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Nanoarrayed Cu,O/CuSCN HTLs for High-Efficiency Organic Solar Cells

Organic solar cells (OSCs) offer a promising low-cost and flexible alternative to conventional photovoltaic
technologies; however, their performance remains limited by inefficient charge transport and carrier recombi-
nation losses. In this work, we present a novel nanoarrayed hole-transport layer (HTL) based on
Cu, O/CuSCN heterostructures fabricated via a two-step electrodeposition process. Vertically aligned Cu,O
nanocrystals were grown on CuSCN films, forming a nanostructured charge-extraction framework with en-
hanced interfacial contact and potentially reduced carrier transport distances. The morphology and properties
of the films were systematically tuned by controlling the electrochemical parameters, enabling the formation
of well-defined nanoarchitectures. Photoelectrochemical measurements revealed enhanced interfacial photo-
current and improved charge-extraction characteristics of the composite structures compared with the corre-
sponding single-layer films. When integrated into PTB7-th:PCBM-based OSCs, the nanoarrayed HTL sub-
stantially improved device performance, increasing the open-circuit voltage from 0.62 to 0.84 V, the short-
circuit current density from 7.99 to 11.8 mA c¢cm~ 2, and the power conversion efficiency from 2.76% to
5.59%. These improvements are attributed to more efficient charge collection and suppressed recombination
enabled by the nanoarray architecture. This study demonstrates a low-temperature electrodeposition strategy
for engineering advanced HTLs and highlights the potential of nanoarrayed Cu,O/CuSCN heterostructures
for future organic and hybrid photovoltaic devices.

Keywords: Organic solar cells, copper thiocyanate films, PTB7-Th: PCBM, Cu,O nanocrystals,
electrodeposition, bulk heterojunction, hole transport layer, charge transfer

Introduction

Organic (polymer-based) solar cells are widely regarded as one of the most promising renewable-
energy technologies and are becoming increasingly competitive with traditional silicon devices. This interest
is largely driven by their low-cost fabrication methods [1] and the distinctive properties of organic materi-
als [2]. In particular, organic photoactive and conductive polymers are flexible and semi-transparent [3], al-
lowing them to be deposited onto flexible or transparent substrates and integrated into a variety of surfaces,
such as building windows [4]. Additionally, many organic materials can be processed from solution, ena-
bling thin-film fabrication through techniques such as spin-coating, dip-coating, and roll-to-roll printing.
These processes can be carried out at or near room temperature with only mild thermal treatment (<110 °C),
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significantly lowering production costs compared to conventional inorganic technologies [5, 6]. Organic ma-
terials are also often compatible with biomaterials, which open the door to environmentally friendly and bio-
integrated applications [7].

Despite these advantages, the efficiency of organic solar cells (OSCs) still trails behind that of silicon
and perovskite technologies [8, 9]. In conventional OSC designs, the photoactive layer consists of a blend of
a donor polymer and a fullerene-based acceptor, forming a bulk heterojunction (BHJ) positioned between
hole- and electron-transport layers. When light is absorbed, excitons are generated in the donor material and
must diffuse to donor—acceptor interfaces to dissociate into free charge carriers. However, because exciton
diffusion lengths in many polymers are relatively short compared to the thickness required for efficient light
absorption, the BHJ architecture is employed to maximize interfacial area [10]. Even so, device performance
remains strongly limited by morphology [11, 12] and by imbalances in charge carrier mobility—hole mobili-
ty is typically lower than electron mobility [13]—Ileading to charge accumulation and recombination losses.
In addition, regions within the BHJ often lack efficient percolation pathways to the charge transport layers,
resulting in incomplete charge collection [14].

To mitigate these limitations, extensive research has focused on improving hole-transport layers
(HTLSs), including the use of conductive polymers (e.g., PEDOT:PSS), transition metal oxides, and inorganic
p-type semiconductors such as CuSCN. While these materials can provide suitable energy level alignment
and chemical stability, they are typically implemented as planar thin films that rely on one-dimensional (1D)
vertical charge extraction. This configuration does not fully match the three-dimensional nature of charge
generation within the BHJ layer, where photogenerated carriers are distributed throughout the film volume.
As a consequence, holes must often travel laterally over relatively long distances before reaching the HTL
interface, increasing the probability of recombination and limiting device efficiency. Although previous stud-
ies have improved HTL performance through doping, interfacial engineering, and conductivity enhancement,
comparatively little attention has been given to engineering the spatial architecture of HTLs to fundamentally
alter charge extraction pathways. This represents a key gap in the current development of OSCs.

In this work, we address this limitation by introducing a nanoarrayed Cu,O/CuSCN heterostructured
HTL, which transforms the conventional planar extraction interface into a quasi-two-dimensional (2D)
charge collection network. The structure is formed by electrodepositing vertically aligned Cu,O nanocrystals
onto CuSCN films, creating an extended interfacial framework that penetrates toward the active layer. Un-
like planar HTLs, this nanoarrayed architecture increases the effective contact area and provides multiple
localized pathways for hole extraction. As a result, the average transport distance for photogenerated holes is
reduced, leading to suppressed recombination and more efficient charge collection. Importantly, this ap-
proach combines the favorable electronic properties of CuSCN with the structural advantages of Cu,O
nanocrystals, while remaining compatible with low-temperature and scalable fabrication processes.

A two-step electrodeposition method was developed to precisely control the nucleation and growth of
Cu,0 nanocrystals on CuSCN films, enabling the formation of well-defined nanoarrayed heterostructures.
The resulting architecture promotes strong interfacial coupling and efficient charge transfer.
Photoelectrochemical measurements demonstrate enhanced interfacial photocurrent and improved hole ex-
traction in the composite structures compared to single-layer counterparts. When integrated into PTB7-Th:
PCBM-based OSCs, the nanoarrayed HTL leads to significant improvements in open-circuit voltage, short-
circuit current density, and overall power conversion efficiency.

Overall, this work demonstrates that engineering the geometry of the HTL—from planar to
nanoarrayed—oprovides a fundamentally different strategy for improving charge extraction in OSCs. The
proposed Cu,O/CuSCN nanoarray architecture offers a simple, low-temperature, and scalable route to en-
hance charge management and device performance, thereby addressing a critical limitation of conventional
HTL designs and contributing to the development of next-generation organic photovoltaic technologies.

Experimental

Materials

To ensure the fabrication of high-purity thin films with minimal contamination, all reagents of analyti-
cal grade or higher purity were purchased from Sigma-Aldrich. The chemicals used included copper(1l) sul-
fate (anhydrous, >99.99 %), ethylenediaminetetraacetic acid (EDTA, OmniPur® Grade, >99.5 %), potassium
thiocyanate (ReagentPlus®, >99.0 %), diethanolamine (DEA, BioUltra, >99.5 %), lactic acid (ACS reagent,
>85 %), and sodium hydroxide (ACS reagent, >97.0 %).
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All agueous solutions were prepared using deionized water with a resistivity of 18.2 MQ-cm, obtained
from a Smart-Q30UT purification system (Drawell Scientific). The use of high-purity reagents and ultrapure
water minimized the incorporation of impurities during thin-film formation.

Preparation of CuSCN Thin Films

CuSCN layers were deposited onto fluorine-doped tin oxide (FTO) glass substrates from Ossila with ac-
tive area 90 mm? (sheet resistance ~15 Q/sq). Prior to deposition, the substrates were sequentially cleaned in
an ultrasonic bath using a 2% Hellmanex solution (10 min), deionized water (10 min), and
2-propanol (10 min), followed by drying under a nitrogen stream. The substrates were subsequently treated
under UV irradiation for 15 min to remove residual organic contaminants and improve surface wettability.

Two types of CuSCN films were fabricated. The first, denoted CUSCN-E, was electrodeposited from an
aqueous solution containing 12 mM CuSQO, with equimolar concentrations of EDTA and KSCN. The second
type, CuSCN-D, was obtained from a precursor solution composed of 15 mM CuSO,; 67.5mM
diethanolamine (DEA), and 45 mM KSCN. In both cases, EDTA or DEA was added prior to KSCN to sup-
press the formation and precipitation of Cu(SCN), complexes. The pH values of the EDTA- and DEA-based
electrolytes were adjusted to 1.6 and 8.2, respectively.

Electrodeposition was performed in a three-electrode configuration using a platinum counter electrode
and an Ag/AgCI (saturated KCI) reference electrode (Fig. 1). Chronoamperometric deposition was carried
out at fixed potentials of —0.3 V (CuSCN-E) and —0.45 V (CuSCN-D) versus Ag/AgCI. The deposition time
was varied in the range of 60-300 s to control film thickness. The resulting CuSCN films had a typical
thickness of 40-60 nm, as estimated from deposition charge and confirmed by profilometry measurements.

Reference
Electrode

Working

Electrode
Counter

Electrode

Potentiostat

Electrochemical
Cell

Figure 1. Three-electrode setup for electrodeposition

Preparation of Cu,O Thin Films and Cu,O/CuSCN Nanoarrays

Cu,0 films were deposited electrochemically onto CuSCN/FTO substrates using an alkaline electrolyte
containing lactate-complexed copper ions. The electrolyte was prepared by dissolving 0.2 M CuSO, and 3 M
lactic acid in deionized water, followed by the addition of 0.5 M K,HPQO, as a buffering agent. The solution
pH was adjusted to 12 by gradual addition of 2 M KOH.

To form nanoarrayed Cu,O/CuSCN heterostructures, a two-step electrodeposition process was em-
ployed. First, a galvanostatic nucleation step was carried out at a current density of —0.1 mA-cm for 10's to
generate spatially separated Cu,O nuclei. This was followed by a potentiostatic growth step at —0.3 V versus
Ag/AgCI for 60 s, enabling controlled growth of vertically aligned Cu,O nanocrystals. Deposition was con-
ducted at 30 °C. The resulting Cu,O nanocrystals had an average lateral size of ~80 nm and an effective
height of approximately 50-80 nm, forming a nanoarrayed morphology on the CuSCN layer.

Device Fabrication

Organic solar cells were fabricated using the following architecture:

FTO / CuSCN (or Cu,0/CuSCN) / PTB7-Th: PCs;BM / Al

The active layer (photoactive layer, PL) consisted of a PTB7-Th: PCs,BM bulk heterojunction. The so-
lution was prepared by dissolving PTB7-Th and PC¢,BM in chlorobenzene at a weight ratio of 1:1.5 with a
total concentration of 25 mg/mL. The solution was stirred at 60 °C for 12 h prior to deposition.

The active layer was spin-coated onto the HTL-coated substrates at 3000 rpm for 60 s, resulting in a
film thickness of approximately 90-110 nm. After deposition, the films were dried under inert conditions.
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A 100 nm thick Al electrode was thermally evaporated under high vacuum (~10° Torr) through a shad-
ow mask, defining an active device area of 0.1 cm? The devices were subsequently encapsulated using
epoxy in a nitrogen atmosphere to minimize degradation.

Characterization

The surface morphology of the films was analyzed using scanning electron microscopy (SEM, Carl
Zeiss Crossbeam 540 with GEMINI 11). Atomic force microscopy (AFM, NTEGRA ACADEMIA) was used
to evaluate surface roughness and morphology of the active layer. The all thickness of the layers was meas-
ured by AFM making gentle scratch.

Photoelectrochemical (PEC) measurements were carried out using a CS300 potentiostat (Corrtest In-
struments) under chopped illumination from an Ossila solar simulator (AM 1.5G, 100 mW-cm ?). Current—
voltage (I-V) characteristics of the fabricated devices were measured under the same illumination conditions
by Ossila source meter.

Results and Discussion

Next, we developed a method for the electrodeposition of a Cu,O nanocrystal array on the surface of
CuSCN. To form the array, electrodeposition was first performed in a galvanostatic regime at a low current
density (-0.1 mA-cm?) at 30 °C and pH 12 for 10 s. This stage enabled a slow nucleation rate and the for-
mation of Cu,O nuclei sufficiently spaced from each other. Subsequently, the process was switched to a
potentiostatic mode, and electrodeposition was continued at —0.3 V versus Ag/AgCI reference electrode for
1 min. This combination of modes allowed the deposition of well-separated Cu,O nanocrystals on the
CuSCN surface, which shown in Figure 2A with average size of the Cu,0 nanocrystals of 80 nm.

(B)

20 nm

3 um

Figure 2. (A) SEM image of the nanoarrayed Cu,O/CuSCN composite film.
AFM phase (B) and topography (C) images of the PTB7-th: PCBM blend layer deposited
on the surface of the Cu,O/CuSCN composite film

“Physics” Series. 2026, 31, 3(123) 9



B.R. llyassov, G.S. Seisenbayeva et al.

Further, the nanoarrayed Cu,O/CuSCN composite films were employed as the hole transport layer in
organic solar cells. In the next step, a bulk heterojunction (BHJ) layer based on a PTB7-th: PCBM blend was
spin-coated onto the surface of the as-grown nanoarrayed Cu,O/CuSCN composite films. The AFM image of
the 100 nm-thick PTB7-th: PCBM layer is shown in Figure 2B. As shown in Figure 2B, the AFM phase im-
age of the PTB7-Th: PC4;BM film reveals a continuous and laterally homogeneous surface with nanoscale
contrast. The observed phase variations suggest the presence of donor—acceptor phase separation within the
blend, which is typical for bulk heterojunction systems. The uniform distribution of phase domains indicates
good film formation and consistent coverage over the underlying Cu,O/CuSCN layer. Such morphology is
expected to support efficient interfacial contact and facilitate charge transfer processes at the HTL/active
layer interface.

Finally, device fabrication was completed by thermally evaporating a 100 nm thick Al electrode onto
the active layer, followed by encapsulation with epoxy. A schematic of the full fabrication process is shown
in Figure 3. For comparison, reference organic solar cells were also prepared using only a CuSCN layer as
the hole transport layer (HTL), with the CuSCN thickness fixed at 50 nm in both device configurations. The
current-voltage (I-V) characteristics and the corresponding photovoltaic parameters of the fabricated devices
are presented in Figure 4 and summarized in Table 1.

* Substrate Cleaning ‘

Cu,0/CuSCN Applying

PTB7-th:PCBM Applying 4
* Al cathode Evaporation %
* Thermally Annealing

* Encapsulation Q

Figure 3. Schematic illustration of the fabrication process of organic solar cells

(a) (b)

Voltage, V 4 Voltage, V

(c) ® -electrons (d)
Q -holes

Glass Glass

Figure 4. Schematic current-voltage characteristics of organic solar cells (OSCs) incorporating (a) CUSCN and (b)
nanoarrayed Cu,O/CuSCN composite hole transport layers; and mechanism of charge carrier separation in OSCs:
(c) one-dimensional (1D) injection in conventional OSCs based on CuSCN,
and (d) two-dimensional (2D) injection in the developed OSC with nanoarrayed Cu,O/CuSCN HTL
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Table 1
Photovoltaic parameters of the fabricated devices
Device Voc, V Jsc, mAlcm® Fill Factor PCE, %
With CuSCN HTL 0.62 7.99 56.1 2.76+0.05
With nanoarrayed Cu,O/CuSCN HTL 0.84 11.8 56.4 5.59+0.05

As shown in the |-V characteristics, replacing the planar CuSCN HTL with the nanoarrayed
Cu,O/CuSCN composite markedly improves device performance. The open-circuit voltage (Voc) increases
from 0.62 V to 0.84 V (= +35.5 %), the short-circuit current density (Jsc) increases from 7.99 mA-cm to
11.8 mA-cm? (= +47.7 %), and the power conversion efficiency (PCE) rises from 2.76 % to 5.59 %
(= +102.5 %, i.e., roughly doubled). The fill factor remains essentially unchanged (56.1 — 56.4), indicating
that the series resistances is no substantially increased by the nanoarrayed layer.

These performance enhancements can be attributed to the nanoarrayed Cu,O/CuSCN morphology,
which establishes efficient two-dimensional (2D) pathways for hole transport. The vertically oriented Cu,O
nanocrystals increase the interfacial contact area with the PTB7-th: PCBM active layer and introduce addi-
tional channels for hole extraction into the HTL. As a result, the average lateral distance that holes must
travel within the active layer is reduced, decreasing recombination losses and improving charge collection
efficiency, as reflected in the significant increase in Jsc. The higher Voc is likely due to improved energy
level alignment and suppressed interfacial recombination at the donor/HTL interface provided by the compo-
site structure. Collectively, enhanced charge collection (higher Jsc) and reduced recombination (higher Voc)
account for the approximately twofold increase in PCE.

In our previous article the electrodeposition and detailed characterization of Cu,O, CuSCN, and
Cu,O/CuSCN composite thin films were systematically explored with the aim of developing efficient hole-
transport layers for organic solar cells. Careful optimization of electrochemical parameters—such as applied
potential, current density, pH, and temperature—enabled precise tuning of the films’ morphology,
crystallinity, and interfacial properties [15].

Potentiostatic and galvanostatic investigations of Cu,O electrodeposition revealed that the structural and
morphological properties of the films are strongly dependent on the deposition regime. Well-defined cubic
grains with a preferred orientation (111) were obtained under conditions of high pH (12) and moderate po-
tentials (Fig. 5), whereas deviations from these parameters resulted in rougher surfaces and the partial for-
mation of secondary phases [15]. An increase in deposition temperature led to smoother and denser films,
reflecting enhanced ion mobility and thermally driven grain reorganization.

6000
(111) oH 12

Intensity
g

1000 A

30 40 50 60 70 80
2-theta (deg)

Figure 5. XRD spectra of Cu,0 thin films grown by potentiostatic electrochemical deposition [15]

For electrodeposited CuSCN films, the choice of complexing agent (EDTA or DEA) was found to sig-
nificantly influence film uniformity and grain size [15]. Films prepared from EDTA-based electrolytes
(CuSCN-E) exhibited smoother and more homogeneous morphologies, making them more suitable as hole-
transport layers. These films also served as effective templates for subsequent Cu,O deposition, enabling the
formation of high-quality Cu,O/CuSCN bilayer composites with well-defined interfaces.
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Photoelectrochemical measurements further confirmed the enhanced interfacial performance of the
Cu,O/CuSCN heterostructures, demonstrating approximately a twofold increase in photocurrent density
compared to single-layer Cu,O films. This enhancement is attributed to favorable band alignment and more
efficient hole extraction across the heterojunction [15].

Finally, nanoarrayed Cu,O/CuSCN composite films were successfully implemented as hole-transport
layers in PTB7-th: PCBM-based organic solar cells. The introduction of Cu,O nanocrystal arrays led to a
significant improvement in device performance, doubling the power conversion efficiency (from 2.76 %
to 5.59 %) as a result of enhanced charge extraction and reduced recombination losses. The nanoarray archi-
tecture provides multiple lateral pathways for hole transport, promoting more efficient coupling between the
active layer and the HTL.

Overall, the results presented in this chapter highlight electrodeposition as a versatile and controllable
technique for the fabrication of high-quality Cu,O/CuSCN heterostructures. These nanoarrayed composites
demonstrate strong potential as efficient, stable, and scalable hole-transport layers for next-generation organ-
ic and hybrid photovoltaic devices.

Conclusion

In this work, Cu,O, CuSCN, and Cu,O/CuSCN composite thin films were fabricated by
electrodeposition, and a two-step deposition approach combining galvanostatic nucleation and potentiostatic
growth was applied to form nanoarrayed Cu,O structures on CuSCN layers. This method enabled the prepa-
ration of heterostructured films with controlled morphology and good interfacial contact between the layers.

The incorporation of nanoarrayed Cu,O/CuSCN structures as hole-transport layers in PTB7-Th:
PCes:BM-based organic solar cells resulted in improved device performance compared to reference devices
based on planar CuSCN. In particular, increases in open-circuit voltage and short-circuit current density were
observed, leading to an enhancement of power conversion efficiency from 2.76 % to 5.59 %. These results
indicate that the modified HTL structure can contribute to more efficient charge extraction.

The observed improvement in device performance is attributed to the increased interfacial contact area
and the presence of additional pathways for hole transport provided by the nanoarrayed structure. This may
reduce the average transport distance of charge carriers within the active layer and contribute to more effec-
tive charge collection.

Overall, the results demonstrate that electrodeposited Cu,O/CuSCN nanoarrayed structures are a prom-
ising approach for modifying hole-transport layers in organic solar cells. Further work is required to system-
atically optimize the deposition parameters and to perform more detailed structural and electrical characteri-
zation in order to fully understand the mechanisms governing the observed improvements.
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7Korapsl THiMII OpraHnKajbIK KYH 0aTapesiiapbina apHaiaran Cu,O/CuSCN
HAHOOJIIeM/Ii MACCUBTI KEMTIKTepi TachIMaiay KadaTrrapbl

OpraHuKaJbIK KyH Gatapesuiapbl A3CTYpIli ()OTOBOJIBTaNKAIBIK TEXHOJIOTHSIIAPFA TIEPCIEKTHBABI, ap3aH api
OHTaiybl Oanmama, amaiifia oONapablH THIMIUIM O J€ 3apsa TachIMAJBIHBIH THIMCI3IITIMEH KOHE
peKOMOWHANHUS IIBIFBIHAAPEIMEH MIeKTenedi. JKyMpIcTa eKi caThUIBI JIEKTPIIK TYHIBIPY MPOIEeci apKbUTBI
anmsiaran CU,O/CUSCN reTepOKyphUTBIMIApbIHA HETi3[elreH jKaHa HaHOOJIIeMI MACCHBTI KEMTIKTep.i
taceiMannay kabarel (HTL) ycemburran. Tik  Oarerrtamran Cu,O  nHanokpuctanmaper CuSCN
KaOBIKIIANAPBIHBIH ~ YCTiHAE OcCipimim, JKakcapThUFaH (aszajmap apaibslk OaiilaHbICEI  Oap  KOHE
TachIMaJIIayIIbUIAPBIH JKYPINl ©TETiH KAalIBIKTHIFBI KBICKApPTBUIFAH €Ki eJIIeMIi 3apsarapibl Oeiim amy
KYPBUIBIMBIH ~ KaJIbINTAacThIpAbl.  KaObIKmanapaslH MOpGOJIOTHICE MEH KacHeTTepi AJIEKTPXUMHSIBIK
napameTpiepai 0aKpuIay apKbUIbl KYHETi Typae peTTeni, Oy allkblH aHBIKTAJIFaH HAHO apXUTEKTypasapbl
KJIBINTACTBIpyFa MYMKIHAIK Oepai. DOTOAIEKTPXUMMSUIIBIK —OJIIeyJiep KOMIO3UTTIK KypbUIBIMIapia
0ipkabaTThl YATLIEPMEH CaNbICTHIpFaHa (a3aapaiblk (OTOTOKTHIH IKAKCAPFAaHBIH JKOHE KEMTIKTEpIiH
HEFypJbpIM THiMIlI Oeminin anbiHaTeiHbIH Kepcerti. PTB7-Th: PCBM Herisinmeri OpraHUKAambIK KYH
OarapesulapblHa EHTI3UIreH Ke3ne HaHoemmeMmai MaccuBTi HTL  KypbUIFbUIapAbIH —cHIATTaMajlapbiH
afTapIbIKTall JKaKCapTThL: ambIK Ti30ekTeri keprey (0,62-neH 0,84 B-kazeiiin), KbIcKa TYHBIKTaTy TOTBIHBIH
TBIFbI3ABIFBL (7,99-man 11,8 MA-cM 2-Ka JeiiH) JKOHE SHEPrUsiHbl TypieHaipy Ttuimmainiri (2,76 %-nan
5,59 %-ra pgeitin) aprTThl. Bynm kakcapTynap peKOMOMHAIMSHBIH a3al0bl MEH JKOHE MAaCCHUBTIH
HAHOAPXUTEKTYPACHIHBIH apKachlHAA 3apsaTapbl HEFYPIIbIM THIMAI XKHHayMeH TyciHaipineni. byn 3eprrey
KETUNIPIIreH KeMTIKTepAl TachiMangay KaOaTTapblH Jkacayra apHajFaH ayKbIMIOajdaTblH, TOMEH
TeMIIepaTypaiibl CTPATErHsiHbI KOpceTeli kKoHe kaHa OybIH OpraHMKAIBIK opi TMOPHATI KyH Oarapesiapbl
yuria Cu,O/CuSCN HaHoemeMIi TeTepOKYPhUTBIMAAPBIHBIH JJICYESTiH alKbIHIaNHIbI.

Kinm ce30ep: opraHMKanblK KyH Oarapesuiapbl, MbIC THOIHMAHATHIHBIH KaObikmianapsl, PTB7-Th: PCBM,
Cu,0O HaHOKpHCTAIIAPHI, HNEKTPIIK TYHABIPY, KOJIEMIIK reTepOKOCHIIBIC, KEMTIKTEpAl TackMalay KabaThl,
3apsiJ] TaChIMAaJIbI

“Physics” Series. 2026, 31, 3(123) 13


https://doi.org/10.1038/s41528-022-00207-2
https://doi.org/10.1038/s41598-019-48981-w
https://doi.org/10.1038/s41586-021-03964-8
https://doi.org/10.1016/j.matt.2020.06.028
https://doi.org/10.1016/j.progpolymsci.2013.05.001
https://doi.org/10.1109/PVSC.2012.6318222
https://www.researchgate.net/publication/319477895
https://doi.org/10.1103/PhysRevLett.94.126602
https://doi.org/10.31489/2024ph3/34-40

B.R. llyassov, G.S. Seisenbayeva et al.

B.P. Unbscos, I'.C. Ceiicenbaera, J[.C. Kambap,
A.B. 3aBropoanuii, XK. K. Axarosa, A.K. Abummesa

Hanopa3mepHble MmaccuBHBIE cjion nmepenoca abipok Cu,O/CuSCN
715 BBICOK0?(p(peKTUBHBIX OPraHHYECKUX COJTHEYHBIX )JIEMEHTOB

OpraHn4ecKie COMHEUHBIE IEMEHTHI NMPEACTABIAIOT c000H MHOTO00CIIAIOIIYI0 HEOPOTYI0 M THOKYIO ajlb-
TEpHATHBY TPaJUIHOHHBIM (DOTOBOJBTAMIECKHM TEXHOJIOTHSAM, OJHAKO HX 3(P(HEeKTHBHOCTH MO-IIPEKHEMY
orpaHnYeHa Hed((EKTHBHBIM TPAHCIIOPTOM 3apsIOB U MOTEPSIMH Ha pekoMOnHaImio. B nanHoit pabote Mbl
HpeICTaBIIsIeM HOBBIM HAHOpa3MepHBI MAaCCUBHBIN ci0if nmeperHoca npipok (HTL), ocHoBaHHEIH Ha reTepocT-
pykrypax Cup,O/CuSCN, mOoJydeHHBIX C IIOMOLIBIO JBYXATAITHOTO IIPOIecca 3IIEKTPOOCaXIeHNs. Beprtu-
KaJIbHO OpPHEHTHpOBaHHbIE HaHOKpUCTawbl Cu,O Obumn BeIpamieHsl Ha mieHkax CuSCN, dopmupys ABy-
MEPHYIO0 CTPYKTYpPY HM3BJIEUEHHMS 3apsAl0B C YIydIIEHHBIM MexX(a3HbIM KOHTAKTOM U COKpaIEHHBIMU pac-
CTOSHUSIMH IIepeHoca HocuTeneil. Mopgosorus U cBoiicTBa IIIEHOK CUCTEMATHYECKH HACTPauBAIUCh IMYTEM
KOHTPOJS 3NEKTPOXHUMHUUECKUX ITapaMeTPOB, YTO MO3BOIMIO CHOPMHUPOBATH XOPOLIO OMpE/eIEHHbIE HAaHO-
apXUTEKTypbl. POTOINEKTPOXUMUIECKHE U3MEPEHHS [TOKA3aIH YIy4IIeHHbIH Mexda3Hblil (OTOTOK U Ooinee
3¢ peKTHBHOE M3BICUEHHE ABIPOK B KOMIIO3UTHBIX CTPYKTYpax MO CPAaBHEHHUIO C OJHOCIIOHHBIMH aHAJIOTaMH.
IIpn nHTErpamy B opraHUvecKye COJHEYHbIe eMeHTH Ha ocHoBe PTB7-th: PCBM Hanopa3MepHbI Mac-
cuBHbIi HTL 3HauMTEeNBHO yIydlIM XapaKTepUCTUKU YCTPOUCTB, YBEIUYMB HANPSKEHHUE XOJIOCTOT0 Xoa (¢
0,62 10 0,84 B), MIOTHOCTH TOKa KOPOTKOTO 3aMbikanust (¢ 7,99 mo 11,8 MA~CM’2) 1 k03¢ durmeHT npeodpa-
30BaHus 3Hepruu (¢ 2,76 % m0 5,59 %). Otu yaydmenus o0yclIoBIeHB! CHIDKEHHEM peKoMOnHamu 1 6oiee
3¢ deKTHBHBIM cOOPOM 3apsAAoB Oaronapss HAHOAPXUTEKTYpe MaccuBa. J[aHHOE HCCleIOBaHUE JEMOHCTPH-
pyeT MacmTabupyeMylo HU3KOTEMIIEPaTypHYIO CTPAaTernuio CO3/IaHUs YCOBEPIICHCTBOBAHHBIX CIIOEB MEPEHO-
ca JBIPOK U MOJYEPKUBACT MOTEHIMAN HaHOPa3MepHBIX reTepocTpyKTyp Cu,O/CuSCN 11 COMTHEYHBIX dJie-
MEHTOB HOBOTO ITOKOJICHUSI — KaK OpPraHMYECKUX, TaK ¥ THOPHIHBIX.

Kniouesvie cnosa: opraHUuECcKHe COTHEYHBIC AJIEMEHTHI, TNEHKH THonnanata meau, PTB7-Th: PCBM, Ha-
HOKpHcTaLTBl Cu,O, 3IeKTPOOCaKIACHUE, 00BEMHBIH TeTePOIIEPEX 01, CIOH MepeHoca ABIPOK, MEPEHOC 3apsaa

Information about the authors

llyassov, Baurzhan (corresponding author) — PhD, Associate professor, Astana IT University, Asta-
na, Kazakhstan. ORCID: https://orcid.org/0000-0003-4563-2004

Seisenbayeva, Gulsaya — Researcher, Astana IT University, Astana, Kazakhstan. ORCID:
https://orcid.org/0009-0003-7004-4498

Kambar, Dinara — Researcher, Astana IT University, Astana, Kazakhstan. ORCID:
https://orcid.org/0000-0003-4742-2000

Zavgorodniy, Alexey — PhD, Astana IT University, Astana, Kazakhstan. ORCID:
https://orcid.org/0000-0002-3024-7237

Akhatova, Zhannur — PhD, Astana IT University, Astana, Kazakhstan. ORCID:

https://orcid.org/0000-0003-4363-1307

Abisheva, Assem — PhD, Buketov Karaganda National Research University, Karaganda, Kazakhstan.
ORCID: https://orcid.org/0009-0001-6400-3011

14 Bulletin of the Karaganda University


https://orcid.org/0000-0003-4563-2004
https://orcid.org/0009-0003-7004-4498
https://orcid.org/0000-0003-4742-2000
https://orcid.org/0000-0002-3024-7237
https://orcid.org/0000-0003-4363-1307
https://orcid.org/0009-0001-6400-3011

	Физика 31-3-123-2026 -
	Физика 31-3-123-2026


