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Abstract

Perovskite solar cells (PSCs) have emerged as a leading technology in the photovoltaic sector due to their high
efficiency and low fabrication cost. However, the performance and stability of PSCs are often limited by the properties of
hole transport layers (HTLs). In this study, we explore the use of cobalt phthalocyanine (CoPc) and a composite CoPc¢/Spiro-
OMeTAD layer as HTLs to enhance the efficiency and stability of PSCs. Optical studies demonstrated that these composite
layers maintain high transparency while providing effective light absorption. Photoelectrical characterizations showed that
PSCs with the CoPc/Spiro-OMeTAD HTLs achieved a power conversion efficiency (PCE) of 18.7%, outperforming devices
with standard Spiro-OMeTAD and single CoPc layers. Moreover, the composite HTLs improved the stability of the PSCs,
retaining 84% of the initial PCE after 300 hours of operation without encapsulation. Impedance spectroscopy indicated that
the composite HTLs reduce charge transfer resistance while maintaining lower recombination rates. These findings suggest
that CoPc/Spiro-OMeTAD composite layers are promising candidates for enhancing both the efficiency and stability of
PSCs.
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1. Introduction

The unprecedented development of PSCs is due to their relatively low cost, ease of fabrication, and great potential for
achieving higher efficiency than c-Si solar cells [1-3]. To improve the efficiency and stability of PSCs, various studies are
being carried out to optimize the composition and structure of all layers of PSCs, especially charge transport layers.
Currently, the PCE of PSCs has reached more than 25%. These highly efficient PSCs are based on Spiro-OMeTAD hole
transport layers [4-6]. Despite the record PCE have been achieved by using Spiro-OMeTAD HTLs, this material has limited
hole mobility (=10-4 cm2V-1s-1) and low electrical conductivity (=10-8 Scm-1), which limits further boost up of device
performance. In addition, Spiro-OMeTAD is expensive materials, has low stability, and its deposition on a perovskite layer
is considered technologically complicated, which is a major obstacle for large-scale application [7]. The efficacy of using
MPc in PSCs has been confirmed by several research groups. Duong T. et al. designed MPc based PSCs with PCE as high as
20%. It was achieved by depositing a CuPc layer on a perovskite film with a certain orientation [8].

In this paper, we use CoPc layer and composite CoPc/Spiro-OMeTAD layers as a hole transport layer of PSCs. The
effects of the CoPc intermediate layer on charge transport in PSCs and stability of device were investigated. The proposed
composite CoPc/Spiro-OMeTAD HTLs demonstrated the improvement in photovoltaic performance and operational stability
of PSCs.

2. Materials and Methods

2.1. The fabrication of PSCs

PSCs were fabricated on glass substrates with a Fluoride Tin Oxide (FTO) layer (15 Q/cm?), serving as the cathode.
Substrates were cleaned in acetone, hot deionized water, and 2-propanol, followed by UV-ozone treatment. The electron
transport layer (ETL) TiO2 was deposited by spin coating Ti-Nanoxide BL/SC-Solaronix solution (SPIN150i, 5000 rpm, 30
s), then annealed at 500 °C for 1 h.

Perovskite films were prepared from PbCl: (230 mg) and MAI (394 mg) dissolved in 1 ml DMF, stirred at 60 °C for
2 h. After deposition, films were annealed at 100 °C for 2 h, with color change from yellow to dark brown confirming
crystallization.

As hole-transport layers (HTLs), Spiro-OMeTAD and cobalt phthalocyanine (CoPc, Sigma-Aldrich) were used. CoPc
was thermally evaporated in vacuum (CY-1700x-sps-2, pressure <10°° Pa, rate <1 nm/s). Spiro-OMeTAD was prepared from
75 mg in 1 ml chlorobenzene, stirred at 30 °C for 1 h, and deposited at 5000 rpm. For comparison, cells with CoPc HTLs and
with an intermediate layer between Spiro-OMeTAD and Ag were fabricated.

Finally, Ag electrodes were vacuum-deposited (107 Pa). All steps, including perovskite formation, were carried out
in a nitrogen-filled glove box. Structural formulas (Spiro-OMeTAD, CoPc) and PSC configuration/energy diagram are
shown in Fig. la—c.
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Figurel. Structural formula (a), cell configuration (b) and energy diagram of a perovskite solar cell (c).

2.2. Analysis methods

The absorption and transmission spectra were recorded using an AvaSpec-ULS2048CL-EVO spectrometer
(Avantes). A combined deuterium-halogen light source AvaLight-DHc (Avantes) with an operating spectral range of 200-
2500 nm was used as probing radiation.

The current-voltage characteristics of solar cells were measured using a PVIV-1A setup (Newport, Canada). A Sol3A
solar energy simulator (class AAA, Newport, Canada) with a radiation intensity of 100 mW/cm? was used as a light source.

The impedance spectra were measured using a P-45X potentiostat-galvanostat (Elins, Russia) with an additional
FRA-24M frequency analyzer module installed to measure the electrophysical characteristics on alternating current.

3. Results and Discussion

3.1 Optical properties

Figure 2a presents the absorption spectra of Spiro-OMeTAD, CoPc, CoPc/Spiro-OMeTAD and Spiro-
OMeTAD/CoPc layers. The Spiro-OMeTAD layer shows an intense absorption the range from 350 to 430 nm (Amax = 377
nm), which is characteristic absorption of Spiro-OMeTAD. In the absorption spectra of CoPc there are three intense bands
Wwith Amax = 360 nm (CoPc band or B-range), which correspond to mixed n-n* and n-m transitions a2u—2eg and b2u—2eg. In
the Q-range, two maxima are observed at wavelengths Amax = 630 nm and Amax = 688 nm, which corresponds to the m-m*
transition alu—2eg. When measuring the CoPc/Spiro-OMeTAD and Spiro-OMeTAD/CoPc films, a decrease in the intensity
of the Q-band absorption spectra is observed. The optical transmission spectra of the films in the range of 300 - 800 nm are
shown in Figure 2b. The average transmittance was about 83-95%, the obtained data show that all the films have high
transparency.
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Figure 2. Absorption and transmission spectra of films with different layers.

3.2. Photoelectrical characterizations
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Figure 3a shows the current-voltage characteristics of the PSCs with different HTLs. The photovoltaic performance
of the PSCs are shown in Table 1. From the Table 1, we observe that the PCS with CoPc/Spiro-OMeTAD composite HTLs
possesses highest PCE (18.7%.) with short-circuit current density (Js.) of 22.3 mA/cm?, open-circuit voltage (V) of 1 V, fill
factor (FF) of 0.84. For comparison, PSCs with a standard Spiro-OMeTAD layer has lower performance. The deice with the
Spiro-OMeTAD HTLs showed a PCE as high as 16.5% with a Jsc of 21.5 mA/cm?, a V. of 1 V, and a FF of 0.77. PSCs
with a CoPc layer placed between the Spiro-OMeTAD and the Ag electrode demonstrated even lower PCE (14.5%) with at
Jie 0f 20.9 mA/cm?, Vo of 1 V and FF 0.70. The device with single CoPc HTLs shoed the worst photovoltaic parameters (J
0f 20.2 mA/cm?, V. of 9.93V, FF of 0.66 and PCE of 13.2%).

The enhanced photovoltaic parameters of PSCs with CoPc/Spiro-OMeTAD HTL is attributed the better hole
extraction efficiency and better morphology of HTLs. In studies by Bi D. et al. and Seoa Y.H. et al. were reported that PSCs
with poor HTLs coating and more rough surface have severe interfacial charge recombination and hindered hole extraction.
Therefore, the photovoltaic performance can be improved by the more efficient charge transport due to optimized by
perovskite/HTL interface. The CoPc buffer layer improve electron blocking, Without CoPc, the holes find a conductive path
from the Spiro-OMeTAD and recombine with electrons in the ETLs. The effect is aggravated by the trap states at the
perovskite/Spiro-OMeTAD interface. CoPc buffer layer can passivate defect levels and minimize charge recombination.

Figure 3b shows the stability of PSCs with different HTLs configurations. The PSCs were irradiated with an
AMI1.5G light source, and the IV characteristics were measured every 48 h during 300 h at room temperature without
encapsulation. PSCs with single Spiro-OMeTAD and single CoPc HTLs showed poor stability and their PCE dropped
significantly maintaining 41% and 62% of their initial values, respectively. The device with composite Spiro-
OMeTAD/CoPc HTLs showed improved stability holding 70% of the initial PCE during the test period. CoPc/Spiro-
OMeTAD based PSCs showed more improved stability and managed to retain 84% of its initial PCE. This result shows
that CoPc/Spiro-OMeTAD based HTLs not only improves the PCE performance; but also serves as an additional
protective layer against perovskite layer degradation.

a) b)
25
100 fsg—s—,
! R gy, A
S 20 B e
b o S04 T
= Q 2 > ey
B 151 e CopesSpiro-OMeT e e
B Spiro-OMcTAD o 60 i
7] s AaT 5 ~
g —— Spiro-OMeTAD N s— CoPe/Spiro-OMeTAD e
Spiro-OMeTAD/CaPe = i
S Ioy e IMeTAD/Cobs £ 401 —s—Spiro-OMcTAD/CoPe ~
g = 5 CoPe
= z Spiro- 2
3 5 204 —— Spiro-OMeTAD
0 r ; : — 0 . . -
0.0 0.2 0.4 0.6 0.8 1.0 0 100 200 300
Voltage, V Time, h

Figure 3. Current-voltage characteristics (a), stability of PSCs in air without encapsulation (b).

Table 1. Photovoltaic characteristics of perovskite solar cells

Sample Vo (V) Jsc(mA/C Vimax Jmax(mA/sz) FF PCE %
m’) V)
Spiro-OMeTAD 0.99 21.5 0.83 20.0 0.77 16.5
CoPc 0.93 20.2 0.74 17.9 0.66 13.2
CoPc/ Spiro-OMeTAD 1.00 223 0.88 21.5 0.84 18.7
Spiro-OMeTAD /CoPc 0.96 20.9 0.78 18.7 0.70 14.5

To understand the effect of hole transport layers on charge transfer processes in perovskite solar cells, the impedance
response of the devices under small sinusoidal perturbation was measured and analyzed. Figure 4a presents the impedance
spectra of PSCs with various HTLs. The dots represent the actual experimental data, while the solid lines represent the fitted
data.

Generally, the impedance spectrum (IS) of PSCs consists of two semicircles: one in the high-frequency (HF) domain
(kHz region) and another in the low-frequency (LF) domain (mHz-Hz region). The HF feature typically indicates processes
with smaller time constants, such as charge transport resistance and capacitance at the interface between the perovskite layer
and the charge transport layers. The LF region usually corresponds to processes with larger time constants, such as ionic
movement within the perovskite layer and recombination processes. Such IS, showing two distinct arcs, are typically
interpreted using an equivalent circuit consisting of two nested RC circuits (shown in Figure 1b), corresponding to the high
and low-frequency semicircles, respectively.

The high-frequency resistance (Rur) represents the charge transfer resistance at the interface, and the high-frequency
capacitance (Cur) represents the capacitance associated with the interface, which could be related to the dielectric properties
of the materials and the space charge region and often related to the geometric capacitance of the device. The low-frequency
resistance (Rpr) represents the recombination resistance, reflecting the rate of electron-hole recombination in the perovskite
layer, while the low-frequency capacitance (Crr) represents the chemical capacitance related to ionic accumulation and
polarization effects within the perovskite material.
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Figure S. Impedance data of PSCs with various HTLs.
(a) Impedance spectra in the Nyquist diagram (fitted data in solid lines),
(b) equivalent circuit used to fit IS, (c) capacitance plots.

The measured IS of the PSCs with various HTLs consists of two distinctive semicircles (Figure 4a). Additionally,
capacitance plots are presented in Figure 4c, showing two plateaus corresponding to the arcs in the IS Nyquist diagram. The
IS were fitted using the equivalent circuit presented in Figure 5b, and the values of the circuit elements are provided in Table
2. However, instead of capacitors, constant phase elements (CPE) were used to appropriately fit the data.

Table 2. The value of electric transport parameters of perovskite solar cells

Sample R(Q) | Rur(Q) | Rur(Q) CPELr n (CPELy) CPEur (CP“EHF)
Spiro-OMeTAD | 74.23 2085 1479.0 1.59E-06 0.69 9.13E-09 0.87
CoPc 65.10 1241 763.1 1.30E-06 0.75 1.74E-08 0.89
Spiro-
OMeTAD/ 4431 989 358.4 7.46E-06 0.78 2.10E-07 0.70
CoPc
CoPc/Spiro-
OMATAD 29.69 834 592.0 3.98E-06 0.69 2.28E-08 0.87

As seen from the IS and Table 2, the devices based on the composite HTLs (Spiro-OMeTAD layer followed by CoPc
layer or vice versa) exhibit lower charge transfer resistance (Ryur) and series resistance (Rj).

4. Conclusion

This study demonstrates the potential of using CoPc and composite CoPc/Spiro-OMeTAD layers as effective HTLs
in perovskite solar cells. The improved photovoltaic performance, with a maximum PCE of 18.7 %, was attributed to better
hole extraction efficiency and the optimized interface between the perovskite and HTL. Additionally, the CoPc/Spiro-
OMeTAD layer significantly enhanced the stability of the PSCs, maintaining 84 % of their initial efficiency after prolonged
exposure to environmental conditions. Impedance spectroscopy further confirmed the advantages of the composite HTL in
reducing charge transfer resistance while mitigating electron-hole recombination. Overall, the results suggest that the
integration of CoPc with Spiro-OMeTAD not only boosts the efficiency of PSCs but also provides a robust approach to
improving theiroperational stability, paving the way for more durable and efficient perovskite-based solar devices.
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ABPOJIMHAMUYECKHIN AHAJIN3 BJIUSAHUA YTJIA OTKJIOHEHUA JOMACTEN
HA D®PEKTUBHOCTH [TAPYCHOM BETPOSHEPTETUYECKOM YCTAHOBKHA

Tanamesa H.K. Kaparannunckuii yaueepcureT numenn akagemuka E.A. Bykerosa, Kaparana, Kasaxcran
BypkoB M.A. KaparanauHckuil yHuBepcuTeT UMeHN akanemuka E.A. bykerosa, Kaparaga, Kazaxcran

Anomayus

B nmanmoif cTaThe mpencTaBiIeHBI Pe3yIbTaThl SKCIIEPUMEHTAIBHBIX UCCIIEOBAHNN TAPyCHON BETPOIHEPrETUIECKOMH
YCTaHOBKH C HCIIOJIB30BAaHHEM MOJENH, YNPABIIeMOil cucTeMoi Jionacteil. OCHOBHAsS LI€b MCCIIENOBAaHHS 3aKJII0YAIach B
U3y4EHUM BIHMSHUS DPA3IMYHBIX IapaMeTPoOB Ha a’pOAMHAMHUYECKHE XapaKTCPUCTHKM YCTaHOBKU. [l mpoBeneHUs
UCCIIEA0BaHUM ObUT CO3/1aH HKCIIEPUMEHTAIbHBIA MAaKeT YCTAHOBKH, OCHAILEHHBIN NMapyCHBIMHU JIONAcTsAMU. MccnenoBaHus
MPOBOIMIIMCH TPHU Pa3IMUHBIX yTiaX OTKIOHEHWs mapycHbIX nomactei: 0°, 30°, 60° u 90°. Kpome Toro, BapprupoBanach
CKOpOCTh BO3JYLIHOTO MOTOKAa B Juamna3oHe oT 3 g0 15 m/c. Bee akcnieprMeHTh! ObLIM BBIIOJHEHB! B a3POAMHAMHYECKON
TpyOe T-1-M, mpeanHa3sHaueHHOHW U1 TOYHBIX M3MEPEHMH CHJI MU MOMEHTOB, NEWCTBYIONIMX HA YCTaHOBKY. Pe3ynbTaTsl
UCCIIEA0BAHUs IIOKa3all, YTO C yBEIUYEHMEM CKOPOCTH BO3JYIIHOIO IOTOKA YBEIMYMBAETCS 4YacTOTa BpAILlCHUS Baja
BETPOIHEPreTUYECKOM YCTaHOBKM. MakcuMaibHas 4acTOTa BpallleHHsl Bajla JIOCTUTAeTCs IPU HYJEBOM OTKIOHEHWMHU
napycHsIx Jsioniactei (o0 = 0°). OCHOBHBIC a3POIUHAMUYCCKUE XAPAKTEPUCTHKH YCTAHOBKH, TAKHUE KAK 4acTOTa BPAILICHUS
BETPOTYPOUHBI, ObUTH NU3MEPEHB! U IIPOAHATN3UPOBAHBI B 3aBUCUMOCTH OT YIUIa OTKIOHEHHS U CKOPOCTH MOTOKA.

Ha ocHOBe MOJy4eHHBIX JaHHBIX ObLIa IIOCTPOEHA 3aBUCHMOCTH YaCTOTHI BPAILIECHUs NMapyCHOH BETPOYCTAaHOBKH B
3aBUCHMOCTH OT CKOPOCTHU BO3/YILIHOr0 MOTOKa. OTMEYEHO, UTO C YBEIMUEHUEM CKOPOCTH IIOTOKA Harpy3Kka BO3pacTaeT, 4To
BaXHO ISl ONTUMM3AIMU PAOOTHl U 3(P(HEKTUBHOCTH BETPOIHEPTETHUECCKUX YCTAHOBOK. TakuM 00pa3oM, MpOBEAEHHbIE
UCCIICIOBAHUS TPENOCTaBIIAIOT Ba)KHbIE JaHHbIE Ul JaJbHEHIIEro COBEpIICHCTBOBAaHMSA JAM3ailHA M YIpPaBICHUSA
IMapyCHbIMU BETPOOHCPIE€TUYCCKUMHU YCTAaHOBKaMH, a TAKKE UL ONTUMU3ALAU UX paGOTbI B Pa3jIMYHbIX KIMMAaTHYCCKUX
YCIIOBUSIX.

Kniouegvie cnosa: mapycHast 100acThb, BETPOIHEPreTHIECKasl YCTAaHOBKA, BETPOTYPOHHA, YTOJI OTKIOHEHHS JIOTIACTEH,
4acToTa BpalleHHsl, a3poquHamuueckas tpyoda T-1-M.

Beenenne

Kazaxcran, Omaromapst cBOeMy - YHHKaJIbHOMY TeorpauyeckoMy TMOJOKEHHIO, 00NajaeT 3HAYUTENbHBIM
MIOTEHIHAJIOM ISl HCIIOTIb30BAHUS BETPOIHEPIeTHKH C LENbIO MPOM3BOACTBA HIIEKTPOIHEPTUU M CHIDKSHUSI 3aBUCHMOCTH OT
TPaAUIMOHHBIX PHEPropecypcoB, TakWX Kak He(Tb M ra3. B mocimegHue roipl cTpaHa aKTUBHO Pa3BHUBAaeT 3Ty OTpacib,
npuBJekas 3apyOekHble MHBECTHLMH W CTPOS HOBBIE BETPOMApPKH, YTO CHOCOOCTBYET JIOCTH)KCHHIO SHEPreTHYECKON
HE3aBHCHMOCTH M CHIDKCHHUIO BBIOPOCOB IAPHUKOBHIX ra3oB. Ha 3HaumTenbHON wactu Teppuropun KazaxcraHa cKOpOCTb
BETpa A0CTUTACT 3-4 M/C, a HA OTKPBITHIX YYaCTKaX OHA MOXKET JOCTHraTh 6 M/c 1 Bbiwie [1].

Texnonoruu B 001acTH BETPOIHEPIETUKH YACTO BKJIIOYAIOT B Ce0sl BETPOT€HEPATOPHI C JIOMACTHBIMH POTOPaMH,
NpUMEHsIeMbIe B TYPOWHHBIX BETPOBBIX 3JIEKTPOCTaHIMIX. OJHAKO TaKHUE YCTAHOBKU CTAIKMBAIOTCS C MPOOJIEeMaMHu,
CBSI3aHHBIMH C HENPEJCKa3yeMOCThI0O CKOPOCTH M HAIpABICHHUS BETPa, a TAKKe OTPAaHUYECHHBIM Pa0OYMM JHAra3oHOM
ckopocreii. B Kazaxcrane 3 ek THBHOCTh MPUMEHEHUS TAKUX TEXHOJIOTUH CUIIBHO OrpaHuyeHa [2].

OpmHUM U3 BapUaHTOB DEIICHMS JTOW MpPOOJIEMBbI SIBISIETCS HCIIONB30BAaHHE IAPYCHBIX BETPOIHEPTETUUECKHUX
YCTaHOBOK. B oTimune OT TpaAUIMOHHBIX JIONACTHBIX TYpOUH, MapyCHbIE YCTAHOBKU MOTYT T€HEPUPOBATH HIEKTPUUECKYIO
SHEPrHi0 yXKe Ipu cKopocTH Betpa 3 M/c [5]. OHHM pa0OTAalOT HAa OCHOBE KHMHETHYECKOW HSHEPrHH BeTpa, KOTOpas
peo0pasyeTcss B MEXaHWYECKYI0 JHEPIUI0 BpAIEHHS Baja MOJA BO3JIEHCTBHEM a’pOAMHAMUYECKON CHIIBI TOIBEMA,
JIEHCTBYIOIIEH HA ITOBEPXHOCTH Mapyca.

OnHAaKO CYIIECTBYIOIIME MOJENH IApYyCHBIX BETPOIHEPIeTHMYECKUX YCTAHOBOK YacTO HE HMEIOT MEXaHH3MOB
PEryMpOBaHUs yIiia OTKJIOHEHHS JIONACTeH, 9TO CHIDKAaeT UX 3P (EKTHBHOCTH MPH Pa3INYHbIX YCIOBHSX BeTpa. HoBu3HON
SIBISIETCST  pa3pabOTKa yNpaBIsIeMOH CHCTeMBbl JomacTel B (opMme TpeyrompbHOro mapyca, KOTOpas II03BOJISET
ONITHMH3HUPOBATh PA0OTy YCTAaHOBKH [6]. DTO MO3BONSAET yMEHBLIUTh HArpy3Ky Ha YCTaHOBKY IIPH BBICOKMX CKOPOCTSIX
BO3/YIHOTO TIOTOKA ¥ MOBBICUTH €€ 001y 3(PEKTHBHOCTb.

Heas TeKymero uCCieNOBaHKUs 3aKIIOYaeTCs B W3YYCHWH adpOJAMHAMUYECKHAX XapaKTEPUCTUK TMapyCHON
BETPOIHEPreTHUECKOH YCTAHOBKHU C MCIIOIb30BaHUEM YIIPABISIEMON CHCTEMBI JIOIAacTel B (hopMe TPEYroNbHOTo napyca.

B nannoMm nccnenoBanuy MpoBeAeHbl SKCIEPUMEHTHI C MAKETOM BOCHMUJIONIACTHOM MapyCHONW BETPOIHEPreTUUECKOM
YCTAaHOBKH C LEJIbIO U3YUYCHUS BIIUAHUS HAIIPABJICHHUA IIOTOKA HAa a3pOJAMHAMUYCCKHEC XapaKTECPUCTHUKHU. ﬂaHHbIC HU3MEPSIINCH
HE MEHee IATH pa3, 4TOOBl O00ECIEeUUTh HANEKHOCTh PE3YNBTATOB M YYECTh BO3MOXKHBIC BapHAllMd B YCIIOBHSX
sKcniepuMeHnTa. [1Jis IpoBeIcHHs UCCIIeIOBAHUI CO31aHa BETPOTYPOHHA C YIPaBIIsEMO CHUCTEMOM JIOTAacTeH, UCCIICA0BaHUS
MIPOBOJIMIIUCH B adpoauHaMuyeckoi Tpyoe T-1-M co cnenyromum ycnoBusmu (Tabmuual).

170


https://doi:10.1038/nphoton.2013.80
https://doi.org/10.1021/acsenergylett.8b01483



