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Abstract: Perovskite solar cells have attracted tremendous attention in recent years due to
the high device performance and the unique optoelectronic properties of perovskite
materials. Charge carrier balance is critical for high performance perovskite solar cells.
To improve the balance, charge carrier transport process can be manipulated by interface
engineering. Here, we report the solvent-treated PEDOT:PSS and additive-modified
PCBM as the hole and electron selective contacts, respectively, resulting in accelerated
and balanced charge carrier transport within the device. As a consequence, charge carrier
accumulation and recombination at the perovskite/selective contact interfaces were
suppressed, leading to a power conversion efficiency of 18.72% for a champion cell with
a stabilized power output of 17.70% at the maximum power point. We demonstrated that

the cells showed negligible current density-voltage (J-V) hysteresis.



Perovskite solar cells (PSCs) have attracted tremendous attention in both the
academic and industrial sectors, due to the high device performance, low cost and ease of
processability.[** The performance of PSCs can be significantly limited by charge carrier
recombination, due to the unbalanced charge carrier transport in the device.>®l Some
effective strategies have been carried out to improve the charge carrier balance, such as:
(i) decreasing the bulk recombination losses using a high quality perovskite active layer
with long charge carrier lifetimes and diffusion lengthst”®l and (ii) increasing the charge
carrier collection at the selective contacts by interface engineering,®*® which has led to
improved power conversion efficiencies (PCEs).[*13l

In the conventional PSCs based on the mesoporous TiO», additive doping of TiO:
has been an effective route to improve charge carrier balance,**! since mesoporous TiO2
provides a large surface area and the charge carriers generated in the perovskite layer can
be effectively transported to the electrode by injection into the TiO2 electron selective
contact (ESC) or by the self-connected perovskite network.[*®! In contrast, it is more
difficult to balance the hole and electron flux in the p-i-n planar heterojunction (PHJ)
PSCs (with a typical structure of ITO/PEDOT:PSS/perovskite/PCBM/top electrode,
where the anode § indium tin oxide, ITO, PEDOT:PSS,
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate), is the hole selective contact

(HSC) and PCBM is [6,6]-phenyl-Ce1-butyric acid methyl ester as the ESC) by interface
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engineering, due to the limited control of the interface area.l%* Thus far, several methods
have been proposed to improved charge carrier balance in the PHJ PSCs by: (i)
optimizing the charge carrier selective contacts (e.g., optimization of post annealing
process,!*®l modification by additive doping™” or utilization of innovative materials!*®)),
or (ii) incorporation of multilayer charge carrier selective contacts.[*%2°]

Balanced charge carrier transport is a prerequisite for high performance PSCs.["*I In
general, the importance of charge carrier balance has also been demonstrated in polymer
solar cells,?!1 light-emitting diodes[? and field-effect transistors.[>®! This balance could
be effectively improved by engineering the interfaces of the HSC and ESC. As most
previous work focused solely on hole or electron selective contact optimization, we aim
to provide a simple approach to modify the HSC and ESC simultaneously and
demonstrate the correlation of charge carrier dynamics and the device performance.

In this work, we employed the solvent-treated PEDOT:PSS and additive-modified
PCBM as the HSC and ESC, respectively. When PEDOT:PSS was rinsed by
N,N-Dimethylformamide (DMF) and PCBM was modified with 1.0 wit%
poly(methylmethacrylate) (PMMA), a significantly enhanced PCE of 18.72% was
achieved, in comparison to 16.69% for the reference device. We ascribe the performance
enhancement to the accelerated and balanced charge carrier transport from the
perovskites to the electrodes, due to HSC and ESC engineering. Using this charge carrier

balance strategy, carrier accumulation and recombination were suppressed, based on the
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open-circuit photovoltage decay and dark current density-voltage (J-V) results. In

addition, the devices with interface engineering showed negligible J-V hysteresis.
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Figure 1. (a) 2D GIWAXS measurements of PEDOT:PSS films treated by different
solvents. (b) Sector integrals of the 2D GIWAXS data. (c) An overview of the crystallite
sizes, stacking distances, and the PEDOT ratios in PEDOT:PSS films treated by different

solvents.

Figure 1a shows the 2D grazing incidence wide-angle X-ray scattering (GIWAXS)
images of the as-cast PEDOT:PSS and those from PEDOT:PSS after annealing with

methanol (MeOH), DMF, and ethylene glycol (EG). In Figure 1a, the inner and the outer
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ring correspond to the scattering from PSS and PEDOT, respectively. Sector-averaged
integrals of the g-space converted 2D GIWAXS images are shown in Figure 1b. In
general, there are no sharp crystalline reflections observed and it is, therefore, difficult to
extract accurate information on crystal size. Using the reflections observed we can
determine stacking distances from the centroid of the reflections, an estimate of the
relative amounts of PEDOT in PEDOT:PSS, and a very rough estimate of the crystal size,
fitting the profiles with Gaussian functions and using a Scherrer analysis.[?! These are
shown in Figure 1c and in Table S1 (Supporting Information). The GIWAXS results for
PCBM were essentially invariant after the addition of PMMA (Figure S1, Supporting
Information), indicating that the packing of PCBM remains unchanged. The PEDOT
crystal size varied from 1.30 nm (as-cast film) to 1.80 nm (MeOH-treated) to 1.89 nm
(EG-treated) to 2.44 nm (DMF-treated). Any changes in the apparent crystal size could
be attributed to the diffusion of the organic solvent into the PEDOT:PSS and promoting
further order.[24l

Since PEDOT is conductive, while PSS is insulating, the n-n distance of PEDOT
(the second maximum in Figure 1b) and the volume fraction of PEDOT could also
influence the conductivity of PEDOT:PSS. This distance decreased to 3.45 A for MeOH,
to 3.43 A for DMF and to 3.39 A for EG-treated PEDOT:PSS, in comparison to 3.53 A
for the as-cast film. The decrease in the =-r stacking distance results from a interchain

coupling of the PEDOT molecules.?! The solvent-treated PEDOT:PSS film had a larger
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fraction of PEDOT (up to 0.45 for DMF) due to a decrease in the dissociation of PSSH
(polystyrene sulfonic acid) into PSS, resulting in less Coulombic interactions with
PEDOT.?l Hence, a small fraction of PSS can actually be removed when the film is
treated with solvents, leading to increased PEDOT ratio in PEDOT:PSS.

In brief, DMF-treated PEDOT:PSS film possesses the largest PEDOT crystalline
size and PEDOT ratio, while the EG-treated sample has the smallest - stacking distance.
The enlarged PEDOT crystallite size, enhanced PEDOT interchain coupling together
with increased PEDOT ratio could lead to the conductivity enhancement of
PEDOT:PSS.?l The conductivity of DMF-treated PEDOT:PSS (~10! S-cm™) was
between the MeOH-treated (~102 S-cm™) and EG-treated films (~10° S-cm™), and all

have a higher conductivity than the as-cast film (~102 S-cm™).

Table 1. Photovoltaic parameters summary of PSCs with PEDOT:PSS treated by
different solvents, and PCBM modified with different concentrations of PMMA

simultaneously with DMF-treated PEDOT:PSS.

HSC/ESC X;; m AJ_ng_Z) == i;;
pristine  0.98 21.83 0.78 16.69

PEDOT:PSS  MeOH 0.98 22.29 0.80 17.48
treatment DMF 0.98 22.70 0.81 18.02
EG 0.95 22.96 0.75 16.36




0% 0.98 22.70 0.81 18.02

0]
PMMA 0.5% 1.00 22.49 0.82 18.44
concentration 1.0% 1.02 22.38 0.82 18.72
{0)
(wt2e) 1.5% 1.01 22.02 0.81 18.01
2.0% 0.99 21.57 0.79 16.87

Enhanced conductivity of HSC is conducive to the increased current densities of
PSCs (with the structure of ITO/PEDOT:PSS/CH3NH3Pbls/PCBM/BCP/Ag, BCP is
bathocuproine as the cathode interfacial layer®®). This was confirmed by the
photovoltaic results, as shown in Table 1. All the solvent-treated devices had higher
PCEs than the reference one (PCE = 16.69%). The device with DMF treatment possessed
the highest PCE (up to 18.02%). This suggests that DMF is the optimal solvent to treat
PEDOT:PSS, in comparison to MeOH and EG. It should be noted that, the work function
of PEDOT:PSS is essentially invariant (~5.12 eV, Figure S2, Supporting Information).
Thus, the PCE enhancement arises mainly from the improved conductivity (consequently,
increased short-circuit current density (Js¢)) and fill factor (FF).

However, reduced open-circuit voltages (Voc) and FFs were observed for EG-treated
devices regardless of higher conductivity (slightly improved Js¢) than the DMF-treated
samples. With the exception of the increased conductivity, this may arise from the rough
surface of the PEDOT:PSS films after EG treatment (Figure S3, Supporting Information).

The root mean square (RMS) roughness derived from atomic force microscopy (AFM) is
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~2.53 nm in comparison to ~1.98 nm (shown in Figure 2a) for the pristine PEDOT:PSS
film. The rough surface of PEDOT:PSS could create sharp traps, resulting in surface
charge carrier recombination. As a result, a low Vo and FF are expected.?”l The RMS
roughness of the DMF-treated sample decreased to ~0.76 nm (Figure 2b). The smoother
surface of PEDOT:PSS could facilitate the interfacial contact between the HSC and the
perovskite layer, resulting in a high Voc and FF.[2"%1 As the DMF-treated PEDOT:PSS

was the optimized HSC, we used the DMF-treated PEDOT:PSS in this work.

0.0 2.0 um 0.0 2.0 um

Figure 2. Atomic force microscopy (AFM) images of: (a) Pristine PEDOT:PSS, (b)

DMF-treated PEDOT:PSS, (c) Pristine PCBM, (d) PMMA-modified (1.0 wt%) PCBM.

Electron transport between the ESC (PCBM) and perovskite is also important for

PCE improvement. However, it is difficult to uniformly coat PCBM on the perovskite
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layer, due to the low viscosity of PCBM solution.?®) Moreover, the aggregation behavior
of PCBM could also lead to a poor morphology®® and a poor ESC film could easily lead
to inefficient electron transport and a decrease in the photovoltaic performance.®t To
improve the film morphology, we introduced 1.0 wt% PMMA into PCBM to form the
PCBM:PMMA hybrid ESC. Figure 2c,d show AFM images of pristine PCBM and hybrid
PCBM:PMMA coated onto the perovskite layer. The RMS roughness is ~3.16 nm for the
pristine PCBM and only ~2.45 nm for the hybrid film. PMMA helps to increase the
viscosity of PCBM solution and suppress the aggregation of PCBM molecules, leading to
a uniform ESC film, which should be beneficial for charge carrier collection as we will
show in the following discussion.

We optimized the concentration of PMMA based on the DMF-treated PEDOT:PSS.
A champion PCE of 18.72% (with a Vo of 1.02 V, Jsc of 22.38 mA-cm™ and FF of 0.82)
was achieved corresponding to the PMMA concentration of 1.0 wt%. The PCE
enhancement can be attributed to the increased Voc and FF, which benefit from the
improved film morphology.!>3 However, further increasing the concentration of
PMMA did not improve the device performance, due to the insulating characteristic of

PMMA.[29]
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Figure 3. Photovoltaic performance of the reference and balanced device: (a)

Current density-voltage (J-V) curves, (b) Steady power output at the voltage near the

maximum power point.

Figure 3a shows the J-V curves of the champion device (based on DMF-treated

PEDOT:PSS and 1.0 wt% PMMA-modified PCBM, donated as the balanced device) and

the reference device (pristine PEDOT:PSS and PCBM). The reference device had a PCE

of 16.69% while the balanced device achieved a high PCE of 18.72%. The steady-state

photocurrents and efficiencies output were measured at the voltage near the maximum

power point, as shown in Figure 3b. The balanced device achieved a stabilized current

density of 20.58 mA-cm™ and a stabilized PCE of 17.70% at 0.86 V. By contrast, the

reference device had a stabilized current density of 19.71 mA-cm™ and a stabilized PCE

of 15.97% at 0.81 V. Negligible J-V hysteresis was observed in both devices (Figure S4,
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Supporting Information). This may be attributed to the passivation effect of the bromide

additive on the perovskite trap states.!*#33
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Figure 4. Steady-state  photoluminescence  (PL) spectra for (a)
PEDOT:PSS/perovskite and (c) perovskite/PCBM. Time-resolved PL spectra for (b)

PEDOT:PSS/perovskite and (d) perovskite/PCBM.

To understand the superior performance of the balanced device, we studied the

charge carrier dynamics through the steady-state and time-resolved photoluminescence
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(PL) spectroscopy.'®*4  Figure 4a shows the steady-state PL spectra for
PEDOT:PSS/perovskite and PEDOT:PSS(DMF-treated)/perovskite films excited from
the ITO side. Figure 4c shows the steady-state PL spectra for perovskite/PCBM and
perovskite/PCBM:PMMA films excited from the PCBM side. Blue-shifted PL peaks
(from 780 nm to 776 nm at the PEDOT:PSS/perovskite interface and from 774 nm to 769
nm at the perovskite/PCBM interface) were observed. This might be attributed to a
decrease of the surface trap states on the interfaces,* since both the HSC and ESC film
morphologies were improved after treatment/modification, as shown in Figure 2. Also,
the PL intensity of the treated/modified samples showed a stronger quenching effect in
comparison to the pristine films. This observation indicates that the DMF treatment and
PMMA modification enable better charge carrier collection from the perovskite absorber
to PEDOT:PSS and PCBM, respectively.

We further studied the interfacial charge carrier transport process using the
time-resolved PL (TRPL) decay measurements. According to the one-dimensional
diffusion model,[® the observed PL decays were fitted with a bi-exponential decay
function containing a fast decay process (indicates the quenching of free carriers through
transport to PEDOT:PSS or PCBM) and a slow decay process (indicates the radiative
decay).*® Figure 4b,d show the TRPL results for the PEDOT:PSS/perovskite and
perovskite/PCBM samples, respectively. DMF treatment significantly decreased the fast

decay lifetime from 13.62 to 2.95 ns for the PEDOT:PSS/perovskite sample. The same
13



trend was observed in the perovskite/PCBM film with the fast decay lifetime decreasing
from 12.23 to 2.97 ns after PCBM modification with 1.0 wt% PMMA. Reduced fast
decay lifetimes suggest faster charge carrier transfer at the interfaces.[*®

The enhanced charge carrier quenching effect and accelerated charge carrier
transport ability were ascribed to the improved conductivity and film morphology of the
charge carrier selective contacts. For the PCBM layer, although PMMA is insulating,
trace introduction of PMMA could help to suppress the aggregation of PCBM and
enhance the interfacial contact with the perovskite,[?*2% |eading to increased electron
extraction at the perovskite/PCBM interface.[*>3! This promoted a more efficient charge
carrier collection from the perovskite to the electrode with less energy loss.[*®! It should
be noted that, the treated/modified samples had more balanced fast decay lifetimes (2.95
ns at HSC and 2.97 ns at ESC, respectively). This indicates balanced hole and electron
extraction abilities at the interfaces.[* In addition, the average PL lifetimes (derived from
the fast and slow decay lifetime) decreased from 32.25 to 15.74 ns for the
PEDOT:PSS/perovskite and from 20.94 to 14.88 ns for the perovskite/PCBM after
treatment/modification, leading to balanced PL lifetime ratios (as the perovskite PL
lifetime without quencher layer was the same for both samples). This implies balanced
hole and electron diffusion lengths according to the one-dimensional diffusion
model.[>3"38 Balanced charge carrier diffusion lengths in the perovskite and charge

carrier extraction abilities at the interfaces could lead to balanced charge carrier transport
14



in the device, as shown in Figure 5a. A balanced transport of holes and electrons is
needed to suppress the space-charge formation and the carrier recombination.*® The
space-charge may result in space-charge limited photocurrents, while the carrier
recombination could lead to undesired leakage currents.[®l They would all negatively

affect the device performance.
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Figure 5. (a) The schematic of charge carrier balance. (b) Nyquist plots of
perovskite solar cells. (c) Open-circuit photovoltage decay measurements. (d)

Logarithmic plot of J-V characteristics of solar cells measured in the dark.
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The PL results show that the charge carrier transport was accelerated and balanced
after interface engineering. To understand its influence on the device performance, we
further investigated the charge carrier dynamics of the whole cell. Firstly, we performed
the impedance spectroscopy (IS) measurement to study the inner series resistances
(consist of the sheet resistance Rsneet OF the cell and the charge carrier transport resistance
Reransport at the interfaces) of the devices.[*?) The experiment data were well-described by
the equivalent circuit, as shown in the inset of Figure 5b. From the IS modeling, Rsheet
and Ryransport are extracted. The Rsheet Were 24.3 and 22.0 Q for the reference and balanced
device, respectively. The smaller Rsheet Of balanced device was ascribed to the increased
conductivity of PEDOT:PSS after DMF treatment. The Ryansport also dropped from 28.4
(reference device) to 21.9 Q (balanced device), confirming that the charge carrier
transport process was accelerated. This could reduce energy loss during the charge carrier
collection, thus boost the device photocurrent and PCE.[0:41]

We also conducted open-circuit photovoltage decay measurements to understand the
balanced charge carrier transport. Here, we monitored the device Vo as a function of time
starting from the illuminated steady-state equilibrium to the dark equilibrium. As
mentioned above, the unbalanced charge carrier transport would result in the formation of
space-charge. Due to the recombination of the space-charge, the Vo would decay.?1 As
shown in Figure 5c, the Vo of the balanced device had a slower photovoltage decay than

the reference, suggesting a lower charge carrier recombination rate and, thus, more
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balanced charge carrier transport.[*!] Suppressed charge carrier recombination was also
confirmed by the dark current measurements,! as shown in Figure 5d. The dark current
densities of the balanced devices were almost two orders of magnitude lower than those
of the reference ones. This means that more photocurrents would flow through the PSC
instead of direct shunting, resulting in suppressed charge carrier recombination and
leakage current.[]

In summary, we employed the DMF-treated PEDOT:PSS and PMMA-modified
PCBM as the HSC and ESC, respectively, to establish charge carrier balance in the
inverted PHJ PSCs. The DMF treatment helps to enhance the conductivity of
PEDOT:PSS film and reduce its surface roughness, which facilitates the interfacial
contact between the perovskite layer and HSC. We also improved the PCBM film
morphology by the introduction of PMMA. The interface engineering of HSC and ESC
resulted in accelerated and balanced charge carrier transport in the device, leading to the
suppressed charge carrier accumulation and recombination. This strategy enables us to
achieve a high PCE of 18.72% with a stabilized output efficiency of 17.70% at the
maximum power point. This study provides a simple and effective protocol to improve

the performance of PSCs based on the interface charge carrier transport modulation.
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Experimental Section

Materials: Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS,
P VP AIl4083) was purchased from Heraeus Clevios. Lead acetate (Pb(Ac)2) was
purchased from Sinopharm Group Company and dehydrated at 50 °C for 48 hours in the
vacuum oven before use. Methylamine iodide (MAI) and methylamine bromide (MABY)
was synthesized with methylamine (MA) and hydrohalic acid (HX) through the method
reported by the previous literature.[*?! [6,6]-phenyl-Ce1-butyric acid methyl ester (PCBM)
was purchased from Nano-C Tech. 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP)
was purchased from SunaTech Inc. N,N-Dimethylformamide (DMF), 2-propanol (IPA),
and chlorobenzene (CB), were purchased from commercial sources (Acros) and used as
received.

Fabrication of Perovskite Solar Cells: PEDOT:PSS was spin-coated onto a clean
ITO substrate (1.5 cm x 1.5 cm, 15 ©Q/0) at 3000 rpm for 30 s and annealed at 130 °C for
20 min in the air. After it was cooled down to room temperature, 60 uL DMF was
dropped onto the film for 5s, and then spun off at 3000 rpm for 30 s. Next, MAI and the
dehydrated Pb(Ac). were dissolved in anhydrous DMF at a 3:1 molar ratio with 1.0
mol% MABr additive. The precursor solution was spin-coated onto the PEDOT:PSS
layer at 4000 rpm for 40 s. And then the compact and well crystallized CH3NH3zPbls films

(300 nm) were obtained (shown in Figure S5-7, Supporting Information) after thermal

18



annealing at 75 °C for 5 min. PCBM (20 mg-mL™* in CB) solution with 1.0 wt% PMMA
additive was spin-coated on top of perovskite layer at 1000 rpm for 45 s to form a hybrid
electron collection layer. After that, BCP in IPA was spin-coated at 1000 rpm. Finally,
metal silver (80 nm) electrode was thermally evaporated in the vacuum chamber with the
pressure of < 4 x 10 Pa though a shadow mask.

Characterization of perovskite solar cells: Simulated AM 1.5G irradiation (100
mW-cm2) was produced by a 150 W class AAA solar simulator (XES-40S1, SAN-EI) to
irradiate the cells (active area: 0.09 cm?). The light intensity was determined by a
standard monocrystalline silicon photodiode calibrated by the Newport TAC-PV lab. A
Keithley 2400 source meter was used to measure the J-V curves. All samples were
measured in a glove box at room temperature without encapsulation.

Other Characterizations: GIWAXS measurements were performed at beamline
7.3.3 at Advanced Light Source, Lawrence Berkeley National Laboratory. The
wavelength of X-ray was 1.240 A, and the incident angle was adjusted to 0.16°. The
scattering intensity was detected by a PILATUS 2M detector. The 2D scattering images
were analyzed using Nika software package. The FWHM of the peaks, the integrated
peak area, and the crystal size were performed using IGOR software. The atomic force
microscopy (AFM) images were obtained by the Bruker Dimension Icon in the
ScanAsyst mode. Work functions were determined by photoelectron spectroscopy

(Rikken Keiki AC-2). The steady-state and time-resolved photoluminescence (PL)
19



spectra were measured at 767 nm on the excitation at 470 nm by the fluorescence
spectrophotometer (FLS980, Edinburgh Instruments, England). The electrochemical
impedance spectroscopy (EIS) and open-circuit photovoltage decay measurements were
carried out by the electrochemical workstation (Autolab PGSTAT302N, Metrohm,
Switzerland). The ESI results were fitted with Nova. The film thickness was measured by
stylus profilometry (Bruker Dektak XT). Scanning electron microscopy (SEM) images
were obtained by the field-emission SEM (FEI Nova Nano SEM 430). The X-ray
diffraction (XRD) patterns were obtained by Mini Flex 600 (Rigaku, Japan). The
ultraviolet-visible (UV-Vis) absorption spectra of the perovskite films were obtained by

the spectrophotometer (Agilent 8453, USA).

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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