectra of differences, as discussed
above. This is not surprising, having in mind the nature of this
principal component and the algorithms applied.

Fig. 4. 2D Raman spectra map obtained from PDLSCs (see Supplementary information), fixed with formaldehyde and methanol, their mean spectra, as well as their difference for
spectral region from 2500 cm−1 to 3600 cm−1; PCA score plots calculated for these two groups of cells, and PCA loading vectors for (a)–(b) Batch 1 and (c)–(d) Batch 2, respectively.
Percentage of variance PC1–PC2: for Batch 1 64.09%–12.59%; for Batch 2 60.08%–14.64%.
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Closer inspection of PCA score plots [Figs. 3(b), (d), and 4(b), (d)]
reveals greater spread along PC1 for Batch 1, in particular for the
spectral region from 800 cm−1 to 1770 cm−1 of formaldehyde fixed
cells. This is most likely a consequence of heterogeneity of these pri-
mary cells. Depending on the nature of the inter-/intracellular vari-
ations, fixation process may enhance and/or suppress their Raman
spectra signatures [22-26]. Detailed comparison between batches for
both fixatives is presented in the Supplementary information.

4. Conclusion

Fixatives cause dramatic changes for all cell types but to vary-
ing extent. It is crucial to have a clear idea of what is expected from
the sample when choosing the fixative agent. Preservation of cells
by formaldehyde and methanol treatment represents standard pro-
cedures in most laboratory protocols. In this study, we investigated
the effects of these two chemicals on Raman spectra of primary cell
lineage, PDLSCs. Both procedures provided quantitatively and qual-
itatively close Raman spectra that can be considered as fingerprint
spectra for this cell lineage. Through the direct comparison of the
Raman spectra, as well as the statistical treatment, subtle differences
have been observed between two groups that can be traced back
to the variations in lipid and protein content. Consequently, when
choosing the fixation method, the purpose of investigation has to be
kept in mind. When it comes to Raman spectroscopy of hPDLSCs,
both formaldehyde and methanol are acceptable choices,but with
unlike sensitivity for tracing different biochemical composition.
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A B S T R A C T

Structural and optical properties of CdTe thin films were investigated applying atomic force microscopy (AFM),
XRD powder technique, Raman spectroscopy and far–infrared spectroscopy. CdTe thin films were prepared by
using thermal evaporation technique. In the analysis of the far – infrared reflection spectra, numerical model for
calculating the reflectivity coefficient for system which includes films and substrate has been applied. Effective
permittivity of film mixture (CdTe and air) was modeled by Maxwell – Garnet approximation. We reveal the
existence of surface optical phonon (SOP) mode and coupled plasmon-SOP modes (CPSOPM).

1. Introduction

II – VI semiconductor compounds, especially thin films, have be-
come very popular because of their applications in numerous electronic
and optoelectronic devices. Due to low production cost, thin films
nowadays enjoy great attention in basic research and solid state tech-
nology.

The interest in various properties of photonic CdTe is well justified,
as this material plays an important role in expanding variety of appli-
cations as in: integrated optics, optoelectronics, or solar energy con-
version [1].

Two main properties of CdTe thin film are its high optical absorp-
tion coefficient (a thin film of CdTe with thickness of approximately
2 μm will absorb nearly 100% of the incident solar radiation) and its
near ideal band gap for photovoltaic conversion efficiency of 1.45eV
[2]. Also, its ease of film fabrication and low cost make it a re-
presentative material among II – VI semiconductors.

For fabrication of the CdTe films, various techniques have been
applied: RF magnetron sputtering [3], molecular beam epitaxy (MBE)
[4], pulsed laser deposition (PLD) [5], successive ionic layer adsorption
and reaction method (SILAR) [6], metal organic chemical vapor de-
position [7], screen printing [8], thermal evaporation method [9] etc.
Thermal evaporation method shows some advantages such as: mini-
malization of impurities proportional to the growing layer, reduced

chances of oxidation and direction of propagation (occurs from the
source to the substrate) [9,10]. This makes thermal evaporation tech-
nique the most suitable method, thanks to very high deposition rate,
low material consumption and low cost of fabrication [11].

In the case of crystal with relatively small dimension, in the fre-
quency range between bulk longitudinal optical phonon frequency
(ωLO) and transversal optical phonon frequency (ωTO), a new mode
known as a surface phonon mode appears [12,13]. It is known for the
case of real crystal, that when its dimension is relatively small, surface
modes and effects of dimension will be manifested in addition to the
normal modes of infinite lattice. But, when crystal is reduced to ex-
tremely small dimensions, only the surface mode will persevere
[12–14].

On the other side, electron – phonon interaction takes an important
place in semiconducting materials [15]. In our earlier work we have
registered plasmon (collective electron excitation) and LO phonons
interaction in different systems [16–19]. Besides that, we have studied
the impact of damping on interaction appearance [20], interaction
between plasmon and different phonons [21,22], as well as interaction
between plasmon and impurity local phonons [23–25].

In this work we report experimental studies of CdTe thin films
prepared by thermal evaporation technique. Existence of nanodimen-
sional structures in these thin films enabled us to observe effects asso-
ciated with interactions between surface optical phonon (SOP) and
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plasmon for the first time.
Samples characterization was performed using atomic force micro-

scopy (AFM). Structural properties were analyzed using XRD powder
technique, and optical properties were characterized using Raman and
far–infrared spectroscopy.

2. Sample preparation and characterization methods

CdTe single crystal was grown by the Bridgman technique. Different
thickness of CdTe thin films were deposited by thermal evaporation
from a resistance heating quartz glass crucible onto glass substrates
using high vacuum coating unit type Edward 306 A. Films were grown
at a pressure of 106 Pa. The mechanical rotation of the substrate holder
during deposition produced homogeneous film. The distance between
the source heater and substrates holder is 21 cm, in order to avoid any
heat flow from the source to the substrates.

The morphology of the four CdTe thin films of different thicknesses
was investigated by Atomic force microscopy (AFM). Atomic force
microscopy measurements were performed using NT-MDT system
NTEGRA Prima. Imaging was done in tapping mode using NSG01
probes. All AFM measurements were done at ambient conditions. For
the sake of statistical analysis of sample surface, we calculated histo-
grams and bearing ratios for each topographic image. The histogram
represents a height distribution density of all points in a two-dimen-
sional topographic image, or in other words, it is a number of points
with height given on x-axis. On the other hand, the bearing ratio curve
gives a percent of points in a corresponding two-dimensional topo-
graphic image with a height less than the number given on x-axis.

The structural characteristics were obtained by the XRD powder
technique. All samples were examined under the same conditions, using
a Philips PW 1050 diffractometer equipped with a PW 1730 generator,
40 kV×20mA, using Ni filtered Co Kα radiation of 0.1778897 nm at
room temperature. Measurements were carried out in the 2 h range of
10–100° with a scanning step of 0.05° and 10 s scanning time per step.
Crystallite size was determined by using XFIT computing program
which is based on Fundamental Parameter convolution approach [26].

Raman measurements were performed using commercial NTegra
Spectra system from NT-MDT. A linearly polarized semiconductor laser
operating at a wavelength of 532 nm was used. All the spectra were
obtained by setting the laser power to 2mW within the ∼0.5×0.5 μm
sized focus with exposure time of 600 s.

The far-infrared (FIR) reflectivity measurements were performed at
room temperature with a BOMEM DA-8 Fourier-transform infrared
spectrometer. A Hyper beamsplitter and deuterated triglycine sulfate
(DTGS) pyroelectric detector were used to cover the wave number re-
gion from 80 to 650 cm−1.

3. Results and discussion

3.1. Atomic force microscopy

Three dimensional topographic images of all four samples are
shown in the left side of Fig. 1. As can be seen, sample surfaces are
rather flat, but still they are characterized with bright protrusions and
dark holes (which represent air) resulting in a small surface roughness
of several nanometers.

In order to characterize fraction of both observed topographic fea-
tures, the statistical analysis have been performed by calculating his-
tograms and bearing ratios from two dimensional topographic images.
The results for all four samples are given in the right side of Fig. 1. They
show that the peaks in the histograms are positioned in the middle of
bearing ratio curves. Therefore, from these curves we can conclude that
the fraction of holes and protrusions are rather similar, around 50%.

In order to estimate thicknesses of studied films, their step edges
were measured by AFM. 3D AFM topographic images of the step edges
are depicted in Fig. 2(a1-d1). The films are brighter and the substrates

are dark in the images, while the step edges are clearly resolved. Based
on the AFM images, height distributions were calculated and presented
in Fig. 2 (a2-d2). In all histograms, there are two characteristic peaks: a
lower one corresponds to the substrate, while a higher one corresponds
to the film. Therefore, the film height can be then approximately cal-
culated as a difference between these two peaks. Estimated film
thicknesses are given in Fig. 2 (a2-d2). The best resolved height peaks
were found on CdTe 1 in Fig. 2 (a2) due to a smooth sample surface as
can be seen in Fig. 2 (a1).

3.2. XRD

Structures of four synthesized CdTe thin films with different thick-
nesses were identified by XRD pattern as shown in Fig. 3. The dif-
fractograms confirm that all samples are monophased, and that they
crystallized in sphalerite type structure in 216. space group, F m43 . All
of the observed diffraction peaks are indexed according to this space
group. Therefore, in our thin film samples there is no other structures
other than CdTe. In this structural type, Cd ions occupy 4a Wyckoff
positions, [[0, 0, 0]] with local symmetry m43 , while Te ions occupy 4c
Wyckoff positions [[1/4, 1/4, 1/4]] with the same local symmetry. Cd
ions are in tetrahedral surrounding of Te ions (and vice versa). The
tetrahedrons are regular and share common vertices. Crystallite size (R)
is determined and presented in Fig. 2 and Table 1.

3.3. Raman spectroscopy

The cubic face-centered structure of balk crystal CdTe is char-
acterized by the 216. space group F m43 and contains four formula
units, while the primitive cell is one fourth as many. Optical modes
consist of one three fold –degenerated mode F2 which is active in IR and
Raman spectra. The dipole mode F2 is split into the transverse (TO) and
longitudinal (LO) modes in the vibrational spectra. It is very well
known that reduction of the particle dimensions to nanoscale results in
a breakdown of phonon selection rules and allows phonons with ≠l 0
to contribute to Raman scattering [27–31]. Consequently, some new
forbidden vibration modes (low frequency region, acoustic modes, and
high frequency region, surface optical modes) occur due to imperfec-
tions, impurity, valence band mixing and/or nonspherical geometry of
the nanostructures [14].

TO (142 cm−1) and LO (170.5 cm−1) modes for the CdTe bulk
crystal are both active in the Raman spectra. Also, the modes in band
near 120 cm−1 correspond to phonons of Te on the CdTe surface and
can be seen in the Raman spectra [32].

Raman spectra of CdTe thin films of different thickness at room
temperature are presented in Fig. 4.

For analyzing obtained spectra Lorentz profiles were used. Solid
lines are their sums. In the top right corner Raman spectra of bulk CdTe
crystal for ambient conditions is presented [32]. The observed Raman
spectra for all samples among characteristic CdTe TO mode at
142 cm−1 and phonon of Te of the CdTe surface (127 cm−1), show the
LO phonon like frequency shift from 170.5 cm−1 to 164 cm−1. That can
be attributed to the surface optical phonon (SOP) mode effect [33–38].
It is clear that SOP phonon is wider compared to LO phonon of bulk
crystal, as well as when it's compared to phonon of nanodimensional
film. This effect is associated with interaction between SOP and
plasmon, which will be mentioned later on.

In order to analyze the surface optical phonon we have to take into
account that a part of crystallites are surrounded by air. We will analyze
the dependence of the SOP mode position on filling factor (f) of the
mixed material.

Surface phonon modes can be detected in systems where particle
size is much smaller when compared to wavelength of exciting light
source [39]. These modes can be obtained for in the case of polar
crystals [40], so we consider expression for dielectric function which
describes optical properties of polar semi – insulating semiconductor in
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IR region [24]:
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ωTO and ωLO represent transverse and longitudinal optical bulk pho-
nons, respectively; ε∞ is the dielectric constant at high frequencies, ωP
is plasma frequency and γ and Γ are the damping constants. Surface
phonons can be considered similarly to phonons in infinite crystals, but
with adapted wave functions to the geometry of the small particle.

Here, we will apply effective medium theory: Because the size of
semiconducting nanoparticles, L, (with dielectric function ε2, and are
distributed in a medium with dielectric constant ε1) is considerably

smaller than the interacting wavelength of visible light, λ (λ≫ L), we
treat the heterogeneous composite as a homogeneous medium.

Even though there are numerous models for the effective dielectric
permittivity for these kinds of mixtures [41], we decided to use Max-
well – Garnet model, because all our samples are thin films with well
defined and separated nanosized grains. According to the Maxwell –
Garnet mixing rule [42,43], effective permittivity of mixture, including
spherical geometry of particles is given with:
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ε ε f ε ε
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In this case, nanoparticles are spheres with permittivity ε2 and are
randomly distributed in homogeneous environment, with permittivity

Fig. 1. Three-dimensional topographic image (left) and corresponding histogram and bearing ratio (right) for (a) CdTe 1, (b) CdTe 2, (c) CdTe 3, and (d) CdTe 4. Scan
size is 2 μm.
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ε1 and occupy a volume fraction f.
Position surface optical phonon (SOP) mode frequencies are ob-

tained from Ref. [44]:
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The result is shown in Fig. 5. The practical liner dependence of the
position of the SOP mode on the filing factor f has been obtained. For
the frequency of the SOP mode determined in Fig. 4 we have f=0.53.
This result is in accordance with the one obtained from the AFM
measurements.

3.4. Far-infrared spectroscopy

Thicknesses of our films, as we will see, are in a range from
∼0.39 μm to ∼0.72 μm, so reflectivity spectra contain information
about CdTe films together with information about substrate.
Representative scheme of our layered structure can be presented in
Fig. 6 [45]. Medium 1 is air, medium 2 is thin bulk CdTe crystal layer
and medium 3 is substrate glass, with dielectric functions ε1 (ε1=1), ε2
and ε3, respectively. We can now write [46]:
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Fig. 2. (a1-d1) 3D AFM topographic images of step edges of studied films, and (a2-d2) corresponding height histograms. Average films thicknesses are denoted in the
histograms.
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= − + = − +r n n n n ε ε ε ε( )/( ) ( )( )ij i j i j i j i j describe Fresnel coef-
ficients, Ai and Ar represent amplitudes of incident and reflection
beams, n is complex index of refraction, ε is the dielectric constant and
α=2πωd(ε2)1/2 is the complex phase change related to the absorption
in the crystal layer with the thickness d.

Reflectance, R, is given with:

=R RA
2 (5)

In this case we decided to use dielectric function which takes into

consideration the existence of plasmon – phonon interaction in ad-
vance.

The dielectric function of the CdTe crystal layer is:
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The ωlj and γlj (j= 1, 2), parameters of the first numerator are the
eigenfrequencies and damping coefficients of the longitudinal plasmon-
phonon (LP + LO) waves, that arise as a result of the interaction of the
initial phonon (ωLO,CdTe= 170.5 cm−1) and plasmons (ωP) modes. The
parameters of the denominator correspond to the similar characteristics
of the transverse vibrations (ωt, γt) and plasmon damping ΓP. As a result
of the best fit, we obtain coupled mode frequencies (ωl1 and ωl2).

The dielectric function of the glass substrate is:
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where ωTO and ωLO are the transversal and longitudinal optical vibra-
tions, and γTO and γLO are damping parameters, respectively.

In our case, layer 2 consists of a CdTe crystals and air (see Fig. 6).
The size of the crystallites (R) is given in Fig. 2 and Table 1. These
crystallites are described by a dielectric function given in Eq. (1) or Eq.
(6) and located randomly in homogeneous environment ε1 (air) and
occupy a volume fraction f, so we can use effective medium theory and
Maxwell - Garnet mixing rule, given with Eq. (2).

The far – infrared reflectivity spectrum of the glass substrate is
shown in Fig. 7(e). The calculated spectrum, presented by solid line,
was obtained using the dielectric function given by equation (7). As a
result of the best fit we obtained three modes, whose characteristic
frequency are ωTO1=60 cm−1, ωLO1= 140 cm−1, ωTO2=441 cm−1,
ωLO1= 443 cm−1 and ωTO3=471 cm−1, ωLO3=522 cm−1. Frequency
values of these modes have remained the same during the fitting pro-
cedure for all CdTe thin film samples.

The parameters obtained by the best fit between the experimental
results and the models for CdTe film described earlier are also given in
Table 1. The far-infrared spectra of CdTe thin films, in the spectral
range of 80–600 cm−1, at room temperature, are presented in Fig. 7.
Experimental data are presented by circles, while the solid lines are
calculated spectra obtained by a fitting procedure based on the pre-
viously presented model. Experimental and theoretical spectra show an
excellent match.

The thicknesses of our films obtained by Far – infrared spectroscopy
are 20% greater, which is within the limits of error for both techniques.
When using Far – infrared spectroscopy for calculating thickness of
layered structured, we bring errors in absolute measurements, because
we calculate effective thickness. The important thing is, the trend is the
same, the films does not differ in the relative thickness, i.e. thickness
ratios between films are the same.

We note that the thickness (d) of the film changes in the range of
∼0.39–∼0.7 μm. While the thickness of the film is in the 0.40 μm re-
gion, the crystallite size is about 32 nm, and for a film thickness of
about 0.72 μm, we have two sizes of crystallites different for a factor of
2. In addition, from Table 1, we have for thicker films CdTe 1 and CdTe
3, that the position of the coupled plasmon-phonon mode ωl1 is below
the values of ωLO,CdTe= 170.5 cm−1. On the other hand, these values
are above ωLO,CdTe for thin films CdTe 2 and CdTe 4. In both cases
plasmon damping (Гp) is relatively low. The obtained eigenfrequencies
of the plasmon – phonon coupled modes for CdTe thin films are pre-
sented in Fig. 8. As a result of the best fit from Fig. 7, we obtained the
frequencies of coupled modes (ωl1 and ωl2) marked by open circles and
transverse mode frequencies which are denoted by - x. Value of ωP are
calculated by Refs. [16–18]:

=ω ω
ω

ω
P

l l

t

1 2

(8)

Fig. 3. XRD analysis of CdTe thin films of different thickness. Obtained crys-
tallite sizes (R) are presented too.

Table 1
Parameters obtained from XRD measurements and FIR reflection spectroscopy.
Thin films thickness - d, Crystallite size – R.

Name d [μm] R [nm] ωl1 (ω+)
[cm−1]

ωl2 (ω−)
[cm−1]

ωP [cm−1] ωt [cm−1] f

CdTe 4 0.39 31.0 187 103 137.5 140.0 0.53
CdTe 2 0.43 33.0 174 78 96.6 140.5 0.53
CdTe 3 0.71 42.0 170 65 79.5 139 0.53
CdTe 1 0.72 20.3 165 30 35.2 140.5 0.53

Fig. 4. Raman spectra of CdTe thin films of different thickness. Experimental
spectra are shown by open dots. Solid lines are sums of three Lorentz profiles as
it shown for spectrum of CdTe 1. In the top right corner LO region of bulk CdTe
is presented, taken from the literature [32].
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The calculated lines at Fig. 7 are solution of a real part of uncoupled
dielectric function (Eq. (1)). However, for plasma-phonon modes posi-
tions are obtained:

=
+

±
+ −

±ω
ω ω ω ω ω ω

2
( )

4
P LO P LO P TO
2 2 2 2 2

(9)

The full lines in Fig. 7 were obtained for the case
ωLO,CdTe= 170.5 cm−1. It is clear that all values of ωl1 and ωl2 are out of
this theoretical model. Best fit, dashed lines in Fig. 7, was obtained for
ωSOP=164 cm−1 which in Eq. (9) plays a role ωLO. Shift of about
7 cm−1 is registered in relation to ωLO,CdTe, just like in the case of
Raman spectra. As we said earlier, the LO phonon shift of CdTe crystal
is attributed to the surface optical phonon (SOP) mode effect.

Based on these results, it is clear that in the case of CdTe thin films,
prepared by using thermal evaporation technique, the filing factor is
constant and does not depend on film thickness, crystallite size and

Fig. 5. Surface optical phonon (SOP) mode position vs. filing factor.

Fig. 6. Schematic presentation of a three layer structure [46].

Fig. 7. Far – infrared reflection spectra of: CdTe thin films with thickness of (a)
0.39 μm, (b) 0.71 μm, (c) 0.43 μm, (d) 0.72 μm, and glass substrate (e).
Experimental spectra are presented by circles while solid lines are calculated
spectra obtained by a fitting procedure based on the model given by Eqs. (2)
and (4)–(7).
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concentration of free carriers. On the other hand, the reflection spectra
depend on the thickness of the film and the concentration of free car-
riers in the film, which is expected. In general, thin films have a higher
concentration of free carriers (∼ωp) (see Table 1). The linear depen-
dence of the position of the SOP mode on the filing factor causes the
existence of a modified plasmon – phonon interaction, where the SOP
has the role of the LO phonon.

Of course, there are many models that can describe the registered
frequency shift of the LO phonon in CdTe e.g. a continuum model of the
optical phonon confinement [47,48] would also give a shift of 7 cm−1,
but for spherical nanoparticles of about 5 nm, which is far from our
case.

4. Conclusion

In this paper, we present results of investigation of CdTe thin films
prepared with thermal evaporation technique, with different thick-
nesses. Sample's surfaces are rather flat, but still they are characterized
with bright protrusions and dark holes (air) resulting in a small surface
roughness of several nanometers. We showed that, when using thermal
evaporation technique we get high quality thin films, especially for
thicker films with greater crystallite size. We conclude that the filling
factor of our thin films is constant and does not depend on film thick-
ness, crystallite size or concentration of free carriers, but yet has linear
dependence on SOP position. This kind of morphology, with filling
factor of ∼50% causes existence of surface optical phonon and its in-
teraction with plasmon, because of the free surface around nano-
particles. A numerical model for calculating the reflectivity coefficient
for complex system, which includes films and substrate, has been ap-
plied, and CdTe thin film were treated as a mixture of homogenous
spherical inclusion in air modeled by Maxwell – Garnet formula.
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Abstract: Thin copper selenide films were synthesized on polyamide sheets using the successive
ionic layer adsorption and reaction (SILAR) method at three different temperatures. It was found that
elevating the temperature of the solution led to the creation of copper selenide films with different
features. X-ray diffraction characterization revealed that all films crystallized into a cubic Cu2−xSe,
but with different crystallinity parameters. With elevating the temperature, grain size increased
(6.61–14.33 and 15.81 for 40, 60 and 80 ◦C, respectively), while dislocation density and the strain
decreased. Surface topology was investigated with Scanning Electron Microscopy and Atomic Force
Microscopy, which revealed that the grains combined into agglomerates of up to 100 nm (80 ◦C) to
1 µm (40 ◦C). The value of the direct band gap of the copper selenide thin films, obtained with UV/VIS
spectroscopy, varied in the range of 2.28–1.98 eV. The formation of Cu2−xSe was confirmed by Raman
analysis; the most prominent Raman peak is located at 260 cm−1, which is attributed to binary copper
selenides. The thin Cu2−xSe films deposited on polyamide showed p-type conductivity, and the
electrical resistivity varied in the range of 20–50 Ω. Our results suggest that elevated temperatures
prevent large agglomeration, leading to higher resistance behavior.

Keywords: copper selenide; polyamide; SILAR method

1. Introduction

Copper selenide can be formed in various stoichiometric compositions, such as CuSe,
Cu2Se, CuSe2, Cu3Se2, Cu7Se4, Cu5Se4, Cu3Se4, and non-stoichiometric compositions
Cu2−xSe [1–3]. The stoichiometric composition of copper selenide strongly influenced
its crystalline structure and electronic behavior—it alters its electronic, chemical, and
thermal properties [4,5]. Copper-deficient Cu2−xSe is an intrinsic p-type semiconductor
with direct bandgap energies in the range of 2.0 to 2.4 eV, the work function of 4.17 eV,
and high photo-electrochemical conversion efficiency (~14.6%) [3,5–8]. These features of
Cu2−xSe can be used as Shottky diodes [9], self-repairable electrodes [10], and photovoltaic
devices [8]. Furthermore, the Cu2−xSe columnar superstructures are used as low-cost and
highly efficient counter electrodes in quantum dot sensitized solar cells [11,12].

Several decades ago, due to concerns about homeland security, medical and environ-
mental monitoring as well as food safety, a large interest was shown in the development of
gas sensors for detecting volatile and toxic gases. Cu2−xSe exhibits good sensitivity and
short response and recovery times to Hg2+ [13], and organic gases such as ethanol and
acetone [14].

Chemosensors 2022, 10, 313. https://doi.org/10.3390/chemosensors10080313 https://www.mdpi.com/journal/chemosensors

https://doi.org/10.3390/chemosensors10080313
https://doi.org/10.3390/chemosensors10080313
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://orcid.org/0000-0003-1945-4806
https://orcid.org/0000-0002-8666-112X
https://doi.org/10.3390/chemosensors10080313
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com/article/10.3390/chemosensors10080313?type=check_update&version=2


Chemosensors 2022, 10, 313 2 of 13

Many works have been reported on the formation of Cu2−xSe on substrates, such as
glass [1,6,15], and fluorine-doped tin oxide [8,11,12,16].

Flexible electronics is a growing field that is promising to develop various new com-
mercial products such as displays, solar cells, flexible photovoltaics, and biomedical sensors
due to their lightweight and low cost [17–21]. Flexible polymer substrates possess unique
features such as low cost, low thickness, low mass, and excellent mechanical deformability.
They can remain in the environmental, chemical, and thermal environments required for
the construction of electronic circuits while maintaining their mechanical flexibility [22,23].
Recently, ferroelectric semiconductors have been increasingly studied [24,25].

When Cu2−xSe is deposited on a flexible transparent polymer substrate (polyvinylchlo-
ride, polyvinyl alcohol), the possibility of using thin flexible polymer substrates appears in
the fabrication of flexible optoelectronic devices [26]. Cu2−xSe films on polyester sheets
can be used as a transparent electrode for inorganic and organic hybrid light emitters, as a
possible replacement for indium tin oxide or fluorine-doped tin oxide [7].

This work reports the preparation and characterization of electrically conductive cop-
per selenide onto polyamide 6 (PA) sheets. Polyamide 6 was chosen as a cheap, chemically
stable, and flexible substrate. Flexibility is the ability of the material to be bent without
mechanical failures such as fracture and plastic deformation. One of the few mechanical
parameters that describe the deformation of a material is Young’s modulus, which charac-
terizes the resistance of a material to elastic deformation. Young’s moduli of polyamide
6 are lower than those of other polymers. For example, polyimide and polyethylene
terephthalate have a Young’s modulus of 4 GPa and 3 GPa, respectively, while the Young’s
modulus of polyamide 6 is 2.4 GPa [17,27,28]. As a semihydrophilic flexible polymer,
PA is capable of adsorbing molecules or ions of various electrolytes from nonaqueous
and aqueous solutions [29,30]. Unlike glass and fluorine-doped tin oxide substrates, on
which copper selenide builds a thin film, polymer allows the material to partially diffuse in
it, so the final product is a conductive composite (PA with copper selenide nanocrystals
embedded in it).

Cu2−xSe films can be prepared by chemical bath deposition [1,7,31], combined elec-
trochemical followed by chemical bath deposition [8], sonochemical synthesis [32], ion
beam sputtering deposition [33], electrochemical [12], successive ionic layer adsorption
and reaction [15,34], and other methods.

Here, copper selenide nanocrystals were formed on the surface as well as inside the
polyamide using the simple and versatile successive ionic layer adsorption and reaction
(SILAR) method. The method used differs from other chemical methods, as it does not
require specialized equipment or conditions; it is quite inexpensive and simple, convenient
for large area deposition, and it can be used at room temperature [34]. As a low-temperature
process, it also avoids oxidation [35]. The SILAR method consists of two stages: first, copper
ions are adsorbed on the polyamide surface from a precursor solution containing copper
ions; second, copper selenide thin films are formed by treating the layer formed in the
first stage with a solution containing selenium ions. To the best of our knowledge, the
copper selenide/PA composite by employing the SILAR method has never been obtained
before. We suggest that slightly elevated solution temperatures could facilitate crystalline
formation in the polymer matrix and therefore improve the optical and electric properties
of the as-obtained composites. Combined with the natural abundance of material and the
low cost of composite production, the copper selenide/PA composite could be a possibility
for printable electronics on flexible substrates or in sensors in the future.

Structural characterization of the composites was performed with the help of X-
ray diffraction, Scanning electron microscopy combined with Energy-dispersive X-ray
spectroscopy, and Raman Spectroscopy, while the optical properties were characterized with
UV/VIS spectroscopy. The surface morphology of the films was investigated with Atomic
Force Microscopy. The conductivity of the composites was checked with a multimeter.
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2. Materials and Methods
2.1. Materials and Film Preparation

The reactive solutions were made with just pure analytical reagents and purified water.
All reagents were obtained from Sigma-Aldrich and used as received. Only freshly prepared
solutions were used for experiments and were not de-aerated during the experiments.

Thin copper selenide films were deposited on a PA sheet (PA 6, Tecamid 6, density
1.13 g/cm−3, thickness 500 µm, surface resistance ~1 kΩ/m2), which was obtained from
Ensinger GmbH (Germany). Before the experiments, the PA films were boiled in distilled
water for 2 h to remove the remaining unpolymerized monomer residues. Then, they were
dried with filter paper and incubated over anhydrous CaCl2 for 24 h.

The copper sulfate solution (CuSO4) was used as the cationic solution and the freshly
prepared sodium selenosulfate solution (Na2SeSO3) was used as the anionic solution for
the deposition of a thin film of copper selenide on PA using the SILAR method.

To prepare the Na2SeSO3 solution, selenium powder (99% purity) and anhydrous
sodium sulfite were dissolved in distilled water for 8 h at 80 ◦C with constant stirring. It
was kept for 24 h in a sealed container, to allow undissolved selenium to settle. A clear
solution was obtained after it was filtered [34].

In one SILAR cycle, the substrate was immersed separately in solutions of anionic and
cationic precursors. The substrate was washed with an ion exchange solution (distilled
water) to avoid a homogeneous deposition between each immersion.

Thin copper selenide films on polyamide substrate were grown by repeating these
cycles 30 times at different temperatures (40 ◦C, 60 ◦C, and 80 ◦C). The proposed reaction
mechanism of the obtained film could be found in [34].

2.2. Characterization of Copper Selenide Films

X-ray diffraction (XRD) measurements were performed using a Philips PW 1050 diffrac-
tometer equipped with a PW 1730 generator, 40 kV × 20 mA, using Ni filtered Co Kα
radiation of 0.1778897 nm at room temperature. Measurements were carried out in the
2 h range of 10 to 70◦ with a scanning step of 0.05◦ and a scan time of 10 s per step. The
experimental values of d (lattice spacing) for copper selenide are determined using the
Bragg relation [36]. The average grain size (D) was calculated based on the full width
at the half-maximum intensity (FWHM) of the main reflections by applying Scherrer’s
formula [37,38]. Furthermore, to have more information on the number of defects in the
films, the dislocation density (δ) [34] and the strain (ε) values were calculated [39].

Scanning electron microscopy (SEM) was performed using a Raith GMBH e-Line
instrument equipped with a field emission gun operating at 10 kV accelerating voltage,
magnification: 20,000 k. A secondary electron signal was used for imaging. Energy-
dispersive X-ray spectroscopy (EDX) imaging was performed using QUANTAX EDS with
an X-Flash Detector 3001 and ESPRIT software.

The UV/VIS absorbance and diffusion reflectance spectra were recorded in the wave-
length range of 200–800 nm on a Shimadzu UV-2600 spectrophotometer equipped with an
integrated sphere. The diffuse reflectance and absorbance spectra were measured relative
to a reference sample of BaSO4. The optical band gap from the diffuse reflectance measure-
ments was calculated using the Tauc plot [40,41]. The acquired diffuse reflectance spectra
are converted to Kubelka–Munk function [42]. The optical band gap was estimated by
extrapolating the linear portion of a plot of (αhν)2 versus hν to α = 0. Using this function, a
plot of (αhν)2 against hν is obtained.

Raman measurements were performed using TriVista 557 micro-Raman system in
backscattering configuration, equipped with a nitrogen-cooled CCD detector. The 514.5 nm
line of Ar+/Kr+ ion laser was used as the excitation source. The measurements were
performed with low laser power to prevent a local overheating of the sample.

The surface morphology of copper selenide samples was investigated by atomic force
microscopy (AFM). AFM imaging was performed using the NTEGRA Prima system from
NT MDT. AFM measurements were performed at room temperature and under ambient
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conditions. The AFM topography and phase images were acquired simultaneously using
NSG01 probes with a typical resonant frequency of 150 kHz and a 10 nm curvature radius
of the tip apex.

The constant current resistivity of the copper selenide films was measured using a
multimeter MS8205F (Mastech, Shenzhen, China) with special electrodes. The electrodes
were produced from two nickel-plated copper plates with a 1 cm spacing and the dielectric
material between them.

3. Results
3.1. XRD Characterization of Copper Selenide Thin Films

The crystal structures and orientations of the thin copper selenide films on the PA
substrate were investigated by X-ray diffraction patterns and are shown in Figure 1. The
XRD results revealed that all films have a polycrystalline structure.
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Figure 1. XRD patterns of the initial PA and copper selenide thin films.

Semicrystalline peaks of polyamide were observed between 9◦ and 30◦ (in 2θ). These
peaks, according to JCPDS 12-923, appear at 20.3◦ and 23.8◦ with the corresponding d-
spacing of 4.36 and 3.74, respectively. They are attributed to the (100α) and (001α) crystal
planes, respectively, showing the presence of a dominant crystalline α-phase [28,43,44].
Two reflections were also observed at around 2θ = 9.6◦ (020γ) and 28.8◦ (002/202α). XRD
analysis showed that the temperature of the solutions of anionic and cationic precursors
used in the experiment influenced the composition of the obtained thin films. The X-ray
peaks on diffractograms are more intense when the solutions’ temperature is higher. The
peaks at 28◦ and 45◦ are absent in the spectrum of pure PA and they correspond to planes
(111) and (220) of a cubic phase of Cu2−xSe Berzelianite (JCPDS 6-680). It is common
Cu2−xSe phase [12,15]. The experimental values of the Miller indices d, 2θ and (hkl) of PA
and copper selenide thin films are given in Table 1.
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Table 1. Values of the Miller indices d, 2θ and (hkl) of PA and copper selenide thin films.

Miller Indices (hkl)

Temperature

PA 40 ◦C 60 ◦C 80 ◦C

(2θ) d (Å) (2θ) d (Å) (2θ) d (Å) (2θ) d (Å)

PA
(020γ) 9.6 9.21 9.65 9.16 10.2 8.67 9.6 9.21
(100α) 20.35 4.36 20.3 4.37 20.95 4.24 20.25 4.38
(001α) 23.8 3.74 24 3.70 24.3 3.66 23.75 3.74

Cu2−xSe (111) – – 27.15 3.28 27.7 3.22 27.1 3.28

PA (002/202α) 28.75 3.10 28.8 3.10 29.4 3.04 28.75 3.10

Cu2−xSe (220) – – 44.95 2.02 45.5 1.99 44.8 2.02

Changes in the intensities and full width at half maximum (FWHM) values of these
peaks were observed with the use of different temperatures of solutions. The intensities
of the diffraction peak increased slightly with changing temperature of the solution tem-
perature from 40 to 80 ◦C. The structural parameters for the (220) peak such as FWHM (β),
grain size (D), dislocation density (δ), and strain (ε) for all films were evaluated by XRD
patterns and presented in Table 2. As shown, grain size increases, while dislocation density
and strain decrease with the change in the deposition temperature.

Table 2. Grain size (D), dislocation density (δ), strain (ε) and full width at half maximum (FWHM, β)
values of copper selenide thin films.

Temperature 2θ (◦) β (◦) D (nm) δ·10−3 (nm−2) ε·10−3 (nm−2)

40 ◦C 44.95 1.30 6.61 22.89 13.72
60 ◦C 45.5 0.60 14.33 4.86 6.25
80 ◦C 44.8 0.54 15.81 4.00 5.76

These changes can be attributed to the improvement in film crystallization and to the
inductive lattice matching, which has a strong impact on structural parameters. The higher
values of D, and the smaller β, δ and ε values indicate better crystallization of thin films.
Regarding the values of D, β, and δ, the best results were obtained for the film made at
80 ◦C, suggesting that a higher temperature facilitates the crystallization of the film.

3.2. Scanning Electron Microscopy and Energy Dispersive X-ray Analysis

Scanning electron microscopy was used to evaluate the changes in surface morphology
of the copper selenide layer on the PA substrate, with the changes in synthesis parameters.
The SEM micrographs of the samples are presented on the left-hand side of Figure 2, with a
magnification of 20,000 k. The images clearly show that the polymer is well-covered with
copper selenide thin films.

Copper selenide grains grow in irregular shapes and sizes. By changing temperature,
it could be seen that when the temperature increases, the copper selenide film becomes
denser, coated with tightly packed spherical grains that, in turn, were combined into
agglomerates of 100 nm to 1 µm. Micrographs show a compact structure composed of
single types of small, densely packed microcrystals. The thin copper selenide films on
surface of PA are well dispersed, relatively uniform, and consist of randomly oriented
particles. Such morphological forms can produce a very rough surface with high porosity,
which leads to increased catalytic activity.
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Figure 2. SEM micrographs and EDX spectra of copper selenide/PA thin films.

The elemental analysis of the copper selenide thin films was performed using an
EDX micro-analytic unit attached with scanning electron microscopy and shown on the
right-hand side of Figure 2. The presence of emission lines in the investigated energy
range indicates that copper selenide films were successfully deposited on the polyamide
substrates and the expected elements (selenium and copper) were detected. The element
analysis revealed the presence of Cu and Se with the average atomic percentages shown
on the right side of Figure 2. All films show a higher atomic presence of Cu than Se,
which confirms the presence of Cu2−xSe. The Cu/Se ratio measured by EDX analysis was
1.52–1.78, which is in good agreement with the XRD results.
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3.3. Measurements of Electrical Resistivity

The resistance of thin films of copper selenide formed on PA plotted in Figure 3 is
measured from the close contact up to the 1 cm distance of electrodes, and it includes the
contact resistance of the electrode contacts. On the contrary, the pure PA substrate shows
no electrical conductivity—the material is a pure insulator.
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Figure 3. Resistance vs. distance graph for copper selenide films on PA. The results are the averaged
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At a distance of 1 cm between the electrodes, the resistances of films obtained at 40 ◦C,
60 ◦C and 80 ◦C are 270 Ω, 124 Ω and 49 Ω, while the values for the close contact between
the electrodes were obtained to be 50 Ω, 26 Ω and 20 Ω, respectfully. The corresponding
slopes are 16, 11, and 2.6, which implies that the electrical properties of the film improve
with elevating the temperature. Compared to XRD results, the sample obtained at 80 ◦C
has the best crystallinity, which is directly connected with higher conductivity (i.e., lower
resistivity). As it can be seen in the graph, the error bar values are minimal for the sample
obtained at 80 ◦C, and they increase with decreasing the temperature.

3.4. Optical Analysis of Copper Selenide Thin Films

The absorbance and diffuse reflectance spectra of thin films of copper selenide on
PA in the wavelength range of 200–800 nm are presented in Figure 4. An increase in the
absorbance of the copper selenide films is observed with the increased temperature of
solutions, as well as the opposite effect of the reflectance.

The determination of band gaps in semiconductors is significant for obtaining basic
solid-state physics.

In this study, we used the Tauc plot for the determination of the optical band gap
from diffuse reflectance measurements [40–42]. The experimental values of energy gaps for
copper selenide thin films are determined to be 2.28 eV for the sample obtained at 80 ◦C,
2.14 eV for the sample at 60 ◦C, and 1.98 eV for the sample obtained at 40 ◦C (Figure 5).
This is in good agreement with the values of the reported data [3,5,6].

The obtained band gap values are also consistent with AFM data, according to the
rule—the smaller particle size, the bigger the band gap.



Chemosensors 2022, 10, 313 8 of 13Chemosensors 2022, 10, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 4. Diffuse reflectance and absorbance spectra of copper selenide/PA thin films. 

The determination of band gaps in semiconductors is significant for obtaining basic 
solid-state physics. 

In this study, we used the Tauc plot for the determination of the optical band gap from 
diffuse reflectance measurements [40–42]. The experimental values of energy gaps for cop-
per selenide thin films are determined to be 2.28 eV for the sample obtained at 80 °C, 2.14 
eV for the sample at 60 °C, and 1.98 eV for the sample obtained at 40 °C (Figure 5). This is 
in good agreement with the values of the reported data [3,5,6]. 

Figure 4. Diffuse reflectance and absorbance spectra of copper selenide/PA thin films.

3.5. Raman Analysis of Copper Selenide Thin Films

Raman spectroscopy is a useful spectroscopic technique for detecting the vibration
energy levels of compounds and for further confirming the crystal structure.

Consequently, further clarity on the crystalline phase of the copper selenide thin films
was explored by Raman analysis. As shown in Figure 6, the typical Raman spectra of
three copper selenide film samples (deposited at different temperatures) exhibit similar
peak positions.
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The only strong peak, observed at 260 cm−1, can be assigned to the Se–Se stretching
vibration in Cu2−xSe and is consistent with the previous reports [11,45], while the peak at
187 cm−1 corresponds to the Cu-Se vibration [46]. The peak at 520 cm−1 is the first overtone
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of the intensive peak at 260 cm−1. Raman analysis confirms the composition of the copper
selenide/PA films. There are no modes of elemental selenium or copper. The background
at the beginning of the spectra comes from PA.

3.6. AFM Analysis of Copper Selenide Thin Films

Atomic force microscopy is a very suitable method for visualizing the surface mor-
phology and quantitative analysis of surface roughness. 2D and 3D images, as well as
histograms of 5 × 5 µm areas of copper selenide/PA films, are presented in Figure 7. The
height and surface morphology of the copper selenide thin films formed on PA depend
on the temperature of the solutions of anionic and cationic precursors used in the experi-
ment: the microstructure of the thin film changes according to the deposition temperature.
The surface image shows that the surface of the film is rough with particles gathered into
agglomerates. The typical parameters of the quantitative analysis of AFM images are
presented in Table 3. With an increase in the precursor solution temperature, the surface
roughness decreases and the film becomes more compact and dense. Average roughness is
~194 nm at a precursor solution temperature of 40 ◦C and decreases to ~16 nm and ~13 nm
in case of the temperature of 60 ◦C and 80 ◦C. As can be seen, a thin film of copper selenide
deposited at 80 ◦C temperature solution has greater uniformity and homogeneity than
other films.
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Table 3. Surface roughness parameters of copper selenide thin films.

Parameters
Temperature

40 ◦C 60 ◦C 80 ◦C

Maximum height of peaks, hmax, nm 1048.41 117.32 123.16
Average height, hmean, nm 565.57 65.64 49.99

Average Roughness, Ra, nm 194.62 16.24 13.32
RMS Roughness, Rq, nm 227.76 19.90 17.21

Surface skewness, Rsk 0.42 −0.13 0.58

4. Conclusions

Cu2−xSe thin films can be deposited on a flexible polyamide substrate by using the
SILAR method, while by adjusting the temperature of precursor solutions we can affect
and tune the optical, structural, and electrical properties of as obtained films. XRD analysis
revealed that Cu2−xSe exists in the cubic crystal structure. The band gap energy of Cu2−xSe
films was found to be in the order of 1.98–2.28 eV. Raman analysis confirmed the formation
of the Cu2−xSe phase (260 cm−1) without any elemental selenium or copper phase. A thin
film of copper selenide deposited at 80 ◦C temperature solution has greater uniformity and
homogeneity than other films, the largest grain size, but with the smallest agglomerates,
the largest band gap value, and the best conductivity.
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Abstract: The heterogeneity of stem cells represents the main challenge in regenerative medicine
development. This issue is particularly pronounced when it comes to the use of primary mesenchymal
stem/stromal cells (MSCs) due to a lack of identification markers. Considering the need for additional
approaches in MSCs characterization, we applied Raman spectroscopy to investigate inter-individual
differences between bone marrow MSCs (BM-MSCs). Based on standard biological tests, BM-MSCs
of analyzed donors fulfill all conditions for their characterization, while no donor-related specifics
were observed in terms of BM-MSCs morphology, phenotype, multilineage differentiation potential,
colony-forming capacity, expression of pluripotency-associated markers or proliferative capacity.
However, examination of BM-MSCs at a single-cell level by Raman spectroscopy revealed that despite
similar biochemical background, fine differences in the Raman spectra of BM-MSCs of each donor
can be detected. After extensive principal component analysis (PCA) of Raman spectra, our study
revealed the possibility of this method to diversify BM-MSCs populations, whereby the grouping of
cell populations was most prominent when cell populations were analyzed in pairs. These results
indicate that Raman spectroscopy, as a label-free assay, could have a huge potential in understanding
stem cell heterogeneity and sorting cell populations with a similar biochemical background that can
be significant for the development of personalized therapy approaches.

Keywords: human bone marrow mesenchymal stem/stromal cells (BM-MSCs); Raman spectroscopy;
single cell; inter-individual heterogeneity

1. Introduction

In the field of regenerative medicine, mesenchymal stem/stromal cells (MSCs) are re-
ported to be the most frequently investigated stem cells (SCs) in clinical trials [1]. This type
of SCs is capable of self-renewing and differentiating toward mature cells [2–4], whereby
their potential therapeutic application is also based on their abilities to produce a wide
variety of bioactive factors that support tissue remodeling and exhibit immunoregulatory
features as well [5–7]. MSCs are a particularly convenient type of SCs for therapeutic use,
since they can be isolated from almost all adult and postnatal tissues obtained after regular
medical procedures. Along with minimal invasiveness and accessibility, MSCs are easy
to expand, thus providing sufficient yield for use in potential therapy treatments [4,8,9].
However, the main challenge for their wide therapeutic usage is the heterogeneity of

Int. J. Mol. Sci. 2022, 23, 4915. https://doi.org/10.3390/ijms23094915 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms23094915
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-3174-4358
https://doi.org/10.3390/ijms23094915
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23094915?type=check_update&version=1


Int. J. Mol. Sci. 2022, 23, 4915 2 of 25

biological properties between different MSCs populations [10], as there is no specific cel-
lular marker to identify MSCs [11–13]. Following isolation, MSCs identification is based
on minimal requirements evinced under in vitro conditions. These criteria include the
fibroblast-like shape of cells adherent to the plastic surface, a phenotype that considers the
expression of mesenchymal markers (CD44, CD73, CD90, CD105, etc.), with the lack of
hematopoietic markers (CD34, CD45, CD14, etc.) and differentiation potential toward at
least three lineages (osteogenic, chondrogenic or adipogenic) [14,15]. However, despite the
morphological, phenotypical and functional similarities between MSCs populations, spe-
cific intrinsic properties related to the MSCs tissue source have been documented [16–19].
Moreover, other factors such as culture conditions, donor specificity or age can also have
a significant influence on the variability of results related to the MSCs population de-
scription [10,20]. All these factors significantly disable the standardization of conditions
necessary to establish therapeutic procedures. Therefore, in the field of MSCs research and
MSCs-based therapy, the key issue today is still the precise characterization of MSCs that
evidently requires the use of more sensitive tests.

In order to fully describe a certain population of cells, the most advanced technologies
with the competence to provide data on each analyzed cell (i.e., single cell analysis) are
needed. However, most of the cell and molecular biology techniques are very demand-
ing in terms of sample preparation and duration of the process, with cell destruction or
perturbation as a common consequence [21–23]. In basic research, there is a strong benefit
to utilizing technologies that would allow simple, fast, reproducible, non-destructive and
information-rich characterization of each cell within the MSCs population.

Raman spectroscopy of a single cell provides a one-of-a-kind vibrational spectrum in
which macromolecules of large light scattering cross-section (e.g., proteins, nucleic acids,
carbohydrates and lipids) and their interactions are present as characteristic vibrational
modes, as a unique imprint of the analyzed sample. Having in mind the advantages of
Raman spectroscopy, it is indicative that it can be a method of choice for the analysis of
MSCs properties at a single-cell level. It should also be highlighted that a large number
of data on the biochemical composition at the level of a single cell in a short time interval
can be analyzed [24,25], thus providing a prompt and unambiguous interpretation of cell
populations compositions which is not possible by applying currently available bioassays.

Although Raman spectroscopy has been applied in stem cell analysis [26–31], the
subject of these research studies was mostly related to the examination of SCs differentiation
processes [29,32–39]. In this study, we showed the potential of Raman spectroscopy to assess
the heterogeneity of undifferentiated MSCs through the diversification of bone marrow
MSCs (BM-MSCs) populations from different individuals. BM-MSCs from five healthy
pediatric donors were isolated and characterized according to the minimal criteria for their
characterization set by the International Society for Stem Cells (ISCT). Standard biological
tests did not reveal donor-dependent variations of MSC features (adherence, phenotype,
clonogenicity, and multilineage differentiation potential). In addition, no differences were
detected in terms of their proliferative capacity and expression of pluripotency-associated
markers. Raman spectroscopy analysis of BM-MSCs at the single-cell level revealed a
similar biochemical background of the tested samples. However, after extensive principal
component analysis (PCA), a clustering of MSCs populations was observed, particularly
when the samples were analyzed in pairs.

2. Results
2.1. Comparison of Bone Marrow Mesenchymal Stem/Stromal Cell Features Isolated from
Five Pediatric Donors

Following the isolation and in vitro expansion of BM-MSCs of each donor, we were
guided by the minimal criteria for MSCs identification set by the International Society for
Cellular Therapies (ISCT) [14] to confirm the BM-MSC identity of isolated cells. For that
purpose, we analyzed the morphology of adherent cells, their immunophenotype and dif-
ferentiation potential comparing in parallel these features between different donors. At the
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fifth passage, as well as during long-term cultivation, isolated adherent BM-MSCs derived
from all five donors retained a fibroblast-like morphology with a similar cytoskeleton orga-
nization of F-actin (Figure 1A). Further on, flow cytometry analysis showed that BM-MSCs
exhibited typical immunophenotype since the surface antigens related to the MSCs were
highly expressed, while the rate of hematopoietic stem cell markers expression was low
as determined by flow cytometry (Figure 1B). Namely, the expression of MSCs-positive
markers between donors ranged from 97.89% to 99% for CD29, from 84.6% to 98.05% for
CD73, from 78.5% to 97.78% for CD90, and from 96.1% to 98.13% for CD105. A slightly
lower expression of CD73 and CD90 markers was observed for BM-MSCs of D5, indicating
the inter-individual heterogeneity of BM-MSCs populations. On the other side, less than
2.3% of BM-MSCs expressed CD45, while in less than 1.73% of cells, HLA-DR expression
was detectable. Based on these results, no significant difference in immunophenotype at
the fifth passage between the BM-MSCs of pediatric donors was detected.

D3

D4

D5

D1

D2

A B CD29 CD73 CD90 CD105 CD45 HLA-DR

98.13% 97.01% 96.25% 98.13% 00.0% 0.8%

97.4% 97.3% 97.4% 0.3% 0.2%

97.54% 98.04% 0.55% 0.08%
97.89% 98.05%

97.99% 95.87% 97.78% 98% 0.0% 1.73%

99.0% 84.6% 78.5% 96.1% 0.7%2.3%

98.4%

D3

D4

D5

D1

D2

F-actin TRITC

Figure 1. Morphology and immunophenotype of BM-MSCs derived from pediatric donors.
(A) Adherent BM-MSCs from five donors (D1–D5) with fibroblast-like shape grown in GM under
standard conditions for 3 days (scale bars: 50 µM); Florescent images of TRITC-conjugated phalloidin
labeled F-actin (red) merged with DAPI (4′,6-diamidino-2-phenylindole) nuclear staining (blue) (scale
bars: 20 µM). (B) Immunophenotypic characteristics of BM-MSCs estimated by follow cytometry.
Representative histograms for each donor presenting percentages of cells positive (empty peaks) for
mesenchymal markers (CD29, CD73, CD90, CD105) and hematopoietic markers (CD45, HLA-DR) in
comparison to isotype control (shaded peaks).

Regarding the functional analysis related to the potential of MSCs to differentiate
toward more mature cells, we examined the ability of isolated BM-MSCs to differentiate
toward osteogenic, chondrogenic and adipogenic lineages, to further define the identity
features of MSCs. As shown in Figure 2, the obtained results demonstrate that the BM-
MSCs of each donor possess tri-lineage differentiation capacity, while no spontaneous
differentiation was observed. Namely, the activity of the ALP enzyme was significantly
increased in BM-MSC cultivated in the osteogenic medium in comparison to the control
cells. In accordance with early osteogenesis increase, BM-MSCs achieved complete
osteoblast differentiation through matrix mineralization production, as determined
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by Alizarin red staining. Thus, the osteogenic differentiation of BM-MSCs of all
five donors was confirmed, with no significant differences observed among donors.
Similarly, BM-MSCs of each donor were able to differentiate into chondrocytes under
chondrogenic inductive conditions, since the significant increase in cartilage-related
proteoglycans was observed by Safranin O staining in comparison to the control cells.
Along with osteogenesis and chondrogenesis, the BM-MSCs of each donor showed
a similar ability to differentiate into adipocytes after cultivation in an adipogenic
medium. In these cells, the significant formation of intracellular lipid droplets was
evidenced via Oil Red O staining, which was not observed in the control group.
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Figure 2. Multilineage differentiation potential of BM-MSCs. Representative images of cells cultivated
in GM or differentiation medium (DM) are shown. Osteogenic differentiation detected after 7 days
of cultivation by staining for alkaline phosphatase (ALP) activity, and after 21 days for calcium
depositions by Alizarin red staining (Scale bar: 50 µM). Chondrogenic differentiation detected
with Safranin O staining of proteoglycans after 21 days cultivation (scale bar: 50 µM). Adipogenic
differentiation determined based on the presence of intracellular lipid droplets by Oil Red O staining
after 21 days (scale bar: 20 µM).

Overall, these data confirm that the BM-MSCs of each pediatric donor exhibit charac-
teristics related to mesenchymal stem cells, while no significant differences between donors
were detected.

2.2. Self-Renewal of BM-MSCs and Expression of Markers Associated with Pluripotency

Further on, we evaluated the self-renewal potential of BM-MSCs by using Colony
Forming Unit–Fibroblast (CFU-F) assay. Results shown in Figure 3A demonstrate that the
BM-MSCs of each donor have comparable clonogenic potential, since the average efficiency
for each donor was approximately 3%. It can also be noticed that the morphology of CFU-F
was heterogenic but similar amongst donors.

Along with clonogenic capacity, we examined the expression of markers associated
with pluripotency via immunofluorescent labeling. The results presented in Figure 3B
revealed the constitutive expression of pluripotency-related markers including OCT4A,
SOX2 and NANOG in the BM-MSCs of each donor observed both in cytoplasmic and
in the nuclear region. However, slight differences between donors were noticed. As for
OCT4A, a more dominant expression was detected in the nuclear/perinuclear region of
cells derived from donors D3, D4, and D5, while weaker cytoplasmatic expression was
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observed for the BM-MSCs of donors D1 and D2. The expression of SOX2 was highest in
the nuclear/perinuclear region of D3 and D5, whereas D1, D2, and D4 exhibited a lower
expression of this transcription factor, which was localized mainly in the perinuclear and
cytoplasmic compartment. Considering NANOG expression, some differences in protein
localization were detected among donors, since nuclear localization was determined in D4
and perinuclear/cytoplasmic in donors D1, D2, D3, and D5.
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Figure 3. Clonogenic capacity and expression of pluripotency-associated markers in BM-MSCs.
(A). Representative images of colony-forming unit–fibroblast (CFU-F) stained by crystal violet are
shown. CFU-F number and efficiency (number of colonies relative to number of seeded cells) of
BM-MSCs are presented as mean ± SEM of three independent experiments. (B) Expression of
pluripotency-associated transcription factors (OCT4, SOX-2 and NANOG) determined by indirect
immunofluorescence labeling with FITC-conjugated corresponding secondary antibodies. Cell nuclei
were stained with DAPI (4′,6-diamidino-2-phenylindole). Representative images are shown (scale
bars: 50 µm).

2.3. Growth Characteristics of BM-MSCs

A comparison of BM-MSC viability performed by MTT test revealed equivalent
metabolic activity between donors following 24 h (Figure 4A). With a slight increase,
this trend was retained after 48 h as well (Figure 4A). In accordance with this result,
analysis of the population doubling time (PDT) demonstrated that the BM-MSCs
of each donor possess a uniform growth rate (Figure 4B). The active proliferative
abilities of all donors were further confirmed by investigation of cellular senescence
via the determination of β-galactosidase expression that showed a very low number
of β-gal-positive cells among all donors (Figure 4C), which is in agreement with MTT
and PDT data. These results were also supported on a molecular level by the evidence of
strong constitutive expression of the intracellular proliferation marker Ki67 (Figure 4D).
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Interestingly, the highest expression of Ki67 was detected for D5, whereby cellular
localization varied between donors. BM-MSCs of D1, D2, and D3 expressed Ki67 in the
cytoplasm and nucleus, while the Ki67 expression of D4 and D5 was predominantly
cytoplasmatic (Figure 4D). Analysis of p53 protein, as a regulator of cell proliferation
and senescence, revealed similar basal expression in BM-MSCs with differences in its
localization. p53 was detected in the cytoplasm and nucleus in D1, D2 and D3 BM-
MSCs, while in donors D4 and D5, p53 was detected only within the nucleus contrary
to the Ki67 localization pattern (Figure 4D).
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Figure 4. Growth characteristics of BM-MSCs. (A) Metabolic activity of cells isolated from 5 donors
during 24 h and 48 h estimated by MTT test. (B) Population doubling time (PDT) of BM-MSCs.
Cells were cultivated in standard conditions, passaged at 90% confluency, and enumerated at
each passage (up to 6th passage). For PDTs calculation, the formula described in Material and
Methods was applied. Results on the graph are presented as ± SEM of independent experiments.
(C) Representative images of BM-MSCs stained for β-galactosidase expression after one day of cul-
tivation under standard conditions (scale bar: 50 µM). (D) Expression of proliferation-associated
marker Ki67 and p53 detected by indirect immunofluorescence labeling with corresponding FITC-
conjugated or AlexaFlour555-conjugated secondary antibodies. Cell nuclei were stained with DAPI
(4′,6-diamidino-2-phenylindole). Representative images are shown (scale bars: 10 µm).

2.4. Raman Spectra Analyses

The Raman spectra of human cells, depending on their origin, nature or physio-
logical state, have numerous mutual features whose Raman shifts are used as spectral
markers. Cells under observation, as primary MSCs cultures, naturally, present a
heterogeneous entity highly susceptible to modifications of the intrinsic chemical struc-
ture, and consequently, spectral features, by standard culture conditions, among others.
As the analyzed cells were fixed to provide a less variable system, it was ensured that
physiological processes within the cells were interrupted at the same (desired) stage. In
addition, to keep the system out of the additional extrinsic influence, the investigated
cells were of the same 5th passage.
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The main contribution to BM-MSCs Raman spectra comes from nucleic acids (singled
out purine and/or pyrimidine bases and DNA/RNA backbone structure), proteins (indi-
vidual amino acids, amide groups of proteins’ secondary structure and various vibrations
within C-C or C-N bonding), and lipids (vibrations within the hydrocarbon chain), as
shown in Table 1 [27,36,40–44].

Table 1. Vibrations in BM-MSCs and their energies noticed in obtained Raman spectra. Adapted
from [27,36,40–44].

Energy (cm−1) Biomolecule Assignment

940 Skeletal modes in polysaccharides

957 O-P-O symmetric stretch in adenosine-monophosphate

1003 Symmetric ring breathing mode in phenylalanine (Phe)

1010 Ring breathing in benzene ring of tryptophan (Trp)

1033 C-H in plane bend (Phe)

1050 C-O and C-N stretch in proteins

1080 O-P-O symmetric stretch

1100 PO2
- symmetric stretching in RNA and phosphatidylinositol

1123 Cytochrome C; C-C asymmetric stretch in fatty acids

1155 C-C and C-N stretch in proteins

1165 C-O stretch, C-OH bending, C=C stretch in lipids, C-C stretch in proteins

1173 G-ring stretch, C-C-H bending in phenol ring (DNA)

1206 C-C stretch in phenol ring of tyrosine (Tyr)

1245 NH2 bending in Amide IIIβ

1266 Amide IIIα

1310 C-H deformation (saturated. lipids)

1335 DNA purine bases (CH3CH2 wagging mode of polynucleotide chain)

1450 CH2 scissoring in lipids

1554 Amide II

1604 Phe, Tyr

1655 Amide Iα

1669 Amide Iβ

The averaged Raman spectra of BM-MSCs for each donor are presented in Figure 5A,
while PCA score plots (PC1–PC2 and PC1–PC3) are shown in Figure 5B, confirming the
similar biochemical background of analyzed samples. Regarding the significant similarity
of all Raman spectra (Figure 5), to obtain a comprehensive insight into the biomolecular
content of cells originating from different donors, the averaged Raman spectra, as well as
statistical analysis, are analyzed and presented in pairs (Figures 6 and 7).

Figure 6A shows the Raman spectra of cell populations from D1 (red) and D2 (blue)
and their ratio. By direct spectral reading, which on some occasions may be a formidable
task due to various overlapping contributions, a phenylalanine mode at 1003 cm−1 is of
significantly higher intensity in the D1 spectrum. However, the mode assigned to RNA
at 1100 cm−1 is of higher intensity in the D2 spectrum and broader, implying higher
content of nucleic acids or their enhanced activity. A biochemical discrepancy between
D1 and D2 is confirmed statistically when the PCA score plot is considered, which is the
one that represents PC1–PC3. The distinct grouping of red and blue dots per mutual
spectral features is observed, indicating that the cells from one population have different
biomolecular imprint than cells from another.
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Figure 5. Comparative representation of BM-MSCs Raman spectra, derived from five donors. BM-
MSCs were seeded on rounded CaF2 slides (Raman grade quality) and cultivated under standard
conditions during 24 h. Before Raman scattering experiments, cells were washed with saline buffer
and fixed with methanol for 10 min at the room temperature. On average, 50 to 100 cells per each cell
population were analyzed. (A) Averaged Raman spectra of BM-MSCs for each donor are presented
with purple (D1), green (D2), blue (D3), orange (D4), and yellow (D5) lines. (B) 3D PCA score plots
(PC1–PC2 and PC1–PC3) are presented with purple (D1), green (D2), blue (D3), orange (D4), and
yellow (D5) dots.
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Figure 6. Comparative representation of BM-MSCs Raman spectra presented in pairs. BM-MSCs
were seeded on rounded CaF2 slides (Raman grade quality) and cultivated under standard conditions
during 24 h. Before Raman scattering experiments, cells were washed with saline buffer and fixed
with methanol for 10 min at the room temperature. On average, 50 to 100 cells per each cell population
were analyzed. A comparative display of the averaged Raman spectra (red and blue lines) per cell
populations: (A) D1–D2, (B) D1–D3, (C) D1–D4, (D) D1–D5, and (E) D2–D3. Principal component
analysis (PCA) score plots are represented with red and blue dots.
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Figure 7. Comparative representation of BM-MSCs Raman spectra presented in pairs. BM-MSCs
were seeded on rounded CaF2 slides (Raman grade quality) and cultivated under standard conditions
for 24 h. Prior Raman scattering experiments cells were washed with saline buffer and fixed with
methanol for 10 min at the room temperature. On average, 50 to 100 cells per each cell population
were analyzed. A comparative display of the averaged Raman spectra (red and blue lines) per cell
populations: (A) D2–D4, (B) D2–D5, (C) D3–D4, (D) D3–D5, and (E) D4–D5. PCA score plots are
represented with red and blue dots.
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The averaged Raman spectra of cell populations D1 (blue) and D3 (red) are presented
in Figure 6B. Clearly noticeable are modes of higher intensities in the D3 spectrum: at
1100 cm−1 (assigned to RNA), 1124 cm−1 (cytochrome c), and at about 1250 cm−1 (protein
content in the Amide IIIβ form). Statistically, both PCA score plots (PC1–PC2 and PC1–PC3)
show distinct clustering of Raman spectra of BM-MSCs from donors D1 and D3 based on
their intrinsic biomolecular contents, confirming the D1–D3 biochemical variability.

A comparison of an averaged Raman spectra of cells from D1 and D4 is shown in
Figure 6C. Evidently, a higher intensity of Raman modes at about 1050 cm−1, 1080 cm−1,
1100 cm−1, 1127 cm−1 and 1660 cm−1 is observed in D4 Raman spectrum. Biomolecular
interpretation of this assignment indicates a higher content of proteins, DNA, and RNA
respectively, as well as cytochrome c and proteins in their secondary structure. Furthermore,
somewhat more dominant is a Raman mode at 1604 cm−1, which is assigned to amino acids
Phe and Tyr. Both PCA score plots designate clear and unequivocal grouping of Raman
spectra per mutual spectral features, i.e., a biomolecular fingerprint.

Figure 6D presents BM-MSCs’ averaged Raman spectra of cell populations D1 and D5,
where the D5 (red) spectrum shows few Raman modes of higher intensity: at 1080 cm−1,
1250 cm−1, and 1660 cm−1 indicating more nucleic acids and proteins in Amide III form.
To some extent, the lipid mode at about 1450 cm−1 is broader and of higher intensity in
the D1 (blue) spectrum, pointing to the higher lipid content in these cells. Clearly, the PCA
score plots show disjunction between these two cell populations, indicating the biochemical
discrepancy between D1 and D5.

From the spectra in Figure 6E, it is obvious that the D3 (red) spectrum shows a higher
content of amino acids (proteins), cytochrome c, and proteins in Amide III and Amide I
form (see Table 1). The Raman peak at about 1310 cm−1 shows a greater content of saturated
lipids in the D2 (blue) spectrum. Based on the PCA score plots shown in Figure 6, the
maximum separation is noticed for D2–D3 cell populations (Figure 6E), while the minimal
clustering was observed for D1–D2 cell populations (Figure 6A).

When analyzing the averaged Raman spectra displayed in Figure 7, the results are
mostly in a good accordance with those presented in Figure 6, meaning that all changes
come from differences in intensities, with no new modes detected in the spectra.

Figure 7A shows the averaged Raman spectra of cell populations D2 (blue) and D4
(red). Of significantly higher intensities are modes at 1003 cm−1 (Phe) and 1127 cm−1

(cytochrome c), and slightly more intensive is a peak at 1660 cm−1 (secondary struc-
ture of proteins) in the D4 spectrum. Some discrepancies come from a region around
1335 cm−1, which was assigned to the polynucleotide chain in the D2 spectrum. Al-
though both score plots show distinct grouping, it is more prominent from the score
plot PC1–PC3. Nevertheless, the biochemical discrepancy between D2 and D4 cell
populations is clearly observed.

A comparison of the averaged Raman spectra of cells from the D2 (blue) and D5 (red)
population is presented in Figure 7B. According to the assignation presented in Table 1,
cells from the D5 population have higher protein content in both Amide III and Amide I
form, as well as free amino acids. A striking clustering of Raman spectra per cell population
is obvious from both PCA score plots, confirming the biochemical distinction between D2
and D5.

From Figure 7C, where the averaged spectra of BM-MSCs from D3 and D4 cell popula-
tions are displayed, the dominant impression is a higher content of cytochrome c (Raman
mode at 1127 cm−1) in the D4 spectrum. Statistically, these two groups show the mini-
mum degree of separation, which is also demonstrated for the spectra of D3 and D5 cell
populations presented in Figure 7D.

Finally, Figure 7E shows the last compared pair, the Raman spectra of BM-MSCs from
cell populations D4 and D5, giving the conclusion of higher content of cytochrome c in the
D4 population, while Amide IIIβ content is higher in the D5 population. The separation
read from PCA score plots is slightly better than in the previous two groups and more
clearly indicates the biochemical discrepancy between D4 and D5.
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3. Discussion

The goal of this study was to analyze and compare the main functional features of
BM-MSCs derived from five pediatric donors. We evaluated their basal stemness-related
properties including morphology, phenotype, multilineage differentiation potential, colony-
forming capacity, expression of pluripotency-associated markers and proliferation capacity.
In parallel with the use of standard biological methods, single BM-MSCs were examined
by Raman spectroscopy in order to identify donor-specific differences at the biochemical
level with the aim to test whether this method could be used as an additional technique to
characterize MSCs at the single-cell level.

Raman spectroscopy has been utilized to study various physiological and pathological
conditions with the purpose of disease diagnosis, surgical guidance, and therapeutic or
metabolic monitoring [45,46]. In the field of regenerative medicine and stem cell research,
the application of Raman spectroscopy is rapidly increasing [24], whereby it can be noticed
that stem cell differentiation at a single cell and tissue level was mostly investigated [37,38].
Regarding the use of Raman spectroscopy for distinguishing cell populations, several
studies addressed this issue from different viewpoints. The results of [47] showed that
this technique can precisely identify and evaluate prostatic adenocarcinoma (CaP) in vitro,
based on different degrees of biological aggressiveness between CaP cell lines. Likewise,
the distinction and identification of cells from different tissues and species (MDCK, CHO,
and NIH 3T3 cells) as well as cells from a single species (NIH 3T3 and Clone 15 cells)
were shown in the study of [48], indicating that the slight changes in cell phenotype
can be determined based on Raman spectra and used to identify cell type. In addition,
confocal Raman micro-spectroscopy was successfully used to delineate immortalized
human cell lines derived from lung cancer (A549) and fibroblasts (MRC5) as well as three
primary human bronchial epithelial cell (HBEC) lines [49]. Moreover, by using the Fourier
Transform Infrared (FTIR) technique together with Raman spectroscopy, a clear distinction
between undifferentiated BM-MSCs, their myogenic and osteogenic progeny, and de-
differentiated smooth muscle cells were observed based on spectral differences [29] as
well as between human ESCs and human MSCs [50]. Raman spectroscopy was shown to
be a suitable tool for distinguishing human BM-MSCs and fibroblasts, thus enabling the
rapid detection of fibroblastic contaminations in BM-MSC cultures [51]. Recent data also
show that MSCs originating from different dental tissues such as apical papilla (SCAP),
the dental follicle (DFSC), and pulp (DPSC) can be grouped based on Raman spectra that
reveals a subtle distinction between these cells [52]. However, to our best knowledge, no
data were published related to the inter-donor variability of MSCs. So, this is the first
study that attempted to employ Raman spectroscopy to compare the spectral pattern of
undifferentiated BM-MSCs deriving from healthy pediatric donors and to use these data
for distinguishing cell populations.

In line with that goal, our first step was to isolate and characterize BM-MSCs by
using standard biological tests following the minimal criteria for MSCs identification
set by ISCT that include morphologic properties, immunophenotype and multilineage
differentiation potential [14]. Our results revealed that plastic-adherent cells derived from
the bone marrow of five pediatric donors retain adherence and typical fibroblast-like
morphology cells during prolonged cultivation in standard conditions, while no donor-to-
donor differences in cells sizes or shape were noticed, as observed under phase contrast
microscope. Thus, these findings are in accordance with the first criteria as well as with
previous studies related to the BM-MSCs morphology of adults [53–57]. The elongated
spindle shape morphology of isolated BM-MSCs of each donor was further confirmed
by cytoskeleton visualization. Immunofluorescent staining of the filamentous form of
actin (F-actin), a critical structure of the cytoskeleton, revealed a strong expression of
branched, multiple-directed F-actin stress bundles distributed through the whole cell, as
it has been shown for MSCs derived from human placenta grown in standard adherent
conditions [58]. Next, by using flow cytometry, we detected a high expression of surface
molecules related to MSCs origin including CD29, CD73, CD90, and CD105, along with
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the low expression of leukocyte markers CD45 and HLA-DR amongst all donors. A high
expression of CD73, CD90 and CD105 markers was previously reported for BM-MSCs
derived from adults [53–57,59], along with a high expression of CD29 observed in [56,59]. In
parallel, the low percentage of CD45 and HLA-DR positive cells demonstrated in our study
is in line with the results of [54,55,59], confirming that the immunophenotype of BM-MSCs
of pediatric donors and adults is similar [60] and comparable with MSCs deriving from
other tissue sources [59,61,62]. As the third ISCT requirement for MSCs identification, we
examined the multilineage differentiation capacity of isolated cells. Indeed, the BM-MSCs
of each pediatric donor were able to differentiate toward osteogenic, chondrogenic and
adipogenic lineage, which is in agreement with previous research related to the BM-MSCs
of adults [53–56,63], while no spontaneous differentiation in standard media was noticed,
as reported in [60,64,65]. Overall, our results confirmed that adherent cells isolated from
the bone marrow of all five pediatric donors meet the ISCT criteria for MSCs identification,
whereby no significant differences were determined in this study.

Further on, we examined the clonogenic potential of BM-MSCs of each donor as a
part of the self-renewal capacity analysis. Our results showed that isolated cells form a
typical but heterogenic morphology of CFU-F colonies, while their number was uniform
among donors (around 3%). Although clonogenic efficiency may vary depending on the
cultivation conditions [55,66] and particularly passage [67,68], our results are comparable
with the published data. Namely, approximately 5% of BM-MSCs colonies were formed
at the fourth passage in the study of [67], 8% in [68]. Likewise, [69] reported that at the
P3-6, around 5% colonies were formed, as well as in [55] for the BM-MSCs of P6 cultivated
in the serum-containing in-house medium, which all points to the clonogenic potential of
BM-MSCs derived from pediatric donors being similar to the BM-MSCs of adults.

As stem cells, MSCs are characterized by self-renewal ability, which encompasses the
division ability with stemness maintaining [3,70]. At the molecular level, the regulation
of stemness is mostly mediated via pluripotency-associated transcription factors, such as
OCT4, SOX2 and NANOG, as described for embryonic stem cells [71]. Thus, it is assumed
that these factors play a similar role also in adult stem cells. However, the molecular basis
of MSCs stemness is still poorly understood. Nevertheless, previous studies have shown
that MSCs derived from adult tissues do express pluripotency-associated markers [72–77]
and that stemness-related processes may be associated with the activity of these markers
in MSCs [78–83]. Our results are in line with these data and demonstrate that BM-MSCs
derived from pediatric donors constitutively express markers associated with pluripotency
(OCT4, NANOG and SOX2), while interestingly, we observed slight differences in the
expression of these markers that may potentially indicate the existence of donor-dependent
variation of self-renewal.

In the next part of describing BM-MSCs populations, we compared their proliferative
capacity. Our study revealed a similar metabolic activity of BM-MSCs derived from different
donors that increased during the time, as determined by the MTT test. Equal viability
was accompanied by a uniform proliferation rate. Namely, all investigated cell types
maintained their growth rate during prolonged in vitro culture, whereby the time needed
for population doubling ranged between 60 and 70 h among donors during passaging
(up to the 6th passage). Thus, these data agree with PDT observed in studies [55,56,84].
Active proliferative capacity was also supported based on β-galactosidase activity, as
the low number of senescent cells has been observed in the fifth passage of BM-MSCs
of each donor, which is also in accordance with previously published data [85]. These
results are additionally confirmed at a molecular level. At first, we showed the basal
expression of proliferation marker Ki67, by using immunofluorescence that also revealed
slight differences in Ki67 localization between donors. Namely, donors D1, D2 and D3
expressed Ki67 in the nucleus and cytoplasm, while D4 and D5 showed a more dominant
cytoplasmatic localization of this marker. Our previous study showed that under basal
conditions, Ki67 expression in dental stem cells is predominantly in cell cytoplasm [78],
while both cytoplasmic and nuclear Ki67 localization was detected in ASCs [86]. Although
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Ki67 has been traditionally considered a cell proliferation marker due to its presence in the
nucleus during all active phases of the cell cycle (G1, S, G2 and M), the role of Ki67 has
been particularly well described for cancer cells [84,87]. However, recent findings indicate
that Ki-67 should not be considered only as a marker of cell proliferation [88,89]. Since
differences in the extranuclear pathway of Ki-67 regulation in non-cancer and cancer cells
have been identified [90], additional studies will potentially provide answers related to the
biological role of nuclear and cytoplasmic Ki67 in adult stem cells.

Along with Ki67 expression, we investigated the expression of p53, which has been
widely implicated in cellular senescence and aging [91,92], MSCs differentiation, bone
homeostasis [93] as well as other MSCs functions [94]. Our results confirmed the basal
expression of p53 in BM-MSCs of pediatric donors and interestingly revealed cellular
localization differences. Namely, p53 was localized in the nucleus of donors D4 and
D5, while donors D1, D2 and D3 expressed p53 predominantly in the cytoplasm. The
regulation of p53 cellular localization is conditioned by many signaling factors that affect
its nuclear transport, subnuclear localization, and cytoplasmatic sequestration [95–97]. As
for stem cells, there are indications that p53 is localized predominantly in the cytoplasm in
proliferating embryonic stem cells, while upon DNA damage, the nuclear accumulation
of p53 is induced, leading to the transcriptional activation of genes involved in cell cycle
arrest [98]. The study of [96] showed that BM-MSCs from systemic lupus erythematosus
patients exhibit characteristics of senescence, whereby p53 and p21 were mainly localized
in the nuclei of these cells. The higher nuclear localization of p53 was also detected in
MSCs derived from the periosteum of old patients [99], indicating potential age-related p53
localization. However, there are still open questions that are related to the p53 functions
in different cells and tissues within the human body or how p53 activity is modulated in
humans depending on sex, age or metabolic state [100]. Although cellular localization is
changeable, further studies are needed to address p53 location in MSCs and its potential
correlation with Ki67 expression/localization pattern.

Altogether, these data show that no significant differences between BM-MSCs of
examined donors can be observed based on ISCT criteria and the use of standard biological
methods for testing clonogenic and proliferative capacity. Nevertheless, variations between
BM-MSCs of different donors at the molecular and biochemical level certainly exist [10].
Therefore, we further examined the biochemical composition of these cells at the individual
level by using Raman spectroscopy. As expected, our results of BM-MSCs Raman spectra
revealed that the dominant contribution to BM-MSCs Raman spectra is related to the nucleic
acids (singled out purine and/or pyrimidine bases and DNA/RNA backbone structure),
proteins (individual amino acids, amide groups of proteins’ secondary structure and various
vibrations within C-C or C-N bonding), and lipids (vibrations within the hydrocarbon
chain), as described previously [27,36,41,101–104]. A comparison of BM-MSCs spectra did
not reveal new vibrational bands; however, changes related to existing bands’ intensities
are detected. Despite Raman spectra similarities, following their comprehensive direct and
statistical analyses, subtle distinctions between the averaged Raman spectra of BM-MSCs of
each donor were detected, providing an important indication that this method can be used
to clearly distinguish cell populations with a similar biochemical background. Namely,
based on PCA score plots, the disjunctions between BM-MSCs populations were observed,
whereby clustering between cell populations was most conspicuous when analyzed in
pairs. Interestingly, maximum separation was noticed between D2 and D3 BM-MSCs,
while the minimum separations were detected between D3 and D4 as well as D3 and D5
BM-MSCs (Figures 6 and 7). Certainly, further biochemical and Raman studies of MSCs
populations is needed to understand the specific reasons for the level of variations in
donor-specific separations. This issue will be the subject of our future research in order to
provide biological validation of Raman spectra analysis. Nevertheless, in the following
text, we discuss possible explanations for the obtained differences in the Raman spectra of
different BM-MSCs donors.
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Regarding the nucleic acid content, our results revealed differences in RNA and DNA
content between BM-MSCs, whereby a higher level of RNA was detected in D2, D3, D4 and
D5 in comparison to D1, while D4 and D5 donors had a higher content of DNA when com-
pared to D1. Although we did not detect donor-related differences in metabolic activities of
BM-MSCs based on MTT, we may only speculate that variations in RNA content detected
by Raman spectroscopy are captured due to differences in RNA synthesis, i.e., metabolic
activity [105] that cannot be detected by the MTT test. Differences in the DNA level detected
by Raman spectroscopy may reflect a different stage of the cell cycle [36,106] or proliferation
rate [107]; however, we did not observe differences in BM-MSCs proliferation rate between
donors based on population doubling time. Still, during the cell cycle, the DNA level
varies [107], so we may assume that detected differences in DNA come from variations
in the cell cycle captured at a specific moment. On the other hand, a decrease in spectral
features of RNA and DNA has been documented in differentiated murine embryonic cells
that can be interpreted by the fact that differentiated cells are more in the G1 phase of
the cell cycle and consequently exhibit reduced proliferative capacity [36]. Along with
DNA decrease during differentiation, it has been reported that RNA levels also diminish
during this process [36]. Indeed, MSCs populations are heterogenic in terms of proliferation
dynamics that results in a population of cells that consist of mitotically active (dividing)
and mitotically inactive (non-dividing) cells encompassing quiescent cells, differentiated
cells and senescent cells [108,109]. Therefore, it should not be neglected that variations in
DNA/RNA content determined by Raman spectroscopy may also reflect the heterogeneity
of cell population related to the differentiation stage.

Along with changes in nucleic acid content, our results also revealed variations in
proteins (1003, 1030, 1250, 1660, 1669 cm−1) and lipids bands (1310 and 1440 cm−1) that can
also be implicated in the metabolic activity of the cells [110] or may indicate the existence
of spontaneous differentiation, as it has been demonstrated for human pluripotent stem
cells [34,110]. As for MSCs, considerable lipid content was detected in dental MSCs
(peaks at 1440 and 1650 cm−1) [52]. Although it is not fully clarified, lipid content may be
associated with the stemness level, as the study [50] showed by using FTIR spectroscopy
that divergence between hESC and hMSCs comes from the increased presence of lipids in
the cytoplasm of hESC, while their level progressively decreases during differentiation [50].
Similar findings were observed in the study of [111], showing that mouse embryonic
stem cells exhibited a higher intensity of fatty acids (1260 cm−1 and 1650 cm−1) and lower
amounts of unsaturated lipids (1445 cm−1) than their neural progenitors and reprogrammed
counterparts. Interestingly, based on immunofluorescence staining, no differences in
the expression of pluripotency markers (Nanog, Oct4 and Sox2) were detected between
embryonic and reprogrammed cells; however, Raman spectroscopy revealed significant
spectral differences in unsaturated lipids. Since it has been reported that the fatty acid
synthesis is important for the cellular stemness regulation [112], additional studies need to
be carried out to reveal a correlation between lipids bands and fatty acid synthesis and to
address whether this can be a significant spectral marker associated with stemness.

Another interesting finding of our study is related to the variations of band intensities
for cytochrome c (1127 cm−1) between BM-MSCs populations. Cytochrome c is a small,
multi-functional protein with a significant role in the electron transport, and it is a part
of the pathway for ATP synthesis necessary in the energy-production process. Under
physiological conditions, it is located in the inner mitochondrial membrane, but upon
proapoptotic signal, it is released to the cytoplasm [113–116]. The role of cytochrome c in
apoptosis is well established [117,118], and few Raman studies addressed the correlation
between cytochrome c and programmed cell death. As for HeLa cells, [119] reported that
changes in cytochrome c distribution can be distinguished as a release of cytochrome c
from mitochondria, while mitochondrial membrane potential confirmed that the observed
cytochrome c release was associated with apoptosis. Likewise, confocal Raman microscopy
has been successfully used to detect the apoptosis of the MCF-7 cell line mediated by
cytochrome c release from mitochondria [120]. On the other hand, a comparison of cy-



Int. J. Mol. Sci. 2022, 23, 4915 16 of 25

tochrome c signals within the Raman spectra of human ESC and human iPSCs did not
reveal differences between these cell lines, whereby equivalent cytochrome c levels corre-
lated with the level of mitochondria detected by MitoTracker staining [107]. Interestingly,
it has been demonstrated that after the differentiation of a mouse neuroblastoma cell-line
Neuro2a (N2a) toward neurons and differentiation of the 3T3L1 cell-line into adipocytes,
Raman spectroscopy detected an increased amount of cytochrome c in the cytosol in both
cell lines [121], indicating that cytochrome c detection also may be dependent on differ-
entiation status. Therefore, due to multiple cellular functions, a cautious interpretation
of the cytochrome c signal in the Raman spectra of BM-MSCs is needed. Our biological
analysis, along with the detection of other spectral markers (primarily proteins), indicates
that these cell populations are viable, so we may assume that the detection of a cytochrome
c signal in Raman spectra can be a result of the metabolic variations or even differentiation
heterogeneity. Nevertheless, a deeper investigation of cytochrome c localization along with
mitochondrial characterization is necessary to determine the biological basis of detected
cytochrome c in Raman spectra.

4. Materials and Methods
4.1. Collection, Isolation, Expansion, and Cultivation of MSCs

Bone marrow samples (2 mL) from five healthy donors (age range 2–12 years) (Table 2)
were aspirated from iliac bone during the collection of bone marrow for allogenic trans-
plantation at the Mother and Child Health Care Institute of Serbia. For each sample,
informed consent was assigned, and all samples were collected in accordance with the
ethical standards of the local ethical committee and the Declaration of Helsinki.

Table 2. The main characteristics of BM-MSCs donors enrolled in the study.

Donor Sex Blood Type Karyotype Age

D1 male AB+ 46, XY, 20 8 years and 10 months

D2 female B+ 46, XX, 20 12 years and 3 months

D3 female O+ 46, XX, 20 2 years and 5 months

D4 male AB+ 46, XY, 20 12 years and 4 months

D5 female O+ 46, XX, 20 12 years and 2 months

Lymphocyte separation media Lymphocyte Separation Medium 1077 (Capricorn-
Scientific, Ebsdorfergrund, Germany) and density gradient centrifugation were used to
obtain mononuclear fraction (MNCs) of bone marrow. MNCs were resuspended in growth
medium (GM) composed of MEM Alpha Modification medium supplemented with nucleo-
sides (Capricorn-Scientific), 10% Fetal Bovine Serum, certified, United States (FBS, Gibco,
Thermo Fisher Scientific, Waltham, MA, USA), 1% Penicillin/Streptomycin (P/S, Gibco,
Thermo Fisher Scientific) and 1% L-glutamine (Capricorn-Scientific) and cultured in plastic
tissue culture flasks (Greiner Bio-One, Monroe, NC, USA) in GM at 37 ◦C in a humidified
atmosphere containing 5% CO2 (standard conditions). The GM was replaced twice a week,
and non-adherent cells were disposed of. After reaching 80–90% of confluence, adherent
BM-MSCs were passaged using 0.25% Trypsin/EDTA solution (Capricorn-Scientific) and
replated at concentration of 1 × 104 cells/cm2. Cell number was evaluated by Trypan blue
solution (Invitrogen, Carlsbad, CA, USA). The morphology of adherent cells was visualized
by using the light microscope (Olympus, Tokyo, Japan). All further experiments were
performed using BM-MSCs from the 5th passage.

4.2. Immunophenotyping

The detection of BM-MSCs phenotype was determined following the cultivation of
cells in GM at standard conditions. Upon reaching confluence, cells were detached using
Accutase solution (Biowest, Nuaillé, France), and for each cell-surface marker analysis,
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2 × 105 BM-MSCs were separated and washed in cold 0.5% BSA/PBS. Then, cells were
labeled with fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated mono-
clonal antibodies against human antigens CD29, CD73, CD90, CD45 (all from R&D Systems,
Minneapolis, MN, USA), CD105 and HLA-DR (both form Invitrogen, Carlsbad, CA, USA)
during 30 min in the dark at +4 ◦C. For determination of the level of non-specific binding,
corresponding FITC- and PE-conjugated isotype control antibodies (R&D Systems) were
used. Flow cytometry was conducted using a Cytomics FC 500 (Beckman Coulter, Brea,
CA, USA) cytometer, while data were analyzed using WinMDI 2.9 software (J. Trotter, The
Scripps Research Institute, La Jolla, CA, USA).

4.3. Multipotent Differentiation

To determine the multilineage differentiation potential, BM-MSCs were plated in a
96-well plate (5 × 103 cells/well) in GM and incubated under standard conditions. GM
was changed every 2–3 days until cells reached subconfluence when the GM was replaced
with specific differentiation medium (DM), while cells cultivated in GM served as control.

For osteogenic differentiation medium, GM was supplemented with 200 µM ascorbic
acid-2-phosphate (Sigma-Aldrich, St. Louis, MO, USA), 10 mM β-glycerophosphate (Ap-
pliChem, Darmstadt, Germany) and 10 nM dexamethasone (Sigma-Aldrich). After 7 days of
cultivation, the early stage of osteogenic differentiation was analyzed via assessment of alka-
line phosphatase (ALP) activity stained with 5-bromo-4-chloro-3-indolyl phosphate/nitro
blue tetrazolium, BCIP/ NBT substrate (Sigma-Aldrich) in alkaline phosphatase buffer
(0.1 M Tris, 100 mM NaCl, 5 mM MgCl2, pH 9.5). Late osteogenic differentiation was
confirmed upon visualization of calcified deposits and extracellular matrix mineralization
by using 2% Alizarin red dye (Merck Chemicals, Darmstadt, Germany) after three weeks
of cultivation.

To determine the chondrogenic differentiation capacity of BM-MSCs, chondrogenic
medium containing GM with 200 mM ascorbic acid-2-phosphate (Sigma-Aldrich), 10 nM
dexamethasone (AppliChem, Darmstadt, Germany) and 5 ng/mL transforming growth
factor (TGF-β) (R&D Systems) was used. Chondrogenic differentiation was estimated via
proteoglycans staining with Safranin O (Merck Chemicals, Darmstadt, Germany) following
the three weeks of treatment.

For adipogenic differentiation induction, BM-MSCs were cultivated in an adipogenic
differentiation medium that contained GM enriched with 1 mM dexamethasone (Sigma-
Aldrich), 10 µg/mL insulin (Sigma-Aldrich) and 100 µg/mL isobutyl methylxanthine
(IBMX, Sigma-Aldrich). After four weeks, the formation of intracellular lipid droplets was
confirmed by staining with Oil Red O (Merck Chemicals, Darmstadt, Germany).

Following the incubation period and staining assays, differentiated cells and control
groups were analyzed by using the light microscope (Olympus, Tokyo, Japan).

4.4. CFU-F (Colony-Forming Units-Fibroblastic) Assay

To detect the clonogenicity of BM-MSCs, a colony-forming unit–fibroblastic (CFU-F)
test was applied. BM-MSCs were plated in a 6-well plate (triplicate) at a seeding density
of 250 cells per well. Following the 14 days of culturing in GM at standard conditions,
cells were washed two times with PBS and fixed using ice-cold methanol for 5 min at room
temperature. After fixation, cells were stained with 0.3% crystal violet (Carlo Erba reagents
S.A.S., Emmendingen, Germany) for 15 min, when the cells were washed using distilled
water. The number of colonies was determined by a light microscope (Olympus, Tokyo,
Japan). Only colonies that were larger than 2 mm in diameter and consisted of more than
50 cells were counted. The ratio of the number of colonies to the number of cells plated
was denoted as colony- forming efficiency.

4.5. Cellular Proliferation, Viability and Senescence

The population doubling time (PDT) of BM-MSCs was estimated through passaging.
Cells were seeded in flasks at a concentration of 1 × 104/cm2 and grown in GM under
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standard conditions until reaching confluency. Further on, BM-MSCs were detached, and
cell number was determined by Trypan blue dye. Subsequently, cells were reseeded at the
initial density. This process was repeated at every passage, up to passage 6. For calculation
of the PDT, the following formula was used: PDT = (T − T0) lg2/(lgNt − lgN0), where T0
corresponds to the starting time of cell culture, T corresponds to the ending time of cell
culture, N0 corresponds to the cell number at the start of culture, and Nt corresponds to
the cell number at the end of culture.

To assess the viability of BM-MSCs, the metabolic activity of these cells was analyzed.
Cells were seeded in 96-well-plates (5× 103/well) and cultivated under standard conditions
for 24 h and 48 h. Then, 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide
(MTT) solution (5 mg/mL) (Sigma-Aldrich) was added to each well, and incubation was
continued for the next 2 h. Formed formazan crystals were dissolved with isopropanol,
and the optical density was measured at 540 nm by the automatic reader for microplates
(Labsystems Multiskan PLUS, Nelsirrki, Finland).

For BM-MSCs, the senescence activity of the β-galactosidase enzyme was analyzed.
Cells were seeded in 96-well plates (2 × 103 cells/well) and cultivated in GM under
standard conditions for 24 h. Next, cells were washed with PBS, fixed, and stained using
Senescence Cells Histochemical Kit according to the manufacturer’s instructions (Sigma
Aldrich). Samples were visualized by a light microscope (Olympus).

4.6. Immunofluorescence

To perform immunofluorescent labeling, BM-MSCs were seeded in 24-well plates, over
rounded glass coverslips (3 × 103 cells/well) in GM and grown under standard conditions
for 24 h to ensure adhesion of the cell. Samples were then washed with PBS twice and fixed
in 4% formaldehyde. Subsequently, cells were permeabilized with 0.1% Triton X − 100 in
PBS for 10 min, blocked with 1% BSA/PBS (30 min at room temperature) and incubated
with primary antibodies: rabbit anti-Ki67 (Abcam, Cambridge, UK), rabbit anti-Oct-4,
mouse anti-NANOG, mouse anti-SOX-2 (all from Cell Signaling Technology, Danvers,
MA, USA) and mouse anti-p53 (Santa Cruz Biotechnologies, Dallas, TX, USA). Follow-
ing 2 h of incubation at room temperature, samples were washed with PBS and treated
with corresponding FITC-coupled secondary antibodies (Sigma-Aldrich) or Alexa Fluor
555-coupled anti-mouse antibody (Cell Signaling Technology) and 1 ng/mL of nuclear dye
DAPI (Sigma-Aldrich) for 2 h. An epi-fluorescent microscope (Olympus, Tokyo, Japan) was
used for the examination of mounted cell samples.

4.7. Sample Preparation for Raman Experiment

For the purpose of Raman spectroscopy, BM-MSCs were seeded on rounded CaF2
slides (Raman grade quality, Crystran, Dorset, UK) in a 24-well plate (5× 103 cells per slide)
and cultivated in GM under standard cultivation conditions for 24 h. After the adhesion,
BM-MSCs were washed with saline buffer and fixed with methanol for 10 min at room
temperature. Chemical fixation allows samples to be collected at a particular moment,
preserving biomolecular distribution within cells and making analysis possible to repeat.
Just before Raman spectroscopy was performed, samples were washed with distilled water.

4.8. µ-Raman Spectroscopy

In this research, standard µ-Raman spectroscopy was used. Raman scattering experi-
ments were performed on a TriVista 557 Raman system (Teledyne Princeton Instruments,
Trenton, NJ, USA) in backscattering configuration. A coherent Ar+/Kr+ ion gas laser of
514.5 nm was used as an excitation source. The focusing on the sample was achieved by
using a ×50 Olympus microscope objective, NA = 0.50. The laser spot diameter in our
experimental configuration was ≈20 µm. Sample damage by overheating was prevented
by keeping low levels of the laser power at the sample plain, ≈5 mW. It was determined
that under these conditions, no laser-induced effects were observed, and the spectra were
fully reproducible for the particular cell site. The acquisition time per spectrum was 300 s.
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On average, 50 to 100 cells per each cell population (D1–D5) were analyzed. Since cells
are heterogeneous dynamical systems, typically for spectral acquisition, several positions
are randomly selected per cell to consider a complex chemical and morphological inner
structure, which might induce slight variations in Raman spectra, especially in intensities of
some Raman bands. To obtain a representative spectrum per each cell, these spectra are av-
eraged. Here, we opted for the alternative approach. By increasing the size of the randomly
positioned laser spot (at the expense of the probing acquisition time), a more significant
portion of the sample was probed, thus capturing more of its internal inhomogeneity.

4.9. Data Processing and Analysis

The statistical interpretation of the results was completed by using the principal
component analysis (PCA) method [36,40,41]. This method is used to reduce the large
dimensionality of the Raman dataset in which every wavenumber represents a variable
and the light intensity measured at that wavenumber represents a data point. The dimen-
sionality reduction is completed by projecting the data points onto a new set of linearly
uncorrelated variables, which are called principal components [42,43]. The PCA method
used in this work is based on the singular value decomposition algorithm adopted from
the GNU Octave standard library.

The Raman dataset, consisting of spectra collected within one or more donors, was
preprocessed before it was forwarded to the PCA algorithm. The preprocessing procedure
includes the following steps:

(i) Removal of the irregular spectra from the datasets;
(ii) Removal of the background noise from every spectrum in the data set;
(iii) Spectra normalization.

An irregular spectrum does not have Raman modes characteristic to donor cells.
An example would be a spectrum exhibiting high luminescence, which masks the relevant
Raman modes or a spectrum without any Raman modes. These types of spectra are omitted
from the analysis, since they do not carry any relevant information and are known for
introducing unwanted outlier data points when passed through the PCA.

The background removal is completed by subtracting a fourth-degree polynomial
function from the measured spectra. The polynomial is tailored to fit the background of
every individual spectrum from the dataset.

After the background has been removed, every spectrum from the dataset is normal-
ized to the value of the integral intensity calculated within the considered spectral region.

4.10. Statistical Analysis

All biological assays were repeated at least three times, and the results are presented
as mean ± SEM. Differences between groups were tested for statistical significance by
Student’s two-tailed t-test with p values less than 0.05 considered significant. Data analysis
and graphical representations were performed by using GraphPad Prism 7 Software, Inc.,
San Diego, CA, USA.

5. Conclusions

Overall, the results of this study bring new evidence regarding the use of Raman
spectroscopy in the field of MSCs exploration at the level of a single cell. Namely, by
using standard biological assays analysis of BM-MSCs isolated from five healthy pediatric
donors, no significant differences in terms of their MSCs properties, including morphology,
phenotype, multilineage differentiation potential, colony-forming capacity, expression of
pluripotency-associated markers or proliferative capacity were observed. On the other
hand, Raman analysis revealed biochemical variations between these populations, whereby
only changes related to peaks intensities were determined. Despite Raman spectra similari-
ties, following the comprehensive analysis, subtle distinctions between averaged Raman
spectra of BM-MSCs of each donor were detected, providing an important indication that
this method can be used to clearly distinguish cell populations with a similar biochemical
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background. Particularly, based on PCA score plots, disjunctions between BM-MSCs popu-
lations were observed, whereby clustering between cell populations were most conspicuous
when cell populations was analyzed in pairs. Although further studies are needed to eluci-
date the precise biological validation of Raman results, this study provides an important
basis for revealing inter-individual variability between primary MSCs populations at the
single-cell level by using this non-invasive, label-free, optical technique.
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Abstract

In this paper, we describe synthesis and characterization of YVO4 and Eu3+‐

doped YVO4 nanopowders. Two methods of preparation were used—solution

combustion synthesis (SCS) and classical ceramic method (CCM)—and

compared. Morphology and structure of all samples were characterized with

atomic‐force microscopy (AFM), X‐ray diffraction (XRD), and field‐emission

scanning electron microscopy (SEM). Raman spectroscopy was used to

discuss the isotope‐like effect. It is confirmed that doping with Eu ions results

in a change of Raman spectra of doped samples—new modes arise, and

intensity of existing ones change. Influence of different preparation

methods on isotope‐like effect is presented with detailed calculations of

shifted modes.

KEYWORDS

isotope‐like effect, nanopowders, phosphor

1 | INTRODUCTION

The revelation of new materials, processes, and phenom-
ena in general within the nanoscale proposes wide
opportunities for evolution and expansion of innovative
nanosystems and nanostructures. Nanostructured mate-
rials attract great attention of researches because of their
wide industrial and technological applications. When
doped, these kind of materials could exhibit enhanced
properties, and when doped with rare‐earth (RE) ions
specifically oxide nanostructures show improved optical
properties when compared with their bulk structures.[1–3]

The yttrium orthovandate (YVO4) belongs to the
group of important metal vanadates, MVO4(M = Bi, Y,
Fe, Cr, In, etc), because of its wide range of applications,

especially in photonics.[4] Doped YVO4 is very popular
because of its photocatalytic properties[5,6] and is a very
common semiconducting material in photochemistry
because of this feature, as well for its enhanced lumines-
cence when doped with RE ions.[7,8] Excellent thermal
stability, robustness, and other physicochemical proper-
ties of YVO4 ensured this nanostructure to be a very
used material in optical devices.[9] Very convenient thing
about YVO4 is that it is an attractive host material (eg,
for RE ions) that could be well excited under UV light
irradiation; ie, the vanadate group, V5+

– O2‐, in YVO4:
Eu3+ is excited, and in that way, phonon energy is trans-
ferred to the doped RE ions. Eu ions exhibit red and
orange emission, which corresponds to 5D0–

7F2 and
5D0–

7F1 transitions, respectively.[10] There are lot of
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examples where nanostructures were doped with Eu
ions because of its great luminescent characteristics.[11]

RE ions are well known for their luminescence charac-
teristics, which occur because of inner shell electronic
transitions between the 4fn energy levels. Yttrium ion
in vanadate structure can be easily replaced with RE
ions. Because of the similar properties of RE and yttrium
ions, the concentration of RE ions can be larger in
yttrium oxide than in other hosts. In our earlier work,
we showed how doping with Eu ions could result in
their replacement with R3+ ions in oxide nanopowders
(R stands for a trivalent ion in oxide nanopowders, eg,
Y3+ in YVO4).

[12] That results in more efficient optical
properties of MVO4 materials.[13] However, it has been
shown that even a small amount of impurity could
drastically enhance optical characteristics of these kinds
of phosphors.[1] The inclusion of RE ions may be of a
twofold nature: It could cause the shift of the gravity
center of the energy levels, which is related to
the nephelauxetic effect,[14] which is a measure of the
metal‐ligand covalency, and it could cause the
splitting of the degenerate energy levels. The difference
in size between bulk and nanocrystal cause different
impact of the neighborhood on the metal ion, and
in that way results in splitting of the energy levels,
kinetics of the metastable levels, and metal‐ligand
covalency.[15]

There are many methods for nanopowder prepara-
tion,[16–20] and in this paper, we choose solution
combustion synthesis (SCS), which is an important tech-
nique used for powder preparation, generally used to
produce fine complex oxide ceramics. Even though SCS
represents one of the simplest techniques, it offers
numerous important advantages like homogeneity and
high surface area of the samples, as well as high purity
in combination with considerably lower temperatures
and reduced processing time. Also, with this technique,
fine particle size and crystalline samples can be
obtained. Another method we used is classical ceramics
method (CCM), which also offers significantly reduced
time of powder preparation and controlled size of parti-
cles with respect only to temperature parameter. The
goal was to represent two simple but yet effective
methods of nanopowder preparation, which are cheap,
fast, and reproducible and can be used for advanced
applications. At the same time, they provide an insight
in an interesting phenomenon, which we call isotope‐
like effect where with the use of Raman spectroscopy
we observe substitution of Eu with Y ions. This occur-
rence in oxide nanopowders prepared by SCS and CCM
is not explained in details by Raman spectroscopy in
the literature yet, and to the best of our knowledge, this
is the first report so far.

2 | SAMPLE PREPARATION AND
CHARACTERIZATION METHODS

For sample preparation, two methods have been used.
First, the solution combustion process is the most
frequently used due to the low cost of the synthesis
procedures and also due to the possibility of tailoring
the size and morphology of particles. Eu3+‐doped YVO4

nanopowders were prepared as described in previous
research.[21,22] Eu3+ concentration was 1%, and it was
obtained using stoichiometric quantities of starting
chemicals Y (NO3)3·6H2O, NH4VO3, NH4NO3, and Eu
(NO3)3·6H2O with the purity of 99.99%. Starting
chemicals were purchased from ABCR and urea,
(NH2)2CO, from Sigma‐Aldrich. The dry mixture of
0.357 g Eu (NO3)3 ·6H2O, 4.676 g of NH3VO3, and
15.32 g of Y (NO3)3 6H2O was combined with the mixture
of 4.8 g of NH4NO3 and 3.003 g of (NH2)2CO, which were
used as organic fuels. When all mixtures were prepared,
they were combusted with the flame burner at ~500°C.
After the synthesis, the nanopowders were annealed in
air atmosphere at 1200oC for 2 hr. The annealing of mate-
rial is needed in order to achieve the full crystallinity.
That sample is labeled with YVO4:Eu

3+ (I).
Second sample, YVO4:Eu

3+ (II), and the undoped
YVO4 were prepared using simple classic ceramic proce-
dure. Stoichiometric quantities of starting chemicals of
Y2O5, Y2O3, and Eu2O3 were used with the purity of
99.99% purchased from ABCR, then powdered and baked
on 900oC for 5 hr. Concentration of Eu3+ was 1%. In the
case of undoped sample, no Eu3+ was added, but the
rest of the procedure was the same as in preparation of
doped sample.

In this way, we got morphologically different
samples, and we can also make a comparison regarding
two different (but at the same time, simple) preparation
methods.

First characterization technique used for examining
the topography of obtained samples was atomic force
microscopy (AFM). Sample surfaces were investigated
using NTMDT's NTEGRA PRIMA atomic force micro-
scope, which operates in semicontact mode. The AFM
topography and phase images were acquired simulta-
neously using NSG01 probes with a typical resonant
frequency of 150 kHz and 10 nm curvature radius of the
tip apex.

Further structural characteristics were obtained using
the X‐ray diffraction (XRD) powder technique. All sam-
ples were examined under the same conditions, using a
Philips PW 1050 diffractometer equipped with a PW
1730 generator, 40 kV × 20 mA, using Ni filtered Co Kα
radiation of 0.1778897 nm at room temperature. Measure-
ments were carried out in the 2 h range of 10–100° with a
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scanning step of 0.05° and 10‐s scanning time per step.
Crystallite size was determined by using XFIT computing
program which is based on fundamental parameter con-
volution approach.[23]

Field‐emission scanning electron microscopy with
energy dispersive X‐ray spectrometer, FESEM‐EDS, (FEI
Scios 2) was used for morphology studies of our samples.
The acceleration voltage between cathode and anode was
equal to 15 kV. High‐resolution SEM images and EDS
spectra from the chosen microareas and high‐resolution
maps were shown elemental composition and surface
distribution.

Raman measurements were performed using commer-
cial NTegra Spectra system from NT‐MDT with a laser
operating at a wavelength of 532 nm. Laser power was
set to 2 mW within the ~0.5 × 0.5 μm sized focus with
exposure time of 600 s. All the Raman spectra are
unpolarized.

3 | RESULTS AND DISCUSSION

3.1 | Atomic force spectroscopy

The results of AFM measurements are shown in Figure 1.
The samples of YVO4 and YVO4:Eu

3+ (II) have granular
surfaces whereas the surface of YVO4:Eu3+ (I) has flat
domains separated by deep holes with depths up to
several hundred nanometers. The lateral size of the flat
domains has an average value of 3–4 μm. The grain and
domain boundaries are also visible in the corresponding
phase images, whose large phase contrast originates
mainly from the abrupt changes in the topography at
these boundaries. The average grain size cannot be esti-
mated accurately as the AFM tip is not able to penetrate
deep enough between the tightly packed grains. Finally,
the root‐mean‐square roughness (RMS) parameter
assessed for the YVO4 and YVO4:Eu

3+(II) surfaces has

FIGURE 1 AFM topography and

corresponding phase images for (a) YVO4,

(b) YVO4:Eu3 + (I) and (c) YVO4:

Eu3 + (II) [Colour figure can be viewed at

wileyonlinelibrary.com]
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values of about 67.2 and 67.8 nm, respectively, whereas
the morphologically distinctive YVO4:Eu3+(I) surface
has smaller RMS of around 64.5 nm.

3.2 | XRD analysis

Structure of synthesized samples of YVO4 and YVO4:Eu
3+

nanopowders were identified by XRD patterns as shown
in Figure S1. All the observed peaks are in good agree-
ment with the JCPDS card 17‐0341. The samples are
monophased and they crystallize in body‐centered tetrag-
onal lattice in the zircon‐type structure (Figure 2). No
additional peaks other than ones of YVO4, confirm that
doping of Eu3+ does not change the crystalline structure.
Calculated crystallite size for YVO4, YVO4:Eu

3+(I), and
YVO4:Eu

3+ (II) are 52, 58, and 53 nm, respectively. It
was expected that YVO4 and YVO4:Eu

3+ (II) have similar
crystallite size because of the same method of prepara-
tion. It was also showed that using classical ceramic
method we get smaller crystallite size of nanopowders
when compared with solution combustion method.

3.3 | FESEM analysis

The surface morphology and size of the prepared samples
were inspected using field emission scanning electron
microscopy (FESEM) equipped with an energy‐dispersive
X‐ray spectrometer (EDX). Results are shown in Figure

S2. All samples have spherical nanoparticles; size of par-
ticles are around 2 μm for the samples prepared with clas-
sical ceramic method (YVO4 and YVO4:Eu

3+ (II)) and
3 μm for the sample prepared with solution combustion
synthesis (YVO4:Eu

3+ (I)). The particles sizes obtained
directly from FESEM images are much bigger than those
calculated by XRD patterns, revealing the particle aggre-
gation. However, even after aggregation, particle size is
rather similar. It could be said that YVO4:Eu

3+ (II) crys-
tallized in more fluffier structure, whereas YVO4:Eu

3+

(I) is more crystalline, but that does not have any impact
on aggregation.

EDX spectra confirm that our samples consist only of
Y, V, and O for the undopped and Y, V, O and Eu ions
for the dopped samples.

3.4 | Raman spectroscopy

Primitive cell of YVO4 consists of 12 atoms (Figure 2),
which support 36 modes of vibration of which 12 of them
are Raman active can be divided into external and inter-
nal modes. External modes originate from translations
of the (VO4)

3‐ and R3+ ions and librational mode of the
whole (VO4)

3‐ tetrahedra, whereas internal modes occur
due to vibrational oxygen modes within the tetrahedral
groups (VO4)

3‐.[24] Seven of twelve Raman active modes
are labeled as internal – 2A1g, 2B1g, 1B2g, 2Eg, and four
are known as external – 2B1g, 2Eg.

FIGURE 2 Structure of YVO4. (a) Pictorial representation of 3D structure of YVO4. (b) The same structure along one direction. (c)

Polyhedral surroundings of Y and V ions are shown.Y3+ has distorted square surrounding eight O2− ions around one Y3+, and V5+ has

tetrahedral surrounding four O2− ions around one V5+ ion [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 3 presents unpolarized Raman spectra obtained
for three samples. Assignations of all the modes regis-
tered are given in Table 1.

The most of the Raman active modes registered come
from YVO4 structure, external, and internal vibrations,
and just couple of them arise or are amplified by doping
with Eu3+ (see Table 1). In Eu3+ doped YVO4 structure,
Eu3+ can be regarded as a substitution impurity ion,
where Y gets substituted for Eu. The impurity mode could
arise due to complex mechanism of electron–phonon
interaction[25] or simply because of the difference
between masses of the doping ions and ions of the host
material (known as isotope effect).[26] In our case, there

is no electron–phonon interaction, we have impurity
modes that arise due to the difference between mass of
ions exchanged. Even though we do not have actual iso-
topes, we observe a substitution of one ion with a heavier
one, with approximation that force constant remains
unchanged. Therefore, we call it isotope‐like effect.

First, let us define well known equation, which
connects force constant and oscillator frequency:

k ¼ 4π2mω2
osc; (1)

where k is force constant, m is mass of molecule, and ωosc

is an oscillator frequency.
From Equation 1, it is clear that oscillator frequency is

proportional to force constant and inversely proportional
to the mass. That means that (if we assume that force
constant is not changing when impurity is added) change
of vibrational (oscillator) frequency depends only on mass
of observed molecule.

If we observe molecules with masses mi (i = 1, 2, . . n),
their corresponding vibrational frequencies, ωosc are
given with Equation 2.

ωi
osc ¼

1
2π

ffiffiffiffiffiffi
k
mi

s
: (2)

If we observe two molecules, their ratio is given with ρ:

ω2
osc

ω1
osc

¼
ffiffiffiffiffi
μ1
μ2

r
¼ ρ: (3)

If m2 > m1, then ω2
osc < ω1

osc.
FIGURE 3 Raman spectroscopy of three samples of YVO4 and

YVO4:Eu3+ (I) and (II)

TABLE 1 Assignation of YVO4:Eu
3+ vibrational modes registered by Raman spectroscopy

Vibrational Mode (cm‐1) Assignation

156 B1g; external vibration; vibrational modes of oxygen atoms within (VO4)
3‐ tetrahedral group[21]

176 vibration caused by doping with Eu3+

221 amplified vibration by doping with Eu3+

259 B2g; external mode; symmetrical stretching vibration mode[4] in (VO4)
3‐

376 A1g; internal mode; symmetrical deformation vibration[4] in (VO4)
3‐

438 internal mode; amplified in YVO4:Eu
3+ (I) and weakened in YVO4:Eu

3+ (II).

478 B1g; internal mode; antisymmetric stretching vibration mode[4] in (VO4)
3‐

500 B1g; internal mode;

580 internal modes; Amplified or weakened vibrations by doping, depending on the method of
fabrication. In the YVO4:Eu

3+ (I) these vibrations are amplified, whereas in the YVO4:Eu
3+

(II) they are weakened.
710
740

814 B1g; internal mode;

837 Eg; internal mode; antisymmetric stretching deformation vibration mode in (VO4)
3‐

890 A1g; internal mode;
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In that way, we get the frequency of shifted mode,
which appeared when substitution of heavier ion is made.

Mode at 176 cm‐1 arises when YVO4 is doped with
Eu3+. We explain this with isotope‐like effect. Eu ion sub-
stitutes Y ion, and as a result mode at 176 cm‐1 is
obtained. Calculation was made using Eq. (1‐3). They
confirm that mode at 221 cm‐1 shifted to 176 cm‐1 within
the error limits, but also is significantly amplified. This is
due to interaction of modes at 221 and 176 cm−1, also
provoked by doping with Eu3+. Also, we have a wide
mode in the range 298–323 cm‐1 in the sample that is
not doped with Eu3+, but it vanishes when doped.

The intensities of modes obtained should also be
discussed. Same type symmetry modes, A1g, at 890 cm‐1

and 376 cm‐1 are both reduced when YVO4 nanopowder
is doped with Eu ions. Same thing happens with modes
at 156, 259, and 814 cm−1, which are in B1g and B2g sym-
metry. Eg mode at 814 cm‐1 also shows significant reduc-
ing in intensity after doping (see Table 1). A1g modes are
internal and they represent symmetrical deformation
vibrations in (VO4)

3−, whereas B1g and B2g are antisym-
metric and symmetric stretching vibrations in (VO4)

3‐;
Eg represent antisymmetric stretching deformation vibra-
tion mode in (VO4)

3‐. Irreducible representations noted
with A and B are one dimensional, whereas Eg is two
dimensional. The modes at 438, 580, 710, and 740 cm‐1

could not be found in the earlier literature. We think
those are internal modes which also arise due to (VO4)

3‐

vibrations but are amplified or weakened according to
method of fabrication. These modes are amplified when
nanopowders are prepared by solution combustion
method. As we said earlier, this method results in smaller
particles and less grained structure. As a result modes are
somewhat wider and more intense when compared with
samples prepared by CCM, which have more grained
structure. This by no means influence on isotope‐like
effect in these structures.

4 | CONCLUSION

In this paper, we showed how doping of Eu ions affect on
YVO4 nanopowders. We conclude that Eu ions substitute
Y ions in YVO4 structure and new modes in Raman
spectra occur. Detailed calculation of isotope‐like effect
was presented. Same symmetry modes show the same
tendency of reducing intensity which we attribute to the
doping with Eu ions, because of the symmetry distur-
bance of (VO4)

3‐ tetrahedra. No effect of method prepara-
tion of doped samples on isotope‐like effect are observed,
which means that the size of crystallites nor morphology
of samples affect on substitution of doped ions into YVO4

nanostructures. It was noticed that particles agglomerate,

but that does not have an impact on isotope‐like effect. To
our knowledge, there is no similar and more detailed
study in the literature concerning this effect, therefore
this work is one of the firsts to discuss it.
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Abstract
In this paper we present photoluminescence measurements of CdSe nanoparticles embed-
ded in transparent glass. Sample is prepared using an original technique, which combines 
both heat treatment and ultraviolet laser irradiation. Photoluminescence spectra displayed 
one main emission band at 2.14 eV. We identify this bands energy as basic interband tran-
sition in CdSe nanoparticle. We calculated energy of basic  (1sh–1se) transition in spherical 
CdSe quantum dot (QD), within infinite potential barrier, in effective-mass approximation. 
On the basis of this model, average radius of synthesized CdSe QDs is about 3 nm, which 
is in consistence with AFM measurements and UV–VIS absorption measurements.

Keywords Cadmium selenide · Nanoparticles · Photoluminescence · AFM · Effective mass 
approximation

1 Introduction

Glasses doped with nanosized inclusions of metals or semiconductors are known since a 
very long time. The first glasses containing metal nanoparticles were fabricated by Roman 
glassmakers in the fourth century A.D. Mediaval cathedral windows through several Euro-
pean countries witness the attention drawn by stained glasses containing metal aggregates 
as artistic work (Poole et al. 2003). They exhibit great varieties of beautiful colors owing to 
the nanosized metal particles which were embedded in the glass matrix.

Semiconductor-doped glasses were, however, not so widespread used. One very important 
application of semiconductor-doped glasses are sharp cut-off glass filters. In most cases, Cd 
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 (Sx,Sex) nanocrystals are used for this purpose. By varying × the position of the cut-off wave-
length can be precisely tuned between ~ 400 and 1000 nm.

These glass filters are easily available from different glassmakers, such as Schott, Corning, 
Hoya, or Toshiba. This is an import point, as it allowed a great number of optics groups to 
study this kind of composite material without the need for skills in material preparation.

From technological perspective, CdSe nanoparticles are of significant interest because of 
their unique quantum confinement properties, bright photoluminescence, narrow emission 
band, and photostability (Srivastava and Singh 2012). CdSe-polymer nanocomposites find 
potential applications in the fabrication of devices like photovoltaic cells, laser, thin film tran-
sistors, light emitting diodes (Yu et al. 2006; Oertel et al. 2005), catalysis (Ahmadi et al. 1996) 
and biological fluorescence labels (Bruchez et al. 1998; Chan and Nie 1998). In particular, 
CdSe nanocrystals have been proposed as working elements for nanotransistors (Klein et al. 
1997), electrohromic materials (Wang et al. 2001), and charge-coupling devices (Woo et al. 
2002).

In the present paper we studied photoluminescence characteristics of CdSe quantum 
dots in glass matrix along with investigating surface morphology of the system using AFM 
measurements.

2  Experimental details

CdSe nanoparticles embedded in transparent silicate-based glasses was successfully fabricated 
by a novel technique consisting in joined utilization of the thermal annealing below glass crys-
talization temperature, and the UV continuous wave laser irradiation (Argon laser at 244 nm). 
This innovative fabrication method exploits adapted combination of thermal annealing and 
UV laser power density that allows controlling the spatial localization of the nanocrystals for-
mation inside the glass sample. The originality of the technique is that the required thermal 
energy needed for the precipitation of CdSe into crystals is brought by thermal annealing in 
association to UV absorption, which leads to the control of the spatial crystallization. Further 
information about samples fabricating can be found elsewhere (Mekhlouf et al. 2007).

The surface morphology of our sample was investigated by atomic force microscopy 
(AFM). AFM imaging was done using the NTEGRA Prima system from NT MDT. AFM 
measurements were performed at room temperature and under ambient conditions.

The UV–VIS absorbance spectrum was recorded on the room temperature in the wave-
length range 200–800  nm on a Shimadzu UV-2600 spectrophotometer equipped with an 
integrated sphere. The absorbance spectrum was measured relative to a reference sample of 
 BaSO4.

Photoluminescence measurements on room temperature were obtained by Jobin-Yvon 
U1000 spectrometer equipped with RCA-C31034A photomultiplier with housing cooled by 
Peltier element, amplifiers and counters. As an excitation sources, the 488 and 514.5 nm lines 
of Argon laser were used.
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3  Results and discussion

3.1  Results of AFM surface characterization

The surface morphology of our sample was investigated by atomic force microscopy, 
in order to determine the general cell wall structure, together with the assembly of par-
ticular components into the wall structure as a whole. Areas of 2 × 2 and 5 × 5 µm were 
investigated, and AFM images of our sample are presented in Fig. 1a, b. From Fig. 1 
it is clear that the sample is packed and continuous without the presence of porosity 
and voids. The surface is rather smooth with no cracks observed. The small islands of 
several nm to several tenths of nm in diameter are distinguished, which corresponds to 
the nanoparticles of CdSe. According to the height bars at the right side of Fig. 1a, b, 
the surface height of our sample is up to 14 nm. Figure 1c, d show the histograms of the 
nanostructure height in 2 × 2 and 5 × 5 µm areas of AFM images, respectfully. The sam-
ple exhibits an ensemble of nanostructures with an average height of (4.9 ± 0.2) nm for 
chosen area of 2 × 2 µm, and (6.4 ± 0.2) nm for 5 × 5 µm area.

Fig. 1  2D AFM images and histograms of CdSe nanoparticles embeded in transparent silicate-based 
glasses, a 2 × 2 µm image, b 5 × 5 µm image, c 2 × 2 µm histogram, d 5 × 5 µm histogram
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3.2  Optical characterization: photoluminescence and UV–VIS absorbance 
measurements

UV–VIS absorbance spectrum of our sample is presented in Fig. 2. The position of the first 
optical transition is at 520 nm. The position of a peak is related to the size of the absorb-
ing nanocrystal and to the band gap. The average size of the nanocrystal of interest can be 
obtained using the relation (Yu et al. 2003):

where λ (nm) is the first exciton peak of CdSe absorbance spectrum. From the λ = 520 nm 
the calculated size of our nanoparticles is 2.6 nm.

There are several approaches in literature to determine the band gap from the absorb-
ance spectra. In the present study we employ the approach of Yu et al. (2003) and Hegazy 
and Abd (2014) where the  Eg is calculated directly from the absorption maximum of the 
first exciton absorption peak. Using formula

the obtained band gap is 2.39 eV.
Normally, the absorption of light by CdSe QDs increases with decreasing wave-

length (Kongkanand et  al. 2008; Debgupta et  al. 2014). In present case, we must con-
clude that the glass matrix modify the spectrum of CdSe QDs—the absorption spec-
trum of glass matrix: CdSe QDs hybrid composite differ from those of individual 
components, as in Dayneko et  al. (2016) where the CdSe QDs were incorporated in 
poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)].

PL spectra of CdSe QDs in glass matrix are presented in Fig. 3. The dominant band in both 
spectra is very broad and has a maximum at ~ 2.14 eV. Such a broad band implies the exist-
ence of vast size distribution of CdSe QDs. We assigned this transition as direct band-to-band 
transition in CdSe. Due to the Stokes shift, this value is smaller than the band gap observed 

(1)
D = 1.6122 × 10−9 × �4 − 2.6575 × 10−6 × �3 + 1.6242 × 10−3 × �2 − 0.4277 × � + 41.57

(2)Eg = h� = hc∕�,
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Fig. 2  UV–VIS absorbance spectrum of CdSe QDs
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from absorption spectrum. However, the band gap of bulk CdSe is reported to be 1.75 eV. The 
observed blue shift of this band is ~ 0.39 eV, and its position can be explained in the following 
manner.

3.3  Model

The single quantum dot we consider is spherical CdSe core surrounded by transparent glass. 
R is the core radius and the dot center is center of coordinates (Schoss et al. 1994; Kostić and 
Stojanović 2011). Electron and hole i.e. carriers, in such a system are characterized by their 
effective masses. In this case me

* and mh
* are electron and hole effective masses of CdSe. Rec-

tangular potential through the structure, having in mind that CdSe is surrounded by glass, is 
assumed as:

Considering that the carrier spectra are mainly formed by size quantization, the stationary 
Schrödinger equation for a single particle (electron or hole).

is solved in spherically symmetric potential V(r), described by (3). Separation of radial and 
angular coordinates leads to �lm(r) = Rl(r)Ylm(�,�) . Rl(r) is the radial wave function, and 
Ylm(�,�) is a spherical harmonic. l and m are orbital and magnetic quantum numbers. For a 
spherical potential with stepwise constant value 0, in the core, and ∞, outside the core, the 
radial function Rl(r) is given by:

(3)V(r) =

{
0 r ≤ R

∞ r > R

(4)
(

−
�2

2m∗
i

∇2 + V(r)

)

𝛹 (r⃗) = Ei𝛹i(r⃗), i = e, h

(5)Rl(r) =

{
A
l
jl
(
kr
)
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0 r > R
,
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Fig. 3  Photoluminescence spectra of CdSe QDs excited with 488 nm (blue) and 514.5 nm (green) lines of 
Ar–laser and recorded on the room temperature. (Color figure online)
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jl , are Bessel spherical functions. These solutions already satisfy conditions that the wave 
function is regular when r = 0. Each solution must satisfy boundary conditions. In case 
of infinitely high potential barrier, wave function does not penetrate into the surrounding 
medium and must satisfy trivial boundary condition: to be zero at r = R. This trivial bound-
ary condition leads to equation characteristic for each l (l = 0, 1, 2,…). There is series of 
solutions (eigensolutions i.e. eigenenergies) characteristic for each l. Number n numerates 
eigenenergies Enl. For an electron Enl shows the energy above core conductive band, and 
for hole energy below valence band of core material.

As it is common, the lowest energy among solution for each l is numerated as n = 1. 
Among all states, state l = 0, n = 1 is the lowest energy solution i.e. it is the ground state.

Once the eigenvalues Enl are determined, the coefficients Anl in Eq.  (5) are deter-
mined by using the normalization condition for Rnl(r), ∫ ∞

0
R2

nl
(r) ⋅ r2dr = 1 . Result of 

these calculations is the complete information about eigenenergies Enl and correspond-
ing wave functions Rnl(r).

One state can be identified by characteristic energy, denoted as Enl and wave function, 
denoted as ψnl, or just (n, l). As it is usual all l = 0 states are assigned as s, l = 1 states as 
p and l = 2 states as d. In all papers l = 0 (s) states are assigned: (l = 0, n = 1) as 1s, (l = 0, 
n = 2) as 2s, (l = 0, n = 3) as 3s etc. For the l = 1 (p) states, some authors assigned states 
in the same manner as for l = 0, i.e. (l = 1 n = 1) as 1p, (l = 1, n = 2) as 2p, (l = 1, n = 3) as 
3p etc. For the l = 2 (d) states, assignation is: (l = 2 n = 1) is 1d, (l = 2, n = 2) is 2d, (l = 2, 
n = 3) is 3d etc. In this assignation number in front s, p or d numerates if it is the first, 
second or higher order solution. It is possible, having in mind wave functions proper-
ties, to use hydrogen like assignation: (l = 1 n = 1) is 2p, (l = 1 n = 2) is 3p, (l = 1 n = 3) 
is 4p…; (l = 2 n = 1) is 3d, (l = 2 n = 2) is 4d, (l = 2 n = 3) is 5d… Hydrogen like assigna-
tion is even more desirable if we deal with charged impurities inside QD.

These calculations were performed for electrons and holes in similar procedure, 
giving the confinement energies Ee

nl
 and Eh

nl
 , and wave functions Re

nl
 and Rh

nl
 . Once the 

electron and hole wave functions are known, radial probability in the system give an 
illustrative picture, especially in more complex structures, of electron and hole spatial 
localization.

We focused our analysis to transition between l = 0, n = 1 hole (1sh) and electron (1se) 
states, because this is the basic interband transition.

From the electron and hole wave functions, the Coulomb interaction of electron and 
hole can be calculated. In the frame of perturbation theory energy of Coulomb interaction 
is given by:

ε is the high energy dielectric permittivity.
The transition electronic energy (E10) is sum of the core gap energy, corresponding elec-

tron and hole eigenvalues and the Coulomb energy:

The parameters characteristic for CdSe bulk are presented in Table  1. Calculation 
parameters, effective masses of carriers and dielectric permittivity, are transferred from lit-
erature (Kostić and Stojanović 2011; Sahin et  al. 2009). Calculated transition energy is 
presented in Fig. 4. 

(6)EC = −e2 ∫ ∫
|
||
Re
(
re
)|
||

2|
||
Rh

(
rr
)|
||

2

4��||re − rh
||

r2
e
r2
h
dredrh

(7)E10 = Eg + Ee
10
+ Eh

10
+ E

C
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Energy of basic interband transition (1sh–1se) in the quantum dots increases as the 
dimension of the dot decreases. Simple model based on effective mass approximation can 
estimate transition energy of QD. This energy depends on the dimension of the dot, and 
parameters of the bulk material like energy gap, dielectric permittivity, and electron and 
hole effective masses. Due to the very broad band, we consider that trere is an ensemble 
of quantum dots with a wide range of sizes. As a provisional borders, we used the energy 
values of FWHM of the band obtained by 514.5 nm laser line, which is less broad than 
the one obtained with 488  nm. These borders are 1.94–2.32  eV, and corresponding QD 
dimensions are 2.5–4.2 nm. The band maximum at 2.14 eV corresponds to the QD size of 
3.1 nm. These results are in agreement with the calculations for UV–VIS absorbance.

4  Conclusions

The photoluminescence measurements along with AFM measurements of CdSe nanoparti-
cles embedded in transparent glass are presented. The AFM measurements reveal the pres-
ence of small islands of several nm in diameter, which correspond to the nanoparticles 
of CdSe. The UV–VIS absorbance spectrum displayed the first exciton peak at 520 nm. 
Calculated size of nanoparticles is about 2.6 nm. The PL measurements display one main 
broad emission band at ~ 2.14 eV which is identified as basic interband transition in CdSe 
nanoparticle. The energy of basic transition in spherical CdSe quantum dot in effective 

Table 1  The material parameters 
used in the calculations

me
* is electron effective mass in material, mh

* is hole effective mass in 
material, m0 is electron mass, εr is relative dielectric permittivity, Eg is 
the energy gap of the material

Material me
*/m0 mh

*/m0 εr Eg (eV)

CdSe 0.13 0.45 9.3 1.75
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Fig. 4  1sh–1se interband transition energy in CdSe QD as function on the dot radius
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mass approximation is calculated. Based on this model, the average radius of CdSe QD is 
found to be ~ 3 nm.

Acknowledgements This work was supported by Serbian Ministry of Education, Science and Technologi-
cal Development under Project III45003. The authors thank A. Boukenter and F. Goutaland for providing 
the samples.

References

Ahmadi, T.S., Wang, Z.L., Green, T.C., Henglein, A., El-Sayed, M.A.: Shape-controlled synthesis of col-
loidal platinum nanoparticles. Science 272, 1924–1926 (1996)

Bruchez Jr., M., Moronne, M., Gin, P., Weiss, S., Alivisatos, A.P.: Semiconductor nanocrystals as fluores-
cent biological labels. Science 281, 2013–2016 (1998)

Chan, W.C.W., Nie, S.M.: Quantum dot bioconjugates for ultrasensitive nonisotopic detection. Science 281, 
2016–2018 (1998)

Dayneko, S., Linkov, P., Martynov, I., Tameev, A., Tedoradze, M., Samokhvalov, P., Nabiev, I., Christyakov, 
A.: Photoconductivity of composites based on CdSequantum dots and low-gap polymers. Physica E 
79, 206–211 (2016)

Debgupta, J., Sadananda, M., Kalita, H., Mohammed, A., Patra, A., Pillai, V.: Photophysical and photo-
conductivity properties of thiol-functionalized grapheme-CdSe QD composites. RCS Adv. 4, 13788–
13795 (2014)

Hegazy, M., Abd, El-Hameed A.: Characterization of CdSe-nanocrystals used in semiconductors for aero-
space applications: production and optical properties. NRIAG J. Astron. Geophys. 3, 82–87 (2014)

Klein, D.L., Roth, R., Lim, A.K.L., Alivisatos, A.P., McEuen, P.: A single-electron transistor made from a 
cadmium selenide nanocrystal. Nature 389, 699–701 (1997). https ://doi.org/10.1038/39535 

Kongkanand, A., Tvrdy, K., Takechi, K., Kuno, M., Kamat, P.V.: Quantum dot solar cells. Tuning photore-
sponse through size and shape control of CdSe-TiO2 architecture. J. Am. Chem. Soc. 130, 4007–4021 
(2008)

Kostić, R., Stojanović, D.: Nonlinear absorption spectra for intersubband transition of CdSe/ZnS spherical 
quantum dots. J. Nanophotonic 5, 051810 (2011)

Mekhlouf, S.E., Boukenter, A., Ferrari, M., Goutaland, F., Ollier, N., Ouerdane, Y.: UV assisted local crys-
tallization in  Er3+ doped oxy-fluoride glass. J. Non-Cryst. Solids 353, 506–509 (2007)

Oertel, D. C., Bawendi, M. G.: Photodetectors based on treated CdSe quantum-dot films. Appl. Phys. Lett. 
87, 213505 (2005)

Poole Charles Jr., P., Owen Frank, J. (ed.): Introduction to Nanotechnology, vol. 1, pp. 1–20. Wiley, Hobo-
ken (2003)

Sahin, M., Nizamoglu, S., Kavruk, A.E., Demir, H.V.: Self-consistent computation of electronic and optical 
properties of a single exciton in a spherical quantum dot via matrix diagonalization method. J. Appl. 
Phys. 106, 043704 (2009)

Schoss, D., Mews, A., Eychmuller, A., Weller, H.: Quantum-dot quantum well CdS/HgS/CdS: theory and 
experiment. Phys. Rev. B 49, 17072–17078 (1994)

Srivastava, P., Singh, K.: Synthesis of CdSe nanoparticles by solvothermal route: structural, optical and 
spectroscopic properties. Adv. Mater. Lett. 3, 340–344 (2012)

Wang, C., Shim, M., Guyott-Sionnest, P.: Electrochromic nanocrystal quantum dots. Science 91, 2390–2392 
(2001)

Woo, W.K., Shimizu, K.T., Jarosz, M.V., Neuhauser, R.G., Leatherdale, C.A., Rubner, M.A., Bawendi, 
M.G.: Reversible charging of CdSe nanocrystals in a simple solid-state device. Adv. Mater. 14, 1068–
1071 (2002)

Yu, D., Wehrenberg, B. L., Jha, P., Ma, J., Guyot-Sionnest, P.: Electronic transport of n-type CdSe quantum 
dot films: effect of film treatment. J. Appl. Phys. 99(10), 104315 (2006)

Yu, W., Qu, L., Guo, W., Peng, X.: Experimental determination of the extinction coefficient of CdTe, CdSe, 
and CdS nanocrystals. Chem. Mater. 15, 2854–2860 (2003)

https://doi.org/10.1038/39535


Nanotechnology

PAPER

Correlation between morphology and local
mechanical and electrical properties of van der
Waals heterostructures
To cite this article: Borislav Vasi et al 2022 Nanotechnology 33 155707

 

View the article online for updates and enhancements.

You may also like
Impact of a van der Waals interface on
intrinsic and extrinsic defects in an MoSe2
monolayer
Carlos J Alvarez, Minh Tuan Dau, Alain
Marty et al.

-

Computational screening of MX (M = Ga,
Ge, Sn, In; X = As, Se) van der Waals
heterostructures as suitable candidates for
solar cells
Qian Wu, Wei Wei, Fengping Li et al.

-

High-efficiency photocatalyst for water
splitting: a Janus MoSSe/XN (X = Ga, Al)
van der Waals heterostructure
Kai Ren, Sake Wang, Yi Luo et al.

-

This content was downloaded from IP address 147.91.1.42 on 04/10/2022 at 22:45

https://doi.org/10.1088/1361-6528/ac475a
https://iopscience.iop.org/article/10.1088/1361-6528/aad66f
https://iopscience.iop.org/article/10.1088/1361-6528/aad66f
https://iopscience.iop.org/article/10.1088/1361-6528/aad66f
https://iopscience.iop.org/article/10.1088/1361-6463/ab1ca2
https://iopscience.iop.org/article/10.1088/1361-6463/ab1ca2
https://iopscience.iop.org/article/10.1088/1361-6463/ab1ca2
https://iopscience.iop.org/article/10.1088/1361-6463/ab1ca2
https://iopscience.iop.org/article/10.1088/1361-6463/ab1ca2
https://iopscience.iop.org/article/10.1088/1361-6463/ab1ca2
https://iopscience.iop.org/article/10.1088/1361-6463/ab1ca2
https://iopscience.iop.org/article/10.1088/1361-6463/ab1ca2
https://iopscience.iop.org/article/10.1088/1361-6463/ab1ca2
https://iopscience.iop.org/article/10.1088/1361-6463/ab1ca2
https://iopscience.iop.org/article/10.1088/1361-6463/ab1ca2
https://iopscience.iop.org/article/10.1088/1361-6463/ab1ca2
https://iopscience.iop.org/article/10.1088/1361-6463/ab71ad
https://iopscience.iop.org/article/10.1088/1361-6463/ab71ad
https://iopscience.iop.org/article/10.1088/1361-6463/ab71ad
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstLOgG8TQUVIk8epjgENw2hf3cUVh2WLhx9nfoe7K5VWyLuyw972df2v5PdNcb_AR0gHiRjqbdmstQ60JMqx0SyHn3yXL8cYh-j80gLKlPlGuJipwyjcNmpDaCMvwu7we3YNiJgvfleDzi3VuT0bHpgBYrEz4KJntbA6qIJX-ZVQHn9QeBW0HXLrESTQynt816dkmnHWNEDOZVOToPfhLiR0aEzwsvsVSPVp-vd_KBdjCp5WKDCKAonJ_uEtUUMn3MksZjb8LgFIWCsgTtn5qHmmGxYF4Vg7iphwcUoU5wUew&sai=AMfl-YQwcuBaoJHm3tLxL0D1sR1XJhtLR7MvbD8PymfakVFDKzIrXAwZ8YjQadaSZwTnkWIADgDqVq1kAfk0SuVFGA&sig=Cg0ArKJSzM5fCtRcixTY&fbs_aeid=[gw_fbsaeid]&adurl=https://www.edinst.com/products/


Correlation between morphology and local
mechanical and electrical properties of van
der Waals heterostructures

Borislav Vasić1 , Uroš Ralević1, Sonja Aškrabić1, Davor Čapeta2 and
Marko Kralj2

1 Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
2 Center of Excellence for Advanced Materials and Sensing Devices, Institute of Physics, Bijenička 46,
10000, Zagreb, Croatia

E-mail: bvasic@ipb.ac.rs

Received 7 October 2021, revised 24 December 2021
Accepted for publication 31 December 2021
Published 21 January 2022

Abstract
Properties of van der Waals (vdW) heterostructures strongly depend on the quality of the
interface between two dimensional (2D) layers. Instead of having atomically flat, clean, and
chemically inert interfaces without dangling bonds, top-down vdW heterostructures are
associated with bubbles and intercalated layers (ILs) which trap contaminations appeared during
fabrication process. We investigate their influence on local electrical and mechanical properties
of MoS2/WS2 heterostructures using atomic force microscopy (AFM) based methods. It is
demonstrated that domains containing bubbles and ILs are locally softer, with increased friction
and energy dissipation. Since they prevent sharp interfaces and efficient charge transfer between
2D layers, electrical current and contact potential difference are strongly decreased. In order to
reestablish a close contact between MoS2 and WS2 layers, vdW heterostructures were locally
flattened by scanning with AFM tip in contact mode or just locally pressed with an increased
normal load. Subsequent electrical measurements reveal that the contact potential difference
between two layers strongly increases due to enabled charge transfer, while local I/V curves
exhibit increased conductivity without undesired potential barriers.

Keywords: van der Waals heterostructures, two-dimensional materials, atomic force microscopy,
Kelvin probe force microscopy, conductive atomic force microscopy, nanofriction, energy
dissipation

(Some figures may appear in colour only in the online journal)

1. Introduction

Van der Waals (vdW) heterostructures are vertical stacks of
different two dimensional (2D) materials [1–3]. Since indi-
vidual 2D layers hold together by weak vdW forces without
chemical bonding, their stacking is not constrained by the
crystal lattice matching. As a result, arbitrary combinations of
2D materials can be fabricated by transferring them on top of
each other [4].

Since 2D materials are associated with electronic band-
gaps in a broad range, they provide metallic (such as gra-
phene), semiconducting (such as transition metal dichalco-
genides (TMDs)) and insulating layers (such as hexagonal

boron nitride). Heterostructures obtained by their combina-
tions bring novel and unique functionalities and devices with
properties exceeding those of constituent materials. Char-
acteristic examples are barrier-free electrical contacts [5],
efficient substrates for 2D electronic devices with reduced
charge scattering [6], and tunneling and field-effect transistors
[7–9].

TMDs are 2D semiconductors with the band-gap in the
visible and near-infrared domain, with a direct band-gap in
the case of the monolayer limit, and correspondingly with a
strong photoluminescence [10]. Heterostructures comprising
of 2D semiconductors with different band gap are of
special importance since they act as atomically sharp vertical
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p–n-junctions [11] with obvious applications for rectifying
junctions [12, 13]. They are also very interesting for optoe-
lectronics and photovoltaic applications [14] such as atom-
ically-thin photodetectors and solar cells [15–19] and light
emitting devices [20, 21].

While recent studies were mainly focused on possible
applications in electronics and optoelectronics, vdW hetero-
structures have interesting mechanical properties as well.
They provide robust sliding of adjacent layers through
incommensurate states which results in a superlubric state
associated with an ultra low dissipation and friction [22–28].

Properties of vdW heterostructures strongly depend on
the quality of the interface between 2D layers. In an ideal
case, the interface is atomically flat, clean, and chemically
inert without dangling bonds. Still, in reality 2D materials are
associated with contaminations due to airborne hydrocarbon
molecules [29] or intercalated water layers (inevitable under
ambient humidity conditions) [30, 31], and due to various
residues from polymers employed during fabrication [32]
(mechanical exfoliation and transfer). After the transfer pro-
cess, vdW interaction tends to bring adjacent 2D layers into
contact, while the contaminations trapped at the interface are
simultaneously squeezed into localized pockets called bub-
bles [33–39]. Bubbles and layers intercalated between 2D
materials (hereafter intercalated layers—ILs) are kind of
imperfections and understanding of their formation, chemical
composition and physico-chemical properties is essential in
order to assess properties of realistic vdW heterostructures.

So far the chemical composition of the contaminations
has been investigated using electron microscopy [33, 40],
spectroscopic techniques [29, 41, 42] or indirectly, by heating
and following morphological changes [34, 43]. Since the
thickness of ILs is in the order of nanometer and since bub-
bles are localized to lateral domains with the size in the order
of 100nm, true nanoscale resolution in the chemical identifi-
cation of these imperfections was achieved by using atomic
force microscopy (AFM) based techniques coupled with
infrared spectroscopy [44] or by using scanning near-field
optical microscopy [45]. AFM was also demonstrated as an
efficient tool to manipulate morphology of vdW hetersos-
tructures in order to locally flatten and clean them [44,
46–48]. Still, the influence of bubbles and ILs on local
mechanical and electrical properties of vdW heterostructures
has remained unexplored so far.

Here we investigate the vdW heterostructures consisting
of MoS2 flakes stacked onto WS2 layers. Using AFM meth-
ods, we demonstrate that bubbles and ILs make the hetero-
structures softer and increase the friction and dissipation of
the mechanical energy in dynamic mode (tapping AFM
mode). AFM based electrical measurements reveal that bub-
bles and ILs are obstacles for uniform charge transfer between
MoS2 and WS2 layers, resulting in a decreased contact
potential difference. In a similar way, local electrical current
strongly decreases on domains with bubbles which prevent
vertical transport of charge carriers between layers. At the
end, we provide methods to overcome observed issues. Clean
contact between MoS2 and WS2 layers is reestablished by
AFM based flattening of vdW heterostructures using scanning

in contact mode or by applying an increased normal load from
AFM probe at single point. Subsequent measurements of
electrical properties prove that both contact potential differ-
ence and conductivity are increased.

2. Experimental methods

2.1. Sample preparation

Starting MoS2 and WS2 layers were synthesized by chemical
vapor deposition (CVD). MoS2 was grown in homemade
CVD system from MoO3 and S [49]. Sulfur vapor was pro-
duced by heating 50–100 mg of S to 150 °C by separate
heater, and carried to substrate by 100 SCCM of Ar. Growth
substrate, 300 nm SiO2 on highly doped Si, was placed in
center of furnace and heated to 800 °C during growth. For the
growth of WS2, substrates were drop coated with 10 ppm by
weight solution of sodium tungstate dihydrate [50]. After
drying, they were sulfurized in a similar setup also under 100
SCCM Ar, with substrate temperature 850 °C and S heated at
180 °C. After the growth, the substrate was cooled in furnace
to 250 °C in Ar before removal.

vdW heterostructures of MoS2 and WS2 layers were then
fabricated using a variant of the wet transfer method [51]. The
SiO2/Si substrate carrying the MoS2 monolayers was covered
by Polidimethylsiloxane (PDMS) film and subsequently
immersed into aqueous solution of ammonium hydroxide.
This solution separates the MoS2 monolayers and the sub-
strate, leaving the monolayers attached to the PDMS. The
PDMS film is then fished out of the ammonium hydroxide,
laminated on top of the other SiO2/Si substrate which carries
WS2 monolayers and finally peeled off slowly using tweezers.
The optical image of fabricated vdW heterostructures is
depicted in figure 1(a) indicating small MoS2 triangles
deposited onto larger triangular WS2. We did not apply any
post-fabrication technique, such as common post annealing
[34], in order to minimize bubbles and ILs, since the aim of
the study was to investigate their influence on mechanical and
electrical properties of vdW heterostructures.

2.2. Raman characterization

Raman measurements were performed using TriVista 557
spectrometer equipped with a triple monochromator coupled
to a microscope and a CCD detector with liquid nitrogen
cooling. Raman spectra were excited with 488 nm and 514.5
nm lines of Ar+/Kr+ laser. Triple monochromator config-
uration was 900/900/1800 grooves per mm. Low laser power
of 0.3 mW was used in order to minimize sample degradation.

2.3. AFM measurements

All AFM measurements were done using NTEGRA Prima
system from NT-MDT. Initial morphological measurements
of MoS2/WS2 heterostructures were always done in tapping
mode. Simultaneous phase measurements were used to assess
dissipation of the mechanical energy. Namely, the energy
dissipation Ediss is proportional to the phase lag ϕ
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( f~E sindiss ( )) of the AFM cantilever oscillations during the
scanning in tapping mode [52].

The local flattening was performed by AFM operating in
contact mode [44, 46, 47]. FMG01 probes from NT-MDT
(with a typical force constant of 3 Nm−1) were employed.
After the selection of an appropriate square domain, it was
raster scanned for several times (5–10), while the normal load
was increased at the beginning of every scan (in the range
from ∼20 nN to ∼130 nN). After the flattening and scanning
in contact mode, we switched back into tapping AFM mode,
selected a larger scan area (than the previously chosen
squared domain aimed for flattening), and made topographic
imaging in order to detect morphological changes.

Distribution of the local stifness was qualitatively
assessed by force modulation microscopy (FMM). In this
mode, measurements were performed in contact mode, while
an AC voltage was applied to the AFM scanner causing its
oscillations in the vertical direction, together with the sample
placed on the top of the scanner. The scanner (sample)
movement (described with the vertical coordinate zs) results
in the oscillations of AFM tip and cantilever (represented with
the vertical coordinate zc) with the same frequency. Generally,
the scanner movement is equal to the sum of the movement of
the AFM cantilever and sample indentation δ: zs= zc+ δ. On
hard samples, the indentation is practically zero, therefore,
zc= zs. On the other hand, on locally softer regions, the
indentation depth is not negligible and the cantilever oscil-
lations are decreased: zc= zs− δ. Therefore, the amplitude of
the AFM cantilever oscillations follows the variations of the
sample stifness, implying that larger (smaller) oscillation
amplitude is measured on stiffer (softer) regions. FMM
measurements were done using CSG10 probes (with a nom-
inal stiffness of 0.11 Nm−1) from NT-MDT, while the fre-
quency of the applied oscillations on AFM scanner was
around 10 kHz.

Local friction during the sliding of AFM tip on
MoS2/WS2 heterostructure was measured by friction force
microscopy (FFM) using CSG01 probes (with a nominal
stiffness of 0.03 Nm−1) from NT-MDT. The measurements
were done in contact mode by the recording of the lateral

torsion of the AFM cantilever due to local friction between
the tip and sample surface. The friction signal was obtained as
a half of the difference of the lateral force signal measured in
forward and backward scan directions. During the measure-
ments, the fast-scan axis was normal to the AFM cantilever.

Current mapping was performed in contact mode using
conductive AFM (C-AFM). During the scanning, DC bias
voltage was applied to the sample while the AFM tip was
virtually grounded (figure 1(b)). Since the aim of the study
was to detect the influence of bubbles and intercalated water
layers on properties of vdW heterostructures, the C-AFM
imaging was done with very soft probes CSG01/TiN (with a
nominal stiffness of 0.03 N/m and TiN conductive coating)
and at low normal loads in the order of 1 nN. These probes
were selected in order to avoid flattening of vdW hetero-
structures by the applied normal load from AFM tip [44, 46,
48]. I/V curves were measured at single point, at constant
normal load, by sweeping the bias voltage in the range
±10 V.

Kelvin probe force microscopy (KPFM) was employed
in order to map local electrical surface potential of vdW
heterostructures. Diamond coated probes DCP11 and NSG01
probes coated with Pt coating NSG01/PT from NT-MDT
were employed. The measurements were done using a stan-
dard two-pass technique, where the sample morphology was
recorded in the first pass, while the contact potential differ-
ence (CPD) between the AFM tip and sample surface was
measured in the second pass. In the later case, the AFM
cantilever was raised by 20 nm in order to measure only
electrostatic interaction and avoid the influence of vdW for-
ces. During the second pass, the sum of AC voltage and
variable DC voltage (figure 1(c)) was applied on the AFM
cantilever (with grounded sample). The applied AC voltage
resulted in AFM cantilever oscillations while the electrical
feedback loop automatically adjusted the value of variable
DC voltage in order to cancel the oscillations. The value of
the DC voltage which nullified the AFM cantilever oscilla-
tions is equal to the local CPD.

3. Results and discussion

MoS2/WS2 vdW heterostructures considered in this study
belong to type II of semiconductor heterojunctions which are
associated with a staggered band-gap. Excellent rectifying
properties, high photo-responsitivity [53] and large surface
photovoltage [54] make them good candidates for photo-
detection [55–58]. Besides interesting optoelectronic proper-
ties, MoS2 and WS2 are TMDs with excellent elastic [59] and
frictional properties [60, 61] as well. Optical properties and
absorption of these heterostructures strongly depend on the
interlayer coupling and charger transfer between constituent
layers [62–64]. At the same time, mechanical properties
(elasticity and friction, sliding and deformation) are also
strongly influenced by interlayer interactions and stacking
[27, 65, 66]. Therefore, MoS2/WS2 vdW heterostructure is a

Figure 1. (a) The optical image of fabricated vdW heterostructures.
The part of bigger WS2 triangle is marked by dashed line, while one
MoS2 triangle is encircled by dotted line. The average lateral size of
MoS2 triangles is around 5 μm. Experimental setups for (b) C-AFM
and (c) KPFM measurements.
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convenient platform to explore how inhomogeneities, such as
bubbles and ILs, influence interlayer interactions and local
mechanical and electrical properties.

3.1. Identification of layers

In order to detect the presence of MoS2 and WS2 in investi-
gated samples and related interlayer coupling effects, Raman
spectroscopy was used. MoS2 has two Raman active vibra-
tions, ¢E E2g

1 (in-plane), positioned at ∼386 cm−1, and
¢A A1 1g (out-of-plane), positioned at ∼404 cm−1 [67]. WS2

has two first order Raman active modes, E2g
1 and A1g, posi-

tioned at ∼357 cm−1 and ∼418 cm−1 [67, 68]. When a
resonant excitation of 514.5 nm is used, second order peaks,
mainly acoustic phonons such as 2LA(M) positioned at
297 cm−1, 323 cm−1 and 350 cm−1, become prominent due to
phonon–exciton coupling [67, 68]. The 2LA mode of highest
intensity is positioned very closely to the E2g

1 mode and the
two are superposed into one wide peak at 352 cm−1. When a
non-resonant excitation line such as 488 nm is used, only
first-order Raman modes appear in spectra of WS2 [68].

Raman spectra of MoS2/WS2 heterostructures, depicted
in figure 2, contain both MoS2 and WS2 Raman modes which
confirms presence of these layers in the heterostructure. The
spectrum excited with 488 nm line contains only first-order
WS2 modes, E2g

1 and A1g, whereas the spectrum excited with
514 nm line contains also resonantly enhanced second-order
modes. In the low frequency Raman spectrum, which is
excited with 488 nm line and displayed in the inset of figure 2,
no interlayer modes were observed which suggests scarce
coupling between the MoS2 and WS2 monolayers [64].

3.2. Bubbles and intercalated layers

AFM topographic image of the characteristic heterostructure
(figure 3(a)) consists of the triangular MoS2 flake on the top
of the WS2 flake. Such geometry with a smaller MoS2 triangle
on a larger WS2 layer was common for all heterostructures
considered in this study. Bright localized domains on the
surface of MoS2 represent bubbles formed at the interface

between MoS2 and WS2. The bright lines represent wrinkled
MoS2 domains. Bubbles do not appear below WS2 since it
was directly grown on SiO2/Si substrate without additional
transfer. Small bright dots on WS2 stand for residues appeared
during the transfer process of MoS2 or adsorbates originating
from environment. Previous works already demonstrated that
bubbles contain hydrocarbon molecules [33] and/or residues
originating from polymers used for the transfer [44]. Taking
this information into account, the aim of our work was to
study to what extent bubbles and intercalated layers degrade
mechanical and electrical properties of vdW heterostructures.

Local flattening based on contact AFM mode was done
within the square domain denoted by the dotted line in
figure 3(a). Topography recorded in tapping mode after the
flattening shown in figure 3(b) reveals that bright domains
representing bubbles and wrinkles practically disappeared.
During the flattening, surface adsorbates were pushed by
AFM tip in a scanning direction and deposited at the rims of
the square domain. Height profiles across the MoS2 flake
before and after the flattening in figure 3(c) prove that MoS2
thickness is decreased from approximately 3 nm to only 1 nm
due to squeezing out contaminants trapped between MoS2
and WS2. The height of bubbles before the flattening was up
to 15 nm. On the other hand, after the flattening, density of all
surface corrugations was very low, while their height was less
than 2 nm.

Still, after the flattening, the MoS2 surface contains local
depressions which are emphasized in figure 3(d). Character-
istic profiles in figure 3(e) taken across local depressions
reveal that their depth is around 0.5 nm which corresponds to
the thickness of MoS2. Therefore, the observed depressions
represent holes in MoS2 which appear due to its local tearing
at the position of bubbles and wrinkles [47]. The maximal
normal loads applied during AFM based flattening were up to
around 150 nN. In order to induce wear of mechanically
exfoliated 2D materials by AFM tip scratching, the applied
normal load should be at least several μN [69, 70]. Therefore,
the threshold force is much higher than the load applied in the
current study. However, in the case of layers grown by che-
mical vapor deposition, wear could start already at normal
loads of only several hundreds of nN [71]. In this case, the
wear is initiated by AFM tip going across wrinkles which
present out-of-plane local deformations and obviously
decrease the wear resistance. Since wrinkles and bubbles are
similar imperfections (the main difference is that the wrinkles
are line deformations), we can expect that wear of vdW
heterostructures during AFM based flattening could be also
initiated for forces in the order of 100 nN. Therefore, larger
normal loads applied during the AFM based flattening give
more flat layers and heterostructures, but on the other hand,
they could lead to local tearing of bubbles which present local
out-of plane deformations and therefore reduce wear resist-
ance of 2D layers.

In order to further analyze the morphology of bubbles,
we used a segment of the heterostructure depicted in
figure 4(a) (only the surface of top MoS2 displayed). We note
that smaller bubbles have circular bases, larger ones appear in
triangular and trapezoidal bases, while several biggest

Figure 2. Raman spectra of as-obtained MoS2/WS2 heterostructure,
excited with 514 nm (green line) and 488 nm (blue line). The inset
depicts the Raman spectrum in the low-frequency region (starting
from 15 cm−1), excited with 488 nm line.
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bubbles have more complex shapes with polygonal bases. For
the sake of simplicity, in our analysis, all bases were
approximated with discs described with an effective radius
Req. Relations between bubbles’ geometrical parameters are
depicted in figure 4(b). Bubbles’ maximal height Hmax

approximately linearly increases with effective radius Req

(bottom part of figure 4(b)), while the slope of the linear
dependence is around 0.1 (the ratio of H Rmax eq as a function
of Req presented in top part of figure 4(b)). The value of the
slope agrees well with H Rmax eq ratios for bubbles formed in
other vdW heterostructures, which are in the range 0.1–0.2
[35, 39]. Since the formation of bubbles is generally governed
by the competition between vdW attractive forces (which tend
to bring adjacent 2D layers into contact, while the con-
taminations are simultaneously squeezed into bubbles) and
the in-plane stiffness and bending rigidity of the top 2D layer
(which try to prevent local bending of the layer and formation
of bubbles), H Rmax eq depends on the ratio between adhesion
energy and Youngʼs modulus of elasticity, and is therefore
universal for all bubbles [35].

Although here we considered vdW heterostructures
consisting of 2D layers grown by chemical vapor deposition,
we expect similar results for the heterostructures made from
mechanically exfoliated layers. Possible differences could
appear due to applied transfer method. In the wet transfer
method, in order to separate MoS2 from SiO2/Si substrate,
samples were first covered by PDMS and subsequently
immersed into aqueous solution of ammonium hydroxide.
Nanometric thin fluid layers could then stick to MoS2 and
then become trapped after the transfer onto WS2. As a result,
it is reasonable to expect more pronounced ILs in the het-
erostructures produced by the wet transfer method, compared
to the dry transfer method.

3.3. Stiffness

The imaging in FMM mode reveals that bubbles, represented
by brighter contrast in the topographic image (figure 5(a)),
correspond to domains with lower magnitude of AFM can-
tilever oscillations (darker domains in figure 5(b)). The pro-
files in figure 5(c) display that the bubble represented by a
large bump (located at a distance of around 0.4 μm) exactly
corresponds to a huge dip in the magnitude signal. Since
lower magnitude of the AFM cantilever oscillations in FMM
implies softer regions, bubbles present locally softer domains
compared to surrounding flat parts.

The mechanical response of layered systems is dom-
inantly determined by the softest layers. In the considered
case, the softest layer is the one with trapped contaminations.
During the scanning of 2D materials in FMM mode, the local
pressure exerted by AFM tip is transferred to the medium
below them. Therefore, by scanning across MoS2 bubbles, the
AFM tip locally probes the stiffness of the material trapped
within the bubbles. Since they are filled with soft materials
such as gases, liquids and polymers (due to trapped air, water,
hydrocarbon and/or polymer residues), the AFM tip indents
the bubbles and therefore oscillates with decreased
magnitude.

The oscillation magnitude image (figure 5(b)) reveals
that even flat regions of MoS2 (which are free of large
bubbles) are slightly darker than WS2. A slight decrease of
the oscillation magnitude is indicated by Δmag in the
profile in figure 5(c). This implies that MoS2 and WS2 are
lying on substrates with different stiffness. Since WS2 was
directly grown on SiO2 and possesses intrinsic growth
strain, it is lying on a hard substrate which practically
prevents any indentation. As a result, the AFM tip here
oscillates with the maximal magnitude determined by the
oscillations of AFM scanner. On the other hand, lower
oscillation magnitude observed on flat regions of MoS2
indicates that it is lying on a softer IL. Therefore, both ILs
and especially bubbles define local domains in vdW het-
erostructures with lower stiffness.

3.4. Friction

Friction measurements were done on the MoS2/WS2 het-
erostructure depicted in figure 6(a). Top MoS2 flake consists
of three parts: bright domain 1 in the right-bottom corner,
dark domain 2 in the middle, and small bright domain 3 in the
left-top corner. The friction map in figure 6(b) reveals brighter
contrast on domains 1 and 3, and therefore larger friction than
on domain 2. Practically there is no friction contrast between
MoS2 domain 2 and surrounding WS2 due to similar friction
coefficients of two materials [72].

The characteristic height profiles depicted in figure 6(c)
illustrate that MoS2 thickness isΔh1≈ 2 nm for domain 1 and
Δh2< 1 nm for domain 2. Domain 1 (and domain 3 as well)
is thicker since it is decoupled from the underlying WS2 by an
IL. The friction profile in figure 6(c) displays two force levels
while the histogram of the friction map in figure 6(d) exhibits
two peaks. The lower peak and lower force level F2 corre-
spond to domain 2 without IL. On the other hand, the upper
peak and higher force level F1 correspond to domains 1 and 3
which contain ILs. As can be seen, the friction on domains
with ILs (1 and 3) is increased by even 50% compared to the
friction on domains without them (domain 2).

Increased friction observed on domains with ILs and
trapped contaminations is in agreement with previous results
obtained on single 2D materials [73–75]. Namely, various
contaminations, such as hydrocarbon molecules which are
inevitable on surfaces exposed to air, act as ‘third bodies’ at
the interface between two sliding surfaces. They could lock
two surfaces into contact or initiate their pristine chemical
bonding. Generally, they disturb easy sliding of two con-
tacting surfaces through incommensurate states which results
in increased friction. More recently, it has been demonstrated
that a water layer intercalated below 2D materials forms
hydrogen-bonded clusters which impede easy sliding [76, 77]
and increases density of phonon states which provides addi-
tional channels for the dissipation of frictional energy [78].

3.5. Energy dissipation in dynamic AFM mode

Friction generally leads to an undesired energy dissipation
and losses. In the previous section we considered the case
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when the AFM tip is in the mechanical contact with sample
surface. Still, the energy can be dissipated by a vibrating tip in
dynamic AFM modes as well [52]. In order to check dis-
sipation during the interaction between oscillating AFM tip
and vdW heterostructures, we employed tapping AFM mode.
Here the dissipation of the mechanical energy Ediss is pro-
portional to Fsin( ), where Φ is the phase lag of the AFM
cantilever oscillations during the tapping mode imaging [52].

Phase maps for the heterostructure in figure 7(a) are
presented in figures 7(b) and 7(c), for both the in-phase and
out-of-phase oscillations, respectively (the in-phase/out-of-

Figure 3. Morphology of the considered MoS2/WS2 vdW heterostructure (a) before and (b) after the AFM based flattening. The flattening
was performed within the square domain marked in (a). (c) Height profiles along dashed lines in (a) and (b). (d) Morphology of the
heterostructure after the flattening with the focus on the area with MoS2. (e) Height profiles (along dashed lines 1 and 2 in (d)) taken across
holes in MoS2 layer.

Figure 4. (a) Morphology of bubbles emphasizing variations of their
basis, ranging from circular to triangular and polygonal bases. (b)
Bubbles’ maximal height as a function of their effective radius
(bottom) and the slope of H Rmax eq as a function of Req (top).

Figure 5. (a) Morphology of MoS2/WS2 heterostructure, (b)
corresponding magnitude of the AFM cantilever oscillations
recorded in FMM mode. (c) Height and magnitude profiles along
dashed lines in (a) and (b), respectively.
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phase oscillations are associated with increasing/decreasing
phase as a function of frequency [79]). In the former (latter)
case, the measured phase signal is above (below) 90°, while
bubbles are represented by darker (brighter) contrast.

Therefore, lower (higher) phase lag was measured on the
bubbles than on their surrounding. The phase contrast was the
same in both forward and backward directions, and therefore,
it indicates true variations of the local mechanical properties
of the vdW heterostructure.

Recently, the phase imaging has been employed in order
to study and map local inhomogeneities and bubbles of
transferred graphene, while the observed contrast has been
explained by variations in local stiffness [80]. Here we relate
the observed contrast to variations in energy dissipation. The
phase histograms in figure 7(d) reveal two peaks for both
cases: around 122° (bubbles) and 144° (surrounding area) for
the phase map from figure 7(b), and around 56° (bubbles) and
36° (surrounding area) for the phase map from figure 7(c).

Figure 6. (a) Morphology of MoS2/WS2 heterostructure and (b)
corresponding friction map. (c) Height and friction profiles along
dashed lines in (a) and (b), respectively. (d) Histogram of the friction
map calculated for the square domain marked by dotted line in (b).

Figure 7. (a) Morphology of MoS2/WS2 heterostructure, (b) phase
map for the in-phase AFM cantilever oscillations (z-scale from 100° to
160°), (c) phase map for the out-of-phase AFM cantilever oscillations
(z-scale from 10° to 70°), (d) histograms of both phase maps.

Figure 8. (a) CPD map of MoS2/WS2 heterostructures measured by
KPFM and (b) corresponding histogram for the indicated areas.

Figure 9. (a) Topography of domain 2 from figure 8(a) and (b)
corresponding CPD map. (c) Height and CPD profiles along dashed
lines marked in (a) and (b), respectively. (d) Schematic representa-
tion of the band structure for domain 2 according to KPFM
measurements.
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Since ~ FE sindiss ( ), Ediss is larger on the bubbles by around
30% compared to their flat surroundings. The same conclu-
sion holds for both in-phase and out-of-phase oscillations,
confirming that the dissipation is independent on the initial
scanning conditions [79].

During tapping mode imaging with a vibrating AFM tip,
the mechanical energy is usually dissipated due to long- and
short-range surface adhesion hysteresis [52]. Still, in the case
of vdW heterostructure, the dominant phase contrast is
observed across the bubbles which contain trapped fluids
and/or polymer residues. Such viscoelastic materials gen-
erally introduce an additional dissipation channel due to
hysteresis of the viscoelastic force during the tip approach and
retract [52]. This seems the main cause of the increased dis-
sipation observed on bubbles.

3.6. Electrical surface potential

The influence of the morphology of MoS2/WS2 hetero-
structures on their local electrical properties was first studied
by KPFM. In the CPD map in figure 8(a), top triangular MoS2
flakes are well resolved. They are represented by darker
contrast and lower CPD compared to WS2. While the
potential of MoS2/WS2 heterostructure in domain 1 is spa-
tially homogeneous, the heterostructure in domain 2 exhibits
an inhomogeneous CPD with two different levels. Histograms
for two characteristic domains are given in figure 8(b). Taking
into account that CPD=Φt−Φs (CPD is equal to the dif-
ference between the work functions of AFM tip (Φt) and
sample (Φs)), the following relations can be derived. Higher
CPD of WS2 indicates lower work function than on
MoS2/WS2 heterostructures. Therefore, when MoS2 is
deposited onto WS2, in order to equilibrate their Fermi levels,
electrons are transferred from WS2 to MoS2.

The histogram of domain 2 displays two peaks for MoS2
on WS2: at around 380 mV (marked by MoS2/IL/WS2) and
340 mV (marked by MoS2/WS2). In order to clarify the
observed inhomogeneity, additional small-scale imaging of
this domain was done. Topography in figure 9(a) and char-
acteristic height profiles in figure 9(c) show that the hetero-
structure consists of two areas with different heights. The
upper area (MoS2/IL/WS2) is thicker by∼ 2 nm due to an IL
between MoS2 and WS2. At the same time, these areas are
associated with two different CPD levels which are separated
by∼ 30 mV as displayed in figures 9(b) and (c).

Previous works demonstrated that water layers inter-
calated between a substrate and 2D materials prevented
commonly observed charge doping from the substrate
[81, 82]. Therefore, ILs can be regarded as obstacles for
charge transfer. KPFM results can be then interpreted using
the schematic representation of the band diagram in
figure 9(d) in the following way. The heterostructure without
IL (MoS2/WS2) has lower CPD. Therefore, it has higher
work function ΦM,2 compared to MoS2/IL/WS2 with work
function ΦM,1. Increased work function ΦM,2 implies larger
potential difference compared to WS2 work function ΦW. As a
result, the charge transfer of electrons from WS2 to MoS2 is
more efficient. Therefore, areas of MoS2/WS2 without IL are
associated with more pronounced charge transfer leading to
larger CPD contrast between MoS2/WS2 and bare WS2.

Bubbles induce inhomogeneous strain in two-dimen-
sional materials and consequently local band bending
[83–85]. Possible variations of electrical surface potential
across bubbles were explored by KPFM. The comparison of
topographic image (Figure 10(a)) and corresponding CPD
map (figure 10(b)) reveals that bubbles are represented by
brighter domains in the CPD map. This is even more pro-
nounced in the case of heterostructures without ILs and with

Figure 10. (a) Topography and (b) CPD map of MoS2/WS2 heterostructure revealing increased CPD on bubbles. (c) Topography and (d)
CPD map of the heterostructure where the bottom part (encircled by the dashed line) is free of ILs and with larger bubbles. (e) CPD profiles
along several bubbles from the bottom part of the heterostructure in part (d) (the second profile lifted up by 30 mV for better visibility). (f)
Schematic representation of the band diagram indicating local band bending around bubbles.
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larger bubbles. Such case is presented in the bottom part of
the heterostructure presented in figures 10(c) (topography)
and 10(d) (CPD map). CPD profiles in figure 10(e) taken
across large bubbles with a diameter of several hundreds of
nm reveals that the surface potential is increased by several
tens of mV. As a result, the band diagram and local band
bending around bubbles can be represented by a scheme in
figure 10(f). Brighter contrast in CPD maps indicates that
bubbles can be considered as local domains with a lower
work function Φb. They are surrounded by flat areas with a
larger work function Φf. Therefore, electrons in MoS2 layer
placed on bubbles are sitting in potential wells.

3.7. Electrical conductivity

Local conductivity was investigated on the heterostructure
displayed in figure 11(a) presenting only a segment of the top
MoS2 layer. DC bias voltage was applied to the bottom WS2
layer, while the electrical current was simultaneously mea-
sured through the metallic AFM tip in contact with top MoS2
layer. In the topographic image, bubbles are represented by
bright, circular and elliptical domains. As already mentioned,
in order to avoid any tip-induced flattening of the hetero-
structure and to preserve all topographic features such as
bubbles, the measurements were done with a soft probe and at
a low normal load in the order of 1 nN. The resulting current

map in figure 11(b) displays darker circular and elliptical
domains with locally decreased current. Practically the same
current maps were measured in both forward and backward
directions, thus excluding any tip-shape effects on the
obtained results. The observed darker domains correspond
exactly to bubbles. This is further proved in figure 11(c)
which presents a topographic and corresponding current
profile. As can be seen, the electrical current drops exactly on
bubbles (shaded regions), and compared to the current mea-
sured on flat areas, it decreases by up to∼ 50%.

In order to further explore the origin of a low current
measured on bubbles, local I/V curves were measured across
them. Characteristic results presented in figure 12 display
nonlinear I/V curves with large turn-on voltages. At the same
time, the I/V curves are well grouped into two sets. The
curves measured exactly on the area with a bubble display
much lower currents with increased turn-on voltage of around
9 V. On the other hand, the I/V curves measured on flat areas
around the bubble present much larger conductivity and lower
turn-on voltage in a wide range of 1–7 V. Therefore, besides
lower conductivity, local I/V measurements indicate appear-
ance of an additional potential barrier on bubbles compared to
flat areas.

Electrical current measured in C-AFM is dominantly
determined by the contact resistance (the resistance between
the AFM tip and sample surface) which is proportional to the
local resistivity of the sample surface below the AFM tip [86].
Considered MoS2/WS2 heterostructures practically consist of
two parallel current sheets which can be therefore represented
as two parallel resistors with similar resistances. When bub-
bles are present between two current sheets, the system can be
represented with only one resistor corresponding to the top
MoS2 layer. As a result, the total resistance in the latter case
is approximately two times larger than in the former case

Figure 12. I/V curves measured on MoS2/WS2 heterostructure
across a bubble (the dotted line indicated in figure 11(b)). The inset
depicts the current map measured on the area with the bubble. The
line schematically presents the points where the I/V curves were
measured. The I/V curves at high normal load were measured on a
flat region without bubbles.

Figure 11. (a) Topography and (b) current map of MoS2/WS2
heterostructure. Since the selected scan size was smaller than the size
of top MoS2 flake, surrounding WS2 flake is not displayed. (c)
Corresponding height (top) and current (bottom) profiles taken along
dashed lines indicated in (a) and (b), respectively. Shaded domains
emphasize overlapping between bubbles and regions with decreased
current.
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which explains the observed decrease of current in C-AFM
by∼50%.

C-AFM and I/V curves were measured for the bias
voltage applied on bottom WS2 (figure 1(b)). Therefore, for a
high enough positive bias voltage, electrons are transferred
from MoS2 to WS2 and then into external electrical contact.
Still, bubbles prevent direct tunneling of the electrons from
MoS2 to underlying WS2. Electrons in these regions first have
to reach flat MoS2 areas. For that purpose, they have to
overcome a potential barrier Φbar=Φf−Φb observed in
KPFM measurements. After that, they can be transferred from
MoS2 to WS2. The potential barriers associated with bubbles
could be an additional reason for the observed lower con-
ductivity and larger turn-on voltages (measured in I/V curves)
observed on the bubbles.

Figure 12 shows that I/V curves measured on flat regions
surrounding bubbles exhibit also rather high turn-on voltages.
Still, they practically disappear for high normal load applied
on AFM probe during I/V curve measurements as will be
discussed in the next section. This indicates that practically
whole MoS2 flake is separated from WS2 by a thin IL, with a
thickness of around 1 nm. Then high enough turn-on voltage
is needed to overcome a potential barrier induced by such
insulating layer and to initiate electron flow.

3.8. Electrical properties improved by local AFM based
flattening

The previous analysis indicates that in order to provide an
efficient charge transfer, it is necessary to remove all con-
taminations between heterostructure’s layers. Previous works
[44, 46–48] and our results presented in figure 3 demonstrate
that AFM based flattening could be an efficient technique for
this purpose. The final goal of our study was to explore if
the AFM based flattening could improve the efficiency of
charge transfer and overall electrical properties of vdW
heterostructures.

First we consider the influence of local flattening on
electrical surface potential. Topography and CPD map

measured after the flattening of a small square domain within
MoS2/WS2 heterostructure are presented in figures 13(a) and
(b), respectively. We distinguish four levels in CPD which are
associated with the following areas: MoS2/IL/WS2 (thicker
part of the heterostructure with IL), MoS2/WS2 (thiner part
without IL), flattened MoS2/WS2 (the central square domain
flatten by AFM), and bare WS2. The CPD histogram in
figure 13(c) shows that CPD of domains with and without IL
differs by around 40 mV. The CPD of the area flattened by
AFM is decreased compared to non-flattened heterostructure
MoS2/IL/WS2 by∼30 mV. Therefore, the CPD of the flat-
tened area approaches the CPD of the heterostructure without
IL. In the considered case their difference was decreased to
only∼10 mV which indicates that AFM based flattening can
be really employed as an efficient method for removing
contaminations and facilitating charge transfer between layers
in vdW heterostructures.

In a similar way, we have tested the influence of the
normal force applied during I/V curve measurements on
resulting currents. Figure 12 depicts also I/V curves measured
at the normal load increased above∼ 100 nN. As can be seen,
resulting curves are still nonlinear, but the turn-on voltage
practically disappeared. Therefore, for a high enough normal
load, contaminations were expelled from the interface
between MoS2 and WS2. As a result, potential barriers for
charge carriers were removed and high conductivity was
reestablished.

4. Conclusions

In a summary, using AFM methods, we have demonstrated
that bubbles and ILs deteriorate both mechanical and elec-
trical properties of vdW heterostructures. These imperfections
with trapped contaminations prevent direct contact between
constituent 2D layers and interlayer interactions. As a result,
from a mechanical point of view, they behave as a third body
which prevents easy sliding of 2D layers one over each other
thus leading to increased friction. In addition, bubbles and ILs

Figure 13. (a) Topography and (b) CPD map of the heterostructure after the AFM based flattening of the square domain marked by dashed
line in (a). (c) Histogram of CPD for four areas indicated by dots in part (b): bare WS2 (domain marked by red dot in (b)), the heterostructure
with IL (domain marked by blue dot in (b)), the flatten part of the heterostructure (domain marked by black dot in (b) and by dashed rectangle
in (a)), and the heterostructure without IL (domain marked by yellow dot in (b) encircled by dotted line in (a)).
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present locally softer domains which open additional dis-
sipation channels, probably due to viscoelastic damping. In an
analogous way, from an electrical point of view, bubbles and
ILs behave as insulating layers and potential barriers which
block charge transfer between constituent 2D layers. As a
result, local electrical conductivity on domains with bubbles
and ILs decreases, while the difference of the surface poten-
tial between constituent layers is lowered.

In order to improve properties of vdW heterostructures
after the transfer process, we have demonstrated that it is
necessary to apply high enough normal load by AFM probe in
order to locally remove contaminations trapped in bubbles
and ILs. We illustrated two approaches. The first one is based
on AFM flattening of square areas where constituent 2D
layers are returned back into a close contact by a scanning in
contact AFM mode. As a result, due to reestablished charge
transfer between constituent layers, the flattened areas exhibit
increased difference of surface potential approaching the
levels measured on areas without bubbles and ILs. In the
second approach, local I/V curves measured at increased
normal load exhibit significantly improved electrical con-
ductivity of vdW heterostructures.
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