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Enhanced charge separation at the interface of Cu,O/CuSCN
composite thin films synthesized by electrodeposition technique

This study focuses on the synthesis and characterization of hole transport layers (HTLs) for solar cells, par-
ticularly copper(l) thiocyanate (CuSCN) and cuprous oxide (Cu,0), synthesized via electrodeposition tech-
niques. CuSCN and Cu,O offer promising properties for efficient charge transport in photovoltaic devices.
The synthesis processes involve precise control of deposition parameters to achieve desired film morpholo-
gies and properties. Characterization techniques including scanning electron microscopy (SEM), atomic force
microscopy (AFM), and ultraviolet-visible (UV-Vis) spectroscopy provide insights into film morphology and
optical properties. Optimization of synthesis parameters for Cu,O films is explored to enhance their electrical
properties. Photoelectric response measurements indicate improved charge separation at the interface of
Cu,O/CuSCN composite films. These findings can contribute to the advancement of solar cell technology.
Furthermore, the study extends its exploration to the fabrication of Cu,O by electrodeposition at different pH
levels. SEM and X-ray diffraction (XRD) analyses reveal the impact of deposition parameters on film mor-
phology and crystal structure, providing valuable insights for tailored synthesis approaches. Overall, this
comprehensive study not only advances the understanding of HTL materials synthesis and optimization but
also provides valuable guidance for the development of high-efficiency and stable solar cell devices.

Keywords: solar cells; hole transport layers; electrodeposition; copper(l) thiocyanate; cuprous oxide; optimal
synthesis conditions; photoelectric response, chare transport.

Introduction

Solar energy stands at the forefront of sustainable energy solutions, offering a clean and renewable al-
ternative to conventional fossil fuels. At the heart of solar energy conversion lie solar cells, devices tasked
with harnessing sunlight and converting it into electrical energy. The efficiency and effectiveness of these
solar cells hinge on the intricate interplay of various materials within their structures. Among these materials,
hole transport layers (HTLs) play a crucial role in facilitating the efficient extraction and transportation of
positive charge carriers generated during the photovoltaic process [1].

In recent years, significant research efforts have been dedicated to the development and optimization of
HTL materials for solar cell applications. Among the promising candidates in this domain are copper(l)
thiocyanate (CuSCN) and cuprous oxide (Cu,O), both of which exhibit favorable properties for efficient
charge transport. CuSCN, a well-known semiconductor for photovoltaic applications, boasts suitable optical
properties and native p-type conductivity. Meanwhile, Cu,O, with its p-type semiconducting properties and
direct band gap, presents another attractive option for HTL materials [2, 3].

This study focuses on the synthesis and characterization of CuSCN and Cu,0 thin films as HTLs for so-
lar cells, employing electrodeposition techniques for precise control over their properties. Electrodeposition
offers advantages in terms of scalability, cost-effectiveness, and the ability to tailor material properties by
adjusting deposition parameters. By meticulously controlling deposition conditions, such as precursor solu-
tion composition, deposition potential, and temperature, the study aims to optimize the morphological and
electrical properties of the synthesized films.

The experimental part of the study delves into detailed synthesis procedures for CuSCN and Cu,O
films, elucidating the intricacies of electrodeposition techniques employed to achieve desired film morpholo-
gies and properties. Characterization techniques, including scanning electron microscopy (SEM), four point
probe and photoelectric response (PEC) provide valuable insights into the surface morphology, crystal struc-
ture and electrical and charge transfer properties of the synthesized films. Furthermore, the study explores
variations in synthesis conditions for Cu,O films, investigating the influence of parameters such pH on film
morphology and electrical properties. Through systematic variation of these parameters, the study aims to
elucidate optimal conditions for achieving low resistivity and enhanced charge transport capabilities in Cu,O
films combined with CuSCN films [4].
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Methods

To obtain high-quality thin films with minimal impurities, high-purity chemicals purchased from Sig-
ma-Aldrich were utilized. The following high-grade chemicals were employed in this work: Copper(ll) sul-
fate (anhydrous, powder, >99.99 % trace metals basis), Ethylenediaminetetraacetic acid (OmniPur® Grade,
>99.5 %), Potassium thiocyanate (ReagentPlus®, >99.0 %), Diethanolamine (BioUltra, >99.5 % (GC)), Lac-
tic acid (ACS reagent, >85 %), and Sodium hydroxide (ACS reagent, >97.0 %, pellets). To prepare the aque-
ous solutions, deionized water with a resistivity of 18.2 MQ.cm, purified using a Water Purification System
(Drawell Scientific, Smart-Q30UT), was used. The use of these high-grade chemicals helps to minimize im-
purities in the synthesized thin films, ensuring superior quality.

CuSCN thin films were synthesized by using electrochemical deposition on FTO covered glass sub-
strates. Prior to deposition, FTO substrates were cleaned with ultrasonic in 2 % Hellmanex solution (10 min),
deionized water (10 min), 2-propanol (10 min), and dried by a nitrogen flow. Then clean substrates were
treated by UV irradiation in order to remove any organic residuals. CuSCN-E is prepared by
electrodeposition in agueous solution containing 12 mM CuSO, and equivalent amount of EDTA
(Ethylenediaminetetraacetic acid) and KSCN (Potassium thiocyanate) whereas CuSCN-D is fabricated in
aqueous solution containing 15 mM CuSQ,, 67.5 mM DEA (Diethanolamine), and 45 mM KSCN. EDTA
and DEA were added before adding KSCN to prevent Cu(SCN), precipitate formation. The pH of EDTA-
contained precursor solution and DEA-contained precursor solution are 1.6 and 8.2, respectively. A standard
three-electrode configuration was used for electrochemical deposition with Pt counter electrode and
Ag/AgCl/sat. KCI reference electrode. All films were prepared using chronoamperometry technique with
various duration. The deposition potentials of CuSCN-E and CuSCN-D respectively are —0.3 V and —0.45 V
versus reference electrode [5, 6].

The electrochemical deposition of Cu,O films was carried out in an electrolyte solution consisting of
0.4 M cupric sulfate and 3 M lactic acid. By complexing with lactate ion, the copper is stabilized and the pH
can be raised to alkaline values. The pH of the bath solution was adjusted in the range of 10-12 by the addi-
tion of NaOH. The solution temperature was held constant during deposition by a hot plate with thermo-
regulator. Deposition temperature was 30 °C. Films were electrochemically deposited onto ITO (indium tin
oxide) substrates, which were placed in solution with a Pt counter electrode and a silver chloride reference
electrode (SCE). All potentials are reported versus the SCE reference electrode. Electrochemical deposition
was controlled by a potentiostat (CS300, Corrtest Instrument).

The surface morphology of thin films was studied by a scanning electron microscopy (MIRA 3 LMU
and Carl Zeiss Crossbeam 540 with GEMINI 11). The XRD spectra were probed by Rigaku SmartLab X-ray
diffractometer. The surface resistivity was measured by Four-Point Probe Unit (Ossila). PEC was measured
by potentiostat (CS300, Corrtest Instrument) and chopped light was supported by Ossila Solar Simulator.

Results and discussion

One of the promising inorganic semiconductors suitable for application in photovoltaics as a hole
transport material is copper thiocyanate (CuSCN). CuSCN is a well-known semiconductor for photovoltaic
application due to its suitable optical properties and charge transport properties. CUSCN has a high transpar-
ency in visible spectrum and have been reported to show native p-type conductivity. A benefit of utilizing
CuSCN in device applications is that it is non-toxic and its constituents are available in abundance in Earth.

In Figure 1, we present scanning electron microscope (SEM) images depicting the synthesized
CuSCN-E and CuSCN-D thin films. Upon examination of these images, a distinct disparity in surface mor-
phology between the two variants becomes evident. Both films exhibit a dense and uniform structure, indica-
tive of a well-controlled synthesis process. However, CUSCN-E demonstrates a notably smoother surface
texture, characterized by a relatively even distribution of material across the substrate. The average grain size
of the CuSCN-E film, calculated from SEM images, was found to be 2.3 um. In contrast, CuSCN-D film is
not uniform and displays clusters or agglomerates of CUSCN nanocrystals, resulting in a rougher appearance.
The average size of the grains in CuSCN-D were estimated to be 4.8 um. Despite the surface texture differ-
ences, analysis reveals that both types of films possess irregular shapes prevalent in the grain structure of
each film. This irregularity suggests inherent complexities in the crystallization process, likely influenced by
various synthesis parameters.

The observed smoother surface of the CuSCN-E film holds particular significance in the context of its
application as a hole transport layer (HTL) in solar cells. The uniformity and smoothness of this film are de-
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sirable traits for facilitating efficient charge transport within the device. In contrast, the presence of agglom-
erates in the CuSCN-D film may introduce discontinuities or barriers to charge flow, potentially compromis-

ing device performance. In furthering our study, CuSCN-E films were used as one of the components for
fabricating CuSCN/Cu20 composite films.

SEM HV: 25.0 kV WD: 5.67 mm
View field: 10.0 pm Det: SE
SEM MAG: 34.6 kx

SEM HV: 25:0 kV WD: 5.70 mm MIRACi TESCAN
View field: 10.00 ym Det: SE

SEM MAG: 34.6 kx Performance in nanospace

Performance in nanospace

A — CuSCN-D film and B — CuSCN-E film
Figure 1. SEM images of synthesized CuSCN films
Cuprous oxide (Cu,0) thin films are synthesized by using various techniques, and as a result, the physi-

cal and chemical properties are strongly dependent on the synthesis method. Here, we report results of syn-
thesis of Cu,O by electrodeposition technique (Fig. 2A).
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Figure 2. Diagram of the electrodeposition setup (A) and linear sweep voltammetric (LSV) measurement (B).
Diagram was adapted from [7]

Electrochemical deposition of films allows precise control of the driving force for the reactions in-
volved in deposition to control the structure and phase composition of the films. The electrochemical deposi-
tion of Cu,O films was carried out in an electrolyte solution consisting of 0.4 M cupric sulfate and 3 M lactic
acid. By complexing with lactate ion, the copper is stabilized and the pH can be raised to alkaline values.
The pH of the bath solution was adjusted in the range of 10-12 by the addition of NaOH. The solution tem-
perature was hold constant during deposition by a hot plate with thermo-regulator. Deposition temperature
was 30 °C. Films were electrochemically deposited onto ITO (indium tin oxide) substrates, which were
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placed in solution with a Pt counter electrode and a silver chloride reference electrode (SCE). All potentials
are reported versus the SCE reference electrode. Electrochemical deposition was controlled by a potentiostat.
The diagram of the electrodeposition is illustrated in Figure 2A.

The electrodeposition potential required for a synthesis in the potentiostatic mode is usually unknown.
In this situation, linear sweep voltammetric (LSV) measurements assist to identify oxidation-reduction pro-
cesses potentially undergone by the system of interest and choose an appropriate potential. Figure 2B shows
a cathodic scan performed between —0.9 and —1.2 V at a scan rate of 10 mVxs *, at temperature of 30 °C and
at pH of 11.5. As can be seen from LSV the steady-state currents for the deposition of Cu,O are in a potential

window between —0.35 and —0.55 V. Therefore, electrodeposition of Cu,O films was performed at working
electrode potential of -0.4 V vs SCE.

Synthesis of Cuprous Oxide (Cu,0) in various modes

In order to study the influence of pH solution on morphology of Cu,O films the electrodeposition were
performed in various pH. The plating bath was a 0.2 M CuSO, and 3 M lactic solution in deionized (DI) wa-
ter with 0.5 M K,HPQO, buffer. pH was adjusted to by adding a controlled amount of 2 M KOH drops. The
synthesis was carried out by using potentiostatic mode at 30 °C ranging from pH 8 to 12. It should be noted
that only the SEM and XRD data of the films deposited at pH 10 and 12 is shown due to there is no any no-
ticeable deference between films deposited at pH 9 and 10 and between pH 11 and 12. In the Figure 3, the
morphology and XRD spectra of Cu,O films electrodeposited at pH 10 and 12 are shown.
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Figure 3. SEM images and XRD spectra of Cu,0 thin films grown by potentiostatic electrochemical
deposition at T = 30 °C, WE potential 0.4 V and various pH 12 (A, C) and 10 (B, D).
Symbol * represents the signals from the substrate

From the SEM image (Fig. 3A), it is seen that the Cu,O film electrodeposited at pH 12 consists from
grains with cubic morphology and oriented along cubic diagonal. Figure 3C shows XRD pattern of this film.
XRD confirmed that film is Cu,O with cubic structure and there is preferential grain orientation, grains most-
ly grow along the direction perpendicular to the planes. However, SEM image of Cu,O films grown pH 10
(Fig. 3B) does no reveal any cubical morphology. The morphology of this film is different from the mor-
phology of the film grown at pH 12. Its grains have more irregular shape and their surfaces are rougher.
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XRD confirmed the presence of Cu,O structure and indicate the preferable grain orientation along [7] direc-
tion.

Further we investigated the electrical properties of electrodeposited Cu,O films. In Figure 4, the resis-
tivity of samples is plotted against the pH of the electrolyte used during fabrication. The graph reveals that
the resistivity of the film decreases as the pH increases. For instance, the film prepared at pH 9 has a resistiv-
ity of approximately 5-10" Q*cm, while the film prepared at pH 13 has a resistivity of about 4-10° Q*cm.
Therefore, the lowest resistivity is achieved at pH 13.0, which is two orders of magnitude lower than that of
the film prepared at pH 9.0.
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Figure 4. Variation of the resistivity of the films with pH

Finally, we fabricated the composite Cu,O/CuSCN thin films and studied the efficiency of the charge
separation at the Cu,O/CuSCN interface by a photoelectric responses technique. For it, Cu,O were deposited
on the surface of CuSCN and photoelectric responses (PES) was measured. The Figure 5A represents SEM
cross section image of a Cu,0O/CuSCN composite film. The PES responses for bare and Cu,0/CuSCN com-
posite were measured in order to compare photocurrent response from Cu,O (Fig. 5B). The PES was meas-
ured in a three-electrode configuration. The electrolyte was a 1.0 M Na,SO, solution buffered at pH 4.9 with
potassium phosphate (0.1 M). The reference electrode was Ag/AgCl in saturated KCI, and a Pt wire was used
as the counter electrode. The photoresponse was measured under chopped irradiation from an Ossila Solar
Simulator with a light intensity 100 mW cm>. The scan rate for the linear sweep voltammetry was
10mVs'[8,9].
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Figure 5. SEM cross-section image Cu,O/CuSCN thin film (A) and photoelectric responses
from a bare Cu,O and composite Cu,O/CuSCN films (B)
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It seen that Cu,0O/CuSCN HTL has at least two times higher current density in comparison with bare
Cu,0, which indicate on improved charge separation at the Cu,O/CuSCN. According the work L. Pan et al. a
favourable band bending occurs at the CuSCN/Cu,0 interface, which also contributes to the enhanced charge
separation, namely, the rapid extraction of holes from Cu,O [8-10]. In our further study, these fabricated
composite Cu,O/CuSCN thin films will be optimized in order to use as HTL for organic and perovskite solar
cells.

Conclusion

In conclusion, this study demonstrates the successful synthesis and characterization of CuSCN and
Cu,0 as a potential hole transport layers for solar cells. The electrodeposition techniques utilized allow for
precise control over film properties, leading to enhanced charge transport capabilities [11, 12]. Optimization
of synthesis parameters, particularly for Cu,O films, has been investigated to achieve low resistivity, crucial
for their application in solar cell devices. Photoelectric response measurements further confirm the effective-
ness of Cu,O/CuSCN composite films in improving charge separation and surface reactivity. These findings
provide valuable insights for the development of high-efficiency and stable solar cell devices. Future re-
search may focus on further optimizing synthesis conditions and exploring doping strategies to overcome
limitations and advance the practical application of these materials in photovoltaic technology [13-15].
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DJIeKTp TYHABIPY daicimen cuHTe3nearen Cu,O/CUSCN kyka KOMIO3UTTIK
IUIEHKAJAPAbIH HHTep(eiicinaeri 3apsaaThI 061yl KaKcapTy

By 3eprrey kyH Oatapesiapbl YIIiH, aTan alTKaHAa dJIEKTPOICTIO3HIUS icTepiMeH cuHTe3nenreH MbIc (1)
trouuanatel (CuSCN) sxoHe Mbic okcuai (CupO) yuriH keMmrikTepai TackiMannay KabarrapeiH (HTLS)
cuHTe3aeyre koHe cunartayra OarbiTTamraH. CuSCN jxoHe Cu,O (OTORNEKTPIIK KYpBUIFBUIapia 3apsiaThl
THIMAI TackIMajjay YIIiH MepCcreKTHBaIbl KacueTTep/ i ycbiHaasl. CHHTE3 mporecTepi KaKeTTi IIeHKaHbIH
MOpP(}OJIOTHSIIAPEl MEH KacHeTTepiHe KOJI )KeTKi3y YIIiH TYHABIPY MapaMeTpiepiH Ao OakblIay sl KaMTHIBL.
CumaTtrama oficTepi, COHBIH INIHAE CKaHepieyml 3JIeKTpoHAsl MuKpockon (COM), aTOMIBI-KYIITIK
mukpockonn (AKM) sxeme ymbrpakynrin (YK) crexrpockommst omictepi IuieHKa MOpPQOJIOTHAICH MeH
ONTHKAIBIK KacueTrTepi Typansl TyciHik Oepeni. Cu,O mueHKamapsl VIOIH CHHTE3 IIapamMeTpliepiH
OHTAWJIAHIBIPY OJIAPABIH JIEKTPIIK KACHETTEpiH KaKcapTy YIiH 3eprrenyne. POTOdIEeKTPIiK peaKnusHbI
ommey Cu,O/CuSCN KOMITO3UTTIK IUICHKANApbIHBIH HHTepeiciHae 3apsaaThiH OeiHyiHIH KaKcapFaHbIH
kepcereni. byn HoTmkenep KyH Oarapesuiapbl TEXHOJOTHACBIHBIH AaMyBIHA BIKIAI €Tyl MyMKiH. COHBIMEH
KaTap, 3epTTey o3 3epTTeyiepin apTypii pH neHreinepinne anextponenozunusiay apkeuisl Cu,O eHOipyre
neitin  keHeWrteni. CoHmal-ak, CKaHEpNEYIN SIEKTPOHIB MHKPOCKON JKOHE PEHTIeH KYPBUIBIMIBIK
Tangaynapel TYHIBIPY MapaMeTpiiepiHiH IUICHKa MOpP(OJOrHsACH MEH KPHCTAUl KYPBUIBIMBIHA JCEpiH
AHBIKTaWIBI, OYI CHHTE3IIH XEKe TocuImepi Typaibsl KYHABI TyciHik Oepeni. Tyracrail amranma, Oy KaH-
JKaKTBl ~ 3epTT€y  KEMTIKTEpAiH TachiManiay KaOaTTapblHBIH  MaTepHalJaphIHBIH  CHHTE3l  MeH
OHTAMNIAHIBIPBUTYBIH TYCIHYII JKETUIAIpIN KaHa KOWMAWIbpl, COHBIMEH KaTap JKOFaphl THIMII JKOHE Je
TYPaKTHI KYH OaTapesuiapbl KYpbUIFBUIAPHIH XKacay OOMBIHIIA KYHIB! YCHIHBICTAp Oepei.

Kinm ce3oep: xyH OaTapesiiapbl, KEMTIKTi TaChIMaJiay KaOaTel, JIEKTP TYHIABIPY, MbIc THOLMaHAaTHI (1), MbIc
OKCHJIi, CHHTE3/IiH OHTAWIIbI IapTTaphl, OTOIIEKTPIIIK XKayall, O6JIEKTepAiH TaChIMalIaHybl.

I'.C. CeiicenbaeBa, /[.C. Kambap, A.B. 3aBropoanuii, b.P. Unbscos

YayuinieHHoe pa3jiejieHue 3apsiioB HA TPaHUIIE Pa3/lejia TOHKHX KOMIO3UTHBIX
wi1eHOK Cuy;O/CuSCN, cCMHTEe3HPOBAHHBIX METOIOM JIEKTPOOCAKICHH S

OTO0 HCce0BaHHE COCPEIOTOYEHO Ha CUHTE3€ U XapaKTepHCTHKE JbIPOYHBIX TpaHCHopTHbIX cioes (HTL)
JUISL COJTHEYHBIX 3JIeMeHTOB, B yactHocTy THouuanara Meau (I) (CuSCN) u 3akucu memu (Cu,0O), nmomyueH-
HbIX Meronamu dnekTpoocaxaeHusi. CuSCN u Cu,O obnamaroT MHOTOOOEIIAIOIMMH CBOWCTBAMH ISt (-
(exTUBHOTO TIepeHoca 3apsiia B (OTOIEKTPUUECKUX yCTpoiicTBax. [Iporiecchl CHHTe3a BKIIIOYAIOT TOYHBIH
KOHTPOJIb MapaMeTPOB OCAKACHUS IS JOCTHXKEHHs KelaeMOoW MOp(OJIOruu M CBOWCTB IUIEHKH. MeTombl
OIIpe/IeIICHUs] XapaKTePUCTHK, BKIIIOYas CKaHUPYIOUIM 3J1eKTpOoHHbINH MUKpockon (COM), aTOMHO-CHIOBOM
mukpockon (ACM) u ynbrpaduoneroByio (V®D)-CHEeKTPOCKOIIHIO, MO3BOJISIOT MONYYUTh TPEACTABICHHE O
MOP(}OJIOTUH TIJIGHKH M ONTHYECKHUX CBOWCTBaX. M3ydyeHa BO3MOXKHOCTH ONTHMHU3ALNH TapaMeTPOB CHHTE3a
wieHok CupO Juist ymydIneHus UX 3JeKTPUUECKUX CBOWCTB. Vi3amMepeHus (GoTOIIEKTPHUYECKOro OTKIMKA yKa-
3BIBAIOT Ha yJIy4IICHHE pa3/ielIeHns] 3aps/ioB Ha TpaHMIe pa3nena KoMIo3uTHbIX mieHoK Cu,O/CuSCN. Ot
Pe3yabTaThl MOTYT CIIOCOOCTBOBATH PA3BUTHIO TEXHOJIOTHH CONHEYHBIX 3JIeMeHTOB. Kpome Toro, B Xo1e uc-
clie[oBaHMS OBUTH OTpeJereHs BO3MOXKHOCTH momydeHust Cu,0 METOIOM 3JIeKTPOOCAKACHHS TIPH Pa3Ind-
HBIX ypoBHAX pH. COM- 1 peHTreHOCTPYKTYPHBII aHaIIN36I BBIIBISIIOT BIMSHUE ITapaMETPOB OCAKACHHS Ha
MOP(}OJIOTHIO IUIEHKH U KPUCTAJUTMIECKYIO CTPYKTYPY, UTO AaeT HEHHYI0 HHPOPMAIHIO I pa3padoOTKN MH-
JUBUTyaNbHBIX MTOJXOM0B K CHHTE3Y. B I1e/oM, 3T0 BceCTOpOHHEe HCCIEeOBaHHE HE TOJIBKO YIIyOJsieT mo-
HIMaHUE CHHTE3a W ONTHMH3AI[MH MAaTEePUaJOB JBIPOYHBIX TPAHCIOPTHBIX CIIOEB, HO M JaeT IIEHHBIE PEKO-
MEH/IAIHMH 10 pa3paboTke BEICOKOI((GEKTHBHBIX U CTaOMIBHBIX YCTPOWCTB HA COTHEYHBIX IEMEHTaX.

Kniouesvie cnosa. CONHEUYHBIE 3JIEMEHTHBI, CJIOU IEPEHOCA ABIPOK, BJICKTPOOCAKACHHUC, THOLIMAHAT MEIU (l),
3aKHUCb ME€IH, OIITUMAJIbHBIC YCJIOBHA CUHTE34, q)OTOSHeKTpI/I‘IeCKI/Iﬁ OTKIJIMK, IIEPEHOC YaCTUII.
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