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2. БИОГРАФСКИ ПОДАЦИ  
 

Др Мартина Гилић рођена је 22.07.1983. године у Београду, где је завршила Основну школу 

“Светозар Марковић” а затим и Трећу београдску гимназију. Факултет за физичку хемију 

Универзитета у Београду уписује школске 2002/03 године, који завршава априла 2008. године 

као једна од најбољих студената у генерацији, са просечном оценом 9,1. Дипломски рад под 

називом “Раманова спектроскопија DX-примесних центара у Pb1-xSnxTe(In)” урадила је под 

менторством др Миљенка Перића и др Небојше Ромчевића. Исте године уписује и докторске 

студије Факултета за физичку хемију, које завршава јуна 2014. године, одбраном тезе “Оптичке 

особине нанодимензионих система формираних у пластично деформисаном бакру, танким 

филмовима CdS и хетероструктурама CdTe/ZnTe”, под менторством др Небојше Ромчевића, 

научног саветника Института за физику у Београду. 

Кандидаткиња је од септембра 2008. године запослена у Институту за физику у Београду. 

Основни предмет истраживања јој је оптичка спектроскопија и карактеризација различитих 

врста наноматеријала. 

2011. године стиче звање истраживач сарадник, затим је у мају 2015. године изабрана у звање 

научни сарадник, те јула 2020. године у звање виши научни сарадник (доказ дат у прилогу). 

Кандидаткиња је од 2008. до 2010. године активно учествовала на пројекту Министарства 

просвете, науке и технолошког развоја број 141028Б, под називом “Спектроскопија 

елементарних ексцитација у полумагнетним полупроводницима”, а од 2011. до 2020. године 

била је ангажована на пројекту истог Министарства број III45003 “Оптоелектронски 

нанодимензиони системи- пут ка примени”, где је руководила потпројектом “Синтеза 

наноматеријала и структура”. 

Од септембра 2020. закључно са јулом 2023. године др Гилић је првела на научном усавршавању 

на Freie Univeristät-у у Берлину, где је била запослена као научни радник (постдок) на Институту 

за експерименталну физику, AG Reissig, на DFG пројекту „Diatom frustules as nature-designed 

building blocks for photonic applications”. 

Др Гилић је до сада објавила 45 радова у међународним часописима, који су цитирани 575 пута, 

са h фактором 14 (списак радова дат је у прилогу 1 овог извештаја), као и 7 поглавља у 

монографијама (доказ у прилогу). Кандидаткињини резултати су презентовани на десетинама 

конференција у земљи и иностранству. Одржала је више усмених предавања, од којих су два по 

позиву (доказ дат у прилогу), као и бројне семинаре групи AG Reissig на Frei Universität-у Berlin. 

Коауторка је једног патентног решења. Кандидаткиња је чланица едиторијалног одбора 

часописа American Journal of Optics and Photonics, и рецезент у више међународних часописа 

(доказ дат у прилогу). 

 

 

 

 

 

 

 



 

 

3. ПРЕГЛЕД НАУЧНЕ АКТИВНОСТИ 

 

Научно – истраживачка активност др Мартине Гилић је првенствено везана за експерименталну 

физику чврстог стања и физику наноматеријала, као и синтезу наноматеријала и структура у 

оквиру пројектних задатака којима руководи. Истраживања су првенствено усмерена на 

утврђивање оптичких, структурних и електричних својстава поменутих система различитим 

спектроскопским и микроскопским методама. Научне активности обухватају формулацију 

проблема, експериментални рад, обраду резултата и теоријску анализу испитиваних материјала. 

Кандидаткиња у окиру матичне лабораторије изводи мерења на уређајима за Раманову и 

фотолуминесцентну спектроскопију и спектроскопску елипсометрију, док са колегама из 

Института за мултидисиплинарна истраживања врши мерења на УВ-ВИС спектрометру. Добијени 

експериментални резултати се анализирају, при чему се примењују постојећи или се развијају 

нови модели, и долази се до јасне слике о својстима испитиваних материјала.  

У наставку је дат преглед области истраживања кандидаткиње, разврстан углавном по 

изучаваним материјалима. 

 

Оптичке и структурне особине нанодимензионих система: 

• Танки филмови 

Изучавани су танки филмови CdS и CuSe различите дебљине добијени једноставном техником 

вакуумског напаравања.  У случају CdS, инфрацрвени спектри су анализирани коришћењем 

нумеричког модела за израчунавање коефицијента рефлексије сложених система који укључују 

филм и супстрат. Диелектрична функција танког филма CdS анализирана је помоћу Maxwell-

Garnet-ове формуле као смеша хомогених сферних инклузија CdS у ваздуху. Интензитети 

Раманових спектара су анализирани помоћу исте формуле, и добило се веома добро слагање 

између примењеног модела и експерименталних података. Интересантно је напоменути да су 

филмови високог квалитета добијени једноставном методом вакуумског напаравања, што 

смањује цену производње за потенцијалну примену у оптоелектроници и пиезоелектроници.  

У другом случају (CdS) се ради о двофазним филмовима. Раманова и инфрацрвена 

спектроскопија су коришћене за идентификацију и квантификацију две фазе. Помоћу модела за 

конфајнмент оптичких фонона одређиване су величине честица CuSe2 фазе, при чему је утврђено 

да се димензије честица повећавају са повећањем дебљине филма. Иако је овај модел 

ограничен на наночестице правилног сферног облика, показало се да он даје добре резултате и 

код реалних нанокристала који суи неправилног облика. УВ-ВИС спектроскопијом су добијене 

вредности забрањених зона обе фазе, при чему је утврђено да оне незнатно опадају са 

повећањем дебњине филма. Фотолуминесцентним мерењима на ниским температурама је 

детектован дефектни ниво селена – негативни У-центар.  

 

• Самоорганизујуће квантне тачке 

Изучаване су хетероструктуре CdTe/ZnTe. Због велике разлике у параметрима решетке, овакве 

структуре погодују формирању квантних тачака. Утврђено је да уочени мултифононски процеси 



зависе од тепературе и енергије побуде (тј. таласне дужине ласера). Када се енергија расејаног 

фотона приближи енергији забрањене зоне ZnTe, одговарајући Раманов мод постаје резонантно 

појачан. Даље, апроксимацијом ефективне масе, израчунат је дијаметар квантних тачака CdTe – 

4.3 nm, што је знатно мање од Боровог радијуса ексцитона  CdTe који износи 10 nm. 

 

• Оксидни нанопрахови допирани Eu3+,  Dy3+ и недопирани  

Луминесценција јона ретких земаља налази велику примену у активним супстанцама белих 

фосфора код равних екрана, плазма дисплеја, ЛЕД диода итд. Оксидне наноструктуре допиране 

јонима ретких земаља показују побољшана оптичка својства. Нанопрахови YVO4 са и без 

допирања јонима Eu3+, испитивани су методом Раманове спектроскопије. Утврђено је да 

допирање овим јонима резултује променама Раманових спектара. Код допираног узорка се 

појављује нов мод, уз промену интензитета постојећих модова. Јон Eu замењује јон Y у решетки. 

Изотопски ефекат је детаљно разматран и израчунаван. У другом раду је за исти материјал 

изучавана кинетика и временски разложена анализа луминесенције, при чему је закључено да 

је нанопрах YVO4:Eu3+ погодан материјал за примену у различитим оптоелектронским 

направама. У трећем раду је утврђено постојање површинског оптичког фонона и различитих 

мултифононских процеса, што мења спектар балк YVO4. 

Еуропијумом је допиран и нанопрах Gd2Zr2O7, материјал познат као домаћин (хост) за 

фотолуминесентну примену. Рамановом спектроскопијом су уочена два фонона која до сада 

нису била регистрована, и њихова позиција је у складу са уоченом електрон-фонон 

интеракцијом. Регистровани мултифононски процеси су директна последица допирања, а то 

условљава и појаву бочне траке фонона. 

Нанопрах YAG:Dy испитиван је Рамановом и фотолуминесцентном спектроскопијом. Утврђено је 

да постоји јако купловање између јона ретке земље и вибрација решетке. Раманови спектри  

YAG:Dy су нешто шири од одговарајућих спектара монокристала YAG, а неки модови показују и 

плави помак. Закључује се да се материјал YAG:Dy може користити као извор беле светлости 

(бели фосфори). 

Нанопрах YFeO3 је добијен механохемијском синтезом, и својства су му испитивана дифракцијом 

X- зрака, Рамановом и инфрацрвеном спектроскопијом, те Mössbauer-овом спектроскопијом. 

Шереровом једначином је израчуната величина кристалита и она износи 12 nm. Уочено је 7 

Рамнових и 10 инфрацрвених модова. Mössbauer-ова мерења су потврдила суперпарамагнетни 

карактер ортоферита. 

 

• Квантне тачке у полимерној матрици  

Испитивана су својсва нанокомпозита CdSe/ZnS-PMMA и ZnS-PMMA. Циљ је очувати оптичку 

активност квантних тачака у нанокомпозиту, уз побољшање механичких својстава. У случају 

core/shell структура (CdSe/ZnS-PMMA), Рамановом спектроскопијом је утврђено да матрица није 

утицала на фононске модове CdSe језгра квантних тачака, тј спектри CdSe/ZnS-PMMA и CdSe/ZnS 

су готово идентични. Може се рећи да су кристалити сулфида и селенида ушли у поре мреже 

PMMA без ремећења континуалне 3D структуре полимерне матрице.  

Што се тиче нанокомпозита ZnS-PMMA, анализа Раманових спектара је вршена моделом 

заснованим на теорији ефективног медијума. Утврђено је присуство површинског оптичког 

фонона, чији облик и позиција зависе од врсте композита. 



Код мултикомпонентног полимерног нанокомпозита титан-карбид/PMMA, који садржи TiC, TiC 

MXene и остатке TiC и TiO у PMMA матрици, извршена је карактеризација уз помоћ XRD, 

инфрацрвене и Раман спектроскопије, као и упоредне анализе вибрационих својстава путем DFT 

прорачуна. SEM мерења су показала да су произведене честице титан-карбида добро 

дефинисане и раздвојене у наноскалне зрна. Примењен је Maxwell–Garnett модел за анализу 

инфрацрвеног спектра, што је омогућило одређивање модификације оптичких својстава 

полимерне матрице за запремински удео од 0.25. 

 

 

• Наночестице  

Изучаване су оптичка и структурна својства разних наночестица добијених различитим 

методама: честице CdSe у стакленој матрици добијене оригиналном техником која комбинује 

загревање и озрачивање УВ ласером; честице NiO добијене комбинацијом копреципитације и 

одгревања; честице ZnO допиране CoO добијене копреципитацијом/калцинацијом, честице Cd1-

xMnxS добијене методом колоидне хемије. 

 

Фрустуле дијатомеја као природни 2D фотонски кристали 
Ово је била кандидаткињина главна тема истраживања за време њеног боравка на Freie 

Univeristät-у у Берлину. Изучаване су силикатне фрустуле дијатомејских микроорганизама које 

поседују веома правилну структуру на дужинским скалама које се простиру од нанометарског до 

микрометарског опсега, при чему структурни обрасци и димензије зависе од врсте дијатомеја. 

Ова структура има јединствена оптичка својства, слична онима код 2D (или 3D) фотонских 

кристала. Коришћењем хибридних супстрата дијатомеја пресвученим ултратанким слојем злата 

постигнуто је знатно повећање интензитета Површински појачане Раманове спектроскопије 

(SERS). Анализирана су три хибридна супстрата са фрустулама три различите врсте дијатомеја, 

при чему су цилиндричне фрустуле врсте Aulacoseira sp. показали највеће повећање сигнала, до 

14 пута. Нумеричка анализа методом коначних елемената потврдила је експерименталне 

резултате. Резултати показују да фрустуле дијатомеја различитих облика могу побољшати SERS 

сигнал, при чему повећање зависи од геометрије и ултраструктуре фрустуле. 

 

Неоргански филмови на флексибилним полимерима 
У сарадњи са др Нерингом Петраушкиене са Технолошког Универзитета Каунас у Литванији, 

изучавани су флексибилни полимери модификовани халкогенидима бакра, конкретно бакар-

сулфидом (CuxS) и бакар-селенидом (Cu2−xSe), који представљају обећавајућу класу материјала 

за флексибилну електронику и оптоелектронске примене. Коришћене су различите методе 

депозиције, укључујући хемијско таложење из купке, сорпционо-дифузиони процес и SILAR 

методу, како би се произвели висококвалитетни танки филмови са подесивим структурним, 

оптичким и електричним својствима.  

 

У првом случају ради се о депозицији танких филмова CuxS на полиамидним (PA) и 

полипропиленским (PP) подлогама коришћењем методе хемијског таложења из купке. Филмови 

добијени након два или три циклуса депозиције показали су уједначену морфологију и 

хексагоналну ковелитну структуру, потврђену XRD анализом. Вредности енергетског опсега од 

2,75–2,78 eV (директни) и 1,29–1,41 eV (индиректни) указују на одлична полупроводна својства. 



Помоћу Раманове спектроскопије идентификовани су карактеристични пикови ковелитне и 

Cu2−xS фазе, при чему су структурне разлике зависиле од броја циклуса депозиције и типа 

подлоге, што ове материјале чини погодним за фотонапонске примене. 

 

Друга студија представља економичну сорпционо-дифузиону методу за таложење Cu2S филмова 

на предтретираним полиамидним (PA6) подлогама. Методе предтретмана значајно су утицале 

на електрични отпор филмова, који је варирао од 7 kΩ/sq до 6 MΩ/sq. XRD анализа показала је 

орторомбичну кристалну структуру, док је предтретман унапредио кристалиничност филмова. 

Директни и индиректни енергетски опсези од 2,61–2,67 eV и 1,4–1,44 eV указују на добра оптичка 

и електрична својства погодна за оптоелектронске примене. Резултати истичу важност 

једноставних предтретмана у побољшању квалитета филмова. 

 

Трећа студија истражује Cu2−xSe танке филмове депоноване на полиамиду коришћењем SILAR 

методе при различитим температурама. Повишене температуре довеле су до побољшане 

величине зрна и смањења густине дислокација, чиме су побољшани уједначеност и 

проводљивост филмова. XRD и Раман спектроскопија потврдиле су кубну структуру Cu2−xSe, са 

енергетским опсезима од 1,98–2,28 eV. Филмови депоновани при 80 °C показали су најбољу 

комбинацију уједначености, проводљивости и оптичких својстава, наглашавајући важност 

контроле температуре за прилагођавање перформанси материјала. 

 

 

Метални комплекси са Шифовим базама 
У овом раду описана је синтеза два нова комплекса 2-ацетилпиридин-аминогуанидина (L) са 

цинком(II) и кадмијумом(II), односно [Zn(L)(NCO)2] и [{Cd(L)Cl(μ-NCO)}2]. Њихова структура је 

одређена XRD анализом, док је спектроскопска карактеризација обухватила и два претходно 

синтетисана комплекса: ([Zn(L)(NSC)2] и [Cd(L)Cl2]). IR и Раман спектри открили су фонске модове 

са повећаним интензитетима у опсегу 1000-1700 cm⁻¹ за сва четири узорка. Анализа 

фотолуминесценције је показала три пика, при чему се интензитет значајно мењао заменом [Cl]⁻ 

лиганда са [NCO]⁻. Други [NCO]⁻ лиганд је додатно појачао фотолуминесценцију у целом опсегу. 

Ови резултати пружају бољи увид у интеракцију електрона и фона и проширују могућности 

примене металних комплекса. 

 

 

Оптичка и електрична својства монокристала раслих техником Чохралски и Бриџман  
Проучавани су монокристали добијени методом раста кристала по Чохралском (Czochralski) и по 

Бриџману (Bridgman). Израчунати су критични дијаметар и критична стопа ротације, а одређени 

су и погодни раствори за полирање и нагризање. При карактеризацији добијених монокристала 

је коришћен низ експерименталних метода: дифракција X - зрака, инфрацрвена и Раманова 

спектроскопија, спектроскопска елипсометрија. Ови материјали, захваљујући великој 

разноврсности физичких особина имају велику примену у електронским и оптоелектронским 

уређајима, где је неопходно да кристали имају малу густину дислокација и велику оптичку 

хомогеност. Стога се велика пажња посвећује начину и условима добијања узорака. Bi12GeO20 

кристали су добијени по методи Чокралског из високо чистих полазних Bi2O3 and GeO2 оксида и 

оксида мање чистоће и анализирани су уз помоћ XRD, Раман и ИЦ спектроскопије. Индекси 

преламања су одређени методом елипсометрије. Bi12GeO20 кристал прозирно жуте боје је на 

основу магнетно оптичког квалитета чак 10 пута бољи од комерцијалног материјала. Сврха је 

била да се утврди минимална чистоћа оксида неопходних за производњу Bi12GeO20 сензорског 

кристала. Снижење цена поступка производње кристала је један од главних циљева који треба 



да буде испуњен, да би могао да се користи и угради као оптички сензор на основу Фарадејевог 

ефекта. 

Посебно треба истаћи добијање оксидних кристала итријум-алуминијум гарнета (YAG, Y3Al5O12) 

и неодинијумом допираног итријум-алуминијум гарнета (Nd:YAG) доброг оптичког квалитета 

методом Чохралског, и њихову карактеризацију Раман и инфрацрвеном спектроскопијом. 

Показана је јака метал-кисеоник вибрација карактеристична за везу Al-O.  

Модификованом вертикалном методом по Бриџману у вакууму је добијен високо квалитетни 

монокристал CaF2. Добијени кристал је испитиван Раман и инфрацрвеном спектроскопијом. 

Кристална структура је потврђена ренгеноструктурном анализом. Концентрација дефеката 

кисеоника у кристалу је испитивана фотолуминесцентном спектроскопијом. Помоћу ових 

метода је процењен оптички квалитет добијеног монокристала и утврдило се да је добар, јер 

само монокристал доброг оптичког квалитета може даље да се угради у полимерну матрицу и 

да се добије композит са побољшаним термичким и механичким, а очуваним оптичким 

својствима.     

Бриџмановом методом су добијени и монокристали CdTe0.97Se0.03 и CdTe0.97Se0.03+1.2 at.%In, чија 

карактеризација је вршена далеком инфрацрвеном спектроскопијом на различитим 

температурама. Анализа спектара је вршена фитовањем базираним на диелектричној функцији 

која укључује просторну расподелу слободних носилаца као и утицај плазмон-фонон 

интеракције. Показано је да оптички фонони мешаних кристала показују двомодно понашање, а 

утврђен је и локални мод индијума. У оба случаја је утврђено присуство површинског слоја са 

ниском концентрацијом носилаца. 

 

Пластично деформисани метали и металне легуре 

Изучавају се оптичка својства бакра и легуре бакар-алуминијум подвргнутих екстремној 

пластичној деформацији поновљеном употребом једнакоканалне угаоне пресе, у циљу 

побољшања механичких својстава материјала. Трослојни модел је коришћен за израчунавање 

дебљине спонтано насталог бакар оксида из елипсометријских мерења. Рамановом 

спектроскопијом су регистрована два типа линија, уске и широке, што указује на постојање 

нанокристалних структура бакра и бакар оксида, окружених са свих страна аморфним фазама. 

Пластична деформација бакра није довела до потпуне аморфизације узорка. Код легуре бакар-

алуминијум је утрђено да је степен аморфизације већи у трансверзалној него у лонгитудиналној 

равни. Финални узорак има полифазну структуру са нехомогеним уређењем фаза. 

 

Четворокомпонентни системи  

Изучаване су оптичке особине разблажених магнетних полупроводника Zn1-xMnxGeAs2 и Zn1-

xMnxSnSb2, као и халкогенида Cu2FeSnS4. Наночестице Cu2FeSnS4 су синтетисане механохемијским 

путем, и Раманова спектроскопија је коришћена за систематско одређивање вибрационих 

својстава ових система и испитивање утицаја времена млевења на исте тј на чистоћу 

нанокристала материјала. Поред модова основног кристала уочени су и модови који припадају 

FeS и SnS фазама, који слабе и на крају се губе са повећењем времена млевења. После млевења 

од 90 минута остају само модови основног кристала.  

Рамановом спектроскопијом су изучаване фононске особине и Zn1-xMnxSnSb2, не би ли се 

утврдило како додатак Mn утиче на оптичка и структурна својства ZnSnSb2. Фононска својства 

ZnSnSb2 као и MnSb су по први пут одређивана. На основу помака фонона ZnSnSb2 нађено је да 

се одређена количина Mn  уградила у решетку кристала и формирала Zn1-xMnxSnSb2. 



Инфрацрвеном спектроскопијом се изучавао утицај фактора пригушења на интеракцију 

плазмона и два фонона у Zn1-xMnxGeAs2. Откривена је специфична природа фреквенција 

спрегнутих фонона. При високим пригушењима, постојање фонона у региону између ТО и ЛО 

фреквенција није примећен за плазмон-два-фонона интеракцију, супротно случају за плазмон-

фонон интеракцију. 

 

Слојевити III-V полупроводници допирани јонима прелазних метала  

Слојевити полупроводници, па међу њима и γ-InSe, су од великог значаја како за фундаментална, 

тако и за примењена истраживања јер имају изузетно анизотропне оптичке и електронске 

особине и инертне базалне пљосни. Због ових особина, слојевити полупроводници се често 

користе као фотохемијске електроде. Индијум селенид, са директним енергетским процепом у 

блиском инфрацрвеном опсегу енергија је атрактиван материјал у области конверзије соларне 

енергије. Овај рад представља допринос истраживању утицаја примеса на оптичке особине γ-

InSe, посебно на оптички процеп и електронске нивое. Мерења фотолуминесценције су 

потрвдила плави помак енергијских нивоа у валентној зони и постојање дубоких примесних 

стања. Енергијски прелази чистог и допираног кристала су изучавани спектроскопском 

елипсометријом, где је утврђен велики број прелаза у нискоенергијском опсегу, повезаних са 

дефектним и примесним стањима, док је у нискокоенергијском опсегу регистрован плави помак 

енергијских стања. 

 

Примена неорганских филмова у соларним ћелијама и фотодетекторима 
Соларне ћелије осетљиве на боје постају штедљива алтернатива конвенционалним 

фотоволтаицима заснованим на  p-n споју. Главна компонента ових ћелија је фотоактивна анода 

направљена од дебелог филма ТiO2 покривена слојем боје. У овом раду, припремљен је 

фотоанодни дебео филм ТiO2 који садржи мезопорозне сфере, и изучавана применљивост 

оваквог филма у соларним ћелијама осетљивим на боју. Рамановом спектроскопијом је 

утврђено формирање анатас фазе након третирања са TiCl4.  

Cr2O3 је обећавајући кандидат за примену у новим MIS(I)M фотодетекторима. Одговарајући 

услови за депоновање ових филмова техником реактивног спатеровања тек треба дефинисати. 

Ту спадају парцијални притисак кисеоника, температура супстрата, време депоновања, а и 

одгревање. За сада је изучаван утицај парцијалног притиска на дебљину и нанооптичка својства 

танких филмова, низом техника: Рамановом, инфрацрвеном и УВ-ВИС спектроскопијом, 

микроскопијом атомске силе, дифракцијом X-зрака. Ова тема је започета у сарадњи са Louissa-

ом Reissig са Frei Universität-а Berlin. 

 

Транспорт јона алкалних метала у DXE гасу  

Др Гилић се прикључила колегама из Групе за гасну електронику (др Никитовић, др Стојановићᵻ, 

др Распоповић), који се дуже време баве изучавањем транспорта позитивних јона у гасним 

пражњењима.  Овде су изучаване транспортне особине јона алкалних метала K+, Na+ i Li+ у DXE 

(1,2 - диметоксиетан) гасу, који се користи као катализатор у физици чврстог стања и као 

прекурсор у произодњи керамике.  Изабране су највероватније реакције јона алкалних метала 

са молекулом DXE гаса и његовим фрагментима, и израчунате одговарајуће енталпије 

формирања продуката.  

  

 

 



Стакло-керамика на бази титаната 
Сфенска стакло-керамика (CaTiSiO5), перспективан материјал за матрикс керамике и 

имобилизацију нуклеарног отпада, синтетисана је из мешавине CaCO3, TiO2 и SiO2. Након 

топљења на 1400 °C, хлађења и поновног млевења, материјал је кристализован термичким 

третманом, при чему је чиста монофазна сфенска стакло-керамика добијена на 800 °C за 4 сата. 

Морфологија праха анализирана је помоћу SEM-а, а развој фазног састава праћен XRD, FT-IR, 

Раман и термичким анализама. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. ЕЛЕМЕНТИ ЗА КВАЛИТАТИВНУ ОЦЕНУ НАУЧНОГ ДОПРИНОСА 

КАНДИДАТКИЊЕ 

 
4.1. Квалитет научних резултата 

4.1.1. Научни ниво и значај резултата, утицај научних радова 

 
У свом досадашњем раду, др Гилић је обајвила 45 научних радова са ISI листе. Од тог броја, 3 

рада спадају у категорију М21А (међународни часописи изузетних вредности), 12 су М21 

категорије (врхунски међународни часописи), 24 су М22 категорије и 6 спадају у категорију М23. 

Објављен је и један рад у водећем часопису националног значаја М51, као и 7 поглавља у 

монографијама. Одржала је више предавања на међународним конференцијама, од којих су два 

по позиву. 

Након избора у научно звање виши научни сарадник, Др Гилић је објавила 10 радова са ISI листе. 

Од тог броја, 3 рада спадају у категорију М21 (врхунски међународни часописи), док су 7 радова 

М22 категорије. У овом периоду је кандидаткиња објавила и поглавље у монографији, а и  

одржала више предавања на међународним конференцијама. 

Као пет најзначајнијих радова кандидаткиње издвајамо: 

1. M. Gilic, M. Ghobara, L. Reissig, “Tuning SERS Signal via Substrate Structuring: Valves of 

Different Diatom Species with Ultrathin Gold Coating”, Nanomaterials 13 (2023) 1594. 

2. M. Gilic, J. Trajic, N. Romcevic, M. Romcevic, D. V. Timotijevic, G. Stanisic, I. S. Yahia, “Optical 

properties of CdS thin films”, Optical Materials 35 (2013) 1112-1117. 

3. M. Gilic, N. Romcevic, M. Romcevic, D. Stojanovic, R. Kostic, J. Trajic, W. D. Dobrowolski, G. 

Karczewski, R. Galazka, “Optical properties of CdTe/ZnTe seft-assembled quantum dots: Raman 

and photoluminescence spectroscopy”, Journal of Alloys and Compounds 579 (2013) 330-335. 

4. M. Gilić, M. Petrović, R. Kostić, D. Stojanović, T. Barudžija, M. Mitrić, N. Romčević, U. Ralević, 

J. Trajić, M. Romčević, I. S. Yahia, “Structural and optical properties of CuSe2 nanocrystals 

formed in thin solid Cu-Se film”, Infrared Physics & Technology 78 (2016) 276-284. 

5. M. Romcevic, M. Gilic, L. Kilanski, W. Dobrowolski, I. Fedorchenko, S. F. Marenkin, N. 

Romcevic, “Phonon properties of ZnSnSb2 +Mn semiconductors: Raman spectroscopy”, 

Journal of Raman Spectroscopy 49 (2018) 1678-1685. 

 

У првом раду (Nanomaterials 2023) Др Гилић детаљно изучава улогу различитих дијатомеја као 

хибридних супстрата за Површински појачану Раманову спектроскопију. Супстрати базирани на 

три врсте дијатомеја са круцијално различитим структурним параметрима, пресвучени танким 

хомогеним слојем злата, показали су знатно појачање Рамановог сигнала, где степен појачања 

зависи управо од структурних параметара. Експериментални резултати су потврђени и 

нумеричком анализом (метода коначних елемената). Утврђено је да резонанција вођених 

модова вероватно није једини механизам који доприноси појачању сигнала. 

У другом раду (Optical Materials 2013) кандидаткиња је дала кључни допринос карактеризацији 

оптичких и структурних својстава танких филмова кадмијум сулфида различите дебљине. 

Инфрацрвени спектри су анализирани коришћењем нумеричког модела за израчунавање 

коефицијента рефлексије сложених система који укључују филм и супстрат. По први пут је 

диелектрична функција танког филма CdS анализирана помоћу Maxwell-Garnet-ове формуле као 



смеша хомогених сферних инклузија у ваздуху. Интензитети Раманових спектара су анализирани 

помоћу исте формуле, и добило се веома добро слагање између примењеног модела и 

експерименталних података. Интресантно је напоменути да су филмови високог квалитета 

добијени једноставном методом вакуумског напаравања, што смањује цену производње за 

потенцијалну примену у оптоелектроници и пиезоелектроници. 

У трећем раду (Journal of Alloys and Compounds 2013) др Гилић врши детаљну анализу резултата 

спектроскопских мерења хетероструктура CdTe/ZnTe. Због велике разлике у параметрима 

решетке, овакве структуре погодују формирању квантних тачака. Научни допринос 

кандидаткиње у овом раду је расветљавање природе мултифононских процеса уоченим током 

фотолуминесцентних и Раманових мерења. Утврђено је да зависе од тепературе и енергије 

побуде (тј. таласне дужине ласера). Када се енергија расејаног фотона приближи енергији 

забрањене зоне ZnTe, одговарајући Раманов мод постаје резонантно појачан. Даље, 

апроксимацијом ефективне масе израчунат је дијаметар квантних тачака CdTe – 4.3 nm, што је 

знатно мање од Боровог радијуса ексцитона  CdTe који износи 10 nm.  Овај и претходни рад 

резултат су докторске дисертације кандидаткиње. 

У четвртом раду (Infrared Physics and Technology 2016) кандидаткиња детаљно изучава оптичка и 

структурна својства овај пут двофазних танких филмова. Раманова и инфрацрвена 

спектроскопија су коришћене за идентификацију и квантификацију две фазе. Помоћу модела за 

конфајнмент оптичких фонона одређиване су величине честица CuSe2 фазе, при чему је утврђено 

да се димензије честица повећавају са повећањем дебљине филма. Иако је овај модел 

ограничен на наночестице правилног сферног облика, показало се да он даје добре резултате и 

код реалних нанокристала који су неправилног облика. 

У петом раду (Journal of Raman Spectroscopy 2018) кандидаткиња даје кључан допринос 

карактеризацији четворокомпонентног система Zn1-xMnxSnSb2 Рамановом спектроскопијом. 

Додатак Mn оваквим материјалима омогућава формирање магнетних кластера, одговорних за 

високотемператуни феромагнетизам. Показано је да су ово вишефазни материјали. На основу 

величине и облика сложених микроструктура које се састоје од различитих фаза и кластера, могу 

се идентификовати дисперзивне, дуплекс и триплекс микроструктуре. Фононска својства ZnSnSb2 

и MnSb су први пут екпериментално регистрована. На основу помака фонона ZnSnSb2, утврђено 

је да се одређена количина Mn уграђује у решетку основног материјала где формира чврст 

раствор  Zn1-xMnxSnSb2. 

 

4.1.2. Позитивна цитираност научних радова кандидаткиње 
 

На дан 11.12.2024. године, према бази података Scopus др Гилић има 444 цитата. Према овој 

бази података, њен h фактор је 13. Према бази података Google Scholar, број цитата 

кандидаткиње на исти дан износи 575 (доказ дат у прилогу). 

 

4.1.3. Параметри квалитета часописа 
 

Од последњег избора у звање, тј. у периоду између 2020. и 2024. године, др Гилић је објавила 

10 радова, и то: 3 у М21 и 7 у М22. Укупан импакт фактор радова кандидаткинње од последњег 

избора у звање износи 30,11. Часописи у којима кандидаткиња публикује цењени су и угледни у 

одговарајућим областима. Даље је дат списак часописа са одговарајућим импакт факторима за 

одговарајућу годину публикације. 



• Physica E: Low - Dimensional Systems and Nanostructures (3,112 – 2021; 3,369 - 2020) M22 

• Nanomaterials (5,3 – 2023) M21 

• Chemosensors (4,0 – 2022) M21 

• Science of Sintering (1,4 -2024; 1,5 – 2022; 1,172 -2020) M22 

• Optical Materials (3,69 - 2023) M21 

• Optical and Quantum Electronics (2,47 - 2022) M22 

• Materials Chemistry and Physics (4,094 - 2020) M22 

 

4.1.4. Степен самосталности и степен учешћа у реализацији радова 

Од 45 објављених радова, др Гилић је први аутор на 6 радова, други на 11 радова, док је на 

једном раду последњи аутор. 

На радовима објављеним након избора у тренутно научно звање, др Гилић је водећи аутор на 

једном раду, други аутор на 2 рада, и последњи аутор на једном научном раду. 

На свим радовима на којима се налази, кандидаткиња је учествовала у конкретној формулацији 

проблема, експерименталном раду-мерењима, обради резултата мерења, тумачењу истих, 

примени теоријских модела. Др Гилић је од почетка своје научне делатности запослена на 

Институту за физику у Београду, где у одвиру Лабораторије за истраживања у области 

електронских материјала изводи већину експеримената. Др Гилић се самостално повезала са 

групом Др Петраушкиене са Технолошког факултета Каунас, Литванија, што је резултовало 

објављивањем три научна рада, саопштењима на неколико научних конференција, као и 

планираном Ерасмус посетом. Сарађивала је и са теоријском групом др Жељке Никитовић око 

транспортних особина алкалних метала у гасу, где је њен интердисциплинарни приступ доктора 

физичкохемијских наука посебно дошао до изражаја. Пројектни задатак “Нанооптички ефекти у 

подешавању радних перформанси диференцијалних фотодетектора сачињених од Cr2O3”  који је 

иницијано започет ради добијања DAAD стипендије и краћег академског боравка на Freie 

Universität-у у Берлину отворио је пут за постдок од 2020. до 2023. године и дуготрајну сарадњу 

ове две престижне институције. 

 

4.2. Ангажованост у формирању научних кадрова 

Током свог постдока на Frei Universität-у у Берлину, кандидаткиња је активно учествовала у 

осмишњавању задатака везаних за доктроску тезу студента докторских студија Мохамеда 

Гхобаре, консултацијама и сугестијама (захвалница из тезе дата у прилогу, теза је предата и чека 

се датум одбране). 

Др Гилић је значајно помогла колегиници (и пријатељици) др Јелени Митрић при изради 

докторске дисертације (Факултет за Физичку хемију, 2021. године, доказ – захвалница из тезе у 

прилогу). 

Др Мартина Гилић је сарађивала и значајно помогла Николи Тасићу са Института за 

мултидисциплинарна истраживања при изради докторске дисертације (Технолошко - 

металуршки факултет, Универзитет у Београду 2017. године, доказ – захвалница из тезе у 

прилогу). 



Др Мартина Гилић је помогла Хани Ибрахим Елсвие око израде докторске дисертације 

(Технолошко – металуршки факултет, Универзитет у Београду 2017. године, доказ – захвалница 

из тезе у прилогу). 

Др Мартина Гилић је помогла око израде тезе Стевану Димитријевићу (Технички факултет у Бору, 

Универзитет у Београду 2015. године, доказ – захвалница из тезе у прилогу). 

 

4.3. Нормирање броја коауторских радова, патентних и техничких решења 

Као што је већ речено, кандидаткиња је од избора у претходно научно звање објавила 10 

научних радова у међународним часописима, од тога 3 у категорији М21 и 7 М22 категорије. 

Укупан број поена ових радова је 59. Нормирањем ових поена по формули датој у правилнику, 

њихов број се смањује на 53,5. 

 

4.4. Руковођење пројектима, потпројектима и пројектним задацима 

У оквиру националног пројекта из области интегралних и интердисциплинарних истраживања 

III45003 “Оптоелектронски нанодимензиони системи – пут ка примени”, финансираним од 

Министарства просвете, науке и технолошког развоја Републике Србије, др Гилић  је руководила 

потпројектом “Синтеза наноматеријала и структура” (доказ дат у прилогу – Анекс 9 уговора о 

реализацији пројекта ИИИ45003). 

Учесник је пројектa кojи ce peaлизуjе у оквиру билaтepaлнe сарадњe, a нa ocнoву Споразума о 

научној сарадњи између Института за физику Пољске академије наука и Института за физику у 

Београду (доказ у прилогу – споразум о сарадњи). 

Током боравка на Frei Universität-у у Берлину, у оквиру DFG пројекта: Diatom frustules as nature-

designed building blocks for photonic applications Др Гилић је руководила задацима везаним за 

примену дијатомеја у Површински појачаној Рамановој спектроскопији. 

 

4.5. Патенти 

Др Гилић је коаутор једног патентног решења: 

П. Коларж, М. Ћурчић, М. Гилић, Б. Хаџић, МОДИФИКОВАНИ НОСАЧ ЗА ВЕРТИКАЛНО 

ПОЗИЦИОНИРАЊЕ ТАБЛЕТНИХ УЗОРАКА ОД ПРАШКАСТИХ МАТЕРИЈАЛА КОЈИ ЈЕ ДЕО КОМОРЕ ЗА 

ВАКУУМИРАЊЕ И ХЛАЂЕЊЕ КОЈА СЕ КОРИСТИ У СПЕКТРОСКОПСКИМ МЕРЕЊИМА, Регистар 

малих патената Завода за интелектуалну својину МП2018/0028 од 19.06.2018. године (доказ у 

прилогу). 

 

 

 

4.6. Активност у научним и научно – стручним друштвима 

Др Гилић је чланица Српског керамичког друштва, као и Српског огранка Америчког керамичког 

друштва. 



Др Гилић је чланица едиторијалног одбора часописа American Journal of Optics and Photonics 

(AJOP) (доказ дат у прилогу – сертификат чланства). 

Др Гилић је рецезент у већем броју међународних часописа: Materials Science in Semiconductor 

Processing, SciFed Journal of Metallurgical Science, Engineering Science and Technology, Processing 

and Application of Ceramics, Optoelectronics and Advanced Materials – Rapid Communications 

(докази дати у прилогу). 

Др Гилић је била члан организациониг одбора конференције КОНГРЕС МЕТРОЛОГА 2015, 

Златибор, 12-15. октобар 2015. године (доказ дат у прилогу). 

Након избора у претходно звање, др Гилић је одржала предавање по позиву: 

M. Gilic, M. Ghobara and L. Reissig, ˝Photonic crystal behavior of biosilica – influence of frustule's 

morphology on SERS sensitivity˝, 15th Photonics Workshop: Kopaonik, March 13 – 16, 2022. 

 

4.7. Утицајност научних резултата 

Утицајност научних радова др Мартине Гилић детаљно је описана у одељку 5.1. овог документа. 

У прилогу је дат списак радова и цитата. 

 

4.8. Конкретан допринос кандидата у реализацији радова у земљи и иностранству 

Др Мартина Гилић је у својој досадашњој научној каријери објавила 45 научних радова у 

међународним часописима, 1 рад у часопису националног значаја, 8 поглавља у монографијама. 

Од тога, 3 рада су категорија М21А, 12 су М21, 25 М22 док их је 6 М23. На 6 публикација др Гилић 

је први аутор, други је на 11, и кореспондинг аутор на две. 

Након избора у тренутно научно звање, Др Гилић је објавила 10 радова са ISI листе. Од тог броја,  

3 су М21 категорије (врхунски међународни часописи) и 7 су М22 категорије. Од овог броја, 

кандидаткиња је први аутор на једној публикацији, други на 2, а на једној публикацији је 

кореспондинг аутор. У овом периоду је објавила и 2 поглавља у монографијама.  

На свим овим радовима др Гилић је активно учествовала, од формулације проблема до 

финалног решавања уз комуникацију и сарадњу са осталим коауторима, где се истакла као вешт 

координатор. Пошто је реч о експерименталној физици, постављање и извођење експеримента 

представља значајан део кандидаткињине научне активности, у шта спада припрема апаратуре 

и припрема узорака за експеримент, али и обрада резултата мерења уз коришћење 

одговарајућих теоријских модела, као и теоријске симулације.  

 

 

4.9. Уводна предавања на конференцијама и друга предавања 

 Др Гилић је одржала два предавања по позиву: 

Martina Gilić and Milica Ćurčić, Optical and stryctural properties of nanostructured semiconductors, 

The Seventh Serbian Ceramic Society Conference - Advanced Ceramics and Application, September 17-



19, 2018, Belgrade, Serbia, Program and The Book of  Abstracts, INV-OGE4, 51-52. (доказ у прилогу – 

сертификат) 

M. Gilic, M. Ghobara and L. Reissig, ˝Photonic crystal behavior of biosilica – influence of frustule's 

morphology on SERS sensitivity˝, 15th Photonics Workshop: Kopaonik, March 13 – 16, 2022. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5. ЕЛЕМЕНТИ ЗА КВАНТИТАТИВНУ ОЦЕНУ НАУЧНОГ ДОПРИНОСА 

КАНДИДАТКИЊЕ 

5.1. Остварени резултати након одлуке Научног већа о предлогу за стицање тренутног научног 

звања: 

Категорија Број радова Број бодова по 
раду 

Укупан број 
бодова 

Укупан број 
нормираних 
бодова 

М13 1 7 7 7 

М21 3 8 24 20,38 

М22 7 5 35 33,12 

М32 1 1,5 1,5 1,5 

М33 2 2 2 2 

М34 4 0,5 2 2 

Збир   71,5 66 

 

5.2. Табела са квантитативним показатељима радова категорија М20 објављеним након 

претходног избора у звање: 

Редни број рада Категорија М ИФ СНИП 

1 М21 8 5,3 1,09 

2 М21 8 3,69 0,92 

3 М21 8 4,0 0,96 

4 М22 5 1,4 0,65 

5 М22 5 2,47 0,92 

6 М22 5 1,5 0,65 

7 М22 5 3,112 0,79 

8 М22 5 1,172 0,65 

9 М22 5 3,369 0,79 

10 М22 5 4,094 1,01 

Збир 59 30,11 8,43 

 

5.3. Поређење са минималним квантитативним условима за избор у звање виши научни 

сарадник: 

Минималан број М бодова Остварено Остварено нормираних 

укупно 25 71,5 66 

М10+М20+М31+М32+М41+М42 20 68,5 63 

М11+М12+М21+М22+М23+М24 15 59 53,5 

 

 

 

 

 



6. Списак радова и осталих публикација кандидаткиње, разврстаних по 

важећим категоријама прописаних правилником 

М10: MOНОГРАФИЈЕ, МОНОГРАФСКЕ СТУДИЈЕ, ТЕМАТСКИ ЗБОРНИЦИ, ЛЕСКИКОГРАФСКЕ И 

КАРТОГРАФСКЕ ПУБЛИКАЦИЈЕ МЕЂУНАРОДНОГ ЗНАЧАЈА  

М13 - монографска студија/поглавље у књизи М11 или рад у тематском зборнику водећег 

међународног значаја: 

1. Z. Lazarević, M. Gilic, A. Milutinović, N. Romcević, H. Elswie, V. Radojević, D. Sekulić,  “15 

Growth and characterization of calcium fluoride single crystals”, Advanced Ceramics and 

Applications, De Gruyter (2021) 179-203. 

М20: РАДОВИ ОБЈАВЉЕНИ У НАУЧНИМ ЧАСОПИСИМА  МЕЂУНАРОДНОГ ЗНАЧАЈА 

М21 – рад у врхунском међународном часопису: 

1. M. Gilic, M. Ghobara, L. Reissig, „Tuning SERS Signal via Substrate Structuring: Valves of 

Different Diatom Species with Ultrathin Gold Coating”, Nanomaterials 13 (2023) 1594. 

2. B. Babic, M. Romcevic, M. Gilic, J. Trajic, MM. Radanović, Lj. S. Vojinović-Ješić, MV. Rodić, N. 

Romcevic, “Phonon assisted charge transfer in complexes of Zn (II) and Cd (II) with 2-

acetylpyridine-aminoguanidine”, Optical Materials 136 (2023) 113445. 

3. G. Jakubauskas, M. Gilic, E. Paluckiene, J. Mitric, J. Cirkovic, U. Ralevic, E. Usoviene, E. 

Griskonis, N. Petrasauskiene, “Characterization of Flexible Copper Selenide Films on 

Polyamide Substrate Obtained by SILAR Method—Towards Application in Electronic 

Devices”, Chemosensors 10 (2022) 313-325. 

 

М22 – рад у истакнутом међународном часопису: 

4. M.Curcic, M. Gilic, N. Petrauskiene, B. Hadzic, J. Mitric, E. Paluckiene, „Nanocomposite CuxS 

on Flexible Polymers: Raman Study”, Science of Sintering (2024) in press. 

5. J. Pešić, A. Šolajić, J. Mitrić, M. Gilić, I. Pešić, N. Paunović, N. Romčević, “Structural and 

optical characterization of titanium–carbide and polymethyl methacrylate based 

nanocomposite”, Optical and Quantum Electronics 54 (2022) 1-13. 

6. N. Petrasauskiene, E. Paluckiene, R. Alaburdaite, M. Gilić, „Deposition of copper sulfide films 

on polyamide surface” Science of Sintering 54 (2022) 1-14. 

7. J. Mitrić, N. Paunović, M. Mitrić, J. Ćirković, M. Gilić, M. Romčević, N. Romčević, “Surface 

optical phonon and multi–phonon transitions in YVO4: Eu3+ nanopowders”, Physica E: Low-

dimensional Systems and Nanostructures 134 (2021) 114923. 

8. J. Maletaškić, B. Todorović, M. Gilić, M. Marinović-Cincović, K. Yoshida, A. Gubarevich, B. 
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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].
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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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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.
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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

Resorcinol–formaldehyde (RF) cryogels were synthesized by sol–gel polycondensation of 

resorcinol with formaldehyde and freeze-drying was carried out with t-butanol. Carbon 

cryogel (CC) was obtained by pyrolyzing RF cryogels in an inert atmosphere to 950 oC. 

Nitrogen doped CCs (CCN) were synthesized by introducing melamine into RF precursor 

mixture solution to obtain nitrogen concentration 2, 6 and 10 wt. %. Material was 

characterized by elemental analysis, nitrogen adsorption– desorption measurements, scanning 

electron microscopy (SEM), Raman spectroscopy, FT-IR Spectroscopy. Cyclic voltammetry 
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(CV) was used to investigate capacitive and electrocatalytic properties. Conductivity 

measurement was also performed. Elemental analysis results confirmed presence of nitrogen 

in CCN samples in the range from 0.45 to 1.15 wt.%. Raman spectroscopy of the samples 

showed increase of D and G peak integrated intensity ratio (ID/IG) with nitrogen doping 

suggesting that the structural disorder as well as edge plane density increase, but according to 

similar ID/IG values for CCN samples, their share is not directly related to the amount of 

incorporated N. Characterization by nitrogen adsorption showed that overall specific surface 

and maximum mesopores are achieved in CCN sample with medium nitrogen concentration. 

Results of cyclic voltammetry experiments demonstrated maximum capacitance for CCN 

sample with smallest N wt.% indicating that narrow pore size distribution and high specific 

surface area are dominant factors to achieve good capacitive behavior. The relatively low 

doping level of nitrogen reached in CCN samples may be the reason for the incomplete 

reduction of oxygen to hydroxide and furthermore it turned out that presence of N in the 

structure of CC had a negligible effect on the otherwise relatively high conductivity of CC. 

Keywords: Carbon cryogel; Nitrogen doping; Structure; Porosity; Energy application
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1. Introduction

Carbon aerogels, cryogels and xerogels are carbon materials which are usually 

obtained from the sol–gel polycondenzation of organic compounds, followed by drying, and 

subsequent pyrolysis at an elevated temperature (ca. 1050 oC) in an inert atmosphere. In 1989, 

Pekala firstly described procedure for the preparation of the organic gels by polycondenzation 

of resorcinol (R) and formaldehyde (F) in water solutions, in the presence of sodium 

carbonate (C) as basic catalyst [1, 2]. Drying of wet RF gels can be provided by supercritical 

drying (aerogels), freeze drying (cryogels) and conventional evaporation of the solvent at 

atmospheric conditions (xerogels). Supercritical drying or freeze drying is used in order to 

keep the porous structure of RF gels. Following the procedure recommended by Tamon and 

co-workers [3, 4], we developed a synthesis procedure for the carbon cryogels (CC) with a 

tortuous open-cell structure, ultrafine particle (cell) and pore size (<50 nm), and high surface 

area (400–1000 m2 g-1) [5]. The resulting materials are nanostructured sp2 carbons with good 

electrical conductivity, environmental compatibility and chemical inertness. These unique 

properties make them promising materials for applications such as electrodes, adsorbents, 

catalyst supports, hydrogen storage, supercapacitors or for solar applications [6-10]. 

Previously, we used carbon cryogels for removal of ionic species from water [11] and as a 

catalyst support [12, 13].

Design of carbon materials properties and their precise control are essential if the aim 

is to improve and extend their application. For instance, optimization of the morphology  and 

structure as well as direct introduction of porosity to enlarge the share of edge sites are proven 

to be important for adsorption and electrochemical applications of carbon materials. Many 

studies have shown that heteroatom doping (e.g., boron, sulfur, phosphorous, and nitrogen) of 

sp2 carbon materials could influence their physicochemical properties as well as electrical 

conductivity and electrochemical properties [14-18]. Nitrogen doping has a significant 
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influence on the electronic structure and chemical properties of carbon materials due to its 

comparable atomic size and five valence electrons available to form strong valence bonds 

with carbon atoms [19]. Nitrogen species in the carbon materials can not only act as an 

electron donor, but also introduce functional groups containing nitrogen and oxygen atoms 

[20, 21]. A previously theoretical study has shown that nitrogen incorporation in carbon 

structure results in the higher positive charge on a carbon atom adjacent to the nitrogen atoms 

[22], and a positive shift of Fermi energy at the apex of the Brillouin zone of graphene [23]. 

Also, it is mainly believed that lone-pair of electrons of nitrogen can infuse an additional 

negative charge in to the graphene π electron system which leads to an enhanced conductive 

behavior along with stronger interaction with foreign molecules (i.e. ions, acidic compounds). 

[24, 25]. 

Substitutionally incorporated nitrogen has received focused attention because of 

significant changes in hardness, electrical conductivity, and chemical reactivity, which have 

been theoretically predicted and experimentally observed [25-28]. It is well known that N-

doped carbon materials work well as the support for Pt catalysis by resulting in the 

improvement of Pt nanoparticle dispersion in terms of catalytic activity and durability [29]. 

Many authors reported that N-doping improved the activity and performance of different 

carbon materials (GO foams, single-wall carbon nanohorns, various porous carbons and 

commercially carbon black) as the electrode for fuel cells [30-34]. Incorporation of N into 

structurally and porously different carbon materials improved the cycling performance of Li-S 

batteries [35- 37].

Different types of carbon gels produced using Pekala’s method have been mostly used 

in adsorption and energy storage and due to their versatility in terms of surface area, pore 

texture and surface chemistry they have got a considerable attention among the researchers 

now a day. It was shown that N doping improved catalytic and adsorption properties of 
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modified carbon xerogels [24, 38–40]. Enhancing the adsorption properties is related to 

nitrogen functional groups introduction on carbon xerogels surface which are responsible for 

the increase of surface basicity and hydrophilicity. Nitrogen-doped (1.2–4.5 wt%) carbon 

xerogels synthesized in an ammonia atmosphere showed good performances for hydrogen 

storage and strong correlation was observed between hydrogen uptakes and N/C ratio [41]. A 

chitosan based nitrogen doped carbon cryogel shows significantly enhanced performance as 

supercapacitor and lithium ion battery electrodes in terms of capacity and rate capability due 

to its quasi two-dimensional structure with reduced thickness [42]. 

Although many studies have evaluated the relation between N content, structure and 

property of N-doped carbons, the influence of nitrogen doping on final physicochemical 

properties has not been fully delineated. The reason for that lay in the fact that family of 

carbon materials is very reach with different variation of structural, textural and 

morphological properties which makes comparison of the effects induced by N doping quite 

difficult. Also, utilization of different doping methods combined with the effects of a different 

nitrogen source can modify physicochemical properties of the resulting doped carbon in many 

various and unexpected ways [15-18]. Therefore, nitrogen doping of carbon materials should 

be considered as non-straightforward process which success, as well as the final concentration 

of incorporated nitrogen, strongly depends on the type of carbon material, doping method and 

selected chemical taken as a nitrogen source. Among different carbon materials, CC is 

material that has good characteristics for application in the field of energy conversion, 

intensely developed porous structure, chemical inertness and electrical conductivity. In 

accordance to that, the aims of this work were to determine the extent to which nitrogen can 

be incorporated in CC structure, by adding N-containing compound into resorcinol - 

formaldehyde mixture and to examine influence of incorporated N on CC's characteristics and 

its potential energy application. In particular, possible use of these materials for charge 
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storage and electrocatalysis of oxygen reduction reaction (ORR) is addressed. Nitrogen doped 

CC samples were synthesized by introducing melamine into precursor mixture to obtain 

nitrogen concentration of 2, 6 and 10 wt. %. The efficiency of nitrogen incorporation studied 

by various characterization techniques: scanning electron microscopy (SEM), nitrogen 

adsorption– desorption measurements, Raman spectroscopy, as well as electrocatalytic, 

capacitance and conductivity measurements.

2. Material and methods

2.1. Sample preparation and characterization

Carbon cryogel (CC) was synthesized by the method previously described by Babic et 

al. [5]. Briefly, it is a polycondensation reaction of resorcinol (R) with formaldehyde (F) in 

water solution with sodium carbonate as a basic catalyst, followed by freeze-drying and 

carbonization in the inert atmosphere at 900 °C. Melamine (Sigma-Aldrich, St. Louise, MO, 

USA) was used as a source of nitrogen and it was added to the precursor solution to obtain 

nitrogen concentration of 2, 6, and 10 wt. %. The very important step prior to drying is rinsing 

of RF gels in t-butanol ( 99.5 %, Acros Organics, USA) so that water solvent could be 

replaced with organic one which does not exhibit significant changes in the volume of solvent 

during the freezing process. After that all synthesized R-F gels were pre-frozen at -30 °C and 

then freeze dried for 24 h under vacuum (0.4 mbar). N doped CC samples were marked as 

CCN1, CCN2 and CCN3 (subscripts 1, 2 and 3 denote nominal nitrogen content in the 

precursor solution of 2, 6 and 10 wt.%).

The LECO Elemental Analyzer CHNS-628 Model was used for the elemental analysis 

of CC samples.

The morphology of samples has been investigated by SEM using high resolution 

electron microscope MIRA3 FEG-SEM, Tescan at accelerating voltage lower than 29 kV. 
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The micro-Raman spectra were taken in backscattering configuration and analyzed by 

TriVista 557 spectrometer, equipped with the nitrogen cooled charged-coupled-device 

detector. As an excitation source, the 532 nm line of Ti: Sapphire laser was used, with the 

laser power 50 mW. In order to analyze changes in bonding structure deconvolution of spectra 

was performed using Gaussian fitting.

The specific surface area and the pore size distribution (PSD) of carbon cryogel 

samples doped with different amount of nitrogen were analyzed using the Surfer (Thermo 

Fisher Scientific, USA). PSD was estimated by applying BJH method [43] to the desorption 

branch of isotherms and mesopore surface and micropore volume were estimated using the t- 

plot method [44].

Analyses of surface oxygen groups were performed by Fourier Transform Infrared 

(FT-IR) Spectroscopy (Bomem MB-Series, Hartmann & Braun). 

2.2. Electrochemical measurements and electrode preparation

Carbon sample quantity, measuring 5.0 mg, was suspended in 1 cm3 40 v/v% 

ethanol/water solution, followed by 15 minute homogenization in an ultrasonic bath. Droplet 

of the catalytic ink was transferred onto the glassy carbon (GC) disk electrode (cross-section 

surface – 0.196 cm2) and dried under N2 flow to obtain overall loading of the catalyst was 250 

μg cm−2 per geometric surface area. Upon drying, the surface was covered with 10 μL of 0.05 

wt% Nafion in ethanol to ensure the integrity of the thin film during electrochemical testing. 

The solvent was removed by evaporation.

Cyclic voltammetry (CV) was used to investigate electrocatalytic and capacitive 

properties of doped carbons in a conventional one compartment three-electrode 

electrochemical cell with wide Pt foil serving as a counter electrode and a saturated calomel 

electrode (SCE) as a reference electrode. The capacitive performance was trialed in 3M KOH 

solution while electrocatalytic activity toward ORR was investigated in oxygen saturated 0.1 
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mol dm−3 KOH aqueous solution using rotating disk electrode (RDE) voltammetry. 

Measurements were done using Gamry PCI4/750 Potentiostat/Galvanostat equipped with a 

Pine rotator. Before and during the capacitive measurements, a gentle gas flow of N2 was kept 

just beneath the electrolyte surface while ORR was tested in O2 purged solution (purity 

99.9995 vol%) at room temperature (25.0±0.5 °C). Reported current densities are evaluated 

with respect to the geometrical cross-section area of the supporting GC disk.

Conductivity was measured on GW instek LCR-6100 with carbon samples pressed 

into a pellet under 2t pressure at 1000 Hz.

3. Results and Discussion

Results obtained by elemental analysis confirmed presence of nitrogen in CCN samples 

(Table 1). Adding melamine to precursors solution resulted in the incorporation of nitrogen in 

the wt.% range from 0.45 to 1.15. The reason for such low content of incorporated N in doped 

carbon cryogels is presumably due to processes that take place during carbonization. Namely, 

during carbonization, within formation of porous structure occurs, the majority of N species 

localized on the surface or near surface of R-F gels burn off and as a consequence of that after 

carbonization process only nitrogen from the bulk remains in final doped CC samples. A 

similar phenomenon was observed by Wu et al. [45]. 

The morphology of the resulting CC samples was characterized by scanning electron 

microscopy. Fig. 1 shows SEM images of the CC and CCN samples. It is evident that the all 4 

presented materials are porous, but the pore size and shape are irregular for each sample. It 

can be noted that presence of N in CC structure (Fig. b-d) affects the porosity of CCN 

samples compare to CC to a considerable extent. It seems that nitrogen has direct impact to 

specific surface area development. Further characterization by nitrogen adsorption gave a 
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better insight into the changes of the specific surface area and porosity induced by N 

incorporation into CC structure. 

Table 1. Elemental analysis results and calculated intensity ratio ID/IG for CC, CCN1, CCN2, 

and CCN3 samples.

Sample [C]a (wt.%) [N]a (wt.%) [O]b (wt.%) [H]a (wt.%) ID/IG

CC 88.47 0.00 10.04 1.49 0.9

CCN1 84.85 0.45 12.80 1.90 1.1

CCN2 81.58 0.72 15.82 1.88 1.2

CCN3 82.44 1.15 14.72 1.69 1.2

aMeasured by combustion element analyses, bCalculated by the difference

Fig.1. SEM images of undoped CC (a) and nitrogen doped samples: CCN1 (b), CCN2 (c) and 

CCN3 (d).

In order to evaluate the degree of CCꞌs structural changes induced by N incorporation, 

Raman spectroscopy was carried out (Fig. 2). Two main peaks can be observed: D band, at ~ 

1340 cm−1 originates from disordered structures in the graphitic plane and G band, at 
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approximately 1570 cm−1, observed for all graphitic based structures, attributed to the E2g 

vibrational mode present in the sp2 bonded carbons [46, 47]. 

Fig. 2. Raman spectra of CC, CCN1, CCN2 and CCN3 samples

There are also noticeable, but less intense three peaks in the region 2300–3400 cm–1. 

The most prominent second-order Raman peak G′ is located at ~2700 cm–1[48, 49]. Since the 

frequency of this peak is close to twice that of the D-band frequency, the G′ band is an 

overtone mode of the D band [47]. The second-order peak around 2940 cm–1 is a combination 

of the D and G bands and the peak around 3220 cm–1 is attributed to the G band overtone [50, 

51]. The most pronounced difference between Raman spectra of CC and CCN samples is a 

strong increase of D peak intensity with N doping, which influenced the increase of integrated 

intensity ratio ID/IG (derived from deconvolution of Raman spectra) of CCN samples 

compared to ID/IG of CC (Table 1). The higher values of ID/IG ratio is the result of the larger 

share of structural defects and edge plane exposure obviously caused by nitrogen atom 
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incorporation into CC structure [25, 26]. The similar ID/IG values for CCN samples indicate 

that share of structural defects is independent of the amount of incorporated N. Another 

difference which can be noticed in Raman spectra is slightly decreasing of G′ peak intensity 

with the increase of doping level. According to Bulusheva et al. the G′ band is independent of 

the structural defects, but the change in its intensity may indicate changes in the electronic 

structure induced by the N presence in the carbon lattice [49].

Nitrogen adsorption isotherms for carbon cryogel samples doped with different 

amount of nitrogen, as the amount of N2 adsorbed as a function of relative pressure at -196 oC, 

are shown in Fig. 3. It can be notice that the shape of the isotherms is similar for all samples 

with well defined hysteresis loops which means that the mesoporous structure is kept for 

samples with the incorporated nitrogen into CC structure. The shapes of the hysteresis loop 

indicate the irregular form of the pores in all samples.

According to the IUPAC classification [52] isotherms of samples are of type IV and 

with a hysteresis loop which is associated with mesoporous materials. In all samples, the 

shape of hysteresis loop and isotherms are a combination of type H2 and H3. It was found that 

materials that give rise to H2 hysteresis are often disordered and the distribution of pore size 

and shape is not well defined. Also, isotherms revealing type H3 hysteresis do not exhibit any 

limiting adsorption at high P/P0, which is observed with non-rigid aggregates of plate-like 

particles giving rise to slit-shaped pores [53]. Adsorption amounts at low relative pressures 

showed the presence of the micropores. Specific surface areas calculated by BET equation, 

SBET, are listed in Table 2. 
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Table 2. Porous properties of CC and CCN samples.

SBET

m2/g

Smeso

m2/g

Smicro

m2/g

Vtot

cm3/g

Vmicro

cm3/g

rmed

nm

rmax

nm

CC 592 318 274 0.297 0.142 1.94 1.91

CCN1 887 513 374 0.665 0.179 2.24 1.99

CCN2 928 561 367 0.901 0.193 3.06 3.07

CCN3 676 305 371 0.681 0.147 3.81 3.80

Obtained results confirmed that the presence of the nitrogen atoms influences the 

porous structure of the materials. SBET values, for all samples, lie within 592-928m2 g-1. 

Values of the SBET showed that that all samples have high specific surface, as well as, that the 

increase of specific surface are not proportional to the amount of incorporated N (Table 1), 

since the maximum specific surface was achieved at CCN2 sample. However, the values of 

the specific surface for the CCN1 and CCN2 are similar (the difference is within 5%). Our 

results showed that the presence of nitrogen atoms up to 1 wt.% increases the specific surface 

and, after that value, the specific surface starting to decrease but it is still significantly higher 

than for the pristine sample (CC). These results indicate that the optimal concentration of 

nitrogen in precursor mixture is below 6 wt. %. when melamine is used as nitrogen source. 

But, it should keep in mind that the incorporation of the nitrogen into carbon structure 

strongly depends on the source of the nitrogen which, additionally, complicates the doping 

process. These changes presumably originated from fact that N atoms during the preparation 

process of CCN samples can substitute some carbon atoms which are most likely located on 

the reactive edges and these N atoms could have a catalytic role in the porosity development 

to some extent. The similar phenomenon was previously reported by Wang et al. [54]. 
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Pore size distribution (PSD) and calculated porosity parameters (Smeso, Smic, Vmic) of 

samples are shown in Fig. 4 and Table 2, respectively. The figure shows that samples are 

mesoporous with most pore radius below10 nm. Median pore radius, for all samples, 

presented at Table 2, continuously increased, as well as the maximum pore radius (also 

presented in Table 2), with the increasing the amount of doped nitrogen, which was 

previously noted at SEM images (Fig.1). As we mentioned earlier, the presence of nitrogen 

has the catalytic effect and accelerate the oxidation of the carbon surface. Due to that, the 

specific surface area and the radius of the pores increase. To a certain limit, the increasement 

of the specific surface and pore radius is happening simultaneously. At higher amount of 

nitrogen atoms (above 1 wt.%), the increasement of the pore radius is so high that leads to the 

decreasing of the specific surface. In that sense, the synthesis of the samples with different 

amount of nitrogen is necessary to enable us to determine the optimal content of the nitrogen 

atoms. 

Fig.3. Nitrogen adsorption isotherms, as the amount of N2 adsorbed as a function of relative 

pressure for CC and CCN samples. Solid symbols - adsorption, open symbols – desorption.
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Fig.4. Pore size distribution (PSD) for CC and CCN samples

The FT-IR spectra of the CC samples are shown in Fig. 5. Although carbonization 

temperature was relative high (900 oC), a quite amount of surface oxygen groups can be 

noticed for all samples, which was also indicated by the results of the elemental analysis 

(Table 1). The reasons for such a state of surface chemistry for tested CC samples originate 

from the structural and porous characteristics. Previously results showed that all CC samples 

are characterized by disordered structure (Fig. 2) and highly developed specific surface 

area(Table 2). Both of these characteristics are responsible for the existence of a large number 

of carbon edge atoms, which represent active sites for surface oxygen group formation [55, 

56].

FT-IR spectra for all CC samples show some characteristic bands: wide band near 

3400 cm-1, which represents hydroxyl stretching vibration mode in carboxyl, phenol and/or 

intercalated H2O. The bands at 2925-2970 cm-1 and 2850-2880 cm-1 related to symmetric and 

antisymmetric stretching vibration of C-H bond, respectively, indicates the presence of 

aliphatic groups [57]. The peak located near 1635 cm−1 originated from the skeletal vibration 

of graphitic domains. For all CC samples, FTIR spectra show high intensity bands in the 
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range of 1000-1300 cm−1 which include the C-OH stretching and OH bending vibrations, 

which implying the existence of residual hydroxyl groups. The band around 1380 cm−1 can be 

attributed to carboxyl C-O deformation vibrations [58, 59]. According to the obtained results, 

nitrogen incorporation into CC structure did not affect the surface chemistry in a qualitative 

way, probably due to low ratio of nitrogen to carbon atoms and final distribution on N in CCN 

samples (mainly into the bulk).

Fig. 5. FT-IR spectra of CC, CCN1, CCN2 and CCN3 samples 

Results from conductivity measurements are given in Table 3. Conductivity falls 

slightly between CC and CCN3. This trend can be correlated to the increase in nitrogen and 

oxygen content (Table 1) whose incorporation into the graphite plane is known to lower 

conductivity. The values of conductivity are roughly half of those measured for similarly 

prepared materials [5] which can be attributed to the measurement procedure. Namely, in our 

measurements carbon was subjected to 2t pressure while those in [5] were measured by a four 

point probe technique. It is well established that the conductivity of cryogel is strongly 

dependent on the size of grains and their packing and it is presumed that the applied pressure 
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during measurements influenced grain packing which results in lower conductivity values. 

However, our previous experience with polyaniline-derived carbons [60, 61] shows that the 

conductivity values are still sufficiently high to provide good electrochemical behavior of 

explored materials. In other words, measured conductivities (Table 3) warrant efficient 

current collection, especially considering that the electrodes are prepared in a thin film 

configuration (Section 2.2).

Table 3. Conductivity values for CC and CCN samples

Sample CC CCN1 CCN2 CCN3

Conductivity

(S cm–1)

14.8 ± 0.5 11.9 ± 0.4 10.1 ± 0.3 9.0 ± 0.3

As an example of recorded CVs at the different sweep rate, CV of CCN1 sample is 

presented (Fig. 6, left), while the stored charge for all samples, obtained by CV integration 

and normalization by the mass on the electrode is subsequently tabulated (Table 4). 

Fig. 6. Cyclic voltammograms of CCN1 sample recorded in N2-purged 3M KOH solution 

recorded at different potential sweep rates (left) and cyclic voltammograms of all four 

samples recorded at 100 mV s−1.
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Nearly rectangular shape, quite often seen for similar types of carbons [18, 60, 61], 

independent of the sweep rate, characterizes CVs of all samples indicating good capacitive 

behavior with no discernible Faradaic processes in the form of peaks/humps present. 

Elemental analysis indicates the presence of small amounts of nitrogen in doped samples, 

known to show pseudo-capacitive behavior in certain forms, which is well documented as it 

can significantly contribute to the overall capacitance [60, 61]. However, significant 

contribution of pseudo-capacitance from nitrogen moieties can be excluded for CCN materials 

as CV of CC is identical in shape as for CCN, possibly because of relatively low 

concentration of nitrogen. Hence, we conclude that capacitance comes mainly from electrical 

double-layer (EDLC), which is known to be highly dependent on the specific surface area. 

When adjoining the capacitance values with specific surface area linear dependence is not 

evidenced pointing to the fact that some other factors must come into play and that likely 

entire SBET is not electrochemically active. 

Table 4. Capacitance values (C) at the different sweep rate for CC and CCN samples

Sweep rate

(mVs−1)

C[CC]

(Fg-1)

C[CCN1]

(Fg-1)

C[CCN2]

(Fg-1)

C[CCN3]

(Fg-1)

5 105 130 85 82

10 90 124 80 75

20 71 117 70. 58

50 65 114 68 54

100 62 106 59 40

Chmiola et al. conducted a detailed study on the correlation between pore size and 

capacitance which showed capacitance increase with decreasing pore size, which approaches 

maximum when desolvated ion diffuse into pores [62, 63]. The conclusion is therefore drawn 



Journal Pre-proof

 

 

 

18

that the key for achieving high capacitance is to tune the pore sizes to the electrolyte ion size 

and ensure that the pore volume is accessible to ions without facing transport limitations in 

addition to the high total surface area. Comparing measured capacitance values at 5 mVs–1 we 

can see that CC and CCN1 store more charge, 105 and 130 Fg–1, respectively, than CCN2 (85 

Fg–1) and CCN3 (82 Fg–1) even though they have smaller SBET then CCN2. To explain this 

occurrence we adjoin the average pore size from PSD to SBET values for both CC (1.91 nm; 

592 m2g–1; 105 Fg–1) and CCN1 (1.99 nm; 887 m2g–1; 130 Fg–1) and see that for materials 

having similar pore size distribution, both are narrow and centered slightly below 2 nm, 

specific surface area determines the overall capacity.

Looking now at the CCN2 (3.07 nm; 928 m2g–1;85 Fg–1) we see that, even though it 

has the highest SBET, having wider pores is not optimal, as adsorbed ions are now farther away 

from the surface which leads to a lower capacitance value as it scales inversely proportional to 

the ion center distance. Finally, CCN3 (3.80 nm; 676 m2g–1; 82 Fg–1) having the smallest SBET 

among the doped samples and widest pores results in the lowest measured capacity. These 

results demonstrate that tuning the carbon porosity in addition to maintaining the large 

specific surface area is the way of achieving the good capacitive behavior. From Table 4 it 

can also be seen that the effect of scan rate is rather prominent, when materials with similar 

pore sizes are considered better rate capabilities are seen for materials with higher SBET (CCN1 

and CCN2). We note that in all the cases capacitances normalized by SBET are under 20 μF 

cm−2, suggesting dominant EDLC contribution. 

I-E curves comparing ORR activity of explored materials in 0.1M KOH, with a sweep 

rate of 20 mVs–1 at 600 rpm are presented in Fig. 7a. If onset potential is taken as a measure 

of materials activity, the most positive onset potential is evidenced for sample CC with the 

value of –0.15 V vs. SCE, making it the best among explored set of materials. However, all 
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four have onset potentials spread in a potential window of 100 mVs−1 indicating that even for 

similar materials their activity can vary significantly.

Fig. 7. (a) Background-corrected ORR polarization curves of investigated samples recorded in 

O2-saturated 0.1 KOH (20 mV s−1, electrode rotation rate 600 rpm); (b) Background-corrected 

ORR polarization curves of CCN1 samples recorded in O2-saturated 0.1 M KOH under 

different electrode rotation rates (20 mV s−1), and (c) evaluated number of electrons 

consumed per O2 molecule for CCN1 sample (inset gives K-L plots).

CCN1, as the best doped sample in the series (Fig. 7a), was subjected further to the RDE 

experiment (Fig. 7b) and K-L analysis to determine the number of apparent electrons 

exchanged and dominant mechanism (Fig. 7c). Onset potential values are close to those 

measured for similar types of materials with a small fraction of heteroatoms [18]. The 

apparent number of electrons is determined from the slope of K-L lines defined by:

(1)    )O()O(62.0
11111

2
2/16/13/2

2 cDFnjjEjEj kdk 


 

In Eq. (1), j(E) and jk(E) are the measured current density and the kinetic current 

density at a given electrode potential (E), respectively, while jd is the limiting diffusion 
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current density (which indirectly depends on E via n). Additionally, ν presents the kinematic 

viscosity of the solution (0.01 cm2 s−1) [64], D(O2) is the diffusion coefficient of O2 

(1.9 × 10−5 cm2 s−1) [43] and c(O2) is the concentration of dissolved O2 (1.2 × 10−6 mol cm−3) 

[65]. K-L analysis was done in the potential range −0.35 to −0.85 V vs. SCE. Interestingly, n 

was found to be close to 2 at low overvoltages, while it slightly increased with deeper 

negative overvoltage and reached 2.55 at −0.85 V vs. SCE (Fig. 7c). This indicates that 2e– is 

principal pathway in O2 reduction for CCN1 which is contrary to N-doped carbon nanotubes 

and polyaniline derived N-containing nanocarbon [66] which shows a switch from 2e– to 

predominantly 4e– mechanism at deep negative overvoltages. This discrepancy can be 

attributed to the level of nitrogen doping as aforementioned materials have about 9 wt.% 

while CCN1 has only 0.5 wt.%. Results are analogous to those found for low level doped 

carbons [13, 18], where n was also between 2 and 3, stressing that high doping level is crucial 

for good ORR selectivity. However, considering practical application of CCN in the field of 

electrocatalysis, these materials seems as proper candidates for electrochemical synthesis of 

hydrogen peroxide due to rather exclusive 2e− reduction of O2.

4. Conclusions

In this study, nitrogen doped carbon cryogels were synthesized and characterized. 

Final nitrogen concentrations in doped samples were found to be in the range of 0.45−1.15 

wt.%. Investigation of nitrogen doped carbon cryogel by means of Raman spectroscopy 

revealed an influence of nitrogen substitution on the structural disorder in carbon cryogel 

structure. Scanning electron microscopy, as well as characterization by nitrogen adsorption, 

pointed out that, even with such low nitrogen contents, it is possible to drastically affect 

morphology and porosity of carbon cryogel. Namely, although the doped samples preserved 

the dominant mesoporosity, the values of the specific surface area for two samples with lower 
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nitrogen content increase over 50% compared to the value of pristine carbon cryogel. For the 

sample with highest nitrogen content, this enhancement of specific surface area is quite lower, 

indicating that lower content of incorporated nitrogen, has a much more pronounced 

developing effect to specific surface area. The maximum capacitance value of 130.2 Fg–1 at 5 

mVs–1 is obtained for material concurrently having narrow pore size distribution and high 

specific surface area reiterating the conclusion that tuning of carbon porosity is the way to 

achieve good capacitive behavior. Low level nitrogen doping has a small effect on ORR 

selectivity in the alkaline solution which predominantly goes through 2e– mechanism. To 

achieve complete reduction of oxygen to hydroxide high level of doping is needed. Obtained 

results showed that it is possible, using simple doping procedure with low nitrogen content, to 

affect the morphology, structural and surface characteristics of the carbon cryogel, which 

further could lead to the expansion of nitrogen doped carbon cryogel application.
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List of figure captions

Fig.1. SEM images of undoped CC (a) and nitrogen doped samples: CCN1 (b), CCN2 (c) and 

CCN3 (d).

Fig. 2. Raman spectra of CC, CCN1, CCN2 and CCN3 samples

Fig.3. Nitrogen adsorption isotherms, as the amount of N2 adsorbed as a function of relative 

pressure for CC and CCN samples. Solid symbols - adsorption, open symbols – desorption.

Fig.4. Pore size distribution (PSD) for CC and CCN samples

Fig. 5. FT-IR spectra of CC, CCN1, CCN2 and CCN3 samples 

Fig. 6. Cyclic voltammograms of CCN1 sample recorded in N2-purged 3M KOH solution 

recorded at different potential sweep rates (left) and cyclic voltammograms of all four 

samples recorded at 100 mV s−1.

Fig. 7. (a) Background-corrected ORR polarization curves of investigated samples recorded in 

O2-saturated 0.1 KOH (20 mV s−1, electrode rotation rate 600 rpm); (b) Background-corrected 

ORR polarization curves of CCN1 samples recorded in O2-saturated 0.1 KOH under different 

electrode rotation rates (20 mV s−1), and (c) evaluated number of electrons consumed per O2 

molecule for CCN1 sample (inset gives K-L plots).
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Highlights

 Nitrogen doped carbon cryogels with nitrogen content to 1.15 wt.% were synthesized

 Drastic changes in doped samples morphology and porosity were obtained

 The maximum capacitance value was obtained for the lowest nitrogen content

 Effects of nitrogen doping on carbon cryogels electrocatalytic properties and conductivity 

were insignificant

 Low nitrogen content led to sufficiently modified carbon cryogels properties
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Abstract: 
 In this paper, we present a novel and low – cost method for preparing copper sulfide 
films on polyamide. Non-treated as well as pre-treated PA6 films by 3 different methods (in 
boiled water; in NaOH solution; in boiled water and then in NaOH solution) were used for 
the formation of Cu2S layers by the sorption-diffusion method. Molten sulfur has been used as 
a sulfurization agent. The XRD, FTIR, and UV-VIS methods were used to characterize the 
structural, optical, and electrical properties of samples and to track changes in samples after 
each treatment stage. The sheet resistance of Cu2S layers depends on the pre-treatment 
method and varied from 7 kΩ/sq to 6 MΩ/sq. The optical band gaps (Eg) for direct and 
indirect transitions are determined to be 2.61–2.67 eV and 1.40-1.44 eV, respectively. 
Furthermore, the optical constants n, k, and σ are determined from UV-VIS measurements. 
Keywords: Thin film; Copper sulfide; Polyamide 6; X-ray diffraction; Optical properties. 
 
 
1. Introduction 
 
 Copper sulfides, CuxS, x=1–2, are one of the most important compounds of 
chalcogenide semiconductor materials due to their low toxicity, versatility, and availability. 
They can be used as absorbers and p-type semiconductors due to their excellent electrical, 
optical, and structural properties [1–3]. The electrical conductivity of copper sulfides is 
decreasing from CuS to Cu2S, direct bandgap values vary from 2.2 to 2.9 eV in Cu2S, 2.1 eV 
in Cu1.8S, and 1.7 eV in CuS [1,4–6]. 
 Copper sulfides are widely applied as thin films and composite materials with 
technologically important applications in optoelectronic devices [7,8], sensors [9,10], 
photocatalysis [11,12], photovoltaic cells [10,13], for high-energy supercapacitors [14,15], 
battery electrodes [7,16,17], and in biomedical fields [18,19]. Recently, they found 
application as counter electrodes in quantum dot sensitized solar cells [15,20]. For all these 
applications, the material must be highly accessible; therefore, it is very important to identify 
simple and inexpensive production technologies on a large scale. 
 The deposition of a thin layer of copper sulfide on the surface of an organic polymer 
is one of the simple ways to obtain electrically conductive films for the manufacture of 
electronic devices, because they can change properties from a semiconductor to a metal 
conductor. The ability of a polymer to sorb fine particles from a solution provides 
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opportunities for many novel applications [21]. Once the copper sulfide is deposited on a 
flexible transparent polymer substrate, the resulting coated polymer may be applicable in 
many areas: as the conductive substrate for the deposition of metals and semiconductors 
[22,23]; as room temperature gas sensors [24,25]; in thermoelectric applications [26]. 
 Polyamide (PA6 or polycaproamide, Nylon 6) as a semihydrophilic polymer is 
capable of absorbing ions or molecules of various electrolytes from aqueous and non-aqueous 
solutions [27]. Polyamide can be characterized as a polymer with high thermal resistance and 
good mechanical properties. 
 Polymers with electrically conductive metal chalcogenide layers on their surface can 
be prepared by the sorption-diffusion method described in our earlier works [27–29]. 
According to this method, the surface of a polymer is pre-treated by a solution containing a 
sulfurization agent and subsequently treated by an aqueous solution of metal salt.  
 This work presents a new low-cost method for preparing good quality Cu2S thin films 
on a modified PA6 surface. The structure of the prepared films is studied by X-ray diffraction 
(XRD), Fourier transform infrared (FTIR), and UV-VIS spectroscopy. The material 
(composite) structure and the optical and electrical properties of Cu2S films are discussed. 
 
 
2. Materials and Experimental Procedures 
2.1. Materials 
 
 Analytical pure reagents and distilled water were used to prepare the reactive 
solutions. 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. 
 The polyamide film (PA6) (Tecamid 6, thickness - 500 µm, density - 1.13 g/cm–3, 
surface resistance 1012 Ω/sq) used in this study was obtained from Ensinger GmbH 
(Germany).  
 
2.2. Formation of CuxS thin layers 
 
 According to the bibliography [30], the impregnation of copper sulfide on PA6 or 
other polymers requires a previous treatment process to facilitate its adhesion. For the 
experiment, non-treated PA6 samples have been used, as well as the ones pre-treated by 3 
different methods: boiled in distilled water for 120 min; exposed to 0.1 M NaOH solution for 
120 min at 80oC; boiled in distilled water for 120 min and subsequently exposed to 0.1 M 
NaOH solution for 120 min at 80oC (Table I). All samples were rinsed and air-dried at room 
temperature, followed by desiccation with CaCl2. 
 
Tab. I Sample labelling and experimental conditions of PA6. 
Labelling Experimental conditions  
PA6-0 Non-treated 
PA6-1 Boiled in distilled water for 120 min 
PA6-2 Exposed to 0.1 M NaOH solution for 120 min at 80oC 
PA6-3 Boiled in distilled water for 120 min and subsequently exposed to 0.1 M NaOH 

solution for 120 min at 80oC. 
 
 The formation of copper sulfide layers on PA6 film surface was carried out in two 
stages. In the first stage, the PA6 films were sulfurized by molten sulfur at 135oC for 1 min in 
a glass reactor. In the second stage, the samples of sulfurized PA6 films were treated with the 
aqueous 0.4 M CuSO4 solution with the reducing agent at 80oC for 10 min. The PA6 substrate 
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was placed vertically. After the treatment with the solution of Cu(I/II) salts, the samples of 
PA6 were rinsed and dried in a desiccator. 
 
2.3. Characterization of PA6 and copper sulfide layers  
 
 An X-ray diffractometer (D8 Advance diffractometer, Bruker AXS, Karlsruhe, 
Germany) has been applied to examine the crystal phase of the PA6 and PA6/CuxS samples. 
The samples were scanned over the range 2θ = 3–70° at a scanning speed of 6° min–1 using a 
coupled two theta/theta scan type. The peaks obtained were identified based on those 
available in the PDF-2 database.  
 The optical properties of the PA6 and PA6/CuxS samples were measured at room 
temperature by using UV/VIS spectrometer Lambda 35 UV/VIS (Perkin Elmer, USA) in the 
range of 200 to 1100 nm.  
 The FTIR spectra were recorded in the wavenumber range of 3500 to 600 cm−1 using 
the compensation method on Perkin Elmer FTIR Spectrum GX 2000 spectrophotometer by 
averaging 64 scans with a wavenumber resolution of 1 cm−1 at room temperature. 
 The constant current resistivity of the copper sulfide films was measured using a 
multimeter MS8205F (Mastech, 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 and Discussion 
3.1. X-ray diffraction analysis 
 
 Polyamide 6 has the repeating group [–NH(CH2)5(CO)–] and is characterized by the 
presence of secondary amide groups CO-NH in the polymer skeleton. The hydrogen bonds 
formed between neighbouring chains strongly affect the mechanical properties. PA6 is 
semicrystalline; it consists of crystalline and amorphous phases. The degree of crystallinity of 
PA6 is 35-45 %. The crystalline regions contribute to the hardness, temperature stability, and 
chemical resistance. Amorphous areas contribute to the impact of resistance and high 
elongation [31,32]. PA6 has two well-established crystalline modifications of α phase and γ 
phase, which can be transformed into each other under certain conditions. The stable 
monoclinic α phase is dominant in the structure of PA6; while γ form is unstable, and it can 
be transformed into the α form [33].  
   

 
 

Fig. 1. XRD patterns of PA6. 
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The first task of our work was to study the influence of the polymer preparation on 
the formation of the copper sulfide thin films by XRD and FTIR analysis. 
 The XRD diffraction patterns of the initial polyamide films used in the experiments 
are presented in Fig. 1.  
 
 The experimental values of d (lattice spacing) for the polymer are determined using 
Bragg’s relation [34] by taking the θ value from the peak position of XRD pattern: 
 

2 sinλ θ=n d                    (1) 
 
where n (an integer) is the order of diffraction; λ is the wavelength of incident X-rays; d is the 
interplanar spacing of the crystal and θ is the angle of incidence. Calculated values of d are 
shown in Table II. 
 
Tab. II The 2θ, d and (hkl) Miller indices values of PA6. 

 
(hkl) 

PA6-0 PA6-1 PA6-2 PA6-3 
2θ (°) d (Å) 2θ (°) d (Å) 2θ (°) d (Å) 2θ (°) d (Å) 

(γ020) 9.24 9.56 9.38 9.42 9.36 9.44 9.36 9.44 
(α100) 20.19 4.39 20.05 4.42 20.11 4.41 20.11 4.41 
(α001) 23.03 3.85 23.44 3.79 23.25 3.82 23.44 3.79 

(α002/202) 28.41 3.14 28.52 3.13 28.52 3.13 28.52 3.13 
 

The peaks of semicrystalline PA6 between 8° to 30° (in 2θ) were observed. These 
peaks, according to JCPDS 12-923, appear at ~20.1° and ~23.4 with the corresponding d-
spacing of ~4.4 and ~3.8 Å, respectively. They are attributed to the α100 and α001 crystal 
planes, respectively, and showed the presence of the dominant crystalline α-phase [30,32]. 
Two reflections are also observed at around 2θ = 9.3° (γ020) and 28.5° α002/202.  
 It has been observed that the intensities and full width at half-maximum (FWHM) 
values of these peaks slightly changed with the preparation of the PA6 before the formation of 
the copper sulfide thin films. These changes may be attributed to the crystallinity of the films. 
The structural parameters for the (α001) peak such as FWHM (β), crystallites size (D), 
dislocation density (δ) and strain (ɛ) for all the prepared films were evaluated from XRD 
patterns and presented in Table III. The grain size of the thin films was calculated by XRD 
patterns using Debye Scherrer’s formula [35]: 
 

0.9
cos

D λ
β θ

=               (2) 

 
where D is the crystallite size; λ is the X-ray wavelength used; β is the angular line width at 
half-maximum intensity in radians and θ is Bragg’s angle.  
 Additionally, to have more information on the number of defects in the films, the 
dislocation density (δ) was evaluated using the formula [36]: 
 

2

1
D

δ =               (3) 

 
The strain values were calculated from the following relation [37]:  

 
cos
4

β θε =                      (4) 
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 The results in Table III showed that the highest value of crystallite size has the 
polymer PA6-1, while it’s dislocation density and strain have the lowest value. The larger D, 
and the smaller β, δ and ɛ values indicate better crystallization of the films [38,39].  
 
Tab. III The crystallite size (D), dislocation density (δ), strain (ɛ) and full width at half 
maximum (FWHM, β) values of copper sulfide thin films. 

 2θ (°) β (°) D (nm) δ·10-2 (nm-2) ɛ·10-3 (nm-2) 
PA6-0 23.03 2.61665 30.98 10.42 11.19 
PA6-1 23.44 2.2013 36.86 7.36 9.40 
PA6-2 23.25 2.42247 33.48 8.92 10.35 
PA6-3 23.44 2.22641 35.69 7.85 9.71 

 
 X-ray diffraction analysis of the sulfurized PA6 films showed that elemental 
hexagonal sulfur was diffused into PA6 surface. The peaks of PA6-0 at 9.27°, 18.78°, 20.07°, 
23.1°, and 28.4° are attributed to sulfur S6 [JCPDS No. 72-2402]. 
 XRD studies of Cu2S thin films are limited by the polycrystallinity of the layers 
obtained and by the semicrystallinity of the PA6 film itself. The intensity of the peak 
maximum of PA6 at 2θ < 25o exceeds few times the intensity of the copper sulfide peaks 
maxima. The XRD spectrum recorded after treatment of sulfurized PA6-0 film in Cu(I/II) salt 
solution shows the peaks at 9.37° (attributed to sulfur), 20.22°, 23.24° and 28.5° (attributed to 
copper sulfide phase) and indicates the formation of chalcocite, Cu2S [JCPDS No. 12-227]. 
Although the overlapping of XRD peaks makes their identification difficult, the XRD data for 
other sulfurized and treated samples with copper sulfate solutions are presented in Table IV. 
They indicate that the composition of Cu2S layers does not depend on the pre-treating method 
of the polymer surface. 
 
Tab. IV Comparison of d-spacing, angle values and their respective planes for Cu2S layers 
obtained by different pre-treating methods of polyamide surface. 

 PA6-0 PA6-1 PA6-2 PA6-3 (hkl)  
2θ (°) d (Å) 2θ (°) d (Å) 2θ (°) d (Å) 2θ (°) d (Å) 

S  
(hexagonal) 
JCPDS No 

72-2402 

9.27 9.53 9.27 9.54 9.27 9.54 9.31 9.49 (100) 
18.78 4.72 18.76 4.72 18.76 4.72 18.83 4.71 (200) 
20.07 4.42 20.14 4.4 20.14 4.4 20.05 4.4  
23.1 3.85 22.95 3.87 22.95 3.87 23.3 3.8 (101) 
28.4 3.14 28.41 3.14 28.41 3.14 28.5 3.13 (300) 

Cu2S 
(orthorhombic) 

JCPDS No 
12-227 

20.22 4.39 20.12 4.41 20.12 4.41 20.03 4.43 (212) 
23.24 3.82 23.20 3.83 23.20 3.83 23.3 3.81 (133) 
28.5 3.13 28.54 3.13 28.54 3.13 28.48 3.14 (351) 

 
3.2. FTIR spectrum analysis  
 
 The FTIR spectra of PA6 films are shown in Fig. 2. PA6 has IR active bands: the 
stretching band of N – H at about ~3295 cm–1; at ~3077cm– 1 due to the first overtone of 
amide II; the symmetrical and asymmetrical stretching bands of a methylene group (CH2) at 
~2862 and ~2932 cm–1, respectively. The band at ~1635 cm–1 corresponds to the stretching of 
the amide carbonyl and the one at ~1537 cm–1 is due to the amide II (N – H) in plane bending 
and C – N stretching [40,41]. In the 650–1400 cm–1 region of the IR spectra, the modes 
attributed to CH2 sequences (1478 cm–1 – CH2 scissor vibration, 1373 cm–1 – amide III and 
CH2 wag vibration, 1199 cm–1 – CH2 twist-wag vibration, 959 cm-1 CO–NH in plane 
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vibration) and crystalline forms of PA6 films can be distinguished. This confirms that the 
sample studied consists predominantly of α crystalline form.  
 

 
 

Fig. 2. FTIR spectra of PA6. 
 
 All peaks are consistent with the data in the literature [40,42], but the peak intensities 
differ when PA6 samples are prepared differently. More intensive peaks were obtained by the 
treatment of PA6 with an alkali solution. However, no significant differences were observed 
between the spectra of the PA6-0 and PA6-1, PA6-2, or PA6-3. There were no changes in the 
shape of these peaks compared to the PA6-0 sample. 
 
3.3. UV-VIS absorption spectroscopy 
 
 The UV-VIS absorption spectroscopy is a powerful tool for the investigation of the 
optical properties of the material. In this study we used Tauc plot for the determination of 
optical band gap from absorbance measurements [43]:  
 
αhν= A(hν – Eg)n                     (5) 
 
where α is the absorption coefficient; hν – photon energy; Eg – energy band gap; A – a 
constant; n – a constant for a given transition (n =2 for direct transition and n = ½ for indirect 
transition). The optical band gap can be estimated by extrapolating the linear portion of the 
(αhν)2 and, respectively (αhν)1/2 plots versus hν to α = 0 [44]. 
 

 
 

Fig. 3. UV-VIS absorbance spectrum and plot of (αhν)
2
 against hν for PA6-0 film (inset). 



N. Petrasauskiene et al.,/Science of Sintering, 54(2022)139-152 
___________________________________________________________________________ 

 

145 
 

 The energy band gap for pure PA6 is 4.66 eV (Fig. 3), which means that the polymer 
is an insulator. The variations in UV-VIS absorbance spectra of PA6 boiled in distilled water, 
exposed to a NaOH solution, and boiled in distilled water for 120 min and subsequently 
exposed to a NaOH solution for 120 min at 80oC are not pronounced in the shape compared to 
unterated polyamide 6. 

Fig. 4 illustrates that copper sulfide films show strong absorption in the UV region 
(maximum at cca 320 nm with a shoulder at cca 350 nm) while in the VIS region the 
absorbance drastically drops.  

 
 

Fig. 4. UV-VIS absorbance spectra of PA6/Cu2S films. 
 
 Both direct- and indirect-allowed transitions are exhibited in the Cu2S film. The 
experimentally determined values of energy gaps for Cu2S thin films slightly differ, their 
values range from 2.61 to 2.67 eV for direct transitions (Fig. 5), and from 1.40 to 1.44 eV in 
the case of indirect transitions (Fig. 6). It seems that despite the way the samples of polymer 
were treated prior to deposition, their optical properties, such as band gap energies, are quite 
similar.  

 
Fig. 5. Plot of (αhν)

2
 against hν for PA6/Cu2S films (Direct transition). 
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Fig. 6. Plot of (αhν)

2
 against hν for PA6/Cu2S films (Indirect transition). 

 
 In the literature [6,45,46], we can see that the values obtained for Eg by different 
authors were not exactly the same: the energy band gap values for Cu2S vary from 1.0 to 1.5 
eV for indirect transitions and from 2.40 to 2.96 eV for direct transitions. Different values of 
the energy gap may be due to different techniques of preparation, the thickness of the films 
obtained, the particle size, and the mechanism of light absorption in the film. 
 Table V gives the values of the energy gaps obtained in the present work. These 
results are consistent with the literature [6,45,46].  

 
Tab. V The band gap energies of copper sulfide thin films deposited on polymer. 

 PA6-0/Cu2S PA6-1/Cu2S PA6-2/Cu2S PA6-3/Cu2S 
Direct transition (eV) 2.63 2.61 2.65 2.67 
Indirect transition (eV) 1.41 1.40 1.43 1.44 

 
 The lowest band gap result was obtained for PA6-1/Cu2S. A lower bandgap implies 
higher intrinsic conductivity, i.e. as the energy band gap decreases, the electrical conductivity 
increases. Therefore, the optical constants were calculated just for PA6-1/Cu2S film. As 
mentioned above, this film has also the best crystallinity. 
 The optical constants of Cu2S thin films were studied using optical absorption theory 
[6]. According to the conservation law of energy theory, the relation between reflectance (R), 
transmittance (T), and absorbance (A) is: 
  
R+T+A=1                           (6) 
 
where transmittance (T) was measured by T = 10(−A). Additionally, the optical constants of 
Cu2S thin films such as the refractive index (n) and the extinction coefficient (k) are important 
parameters for thin films. The extinction coefficient (k) is the attenuation per unit radiation, 
and it is related to the absorption coefficient by the following relation: 
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4
k αλ

π
= .                           (7) 

 
The refractive index (n) is the measure of how fast light propagates through the material. The 
higher the refractive index is, the slower light travels through the material, which changes its 
direction. It is a very important optical property in designing optical devices. There are many 
ways to determine the refractive index of the material. In this work, the approach of H. Pathan 
et al. is used [6]: 
 

1
1

Rn
R

+
=

−
.                   (8) 

 
The plots of absorbance (A), reflectance (R) and transmittance (T) against wavelength (λ) (a) 
and plots of refractive index (n) and extinction coefficient (k) against hν (b) for PA6-1/Cu2S 
thin film are shown in Fig. 7. 
 

 

      
Fig. 7. Plots of absorbance (A), reflectance (R) and transmittance (T) against wavelength (λ) 

(a) and plots of refractive index (n) and extinction coefficient (k) against hν (b) for PA6-
1/Cu2S thin film. 

 
 The refractive index value exhibits a minimum at ~2.17 for the PA6-1/Cu2S thin film 
at the energy equal to 1.68 eV. The extinction coefficient of the Cu2S thin film at the same 
energy was found to be 0.11.  
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 The real (ɛr) and the imaginary (ɛi) part of dielectric constant for the same film were 
determined using the relations [6]: 
 
ε = −2 2

r n k ,                          (9) 
2 .i nkε =                              (10) 

 
The obtained results were shown in Fig. 8.  
 The imaginary part confirms the contribution of the free carrier to the absorption. 
From Fig. 7 and Fig. 8 it can be seen that the real and imaginary dielectric constants have the 
same behaviour as the refractive index and extinction coefficient. 
 

 
 

Fig. 8. Plot of real (ɛr) and the imaginary (ɛi) part of the dielectric constant against hν for 
PA6 - 1/Cu2S thin film. 

 

 
 

Fig. 9. Plot of ln(α) against hν for PA6-1/Cu2S thin film. 
 

 The defect states in the optical band gap region are represented by Urbach energy, 
which can be extracted from absorption spectra and can be calculated using the following 
relation [47,48]: 
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0 exp
u

E
E

α α
 

=  
 

,                   (11) 

where α is the absorption coefficient; α0 is constant; E is the incident photon energy which is 
equal to hν, and Eu is the Urbach energy. The Urbach energy can be obtained from the slope 
of the straight line of plotting ln(α) against the incident photon energy hν. Fig. 9 shows the 
variation of ln(α) versus hν for the PA6-1/Cu2S film.  
 The Urbach energy value was calculated from the reciprocal of the straight line slope 
of PA6-1, with the obtained value of 0.51 eV.  
The optical conductivity (σ) was determined using the relation [46]: 

4
ncασ
π

=                            (12) 

 
where α is the absorption coefficient; n is the refractive index of the film, and c is the speed of 
light in a vacuum. Fig. 10 shows the variation of optical conductivity (σ) with energy. The 
increased optical conductivity is due to the high absorbance of the copper sulfide thin film.  
 

 
 

Fig. 10. Plot of optical conductivity (σ) against hν for PA6/Cu2S thin film. 
 
 The parameters determined for the thin films were compared to those published for 
Cu2S thin films prepared by similar techniques, and it was found that the results of optical 
constants are consistent with the data from the literature [6].  
 
3.4. Measurements of electrical resistivity  
 
 Formed Cu2S layers changed conductivity of PA6: the surface resistance of pure PA6 
is 1.0×1012 Ω/sq. The square sheet resistance measurements of Cu2S layers on PA6 matrix 
showed that the lowest resistivity was obtained on a sample which was formed on PA6-1 (~7 
kΩ/sq), next value was for PA6-3 (~10 kΩ/sq), then on PA6-0 (~60 kΩ/sq), and on PA6-2 
electrically conductive layers are not formed (6 MΩ/sq). 
 
 
4. Conclusion 
 
 Copper sulfide thin films are deposited on a polymer substrate using the novel 
sorption-diffusion method. XRD analysis has revealed that the crystallinity of the non-treated 
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PA6 sample is the highest. After the pre-treatment of PA6, the position and intensity of the 
peaks changed slightly in diffractograms. According to the diffractograms, elemental 
hexagonal sulfur was diffused into PA6 surface after sulfurization. The XRD pattern indicates 
that the CuxS films possess a structure that matches the orthorhombic crystal system of the 
chalcocite (Cu2S) phase. Direct and indirect allowed transitions are exhibited for Cu2S thin 
films with energy band gaps of 2.61–2.67 eV and 1.4–1.44 eV, respectively. The lowest 
resistance of copper sulfide thin film was found on PA6-1/Cu2S and equals ~7 kΩ/sq. It has 
been proven that films of good quality for optoelectronic application could be produced by 
implementing a simple and low-cost technique. 
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Сажетак: У овом раду је представљена нова и повољна метода припреме филмова 
бакар сулфида на полиамиду. Нетретирани, као и претходно третирани РА6 филмови 
помоћу 3 различите методе (у кључалој води; у раствору NaOH; у кључалој води па у 
раствору NaOH) су коришћени као супстрати за формирање слојева Cu2S сорпционо – 
дифузионом методом. Као сулфоризациони агенс коришћен је топљени сумпор. За 
карактеризацију структурних, оптичких и електричних особина узорака, али и за 
праћење промена након сваког ступња третирања, коришћене су XRD, FTIR и UV-VIS 
технике. Површински отпор слојева Cu2S зависи од методе третирања полимера и 
креће се између 7 kΩ/sq и 6 MΩ/sq. На основу UV-VIS мерења одрећене су ширине 
забрањених зона за директне и индиректне прелазе, и крећу се у опсегу 2.61 – 2.67 eV и 
1.40 – 1.44 eV респективно. Одређене су и оптичке константе n, k и σ. 
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Кључне речи: Танки филмови, бакар сулфид, Полиамид 6, Дифракција рендгенског 
зрачења, Оптичке особине. 
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Abstract 

Flexible polymers modified with copper sulfides have emerged as a novel class of materials, 

presenting composite structures with remarkable properties suitable for applications in flexible 

electronics. This study focuses on the deposition of copper sulfide (CuxS) layers onto the surfaces of 

polyamide and polypropylene through the chemical bath deposition method, employing either 2 or 3 

deposition cycles. The objective is to explore the impact of deposition cycles and discern the optimal 

conditions for the deposition process. Comprehensive analysis of the CuxS thin films entails techniques 

such as scanning electron microscopy (SEM), Raman spectroscopy, UV-VIS spectroscopy, and X-ray 

diffraction to shed light on their structural and optical characteristics. 
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1. INTRODUCTION 

 

The CuS, commonly referred to as covellite, demonstrates both superconducting and metallic 

behaviour at distinct temperatures, as documented in various studies [1-5]. Notably, this material is 

environmentally friendly and abundant. Its considerable potential for application in Li-ion 

rechargeable batteries has been widely recognized [6-8]. Additionally, numerous reports highlight its 

suitability for use in optoelectronic devices [9], solar cells [2, 5, 9, 10], photo catalytic activity [11], 

chemical sensing [12], and in the fabrication of gas sensors for devices [8, 13, 14]. The origin of 

superconductivity in CuS is elucidated by its intriguing crystal symmetry. It possesses two distinct 

crystalline forms at different temperatures. Under ambient conditions, it adopts a hexagonal structure 

with the space group P63/mmc (Z=6) [15, 16, 17]. However, at a low temperature of approximately 

55K, it undergoes a structural phase transition from a hexagonal structure to orthorhombic crystal 

symmetry (Cmcm) [17]. Despite extensive investigations of the structure and associated properties of 

CuS, the findings exhibit mutual inconsistencies. Notably, there are conflicting reports regarding the 

transition temperatures from the conducting to the superconducting state in CuS. Raveau et al. [18] 

have documented superconducting behaviour below 40K, while Buckel et al. and Saito et al. 

independently observed it at remarkably lower temperatures, specifically 1.2K and 1.72K, respectively 

[19, 20]. 

Copper sulfide forms five stable phases at room temperature: covellite (CuS), anilite (Cu1.75S), 

digenite (Cu1.8S), djurleite (Cu1.95S) and chalcocite (Cu2S) with a crystal structure varying from 

orthogonal to hexagonal [13]. Copper sulfide films are interesting absorber materials with their film 

solar cells with ideal optical characteristics [5, 21, 22]. Copper sulfide thin films maintain 

transmittance in the infrared region, low reflectance in the visible region, and relatively high 

reflectance in the near infrared region, which has been used in many applications, including solar 

control coatings, solar energy conversion, electronic, and low-temperature gas sensor applications [14, 

21, 22, 23].  

Furthermore, disagreement persists regarding the valence state of the Cu atom within the 

structure. Several oxidation formalisms propose a valence state for the Cu atom ranging from 1 to 

1.4e
–
 [20, 24, 25]. Conversely, X-ray absorption spectroscopy (XAS) and X-ray photoelectron 

spectroscopy (XPS) assert the ionic state of the Cu atom with a valency of 1e
–
 [10, 26, 27]. Kumar et 

al.'s XAS investigation [28] reports two oxidation states of the Cu atom, corresponding to two distinct 

crystallographic positions. Moreover, X-ray emission spectroscopy (XES) and X-ray absorption near-

edge spectroscopy (XANES) consistently depict the same valence state of the S atom in solid CuS [29, 

30, 31]. Consequently, a consensus on the aforementioned aspects of CuS remains elusive. 

Nanocomposites are a class of composites wherein at least one of the constituent phases exhibits 

dimensions within the nanometer range [6]. These materials have emerged as promising alternatives to 

address the limitations associated with microcomposites and monolithics. However, their preparation 

presents challenges, particularly in the precise control of elemental composition and stoichiometry 



within the nanocluster phase. Widely regarded as materials defining the 21st century, nanocomposites 

possess distinctive design characteristics and property combinations not observed in traditional 

composites.  

Polymer nanocomposites consist of two primary elements: an organic polymer matrix and 

inorganic components, often semiconductors. This category encompasses a variety of structures, 

including three-dimensional metal matrix composites, lamellar composites, colloids, porous materials, 

gels, and copolymers where nanosized materials are dispersed within the bulk matrix. The properties 

of these nanocomposites are intricately linked to the characteristics of their components, morphology, 

and interfaces. To broaden the potential applications of polymer nanocomposites, enhancements in the 

thermal, mechanical, and electronic properties of conventional polymer materials are essential [32, 

33]. This necessitates a concerted effort to improve and optimize these properties, thereby extending 

the range of possible applications for these advanced materials. 

Usage of polymer films, coated with electroconductive layers, has been increasing in the past 

years due to their elasticity, resistance against corrosion and low toxicity. Electrically conductive CuxS 

layers on polymers can be prepared by methods of vacuum evaporation, activated reactive evaporation 

[13], electroless deposition [34], successive ionic layer adsorption and reaction (SILAR) [15], 

chemical bath deposition [35], and sorption–diffusion methods [36, 37].  

Polyamide is a semihydrophilic polymer with the ability to absorb ions and molecules from 

various electrolytes in both aqueous and non-aqueous solutions [38]. This property makes it useful for 

a range of applications. Polyamide is known for its high thermal resistance and excellent mechanical 

properties. Types of Polyamide: 

 Nylon 6 (PA 6): This is a widely used polyamide with good mechanical properties and 

excellent resistance to abrasion. 

 Nylon 66 (PA 66): Known for its high melting point and chemical resistance, it is commonly 

used in the automotive industry. 

Nylon is widely used in the textile industry for the production of fabrics, garments, and carpets. 

Polyamide is used in various automotive components, such as gears, bushings, and engine parts. Nylon 

is used in the production of durable and heat-resistant plastic parts. 

On the other hand, polypropylene (PP) is an economical thermoplastic polymer that boasts 

outstanding chemical, physical, and mechanical characteristics. These include flame resistance, 

transparency, a high heat distortion temperature, dimensional stability, and recyclability, making it 

well-suited for a wide array of applications [39, 40, 41, 42]. Polypropylene is relatively rigid, has a 

high melting point (160–166 °C), low density (0.91–0.94 g/cm
3
), and demonstrates good resistance to 

high temperatures, chemical agents, and impacts [43]. 

This study aimed to investigate the morphology and optical properties of copper sulfide layers 

formed on polyamide and polypropylene film using the chemical bath deposition method. Structural 

characterization of the thin films was performed with the help of X-ray diffraction, and Scanning 



Electron Microscopy, while the optical properties were characterized with UV/VIS spectroscopy and 

Raman spectroscopy.  

2. MATERIALS AND METHODS 

 

2.1. Thin films formation 

 

Commercially available PA (PA 6, Tecamid 6, Ensinger GmbH (Germany) and PP (Proline 

X998, KWH Plast, Finland) films were chosen as flexible substrates for the deposition of thin films of 

copper sulfide CuxS). The nominal characteristics of PP and PA films provided by the manufacturer 

are given in Table 1.  

 

TABLE 1. Characteristics of PA and PP films 

 

Polymer Appearance Thickness (μm) Density (g/cm
3
) Surface 

Resistance (Ω) 

PA opaque 500 1.13 10
12 

PP clear 150 0.90 10
16 

 

Acetone (CH3COCH3, 99.5%), alcohol (CH3CH2OH, 95%), and all other chemicals used for 

deposition were purchased from Sigma-Aldrich and were of analytical grade, used without further 

purification.  

Before the experiments, the PA films were boiled in distilled water for 2 h to remove the 

remaining un-polymerized monomer residues. PP films were etched for 25 min at 90 °C with 

oxidizing solution (H2SO4/H3PO4 (1:1), saturated with CrO3) [39] Then, samples of polymers were 

dried with filter paper and incubated over anhydrous CaCl2 for 24 h. 

The CuxS thin films deposit was carried out at room temperature by using the following 

procedure: 0.05 M CuCl2 and 0.05 M Na2S2O3 were mixed, and the pH of the resultant solution was 

adjusted to 3. The pre-treated PA and PP samples were vertically immersed along the wall of the 

reactor and were left undisturbed for the deposition of CuxS films for 16 h at 20 °C. At the end of the 

deposition time, the samples were taken out and then the substrate was rinsing with distilled water for 

30 s to remove the desorbed ions and dried in a desiccator for 8 h. The deposition process was carried 

out by repeating such deposition cycles 3 times. The formed samples were annealed at 80 ºC for 30 

minutes in an air atmosphere. 

 

2.2. Thin films characterisation 

 



Structural characterization of polymers coated with films was done by a Scanning Electron 

Microscope Hitachi SU8030 supported with a secondary electron detector. 

Raman measurements were carried out in a backscattering configuration on a Horiba XploRA 

confocal Raman instrument equipped with a charge-coupled-device (CCD) detector. The spectra 

acquisition was carried out using an excitation laser wavelength of 532 nm of ca. 100mW power, in a 

spectral range of 200 – 1100 cm
–1

. 

The UV/VIS diffusion reflectance spectra were recorded in the wavelength range of 300 – 1000 

nm on a Shimadzu UV-2600 spectrophotometer equipped with an integrated sphere. The absorbance 

spectra were measured relative to a reference sample of virgin polymers (PA and PP). The optical 

band gap from the absorbance measurements was calculated using the Tauc plot. 

X-ray diffraction (XRD) measurements were performed 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. Measurements were carried out in the 2 h range of 10 to 90° with a scanning 

step of 0.05° and a scan time of 10 s per step. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1. Scanning Electron Microscopy  

 

The scanning electron microscopy technique was used to evaluate the changes in the surface 

morphology of polyamide and polypropylene after 2 or 3 cycles of copper sulfide CuxS thin films 

deposition. The description makes reference to SEM micrographs in Figure 1. In Figure 1(a), the SEM 

images illustrate the initial state of the polymers, with PA on the left and PP on the right. In Figure 

1(b), the SEM images indicate that copper sulfide grains exhibit irregular shapes and varying sizes 

after 2 cycles of film deposition. Following 3 cycles of film deposition, Figure 1(c) reveals 

micrographs displaying a dense structure composed of a single type of small, closely packed 

microcrystals. The thin copper sulfide films on the surfaces of PP and PA are well-dispersed, 

relatively uniform, and consist of randomly oriented particles. Such morphological characteristics can 

result in a highly rough surface with significant porosity, potentially leading to increased catalytic 

activity. The pronounced agglomeration on the surface of thin films indicates semiconductor 

characteristics of CuxS.  



 

 

Figure 1. SEM micrographs of PA (left) and PP (right) polymers: (a) virgin polymers, (b) after 2 

cycles of film deposition, and (c) after 3 cycles of film deposition. 

 

PA showcases a porous structure reminiscent of seaweed, indicating a high degree of porosity. 

Consequently, it necessitates 3 cycles of film deposition to achieve the desired results. The substantial 

porosity on the surface of PA promotes strong adhesion and facilitates the growth of the copper sulfide 

film. In contrast, the surface of PP bears a resemblance to melted plastic and displays a porosity 

relatively lower than that of PA. For PP, the optimal outcome is achieved with 2 cycles of film 

deposition, as further cycles result in the agglomeration of film material. 



These findings underscore the importance of customizing the number of film deposition cycles 

to align with the specific surface characteristics of different polymers. The choice of cycle count plays 

a pivotal role in shaping the resulting film morphology and its associated properties. 

 

3.2.  X-ray diffraction  

 

The crystallinity and the preferred crystal orientation of the CuxS nanocomposite were analyzed 

by the XRD method. Figure 2 shows the diffraction pattern of the film. There is one high intensity 

diffraction peak around at 2θ=28,46° which is related to lattice planes of (101) (PDF 06-0464) the 

hexagonal phase of the CuxS covellite structure [4, 6, 22, 39]. The other peak that appeared with lower 

intensities around 

at 2θ=47ᵒ is related 

to the lattice 

planes of (107) the 

CuxS covellite 

structure [39]. 
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Figure 2.  X-ray diffraction results of PA/CuxS and PP/CuxS after 2 or 3 cycles of deposition. 

 

The peak of lower intensity in our case is visible only in the instance of CuxS on the flexible 

polymer PA. We also observe the appearance of an additional peak of very low intensity, noticeable 

only in the case of PP/CuxS after 3 cycles, corresponding to 2θ=32.49 degrees. This pertains to the      

Cu2-xS (0.6≤x≤1) phase, present in the sample at a significantly lower concentration, as confirmed by 

the Raman spectrum [38]. 

 

 

 

3.3.  UV-VIS Spectroscopy 

 

UV/VIS analysis is able to describe the electrical properties of the materials. Bandgap (Eg), 

which indicated conductivity of the material: conductor, semiconductor or insulator, can be calculated 

from the data of this investigation. The optical absorption data have been analyzed to determine the 

optical bandgap values using the Tauc’s relation [44]: 

 

           
 

                                                                                                                                              (1) 

where α – the absorption coefficient, hν – the photon energy, A – the proportionality constant, Eg – the 

optical bandgap, n – a constant associated with different types of electronic transitions. 

The absorbance spectra of the film were measured in the range of 200–1000 nm, as shown in 

Figure 4. Films have max absorbance around 300 nm and then absorbance drops, one more hill in NIR 

region, around 900 nm, indicates a copper-deficient compound (CuxS or less). 



Figure 3.  UV-VIS Absorbance spectra and spectra plot of (αhν)
2
 or(αhν)

1/2
 versus Photon energy (hν) 

for polymers with thin films. 

 

The experimental values of (αhν)
2
 against hν are plotted in Figure 3. The variation of (αhν)

2
 

with hν is linear, indicating that a direct transition is present. Extrapolating the straight-line portion of 

the plot of (αhν)
2
 against hν to energy axis for the zero-absorption coefficient gives the optical band 

gap energy of the samples. 

The energy band gap values for a thin film using PA polymer, which has a thickness of 0.05 cm, 

are as follows: 

For the direct band gap: 

- After 2 cycles: 2.75 eV 

- After 3 cycles: 2.78 eV 

For the indirect band gap: 

- After 2 cycles: 1.41 eV 

- After 3 cycles: 1.29 eV 

These values represent the amount of energy required to transition an electron from the valence 

band to the conduction band. The direct band gap signifies the energy difference between the highest 

energy state in the valence band and the lowest energy state in the conduction band, whereas the 

indirect band gap considers transitions involving changes in momentum. 

It is important to note that the number of film deposition cycles can have a discernible impact 

on the band gap values. In this particular case, subtle variations in the band gap values are observed 

between 2 and 3 cycles of film deposition for both direct and indirect transitions. 
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The energy band gap values for a thin film using PP (polypropylene) polymer, with a thickness 

of 0.02 cm, are as follows: 

For the direct band gap: 

- After 2 cycles: 2.76 eV 

- After 3 cycles: 2.77 eV 

For the indirect band gap: 

- After 2 cycles: 1.37 eV 

- After 3 cycles: 1.31 eV 

It is noteworthy that the values of the direct band gap slightly exceed the typical range reported 

in the literature, which generally falls within 2.5 eV [45]. Although the film thickness did not differ 

significantly, the direct band gap values for all four samples were remarkably consistent. These results 

underscore that the PP/CuxS and PA/CuxS composites exhibit clear semiconductor properties, and their 

direct band gap values suggest their suitability as promising materials for the fabrication of solar cells. 

 

3.4. Raman Spectroscopy PA and PP polymers with thin films 

 

Raman spectroscopy provides valuable insights into the local structure of materials. Based on 

the XRD patterns, CuxS and Cu2-xS can be expected in the Raman spectra. The knowledge of the 

vibrational properties of bulk material is deciding for the analysis of the vibration properties of 

nanoparticles; hence, we began the analysis of vibrational properties with a brief report of the data 

from the literature, which are related to the registered phases. Copper sulfide exists in five stable 

phases at room temperature. These phases have crystal structures that range from orthogonal to 

hexagonal. Hexagonal CuS crystals have a space group D6h
4
 and a primitive unit cell that contains 12 

atoms, namely, six of Cu and six S ones. Group theory analysis predicts eight Raman active modes of 

the zone-center for this crystal [46]: 

 

2A1g + 2E1g + 4E2g                                                                                                                                 (2) 

The Raman spectra are usually analyzed using the convolution of the Lorentzian functions, 

where each line has intensity (I), given with: 

 

     
  

 

 

       
    

                                                                                                                (3)                                                                                                                    

where ωc, W, and A are the position of the maximum, the half-width of the peak, and the peak 

intensity, respectively. In Figure 4, Raman spectra are depicted for PA and PP polymers with thin 

CuxS films following 2 or 3 cycles of film deposition, spanning the frequency range of 200-1100 cm
-1

. 



The data measured depicted with lines in Figure 4 resemble the calculated thick curve, which 

represents the sum of the components each one defined with Equation 3. 
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Figure 4.  Raman spectra of the CuxS nanocomposite on PP and PA polymers. 

 

A small peak at 265 cm
-1

 corresponds to the Cu-S vibration in covellite (CuxS) [46]. 

Additionally, a highly sharp peak at 471 cm
-1

 is attributed to the S-S stretching vibration of S2 ions at 

the 4e sites [46]. The dominance of the S-S stretch band in the spectrum, particularly when the 

potential enters the region where Cu2-xS is formed [47], suggests that lattice atoms are well-ordered in 

a periodic array. This result underscores the capability of Raman spectroscopy to distinguish between 



copper sulfides with and without S-S bonding. Notably, the intensity of this peak increases after 3 

cycles of film deposition. By increasing the number of deposition cycles, stable Cu2-xS phases are 

obtained, opening up possibilities for new applications.  

Raman spectroscopy is a technique that has enabled the determination of CuxS and Cu2-xS 

phases composition in thin films nanocomposite. The presence of the CuxS phase is approximately 

2,5%, while the Cu2-xS phase is three times higher. In the case of PA polymer, after the third cycle of 

deposition, there is an increased agglomeration indicated by increased intensity of the mode. In the 

case of nanocomposite with PP, there is no pronounced agglomeration. 

 

 

CONCLUSION 

Copper sulfide thin films are deposited on a flexible polymer substrate using the chemical bath 

deposition method. Scanning electron microscopy was used to evaluate the changes in surface 

morphology of PA and PP after 2 or 3 cycles of film deposition CuxS. The thin copper sulfide films on 

surface of PP and PA are well dispersed, relatively uniform, and consist of randomly oriented 

particles. The XRD method was used to analyze the crystallinity and preferred crystal orientation of 

CuxS nanocomposite. There is one high intensity diffraction peak around at 2θ=28,46° which is related 

to lattice planes of (101) the hexagonal phase of the CuxS covellite structure. The other peak appeared 

with lower intensities around at 2θ=47° is related to the lattice planes of (107) the CuxS covellite 

structure. The peak of lower intensity in our case is visible only in the instance of CuxS on the flexible 

polymer PA. We also observe the appearance of an additional peak of very low intensity, noticeable 

only in the case of PP/CuxS after 3 cycles, corresponding to 2θ=32.49 degrees. This pertains to the 

Cu2-xS (0.6≤x≤1) phase, present in the sample at a significantly lower concentration, as confirmed by 

the Raman spectrum. Direct and indirect allowed transitions are exhibited for CuxS thin films with 

energy band gaps of 2.75–2.78 eV and 1.29–1.41 eV, respectively. Direct band gap values exceeding 

the conventional literature range indicate that these composites possess desirable semiconductor 

characteristics, rendering them potentially excellent candidates for utilization in photovoltaics 

applications. Raman spectroscopy has been utilized to analyze composition of CuxS and Cu2-xS phases 

in thin film nanocompostion. In Raman spectra small peak at 265cm
-1

 corresponds to the Cu-S 

vibration in covellite (CuxS). Highly sharp peak at 471 cm
–1

 is attributed to the S-S stretching vibration 

of S2 ions at the 4e
-
 sites. The dominance of the S-S stretch band in the spectrum, particularly when the 

potential enters the region where Cu2-xS is formed, suggests that lattice atoms are well-ordered in a 

periodic array.  
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Апстракт 

 

Флексибилни полимери модификовани бакар-сулфидима појавили су се као нова класа 

материјала, представљајући композитне структуре са изванредним особинама погодним за 

примену у флексибилној електроници. Ова студија се фокусира на депоновање слојева бакар-

сулфида (CuxS) на површине полиамида и полипропилена путем методе хемијског таложења из 

купке, применом 2 или 3 циклуса таложења. Циљ је истражити утицај броја циклуса 

таложења и утврдити оптималне услове за процес таложења. Свеобухватна анализа танких 

филмова CuxS обухвата технике као што су скенирајућа електронска микроскопија (SEM), 

Раман спектроскопија, UV-VIS спектроскопија и рендгенска дифракција како би се расветлиле 

њихове структурне и оптичке карактеристике. 

Кључне речи: Бакар-сулфид, Нанокомпозит, Оптичка својства, SEM, Раман спектроскопија, 

UV-VIS спектроскопија, Рендгенска дифракција 
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Abstract: The discovered light modulation capabilities of diatom silicious valves make them an
excellent toolkit for photonic devices and applications. In this work, a reproducible surface-enhanced
Raman scattering (SERS) enhancement was achieved with hybrid substrates employing diatom silica
valves coated with an ultrathin uniform gold film. Three structurally different hybrid substrates,
based on the valves of three dissimilar diatom species, have been compared to elucidate the structural
contribution to SERS enhancement. The comparative analysis of obtained results showed that
substrates containing cylindrical Aulacoseira sp. valves achieved the highest enhancement, up to
14-fold. Numerical analysis based on the frequency domain finite element method was carried out to
supplement the experimental results. Our results demonstrate that diatom valves of different shapes
can enhance the SERS signal, offering a toolbox for SERS-based sensors, where the magnitude of the
enhancement depends on valve geometry and ultrastructure.

Keywords: diatom valve; SERS; surface-enhanced Raman scattering; guided-mode resonance; finite
element method; hybrid SERS sensors

1. Introduction

Since its discovery in 1974 as an outstanding technique for enhancing the Raman
signal [1], surface-enhanced Raman scattering (SERS) is gaining increasing interest due to
its sensitivity, which could enable single-molecule detection [2]. Despite the exponential
growth of publications on SERS, the true mechanism of enhancement is not fully under-
stood, although electromagnetic theory tends to cover all major SERS observations [3]. This
technique is based on plasmonically active substrates, which couple laser photons and
free electrons within these substrates to induce localized surface plasmon resonances (LSP)
and surface plasmon polaritons (SPP) in metallic nanoparticles and the planar metallic
surface with adjacent dielectric interfaces, respectively [2]. This leads to an enhancement of
electromagnetic fields in close proximity to the surface, where the analyte molecules are
adsorbed, consequently enhancing their Raman signal.

In recent years, the sensitivity of the SERS technique has been further improved by
employing hybrid substrates, which additionally incorporate dielectric photonic crystals
(PCs) or resonant gratings [4]. Such structures have a characteristic interaction with light
that can, in a certain wavelength range, obtain a high evanescent field at the surface where
the plasmonic structures are often located and thus additionally enhance the SERS signal.
For instance, in Hu et al. [5], the presence of a resonant 2D dielectric grating led to the
coupling of a guided-mode resonance (GMR) with the LSP, resulting in an improved SERS
signal. Nevertheless, the fabrication of such structures often requires clean-room techniques
that come with high environmental and financial costs.

As an alternative green solution, some biomaterials have been suggested to replace
such artificial dielectric structures in the fabrication of hybrid SERS substrates [6–10].
Among these, diatoms have been proposed as an outstanding source of biosilica with
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periodic porosity, mainly in the range of visible light wavelengths [11]. Diatoms are
unicellular aquatic microalgae enclosed in an intricate porous exoskeleton [12], representing
one of the exquisite examples of natural 2D photonic crystals [13,14]. Unlike artificial PCs
fabricated with expensive techniques such as lithography, thus being a limiting factor
for disposable sensors, diatoms are abundant and versatile [11,14,15]. Diatoms can be
cultivated under a wide range of conditions if nutrients and light are provided, and their
biosilica can be retrieved [16], modified [15,17], and utilized as building blocks in photonic
applications [14,18]. Each of the thousands of species discovered so far has a unique
morphology, valve geometry, and pore pattern [12]. Other examples of biomaterials used
in fabrication of hybrid SERS substrates include peacock feathers and opal [19], as well as
butterfly wings [20].

Diatom biosilica, i.e., mainly their valves, have been successfully employed in the
fabrication of various hybrid SERS sensors. These efforts have recently been reviewed
in [11]. It has been suggested that diatom valves contribute to SERS enhancement primarily
through GMR [11,21] but also by concentrating analyte molecules as well as nanoparticles
on their surface and pore rims. In previous work, valves of several diatom species, mainly
Pinnularia spp., have been utilized to fabricate hybrid substrates for SERS coated with
either silver or gold nanoparticles or, less often, thin films [11]. The creation of “hot spots”
between nanoparticles (NPs) leads to SERS enhancement factors of up to 1016. Nevertheless,
homogeneous distribution of NPs remains a big challenge, leaving the hot spots to be placed
randomly and thus hampering the reproducibility of the SERS signal. One of the possible
strategies to overcome the consequence of the inhomogeneous distribution of NPs could be
to create “hot volumes” by placing arrays of weakly coupled metal nanohelices, as in [22].
On the other hand, a continuous metallic thin film may enable homogeneity of the SERS
signal across a hybrid substrate. It could also reveal the contribution of structural features
of the valve of a given species to SERS and the photonic properties, such as GMR. In the
literature, attempts to coat diatoms with homogeneous metallic thin films are scarce [11].
For instance, in Managò et al. [23], Pseudo-nitzschia multistriata valves were coated with
20–50 nm thick gold films, where films of 20 nm thickness showed cracks and discon-
tinuities. With increasing film thickness, the uniformity improved, with SERS signal
reproducibility reaching 80%. However, the 50 nm film exhibited a roughness of up to
10 nm. Kwon et al. [24] coated Coscinodiscus sp. with thin films of 15 nm but without dis-
closing any data on roughness. Moreover, by using thin plasmonic films, one eliminates the
influence of incoming light polarization, because in the case of metallic NPs, the strongest
signal is obtained when laser light is polarized parallel to the central axis of the NPs [25],
and in the case of rippled surfaces, there is a complex correspondence between patterns of
nanogaps, localized hot spots, and polarization [26].

In this work, we experimentally evaluate SERS enhancement, homogeneity, and
reproducibility obtained with hybrid substrates consisting of biosilica valves of three
diatom species—small pennate Gomphonema parvulum, medium-sized centric Aulacoseira sp.,
and large centric Coscinodiscus radiatus—of very different structural features, coated with
an ultrathin uniform gold film of 10 nm thickness. We deliberately chose three extremely
distinct species to investigate the contribution of their structural features and the associated
optical properties. A numerical analysis using the frequency domain method supplements
the experimental results.

2. Materials and Methods
2.1. Hybrid Substrate Preparation

Three morphologically distinct diatom valves belonging to three different species were
scrutinized in this study. Fresh cultures of centric diatom Coscinodiscus radiatus (Cosc) and
of pennate diatom Gomphonema parvulum (Gomp) were kindly provided by Dr. Cathleen
Oschatz (Max Planck Institute of Colloids and Interfaces, Potsdam, Germany), while a
diatomite (DE) sample was purchased from EP minerals (Reno, NV, USA) with abundant
Aulacoseira sp. (Aula). The siliceous valves were extracted from the fresh cultures via
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oxidation using the hot hydrogen peroxide method to remove organic matter, followed
by washing several times with deionized water. Fossil valves of Aulacoseira sp. (Aula)
were purified from the DE sample using the cold HCl method. After purification, the clean
valves were kept in deionized water for further use.

To obtain a monolayer of clean valves, about 60 µL of the valve suspension was
spread over clean glass substrates via the drop-casting method and left to dry under
ambient conditions. The concentration of the valves was optimized for each sample to
avoid agglomeration while forming the monolayer. To obtain a homogenous and well-
adhered ultrathin gold film across the valves, a self-assembled monolayer (SAM) was
applied to the substrates before the thermal evaporation process. For this, the silica
surface of the obtained monolayer was firstly activated using a plasma cleaner (Harrick
PDC-32G, Ithaca, NY, USA) in a low-pressure air atmosphere at mid-power, employing
RF ≈ 10 MHz for generating the plasma for 10 min. Then, the samples were transferred
directly into a vacuum desiccator with an open Eppendorf containing about 80 µL of
(3-Mercaptopropyl)trimethoxysilane (MPTMS). Thereafter, the desiccator was evacuated
immediately, using a rough vacuum pump for 40 min. After three days in the evacuated
desiccator, the substrates were transferred directly to a physical vapor deposition chamber
(KJLC Nano 36,Dresden Germany), where a high vacuum (10−6 Torr) was applied. The
deposition was carried out with an initial rate of 0.1 Å/s and a final thickness of 100 Å
(10 nm). The thickness was estimated using an integrated quartz crystal microbalance.
After deposition, the hybrid substrates were stored in a clean box for further use.

In order to compare the hybrid devices with the performance of a bare ultrathin gold
film, a reference substrate was fabricated without diatom valves. This created a transparent
electrode with a resistance of (45 ± 3) Ω over the whole film. Our previous work showed
that this film has a maximum UV–VIS transmittance at 532 nm and a maximum absorbance
at 890 nm, where plasmonic resonance reaches the maximum (Figure S1).

2.2. Characterization

Structural characterization of diatom valves as well as of the ultrathin gold layer
was performed with a Hitachi SU8030 scanning electron microscope, supported with a
secondary electron detector.

For SERS measurements, about 7 µL of 1 mM Rhodamine 6G (R6G) in ethanol was
dropped on top of the gold and left to dry at ambient conditions. SERS measurements
and mapping were carried out with a backscattering configuration on a Horiba XploRA
confocal Raman instrument equipped with a charge-coupled device (CCD) detector. The
spectra acquisition was carried out using an excitation laser wavelength of 638 nm of ca.
40 mW power, in a spectral range of 500–2100 cm−1, with an integration time of 15 s per
spectrum and averaged over 5 accumulations. Raman mapping was performed with a
1 µm step in the case of Aula and a 0.5 µm step in the cases of Cosc and Gomp, with an
integration time of 1 s per step. For focusing the light, the 100x objective (NA = 0.9) was
used, giving a beam size of approximately 0.5 µm. Grating was set to 1200 grooves/mm.

2.3. Numerical Analysis

The numerical calculations were based on the finite element frequency domain method
(FEFD) implemented in COMSOL Multiphysics 5.5. Two-dimensional models representing
2D cross-sections (CSs) across the valves were built based on the structural parameters
extracted from SEM analysis. A layer of 10 nm thickness, representing the thin gold
film, was added to the CSs. The CSs were analyzed in a large rectangular simulation
box, illuminating from the left-hand-side boundary with a transverse electric field of
1 V/m strength. Perfectly matched layers were applied to the other three boundaries. The
refractive indices of air and silica were set to 1.00 and 1.46, respectively.
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3. Results
3.1. Morphology and Ultrastructure of the Hybrid Substrates

Scanning electron microscopy (SEM) was performed to reveal the fine structural
parameters of diatom valves as well as the homogeneity of the ultrathin gold layer.
Our previous AFM measurements confirmed the homogeneity and smoothness of the
evaporated gold film on glass activated with the SAM layer, with an average roughness
value (Ra) of 0.42 nm (Figure S2). The fine structure of the thin gold film on a valve of
Gomphonema parvulum is presented in Figure 1c, where the smooth continuous nature of
the film without the presence of cracks and voids can be observed. The structure of the
gold film on a reference glass substrate without diatom valves as well as over the other two
diatom valves (Coscinodiscus radiatus and Aulacoseira sp.) is presented in Figure S2, with
similar observations regarding the quality of the gold film.
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Figure 1. SEM images of (a) Coscinodiscus radiatus, (b) Aulacoseira sp., and (c) Gomphonema parvulum
diatom valves with corresponding details.

SEM micrographs of the three diatom valves chosen are presented in Figure 1. Gomp
valves have an elliptic shape with an approximate length of 7 µm, an average width of
4.6 µm, punctate areolae of 100 nm diameter and 214 nm spacing, and striae spacing
of 490–570 nm (Figure 1c). The complete description of Gomp valves is provided in
Ghobara et al. [27]. Cosc valves have a circular shape about 100 µm in diameter, with inner
pores of 1.2 µm and outer pores of 100 nm diameter, both regularly arranged in hexagonal
symmetry (Figure 1a). Unlike Gomp and Cosc, whose valves are of about equal size within
the studied samples, cylindrical Aula valves come in a variety of sizes, ranging from 6 to
20 µm valve diameter, and generally follow the rule that the smaller the valve face size, the
longer the height. For SERS analysis, we chose the valves with bigger diameters (15–20 µm)
that come with a hexagonal arrangement of pores of 250–300 nm in diameter and 0.6–1 µm
spacing. In Figure 1b, the top and bottom sides of Aula valves are depicted. While the top
side is shaped like a disk with spines at the ridges, the bottom side has a ring-like shape.

3.2. SERS Enhancement over Different Substrates

The cationic dye Rhodamine 6G (R6G) was used as a typical probe for SERS measure-
ments. R6G dissolved in ethanol has a strong absorption in the VIS region, with absorption
maximum at 554 nm and a vibronic shoulder at 518 nm (Figure S3), which is due to a
solvent effect that is slightly red-shifted compared to data from the literature (530 nm) [28].
According to the Franck–Condon rule, the luminescence spectrum was inverted as well
as red-shifted [29]. Due to strong luminescence in the VIS region, it is not possible to
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obtain normal Raman spectra with the typically used green or red laser excitation lines.
However, coating the surface with metal should quench the photoluminescence due to
non-radiative interaction with the metal surface, allowing the strong SERS signal of R6G
to be observed [30]. In our case, the luminescence was still not quenched when using the
green laser excitation line at 532 nm on the reference sample R6G on glass coated with
gold, limiting the observation of a strong, unhampered SERS signal. In contrast, using
the red excitation line at 638 nm on the same sample yields a strong SERS signal with
the characteristic modes of R6G [31] at around 610, 770, 1187, 1312, 1360, 1508, 1600, and
1648 cm−1. Detailed analysis of the origin of each mode of R6G can be found in [32].

Figure 2a demonstrates the comparison among the SERS spectra of R6G on different
hybrid substrates comprising different biosilica valves as well as the reference Au film on
glass. Different spectra for each hybrid substrate are shown in the same color, and they
stand for the signal reproducibility between different valves. Compared to the reference
sample, each of the three substrates dramatically enhances the SERS signal. The averaged
signal intensity of each characteristic mode of R6G on the four samples is depicted in
Figure 2b, while the relative enhancement of the SERS signal is presented in Figure 2c.
Depending on the mode observed, the signal of the spectrum obtained on Cosc was
enhanced 6–8 times compared to the SERS signal obtained on the reference sample, while
the hybrid substrates based on Gomp showed a 5–7-time enhancement. Finally, the signal
of the spectrum obtained on Aula underwent an 8–14-time enhancement, with noticeable
variation in the enhancement of different modes. The strongest relative enhancement was
observed for the mode at 1312 cm−1 (Figure 2c). It must be emphasized that those values
do not stand for the absolute enhancement factor of the SERS signal, but instead the relative
enhancements compared to the thin gold layer on glass, containing no diatom valves.

Raman mapping was carried out to test the homogeneity on each hybrid substrate, as
well as the SERS improvement with respect to the flat unpatterned gold film surrounding
the valves. In Figure 3, Raman maps of the intense mode at 1360 cm−1 on different hybrid
substrates are presented. In the case of the substrate based on Aula valves coated with a
thin gold layer (Figure 3a), the mapping is performed with steps of 1 µm. The mapping
image corresponds to the optical image, and without a doubt, the signal is homogeneously
stronger on the valve than outside of it. As the Cosc valve is much bigger, only a small
part of it is mapped with fine steps of 0.5 µm (Figure 3b). Here, in the mapping image, the
pore structure is preserved, i.e., the enhancement is stronger inside the pores, suggesting
that more light is trapped within. In the case of the small Gomp valve, a mapping with a
fine step of 0.5 µm was carried out to image the whole valve as well as the surrounding
gold-coated glass substrate (Figure 3c). In this case, the mapping image corresponds to the
optical image as well. Nevertheless, the quality of the result is hampered due to a strong
luminescence arising from the valve edges.

3.3. Numerical Analysis

Numerical calculations were carried out on representative 2D cross-sections of differ-
ent hybrid substrates to investigate the possible contribution of the valves’ light modulation
capabilities, specifically GMR, to the obtained SERS enhancement. The structural parame-
ters necessary to build the 2D CSs, such as pore size and spacing, were extracted from the
SEM measurements (see Figure 1).

The Gomp valve has a distinct 1D grid-like structure, consisting of alternating striae
and costae, as demonstrated previously when its GMR was investigated [27]. In Ghobara
et al., the longitudinal CSs with grid-like structure were able to couple the light at a specific
range of wavelengths inside the grid, leading to the formation of an intense standing wave,
with simultaneous enhancement in reflectance and a drop in transmission [27]. By coating
the CSs with a 10 nm gold layer, the resonance wavelength maximum λGMR is slightly
shifted, with a reduction in the normalized electric field strength ENorm,GMR within the
grid structure. For example, the CS close to the valve edges with maximum striae spacing
showed a zero-mode GMR at 610 nm (Figure 4c) instead of 613 nm for the same CS without
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a gold layer. For all Gomp CSs, no GMR maximum is obtained at the excitation wavelength
λexc = 638 nm. Nevertheless, the field strength of the CS close to the edge is still high in
the near field, where the probe R6G molecules are adsorbed in the real measurements
(Figure 4c, bottom).
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Figure 4. Electromagnetic field enhancement in 2D cross-sections of valve models coated with 10 nm
thick gold film at λGMR (top) and λexc (bottom)—detail of the model of Cosc valve (a), Aula valve
(b), and Gomp valve (c). The electromagnetic field impinges from the left with an input strength of
1 V/m.

The created 2D CS of the Cosc valve represents a cross-section through a whole valve,
including its mantle (curved edges). After coating the CS with a 10 nm gold layer, a GMR
maximum was observed at 700 nm. In Figure 4a, a small part of this CS, showing only
two areolae, is presented. At λexc, away from the maximum, the ENorm drops from 3.49 to
2.5 V/m; however, the electric field is still confined inside the areolae (Figure 4a, bottom).
This likely matches SERS mapping results, suggesting that light is trapped within the
valves regardless of the GMR.

In the case of the Aula valve, as already described, the structural parameters showed a
relatively large variation: pore spacing ranges between 0.6 and 1 µm and pore size between
250 and 300 nm. For the Aula 2D CS with a 10 nm gold layer (Figure 4b), a GMR maximum
is obtained at 640 nm (λGMR) for the pore spacing of 0.61 µm, slightly off λexc (638 nm).
At λexc, ENorm drops from 6.27 to 5.88 V/m (Figure 4b, bottom). With increased pore
spacing, λGMR exhibits a strong red shift (Figure 5a), and for the pore spacing of 900 nm,
the resonance wavelength appears at 910 nm. It is worth mentioning that at higher λGMR,
in the red and infrared part of the spectrum, ENorm drops and consequently spreads more
evenly towards the valve edge. In Figure 5a, the pore spacing dependence of λGMR is
demonstrated. Pore size and valve thickness dependence were also simulated (Figure 5b,c)
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and in both cases, λGMR as well as ENorm show negligible changes with the simulated
parameter.

Nanomaterials 2023, 13, x FOR PEER REVIEW 9 of 12 
 

 

In the case of the Aula valve, as already described, the structural parameters showed 
a relatively large variation: pore spacing ranges between 0.6 and 1 µm and pore size be-
tween 250 and 300 nm. For the Aula 2D CS with a 10 nm gold layer (Figure 4b), a GMR 
maximum is obtained at 640 nm (λGMR) for the pore spacing of 0.61 µm, slightly off λexc 
(638 nm). At λexc, ENorm drops from 6.27 to 5.88 V/m (Figure 4b, bottom). With increased 
pore spacing, λGMR exhibits a strong red shift (Figure 5a), and for the pore spacing of 900 
nm, the resonance wavelength appears at 910 nm. It is worth mentioning that at higher 
λGMR, in the red and infrared part of the spectrum, ENorm drops and consequently spreads 
more evenly towards the valve edge. In Figure 5a, the pore spacing dependence of λGMR is 
demonstrated. Pore size and valve thickness dependence were also simulated (Figure 
5b,cFigure 5b; Figure 5c) and in both cases, λGMR as well as ENorm show negligible changes with the 
simulated parameter. 

 
Figure 5. GMR wavelength and ENorm GMR dependence on pore spacing (valve thickness 250 nm, 
pore size 250 nm) (a); on pore size (valve thickness 250 nm, pore spacing 750 nm) (b); and on valve 
thickness (pore size 250 nm, pore spacing 610 nm) (c). 

4. Discussion 
The exceptional smoothness, adhesion, and conductivity of the ultrathin gold film—

in addition to optical transparency—is attributed to the as-used fabrication method in-
volving a molecular adhesive monolayer of MPTMS [33]. Such properties cannot be ob-
tained by evaporating gold directly on a glass substrate [34]. Reducing film roughness on 
diatom valves helps elucidate the enhancement contribution of the valves with respect to 
the obtained SERS enhancement. Introducing diatom valves to the substrate adds micro- 
to nano-scale structuring to the film. On structured metal films, unlike the flat film of the 
reference substrate, the plasmonic excitations could be localized within nano-scale fea-
tures, resulting in a combination of propagating and confined plasmon excitations [24].  

The pore size and pore spacing in diatoms are usually addressed as the key parame-
ters in considering the valves� photonic crystal features. In many diatom valves, the pore 
diameter spans four orders of magnitude, from 3 to 2000 nm [12,14,17,35], and the pore 
spacing is in the same range, in many cases overlapping with the wavelength of visible 
light. The pore size and spacing of our three structurally distinct valves are comparable 
with λexc. Pore size and pore spacings of Gomp are smaller than λexc. For Aula, pore sizes 
are approx. λexc/2, while the spacing matches or exceeds λexc. Finally, for Cosc, the pore 
size is 2λexc and the spacing approx. 3λexc. Therefore, the periodic porosity of the valves is 
similar to PC slabs and could have features such as GMR for off-axis light propagation. 
Nevertheless, unlike artificial PC slabs, diatom valves are of finite size, with curved edges, 
and often with more complex symmetries [35].  

In resonant gratings and PC slabs, with a spacing comparable to the incident wave-
length, the GMR can be supported depending on different parameters, including pore 
spacing, fill factor, thickness, light incident angle, and light polarization [36–38]. The sup-
ported GMR can couple to plasmonic resonances that can strongly enhance the electro-
magnetic field at the interface (by evanescence), where the probe molecules are located. 
This increases the absorption cross-section of the probe molecules, which eventually leads 

Figure 5. GMR wavelength and ENorm GMR dependence on pore spacing (valve thickness 250 nm,
pore size 250 nm) (a); on pore size (valve thickness 250 nm, pore spacing 750 nm) (b); and on valve
thickness (pore size 250 nm, pore spacing 610 nm) (c).

4. Discussion

The exceptional smoothness, adhesion, and conductivity of the ultrathin gold film—in
addition to optical transparency—is attributed to the as-used fabrication method involving
a molecular adhesive monolayer of MPTMS [33]. Such properties cannot be obtained by
evaporating gold directly on a glass substrate [34]. Reducing film roughness on diatom
valves helps elucidate the enhancement contribution of the valves with respect to the
obtained SERS enhancement. Introducing diatom valves to the substrate adds micro- to
nano-scale structuring to the film. On structured metal films, unlike the flat film of the
reference substrate, the plasmonic excitations could be localized within nano-scale features,
resulting in a combination of propagating and confined plasmon excitations [24].

The pore size and pore spacing in diatoms are usually addressed as the key parameters
in considering the valves’ photonic crystal features. In many diatom valves, the pore
diameter spans four orders of magnitude, from 3 to 2000 nm [12,14,17,35], and the pore
spacing is in the same range, in many cases overlapping with the wavelength of visible
light. The pore size and spacing of our three structurally distinct valves are comparable
with λexc. Pore size and pore spacings of Gomp are smaller than λexc. For Aula, pore sizes
are approx. λexc/2, while the spacing matches or exceeds λexc. Finally, for Cosc, the pore
size is 2λexc and the spacing approx. 3λexc. Therefore, the periodic porosity of the valves
is similar to PC slabs and could have features such as GMR for off-axis light propagation.
Nevertheless, unlike artificial PC slabs, diatom valves are of finite size, with curved edges,
and often with more complex symmetries [35].

In resonant gratings and PC slabs, with a spacing comparable to the incident wave-
length, the GMR can be supported depending on different parameters, including pore
spacing, fill factor, thickness, light incident angle, and light polarization [36–38]. The
supported GMR can couple to plasmonic resonances that can strongly enhance the elec-
tromagnetic field at the interface (by evanescence), where the probe molecules are located.
This increases the absorption cross-section of the probe molecules, which eventually leads
to the enhancement of scattering, including Raman, obtaining a greatly surface-enhanced
Raman signal. For this, λexc should match or be close to λGMR [21,39,40].

The simulation results show that Gomp valves can partially support GMR close to λexc,
while the GMR supported by Cosc valves are probably off λexc. In the case of Aula valves,
GMR are only supported close to λexc if the lower value of the pore spacing is considered.
However, the single Aula valve has a variation in pore spacing, defects, and imperfections.
In the case of defects and imperfections, the porous valve face still supports GMR, but with
shifted values, as demonstrated in Figure S4 where the central pore is blocked (left) and the
cross-section reduced just on the analytical grid (right). The Cosc valves might support a
different mechanism by trapping light inside the areolae, acting like a microcavity. Unlike
planar PC slabs, the presence of the mantle can couple the light into the valve, as has been
suggested through near-field scanning optical microscopy [41]. This can also add up to
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the observed enhancement in SERS. Finally, it should be noted that the two-dimensional
simulations have limitations, especially when considering resonance phenomena, as the
valves have three-dimensional structure. The simulations also did not include the influence
of the substrate.

5. Conclusions

In this work, we fabricated hybrid SERS substrates based on different naturally de-
signed diatom valves coated with a thin smooth gold film. The SERS signal obtained on
such hybrid substrates was reproducible and, compared to a reference substrate consisting
of a gold layer on glass without diatoms, increased on average by a factor of 6, 7, and
11 in the case of Gomp, Cosc, and Aula, respectively. Our findings suggest that probably all
diatom valves can be employed successfully as substrates in SERS-based sensors. Never-
theless, under equal conditions, the magnitude of enhancement varies depending on their
geometry and ultrastructure. GMR seems to not be the exclusive mechanism for enhancing
the SERS signal in diatom-based SERS hybrid sensors. More efforts are required in the
future to understand the real mechanisms for the obtained enhancement.
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10 nm gold film on a glass slide (left); and SEM micrographs of the gold film on a glass slide
(top right), Aula valve (middle right) and Cosc valve (bottom right). A glass slide was activated
with MPTMS before the gold layer was evaporated; Figure S3: UV—VIS Absorbance spectrum of
10−3 M Rhodamine 6G dissolved in ethanol; Figure S4: The influence of defects (left) and the absence
of curved edges (right) on GMR in Aula valve.
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Abstract: 
 Sphene based glass-ceramics (CaTiSiO5), an excellent candidate for a host lattice of 
ceramic materials and for nuclear waste immobilization, has been prepared from a powder 
mixture of CaCO3, TiO2 and SiO2 using vibro-milling for homogenization. Starting powders 
were melted at 1400 °C for 2 h, cooled to room temperature, grounded again, then 
crystallized by thermal treatment yielding a sphene glass-ceramic. The evolution of the phase 
composition during thermal treatment was investigated by X-ray powder diffraction (XRPD), 
FT-IR, Raman and thermal analyses (TG-DTA). Pure synthetic single phase sphene was 
formed at 800 °C for 4 h, even it is very hard to obtain monophase powder at such low 
temperature. Powder morphology was analyzed by scanning electron microscopy (SEM). 
Keywords: Sphene; Glass-ceramics; Mechanochemistry; XRPD, TG-DTA. 
 
 
 
1. Introduction 
 

Glass-ceramics can be used for various applications, such as thermal, chemical, 
biological and dielectric ones. These kinds of materials offer great possibilities as we can 
control their properties, including strength, resistance to abrasion and coefficient of thermal 
expansion [1]. Another advantage is the simple fabrication process in combination with a 
lower production cost [2-5]. The synthesis of the parent glass is an important step in preparing 
the final glass-ceramic material because the precursors and their percentage in the glass 
composition manage the precipitation of the crystalline phases. The results of this process can 
provide glass-ceramic with the desired properties. 

Beside the biomaterials field, the glass-ceramics can be used as nuclear waste storage. 
They are significantly more durable than borosilicate glasses in a wide variety of leachates at 
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neutral or alkaline pH values [6]. In previous research, the Canadian Nuclear Fuel Waste 
Management program has considered the possibility of waste storage with glass-ceramics 
containing crystalline titanite embedded in an aluminosilicate glass [7, 8]. It can also be used 
for the stabilization of waste sludge [9, 10] and other waste material [11, 12]. 

Sphene or titanite (CaTiSiO5 or CaTiO(SiO4)) belongs to the nesosilicate family of 
minerals. It crystallizes in monoclinic symmetry in two space groups: A2/a and P21/a [13]. 
Sphene is a phase well known for its excellent containment capacity and long-term behavior 
(high chemical durability and self-radiation resistance). It has good thermal stability and it is 
an excellent candidate as a host material [14], as well as biomedical engineering (coatings on 
Ti-6Al-4V) [15]. Furthermore, it can be used for nuclear waste disposal [16], luminescent 
materials [17] and pigments [18-21] because of the ability to incorporate many elements into 
its crystal lattice.  

In our work, we report the synthesis of sphene without additional phases. It is very 
difficult to obtain pure synthetic monophase titanite, especially bellow 1200 °C. Several 
different methods like sol-gel, coprecipitation, combustion, spray pyrolysis, freeze-drying and 
hydrothermal methods have been used. In most cases, pure sphene was not obtained [22-27]. 
There are always some traces of crystobalite (SiO2), perovskite (CaTiO3), wollastonite 
(CaSiO3) and other phases, besides sphene. 

When preparing the glass-ceramics at the laboratory, the crystallization of the parent 
glass is carried in two-phase via thermal treatment: nucleation and growth. In this paper we 
present the evolution of the crystallization, followed by scanning electron microscopy (SEM), 
Fourier transforms infrared spectroscopy (FTIR), Raman spectroscopy and X-ray powder 
diffraction (XRPD), with the temperature of the crystal growth thermal treatment, in the range 
650-1250 °C. The formation process from glass to the final glass-ceramic product is discussed 
for different temperature treatments. 
 
 
2. Materials and Experimental Procedures 
2.1. Powder preparation and synthesis 
 

Reactants used in the synthesis were commercial powders: TiO2 (Lab. Art. 808 E. 
Merck), SiO2 (ASP-K-amorphous, Prahovo) and CaCO3 (pro analysi, 11490, Kemika, 
Zagreb). Sample was prepared from stoichiometric amounts of powders and weighed 5 grams. 
The powder mixtures were homogenized in the vibratory mill (Fritsch Puloerisette Analysette 
Laborette, type 09 003, no. 155, 380 volt). Detailed description of the synthesis procedures 
for sample can be found in the original paper [28]. Samples were ground for 30 min in air 
atmosphere prior to melting at 1400 °C in a platinum crucible for 2 h. After melting, sample 
was poured in water and grinded for glass homogenization before further thermal treatment. 
The glass was transformed into glass-ceramics by annealing in an open-air atmosphere in 
furnace. Calcination of powders was carried out at different temperatures from 600 to 1250 
°C in at a heating rate of 10 °C/min and a soaking period of 4 h in alumina crucibles. 
 
2.2. Characterization 
 
 The thermal stability of samples was investigated by non-isothermal thermo-
gravimetric analysis (TG) and DTA analysis using a SETARAM SETSYS Evolution-1750 
instrument. The measurements were conducted at a heating rate of 10°C /min in a dynamic air 
atmosphere (flow rate 16 cm3/min) in the temperature range from 30 to 1250 °C 

 Fourier transform infrared spectroscopy (FTIR) was performed in the absorbance 
mode using a BOMEM Michelson Series MB FTIR spectrometer set to give undeformed 
spectra. The resolution was 4 cm−1 in the 400–2000 cm−1 analyzed range. The spectra were 
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obtained at room temperature from KBr pressed pellets prepared by mixing 1.5 mg of a 
sample with 150 mg of KBr. 

 All of the samples were characterized at room temperature by X-ray powder 
diffraction (XRPD) using Ultima IV Rigaku diffractometer equipped with Cu Kα1,2 radiation 
using a generator voltage (40.0 kV) and a generator current (40.0 mA). The range of 10 - 90 
°2θ was used for all powders in a continuous scan mode with a scanning step size of 0.02 ° 
and at a scan rate of 2 °/min. Phase analysis was done by using the PDXL2 software (version 
2.0.3.0) [23], with reference to the patterns of the International Centre for Diffraction Data 
database (ICDD) [29], version 2012.  

The average crystallite size (D) was calculated on the basis of the full-width at half-
maximum intensity (FWHM) of the main reflections by applying Scherrer’s formula: 

 
Dhkl = Kλ / (β·cosθ)           (2) 
 
 where K is a Scherrer’s constant (~0.9), λ is the wavelengths of the X-ray used, θ is 
diffraction angle and β is corrected half-width for instrumental broadening given as β = (βm - 
βs) where βm and βs are observed half-width and half-width of the standard monoclinic sphene 
sample, respectively. 

Internal lattice strain (Δd/d) of calcined samples was estimated from the Williamson–
Hall plots, using following equation [30]: 

 
βtotal cosθ = (Kλ)/D + (4∆d/d)·     (3) 
 

where βtotal represents full-width half-maximum of the characteristic XRPD peak and 
Δd is the difference of the d spacing corresponding to a typical peak. The strain of 
nanocrystals, Δd/d, can be estimated from the slope of function β·cosθ vs. sinθ whereas 
crystallite size, D, can be estimated from the y-intercept. 

Micro-Raman scattering measurements were performed at room temperature using a 
Jobin-Yvon T64000 triple spectrometer system equipped with a liquid-nitrogen cooled CCD 
detector. The λ=514.5 nm line of an Ar+/Kr+ mixed laser was used as an excitation source. 

Microstructure and grain size were investigated using Field Emission Scanning 
Electron Microscopy (FESEM), performed on a JEOL-5200F Scanning electron 
microanalyzer. 
 
 
3. Results and Discussion 
 

The results of thermal analysis of sample (as- prepared glass) after melting at 1400 °C 
are presented in Figure 1. As TG curve indicates, there is no obvious mass loss. At low 
temperature (below 300 °C), small exotermic peaks corresponding to volatiles appear larger, 
presumable due to the use of coarse powder [31]. As shown in DTA curves, there is a small 
endothermic peak attributed to the glass transition temperature range. Its minimum that starts 
at 760 °C refers to the glass transition temperature (Tg). The temperature at 886 °C belongs to 
sharp exothermic peak, due to the amorphous-crystalline transformation. The maximum 
temperature belongs to the crystallization peak temperature (Tp).  
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Fig. 1. DTA/TG diagram for as-synthesized amorphous glass up to a heat treatment 

temperature of 1250 °C. Black line – DTA; red line – TG. 
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Fig. 2. X-ray powder diffraction patterns of sphene glass-ceramics (30 min grinding) after 
melting at 1400 °С and calcination at different temperatures (650-1250 °С). All the peaks 

belong to sphene. 
 

The changes in the X-ray pattern due to annealing are presented in Figure 2. The 
pattern of glass sample and sample obtained at 650 °C corresponds to amorphous materials; 
no crystalline phases were detected. According to the results of TG/DTA, the glass starts to 
crystallize around 760 ºС. At 800 ºС X-ray powder diffraction results indicated that there was 
a significant change in the sample, and glass recrystallized to form sphene (CaTiSiO5). All of 
the diffraction peaks belonging to sphene were observed. On further increasing the 
temperature up to 1250 °C, the intensity of sphene reflections increased, due to better 
crystallization. In addition, the peaks moved to slightly higher scattering angles on annealing, 
while the lattice volume decreases [32, 33]. The height of the strongest peak, the (200) 
reflection, is plotted against the annealing temperature in Figure 3, and the changes in lattice 
volume are similarly plotted in Figure 4. Sphene is a principle crystalline phase above 800 °C. 
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The main reflections in these patterns are observed at 2θ of 17, 27, 29, and 34 °, which are 
typical for the sphene structure. All the structure information was taken from American 
Mineralogist Crystal Data Structure Base (AMCDSB) [34]. Pure synthetic single phase 
sphene was formed at 800 °C for 4 h, even it is very hard to obtain monophase powder at such 
low temperature.  
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Fig. 3. Position of (200) X-ray powder diffraction peak, measured from samples calcinated at 
different temperatures (800-1250 °С). 
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Fig. 4. Decrease in lattice volume as a function of annealing temperature. Measurements were 
made with samples calcinated at different temperatures (800-1250 °С).  

 
The values of crystallite size and internal strain of samples after melting at 1400 °С 

and calcined at different temperatures for 4 h are presented in Table I. The average crystallite 
size increases with an increase in calcination temperature (up to 1100 °С) because of 
accelerated diffusion at higher temperatures, with decreasing the lattice parameters. At 1250 
°С, due to close temperature range of melting point, crystallite size starts to decrease. 
Furthermore, the internal strain of samples calcined at different temperature which was 
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estimated from the slope of Williamson – Hall plots is presented in Figure 5. Just after the 
crystalization, there is no evident strain.  
 
Tab. I Lattice parameter and crystallite size of sphene glass-ceramics (30 min grinding) after 
melting at 1400 °С and calcination at different temperatures (650-1250 °С). 

Temperatures (°C) Lattice parameter (Å) β (°) D (nm) 
650 amorhous / / 
800 a = 7.0859 

b = 8.8062 
c = 6.5478 

 
112.8200 

 
23 

950 a = 7.0808 
b= 8.7882 
c = 6.5413 

 
112.9181 

 
25 

1100 a = 7.0911 
b = 8.7893 
c = 6.5316 

 
112.9995 

 
28 

1250 a = 7.0946 
b = 8.7716 
c = 6.5328 

 
113.0340 

 
16 
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Fig. 5. Williamson-Hall plot of sphene glass-ceramics (30 min grinding) after melting at 1400 
°С and calcination at different temperatures (650-1250 °С). The dotted lines are visual guides. 

 
 To confirm X-ray powder diffraction results, FT-IR measurements were done. FT-IR 
spectra of samples sintered at different temperatures are shown in Figure 6. From 800 °C up 
to 1250 °C, vibrations centered at about: 895 cm-1, 870 cm-1, 694 cm-1, 561 cm-1, 468 cm-1 and 
424 cm-1 correspond to vibration of sphene and they are in good agreement with published 
data [35-38]. The spectra are dominated by the IR band near 870 cm-1 which is attributed 
mainly to SiO4 stretching modes. The broad band near 694 cm-1 is associated with TiO6 
octahedral stretching modes, polarized along the crystallographic a-axis and it is related to the 
crystal quality [39]. Vibration band around 1636 cm-1 due to the asymmetric stretching mode 
of CO3

-2 were also detected [40]. 
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 The effect of temperature increase is seen as a decrease in band width, an increase in 
band intensity associated with Si-O bending at 561 cm-1 and the Si-O stretching band at about 
870 cm-1 [41, 42]. All peaks shift to higher wavenumbers with increasing temperature.  
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Fig. 6. FTIR absorption spectra of sphene glass-ceramics after (30 min grinding) after melting 
at 1400 °С and calcination at different temperatures (650-1250 °С). 

 
 The Raman spectra collected from samples are shown in Figure 7. The characteristic 
bands of sphene that occur in Raman spectra are centered around 167, 258, 473, 548 and 608 
cm-1 [38, 43]. All peaks shift to higher wavenumbers with increasing temperature.  
 The position of the peak near 608 cm-1 belongs to a symmetrical mode from Ti–O 
bond stretching and Ti–O–Ti bond bending [44-46]. As peak intensity increases with 
increasing temperature, band width of this peak decreases [47]. 
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Fig. 7. The Raman spectra of sphene glass-ceramics (30 min grinding) after melting at 
1400 °С and calcination at different temperatures (650-1250 °С). 
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 On increasing temperature, the peaks near 432 and 473 cm-1 related to SiO4 bending 
modes as well as the external SiO4 mode near 258 cm-1 have the same dependence, an 
increasing wavenumber and a decreasing band width. Peak near 473 cm-1 belongs to the SiO4 
bending mode [43]. The Raman peaks near 866 cm-1 correspond to Si-O stretching modes in 
orthosilicates [47]. 
 

 
a) glass 

 
b) 650 °C 

 
c) 800 °C 

 
d) 950 °C 

 
e) 1100 °C 

 
f) 1250 °C 

 
Fig. 8. SEM micrographs (a-f) of sphene glass-ceramics (30 min grinding) after melting at 

1400 °С and calcination at different temperatures (650-1250 °С). 
 

 Due to the increasing degree of cristalization all peaks shift to higher wavenumbers. 
Ti-O bond stretching band shifts from 601 ± 0.5 cm-1 to 608 ± 0.5 cm-1. O-Si-O bending 
modes at 466 ± 0.5 cm-1 shifts to 473 ± 0.5 cm-1, 422 ± 0.5 cm-1 shifts to 432 ± 0.5 cm-1 and 
253± 0.5 cm-1 shifts to 258 ± 0.5 cm-1. Si-O stretching modes at 862 ± 0.8 cm-1 shifts to a 
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position at 866 ± 0.8 cm-1 (Figure 7). The lowest-energy mode occurring near 167 cm-1 also 
shows a slight shift to higher wavenumbers, from 161 ± 0.5 cm-1 shift to 167 ± 0.5 cm-1. 
 Regarding amorphous systems, in Ti–Si–O frameworks the Ti4+ cations can occur as 
6–, 5– and 4– coordinated [48, 49], and penta– and tetra–coordinated Ti4+ can be found in 
heavily metamict sphene [50-52]. When decreasing Ti coordination, the Ti–O bond strength 
increases. As a result, in a disordered framework, the Ti–O bond stretching mode would move 
to higher wavenumbers as compared to the Ti–O bond stretching mode having only TiO6 
octahedra. 
 The SEM micrographs of glass-ceramics obtained at various temperatures are shown 
in Figure 8. Samples were crushed in mortal prior the measurents. For glass obtained at 650 
°С, particles with irregular shapes were observed, as shown in Figure 6(b). After being 
calcined at higher temperatures (800-1250 °С), similar anhedral shape is seen (Figure 8 (c–f)). 
Particles have a smooth fracture surface with no obvious cracks or faults on the surface. 
 
 
4. Conclusion 
 
 Glass and glass-ceramics in the CaO–TiO2–SiO2 system have been successfully 
synthesized. From DTA curves, glass transition temperature (Tg) starts at 760 °C and 
temperature at 886 °C belongs to the crystallization peak temperature (Tp). X-ray powder 
diffraction results indicated that at 800 ºС glass recrystallize to form sphene (CaTiSiO 5), and 
the peaks moved to slightly higher scattering angles on annealing, while the lattice volume 
decreases. Pure synthetic single phase sphene was formed at 800 °C for 4 h, despite being 
difficult to obtain monophase powder at such low temperature. The effect of temperature 
increase in FT-IR and Raman measurements is seen as a decrease in band width and an 
increase in band intensity. All peaks shift to higher wavenumbers with increasing 
temperature, according to the Raman. SEM images showed anhedral shaped particles.  
 For crystal growth temperature (Tc) ranging from 800 to 1250 °C, sphene is the only 
crystalline phase. Thus there is a wide range of temperature for the preparation of monophase 
sphene-based glass-ceramics that can be designed as durable waste forms for immobilization. 
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Сажетак: Стакло-керамика на бази сфена (CaTiSiO5), као одличан кандидат за 
имобилизацију нуклеарног отпада, припремљена је из смеше реактаната TiO2, SiO2 и 
CaCO3 користећи вибро-млин за хомогенизацију. Почетни прахови су стопљени на 
1400 °С током 2h, охлађени до собне температуре, поново самлевени, затим 
калцинисани на одређеним температурама дајући стакло-керамику. Еволуција фазног 
састава током калцинације испитивана је рендгенском дифрактометријом праха, ИЦ 
спектроскопијом, Раманском и термалном анализом (ТГ-ДТА). Сфен, без додатних 
фаза, формиран је на 800 °С током 4h, иако га је веома тешко добити у монофаном 
облику на тако ниској температури. Морфологија прахова је анализирана 
скенирајућом електронском микроскопијом (СЕМ). 
Кључне речи: сфен стакло-керамика, механохемија, рендгенска дифрактометрија 
праха, ТГ-ДТА. 
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article distributed under the terms and conditions of the Creative Commons — Attribution 4.0 
International license (https://creativecommons.org/licenses/by/4.0/).  
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A B S T R A C T   

The polymer nanocomposite ZnS/Poly (methylmethacrylate) was prepared by the solution casting method and 
its structural and optical properties were investigated using XRD, SEM, TEM, HRTEM, and Raman spectroscopy. 
The basic material, ZnS, has the cubic structure and its crystallite size was estimated to be 2.3 nm, which implies 
that a strong confinement regime is in effect. Analysis of Raman spectra was performed using the fitting pro-
cedure based on effective medium theory. As a result, the surface optical phonon (SOP) mode was detected. It 
was found that the shape and position of the SOP mode depend on the type of the composite.   

1. Introduction 

As a semiconductor, the zinc sulfide (ZnS) has gained considerable 
attention and is found to be applicable in optoelectronic, electrolumi-
nescent, and blue light emitting diode devices [1–8]. ZnS has two 
available allotropic forms – the wurtzite and zinc blende. The crystal-
lographic form of wurtzite is hexagonal, whereas the zinc blende has the 
cubic crystallographic structure, is more stable and as such, is more 
common of the two. The ZnS in the form of the bulk material has a direct 
band gap positioned primarily in the UV region [9,10]. The wurtzite and 
the zinc blende forms have the band gaps of 3.77 and 3.72 eV, respec-
tively. The band gap increases with a decrease in size from the bulk to 
the nanoscale [11,12]. Since ZnS easily absorbs moisture and oxidizes in 
air [13], it is not very stable as a pure compound in the atmosphere. 
Therefore, surfactants or capping agents are added to the ZnS nano-
particles to prevent structural transformation and surface reactions. 

A nanocomposite consists of two or more different materials in which 
at least one of the components has a dimension smaller than 100 nm 
[14]. In polymer nanocomposites, the composing elements are an 
organic polymermatrix and inorganic components (semiconductors). 
Nanocomposites can include three dimensional metal matrix compos-
ites, lamellar composites, colloids, porous materials, gels, as well as 
copolymers in which nanosized material is dispersed within the bulk 

matrix. The properties of the nanocomposites depend on their compo-
nents, morphology, and interface characteristic. In order to extend the 
area of their potential applications, mechanical, thermal, and electronic 
properties of conventional polymer materials had to be improved [15, 
16]. As a thermoplastic polymer, Poly (methylmethacrylate) i.e. PMMA 
has many excellent properties. Its favorable properties include excellent 
transparency and ultraviolet resistance, as well as good abrasion resis-
tance, hardness, and stiffness. Consequently, it is widely used in many 
applications, for example in lenses, light pipes, bathroom fittings, sky-
lights, toys, etc. In addition, PMMA is non-degradable and biocompat-
ible, which qualifies it for use in tissue engineering where typical 
applications are fracture fixations, intraocular lenses, and dentures [17]. 

For nanocrystals of relatively small dimensions, surface modes and 
the effects of dimension are expected to appear, along with the normal 
modes of an infinite lattice. Namely, in the frequency range between 
longitudinal optical phonon frequency (ωLO) and transversal optical 
phonon frequency (ωTO), a new mode known as a surface optical phonon 
(SOP) mode appears. 

In our previous papers [18–22] we worked on investigating surface 
optical phonons (SOP) in semiconducting nanoparticles or thin films. In 
all those cases, SOP appeared because the nano-objects of investigated 
materials were well separated in the air. 

In this paper we report the synthesis and structural and optical 
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studies of polymer nanocomposites prepared by the incorporation of ZnS 
nanoparticles (pure and functionalized with silane) into the matrices of 
polymer PMMA. The studies of the metal sulfides/polymer nano-
composites were carried out by XRD, SEM, TEM, HRTEM and Raman 
spectroscopy. By extending our research to nanoparticles embedded in 
polymer matrix we would like to complete the knowledge about the SOP 
properties in A2B6 semiconducting materials. 

2. Materials and methods 

2.1. Initial components 

Commercially available PMMA pellets (Acryrex® CM205, Chi Mei 
Corp. Korea, Mw � 90400 g/mol, n ¼ 1.49, λ ¼ 633 nm) were used as a 
matrix in sample preparation. Dimethylformamide (DMF, anhydrous, 
99.8%, Sigma-Aldrich) was used as a solvent. For surface modification 
with QD3-Mercaptopropyltrimethoxysilane (MPTMS) – Dynasylane, 
Evonik Industries and toluene, hexane (Sigma Aldrich) were used. 

Mechanochemical synthesis of ZnS nanoparticles was performed in a 
Pulverisette 6 planetary mill. The milling parameters were: the weight 
charge of total powder mixture in the mill of 14.2 g, 50 balls with the 
diameter of 10 mm and ball charge in the mill of 360 g, milling chamber 
and balls made of tungsten carbide, and rotation speed of the planet 
carrier of 500 rpm. The milling time was 10 min and the argon atmo-
sphere was used as a protective medium in the mill. 

The X-ray diffraction measurements of the ZnS powders obtained 
after 10 min milling times were performed using Philips 1050 X-ray 
powder diffractometer with Ni-filtered Cu Kα radiation and Brag- 
Bretano focusing geometry. XRD pattern is presented in Fig. 1a and 
shows mainly the reflection of cubic phases (JCPDS 03-0524). The space 
group of the cubic unit cell is F43m (T2

d) and the cell contains four for-
mula weights of ZnS [23]. The refracting planes denoted with (hkl) 
indices are (111), (220), and (311). Using the X-ray Line Profile Fitting 

Program (XFIT) with a Fundamental Parameters convolution approach 
to generating line profiles the coherent domain size of the synthesized 
powder was determined to be 2.3 nm. 

In Fig. 1b, the TEM analysis was employed to identify regions with 
pure zinc, pure sulfur, or homogeneous ZnS distribution. In the bright 
field image the morphology looks like an aggregate produced by smaller 
clusters compacted during milling. 

The high resolution TEM (HRTEM-Phillips Tecnai 200 operated at 
200 kV), is an excellent method to study metal sulfide semiconductor 
nanostructures, where core–shell or stoichiometric system can be 
distinguished [24,25]. In Fig. 1c an area of 16 nm � 16 nm is observed. 
Several clusters are clearly identifiable, in particular, three of them of 
sizes of 2.6, 3.7, and 3.4 nm. 

2.2. Modification of ZnS QDs 

ZnS nanoparticles were dispersed in 150 ml of toluene round-bottom 
flask equipped with a reflux condenser under the flow of nitrogen. When 
the boiling point of toluene was achieved, 1 g of 3-Mercaptopropyltrime-
thoxysilane (MPTMS), which is further on referred to as silane, was 
added and the resulting white suspension was stirred and refluxed for 
22 h. After the completion of the reaction, the particles were filtrated 
and washed with hexane to remove the excess of silane. The particles 
were dried at 40 �C in the oven for 12 h and then used in the preparation 
of nanocomposites. 

2.3. Preparation of PMMA and ZnS/PMMA nanocomposites 

In the preparation of precursor solutions, DMF was used as the sol-
vent for the PMMA. In a typical process, homogenous solution of poly-
mer with respect to the amount of composite films was prepared by 
dissolving the polymeric granules (PMMA, m ¼ 10.65 g) in 40 ml of DMF 
under magnet stirring for 48 h at room temperature on the mixture. The 
concentration of PMMA in DMF solution was 22 % wt. Therefore, PMMA 
was produced in the form of a film by solvent casting method. Namely, 
the resulting PMMA solution was casted in a horizontally positioned 
Petri dish. The solution was air dried for 24 h at room temperature and 
the obtained film was kept in a dryer for additional 24 h at 60 �C in order 
to eliminate the residual solvent. 

In the synthesis of quantum dots/polymer (ZnS/PMMA) composite 
films the solutions were obtained in a similar manner. The concentration 
of PMMA in the DMF solution was 22 % wt. The concentration of ZnS 
particles in the films was 0.06 % wt. The mixture was stirred for 24 h. 
The ZnS/PMMA films were produced using the identical procedure as 
was the case with the PMMA. Namely, the solution was casted by placing 
it on a Petri dish and drying it for 24 h at room temperature, which was 
followed by drying in a dryer oven for additional 24 h at 60 �C. 

The morphology of samples was investigated by SEM using the high 
resolution electron microscope MIRA3 TESCAN with accelerating 
voltage of 5, 12, and 20 kW. The SEM micrographs of ZnS nanoparticles 
and ZnS/PMMA nanocomposite are presented in Fig. 2. The micrographs 
of ZnS nanoparticles and nanoparticles in silane are given in Fig. 2a and 
b. The micrographs show that the powder is composed of well-defined 
and separated nanoparticles as well as of nanoparticle clusters that 
have spherical shape and approximate size of 17–30 nm. There are no 
macroscopic defects like a pinhole, peeling, or cracks. The clusters of 
about 60 nm, are visible in Fig. 2c and d. 

3. Results and discussion 

The Raman spectra of the PMMA, ZnS nanoparticles, ZnS nano-
particles in silane, ZnS/PMMA nanocomposite, and ZnS in silane/PMMA 
nanocomposite, measured in the spectral range of 200–650 cm�1 at 
room temperature, are presented in Fig. 3. The micro- Raman spectra 
were taken in the backscattering configuration and analyzed by the 
TriVista 557 system equipped with a nitrogen cooled charge-coupled- 

Fig. 1. (a) The XRD spectra of the ZnS powder after 10 min milling time, (b) the 
TEM analysis of mechanochemically synthesized ZnS nanoparticles – bright 
field, and (c) the HRTEM analysis of ZnS nanoparticles. The size of nano-
particles is determined to be approximately 3 nm. 
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device detector. As an excitation source, the 532 nm line of Ti:Sapphire 
laser was used. This excitation energy is in the off-resonance regime for 
all the considered materials; consequently, for the ZnS nanoparticles as 
well. Since Raman spectra are usually analyzed by decomposing them 
into Lorentzian or Gaussian shape elements, we chose to assume that all 
phonon lines are of the Lorentzian type. 

The Raman spectrum of PMMA is presented in Fig. 3a. Intense modes 
at 236, 299, 362, 402, 481, 555, and 599 cm�1, as well as 4 modes of 
lesser intensity at about 278, 318, 382, and 505 cm�1 were detected. The 
theoretically fitted curve, which is obtained by convolving 11 Lorentz 
profiles and the line that describes Rayleigh scattering is also given in 
Fig. 3a. The obtained result is in a good agreement with the values given 
in the literature [26,27]. 

Fig. 3b shows the Raman spectrum of cubic ZnS nanoparticles. In the 
experimentally obtained spectrum the dominant wide structures are 
detected at 218, 264, 347, and 483 cm�1. 

As determined in Refs. [23,28–30], the Raman frequency of 
347 cm�1 is associated to the A1 and E1 symmetry LO modes. At a lower 
frequency, a resolvable doublet with the peak at 264 cm�1 is observed. 
These peaks are assigned to the A1 and E1 TO modes. The mode at 
218 cm�1 can be assigned to the LA symmetry. The appearance of this 
mode in the spectrum is a consequence of the violation of the selection 
rules due to the nanodimension. The Raman active mode at 347 cm�1 is 
asymmetrical, and the asymmetric peak broadening occurs toward the 
low-frequency side of the Raman spectrum. The dashed curve in Fig. 3b 
is obtained as the convolution of the Lorentz shapes of the known 
phonons of ZnS. Due to the discussed asymmetry of LO phonon at 
347 cm�1, this theoretically obtained curve differs from the experi-
mental results. 

Similar effect is registered in the Raman spectra of other samples. In 
the spectrum corresponding to the ZnS in silane, the modes at 259, 345, 
489, 520, and 576 cm�1 are registered and are depicted in Fig. 3c. 
Fig. 3d shows that the modes of ZnS nanoparticles in PMMA are located 
at 262, 353, 364, 408, 488, 559, and 601 cm�1. The intense modes at 
260, 301, 354, 362, 406, 488, 559, and 601 cm�1 in Fig. 3e correspond 
to the ZnS nanoparticles in silane/PMMA. In all these cases the regis-
tered phonons can be attributed to either the pure ZnS or the pure 
PMMA. The difference between the experimentally measured spectrum 

and the curve obtained by convolving the Lorentz shapes located at the 
determined frequencies is the most noticeable for the pure ZnS. 

The asymmetry and broadening around the Raman peak at 
347 cm�1, which is in the symmetric stretching vibration region, un-
doubtedly correspond to the variation of a secondary-structure. In a 
nanocrystal, this is usually considered to be a surface effect, and a 
“surface optical” phonon (SOP) mode is assigned to it. In order to 
analyze the surface optical phonon we have to take into account that 
nanoparticles are surrounded by silane and PMMA. 

The part of spectra in Fig. 3 where the discrepancy between the 
experimental and theoretical spectra is located, is adjusted using the 
effective medium theory. Namely, the surface phonon modes are 
observed for particle sizes smaller than the wavelength of the exciting 
laser light. Usually these modes of small particles appear in polar crys-
tals [31]. The dielectric function for the polar semi-insulating 
semiconductor: 

ε1ðωÞ ¼ ε∞Πn
i¼1

ω2
LOi

� ω2 � iωγiLO

ω2
TOi

� ω2 � iωγiTO

; (1)  

describes its optical properties in the IR region. Here, ωTO and ωLO are 
the frequencies of the transverse and longitudinal optical bulk phonons, 
respectively; ε∞ is the dielectric constant at high frequencies, and γ is the 
damping constant. The bulk phonons in small particles have properties 
similar to those of the corresponding phonons in an infinite nano-
composite; however, their wave functions are adapted to the geometry 
of a small particle. 

Fig. 2. SEM images. (a) ZnS nanoparticles, (b) ZnS nanoparticles in silane, (c) 
ZnS/PMMA nanocomposite, and (d) ZnS in silane/PMMA nanocomposite. 
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Fig. 3. Fitted and experimental Raman spectra. (a) The PMMA, (b) ZnS 
nanoparticles, (c) ZnS in silane, (d) ZnS/PMMA, and (e) ZnS in silane/PMMA. 
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There are many mixing models for the effective dielectric permit-
tivity of such a mixture. The Bruggeman model is preferred for high 
concentration of the inclusions since there are no restrictions for volume 
fraction (f) [32,33]. The effective dielectric function of the Bruggeman 
nanocomposite is given by: 

ð1 � f Þ
ε1 � εeff

εeff þ g
�

ε1 � εeff

�þ f
ε1 � εeff

εeff þ g
�

ε2 � εeff

� ¼ 0; (2)  

where g is a geometric factor depending on the shape of the inclusions. 
For three dimensional spherical particles g ¼ 1/3 and for two- 
dimensional circles g ¼ 1/2. Our nanoparticles of ZnS are clustered 
and not well separated in silane/PMMA, namely, they occupy a signif-
icant volume. Consequently, the condition for Bruggeman formula with 
g ¼ 1/3 is satisfied. Due to a narrow range of the spectra, the effective 
medium theory is applicable and ε2 is taken to be constant. In our case, 
spherical nanoparticles of ZnS with dielectric function given by Eq. (1), 
are characterized with ε2 ¼ 1, 1.5, and 2.1 if they are homogeneously 
distributed in air (for ZnS nanoparticles obtained by mechanochemical 
synthesis); in air and silane; and in air, silane, and PMMA; respectively. 
The intensity of Raman spectrum related to SOP is described with 

ISOPðωÞ � Im

�

�
1

εeff

�

(3) 

In Fig. 3 SOP mode is shown with the blue line. The solid line in 
Fig. 3b–e is obtained by joining the contributions of SOPs and the 
phonons described with Lorentz curves. The agreement of the theoret-
ical model obtained in this manner with the experimental results is 
excellent. 

The parameters adjusment was carred out automatically, by means 
of the least-square fitting of theoretical (It) and experimental (Ie) in-
tensity at q arbitrarly taken points: 

δ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

q

Xq

j¼1

�

Iej � Itj

�2

s

(4) 

The value of δ was minimized until it became with the usual exper-
imental error (less than 2%). For all samples the determination errors of 
the frequencies and damping coeficients were about 3–6 and 10–15% 
respectively. 

The significant change in the intensity and line shape of simulated 
SOP mode, described with Eq. (3), is caused predominantly by the 
variation of the main volume fraction (f) and damping rate γLO, as 
illustrated in Fig. 4 (ε2 ¼ 1). In our case, the position of the SOP mode’s 
maximum directly follows the change in the filling factor (Fig. 4a), 
whereas its dependence on the dumping (Fig. 4b) is noticeably weaker. 

From Fig. 4 it can be seen that SOP mode moves toward higher 
wavenumbers when filling factor increases. The position of surface op-
tical phonon (SOP) mode frequencies is obtained from Ref. [18] to be 

ωSOP ¼ max

�

Im

�

�
1

εeff

��

The SOP mode dependences on the type of environment and filing 
factor are shown in Fig. 5a and b, respectively. The four lines in Fig. 5a 
are the best fit lines for SOP mode in Fig. 3. Fig. 5a illustrates the change 
in the SOP mode for different environments. The peak positions for ZnS, 
ZnS in silane, ZnS/PMMA, and ZnS in silane/PMMA move consecutively 
toward higher wavenumbers. The dependence of the SOP mode position 
on the filing factor f is obtained to be practically linear, as can be seen in 
Fig. 5b. Having in mind the linearity of this dependence, one can further 
conclude that the filling factor and dumping g2 increase when ZnS is 
embedded in silane, and are even bigger when ZnS in silane is embedded 
in PMMA. 

The obtained results lead to the conclusion that the studied nano-
composites obtained from nanodimensional ZnS and PMMA exhibit 
significant surface effects. 

In comparison with SOP registered at similar nano-objects embedded 
in air there is a significant difference, i.e. in case of nanoparticles 
embedded in polymer matrix, the clusters of nanoparticles are created, 
and consequently, the cluster dimensions are larger than the dimensions 
of nanoparticles in air. However, those clusters are well separated one 
from others, so there is no interaction between them. Effectively, the 
value of filling factor is increased, and the surface phonon is weakened. 

Moreover, by choosing the right polymer matrix and synthesis pa-
rameters, one can adjust the position and intensity of SOP, which is an 
advantage in application of these materials in electronic and sensor in-
dustry [34]. 

4. Conclusion 

The results of studying optical and structural properties of ZnS 
nanoparticles and polymer nanocomposites ZnS in silane/PMMA and 
ZnS/PMMA are presented. The X-ray diffraction (XRD) analysis of the 
synthesized nanocrystal identified its structure to be cubic. The size of 
initial ZnS crystallite of the cubic structure was estimated to be 2.3 nm, 
and it was determined that it is randomly distributed in the PMMA 
matrix. The optical properties were studied by the Raman spectroscopy 
at room temperature. The analysis of the Raman spectra was conducted 
using the fitting procedure. Since, nanoparticles were surrounded by the 
silane and PMMA, the Bruggeman model of effective medium was 
applied. The Raman measurements revealed the asymmetry and 
broadening around the peak at 347 cm�1 that is located in the symmetric 
stretching vibration region, and led to the conclusion that this peak 
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filing factor and (b) the dependence on the phonon damping. 

M. Curcic et al.                                                                                                                                                                                                                                  



Physica E: Low-dimensional Systems and Nanostructures 115 (2020) 113708

5

undoubtedly corresponds to the surface optical phonon (SOP) mode. The 
dependence of the SOP mode position on the filling factor (f) was 
analyzed for different composite materials, and it was determined that 
the SOP mode is moving towards higher wavenumbers when the filling 
factor increases. 
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c Institute Vinča, University of Belgrade, P.O. Box 522, 11001, Belgrade, Serbia   

A R T I C L E  I N F O   

Keywords: 
Surface optical phonon 
Multi 
Phonon 
Yttrium orthovanadate 
Europium 
Infrared spectroscopy 
uv 
Vis spectroscopy 

A B S T R A C T   

In this paper two methods of preparation of yttrium orthovanadate nanopowders were presented: Solid State 
Reaction (top – down approach) and Solution Combustion Synthesis (bottom – up approach). For starting 
structural characterization, X – Ray Powder Diffraction (XPRD) and Field Emission Scanning Electron Microscopy 
(FESEM) were used. We report the change in reflection spectra in europium doped YVO4 nanopowders with 
comparison to its bulk analog. In UV–Vis reflection spectra we consider the change in values of band gap in these 
structures, after resizing it from bulk to nanomaterial. In Far – Infrared (FIR) reflection spectra, we registered the 
existence of Surface Optical Phonon (SOP) and different multi – phonon processes which alter the reflection 
spectra of bulk YVO4. The influence of Eu ions is reflected through multi – phonon processes that occur and are 
connected with energy transfer from YVO4 lattice to Eu ions. All IR spectra were modeled using classical 
oscillator model with Drude part added which takes into account the free carrier contribution. Since our samples 
are distinctively inhomogeneous materials, we use Effective Medium theory in Maxwell Garnett approximation 
to model its effective dieletric function.   

1. Introduction 

Semiconducting nanomaterials, especially nanophosphors have 
attracted great attention of researchers, due to their wide spectrum of 
applications in industry, technology as well as in fundamental science. 
When made in nanorange, phosphor materials exibit enhanced optical 
properties as against their bulk counterparts, due to quantum size effects 
and increased surface – to – volume ratio. Yttrium orthovanadate is a 
widely used red phosphor with many applications in just recent years – 
in solar cells [1], cancer treatment [2], biotechnology [3], optical im-
aging [4] etc. 

For nanopowders, a valuable tool in the investigation of the struc-
tural and optical changes in a material made due to resizing the bulk 
crystal on nanoscale is the optical spectroscopy – in this case specifically 
far – infrared and UV – VIS spectroscopy. When excited by UV light, 
photoluminescence quantum yield of the europium emission in yttrium 
orthovanadate crystal, goes up to 70% [5]. In YVO4:Eu3+ structure UV 
radiation excites the vanadate group, which has the ability of efficient 
excitation transfer to the europium ions (Fig. 1). 

When irradiated with UV radiation, three major steps occur in the 

excitation and emission process in YVO4:Eu3+ structure. First step is the 
absorption of UV light by (VO4)3- groups. Then, thermal activated en-
ergy, which comes from the UV excitation source, migrates through the 
vanadate sub – lattice, inducing the transfer of excited energy to euro-
pium ions. In the end, strong red (5D0 – 7F2) and orange (5D0 – 7F1) 
emission due to de – excitation process of excited europium ions occur 
[6]. 

One of the important properties of semiconductors is their band gap. 
Studying the band gap of semiconductors is important for interpreting 
their structural and optical properties and it is of a great importance 
examining its expansion in order to understand their properties. Appli-
cation of semiconductors is in large level determined by their band gap 
width. Bulk semiconductors are usually very limited in their application 
due to their small and indirect band gap. Bulk crystal is set up of a large 
number of atoms and molecules, with a number of adjacent energy 
levels, which form bulk electronic bands. With the reduction of particle 
size to a nano level, where every particle is made up out of a small 
number of atoms or molecules, the number of overlapping orbitals de-
creases, and the eventually width of the band gap of a nanomaterial gets 
narrower when compared to bulk crystal (this means that there will be 
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an increase of energy between valence and conduction band). This is the 
reason why nanomaterials have wider band gap compared to their bulk 
counterparts. The larger the band gap (i.e. forbidden region), the greater 
the restriction of the electron movement will be. This is well known as 
the quantum size effect. As a consequence of size reduction, there is a shift 
of absorption spectrum of nanomaterials towards the lower wave-
lengths, known as a blue shift. 

In bulk crystals, bulk longitudinal (ωLO) and transversal (ωTO) optical 
phonon frequency occur. In crystals with relatively small dimensions, a 
new frequency appears – Surface Optical Phonon (SOP) frequency 
(ωSOP) which is located between the ωLO and ωTO frequency. That means 
that due to effects of dimension, in addition to the modes of infinity 
lattice, surface modes will be manifested. And in the case of crystals with 
extremely low dimensions, only the surface mode perseveres. 

Different types of interactions with electromagnetic radiation takes 
an important place in semiconductors. On one side, we have investi-
gated electron – phonon interaction in ceramic nanopowders [7]; sur-
face optical phonon – plasmon in thin films [8]. Besides that, we have 
studied damping influence on interaction appearance [9], plasmon – 
impurity local phonons [10], as well as plasmon – different phonons 
interactions [11]. 

A special attention should be given to the choice of method for 
nanopowder preparation, because nanostructured samples with good 
crystallization and homogenous particle size exhibit extraordinary 
properties different from their bulk analogs. At the same time, a very 
important thing for their application in industry and technology is 
finding a fast, cheap and reproducible technique for obtaining fine 
nanophosphors. 

In this paper two types of methods were presented. One, the top – 
down approach, Solid State Reaction Method (SSR), (which implies 
extensive milling), which is a classical ceramic method and the other, 
bottom – up approach, Solution Combustion Synthesis (SCS). Top down 
approaches have advantages like large scale production and deposition 
over a large substrate; also, with these techniques, chemical purifica-
tions are not required. Disadvantages of top – down methods are varied 
particles shapes or geometry, different impurities (stresses, defects and 
imperfections); also, one must be very careful not to have broad size 
distribution of particles. Bottom – up approaches, on the other hand, 

offer ultra – fine nanoparticles, with controlled deposition and narrow 
size distribution. Unlike the previous techniques, bottom – up ap-
proaches do not offer large scale production so easily, and require 
chemical purification. Therefore, we have chosen one technique from 
both approaches so they can be compared. In this paper we offer two 
simple, fast, cheap and yet reproducible techniques for yttrium ortho-
vanadate nanopowder preparation. 

1.1. Bulk crystal of YVO4 

Yttrium orthovanadate crystal has a zircon – type of structure, and 
crystalizes in 141. Space group, I41/amd shown in Fig. 2. In this struc-
tural type, Y ions occupy 4a crystallographic (Wyckoff) site with co-
ordinates [[0,3/4,1/8]]. 

V ions occupy 4b crystallographic site, and coordinates 
[[0, 1/4,3/8]]; while O ions occupy 16h crystallographic site, with co-
ordinates [[0,y, z]]. 

This structure belongs to 4/mmm Laue class, where fourfold axis is a 
unique symmetry operation and has an expressed anisotropy of physical 
properties. V ions are in tetrahedral surrounding of O ions, while the 
surrounding of Y ions is made of oxygen coordination sphere with eight 
O ions which form a highly distorted cube. 

From a group – theory analysis [12] it is known for this type of 
symmetry with two chemical formulas in the primitive cell (I41/amd – 
D19

4h) to have following modes in the center of the Brillouin zone at the Г 
point: Г(k = 0) = 2A1g + 5Eg + 4B1g + 1B2g + 4A2u + 5Eu + 1A2g +

1A1u + 1B1u + 2B2u. Eu and A2u modes show dipole moments oriented 
perpendicular and along the c directions, respectively; and four out of 
five Eu modes are infrared active. 

Infrared reflection spectrum of bulk YVO4 can be found in the liter-
ature [13]. In the measured reflectivity spectra, two sharp features at the 
lowest frequency can be found, and they correspond to the unscreened 
infrared – active optical phonon modes. This spectrum is characterized 
with four peaks of which three are easily seen, while the fourth is a 
shoulder of the second reflectivity band, and it is more evident at lower 
temperatures. Since bulk YVO4 has no metallic contribution (i.e. free 
carrier contribution), the Lyddane – Sachs Teller (LST) relation (Lorenz 
oscillator model) can be an optimal model to analyze reflection spectra 
and to model an appropriate dieletric function of a material. 

In this paper we report the change in reflection spectra of europium 

Fig. 1. Energy levels and energy transfer model of Eu3+ ion and (VO4)3- tet-
rahedron in YVO4. 

Fig. 2. Crystal structure of YVO4.  
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doped YVO4 nanpowders with comparison to its bulk analog. In UV – VIS 
reflection spectra we consider the change in values of a band gap of 
europium doped YVO4 when it is resized from bulk to nanomaterial. In 
IR reflection spectra we carry out phonon investigation in order to 
explain the change in optical properties of investigated nanopowders. 
We show the existence of surface optical phonon (SOP) and different 
phonon processes which alter the reflection spectra of bulk YVO4. Full 
characterization of materials is made with X – Ray Powder Diffraction 
(XRPD) and Field Emission Scanning Electron Microscopy (FESEM). 

2. Sample preparation and characterization methods 

Nanopowders prepared by SCS were obtained using stoichiometric 
quantities of starting chemicals Y(NO3)3⋅6H2O,NH4VO3,NH4NO3 and 
Y(NO3)3⋅6H2O , purchased from ABCR with the purity of 99.99%. Urea 
was purchased from Sigma – Aldrich. Eu3+ concentration was 1%. 4.8 g 
of NH4NO3 and 3.003 g of urea, (NH2)2CO which were used as an 
organic fuels were added to a dry mixture of 0.357 g Eu(NO3)3⋅ 6H2O, 
4,676 g of NH4VO3 and 15.32 g of Y(NO3)3⋅6H2O. Then, mixture was 
combusted with the flame burner at ~500◦C. Then, the solid solution 
starts to act like cloud – shape mixture which then was annealed in air 
atmosphere at 1200◦C for 2 h. The annealing of material offers full 
crystallinity. This sample was labeled as YVS. 

Solid state reaction procedure was performed using stoichiometric 
quantities of starting chemicals, then powdered and baked on 900◦C for 
5 h. Starting chemicals, Y2O5,Y2O3 and Eu2O3 with purity of 99.99% 
were purchased from ABCR. Concentration of Eu ions was 1%. This 
sample was labeled as YVC. Both samples, YVS and YVC, were made in a 
series of 5 samples, and every measurement is an average of these 5 
samples. 

These two simple, but yet reproducible and efficient methods pro-
vide two morphologically different samples. In this way methods can be 
compared and analyzed. 

Structural characteristics of yttrium orthovanadate nanopowders 
were obtained using Philips PW 1050 diffractometer equipped with a 
PW 1703 generator, 40 kV × 20 mA, using Ni filtered Co Kα radiation of 
0.1778897 nm, at room temperature. 15–85◦ range was used during 2 h, 
with a scanning step of 0.05◦ and 10s scanning time per step. 

Morphologies of prepared samples were examined by Field Emission 
Scanning Electron Microscopy using FEI Scios 2 with an acceleration 
voltage between cathode and anode 15 kV. 

All UV–Vis reflectance spectra were recorded in the wavelength 
range of 200–1200 nm on the Shimadzu UV – 2600 spectrophotometer 
equipped with an integrated sphere. The reflectance spectra were 
measured relative to a reference sample of BaSO4. 

The infrared reflectivity measurements were performed at room 
temperature. BOMEM DA – 8 Fourier – transform infrared spectrometer 
was used. A Hyper beamsplitter and DTGS (deuterated triglycine sulfate) 
pyroelectric detector were used to cover the wave number region 
80–650 cm− 1. Spectra were collected with 2 cm− 1 resolution with 500 
interferometer scans added for each spectrum. 

2.1. X – ray powder diffraction 

Results for YVC and YVS are shown in Fig. 3. The diffractograms 
confirm that both samples are monophased and that they crystallized in 
zircon – type of structure. All reflections are in good agreement with 
JCPDS card 17–0341. Also, all samples show no other reflections other 
than ones who originate from YVO4 structure. Since Eu3+ concentration 
in these samples is 2%, one cannot be identified by XRD. Crystallite sizes 
are 53 nm and 58 nm for YVC and YVS, respectively. Crystallite sizes 
were determined using Debye Scherrer formula. This formula gives 
value of average crystallite size, and from our calculations the deviation 
is around 5 nm. To reduce this error, series of every sample were made 
(5 from each) to reduce the influence of chemical modification and other 

processing conditions). Even though Debye Scherrer is a rough method 
for determining crystallite size and one could use other methods for 
determining this value, like Williamson – Hall analysis which could in 
some way reduce this problem, this would suggest to rely on some other 
assumptions which could add up to an error. Crystallite size for sample 
YVC is smaller than one obtained in YVC. This was expected because of 
method of preparation. YVC was prepared using Solid State Reaction 
Method, which includes rather aggressive milling, and therefore results 
in smaller crystallite size than sample YVC, which was obtained with 
Solution Combustion Synthesis. 

2.2. Field emission scanning electron microscopy 

FESEM photographs are shown in Figs. 4 and 5, for YVS and YVC 
respectively; with 10 000 × and 35 000× magnification. Particle sizes 
are 2 m and 3 μm, for YVC and YVS, respectively. These values are much 
larger than the ones obtained with XRD. Reason for this is crystallite 
agglomeration. Regardless of agglomeration, trend in crystallite size 
between two methods of preparation remains the same as in crystallite 
sizes determined by XRD. One more thing must be noticed, and that is 
difference in crystallinity between samples. As can be seen from Figs. 4 
and 5, sample YVC is more crystalline than YVS, which has more of a 
cloud – shape structure. This was marked with yellow rectangles in 
Figs. 4 and 5. On a larger scale, both samples consist of clearly defined 
and separated grains which can be seen on right hand side of Figs. 4 and 
5. 

3. Results and discussion 

3.1. UV – VIS spectroscopy 

In this section we investigated optical UV–Vis reflection spectra of 
europium – doped yttrium orthovanadate nanopowders. Special atten-
tion was given to obtaining band gap values. Band gap values were 
obtained using Tauc plot [14]. It is important to have information about 
band gap values, because band structure is responsible for the wide 
range of electrical characteristics. Tauc, Davis and Mott [15] have 
proposed an expression: 

αhν=A
(
hν − Eg

)1/n (1) 

Fig. 3. XRD patterns of europium doped yttrium – orthovanadate nanopowder 
prepared by Solid State Reaction Method (YVC) and Solution Combustion 
Synthesis (YVS). 
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where α is the absorption coefficient (which is a property of a material; it 
defines the amount of light absorbed by it); h is the Planck’s constant 
and hν is the photon energy. A represents transition probability constant 
(which depends on the effective mass of the charge carriers in the ma-
terial) and Eg is the band gap. Number n defines the nature of transition. 
If transition is direct, n equals 1/2 and 3/2, for the allowed and 
forbidden transitions, respectively. In the case of indirect transitions, n is 
2 for allowed and 3 for forbidden transitions. In our case n is 3/2. 

Then, the obtained diffuse reflectance spectra are converted to 
Kubelka – Munk function [16]: 

α=
(1 − R)2

2R
(2)  

where R is a reflectance value. Using Eqs. (1) and (2), we obtain (αhν)1/n 

vs. hν plot. By extrapolating the linear portion of mentioned dependence 
to the energy axes at the (αhν)1/n

= 0 value, the band gap value is 
obtrained – the intercept of the plot with x – axe gives the value of band 
gap. The results obtained with UV – VIS spectroscopy, UV – VIS reflec-
tance and diffuse reflectance Kubelka – Munk spectra for YVS and YVC 
are presented in Figs. 6 and 7 respectively. 

From Table 1 values of calculated band gap for europium doped 
yttrium orthovanadate nanopowders prepared by two methods, as well 
as literature data for bulk YVO4 were presented. With regard to section 2 
where it was explained how band gap values increases with decreasing 
grain size, we got matching results. Namely, we got two values of band 
gap for samples made with two methods, YVC and YVS: 3, 55 eV and 
3,17 eV, respectively. Since crystallite size of YVC (53 nm) is smaller 
than in YVS (58 nm), it is expected that the band gap value will be 
greater for YVC, due to quantum size effect described earlier. Both Eg 
values for nanophosphors are greater that the Eg value for bulk crystal 
YVO4, which is expected. With this we conclude that Solid State Reac-
tion Method provides samples with higher band gap values that samples 
prepared by Solution Combustion Synthesis. 

When under the UV–Vis radiation, three major steps occur in YVO4: 

Eu3+: 1. absorbance of radiation by (VO4)3- groups; 2. transfer of the 
excited energy to Eu3+ ions which migrated through vanadate sub-
lattice; and 3. red emission induced by de – excitation process of excited 
Eu3+ ions. This was represented in Fig. 1. 

Peak at around 272 nm originates from absorption of (VO4)3- groups 
[17]. According to the literature, this peak is an attribution to charge 
transfer from oxygen ligands to the central vanadium atom in (VO4)3- 

group. In that way, UV–Vis spectra from Figs. 6a and 7a prove there is an 
energy transfer between (VO4)3- and Eu3+ ions. Peak at 343 nm origi-
nates from (VO4)3- in the lattice [18]. Peak at 272 in YVS is clearly seen. 
On the other hand, in YVC sample, splitting of 272 mode is obvious. The 
mode split because reflectance values cannot go below zero values; and 
increase in intensity of reflectance compared to YVS is caused by multi – 
phonon processes which seem to be more dominant in YVC rather than 
in YVS. 

In one of our previous papers [19] it is shown how Eu ions exchange 
with of Y ions, and without any significant disturbance of symmetry take 
place in YVO4 structure. Clearly, Eu ions have more influence in YVC 
sample, which has more crystallinity and smaller crystallite size, and are 
more efficiently distributed throughout the YVC sample. More evidence 
on multi – phonon processes which are present in YVC will be shown 
more clearly using Infrared Spectroscopy. 

Results like this also confirm that these materials are suitable for 
many optical devices. Following our previous research [20] these 
phosphors represent an excellent hosts for optical excitation and emis-
sion of europium. Also, since the samples were made using two different 
techniques on different temperatures (500 and 900 ◦C), a certain evi-
dence of thermal stability on emission quantum yield and lifetime was 
shown which is in good agreement with the literature [21]. 

3.2. Infrared spectroscopy 

Subject of this paper are distinctively inhomogeneous materials. 
They are built out of embedded components in a matrix, and every one 
of them has its own macroscopic properties. A macroscopic property can 

Fig. 4. FESEM photographs of europium doped yttrium – orthovanadate nanopowder prepared by Solid State Reaction Method (YVS).  

Fig. 5. (a) FESEM photographs of europium doped yttrium – orthovanadate nanopowder prepared by Solid State Reaction Method (YVC).  
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be attributed to every component of this material, as well as to a matrix. 
For example, this can be a dielectric permittivity. A medium where 
dielectric permittivity of every component and its surrounding (matrix) 
can be substituted with one value of dielectric permittivity, an effective 
dielectric permittivity, is called an effective medium, and theory which 
describes this is known as Effective Medium Theory. In other words, 
within this model, a heterogeneous system can be seen, from a bigger 
scale, as a homogeneous system, with its own properties which are often 
called effective properties, with one important fact: on a scale compa-
rable with the dimensions of the system constituents, the system cannot 
be regarded as a homogeneous medium. Theory of effective medium has 
several approximations [22], of which two are most common: Maxwell 
Garnet and Brugemann approximation. The first one implies that 
constitutive parts of one medium are very well separated out of matrix 
they’ve been embedded in, and that there is no electrostatic interactions 
between them. On the other hand, Brugemann approximation describes 
systems where constitutive parts cannot be separated out of their 
surroundings. 

When visible light, λ, interacts with a material described above, 
where its nanoparticles have characteristic size d, and dielectric function 
ε2, which are randomly distributed in a matrix with a dielectric constant 
ε1, in the limit λ≫d, the heterogeneous composite can be treated as a 
homogenous, and this system can be described with Effective Medium 
Theory. Since the samples we investigate are well defined, spherical and 
separated nano grains (as seen in Figs. 4 and 5), we use Maxwell Garnet 

model for the present case. Following postulates of this approximation, 
for the effective permittivity of so called homogeneous medium we get 
[23]: 

εeff = ε1 + 3f1
ε1(ε2 − ε1)

ε2 + 2ε1
(3)  

where ε2 is a dielectric permittivity of nanoparticles located randomly in 
a homogeneous environment with dielectric permittivity ε1, which is, in 
our case, air; and occupy a volume fraction f (so called filling factor). 

For modeling dielectric permittivity of above described nano-
particles, we have used a classical oscillator model with Drude part 
added (second addition in Eq. (3)) which takes into account the free 
carrier contribution [24].: 

ε2(ω)= ε∞

(
∏n

k=1

ω2
LO − ω2 + iγLOω

ω2
TO − ω2 + iγTOω −

ω2
P

ω(ω − iτ− 1)

)

(4)  

where ε∞ is a bound charge contribution (assumed to be constant), 
transverse and longitudinal frequencies are noted with ωTO and ωLO, γTO 
and γLO are their damping coefficients, ωP is plasma frequency and free 

Fig. 6. (a) UV – VIS reflectance spectra of europium doped yttrium – ortho-
vanadate nanopowder prepared by Solid State Reaction (YVC). (b) Kubelka – 
Munk plot for europium – doped yttrium – orthovanadate nanopowder pre-
pared by Solid State Reaction (YVS). 

Fig. 7. (a) UV – VIS reflectance spectra of europium doped yttrium – ortho-
vanadate nanopowder prepared by Solution Combustion Synthesis (YVC). (b) 
Kubelka – Munk plot for europium – doped yttrium – orthovanadate nano-
powder prepared by Solution Combustion Synthesis. 

Table 1 
Band gap values for YVC, YVS and literature data for bulk YVO4 bulk crystal.  

YVC YVS YVO4 bulk (literature) [22] 

3.56 eV 3.16 eV 2.85 eV  
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carrier relaxation time is marked by τ. 
Calculated spectra were obtained by a fitting procedure using a 

previously described model which is represented with solid lines in 
Figs. 8 and 9. Using the least – square fitting procedure of the experi-
mental (Rexp) and theoretical (Rth) reflectivity, at q arbitrarily taken 
points, the parameter adjustment was carried out, automatically. 

δ=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
q
∑q

j=1

(
Rexp − Rth

)2

√
√
√
√ (5) 

Minimalization of δ was carried out until it met the conditions of 
commonly accepted experimental error of less than 3%. 

Theoretical model in Figs. 8c and 9, show excellent match with the 
experimental results, for YVS and YVC samples, respectively. In Table 2, 
best fitting parameters are presented. In Eq. (4), transversal optical 

frequency, ωTO, was precieved as the characteristic frequency for a given 
material. As regards to spectra from Fig. 8a and 8b, they show the 
procedure, step by step, in order to get the best fit presented in Fig. 8c. 
Model used in Fig. 8a did not take into account the existence of SOP. 
Actually, this model suits the bulk structure of YVO4 the best, when 
there’s no SOP [25]. After we took this into account, we notice that, 
when bulk YVO4 was resized to nanoscale, wide mode on the highest 
frequencies in bulk spectrum of YVO4 [13] split into two modes. Since 
this was modeled with dielectric function which takes into account the 
existence of SOP, we conclude that the reason for splitting this wide 

Fig. 8. Infrared reflection spectra of YVO4 nanopowders prepared by Solution 
Combustion Synthesis (sample YVS). Experimental spectra are presented by 
open circles, while solid red lines are calculated spectra obtained by a fitting 
procedure based on the model given by Eqs. (3) and (4). Spectrum (a) shows 
fitting procedure without taking into account SOP phonons, (b) spectrum 
without taking into account multiphonon processes and (c) IR reflection spec-
trum of YVS when SOP phonons and multiphonon process were considered. 

Fig. 9. Infrared reflection spectra of YVO4 nanopowders prepared by Solid 
State Reaction (sample YVC). Experimental spectra are presented by open cir-
cles, while solid red lines are calculated spectra obtained by a fitting procedure 
based on the model given by Eqs. (3) and (4). 

Table 2 
Best fitted parameters of IR reflection spectra for YV, YVC and YVC; bulk liter-
ature data and their assignments.   

YVC 
[cm− 1] 

YVS 
[cm− 1] 

Bulk YVO4 
(Literature data) 
[cm− 1] [13] 

Assignment 

ε∞ 1.8 2.25 4.0  
F 0.79 0.93 1  
ΓP 85 200   
ωP 100 89  Plasmon frequency 

which plays role of ω- 

ωTO3 212 198 195 Eu mode, IR active 
ωLO3 214 219 220  
ωTO4 234 259 263 Eu mod, IR active 
ωLO4 292 300 309  
ωTO5 321 311 309 Eu mod, IR active 
ωLO5 323 337 311  
ωTO6 397 –  Multiphonon processes 
ωLO6 393 –  
ωTO7 400 470  
ωLO7 645 650  
ωTO8 450.5 452  
ωLO8 452 454  
ωTO9 730.2 –  
ωLO9 731 –  
ωTO10 759 794 780 SOP formation. Eu 

mod, IR active 
ωLOSOP 863 890  SOP phonon 
ωLO10 887 935 930  
ωTO11 1020 –  Multiphonon processes 
ωLO11 1021 –  
ωTO12 1093.5 –  
ωLO12 1096 –  
ωTO13 1116 –  
ωLO13 1117.5 –   
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mode is occurrence of SOP mode in these structures. After including SOP 
modes into reflection spectra of nanostructures, we still have slight 
differences between experimental and theoretical results (Fig. 8b) at 
frequency between two sharp modes at lowest, and one wide mode at 
highest frequencies. 

Reasons for this slight difference presented in Fig. 8b are different 
multi – phonon processes, with frequencies obtained in Table 2. After we 
took this into account, we got excellent match of theoretical and 
experimental results, shown in Fig. 8c. 

From this we conclude that influence in reflection IR spectra in 
majority comes from SOP mode and not from multi – phonons. Still, 
when we compare two spectra from 8c and 9, we do see differences, 
which originate from different contributors to reflection IR spectra. In 
sample made with Solution Combustion Synthesis (YVS), the contribu-
tion of SOP is greater than in samples made with Solid State Reaction 
(YVC). Yet, in sample YVC, influence of multi – phonon contributors is 
greater than in YVS which is also shown in UV–Vis measurements. We 
see that from Table 2, for the wavenumbers greater than 1020 cm− 1, 
where we modeled multi – phonon modes for YVC and not for YVS, 
because of the greater influence of SOP in this sample which completely 
covered possible multi – phonon processes in YVS. From all of this, we 
can say that, when we compare to nanopowders prepared with two 
different methods, one can say that for YVS, influence of SOP mode 
dominates, and for sample YVC, multi – phonon modes dominate over 
SOP modes. 

Now, let us discuss the results obtained in Table 2. In Eq. (3) we have 
defined the parameter called filling factor. It is a parameter which de-
scribes the volume fraction occupied by the nanoparticle (or nano-
particle aggregates) in the surrounding medium. In Table 2, filling 
factors of prepared nanopowders, YVC and YVS, together with value for 
bulk crystal YVO4 are presented. Intensity and shape change of SOP 
modes presented in Figs. 8 and 9 (described with Eq. (4)) are notably 
affected by variation of filling factor, f. 

In our case, position of SOP modes maxima directly follows the 
change in filling factor. Position of SOP modes frequencies are obtained 
from Eq. (6) [26], and the results are presented in Fig. 10. 

ωSOP =max
(

Im

(

−
1

εeff

))

(6) 

In bulk crystal YVO4 [13], at room temperature, four modes in 
infrared reflection spectra have been detected at 195, 263, 311 and 780 
cm− 1. These modes are separated into internal (motions of the tetra-
hedral VO4) and external (translations and rotations of the VO4 tetra-
hedron). All of these modes, as expected, are shifted after resizing bulk 

to nanomaterial to 212, 234, 323 and 759 cm− 1 for YVC, and to 198, 
259, 337 and 794 cm− 1 for YVS, respectively. Appearance of new pho-
nons is due to break – down of the selection rules, as a consequence of 
resizing of the bulk crystal to nanostructure. Some modes occur due to 
appearance of surface optical phonon mode and some due to multi – 
phonon processes (one is, as we said, more dominant in YVS and other in 
YVC) in addition to modes which occur owing to Eu ion and its inter-
action with YVO4 lattice. All of the modes are represented and assigned 
in Table 2. 

Based on these results, it is clear that filling factor of prepared 
nanopowders depends on method of preparation, but yet it has a linear 
dependence of occurred surface optical phonon frequency. Also, SOP 
mode has the role of the LO phonon which we have also showed in our 
earlier works in different nanostructures [8]. 

Vibrational spectroscopy of nanostructures for discovering surface 
optical phonons represents an extremely active and exciting field with 
many possibilities for scientific and technological development. This 
arising new phenomena offer not only new perspective for material 
characterization, but also a fundamental understanding of processes at 
nanoscale. Better understanding of phonon properties of phosphors 
shown in this paper leads to wide application of these nanostructured 
materials for nanophosphor coatings [27], biomedical application [28], 
luminescence efficiency [29] etc. Also, discovery of surface phonons in 
these materials offer great use in heteronanostructures [30] to enhance 
the photoluminescence properties. 

On the other side, multiphonon processes have been investigated for 
the first time in this nanostructured orthovanadate. Understanding 
multiphonon processes and charge transfers within a phosphor structure 
leads to its better application in self – assembled quantum dots [31] and 
different luminescent materials [32]. 

4. Conclusion 

In this paper we showed two methods of preparation of yttrium 
orthovanadate nanopowders, Solution Combustion Synthesis and Solid 
State Reaction Method. Samples prepared by Solution Combustion 
Synthesis offer slightly bigger crystallite size, and therefore smaller 
width of band gap compared to samples prepared by Solid State Reac-
tion Method, which provides samples with band gap up to 3.56 eV which 
was obtained using UV–Vis spectroscopy. Splitting of 272 nm mode from 
UV–Vis spectra for sample made by Solid State Reaction Method gives an 
indication of more dominant multi – phonon modes in this sample rather 
than in one made by Solid Combustion Synthesis. This was caused by 
doping and transfer of excited energy which migrates through vanadate 
sublattice to Eu ions; and after causes red emission induced by de – 
excitation process of excited Eu ions. For modeling Infrared Reflection 
spectra of both samples, Effective Medium Theory in Maxwell Garnett 
approximation was used and classical oscillator model, with Drude part 
added which takes into account concentration of free carriers. We 
showed that in both samples characteristic frequency of Surface Optical 
Phonon occurs as a consequence of resizing bulk crystal to nano scale. 
Also, that SOP has greater influence in sample prepared by Solution 
Combustion Synthesis, while in sample prepared by Solid State Reaction 
Method multi – phonon modes are more dominant and cover SOP 
modes. This was a confirmation of previous UV–Vis results. Since change 
in intensity and shape of SOP modes depends on variation of filling 
factor, we have considered the values of filling factor and its dependence 
on SOP mode position and came to a conclusion that SOP frequency has 
a linear dependence on filling factor, where SOP mode plays a role of LO 
phonon. All results obtained, show not only occurrence of nanoscale 
phenomena – surface optical phonon and multiphonon processes in 
YVO4:Eu3+ nanostructures, but its potential use in wide fields of science 
and technology. 

Fig. 10. Surface Optical Phonon mode position vs. filling factor.  
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J. Trajić, D.V. Timotijević, U. Narkiewicz, D. Sibera, Surface optical phonons in 
ZnO(Co) nanoparticles: Raman study, J. Alloys Compd. 540 (2012) 49–56. 

[27] R. Kubrin, Nanophosphor coatings: technology and applications, opportunities and 
challenges, KONA Powder and Particle Journal 31 (22 – 52) (2014). 

[28] T. Thu Huong, H. Thi Phuong, L. Thi Vinh, H. Thi Khuyen, T. Kim Anh, L. Quoc 
Minh, Functionalized YVO4:Eu3+ nanophosphors with desirable properties for 
biomedical applications, J. Sci – Adv. Mater Dev. 1 (3) (2016) 295–300. 

[29] T. Minakova, S. Mjakin, V. Bakhmetyev, M. Sychov, I. Zyatikov, I. Ekimova, 
V. Kozik, Y.-W. Chen, I. Kurzina, High efficient YVPO4 luminescent materials 
activated by europium, Crystals 9 (2019) 658. 

[30] H. Zhu, H. Hu, Z. Wang, D. Zuo, Synthesis of YVO4:Eu3+/YBO3 
heteronanostructures with enhanced photoluminescence properties, Nanoscale 
Res. Lett. 4 (2009) 1009–1014. 

[31] L. Magnusdottir, A. Uskov, S. Bischoff, J. Mork, Multiphonon capture processes in 
self-assembled quantum dots, in: Technical Digest. Summaries of Papers Presented 
at the Quantum Electronics and Laser Science Conference. Postconference 
Technical Digest (IEEE Cat. No.01CH37172), 2001, pp. 206–207. 

[32] R. Liu, L. Liu, Y. Liang, Energy transfer and color – tunable luminescence properties 
of YVO4:Re (Re = Eu3+, Sm3+, Dy3+, Tm3+) phosphors via molten salt 
synthesis, Opt. Mater. Express 8 (6) (2018) 1686. 
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Abstract
The rich chemistries and unique morphologies of titanium carbide MXenes, made them 
strong candidates for many applications like sensors and electronic device materials. Dur-
ing the synthesis procedure, chemical etching, oxidation occurs and residual materials, like 
titanium-dioxide nanocrystals and nanosheets are often present in resulting material. As 
titanium-carbide MXenes are suggested to be used as additive in organic polymer matri-
ces for production of nanocomposites, it is essential to consider the presence of the oxides 
and other residuals together with MXene flakes in synthesis results, and consequently in 
produced nanocomposite. In this study we present structural and optical characterization 
of such polymer nanocomposite titanium carbide/PMMA (Polymethyl methacrylate) con-
sisting of Ti

3
C
2
 , TiC

2
 MXenes and TiC, and TiO

2
 residues of synthesis in PMMA matrix, 

as a multicomponent nanocomposite. Using XRD, infra-red and Raman spectroscopy, fol-
lowed by comparative study on the vibrational properties using density functional theory 
calculations, we characterize this nanocomposite. Further, the SEM measurements are per-
formed, demonstrating the produced titanium-carbide-based flakes in nanocomposite are 
well defined and separated to nanosized grains, allowing us to use Maxwell–Garnet model 
to analyse infrared spectrum. This enables us to determine the presence of the optical mod-
ification of polymer matrices corresponding to a volume fraction of 0.25.

Keywords Titanium-carbide nanoparticles · PMMA composite · Multicomponent 
nanocompostite
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1 Introduction

Nanocomposites are the combination of two or more different materials where a minimum 
of one of the components has dimension less than 100 nm Twardowski (2007). The pol-
ymer nanocomposites are made of organic polymer matrix (in this research, polymethyl 
methacrylate—PMMA) and inorganic components (titanium carbide nanoparticles). The 
properties of the obtained nanocomposites depend on the individual properties of each 
component, morphology and the interface characteristics. In an attempt to improve the 
properties of conventional polymer materials and extend the fields of their applications, 
functionalization has emerged as important method in improvement of their not satisfac-
tory electronic, thermal and mechanical properties Tamborra et al. (2004); Hussain et al. 
(2006). In addition to typical advantages of polymers (such are light-weight, low cost, and 
good processability), the improvement of electrical properties (e.g., electrical conductiv-
ity) with the addition of a small amount of conductive fillers into polymer matrices have 
promoted polymer nanocomposites into versatile multifunctional materials. Many applica-
tions like household electronics, memory and microwave devices are potentially available 
with addition of metal oxide nanoparticles to polymer. This enables the modification of the 
polymer’s physical properties as well as the implementation of new features in the poly-
mer matrix creating new type of materials known as the polymer nanocomposites. PMMA 
as a thermoplastic polymer, has many extraordinary properties, like great transparency 
and ultraviolet resistance, high abrasion resistance, hardness and stiffness and making it 
widely used in many applications ranging from everyday items to high tech devices. Fur-
ther, PMMA is nondegradable and biocompatible which makes it an excellent candidate in 
medical applications like tissue engineering with typical applications such as fracture fixa-
tion, intraocular lenses and dentures Peppas and Langer (1994).

Multicomponent nanocomposites based of layered and 2D materials have drawn signifi-
cant attention in past decade with promises of various applications. Reduction of dimen-
sionality of the system to the truly atomic-scale 2D is related to the occurrence of all new 
amazing properties in low-dimensional material, since the reduction of available phase 
space and decreased screening lead to enhancement of quantum effects and increased cor-
relations. Low-dimensional materials have been studied intensively both for their funda-
mental properties and insight in basic principles of matter but as well for their colossal 
potential for applications. A discovery of true two-dimensional material graphene Novo-
selov et al. (2004) and its remarkable properties like and experimental observation of Klein 
tunnelling, quantum Hall effect and superconductivity Novoselov et al. (2004); Katsnelson 
et al. (2006); Zhang et al. (2005); Durajski et al. (2019); Pešić et al. (2014); Margine et al. 
(2016); Durajski et al. (2020) paved the way for investigation of a new family of materials 
in low-dimensional physics. The new field of two-dimensional materials research has arose 
and investigated not only graphene but many more crystal structures where, just like in gra-
phene, cells are connected in at least one direction by the van der Waals’ forces Novoselov 
et al. (2016).

Transition metal carbides are important group of materials for applications since they 
possess some desired characteristics such as thermal stability, wear and corrosion resist-
ance, electronic, magnetic as well as catalytic properties. Titanium-carbide powders are 
generally used for manufacturing cutting tools, used in treatment of metals and as abrasive-
resistant materials. In 2011 Naguib et al. (2011), the group of early transition metal car-
bides and/or carbo-nitrides labeled as MXenes. MXenes are produced by the etching out 
of the A layers from MAX phases Naguib et al. (2011, 2012, 2013). Name MAX phase 
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comes from its chemical composition: M n+1AXn , where M is an early transition metal, A 
is mainly a group IIIA or IVA (i.e., groups 13 or 14) element, X is carbon and/or nitrogen, 
and n = 1, 2, or 3.

During the synthesis of titanium-carbide MXenes by chemical etching, oxidation can 
occur which results in presence of TiO

2
 consisted of nanosheets and numerous TiO

2
 

nanocrystals Naguib et al. (2014). There are several studies Zhu et al. (2016); Gao et al. 
(2015) whose researched is focused in possible applications of TiO

2
-MXene structures. 

It is demonstrated the joint effects of Ti
3
C
2
 and TiO

2
 endowed TiO

2
-Ti

3
C
2
 nanocompos-

ites with excellent properties and improved functionalities Zhu et al. (2016). In this work 
we investigate the structural and optical properties of polymer nanocomposites prepared 
by the incorporation of titanium-carbide nanoparticles consisting of Ti

3
C
2
 , TiC

2
 TiC and 

TiO
2
 into the matrices of polymer PMMA. The sample of nanocomposite material was 

prepared, the PMMA matrix with titanium-carbide particles, PMMA/TiC. As for similar 
materials Shan et al. (2021, 2020, 2021); Tan et al. (2021); Jafari et al. (2020); Tan et al. 
(2021) proper understanding of composition of materials used in composite is crucial and 
XRD analysis for the titanium-carbide flakes. The structural and morphology studies of 
the nanocomposites were carried out by SEM and Raman spectroscopy. Infrared spectros-
copy is a very powerful technique in analysis of various nanoparticle and nanocomposite 
materials prepared in various techiques Dastan (2015); Dastan and Chaure (2014); Dastan 
et al. (2014); Dastan and Chaure (2017). To further understand properties of our inhomog-
enious nanocomposite we used infrared spectroscopy with Maxwell–Garnet model. To fur-
ther support optical characterization, calculations based on density functional theory were 
performed.

2  Samples preparation and structural characterization

2.1  Titan‑carbide/PMMA composite synthesis

In this work, titanium-carbide/PMMA nanocomposite sample was made from mixture of 
MXene based titanium-carbide nanoflakes in PMMA matrix. Production of layered titan-
carbide flakes is based on MXene synthesis by selective etching of Al atomic layers from 
Ti

3
AlC

2
 MAX phase, we used the so-called ’mild’ method with lithium fluoride (LiF) 

and hydrochloric acid (HCl) Tu et al. (2018). This method was described in Naguib et al. 
(2011). Procedure of composite preparation is described in Fig. 1.

Commercially available PMMA Acryrex CM205 (Chi Mei Corp. Korea, (Mw ≈ 90400 
g/mol, n = 1.49, � = 633 nm) pellets were used as a matrix for sample preparation. Ti

3
AlC

2
 

MAX phase was processed and kindly donated from Layered Solids Group, Drexel Uni-
versity. Titanium-carbide flakes were obtained by sonification in the water and drying the 
supernatant in a Petri dish in the oven for 30 minutes on 90◦C.

Composite was prepared with 10 wt% PMMA solution in acetone (Carlo Erbe Reagents, 
Spain) and added dried titanium-carbide flakes. After stirring the solution was poured in 
Petri dish Cao et al. (2017) and dried in oven 24h on 40 ◦ C. Content of titanium-carbide 
flakes in the sample was 1.7 wt%.

The morphology of the produced composite has been investigated by FESEM using 
high resolution electron microscope MIRA3 TESCAN. Samples display separated nano-
sized grains. Fig. 2a presents FESEM image of MXene flakes delaminated in water show-
ing morphology of obtained flakes, b FESEM image of the PMMA/titanium-carbide 
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nanocomposite. Characteristic layered structure of MXenes is visible on FESEM image 
and confirming success of delamination and exfoliation procedures. Obtained flakes dem-
onstrate multilayered structure with few �m in diameter. In Fig. 2b typical accordion like 
structure can be indicated in nanosize grain-like structures, clustered in PMMA matrix.

2.2  XRD

X–ray diffraction powder (XRD) technique was used to determine structural characteristics 
of titanium-carbide based flakes to be used in composites. Philips PW 1050 diffractom-
eter equipped with a PW 1730 generator was used. The same conditions were used for all 
samples, 40 kV× 20 mA, using Ni filtered Co K � radiation of 0.1778897 nm at room tem-
perature. Measurements were carried out in the 2 � range of 20–80◦ with a scanning step 

Fig. 1  Schematic describing the 
synthesis process of MXenes 
from MAX phases and prepara-
tion of composite

Fig. 2  FESEM photos of a Flakes delaminated in water; b PMMA composite prepared with titanium-car-
bide flakes
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of 0.05◦ and 10 s scanning time per step. In Fig. 3 is presented XRD pattern for titanium-
carbide flakes, starting material for composite. The different phases of titanium carbide can 
be noticed from diffractogram—Ti

3
C
2
 , TiC and TiC

2
 together with TiO

2
 . TiO

2
 is widely 

present as anatase and rutile. All peaks obtained correspond to the structures of Ti
3
C
2
 , 

TiC, TiC
2
 , anatase and rutile and it is confirmed that they belong to space groups P6

3
/mmc 

(194), Fm3m (225) Fm2m (42), I4
1
/amd (141), P4

2
/mnm (136), respectively. The unit cells 

of MXene structures Ti
3
C
2
 , TiC and TiC

2
 are presented in Fig. 4. These structures were 

further used in DFT analysis of optical spectroscopy results in Sect. 3.3.

3  Results and discussion

3.1  Raman spectroscopy

The micro-Raman spectra were taken in the backscattering configuration and analyzed 
by the TriVista 557 system equipped with a nitrogen cooled charge-coupled-device 

Fig. 3  XRD pattern for titanium-
carbide flakes, starting material 
for PMMA/TiC composite

Fig. 4  Schematic representation 
of Titanum-carbide structures 
present at composite a Ti

3
C

2
 , b 

TiC and c TiC
2

b

ac

ba

c

a b

c

(b)(a)

(c)
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detector. As an excitation source, we used the 532 nm line of Ti:Sapphire laser. Excita-
tion energy is in the off-resonance regime for all the considered materials. The Raman 
spectra of the PMMA, PMMA/TiC, and titanium-carbide flakes, measured in the spec-
tral range of 100-1100 cm−1 at room temperature, are presented in Fig. 5.

The Raman spectrum of PMMA is presented in Fig. 5a. Intense modes at 235, 300, 
362, 400, 484, 560, 603, 660, 733, 815, 839, 864, 911, 967, 985, 1063 and 1091 cm−1 
were detected. The obtained results are in a good agreement with the values given in the 
literature Willis et al. (1969); Thomas et al. (2008); Ćurčić et al. (2020).

Fig. 5  Raman spectra with photo of the sample of a PMMA, b Titanium-carbide flakes, c PMMA/TiC com-
posite. Only titanium-carbide related peaks are marked in this spectrum. Unassigned peaks correspond to 
PMMA from a spectrum
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In Fig.  5b spectrum of titanium-carbide flakes after etching procedure is presented. 
Several characteristic peaks can be distinguished on 153 cm−1 , 204 cm−1 , 396 cm−1 , 514 
cm−1 and 627 cm−1 . Peaks at 153 cm−1 and 627 cm−1 correspond to doubly degenerated 
E 
2g modes of Ti

3
C
2
 . The frequency associated with E 

2g modes is calculated to be at 161 
cm−1 for the bare Ti

3
C
2
 . Since their main contribution is from in-plane vibrations of Ti and 

C atoms, it can be influenced by the vibrations of the terminal atoms (as a residue of syn-
thesis procedure) weaken the in-plane motion of the Ti and C atoms, hence there is shift to 
lower frequency. The terminal groups play significant roles for the vibrational modes: the 
terminal atoms weakening the motions in which the surface Ti atoms are involved while 
strengthening the out-of-plane vibration of the C atoms; the corresponding vibrational fre-
quencies dramatically change with the various terminal atoms Zhao et al. (2016). This is 
consistent with XRD results suggesting significant amount of TiO

2
 as a residue of synthe-

sis procedure as described in introduction. This can be also visible in Raman spectrum of 
titanium-carbide flakes on 204 cm−1 and 514 cm−1 . The doubly degenerated modes at 621 
cm−1 correspond to the in-plane vibration of the C atoms Hu et al. (2015). In Fig. 5c spec-
trum of PMMA/TiC is presented, only titanium-carbide related peaks at 204 and 786 cm−1 
are marked in this spectrum. Unassigned peaks correspond to PMMA peaks marked on a) 
panel.

As XRD analysis demonstrated, obtained flakes contain both MXene flakes and tita-
nium-dioxide as the residue of synthesis procedure. To further understand and assign this 
spectra we performed theoretical analysis of all materials identified in XRD pattern using 
density functional theory calculations. Calculations provided us a guide for identification 
of peaks and all results are summarized in Table 1.

3.2  Far‑infrared spectroscopy

Far-infrared reflection spectra were measured at room temperature in the spectral range 
from 40 to 600 cm−1 , carried out with a BOMEM DA 8 spectrometer. The experimental 
data are represented at Fig. 6a and by circles at Fig. 6b–d. As expected, the reflection spec-
tra of nanocomposites are by intensity placed between the starting composites. In order 
to analyse far-infrared spectra we have used the classical oscillator model with free car-
rier contribution, as a base for Maxwell–Garnet effective medium approximation Abstreiter 
(1984); Carter and Bate (1971). The low-frequency dielectric properties of single crystals 
are described by classical oscillators corresponding to the TO modes, to which the Drude 
part is superimposed to take into account the free carrier contribution:

where �
∞

 is the bound charge contribution and it is assumed to be a constant, �2

TOk
 is the 

transverse optical-phonon frequency, �2

P
 the plasma frequency, �TOk is damping, ΓP is the 

plasmon mode damping coefficient, and Sk is the oscillator strength.
In general, the optical properties of an inhomogeneous material are described by the 

complex dielectric function that depends on 3D distribution of constituents. The investi-
gated mixture consists of two materials with two different dielectric components. One is 
treated as a host, and the other as the inclusions. The characterization of the inhomogene-
ous material by the two dielectric functions is not useful, since one need to know the exact 
geometrical arrangement of the constituents of the material. However, if the wavelength of 

(1)�s(�) = �
∞
+

l
∑

k=1

�
∞
Sk

�
2

TOk
− �2 − i�TOk�

−
�
∞
�
2

P

�(� + iΓP)
,



 J. Pešić et al.

1 3

354 Page 8 of 13

the electromagnetic radiation is much larger than the size of inclusions, classical theories 
of inhomogeneous material presume that the material can be treated as a homogeneous 
substance with an effective dielectric function. In the literature, many mixing models can 

Fig. 6  Infrared analysis: a Infrared spectra of Titanium-carbide flakes (green) and composites PMMA/
TiC (blue) and pure PMMA (black), b, c, and d circles represent experimental data and solid lines are fit 
obtained by Maxwell–Garnet model as described in Sect. 3.2

Table 1  Raman and infrared 
spectrum analysis and modes 
assignation for synthesized 
titanium-carbide flakes and 
PMMA/TiC composite

Infrared modes fit is obtained by Maxwell–Garnet model. Modes 
assignation is performed using values obtained in DFT calculations

Titanium-car-
bide flakes

PMMA/TiC Description

Raman IR Raman IR

�1 62.4 66 Eu , Ti3C2

�2 85.8 81 B1 , TiO2 rutile
�3 119 127 A2u , Ti3C2 and B 1 TiC2

�4 153 Eg , Ti3C2

�5 204 200 204 195 E, TiO2 anatase
�6 396 A2 , TiC2 ; E, TiO2 anatase
�7 514 A1 , TiO2 anatase
�8 620 615 Eu , Ti3C2

�9 627 Eg , Ti3C2

�10 786 Ag , TiO2 rutile
�P 80 150
f 1 0.25
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be found for the effective permittivity of such mixture. Some are present in ref Sihvola 
(1999). Optical properties of such materials depend upon the properties of constituents, as 
well as their volume fraction. Since our samples are well defined and separated nanosized 
grains (as demonstrated on FESEM images, Fig. 2), we used Maxwell–Garnet model for 
present case. For the spherical inclusions case, the prediction of the effective permittivity 
of mixture, �eff  , according to the Maxwell–Garnet mixing rule is Garnett (1904):

Here, spheres of permittivity �
2
 (Titanium-carbide) are located randomly in homogeneous 

environment �
1
 (PMMA) and occupy a volume fraction f.

Solid lines in Fig. 6 are calculated spectra obtained by a fitting procedure based on the 
previously presented model. The agreement of the theoretical model obtained in this man-
ner with the experimental results is excellent.

To demonstrate the model, together with the  infrared spectrum of PMMA, Fig.  6b is 
given the theoretical spectrum of PMMA/TiC nanocomposites for f = 0.1. The properties 
of TiC structures are clearly visible. A larger share of TiC structures leads to the spectrum 
in Fig 6c, which was obtained for f = 0.25. In Fig. 6d, for f=1 of course there is no effect 
from PMMA.

3.3  Discussion

In Table 1 are summarized results from spectroscopic measurements of obtained nanocom-
posites. As stated above, for infrared measurements the agreement of the theoretical model 
with obtained spectra is excellent and best fit parameters are presented in this table.

To further support our results we performed DFT based calculations and calculated 
vibrational frequencies in Γ point for all materials present after titanium-carbide flakes 
exfoliation, which we determined are present using XRD, Fig.  3. Obtained values are 
compared to experimental Raman and infrared spectrum and modes have been assigned. 
Results are summarized in Table 1. We presented only modes that can be assigned to peaks 
from the spectra. In infrared spectra we can notice good agrement with theoretical calcula-
tions, specially for low-energy E u and A 

2u mode of Ti
3
C
2
 which is present the composite 

spectrum (Fig. 6b, c) as in starting titanium-carbide material (Fig. 6d). As shown in XRD 
we notice peaks originating from TiO

2
 and TiC

2
 in mid-energy region. High-energy mode 

E u on 620 cm−1 is present in spectrum of PMMA/TiC. In Table 2 are summarized calcu-
lated optical modes for Ti

3
C
2
 with symmetry 194 group used in analysis.

DFT calculations were performed using the Quantum Espresso software package Gian-
nozzi (2009), based on the plane waves and pseudopotentials. The PBE (Perdew, Burke and 
Ernzehof) Perdew et  al. (1996) exchange-correlation functional was employed and PAW 
(Projector augmented waves) pseudopotentials were used. Energy cutoff for wavefunctions 
and charge density were set to 52 Ry and 575 Ry to ensure the convergence. The Brillouin 
zone was sampled using the Monkhorst-Pack scheme, with 8 ×8× 8 k-points mesh for TiC

2
 , 

8 ×8× 4 for Ti
3
C
2
 , 12×12× 12 for TiC, and 8 ×8× 8 for TiO

2
 (Rutile and Anatase structures). 

Phonon frequencies are calculated within the DPFT (Density Functional Perturbation The-
ory) implemented in Quantum Espresso Baroni et al. (2001). In order to obtain the lattice 
parameters more accurately, van der Waals forces were treated using the Grimme-D2 cor-
rection Grimme (2006)

(2)�eff = �
1
+ 3f �

1

�
2
− �

1

�
2
+ 2�

1
− f (�

2
− �

1
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Optical spectroscopy results supported with the DFT numerical calculation confirm that 
produced composites PMMA/TiC show optical modification comparing to pure PMMA. 
Our X-ray diffraction investigation of synthesized nanomaterials identified presence of Ti

3

C
2
 and TiC

2
 MXenes and residual TiO

2
 and TiC from the synthesis procedure, which can 

be also supported from the optical spectroscopy results.

4  Conclusion

In this paper, we present results of optical and structural investigation of composite based 
on titanium-carbide nanoflakes (Ti

3
C
2
 , TiC

2
 TiC and TiO

2
)in PMMA matrix. X-ray dif-

fraction (XRD) investigation of synthesized nanomaterials identified presence of Ti
3
C
2
 and 

TiC
2
 MXenes and residual TiO

2
 and TiC from the synthesis procedure. The optical proper-

ties were studied by Raman and infrared spectroscopy at room temperature. The analysis of 
the Raman spectra was made by the fitting procedure. For analysis of infrared spectra we 
used Maxwell–Garnet model. In order to identify and assign vibrational modes, vibrational 
frequencies of all identified materials were calculated using density functional theory, 
and compared with experimental results. We confirmed optical modification in composite 
structure compared to pure PMMA. Further analysis that goes beyond the scope of this 
publication studies mechanical properties of composite materials, confirming improve-
ments compared to pure PMMA. The obtained composite showed enhanced hardness, elas-
tic modulus and tensile strength compared with pure PMMA Pesic et al. (2019).

Table 2  Vibrational modes for 
Ti

3
C

2
 with symmetry group 194, 

calculated from the measured 
data

Ti3C2 (P63/mmc)

cm−1 Symmetry Raman or 
IR active

65.0 Eu I
135.2 A2u I
160.6 Eg R
161.4 Eg R
229.9 A1g R
269.3 A1g R
271.1 Eu I
271.7 Eu I
371.4 A2u I
382.4 A2u I
549.1 A2u I
554.4 A2u I
611.2 Eg R
620.4 Eg R
624.1 Eu I
626.4 Eu I
653.2 A1g R
658.3 A1g R
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Effect of Deposition Cycles on the Properties of Copper Sulfide Thin Films 

Deposited by CBD 
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The deposition of copper sulfide as a thin layer onto the surface of the polymer is a promising approach to 

obtain electrically conductive films. Flexible, transparent polymer substrate coated with copper sulfide is expected 
to be useful in many fields, for example, as reflectors for concentrating collectors, heat mirrors, and solar control 
coatings [1], as conductive substrates for deposition of metal and semiconductors [1, 2], as gas sensors functioning 
at temperatures close to room temperature [3]. 

The chemical bath deposition (CBD) technique has been used for the deposition of copper sulfide thin films 
on polypropylene (PP) substrates. The CuxS thin film deposition was carried out at room temperature using a 
mixture of 0.05 M CuCl2 and 0.05 M Na2S2O3 solutions for 16 h. The CBD process was carried out by varying 
cycles (1, 2 and 3 cycles) of deposition. The formed samples were annealed at 80 ºC for 30 min.  

The structure, surface morphology, and optical characterization of the deposited thin film indicated a strong 
relationship between the number of deposition cycles. The scanning electron microscope (SEM) showed a 
uniform morphology with randomly oriented nano-grains of the copper sulfide film at varying deposition cycles 
(Fig.1). The thin film morphology uniformly covers the PP substrate and shows a smooth surface. Additionally, 
the films prepared by CBD with 3 cycles were found quite dense with good crystallinity and no holes, 
homogenous surface, adhesion to the substrate, compact, and improved in grain size compared to copper sulfide 
films prepared with 2 cycles (Fig. 1.). 

 

 
 

2 cycles 3 cycles 
 

Fig. 1. Surface morphology of CuxS thin films prepared at different cycles  
 

Analysis of CuxS thin films also was performed using X-ray diffraction analysis, ultraviolet-visible (UV-VIS) 
spectroscopy, and Raman after each deposition cycle. The electrical result of the thin films shows that resistivity 
decreases, while conductivity increases as the CBD cycle increases. 
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RAMAN ANALYSIS OF CuxS THIN FILMS DEPOSITED ON the 
SURFACE OF POLYPROPYLENE 

Edita Paluckiene1, 2,3, Neringa Petrasauskiene1

1Department of Physical and Inorganic Chemistry, Kaunas University of Technology, Kaunas, Lithuania
2

3Institute of Physics Belgrade, Belgrade, Serbia

Polypropylene (PP) is one of the most widely used thermoplastic polymers with great chemical, 
physical and mechanical properties. In this work, the preparation of electrically conductive 
CuxS/PP films by deposition of copper sulfide from an aqueous solution onto a polypropylene 
film surface r via chemical bath deposition method (CBD). Copper sulfide layers were deposited 
using a mixture of 0.05 M CuCl2 and 0.05 M Na2S2O3 solutions. The CBD process was carried 
out from 1 to 3 cycles at room temperature. The duration of each cycle was 16 hours.
In order to find the optimal technological conditions for the CuxS deposition process, the 
influence of deposition cycles was studied. Analysis of this material included studies of 
structure, morphology and electrical surface conductivity.

Fig. 1. Raman spectra of  the CuxS/PP thin films

Raman Spectroscopy is a non-destructive chemical analysis technique which provides detailed 
information about chemical structure, phase and polymorphy, crystallinity and molecular 
interactions of materials. Raman spectrum of PP 6 (Fig. 1) shows C C stretching at 808 cm
and 972 cm , band at 841 cm is related to rocking CH2, rocking at 972 cm and 998 cm
corresponds to CH3 vibrations [1]. As shown in Fig. 1, the typical Raman spectra copper sulfide 
film samples (deposited at 2 and 3 cycles) exhibit similar peak positions. The spectrum reveals 
a pronounced peak at 474 cm , which is assigned to vibrational (stretching) modes from the 
covalent S S bonds [2] and a much weaker peak at about 270 cm attributed to the Cu S bond 
vibration [2]. Therefore, the main attention was paid to the analysis of the intensity of the most 
intense Raman mode at 474 cm . Raman analysis confirms the composition of the copper 
sulfide on the surface of PP films. 
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ANALYSIS OF CuxS THIN FILM DEPOSITED ON SURFACE OF 
POLYAMIDE RAMAN SPECTROSCOPY
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3Institute of Physics Belgrade, Belgrade, Serbia

The preparation of electrically conductive CuxS/PA films by deposition of copper sulfide from 
an aqueous solution onto a polyamide film surface is reported in this paper. 
Copper sulfide (CuxS) layers were deposited on the surface of polyamide via the chemical bath 
deposition method (CBD) at room temperature using a mixture of 0.05 M CuCl2 and 0.05 M 
Na2S2O3 solutions for 16 h. The CBD process was carried out by varying the number of cycles 
(1, 2 or 3 cycles) of deposition. The influence of deposition cycles was studied to determine the 
optimum condition for the deposition process. The analysis of this material included studies on 
the structure, morphology and electrical surface conductivity.

Fig. 1. Raman spectra of the CuxS/PA thin films

Raman spectroscopy is a useful spectroscopic technique to study the crystal phase, crystallinity 
and vibrational properties of the films. Raman spectrum of pure PA 6 (Fig. 1) shows C C
deformation mode at 630 cm 1, band at 833 cm 1 is related to rocking CH2, while stretching 
mode of CH2 is at 935 cm 1, and 962 cm 1 corresponds to CO NH vibrations [1]. As shown in 
Fig. 1, the Raman spectra of copper sulfide film samples (deposited at 2 and 3 cycles) exhibit 
similar peak positions. The spectrum reveals a pronounced peak at 474 cm 1, which is assigned 
to vibrational (stretching) modes from the covalent S S bonds [2] and a much weaker peak at 
about 270 cm 1 attributed to the Cu S bond vibration [2]. Therefore, the main attention was paid 
to the analysis of the Raman intensity of the most intense mode at 474 cm 1. Raman analysis 
confirms the composition of the copper sulfide on the surface of PA films. 
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Abstract: Hybrid substrates based on three structurally distinct diatom biosilica coated with 

ultrathin uniform gold were utilized in SERS. The comparative analysis showed that substrates 

containing cylindrical Aulacoseira sp. valves achieved the enhancement up to 8-folds. © 2022 

Gilic et al. 
 

1. Introduction 

Surface-enhanced Raman spectroscopy (SERS) is an outstanding tool for qualitative and quantitative analysis, with 

a sensitivity that enables the analyte detection down to a single-molecule level. In the core of this technique are the 

plasmonic active substrates that could couple the incoming laser light and free electrons within, which launches 

surface plasmon polaritons in case of a planar surface or localized surface plasmon resonance in case of 

nanoparticles [1,2]. Additional enhancement could be obtained through utilizing hybrid substrates that include 

photonic crystals (PCs) or resonant gratings, which leads to the coupling, for instance, of guided-mode resonance 

(GMR) with the surface plasmonic resonance and thus additionally increases SERS [2].  Diatoms are unicellular 

aquatic algae whose exoskeleton represents one of the exquisite examples of natural 2D photonic crystals. To the 

best of our knowledge, a few diatom species, mainly Pinnularia, have been used to fabricate hybrid substrates for 

SERS coated with either silver or gold NPs or rarely non-uniform thin films [3]. It has been suggested that diatom 

valves mainly contribute to the SERS through GMR [3, 4], but also with concentrating analyte molecules as well as 

nanoparticles on their surface and pore rims. However, coating the valves with nanoparticles or non-uniform golden 

films creates the hotspots without homogeneity for the SERS signal over the entire valve surface.  

In this work, we aim to experimentally evaluate SERS enhancement and homogeneity obtained by hybrid 

substrates consisting of ultrathin uniform golden film (10 nm) coating the biosilica valves of three different diatom 

species of distinct structural features. The obtained results were supplemented by theoretical calculations.  

2. Experimental work 

The diatom monolayers of Coscinodiscus radiatus (CR), Gomphonema parvulum (GP), and Aulacoseira sp. (Aula) 

on glass substrates were coated with 10 nm golden film via physical vapor deposition, after applying a self-

assembled monolayer of 3-mercaptopropyl trimethoxy silane to assure the thickness homogeneity. Scanning electron 

microscopy was obtained with Hitachi SU8030. Raman measurements were obtained on Horiba XploRA with 

638nm laser line. Theoretical calculations were done with COMSOL 5.5 using the frequency domain method. 

3. Main results and discussion 

The uniformity of Au layer and fine structure of hybrid substrates were characterized with SEM. As can be seen 

from Fig.1a, the gold is evaporated uniformly over the sample creating a smooth film with no signs of dewetting or 

voids. The 3 chosen valves differ significantly in terms of size, shape, and parameters. The GP (Fig.1b) has small 7 

μm long oval valves, with rows of 0.1 µm pores with spacing 0.2 µm within a row. Aula has cylindrical valves of 15 

µm diameter with a flat top surface, pore size of 0.3 µm, and pore spacing within a range of 0.6 – 1 µm (Fig.1c). 

Finally, CR has large circular valves of 100 µm and 3 pore layers, where the largest pore size is 1.2 µm (Fig.1d). 

 

Fig. 1. SEM of the valves with the golden thin film. a) gold, b) Gomphonema parvulum, c) Aulacoseira sp., d) Coscinodiscus Radiatus. Insets in 
(c) and (d) show the whole valve. 
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The SERS spectra of a dried drop of 10-3 M Rhodamine 6G (R6G) in ethanol obtained on different substrates are 

presented in Fig 2a. All three diatom valves give a significant enhancement compared to golden film without 

biosilica - the signal enhancement of the spectrum obtained on GP was 5.5x, on CR 6.8x, and finally on Aula 8.4x. 

Raman mapping of intense mode of R6G at 1360 cm-1 (marked with *) obtained on the golden coated Aula valves is 

shown in Fig.2b. The mapping image corresponds the optical image and no doubt the signal is homogeneously 

stronger on the valve than the surrounding substrate. The pore size and spacing are the key parameters in 

considering the valve as a photonic crystal-like structure, and within the three valves they are comparable to the 

laser λexc. In such dielectric structures, the occurring of GMR is expected at specific wavelengths and can be coupled 

to the plasmonic resonance to enhance electromagnetic (EM) fields close to the surface. In case of Aula valve, pore 

spacing partially matches the λexc, while pore size approximates λexc/2. 

 

 
Fig. 2. a) Raman spectra of R6G obtained on four different substrates; b) Raman mapping of 1360 cm-1 mode on Aulacoseira sp. valve; c) The EF 

enhancement in 2D CS in Aula valve model coated with 10 nm gold on the top at λexc and λGMR . The EF was initiated from the left with an input 

strength of 1 V/m. 

The theoretical calculations were carried out on statistically representative selected 2D cross-sections (CS) to 

investigate the possible contribution of GMR in the three hybrid substrates to the observed enhancement in SERS 

with the presence of the gold thin film. The observed GMR of 2D CS in GP valve model was studied extensively in 

our previous work [5], however no modes were observed at λexc under normal incidence in the air. The same 

conclusion was obtained for the 2D CS of CR valves. For Aula 2D CS, GMR maximum on 640 nm is found for the 

pore spacing set to be 0.61 μm, and on 638nm (λexc) electromagnetic field (EF) intensity insignificantly drops from 

6.27 to 5.88 V/m (Fig. 2c). During the GMR, a higher EF intensity was observed within the pores. However, the 

λGMR shows a red shift with increasing pore spacing, and for instance, for spacing of 0.75 μm λGMR appears at 

778nm. Thus, it requires more effort in future work to find out the possible explanations besides the GMR for the 

enhancement, including the concentration of analyte on the hybrid substrates. 

4. Conclusion 

The ability of the obtained hybrid structures to significantly and uniformly enhance SERS was proved 

experimentally and showed different enhancements depending on the fine structure of the substrates. The theoretical 

analysis suggests that, in case of some diatom species, GMR might be partially responsible for the SERS 

enhancement. 
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Diatoms are unicellular biomineralized algae which possess a biosilica shell with a 2D periodic pore 
structure. Due to their unique physical, chemical and photonic properties, diatoms found numerous 
application in biochemical sensors contributing to their ultra-high sensitivity [1, 2].As substrates for 
Surface Enhanced Raman Spectroscopy (SERS) they proved to be capable of concentrating analyte 
molecules on their surface as well as assembling metal nanoparticles at pore rims which lead to more 
controllable hot spot creation.Ithas beensuggested that diatoms enhance the SERS signal additionally 
with guided mode resonance due to their photonic crystal – like properties. However, current studies 
are limited to coating diatoms with noble nanoparticles or non-uniform golden films, which hampers 
interpretation regarding their photonic structure contribution and leads to unsatisfactory reproducibility. 
Here we present biosilica substrates based on diatom frustules coated with a uniform 10nm thick layer 
of gold as a candidate for highly reproducible SERS substrates with high enhancement factors. The 
uniform films spread over theperiodic frustule structure enable the study of photonic properties of 
periodical pore arrays and their role in enhancing optical sensitivity. Rhodamine 6Gis used as a typical 
Raman probe molecule. Our results show that substrates with a gold film over diatom monolayers 
improveSERS detection of R6G by several times compared to substrates with a gold film on glass.The 
reproducibility of the measurement was verified with Raman mapping. Surface morphology and the 
fine structure of the diatoms were investigated with Scanning Electron Microscopy, confirming 
structural integrity for an expanded analytical study. 
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Abstract.In this paper we present most probable reactions of Ar+ ion with Ar/BF3mixtures. 
Appropriate gas phase enthalpies of formation for the products were used to calculate 
scattering cross section as a function of kinetic energy. These data are needed for modeling 
in numerous applications of technologically important BF3discharges. Results for transport 
coefficients as a function of E/N (E -electric field; N-gas density), specially rate coefficients 
were obtained by using the Monte Carlo technique. 
 
 

1. INTRODUCTION 

 
Cold plasmas are frequently used in new technologies where they open up the 
possibilities of non-intrusive production or modification of various substances 
(Makabe et al. 2006.). These plasmas have a high electron temperature and low gas 
temperature so non-equilibrium behavior of a large number of species becomes 
important (Robson et al. 2005.). Current computer resources allow studies of 
complex global models (Murakami et al. 2013.) which describe the behavior of 
such plasmas by taking into account a very large number of particles. The 
knowledge of ion-neutral reactions is generally available (see 
https://nl.lxcat.net/data/set_type.php) although the effects of reactions on transport 
parameters of particular ions are much less studied due to non-detectability of 
rapidly vanishing ionic fluxes. This especially holds for ions whose transport is 
affected by fast reactions (Stojanović et al. 2014. andNikitović et al. 2016.).  
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In this paper we firstly selected the most probable reactions of Ar+ with BF3 
gases for thermodynamic threshold energies below about 15 eV. 
 
 

2. CROSS SECTION SETS 
 
Complete cross section sets for ion transport are scarce in spite of a broad range of 
specific methods relevant for quantification of particular cross sections. The main 
problem in heavy particle scattering, easily and precisely selecting the state of the 
projectile and target before the collision, is still very complicated for a range of 
conditions, so databases for ion scattering (Murakami et al. 2013. and 
https://nl.lxcat.net/data/set_type.php) are still devoid of such data. Phelps 
established the first worldwide accessible database with cross section sets (see 
https://nl.lxcat.net/cache/5b33772b61cf9/) tested for each particular case either for 
swarm conditions of spatially resolved measurements of emission or ion mobility 
values. In order to focus on effects of reactive processes introduced by BF3 we 
neglected all but these two components of the Ar+ + Ar cross section set. Complete 
cross section sets used in this work are shown in Figure 1.  

Appropriate gas phase enthalpies of formation for the products (Table 1) were 
used to calculate thermodynamic thresholds. 
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Figure 1:  Cross section sets for Ar+in BF3. 
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Table 1: Heats of formation ∆fH

0 at 298 K (kJ/mol). 
 
 

3. DISCUSSION AND RESULTS 
 

Monte Carlo Simulations (MCS) have many applications for analysis of the 
transport of charged particles in plasmas. MCS provide swarm data with the only 
the uncertainty due to statistical fluctuations and uncertainties in the cross sections. 
In addition, MCS is the basis of hybrid models of plasmas allowing easy and 
accurate representation of the end effects and of the non-local high energy groups 
of particles which are essential in production of plasmas and treatment of 
surfaces.The MC code used in our analysis is based on the null collisions method. 

In Figure 2 we show rate coefficients for reactions of Ar+ ions with Ar/BF3 
mixtures at T=300K, calculated by Monte Carlo simulations. Rate coefficients are 
important for applications of the global model to Ar/BF3 mixtures. We are 
presenting reaction products and thermodynamic thresholds for Ar+ + 
BF3(Nikitović et al. 2019.)formation a) total attachment and b) attachment for 
endothermic and exothermic reaction products.   

 
 

4. CONCLUSION 
 

In addition to presenting the data we show here the effects of non-conservative 
collisions to ion transport. Data for swarm parameters for ions are needed for 
hybrid and fluid codes and the current focus on liquids or liquids in the mixtures 
with rare gases dictates the need to produce data compatible with those models. 

 

  Ion/neutral  (ion) kJ/mol (room 
temperature) 

 

(neutral) kJ/mol 
(room temperature)  

Ar+/Ar  1520.57 0 
Ar2

+/ Ar2  1398.1 -1.01 
B+/B 1363.3 562.7 

BF+/BF   957 -115.8 
BF2

+/BF 2   314 -589.9 
BF3

+/BF 3   364.3 -1137.0 
F+/F   1760.2 79.4 

F2
+/F2  1514.5 0 
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Figure 2: Rate coefficients of Ar+ in Ar/BF3 mixtures. 
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Abstract. Hybrid substrates for Surface Enhanced Raman Spectroscopy (SERS) based 

on diatom biosilica frustules covered with thin uniform gold films have been investigated. The 

observed increased sensitivity has been linked to the resemblance of diatom frustules to 2D 

photonic crystals and associated unique optical properties, such as guided mode resonance 

(GMR) [1, 2]. In this work the enhancement of three structurally distinct diatom biosilica 

species were compared – Aulacosira sp., Coscinodiscus sp. and Gomphonema Parvulum. 

Uniform and well controlled thin layers of gold could be deposited onto the biosilica utilizing 

physical vapour deposition and a self-assembled (SAM) monolayer adhesion layer leading to 

accurate and reproducible SERS enhancement factors without creating artificial hot-spots. 

Those could hamper interpretation regarding the contribution of the frustules intrinsic photonic 

structure and lead to unsatisfactory reproducibility. The in the samples occurring distinct 

structural parameters, obtained from scanning electron microscope (SEM) analysis, such as 

pore size, spacing and other lattice parameters, allow us to study the influence of chosen laser 

excitation lines on coupling of GMR and Surface Plasmon Resonance (SPR), theoretically 

(using COMSOL multiphysics) as well as experimentally. We demonstrate that SERS 

enhancement strongly depends on the frustules morphology, and thus its photonic properties. 

The greatest SERS enhancement factor (of more then 3, compared to gold on flat glass) of 

Rhodamine 6G was obtained on frustules from Coscinodiscus sp., with dominant structural 

parameters in the range of the excitation line. The reproducibility of the measurements was 

verified with Raman mapping. The results suggest that high emphasis should be given to the 

detailed analysis of lattice parameters of the several 100k diatom species and increasing our 

understanding of the structural relationship of the enhancement, for selecting best target 

materials for future bio-sensor application. 
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