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Inverted planar heterojunction (PHJ) perovskite solar cells have attracted great attention due to their advantages of
low-temperature fabrication on flexible substrates by solution processing with high efficiency. Poly(3,4-
ethylenedioxythiophene): polystyrenesulfonate (PEDOT:PSS) is the most widely used hole transport layer (HTL)
in inverted PHJ perovskite solar cells; however, the acidic and hygroscopic nature of PEDOT: PSS can cause
degradation and reduce the device stability. In this work, we demonstrated that low-cost solution-processed
hydrophobic copper iodide (Cul) can serve as a HTL to replace PEDOT: PSS in inverted PHJ perovskite solar
cells with high performance and enhanced device stability. Power conversion efficiency (PCE) of 13.58% was
achieved by employing Cul as a HTL, slightly exceeding PEDOT: PSS based device with PCE of 13.28% under
the same experimental conditions. Furthermore, the Cul based devices exhibited better air stability than that of
PEDOT: PSS based devices. The results indicate that low-cost solution-processed Cul is a promising alternative to

PEDOT: PSS HTL and could be widely used in inverted PHJ perovskite solar cells.

Introduction

Organic-inorganic hybrid perovskites have received tremendous attention as a promising
candidate for developing next-generation photovoltaic cells because of their advantages such as
broad light absorption," * direct bandgap,’ high charge-carrier mobility,* long exciton diffusion

length,”® and solution processability.”® Owing to these merits, perovskite solar cells have made
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significant progress in recent years, with power conversion efficiencies (PCEs) boosted from 3.8%
up to over 20%."*" Conventional perovskite solar cells are typically fabricated using titanium
oxide (or other metal oxide) as the electron transport layer (ETL) and 2,2°-7,7’-tetrakis(~N,N-di-p-
methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) as the hole transport layer (HTL).
However, the high processing temperature of titanium oxide and the relatively high cost of
spiro-OMeTAD limit the further development of perovskite solar cells, especially in flexible
substrates. To overcome these drawbacks, inverted planar heterojunction (PHJ) perovskite solar

14-18
cells

using poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT: PSS) as the
HTL and a fullerene derivative [6,6]-phenyl-Cg;-butyric acid methylester (PCBM) as the ETL
have been developed and demonstrated promising efficiencies over 18%."> >

Inverted PHJ perovskite solar cells are becoming popular because they can be fabricated on
flexible substrates with simple device structure and low-temperature solution processing. In
inverted PHJ perovskite solar cells, PEDOT: PSS is the most widely used HTL due to its high

14-1

conductivity, high transparency and high work function.'*'® However, the acidic and hygroscopic

21-25

nature of PEDOT: PSS could cause degradation and reduce the device stability. Inorganic

23, 26, 27
)

p-type semiconductors such as nickel oxide (NiO or copper-doped NiO,** have been

explored in replacing PEDOT: PSS to avoid its acidic and hygroscopic characteristics.

33 could hinder its widespread adoption in

Nevertheless, the potential health risk of nickel oxide
perovskite solar cells.

Inorganic copper-based p-type semiconductors such as copper iodide (Cul) and copper
thiocyanate (CuSCN), have also attracted great attention due to their large bandgap, high
conductivity, low cost and solution processibility, and they have been widely used as HTLs in

3638 and perovskite solar cells.””- ¥4 Although

organic solar cells,** ¥ dye-sensitized solar cells,
doctor-bladed Cul has been used in conventional perovskite solar cells to replace spiro-OMeTAD,
the relatively low PCE of 6.0%" result from low open-circuit voltage (V,.) suggests that there is
still much room for improvement in performance. Electrodeposited CuSCN has also been
employed as HTL in inverted planar perovskite solar cells; however, the high series resistance of

the CuSCN films lead to very low PCE of 3.8%.” In spite of relatively low efficiency, the

low-cost and decent air stability of copper-based inorganic HTLs make them potentially feasible
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replacements for the organic HTLs in perovskite solar cells, which represent a promising step
toward further development.

In this work, we demonstrated that low-cost solution-processed Cul can serve as a HTL to
replace the commonly used PEDOT: PSS in inverted PHJ perovskite solar cells with high
performance and enhanced stability. A solution-processed device with the structure of
FTO/Cul/CH;NH;Pbl;/PCBM/Al showed a V. of 1.04 V, a short-circuit current density (Js.) of
21.06 mA/cm?, and a PCE of 13.58% under standard AM 1.5G simulated solar irradiation, while
the device with PEDOT: PSS as a HTL displayed a V,.0f 0.93 V, a J,. of 19.36 mA/cmZ, and a
PCE of 13.28% under the same experimental conditions. The results indicate that low-cost
solution-processed Cul is an alternative to PEDOT: PSS HTL and could be widely used in

inverted PHJ perovskite solar cells.

Experimental Section

Materials and preparation

PbI;(99.9985%), Cul (99.998%) were purchased from Alfa Aesar. N,N-dimethylformamide (DMF)
(99.8%), and acetonitrile (99.8%) were received from Sigma-Aldrich. PCBM were purchased

from American Dye Source Inc. Methylammonium iodide (CH3;NHj;I) was synthesized following

a previously reported method."'

Device fabrication and characterization

Perovskite solar cells with the configuration of FTO/PEDOT: PSS (or Cul)/ CH;NH;PbIs/

PCBM/Al were fabricated. Patterned FTO glass substrates were cleaned sequentially with

detergent, deionized water, acetone, and isopropyl alcohol followed by drying with N, flow and

UV-ozone treatment for 10 min. Then different hole transport layers (PEDOT: PSS, and Cul) were

formed by spin-coating on the substrates. The PEDOT: PSS solution (Baytron P VP Al 4083) was

filtered and spin-coated onto the cleaned FTO substrates at 2000 rpm for 30 s, and baked at 150 °C

for 20 min in air. The Cul films were prepared by spin-coating copper iodide acetonitrile solution

(10 mg/mL) at 4000 rpm for 30 s in the glove box, and baked on the hot plate at 100 °C for 10 min.
Then solution of 1M Pbl, in DMF was first spin coated on top of the prepared substrates at 5000

rpm for 30 s, then baked at 70 °C for 10 min, and subsequently converted to CH;NH;Pbl; by a

gas-solid crystallization process with some modification.*” The gas-solid crystallization process
3



Journal of Materials Chemistry A

was carried out in a closed container, in which the FTO/PEDOT: PSS (or Cul)/Pbl, substrates
were placed with the Pbl, side facing down at a constant height of around 2 in. against the
CH;NH;1 powder (~50mg). The container was putted into a vacuum oven at a vacuum degree of
~133 Pa, and then heated at 150 °C for desired time. The optimized reaction time is 3 h, and 2 h
for FTO/PEDOT:PSS/Pbl, substrates, and FTO/Cul/Pbl, substrates, respectively. After the
CH;NH;5PbI; film was formed and then cooled to room temperature, 2 wt% PCBM in
chlorobenzene was spin-coated onto the CH;NH;Pbl; layer at 2000 rpm for 30 s. Finally, Al
electrode (~100 nm) was deposited by thermal evaporation under a vacuum of ~2x10™* Pa through
a shadow mask. The area of device is ~0.06 cm® for each solar cell discussed in this work.

The photovoltaic performance was measured in air without any encapsulation under an AM
1.5G filter at 100 mW/cm® using a Newport Oriel 92192 Solar Simulator, as calibrated by a
standard Si solar cell. The current density-voltage (J-}) characteristics were measured using a
Keithley 2420 source meter. The external quantum efficiency (EQE) was measured using a
Newport Oriel QE/IPCE measurement kit. The light intensity was calibrated using a single-crystal
Si photovoltaic cell as a reference. UV-Vis absorption spectra were measured on a Varian Cary
5000 UV-Vis-NIR spectrometer. Atomic force microscopy (AFM) images were obtained by using
a Pico SPM instrument (Molecular Imaging Co., USA) operated in tapping mode. The scanning
electron microscope (SEM) images were taken on a ZEISS Sigma FE-SEM. The X-ray diffraction
(XRD) patterns were recorded on a Rigaku Ultima IV diffractometer using Cu Ka radiation. The
thickness of the thin films was measured by using a KLA-Tencor Alpha Step D-100 Stylus

Profiler.

Results and discussion

Cul thin film characterization

The transmission spectra of PEDOT: PSS film and Cul film on quartz substrates are shown in Fig.
1. The thickness values are similar between PEDOT: PSS film (~40 nm) and Cul film (~43 nm).
Both films were highly transparent in the visible range from 400 to 800 nm. Moreover, the Cul
film exhibited slightly higher transmittance than that of PEDOT: PSS film from 450 to 800 nm. It
should be noted that an obvious hump at about 407 nm was observed in Cul film, which may be

due to the excitation of electrons from sub-bands in the valence band to the conduction band of
4
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Cul.* The high transparency of Cul film makes it beneficial to use as HTL because it could allow

more photo flux to reach light absorbing layer for generating photocurrent.

——PEDOT:PSS
1004 o

& 80
S
N’
d.)
g 604
<
£
£ 40
&n
=
£
= 204

0 T T v T T T T T v

300 400 500 600 700 800

Wavelength (nm)

Fig. 1 Optical transmission spectra of PEDOT: PSS film and Cul film on quartz substrates.

Cul is a wide bandgap (3.1 eV) semiconductor with three crystalline phases a, f and y. Among
the three crystalline phases, y-phase Cul behaves as a p-type semiconductor.** The X-ray
diffraction (XRD) patterns of Cul films on FTO glass substrates are displayed in Fig. 2. For
comparison, the XRD spectra of the FTO substrates, FTO/PEDOT: PSS substrates, as well as the
Pbl, films and CH3;NH;3Pbl; films on both FTO/PEDOT: PSS and FTO/Cul substrates are also
given. The FTO substrates showed strong diffraction peaks at 26.36°, 33.57°, 37.60°, 51.38°,
54.55°, 61.40°, and 65.39°, which can be assigned to the (110), (101), (200), (211), (220), (310),
and (301) planes of FTO.” The diffraction peaks of FTO/PEDOT: PSS substrates are nearly
identical to those of FTO substrates because of the amorphous nature of PEDOT: PSS layer.** By
contrast, the Cul films exhibited an intense peak at 25.46° corresponding to the (111) reflection of
polycrystalline y-phase copper iodide with a zinc-blende face centered cubic structure.*” The Pbl,
films spin-coated on both FTO/PEDOT: PSS and FTO/Cul substrates showed almost the same
diffraction peaks at 12.65°, 25.50°, 38.58°, and 52.36°, corresponding to (001), (002), (003), and
(004) planes of Pbl,, which indicates the preferential crystal growth orientation along the ¢ axis.’
The existence of p-type p-phase Cul thin film deposited on FTO substrate as confirmed by XRD
results, along with its valance band compared to CH;NH;Pbls,” makes it possible to employ Cul

as HTL in perovskite solar cells.
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Fig. 2 XRD patterns of FTO, FTO/PEDOT:PSS, FTO/Cul, FTO/PEDOT:PSS/Pbl,, FTO/Cul/Pbl,,

FTO/PEDOT:PSS/CH;NH;Pbl;, and FTO/Cul/CH;NH;PbI; on glass substrates.

Photoluminescence (PL) measurements were conducted to investigate if Cul film can efficiently
extract photo-generated carries from perovskite absorber and be employed as HTL in perovskite
solar cells. The carrier extraction efficiency of PEDOT: PSS film was also measured for
comparison. As shown in Fig. 3, a significant quenching effect was observed when the perovskite
layer contacts with either Cul or PEDOT: PSS layer. Moreover, the Cul film exhibits PL
quenching more efficiently than that of PEDOT: PSS film, which demonstrates that Cul can be

used as HTL in replacing PEDOT: PSS for high performance perovskite solar cells.

——FTO/CH,NH,PbI /PCBM
—o—FTO/PEDOT:PSS/CH NH,Pbl /PCBM
—— FTO/Cul/CH,NH,PbI /PCBM

PL Intensity (a.u.)

L} L] L} L} L)
680 720 760 800 840 880
Wavelength (nm)

Fig. 3 Photoluminescence spectra (excited at 600 nm) of CH;NH;Pbl;/PCBM, PEDOT: PSS/

CH;NH;Pbl;/PCBM, and Cul/CH3;NH;Pbl;/PCBM on FTO glass substrates.
6
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To understand the influence of interfacial layers on device performance, the morphologies of
the different buffer layers were observed by AFM and SEM. The surface topographies of FTO,
FTO/PEDOT: PSS, and FTO/Cul were determined by atomic force microscope (AFM) as shown
in Fig. 4(a)-4(c). The root mean square (RMS) roughness of bare FTO was 6.3 nm, while the RMS
roughness decreased to 3.4 nm after being covered with PEDOT: PSS layer. In contrast, the RMS
roughness increased to 8.6 nm after being covered with Cul layer, which may be due to the
formation of large Cul grains. SEM images of the FTO, FTO/PEDOT: PSS, and FTO/Cul were
also shown in Fig. 4(d)-4(f). As shown in Fig. 4(e), the PEDOT: PSS film exhibited a highly
smooth surface and covered the FTO completely. By comparison, the Cul film showed a rough
surface with large Cul grains, which indicates the polycrystalline character of Cul film that

correlates well with the XRD result.
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Fig. 4 AFM topography and SEM images of FTO (a, d), FTO/PEDOT: PSS (b, e) and FTO/Cul (c,

f).

Fabrication and Characterization of Perovskite Solar Cells

Based on these results, inverted PHJ perovskite solar cells with the configuration: FTO/PEDOT:
PSS (or Cul)/CH3;NH;Pbl;/PCBM/ALI (Fig. 5(a)) were fabricated, using PEDOT: PSS or Cul as the
HTL (cross-sectional SEM images are shown in ESI Fig. S11). According to the previous
reports,”* the HOMO (or valence band) of Cul was estimated to be -5.1 ¢V, which is slighter lower
than that of PEDOT: PSS (-5.0 eV) and matched well with the energy levels of CH;NH;Pbls,”
indicating that both of they can be used as suitable HTLs for pervoskite solar cells. Together with
PC¢BM and Al electrode, the energy level alignment was depicted in Fig. 5(b).'® A thin layer (~40
nm) of PEDOT: PSS or Cul film was deposited on the FTO substrates by spin-coating. After
thermal annealing, the CH3;NH;Pbl; film was prepared via a two-step gas-solid crystallization
process according to the procedure reported in the literature.*” The composition and morphology
of the CH;NH;3PbI; films were investigated by X-ray diffraction (XRD) and scanning electron
microscopy (SEM) measurements. As shown in Fig. 2, the XRD peak positions for CH;NH;Pbl;
films on both PEDOT: PSS and Cul substrates are almost the same. The diffraction peaks at
14.10°, 20.01°, 23.48°, 24.50°, 28.45°, 31.89°, 34.98°, 40.68°, 42.59°, 43.20°, and 50.22°
correspond to planes (110), (112), (211), (202), (220), (310), (312), (224), (411), (314), and (404)
of the CH3NH;PbI; tetragonal phase, indicating the fully formation of perovskite structure from
PbL.” *** The as-formed CH;NH;Pbl; films grown on both PEDOT: PSS and Cul substrates
exhibit full surface coverage and are composed of micrometer-sized grains (see ESI Fig. S27).
Therefore, the full surface coverage, microscale grain size, and uniform grain structure of the
as-formed perovskite films on both PEDOT: PSS and Cul substrates are highly suitable for

inverted PHJ perovskite solar cells.
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Fig. 5 Device structure of inverted PHJ perovskite solar cell (a), and energy level alignment of

various device layers (b).

Photovoltaic Performance of Perovskite Solar Cells

The current density-voltage (J-V) characteristics of inverted PHJ perovskite solar cells employing
PEDOT: PSS and Cul as the HTLs under AM 1.5 G conditions (100 mWcm '2) are shown in Fig.
6(a) and the relevant parameters are summarized in Table 1. A reference cell without any HTL
was prepared for comparison, which displayed a V. of 0.90 V, a J,. of 15.22 mA/cmz, and a FF of
40.6 %, resulting in a PCE of 5.56%. Employing PEDOT: PSS and Cul as HTLs substantially
increased the PCE of the best devices to 13.28% for PEDOT: PSS and 13.58% for Cul. The
overall efficiency enhancement mainly came from a significant increase in FF and Jy values,
while the V. values only marginally varied. The device with PEDOT: PSS as the HTL displayed a
Voe of 093 V, a J of 19.36 mA/cm®, a FF of 73.8 %, and a PCE of 13.28%. By contrast,
employing Cul as the HTL slightly improves device performance, particularly V,. and J, as a
consequence, the PCE reached 13.58%, which is slightly higher than that of PEDOT: PSS based
device. The ~0.1 V higher V, for Cul compared to PEDOT: PSS comes from the lower HOMO
energy level and the higher J,. mainly due to more efficient charge transport process and/or light
harvesting. However, the decrease in FF for Cul reflects the lower shunt resistance (Ry,), which
may be due to some leakage paths.’*** As shown by SEM study, the FTO electrode was entirely
covered with PEDOT: PSS, however, it was not completely covered by Cul. The imperfect
coverage of Cul on the FTO substrate may form some leakage paths from FTO to the perovskite
absorbing layer. Moreover, the leakage paths can also be confirmed by AFM study. As shown in
Fig. 4, small islands were observed in Cul layer, and they could influence the perovskite layer and

thus cause large leakage current and small Rg;,.
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Fig. 6 J-V curves (a) and EQE spectra (b) for perovskite solar cells fabricated by using PEDOT:

PSS and Cul as HTL, and a reference cell without HTL.

Table 1 Photovoltaic parameters of perovskite solar cells with different HTLs

HTL Voo (V) Je (mA/cm?) FF (%) PCE (%)
Cul 1.04 21.06 62.0 13.58
PEDOT:PSS 0.93 19.36 73.8 13.28
w/o HTL 0.90 15.22 40.6 5.56

The external quantum efficiency (EQE) spectra for perovskite solar cells using PEDOT: PSS
or Cul as the HTL and without HTL are shown in Fig. 6(b). The use of PEDOT: PSS and Cul as
HTLs significantly improved the photocurrent in region from 400 to 800 nm due to more effective

charge extraction, which is correlated well with the more effective PL quench of PEDOT: PSS and
10
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Cul as shown in Fig. 3. Interestingly, the EQE curve shape of the device using Cul as HTL
differed from that of the device employing PEDOT: PSS as HTL. This phenomenon may be
attributed to the distinct differences in light absorption and interference effect between Cul and
PEDOT: PSS. The integrated current densities from the EQE spectra for devices using PEDOT:
PSS and Cul as HTL and without HTL is 18.79, 20.36, and 14.85 mA/cm’, respectively, which is
in good agreement with the corresponding J;. obtained from the J-V curves.

To study the hysteresis effects of devices incorporating PEDOT: PSS or Cul as the HTL,
both forward and reverse scan directions were conducted. Both PEDOT: PSS and Cul based
devices exhibited relatively consistent PCEs under different scan directions (ESI Fig. S3t), which
indicate slight hysteresis effect in the inverted PHJ perovskite solar cells incorporating PEDOT:

PSS or Cul as the HTL.

Stability of Perovskite Solar Cells

The long-term stability of perovskite solar cells is of vital importance for practical applications.
Although PEDOT: PSS has been widely used as a HTL in high performance inverted PHJ PSCs;
the acidic and hygroscopic characteristics of PEDOT: PSS is unfavorable for device stability.*' ™’
In this respect, the hydrophobic nature and excellent ambient stability of Cul are advantageous for

solar cell application.** *!

To verify this, the air stability of perovskite solar cells without
encapsulation was characterized and is exhibited in Fig. 7. Since Al electrode could be severely
corroded by decomposition of perovskite film after air exposure and thereby potentially affect the
device stability,” silver was used as the top electrode instead of aluminum to avoid degeneration
induced by top electrode. As shown in Fig. 7, device using Cul as HTL shows improved air
stability as compared to device employing PEDOT: PSS as HTL. The Cul-based device
maintained 90% of its initial efficiency after 14 days storage in air, while the PEDOT: PSS-based
device retained only 27% after 14 days, which was mainly due to gradual decrease in J. and FF.
The lower stability of PEDOT: PSS-based device maybe result from the acidic and hygroscopic

nature of PEDOT: PSS as well as the moisture-sensitive perovskite layer.* **
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In conclusion, we demonstrated that low-cost solution-processed Cul is a promising HTL for high

efficient and stable inverted PHJ perovskite solar cells. Benefiting from high transmittance and

deep valance band of Cul, devices employing Cul as HTL exhibit higher V,. and J,. than devices

using PEDOT: PSS as HTL. As a result, Cul based devices exhibited slightly higher efficiency

than that of PEDOT: PSS based devices. Furthermore, the hydrophobic nature and excellent

ambient stability of Cul dramatically enhanced the stability of inverted PHJ perovskite solar cells.

This work reveals that low-cost solution-processed Cul is an alternative to PEDOT: PSS and could

be widely used in inverted PHJ perovskite solar cells with high performance and stability.
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