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ABSTRACT:Organometallic halide perovskites have drawn
tremendous attention for their remarkable photovoltaic properties.
We report anion modi� cation for improving annealing-free
electrochemical deposition of perovskites under an ambient
atmosphere and extending the applications. Relevant theoretical
simulation based on the Butler� Volmer functions reveals the
mechanism behind: introduced anions raise the exchange current
and electrolyte conductivity, which promotes the deposition rate
and current e� ciency simultaneously. The crystallization and
morphology of perovskites is conveniently and controllably
improved by this strategy without additional annealing or N2 protection process. We extend this method onto fully textured
silicon heterojunction solar cells, which optimizes the shape-preserving deposition of perovskites. Our article suggests a promising
way toward low-cost perovskite/silicon monolithic tandem solar cells.

� INTRODUCTION

Perovskite (PSK) solar cells (PSCs) have drawn great
attention during the last decade. The power conversion
e� ciency (PCE) is boosted from 3.7%1 to 25.5%2 due to
their favorite features:3� 8 high charge carrier mobility, long
carrier lifetimes, tunable optical band gaps, intense light
absorption, and easy fabrication of lab scale. It is the key to
obtain high-quality PSK� lms for raising the PCE. The
solution-based spin-coating methods (including one- and two-
step spin-coating) have been fully developed toward e� cient,
stable, and reproducible PSCs of both mesoporous and planar
structures6,8� 10 based on� at substrates, such as� uorine-doped
tin oxide (FTO) or indium tin oxide (ITO) glass. Vapor-
assisted deposition has also been introduced for PSK
deposition and high-e� ciency PCSs.7,11

It is well known that PSK/crystalline silicon monolithic
tandem solar cells (PSK/c-Si TSCs) have been seen as the
alternative to overcome the Shockley� Queisser limit12 (about
33% for PSCs and 29% for c-Si solar cells) by achieving
spectral distribution absorption,13 where the fully textured
silicon heterojunction (SHJ) solar cells14� 16 are employed as
the bottom cells. In our previous research studies,17� 19

electrochemical deposition methods are� rst introduced to
obtain organic� inorganic hybrid CH3NH3PbI3 PSKs for
e� cient PSCs or inorganic CsPbBr3 PSKs with extraordinary
stability against environmental conditions on� at FTO glass,
before being transferred onto pyramid-shaped textured SHJ
solar cells. However, when we raise the applied bias voltage,
the deposition will speed up while the current e� ciency will

decrease. The latter means that the hydrogen generation is also
boosted under higher applied bias voltages, which compro-
mises the integrity of PSK layers with many pinholes left.

Based on relevant studies on the impact of anions in the
electrolytes,20,21 we come up with the anion modi� cation
scheme to improve the deposition rate and current e� ciency
simultaneously under an ambient atmosphere, which is original
from the anion surface adsorption at the anode. The
morphology and crystallization of PSK are signi� cantly
promoted, among which the SO4

2� anion modi� cation is
proved to be the best. Combining the relevant theoretical
simulation based on the Butler� Volmer model,22� 26 the
related principles of electrode dynamics are fully investigated
and match well with the experiments. Additionally, this
approach is extended onto SHJ solar cells. The present work
establishes an available way toward e� cient PSK/c-Si TSCs.

� RESULTS AND DISCUSSION

Electrochemical Deposition of Pb with Anion
Modi� cation. The anion modi� cation scheme for improving
annealing-free electrochemical deposition is illustrated in
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Figure 1a. As we can see, the precursor Pb is� rst deposited
(step 1) with a constant applied bias before converted into
PSK (step 2) by a symmetric square-wave pulse voltage (as
shown inFigure S1) on the substrate under an ambient
atmosphere. In the electrochemical unit, we employed the
classic two-electrode system17,18,27 where the reference
electrode (RE) is connected with the counter electrode
(CE) of lead foil, and the working electrode is ITO glass as
illustrated. For the electrochemical deposition, we assume that
the reference potential remains stable.

For the anion modi� cation, we introduced di� erent anions
by dissolving sodium acetate (NaAc), sodium sulfate

(Na2SO4), or sodium carbonate (Na2CO3) into both electro-
lytes. They can provide the necessary anions but will not be
involved in the reactions. Specially, because the crystal
nucleation and growth are completed in electrolytes with
electric� eld assistance, the electrochemistry deposition does
not require an additional annealing process or nitrogen
protection, which simpli� es the preparation process and
extends the application prospects. Further experimental details
are given in theSupporting Information.

We conducted Fourier transform infrared spectra (FTIR,
shown inFigure S2) to verify the existence of anions in
electrolytes. The highlight peaks are assigned to the vibrations

Figure 1.Illustrations of (a) anion modi� cation for electrochemical deposition and (b) anion adsorption and Pb oxidation at the anode.

Figure 2.(a) Statistic electrolyte conductivity with di� erent anions. (b) Cyclic voltammetry curves measured in electrolytes with di� erent anions,
where the scan rate is 100 mV s� 1 and CE-RE is lead foil. (c) Experimental current� time curves with di� erent anions. (d) Experimental (boxes)
and theoretical (curves) dimensionless (i/ im)2 � t/ tm data with di� erent anions. Top-view SEM images of Pb modi� ed with (e) I� , (f) CO3

2� , (g)
Ac� , and (h) SO4

2� . The insert images are cross-section SEM images.
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of S� O (SO4
2� ), -CH-OCOCH3 (Ac� ), and C� O

(CO3
2� ).28� 30 Notably, we label the control sample (without

additional sodium salts) as“I� .” Then, we carried out
electrochemical impedance spectroscopy to study the electro-
lyte conductivity (� etl), as shown inFigure 2a. With di� erent
sodium salts dissolved into electrolytes, the conductivity
increases due to the higher ion density and number of charges
carried by them.31,32 In the case of SO4

2� , the conductivity is
raised by� 30% compared to the I� , which means faster ion
migration during the electrochemical deposition process and
guarantees more e� cient Pb deposition.20 We further
investigated the electrode dynamics during electrochemical
deposition. In step 1, the reactions at the cathode (H+ is from
the polar solvent, isopropanol) and anode are as follows:

Pb 2e Pb2 + �+ Š (1)

2H 2e H2+ �+ Š
(2)

Pb Pb 2e2� ++ Š (3)

To locate the reduction and oxidation potentials (� a, � c)
and exchange current density (ia0,Pb, ic0,Pb) of eqs 1and3, we
measured cyclic voltammograms,21 as displayed inFigure 2b.
The scan rate is 100 mV s� 1, and CE-RE is lead foil.� c is
moving from� 0.958 V to� 0.749 V and� a from 0.125 to
0.311 V. Meanwhile,ic0,Pbandia0,Pbare raised from� 10.920 A
m� 2 to � 12.168 A m� 2 and from 14.890 to 16.851 A m� 2.
These positive shifts have proven that additional anions have
signi� cantly boosted reactions at the anode with the reaction at
the cathode simultaneously boosted.

Electrochemical deposition of metals is divided into two
types: over potential deposition (OPD) and under potential
deposition (UPD).33,34 OPD means that the bias applied is
higher than� c, which can induce 3D continuous growth,34

resulting in uniform polycrystalline layers. In contrast, when
the bias voltage applied is lower, UPD produces monatomic or
subatomic layers. In the following process, we therefore set the
applied bias voltage at� 4 V to proceed OPD.Figure 2c
presents the experimental current� time transient curves.
There are two stages in the curves: at stage 1, the voltage
decreases very sharply because of the double layer charging
and necessary decay for triggering the OPD of Pb20; at stage 2,
the current increases to the maximum (im) at tm and then
decreases to a certain value gradually, which indicates the
nucleation and growth processes.34,35 There are two extreme
situations of electrochemical deposition: instantaneous and
progressive.34 In the instantaneous case, all activation points
become nucleation points in the beginning (t = 0). Afterward,
no new nucleation points are generated. In progressive
nucleation, there are successive nucleation points generated
after the beginning (t > 0). The dimensionless functions of
instantaneous and progressive nucleation are formulized
below34,35 and also given as dash and solid curves inFigure 2d
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The experimental dimensionless (i/ im)2 � t/ tm is trans-
formed fromFigure 2c. All the boxes with di� erent anions are

well matched with the solid curve whent/ tm is less than� 3.5,
which means progressive nucleation is happening. However,
whent/ tm is higher than 3.5, they exhibit partial departure
from the solid curve. This indicates that the generation of new
nucleation points is slowed down because Pb grains already
cover the surface of substrates and leave fewer space for it.

It is important to note that there is a new peak merged in
cyclic voltammograms shown inFigure 2b (labeled as� �).
Based on the pioneer works,20,21 we come up with the anion
adsorption process on the anode to explain it. As illustrated in
Figure 1b, with a bias voltage applied on the anode, the anions
in electrolytes will be adsorbed on the anode surface due to the
strong electric interaction. After the adsorbed anions settle
down on the anode surface, there will be an adsorption inner
layer formed. It equals to an extra negative electric layer at the
anode/electrolyte interface, which leads to the positive shifts as
observed inFigure 2b, contributes to the Pb oxidation, and
improves the deposition.20

Figure 2e� h show the top-view scanning electron
microscopy (SEM) images of deposited Pb modi� ed with
di� erent anions. The insert images are the corresponding
cross-sectional SEM results. We can see that with di� erent
anions introduced into the electrochemical deposition process,
the coverage and crystallization of Pb become better due to the
more e� cient electrochemical deposition induced by the anion
adsorption on the anode. The SO4

2� modi� cation is proved to
be better than the other cases.

We have also performed the energy-dispersive spectrometry
(EDS) and X-ray di� raction (XRD) to con� rm the element
composition and crystal structure. The results are shown in
Figures S3 and S4, with full width at half maximum (FWHM)
of XRD given inTable S1. The narrower di� raction peaks of
modi� ed Pb indicate better-organized crystallization with fewer
defects. FTIR was conducted before and after the Pb
deposition or PSK conversion with sulfate modi� ed on ITO
glass, as shown inFigure S5. We can see that no absorption
peak at 613 cm� 1 assigned to the vibrations of S� O (SO4

2� ) is
detected. It tells us that the anions are not included in the
obtained� lms, which is in agreement with XRD and EDS
results.

The sheet resistance of ITO glass measured by the four-
point probe method is� 8.7 and 8.6� � � 1 before and after
the electrochemical deposition, respectively. The XRD patterns
are given inFigure S6, and no signi� cant change is observed.
Both results have proven that the ITO remains stable during
the electrochemical deposition.

Theoretical Understanding of Anion-Modi� ed Pb
Deposition. We further simulated Pb deposition to
investigate details of the electrode dynamics during the
electrochemical process based on the Butler� Volmer func-
tions:22� 26

i i
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v
i

nF
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�
=

(7)

i i 10 V A
loc,H 0,H

/ c= Š Š
(8)

Eq 6 de� nes the local current density (iloc,Pb) of the
deposition of Pb at the cathode or dissolution of Pb at the
anode. ia0,Pb is the anode exchange current density as
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mentioned inFigure 2b. � a and� c are the anode and cathode
transfer coe� cients, respectively, which are often set as 0.5
without any special reason.36,37 F is the Faraday’s constant.V is
the applied bias voltage.R is the gas constant.T is the
thermodynamic temperature, which is 293 K during our
experiments.Eq 7represents the rate (� ) of the deposition of
Pb at the cathode or dissolution of Pb at the anode.36,37 n is
the number of participating electrons, which equals 2 in the Pb
reaction.M and � are the mole mass and density of Pb,
respectively. Naturally, the deposition or dissolution thickness
of Pb,d = � ·t (t is the deposition time). Besides, corresponding
to eq 2, we need to add a cathode Tafel function to simulate
the competitive hydrogen precipitation.Eq 8de� nes the local
current density (iloc,H) of hydrogen precipitation.i0,H andAc
are the exchange current density and cathode Tafel slope of the
hydrogen reaction, which are 2× 10� 5 A m� 2 and� 118 mV
according to the relevant references, respectively.36,37

As for the electrolyte part, we de� ne the electrolyte current
density vector (ietl) by eq 9and boundary condition byeq 10.

i 0etl� · = (9)

ietl etl etl� �= � (10)

� etl is the electrolyte conductivity and� etl is the electrolyte
potential. Speci� cally, we� x � etl as 14.43, 15.7, and 18.53 S
m� 1 accordingly with the anion modi� cation of CO3

2� , Ac� ,
and SO4

2� with the control sample of 14.26 S m� 1 based on
Figure 2a.

Figure 3a� d displays the simulated thickness distribution at
the cathode and anode. With the� xedia0,Pband� etl assigned to
the anion modi� cation, the Pb reactions become faster, leading

to thicker Pb layers, which is consistent with the SEM
observation. We have summarized the experimental and
simulated� lm thickness inFigure S7. It is proved that the
simulated and experimental results are well matched, which
con� rms that the progressive OPD of Pb actually happens on
the ITO glass as expected.

Figure 3a�� d� illustrates the simulated OPD on the cathode
with di� erent anions and is summarized inFigure S8. We can
� nd out that when we applied� 4 V bias voltage on the
electrodes in all the cases, the over potential at the cathode
surface becomes larger with the additional anions introduced,
matching with the increase ofia0,Pband � etl, leading to more
e� cient Pb deposition.

During the deposition process, we have noticed that there
are some bubbles generated at the interface of the cathode/
electrolyte, which is the byproduct (hydrogen) corresponding
to eq 2. The hydrogen precipitation inevitably compromises
the uniformity of Pb� lms, leaving pinholes as observed in the
SEM images. However, the bubbles nearly disappear in the
SO4

2� modi� cation, in contrast with the control samples where
the applied bias voltage remains� 4 V. We have investigated
the current e� ciency (� ) to explain this promotion. We de� ne
the cathode current e� ciency � c = iloc,Pb/ iloc,c, where the
cathode local current densityiloc,c = iloc,Pb + iloc,H [matching
with Pb reduction and hydrogen precipitation, i.e.,eqs 1and2,
respectively]; and the anode current e� ciency� a = iloc,Pb/ iloc,a,
where the anode local current densityiloc,a= iloc,Pb[matching
with Pb oxidation, i.e.,eq 3]. It is obvious that� a always equals
100%. The simulation results of� c are shown inFigure 3a� � d�
and summarized inFigure S9. With the anions introduced,� c
becomes higher, indicating that the hydrogen precipitation is
e� ectively depressed, in which case, the deposited Pb layer will
be more compact as observed inFigure 2e� h.

Tafel slopes obtained from the Tafel plots are another major
parameter of the electrochemistry reaction rate. The simulated
and experimental cathode Tafel plots are presented inFigure
3e,e�, with simulated and experimental cathode Tafel slopes
listed inTable 1with all the other simulation results. The

simulated Tafel slopes (A i
Vs

log / (A m )loc,c
2

= | |Š
) are calculated

from the simulated results mentioned above, whereiloc,c= iloc,Pb
+ iloc,H is the simulated cathode local current density andV is
the over potential. The experimental Tafel slopesAe are� tted
from the log|i/(A m � 2)|� V plots converted from the
experimental cyclic voltammograms shown inFigure 2b. i is
the experimental current density andV is the voltage obtained
from the experimental cyclic voltammograms shown inFigure
2b. We can see that the experimental results match well with
the simulated ones, which con� rms that our simulation is
reliable and e� ective. Besides, in the SO4

2� case, the largerAe
suggests faster reactions as discussed before.

From the simulations mentioned above, we can tell that
SO4

2� modi� cation increases the over potential at the cathode
surface from� 3.871 to� 3.982 V, current e� ciency from

Figure 3.Illustrations of simulated� lm thickness distribution of (a)
I� , (b) CO3

2� , (c) Ac� , and (d) SO4
2� , over potential distribution of

(a�) I � , (b�) CO3
2� , (c�) Ac� , and (d�) SO4

2� , and cathode current
e� ciency of (a� ) I � , (b� ) CO3

2� , (c� ) Ac� , and (d� ) SO4
2� . (e)

Simulated and (e�) experimental cathode Tafel plots.

Table 1. Summarized Simulation Results

thickness
[nm]

over potential
[V]

current
e� ciency [%]

As
[V� 1]

Ae
[V� 1]

I� 185.42 � 3.871 97.61 � 1.727 � 1.732
CO3

2� 217.9 � 3.938 98.42 � 1.735 � 1.741
Ac� 244.39 � 3.973 99.6 � 1.771 � 1.779
SO4

2� 285.32 � 3.982 99.72 � 1.788 � 1.794
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97.61 to 99.72%, andAs from 1.727 to 1.788 V� 1, which has
revealed that higheria0,Pband� etl would speed up the reactions
and depress the hydrogen at the same time introduced by the
anion adsorption other than higher applied voltages or
currents.

PSK Conversion and PSC Fabrication.In step 2, we
continue to use the anion modi� cation strategy. Following our
previous work,17,18 we have employed a symmetric square-
wave pulse voltage to convert the SO4

2� -modi� ed Pb into PSK.
In the positive bias voltage period, the unit is reversed as the
one used in step 1, in which case the deposited Pb is the anode
and Pb oxidation ofeq 3 accordingly improves with the
introduced anions. The yielded Pb2+ ions in situ reacted
e� ciently and fast with MA+ and I� ions in the MAI
electrolyte, as given ineq 11:17,18

Pb MA 3I MAPbI2
3+ + �+ + Š

(11)

When the pulse voltage turns negative, the Pb2+ ions are
drifted toward the substrate by the strong electric� eld,
achieving the enrichment of Pb2+ ions in the near� eld above
the substrate.17,18 It ensures that the reactions sustain and are
stable.

Figure 4a� d presents the top-view SEM images of as-
converted PSK insert with the corresponding cross-sectional
SEM images. Because the introduced anions boost the Pb
oxidation and depress the hydrogen generation as described
above, the morphology and coverage of PSK are signi� cantly
improved, PSK grains are stacked more tightly, and PSK layers
are more compact with fewer pinholes left. It is crucial to the
e� cient devices.38,39 With the entire conversion and
crystallization processing in the electrolytes, no annealing or
N2 protection is required. The EDS and XRD results are
displayed inFigures S10 and 11, respectively, and FWHM is
given inTable S2. The purity and higher-quali� ed crystal-
lization of PSK is expected,3 which is in accordance with SEM
observations.

Figure 4e shows the absorbance spectra of PSK insert with
the corresponding Tauc plots. The enhanced light absorption
and increased absorption edge is original from anion-modi� ed
PSK layers and crucial to e� cient PSCs.Figure 4f shows the

photoluminescence (PL) insert with time-resolved PL spectra.
The corresponding FWHM and carrier lifetimes are listed in
Tables S3 and S4, respectively. The smaller FWHM of PL and
longer � uorescence lifetime of SO4

2� -modi� ed PSK demon-
strate more e� cient charge carrier generation and trans-
portation, in which case more e� cient PSCs are expected.

Then, we fabricated PSCs with a typical architecture of ITO
glass/compact TiO2 (c-TiO2)/PSK/spiro-OMeTAD/Ag, as
illustrated inFigure S12. The current� voltage (J� V) curves
and the corresponding photovoltaic parameters are displayed
in Figure S13 and Table S5, respectively. The PSC modi� ed
with SO4

2� exhibits the best performance:VOC = 1.09 V,JSC =
22.26 mA cm� 2, FF = 75.88%, and PCE = 18.45% (� 3.6%
higher than that of the control sample), which contributes to
the higher-quali� ed PSK with better morphology and optical
properties.17,39 The device hysteresis is also investigated in
Figure 4g. Depressed hysteresis (about 0.9%) is important to
e� cient solar cells.17,39 The external quantum e� ciency curve
of the SO4

2� PSC is shown inFigure 4h with the corresponding
integrated current density. We can see that the PSC has a
strong response across the entire visible spectrum.8,40 The
integrated current density is 21.97 mA cm� 2, which is close to
the measuredJSC.

17

Extension onto SHJ Solar Cells.Now we extend the
anion modi� cation approach onto the pyramid-shaped
textured SHJ solar cells. Cyclic voltammetry was conducted
in electrolytes with di� erent anions, and the cyclic voltammo-
grams are shown inFigure S14a. With anions introduced,� c is
shifted from� 0.896 to� 0.692 V and� a from 0.185 to 0.252
V; ic0,Pb increases from� 6.817 to� 7.623 A m� 2, whileia0,Pb
from 14.890 to 16.851 A m� 2. The shifts and the observation
of � � indicate that the anion adsorption can also happen on the
SHJ solar cells, boosting the reactions at both cathodes and
delivering more e� cient deposition. The experimental
current� time transient curves and theoretical dimensionless
data are displayed inFigure S14b,c. We can� nd that the
progressive OPD of Pb can also be realized on the SHJ solar
cells and SO4

2� modi� cation boosted reactions better than the
other cases.

Figure 4.Top-view SEM images of as-converted PSK with the anion modi� cation of (a) I� , (b) CO3
2� , (c) Ac� , and (d) SO4

2� . The insert is the
corresponding cross-section SEM images. (e) Absorbance spectra insert with corresponding Tauc plots and (f) PL spectra insert with TRPL
spectra of PSK converted with di� erent anions. (g) RS (revers scan) and FS (forward scan)J� V curves and (h) EQE and corresponding integrated
current density of the SO4

2� PSC.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c10232
J. Phys. Chem. C2022, 126, 4785� 4791

4789

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10232/suppl_file/jp1c10232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10232/suppl_file/jp1c10232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10232/suppl_file/jp1c10232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10232/suppl_file/jp1c10232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10232/suppl_file/jp1c10232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10232/suppl_file/jp1c10232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c10232/suppl_file/jp1c10232_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10232?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10232?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10232?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10232?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c10232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 5a� d,g,h displays the as-deposited Pb and converted
PSK on fully textured SHJ solar cells. With SO4

2� modi� cation,

the morphology of conformal Pb and PSK is signi� cantly
improved. The anion modi� cation scheme is proved to be
available for pyramid-shaped textured SHJ solar cells, which
establishes a new way toward low-cost PSK/c-Si TSCs.

� CONCLUSIONS
We introduce anion modi� cation to improve annealing-free
electrochemical deposition of PSK under an ambient
atmosphere e� ciently and manageably. The electrode
reactions have been conveniently boosted by the introduced
SO4

2� , which leads to faster crystallization, optimized
morphology, better optical properties, and higher PCE. We
theoretically investigate the mechanism based on the Butler�
Volmer model: the simultaneous increase of the deposition
rate and current e� ciency is original from the higher exchange
current and electrolyte conductivity, which is triggered by
anion adsorption. This approach has been extended onto SHJ
solar cells and promotes the shape-preserving growth of PSK.
Due to the annealing-free process under an ambient
atmosphere, our research establishes a promising way toward
low-cost PSK/c-Si monolithic TSC fabrication.
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