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Abstract

Perovskite solar cells (PSCs) have attracted a lot of attention in recent years due to their high
efficiency. However, this recorded performance (25.5%) is still lower than the theoretical
Shockley-Queisser limit due to the defects at the surface and interface of devices. One potential
strategy is to passivate the films by polymers for the PSCs owing to the tunable properties of the
polymers. Herein, we introduce polylactic acid (PLA) with CH3 and C=O functional groups to
passivate the interface between the perovskite and hole-transport layers. The FTIR results display
the interaction of PLA and perovskite. The hole-only devices demonstrate decreased hole defect
density in the PSCs by PLA passivation. Therefore, the PCE of the PSCs increases from 19.3% to
20.6%, and the Voc enhances from 1.07 V to 1.10 V as the device is treated by PLA passivation.
Furthermore, PLA passivation improves the stability of the PSCs. The PSC with PLA passivation
maintains ~90% of the initial PCE value, whereas the control device only keeps ~72% for 14 days.
Besides, the PCE of the PSC with PLA passivation can maintain ~73 % of the original value, but
the PCE of the control device decreases to ~45 % of the initial value under 60 + 5% RH for 450

min.
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1. Introduction

In recent years, organic-inorganic perovskite solar cells (PSCs) attracted great attention due to
the low cost, tunable bandgap with strong light absorption, long charge diffusion, and easy solvent
engineering[ 1-5]. Up to now, the power conversion efficiency (PCE) has reached 25.5%[6] from
the first reported PCE of 9.7%( 7], which is attributed to some critical improvements, including the
device structure engineering, the optimization of hole and electron transport layer materials, and
the improved perovskite film quality by additives and interface passivation engineering[8—10].
However, the theoretical Shockley-Queisser limit of PCE value is ~30%, which is still higher than
the current PCE record [11]. The defects of the perovskite films are considered to be the key reason
for the limited PCE of devices. In addition, the degradation of the PSCs begins from the surface
and grain boundaries in the perovskite films due to ion migration and non-radiative
recombination[12—14]. To further enhance the PCE and the stability of the PSCs, some research
strategies were developed including antisolvent treatment[15,16], perovskite precursor solution
engineering[17,18], and in-situ surface passivation[19,20]. The passivation treatment is considered
as the effective method to increase the PCE of the PSCs[21], which can decrease the defect density

and suppress the charge non-radiative recombination.

Polymer with several functional groups is considered as the promising material to modify the
PSCs (such as -COOH, -SH, and -NH32), which can reduce the defect states and enhance the
stability of the devices[8,22,23]. Yang et al. introduced the polymer with nitrile (C=N) in the side

chain of the structure into antisolvent to further improve the perovskite films, and the PCE of the
devices increases from 18.18% to 22.02%([24]. Zhao et al. boosted the PCE of PSCs to 23% by
polymer with C=O functional group to passivate the defects in the perovskite films, because the
C=0 function group can react with the undercoordinated lead ions[25]. However, it is still a
challenge to not only heal the trap states of the perovskite films but also improve the stability of

the PSCs by the passivation of the polymer under harsh humid conditions.

It is reported that poly(methyl methacrylate) (PMMA) can improve the performance of PSCs
due to the C=0 groups on the side chain of the PMMA, which is explained by the passivation of
Pb>* ions via C=0[26]. Therefore, the C=0O on the side chains of PMMA are attached to the
perovskite films to passivate the defects, and the backbone is hung out of the films, which is not

very stable. In addition, It seems that the alkane groups (methylene, methine, and methyl groups)



on the PMMA are optional to the cell passivation. The redundant alkane groups in PMMA may
increase the interface resistance of the devices, leading to decreased charge transport in the devices.
It is necessary to investigate the polymer with less redundant groups to optimize the device

performance.

Herein, we introduce the PLA polymer with carboxylic groups in the main chain to improve the
efficiency and enhance the stability of the PSCs. The structure of the PLA monomer is similar to
PMMA. The carboxylic groups are located at the backbone of PLA compared to the side-chain
position of carboxylic groups on PMMA, leading to a stable connection between the PLA and
perovskite films. The monomer of PLA (C302H4) shows C:Ha4 less than PMMA (CsO2Ha4).
Therefore, the passivation effect of PLA is very promising and better than that of the PMMA. The
C=0 functional groups in the PLA can interact with the perovskite, which decreases the trap states
and further enhances the performance of the PSCs. The PSCs modified with PLA show the PCE
of 20.6% with Jsc of 24.7 mA/cm?, Voc of 1.10 V, and FF of 75.8%, whereas the control device
exhibits the PCE of 19.3% with Jsc of 24.6 mA/cm?, Voc of 1.07 V and FF of 72.9 %. Besides,
the hysteresis behavior is suppressed by the PLA passivation. Therefore, PLA passivation reduces
the charge non-radiative recombination in the devices. Furthermore, the PLA passivation protects
the perovskite layer from moisture, which is attributed to the long alkyl chain of polymer structure.
The PSC with PLA passivation can maintain ~90% of the initial PCE, whereas the control device

degrades to ~72% of the original value after 14 days in the condition of 25+ 5%. Under 60 + 5%

RH for 450 min, the device with PLA passivation can keep ~73% of the initial PCE value and the

control device decreases to ~45% of the original PCE.

2. Materials and Experiments

2.1 Materials

PLA and formamidine iodide (FAI, 99%), cesium iodide (Csl, 98%), methylammonium
bromide (MABT1, 99.9%), chlorobenzene (CB, 99.8% anhydrous), isopropyl alcohol (IPA) and
2,2°,7,7°-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro-OMeTAD) were
obtained from Sigma Aldrich (America). Lithium bi(trifluoromethane) sulfonimide (Li-TFSI) was
received from TCI (Japan). Lead iodide (Pbl2, 99%), titanium (IV) chloride (TiCls, 99.9%),
dimethyl sulfoxide (DMSO, 99.8 % anhydrous) and gold (Au, wires) were purchased from Alfa



Aesar (America). Lead (II) bromide (PbBr2, 99%) was obtained from Chemsavers. 4-tert-
butylpyridine(4-tBP) was purchased from Accela (America). Patterned fluorine doped tin oxide
glass substrates were purchased from Advanced Election Technology Co., Ltd (China).

2.2 Device Fabrication

The FTO-coated glasses are used as substrates in this work. The substrates were cleaned
sequentially with detergent, acetone, deionized water, and isopropanol with ultrasonic cleaning for
15 min. After that, the substrates were dried by N2 flowing and then were treated with ultraviolet-
ozone to remove the remaining organic solvent on the films for 30 min. For this work, the electron
transport layer TiO2 was synthesized by the sol-gel method. TiCls was diluted in 150 mL deionized
water at 0 °C to obtain TiCls solution (0.2 M), and then the FTO substrates were put into the TiCls

solution to fabricate the TiO2 layer in a water bath at 60 °C for 60 min. Next, the substrates were

washed with deionized water and isopropanol for 5 min, and then the substrates were annealed at

200 °C for 30 min to form FTO/ TiOz films. Then the films were transferred to the glove box to

prepare the perovskite layer. Pblz (1.1 M), PbBr2 (0.2 M), MABr (0.2 M), and FAI (1 M) were
dissolved in the mixed solvents (DMF: DMSO=4:1, volume ratio) to obtain the perovskite
precursor solution. Then 40 pl Csl solution (1.5 M in 1 mL DMSO) was dropped into the
perovskite precursor solution. The perovskite precursor solution was spin-coated on TiO:2 layer
with 2000 rpm for 40 s, and chlorobenzene as anti-solvent was dropped on the spinning substrates
with 4000 rpm at the last 20 s, and then the films were annealed 60 min to form
Cs0.05(FA0.83MAo.17)0.95Pb(l0.83Bro.17)3 perovskite films. After that, the PLA solutions with different
concentrations in chloroform were spin-coated onto the perovskite films and annealed for 10 min

under 70 °C. For the hole transport layer, 72.3 mg of Spiro-OMeTAD was dissolved in 1 mL
chlorobenzene with adding 28.8 upL of 4-tertbutylpyridine and 17.5 upL of bis

(trifluoromethylsulfonyl) imide lithium solution (520 mg in 1 mL acetonitrile). The Sprio-
OMeTAD solution was spin-coated on the perovskite layer at 4000 rpm for 30 s. Finally, the gold
(Au) electrode was thermal evaporated on the top of the Spiro-MeOTAD layer after oxidation for
12 h. The device area is 0.1 cm? decided by the shadow masks.



2.3 Film Characterization

The perovskite film surface morphology information was studied by scanning electron
microscopy (SEM) with a field emission scanning electron microscope (LYR3 XMH, Tescan) and
atomic force microscopy (AFM) (Bruker Dimension Icon Scanning Probe Microscope). The UV-
vis absorption spectra were obtained by Cary 60 UV-vis spectrophotometer (Agilent
Technologies). The current-voltage (JV) curves were measured by a digital source meter (Keithley,
2400, USA) under the illumination AM1.5G (100 mW/cm?). The steady-state photoluminescence
(PL) spectra and the time-resolved photoluminescence (TRPL) were collected by the fluorescence
spectrometer (FluoroMax, Horiba) with DeltaHub and NanoLED. The electrochemical impedance
spectroscopy (EIS) of the PSCs was measured by the electrochemical workstation (CHI 604E) to
investigate the series and non-radiative recombination resistances of the PSCs. For the EIS
measurement, the PSCs were swept from 1 Hz to 1 M Hz frequency with 0.9 bias in the dark. The
monochromatic external quantum efficiency (EQE) was obtained by the quantum efficiency
measurement system (IQE-200B, Newport). In addition, the JV curves of the hole-only devices
were measured by source meter (Keithley, 2450, USA). The crystallization of perovskite film was

studied by XRD with a Rigaku Smart Lab X-ray Diffractometer from 10 degrees to 40 degrees.

3. Results and discussions

Figure 1a shows the fourier infrared transmittance (FTIR) spectra of perovskite films with and
without PLA passivation, in which the C-O binding peak exhibits redshift from 3266 cm™! to 3261
cm! as the perovskite film is modified by PLA. The redshift indicates the interaction between PLA
and perovskite films. Figure S1 exhibits the FTIR spectra of PLA, perovskite film, and perovskite
film with PLA passivation. The FTIR spectrum of PLA shows the peaks of 1750 cm™!, 1454 cm!,
and 1284 cm™, which are attributed to functional groups of C=0, C-H, and C-O respectively
[27,28]. Very tiny peaks at similar positions are also observed in perovskite film with PLA
passivation, but the peak intensities are very weak, indicating a limited amount of PLA 1is in the
perovskite films (Figure 1a), since the perovskite films are scratched out from the substrates to
obtain the corresponding powder for the FTIR measurement, leading to the PLA on the film surface
is mixed into the perovskite powder. Figure 1b displays the crystallization of perovskite films with
and without PLA passivation. The peaks at 14.1°, 20.0°, 24.5°, 28.3°, 31.8°, and 34.9° are attributed
to (100), (110),(111),(200), (210), and (211) crystal planes. The perovskite films with and without

passivation look identical in terms of peak positions. Therefore, the crystal structure is not
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influenced by passivation. The structure of the PSCs is shown in Figure 1¢ (FTO/TiO2/perovskite
with PLA/Spiro-OMeTAD /Au). TiO2 is employed as the electron transport layer, and Spiro-
OMEeTAD is used as the hole transport layer. PLA is used to modify the perovskite films and the
molecule structure is illustrated in Figure 1d. The PLA passivation mechanism is illustrated in
Figure 1d. The PLA shows significant potential to passivate the defects in the perovskite films and

improve the carrier extraction due to the C=O functional groups in the PLA structure[29].

To study the PLA influence on the morphology and flatness of perovskite films, SEM and AFM
measurements are carried out. Figures 2a and b exhibit the top-view SEM images of perovskite
films without and with PLA passivation. Two compact and uniform films show very similar grain
sizes (~250 nm). PLA passivation has no negative effects on the surface morphology. In addition,

Figures 2c and d show the cross-section SEM images of perovskite films without and with
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Figure 1. a The FTIR spectra of perovskite films with and without PLA; b The XRD diffraction
patterns of perovskite films with and without PLA; ¢ The device structure of the modified
PSCs; d PLA passivation principle on perovskite.

passivation, which indicate the thickness of ~550 nm for the two perovskite films. The surface



—Control
—With PLA

o Absorbance (a.u.) «

900

700 800
Wavelength (nm)

Figure 2. a-b The top-view SEM images of perovskite films without and with PLA; c-d The
cross-section SEM images of PSCs without and with PLA; e-f The AFM images of perovskite
films without and with PLA; g The UV-vis absorption spectra of perovskite films with and
without PLA.

roughness results of perovskite films without and with PLA modification are obtained by AFM
measurements, as illustrated in Figure 2e and f. The root-mean-square roughness (RMS) of
perovskite film decreases from 66 nm to 45 nm after passivation by PLA. Thus, the PLA
passivation smoothes the perovskite film, which can improve the carrier extraction and transport
in the PSCs. Figure 2g displays the UV-vis absorption spectra of perovskite films with and without
PLA passivation, which shows the perovskite peaks at ~740 nm. In addition, the perovskite film
with PLA passivation exhibits the same peak, indicating the PLA passivation does not influence
the light-harvesting of the perovskite layer. We measure the transmittance spectra of FTO
conductive glass coated with different PLA concentrations (2 mg/mL, 1 mg/mL, 0.5 mg/mL, and
0 mg/mL). The PLA has little influence on the transmittance of conductive glass (Figure S2).
However, the PLA passivation layer is on top of the perovskite layer, and the incident light is
irradiated from the FTO side. Hence, the PLA passivation layer cannot affect the light absorption
of the device due to the device structure of FTO/TiO2/perovskite with PLA/Spiro/ Au.



We further study the influence of PLA passivation on PSC performance. Figure S3 shows the
photovoltaic parameters of the devices with different PLA concentrations. It can be seen that the
optimized PLA concentration is 1 mg/mL. Figures 3a and b illustrate the Voc and PCE of PSCs
without and with PLA passivation (1 mg/mL). The average Voc of PSCs increases from ~1.07 V
to ~1.10 V, and the average PCE of devices increases from ~18.5% to 19.5% as the devices are
modified by the PLA, which is attributed to the trap state modification of the PSCs after PLA
passivation[30,31]. In addition, Figure 3¢ displays the J-V curves of the champion PSCs with and
without PLA passivation. The champion PSC with PLA passivation shows a PCE of 20.6% with
Jsc of 24.7 mA/cm?, Voc of 1.10 V, and FF of 75.8%, whereas the control device exhibits the PCE
of 19.3% with Jsc of 24.6 mA/cm?, Voc of 1.07 V and FF of 72.9 %. The PLA passivation
decreases the defect density and further improves the performance of the PSCs by the interaction
between PLA and perovskite films. Furthermore, Figure 3d displays the J-V curves of the PSCs
with and without PLA passivation under forward and reverse scan directions. The hysteresis index

values are calculated by the following equation:

PCEreversed - PCEforward
P CEreversed

HI =

where PCEeversed 1S the device PCE obtained by reverse scan direction, and PCEforward 1s the PCE
of the device with forward scan direction. The PCE of the control device under reverse scan
direction is 18.53 %, and 17.40 % is obtained with the forward scan direction. However, the PCE
values of the device with PLA passivation are 19.88 % and 19.49 % for reverse and forward
directions, respectively. The calculated HI values of the devices with and without PLA passivation
are 0.019 and 0.061, respectively. It is obvious to see that the PLA passivation reduces the
hysteresis behavior of the PSCs. PLA passivation decreases the defect density and suppresses the
charge recombination at the interface of the perovskite layer and spiro-OMeTAD[32-34]. Figure
3e shows photocurrent density and PCE stability of devices with and without PLA under
continuous light irradiation for 180 s. It can be observed that the modified device shows better

stability than the control device.

Steady-state photoluminescence (PL) and time-resolved PL (TRPL) measurements of
perovskite films on FTO are carried out to study the influence of PLA passivation on charge

extraction and lifetime, as shown in Figures 4a and b. Compared to the control sample, the PL



spectrum of the perovskite film with PLA passivation exhibits a higher intensity, which indicates
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Figure 3. a-b The histograms of Voc and PCE values of PSCs with and without PLA; ¢ The J-
V curves of champion devices with and without PLA; d The J-V curves of PSCs with PLA
under different scan directions. e The steady-state current density and PCE output of the PSCs
with and without PLA.

the PLA passivation suppresses the carrier non-radiative recombination of perovskite films[35—

37]. Besides, the TRPL spectra in Figure 4b are fitted by the biexponential decay equation:
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Figure 4. a-b The PL and TRPL spectra of perovskite films with and without PLA; ¢ The EQE
of PSCs with and without PLA; d The Nyquist plot of the PSCs with and without PLA; e The
JV curves of hole-only devices with and without PLA; f The Mott-Schottky measurements for
PSCs with and without PLA.

where 11 and 12 stand for fast and slow decay time constants, respectively. The fast decay (t1) is
attributed to carriers trapping in the defects in the perovskite films, and the slow decay (12) is
assigned to the charge radiative recombination[38,39]. The fitted 11 and t2 values of the control
perovskite film are 47 ns and 191 ns, whereas the 11 and 12 values for perovskite film with PLA
passivation are 82 and 330 ns. Thus, the PLA passivation enhances the lifetime of perovskite films
and further improves the performance of devices. The external quantum efficiency (EQE) spectra
of the perovskite films with and without passivation are displayed in Figure 4c, which exhibit the
photo-response ranging from 300 nm to 850 nm in the PSCs with and without PLA passivation.
Compared to the control device, the EQE spectrum of the device with PLA passivation shows a
little higher photo-response, which is attributed to the increased carrier extract and transport at the
interface due to PLA passivation[40,41]. Electrochemical impedance spectroscopy (EIS)

measurements are performed to investigate the charge transport processes in the PSCs with and
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without PLA passivation, as illustrated in Figure 4d. Besides, the fitting circuit is shown in the
inset of Figure 4d. In the Nyquist plot, series resistance (Rs) decreases from 32.5 Q to 18.1 Q, and
the recombination resistance Rrec increases from 2044 Q to 5399 Q due to PLA passivation,
indicating PLA passivation facilitates charge transport and further enhances FF of the PSCs[42].
To further investigate the PLA passivation influence on the defect density of the interface between
perovskite and Spiro-OMeTAD layer, we fabricate the hole-only devices with and without PLA
passivation (Figure 4e), and the structure of hole-only devices is FTO/PTAA/perovskite with and
without PLA/Spiro-OMeTAD/Au. There are three behaviors in the J-V curves of hole-only devices,
including an ohmic region (n=1), a trap-filled limit (TFL) region (n>3), and a space-charge limited
current (SCLC) region (n=2)[43,44]. The hole defect density in the PSCs can be calculated by the

equation:

en,L?

TFL =
2¢eg

where nt is the defect density in the perovskite films; V1rL is the onset voltage in the TFL region;
L is the perovskite film thickness; e is the elementary charge of an electron; € stand for the relative
dielectric constant of MAPDbI3 and o is the vacuum dielectric constant. The calculated hole defect
density of the control device is 3.17x10'® cm™, whereas the hole defect density for the PSCs with
PLA passivation is 3x10'® ¢cm™. The PLA passivation reduces the hole defect density at the
interface of the perovskite film/Spiro-OMeTAD in the PSCs. Figure S4 shows the electron-only
devices with the structure of TiO2/perovskite/PCs1BM/Ag. The electron trap densities of PSCs
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Figure 5. a The stability of PSCs with and without PLA in an ambient environment with RH
condition of 25 + 5%; b The stability of PSCs and water contact angles of perovskite films with
and without PLA in an ambient environment with an RH condition of 60 + 5%; c The stability
of PSCs with and without PLA in N2 environment.

without and with PLA are estimated to be 2.93x10'® cm™ and 2.20x10'¢ cm?, respectively.
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Therefore, the PLA passivation decreases the electron and hole trap densities. Figure 4f exhibits
the 1/C? plots of PSCs with and without PLA passivation which are obtained by the capacitance-
voltage (C—V) measurement. As shown in Figure 4f, the Vui values of the devices with and without
PLA passivation are 0.94 V and 0.91V, and this result is consistent with the increased Voc of the
PSCs from 1.07 V to 1.10 V (Figure 2a). Thus, PLA passivation improves the charge diffusion

and injection of the devices[45].

In addition, we study the long-term and moisture stability of the devices with and without PLA

passivation. The stability of the devices under 25+ 5% relative humidity (RH) and 30+£5°C

conditions for 14 days is shown in Figure 5a. The control device degrades to ~72% of the initial
PCE, whereas the PSC with PLA passivation can keep ~90% of the original value for 14 days.
Furthermore, the PCE of the PSC with PLA passivation can maintain ~73 % of the original values,
but the PCE of the control device decreases to ~45 % of the initial values under 60 + 5% RH for

360 min, as illustrated in Figure 5b. Besides, the water contact angles of the perovskite films with
and without PLA are shown in the inset of Figure 5b. The water contact angle values for the
perovskite with PLA and control films are 66.25° and 33.56° respectively, which can explain the
improved stability of the devices under high humidity condonation because the perovskite film is
much hydrophobic after passivation of PLA. Figure 5c exhibits the stability of PSCs with and
without PLA in N2 environment. The device with PLA keeps 83% of the initial PCE value, but the
control device only could maintain 64% of its initial value after 600 h, which suggests the PLA
passivation suppresses the ion migration in the interface and then enhance the stability of PSCs.
Therefore, the PLA passivation protects the PSCs from moisture corrosion and further enhances
the stability of devices, which is attributed to the decreased defects and reduced ion migration in

the devices caused by PLA.

4. Conclusions

In summary, we demonstrate an effective interface engineering strategy, where polymer
molecules containing C=0O and CHs3 functional groups are introduced to modify the interface
between perovskite and hole-transport layers. The PLA passivation can suppress the carrier non-
radiative recombination and decrease the trap states at the interface by interacting with the
uncoordinated Pb?", which is confirmed by the PL, TRPL, and EIS results. The PSCs with PLA
passivation exhibit the PCE of 20.60% and the average Voc of the devices increases from 1.07 V

12



to 1.10V. Furthermore, PLA passivation can protect the PSCs from moisture and decreases the
degradation rate of the devices. The PSC with PLA passivation maintains ~90% of the initial PCE
values, whereas the control device keeps ~72% for 14 days in the condition of under 25+ 5% RH.
Besides, the PCE of the PSC with PLA passivation can maintain ~73 % of the original value, but

the PCE of the control device decreases to ~45 % of the initial values under 60 + 5% RH for 360

min.
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