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Fast and Controllable Electric-Field-Assisted Reactive
Deposited Stable and Annealing-Free Perovskite toward
Applicable High-Performance Solar Cells

Feng Zhou, Hong Liu,* Xinwei Wang, and Wenzhong Shen*

Recently, organic—inorganic hybrid perovskite materials have drawn great
attention for their outstanding performance in high-efficiency solar cells.
Successful synthesis has been realized either in solution-based chemical
deposition or vapor deposition. However, conflicts have never ceased among
quality control, growth rate, process complexity, and instrument requirement,
which have limited their development toward real applications. In this work,
the first electrochemical fabrication of perovskite toward high-efficiency and
scalable perovskite solar cells (PSCs) is established. The morphology and
crystallization of the CH;NH;Pbl; film can be effectively controlled by simply
modulating a few physical parameters. A detailed study on its optoelectronic
properties reveals significantly improved film quality and interfacial condi-
tions. Aided by this, the total process does not require standard annealing,
which greatly reduces the total growth time from hours to minutes. Up to
now, an efficiency of 15.65% has been achieved in planar PSCs under 1 sun
AM 1.5 condition, with small hysteresis and efficiency loss under longtime
exposure to air. Moreover, high efficiency (10.45%) can be easily attained for
large cells (2 cm?). This result will hopefully facilitate research for applicable
high-efficiency PSCs and other multicomponent materials as well.

co-workers!®’] with solid-state electrolyte.
Despite variations, all current methods
can be generally summed up as two
types: liquid-phase sequential chemical
deposition (in which one- and two-step
spin-coating are involved) and gaseous-
phase reactive deposition. As the earliest
investigated reaction type, the liquid-phase
chemical deposition (including one and
two-step spin-coating reaction) has been
frequently used due to low equipment
requirement and easy-to-operate pro-
cesses. It has achieved many milestones
in the research toward efficient, stable,
and reproducible perovskite optoelectronic
devices.B As another major method,
gaseous-phase deposition has also under-
gone significant achievements, especially
on planar-type perovskite cells.l®'] Fur-
ther achievements have been attained
by developing blade-coating,'® solvent
engineering,'’1! new types of com-

1. Introduction

In the past few years, organic—inorganic hybrid perovskite
materials have attracted great attention owing to their remark-
able and unique photovoltaic properties such as high electron
and hole mobility,'? tunable optical bandgaps,®! and strong
absorption of light Starting from the pioneer work with
3.8% efficiency in sensitized solar cells by Miyasaka and co-
workers,I’] vast development has been accomplished since
the works with maiden power conversion efficiency (PCE) of
15.0% in mesoporous structure perovskite solar cell (PSC) by
Gritzel and co-workers and 15.4% in planar PSC by Snaith and
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pound,>2%211 and modifying the carrier

transport layers/interfacesi??24 based on
studies crossing various scientific fields. Until now, a stable
efficiency of up to 21.1% was reported in Cs, (MAg17FA(s3)1-x
Pb(I,43B1¢.17)3 system with doped TiO, substrate by Gritzel and
co-workers!®! (a higher record of 22.1% has been announced by
Solliance).??! Furthermore, recent focus of the perovskite has
been expanded to hysteresis,?”->! stability,***!l and optoelec-
tronic mechanismB233] toward feasibility of the perovskite cells.
Nevertheless, these developments have still more or less been
bound to the two types of growth systems that require either
complex fabrication steps or instrumental conditions such as
vacuum circumstance. Moreover, most of these methods have
included thermal annealing at 70-150 °C for hours. The more
steps or treatments or chemicals be added, the more complexity
will be induced and the reproducibility will also be influenced.
To resolve this, the formation mechanism of perovskite itself
could also be important for research in this field and for some
essential change from another angle of view, with which only
few studies have been focused on.

From this concern, introduction of an external physical field
such as electrical field would hopefully significantly influence
the process due to the existence of ionic species (CH;NH;* or
MA*, I, Pb?*") in those systems. Up to now, the only related
works have been made by introduction of some electrochemical
means as one preliminary step in the normal solution-based
fabrications of perovskite, forming Pb oxides prior to reaction
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with MA species.?43% That is to say, they were basically still a
sort of spin-coating chemical fabrication and it still remained
unknown whether a complete electrochemical growth of per-
ovskite is possible since it has more than three components,
whether its performance is comparable to the conventionally
fabricated ones, and whether any significant difference can be
brought into the material and the method itself. In our pre-
vious research on electrochemical fabrication of PbS and CdS
nanostructures, both cationic and anionic components can
be effectively formed by suitable control of electric signal of
bias applied on the substrate, indicating a possible route for
multiple component materials, t00.?”:3¥ Furthermore, it has
also been found that electric field can significantly influence
the crystallization during electrochemical process of materials
in liquid phase,?*#% which implies another probable support
from the introduction of electric field.

In this work, we report a novel controllable and efficient
electrochemical synthesis of hybrid perovskite materials toward
photovoltaic devices. High-quality annealing-free perovskite of
several hundred nanometers thickness can be grown within a
few minutes with modulation of only a few physical parameters.
More detailed study of the mechanisms has indicated the
main enrolment of ionic species Pb%*, MA*, and I" in the forma-
tion of perovskite via thermal diffusion and directional drifting
under electric field. The whole process can be controlled simply
by a few electric parameters such as frequency, amplitude,
and waveform of the alternating current (AC) voltage applied
during the reaction. The as-fabricated perovskite has shown
an interesting anti-Stokes shift of the photoluminescence (PL)
characteristics and quite good carrier transport ability when
simply tuning the controlling voltage according to systematic
absorption, PL, time-resolved photoluminescence (TRPL), and
electrochemical impedance spectroscopy (EIS) measurement.
Evidence has also shown that certain current annealing effect
has assisted in the material formation so that a compact per-
ovskite film with uniform crystalline grains has been formed
and thus no conventional thermal annealing was needed. The
as-prepared solar cell has shown an efficiency up to 15.65%
(Voc=1.098 V, Jsc = 20.99 mA cm™2, and FF = 67.91%) with low
hysteresis and high stability with degradation of efficiency less
than 0.7% after initial 24 d. Eventually, quite good scalability
has also been found when a 10.45% efficiency was obtained
using large effective area (2 cm?), which is still expandable with
further improvement on electrode size and other conditions.

Stepl: electrodeposit Pb on
FTO/c-TiO, substrate

(i) FTo/c-Tio,

(ii) c-Ti0,/Pb
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This result would probably be helpful for the future develop-
ment of perovskite studies toward stable and applicable devices,
as well as for better understanding on the material formation
mechanisms.

2. Results and Discussion

2.1. General Concept and Preliminary Experiments

In most previous formation systems of perovskite, the precur-
sors of Pb have appeared in the form of ionic compounds and
the precursors of MA in the form of its halogen compounds.
Hence, a possible electrochemical experiment can consist of a
few major processes, namely, the dispersion and adsorption of
Pb precursor, ionization of Pb and MA precursors, and reaction
of ionized species. Moreover, the ionization of halogen ions can
be easily achieved in different solutions and thus can be sepa-
rately considered from that of Pb ions. Hence, for better con-
trollability, we have divided the total method into two steps, as
shown in Figure 1. In step 1, a Pb thin film was electrodeposited
onto a fluorine-doped tin oxide (FTO) glass substrate coated with
a thin compact TiO, (c-TiO,) in a mixed isopropanol solution of
Pbl, and Nal (which provide I~ ions to assist the dissolution
of Pbl, in the isopropanol, Pbl, + xI~ — Pbl,*", x = 1, 2).ll
In step 2, the sample was transferred into isopropanol solution
of methylammonium iodide (MAI) and perovskite was formed
under manipulated voltage applied on the pool. Finally, the per-
ovskite film was dried by N, flow for PSC fabrication. The real
pictures of samples can also be seen from Figure 1, which has
indicated formation of perovskite by a conversion from an ini-
tially semi-transparent surface to a finally dark surface.

Initially, all electrochemical conditions were set potentio-
static, which means a constant bias voltage at —2.5 V in step
1 and then a subsequent constant bias voltage at +2.5 V in
step 2. The amplitude of bias was chosen to adequately assist
the reaction and avoid inhomogeneity of the product at higher
voltage. As shown in Figure 2a—d, certain deposits covered the
substrate surface after the first step and then were replaced by
certain rectangular-shaped particles after the second step. The
as-formed materials have been integrated into a typical planar
PSC with its morphology shown in Figure 2e. Further struc-
tural and elemental analysis in Figure 2f and Table 1 has proved
that the products after step 1 and 2 are corresponding to Pb

Step2: electric field-assisted chemical
deposit MAPbI, in MAI solution

(iii) c-TiO,/MAPbI,

Figure 1. Schematic illustration of two-step electrodeposition of MAPbI;. Pictures of the sample before step 1 of the reaction, between step 1 and 2,
and after step 2 are marked by (i), (ii), and (iii), respectively. Corresponding surface morphology is displayed below the picture.
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Figure 2. Characterization of MAPDblI; film prepared under potentiostatic condition. SEM images of the sample after step 1: a) top and b) cross-sectional
view at —2.5 V, t = 5 min. SEM images of the sample after step 2: c) top and d) cross-sectional view at +2.5 V, t =5 min. e) SEM cross-sectional view

of as-fabricated solar cell. f) XRD pattern of samples after step 1 and 2; the symbols

Ugen

and dashed lines represent the peaks of FTO/c-TiO, substrate

and Pb film, respectively. g) J-V characteristics of the as-fabricated perovskite cells.

deposits and perovskite grains, respectively (details of energy
dispersive spectrometer (EDS) measurement can be found in
Figure S1, Supporting Information). The perovskite thickness
was about 480 nm. After integration of the as-fabricated perovs-
kite film into the solar cell, a PCE of 8.78% (reverse sweeping)
with a forward sweeping PCE of 7.11% (Figure 2g) was eventu-
ally yielded, indicating an announcing initial efficiency.
Nevertheless, it was still a significantly lower value com-
pared to typical efficiencies of the perovskite cells.®”] As shown
in Figure 2, this might be at least partly attributed to the mor-
phology of the as-formed perovskite film that contained large
grains with significant size variation and large spacing between
the grains, which can strongly influence the carrier transporta-
tion at the interfaces and the optoelectronic properties in the
light-absorption layer in the fabricated solar cells.[}1#2:43]

2.2. Manipulate Step 1: Pb Deposition

To resolve this, more details of the two main steps should be
studied. First of all, the Pb particles in step 1 appear to be the
basis of the perovskite growth in step 2. Therefore, the nuclea-
tion and growth of Pb particles would be the first issue in con-
trolling the perovskite formation. Assuming that the growth
rate of Pb is the same with different initial nuclei density in

the beginning of step 1 under identical situation, the final cov-
erage of Pb would be directly proportional to the initial nuclei
density. Hence, higher density of Pb nuclei in step 1 would be
helpful in the formation of more compact perovskite film and
in the meantime accelerate the increase of the perovskite cov-
erage. Besides, an adequate limit of the density and size of Pb
nuclei will also be necessary if taking into account the volume
expansion during the transformation from Pb to perovskite.
Hence, for effective control of nuclei growth, high amplitude
of bias was chosen as the key factor for development of higher-
density crystal nuclei, as commonly known in electrodeposi-
tion systems.** Therefore, we applied a high voltage pulse at
the beginning of step 1 with different amplitude from -2.5
to —25 V, followed by a constant bias at —2.5 V with different
deposition time. The pulse length was set very short (1 s) to
avoid strong nonuniformity of the products under strongly
enhanced distortion of surface field at high bias amplitude for
a long period. It has been found that —20 V pulse amplitude
(1 s) is the optimized condition for perovskite and PSC fabrica-
tion with highest nuclei density of Pb and island size (detailed
measurement method and data can be found in Figures S2-S4,
Supporting Information). As can be observed in Figure 3, the
island density and size of Pb was much higher than the one
in Figure 2 and the resulted perovskite has more uniform and
smaller grain size, which can induce less vacancy of as-formed

Table 1. EDS characterization of the sample content in corresponding steps.

Elements Ti o C N Pb |
Atomic percentage [%] Step 1 36.04 13.51 0 0 50.45 0
Step 2 0 0 27.72 8.22 16.01 48.05
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Figure 3. Effect of pulse modulation in Pb deposition stage. a,b) SEM images of Pb nuclei formed with pulse modulation (—20 V, 1 s) and corre-

sponding perovskite, respectively. c) XRD of samples without and with pulse modulation; the symbols

wgen

represent the peaks of FTO/c-TiO, substrate.

d) Absorption of samples without and with pulse modulation. e,f) PL and TRPL of samples without/with pulse modulation and without/with spiro-
MeOTAD above perovskite, respectively. g) EIS measurements of samples without/with pulse modulation, together with equivalent circuit on top.

perovskite film. Following with the fabrication of corresponding
PSC has yielded a best PCE of 11.5% (Table S1, Supporting
Information), significantly higher than the result in Figure 2.
We have further characterized the samples before and after
modulation in the Pb formation stage to investigate the origin.

Compared to the condition without modulation (Figure 2),
the X-ray diffraction (XRD) of the perovskite with pulse modu-
lation in the Pb stage has shown narrower peak width, espe-
cially the ones in the [110] and [202] direction. It indicates that
the pulse applied in the Pb formation stage has significantly
induced more organized crystallization in the later fabricated
perovskite. The as-fabricated samples were then character-
ized by combined methods to investigate their optoelectronic
property and its relationship with experimental conditions.
Since perovskite can transport electrons and holes, samples
were fabricated without and with 2,2’,7,7-tetrakis(N,N-di-4-
methoxyphenylamino)-9,9”-spirobifluorene  (spiro-MeOTAD)
above the perovskite layer to better understand their involve-
ment (configuration of samples can be found in Figure S5,
Supporting Information). As shown in absorption spectra
in Figure 3d, the absorption edge is located at about 764 and
778 nm for the samples before and after pulse modulation in
Pb formation, respectively. In the meantime, the PL peaks of all
samples (with/without spiro-MeOTAD, before/after Pb modula-
tion) are located at about 775 nm (Figure 3e). This has indi-
cated a significant transition from Stokes to anti-Stokes shift in
the electrochemical fabricated perovskite after the pulse modu-
lation in step 1. The Stokes shift is normally due to vibrational
relaxation in the perovskite in the preliminary experiment
without any optimization, which has been seen in XRD with
less organized structure than the sample with pulse modula-
tion. The anti-Stokes shift has been well known in yittrium oxy-
sulfide doped with gadolinium oxysulfide and is in this work
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possibly contributed to dissipation of thermal photons in lat-
tices of perovskite grains according to previous works.*!

Moreover, the PL spectra of the perovskite samples with
spiro-MeOTAD before and after Pb modulation have both
shown great intensity reduction compared to the one without
it. It indicates a strong involvement of holes in the general car-
rier transport of the as-fabricated perovskites.*®! In the mean-
time, as shown in Figure 3f, the TRPL of the sample with
spiro-MeOTAD hole transport layer (HTL) has also shown
significantly faster PL decays than the one without it (details
can be found in Table S2, Supporting Information) with life-
time decreasing from 104.90 to 80.04 ns without HTL and
from 64.90 to 46.53 ns with HTL, respectively. Considering the
influence of the spiro-MeOTAD on the diffusion of holes, the
lower PL peak and faster PL decays with HTL compared to the
one without it can be attributed to lower carrier density due to
enhanced hole transport with the HTL. Second, if we compare
the samples before and after Pb modulation under the same
condition, it can be seen that in both cases (with/without HTL)
there was significant reduction in PL peak and faster PL decays
after modulation in the Pb formation. Taking into account the
narrower peaks in the XRD after Pb modulation, it is likely that
the application of electric pulse in Pb formation has resulted in
the sample’s lower recombination and better transport ability
of carriers.

To better study the carrier recombination and transport pro-
cess, the samples have been further investigated by EIS. As
shown in Figure 3g, the Nyquist plot is composed of two arcs:
a small arc at high frequency and a large one at low frequency.
The equivalent circuit is shown in the upper part of Figure 3g.
According to discussion in previous research works,*”*8 the
intercept at the Z’ axis, the small and the large arcs are related
to the series resistance R; (accounting the resistance of all

Adv. Funct. Mater. 2017, 1606156
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layers including the electrode), the contact resistance R, and
the resistance of recombination R, respectively. As indicated
by Figure 3g, R, has no significant change before and after the
modulation in Pb deposition. However, the R , has shown sig-
nificantly lower contact resistance R, after modulation, which
can be related to improved interface of ETL/perovskite and per-
ovskite/HTL with fewer defects. Moreover, the large arc at low
frequency has shown significantly higher resistance of recom-
bination in the sample after Pb modulation, which indicates
that fewer recombination centers existed in the sample after
the pulse modulation in the Pb formation stage. Considering
the XRD result, less recombination is seemingly due to better
organization of crystalline structure in the grains toward more
uniform lattice constant.

2.3. Manipulate Step 2: Perovskite Formation

Starting from the manipulation of Pb formation, two important
issues still remained toward further improvement for the per-
ovskite formation in step 2: (1) What are the key physical and
chemical processes? and (2) Are they controllable? For the first
question, under positive bias, a most probable process is that I~
anions were drifted by the electric field with direction pointing
from the substrate to the electrolyte and MA™ cations diffused
toward the Pb surface, and then the two precursors react with
the Pb to form perovskite. However, it is unknown how the
Pb has taken part in the perovskite formation. To investigate
this, an experiment was performed in the second step with
and without electric bias. As a result, almost no perovskite
was formed without the applied positive bias on the substrate
(details can be found in Figure S6, Supporting Information).
This strongly suggested that the main reactive precursor for Pb
in CH;3;NH;Pbl; (MAPDI;) formation is more likely the ionic
Pb%* generated by reoxidation of the Pb particles by the posi-
tive bias instead of atomic Pb. Accordingly, the main reaction
species contains both cations (Pb?", MA*) and anion (I7). There-
fore, it is possible to attain effective control of the perovskite
formation simply by electrochemical parameters such as time,
amplitude, and waveform of applied electric signals. However,
the electric field generated by constant positive bias would con-
tinuously induce repulsive force on the cations and thus reduce
their concentration during the reaction so as to decelerate the
final formation of perovskite. Specifically, since the generation
of Pb?" is also proportional to the positive voltage, the repulsing
effect cannot be simply diminished by reduction of positive
bias. Hence, an alternative bias condition has been introduced
in this multicomponent (Pb%", MA*, I7) system with compensa-
tion of the repulsive effect, which was to some degree previ-
ously investigated in two-component systems.

To carry out this investigation, an asymmetric square-wave
pulse voltage (f= 5 Hz) was introduced, with the amplitude of
its first half-wave fixed at +2.5 V and the second half tuned from
—0.5 to —2.5 V (details can be inferred from Figure S7, Sup-
porting Information), while the growth time was kept constant
at 5 min. The lower limit was set to —2.5 V to avoid possible
dissolution of perovskite. As demonstrated in Figure 4, the per-
ovskite thickness monotonously increased from 320 to 370 nm,
while the grain size decreased with increasing amplitude of the

Adv. Funct. Mater. 2017, 1606156
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second half-wave of the bias (Figure 4a—f; the point of +2.5 V in
Figure 4f is corresponding to the previous potentiostatic condi-
tion. Size distribution can be found in Figure S8, Supporting
Information). Possibly, more negative bias in the second half-
wave has provided stronger electric force that drives the Pb?*
ions toward the working electrode and resulted in more enrich-
ment of Pb?* ions in a smaller distance above the substrate.
This could have induced a higher number of reaction sites
on the surface and thus more perovskite grains with smaller
sizes. What's more, the perovskite film has become apparently
more flat and compact under more negative half-wave ampli-
tude. Consequently, the representative [~V characteristics and
corresponding photovoltaic parameters of as-fabricated PSCs
(Figure 4gh) have shown that the main parameters such
as PCE, Vy¢, and FF have been significantly improved with
smoother and more compact perovskite film under the modi-
fied electric field.*>>% In general, all results with different AC
bias condition have shown higher performance than the case in
potentiostatic condition (can be referred from Figure S4, Sup-
porting Information). Eventually, the best power conversion
efficiency of up to 15.5% has been achieved using the PSCs
fabricated with the perovskite films prepared at —2.5 V (second
half-wave).

To investigate the influence of experimental conditions in
step 2 on their structural and optoelectronic properties, the as-
fabricated samples were further investigated as in the previous
section. Unlike the situation in previous experiments on Pb
modulation, no significant difference was found in the XRD of
samples under different conditions. However, in the optoelec-
tronic investigation that followed up, significant change has
been found in samples under different conditions. As shown in
Figures 4 and 5, the absorption edge continuously shifted to the
lower energy side (corresponding to a wavelength increasing
from about 778 to 799 nm) when the amplitude of the second
half-wave of the applied voltage became more and more nega-
tive, while the PL peak remained at around 775 nm. It has
shown a continuously enhanced blue shift of the PL peaks
against the absorption edges, which indicates less trap density
of the samples at lower fabrication voltage. Furthermore, in
the PL measurement (Figure 4) without HTL, there was only a
very slight decrease of the peak intensity for the sample when
the second half-wave became more negative. In contrast, when
HTL was mounted above the perovskite layer, the PL intensity
has more greatly decreased compared to the ones without HTL
at the same voltage, and it continuously decreased with more
negative voltage of the second half-wave. This big difference
with and without HTL has suggested a more significant influ-
ence of the voltage modulation on the hole transport other than
on the electron transport. This decrease of the PL peak versus
negative voltage is likely to be either attributed to fewer radia-
tive recombination centers or to faster carrier motions due to
enhanced transport ability of the perovskite material. This has
also been supported by the TRPL measurement (details can be
found in Table S3, Supporting Information). Under more nega-
tive voltage of second half-wave, the PL decays became gradu-
ally faster without HTL, with lifetime decreasing from 68.29 to
61.14 ns when voltage decreased from —0.5 to —2.5 V. This ten-
dency has become more significant for the samples with HTL
on top, where the lifetime dropped drastically from 35.91 to
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Figure 4. Characterization and dependence of MAPbI; film morphology on square-wave AC voltage with different second half-wave amplitude. SEM
top view and cross-sectional view images of MAPbI; films prepared by square-wave AC voltage (f= 5 Hz) with different amplitude of second half-
wave a) —0.5, b) —1.0, ¢) —1.5, d) —2.0, and e) —2.5 V, insets showing the top view. f) Size of MAPbI; grains at different voltage. The point at +2.5 V

corresponds to potentiostatic condition. g) Absorption spectroscopy of samples at different voltage. h) XRD of samples vs voltage; the symbols

wen

represent the peaks of FTO/c-TiO, substrate. i) Representative -V characteristics and j) corresponding photovoltaic parameters of as-fabricated PSCs.
The perovskite deposition time was kept at 5 min.

9.56 ns, again indicating hole-dominating carrier transport in
the perovskite and better carrier transport under lower voltage.
Furthermore, unlike the Pb modulation, the EIS measure-
ment in Figure 5e has demonstrated a significant decrease of
the series resistance versus a more negative second half-wave
of the controlling voltage. Significant change has also been
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found in the two arcs, which have shown reduced contact
resistance R, and higher recombination resistance R, versus
the decreasing controlling voltage, respectively. Therefore, it
appears that the modulation of the second half-wave in step 2
has not only induced less recombination in the as-fabricated
perovskite but also better carrier transport ability in the

Figure 5. Optoelectronic properties of sample fabricated under different voltages. a,b) PL and TRPL of samples without spiro-MeOTAD on top of
perovskite, respectively. ¢,d) PL and TRPL of samples with spiro-MeOTAD on top of perovskite, respectively. e) EIS measurements of PSCs fabricated

at different voltage.
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as-fabricated perovskite layer and the interfaces between dif-
ferent layers.

2.4. Time Evolution of Perovskite Formation

Remarkably, the sample surface has turned dark at the very
beginning (just a few seconds) with the application of bias
(potentiostatic or AC) in the perovskite formation in step 2.
Therefore, the formation of perovskite in this electrochemical
system should be a very fast process. A time-dependence exper-
iment then became necessary for more details. For simplifi-
cation, we have kept the frequency constant at 5 Hz, and the
total growth time varied from 1 to 180 s. The morphological
and structural change was monitored by scanning electron
microscope (SEM) and XRD at different time steps in Figure 6.
Starting from a bare ¢-TiO, surface with Pb islands (Figure 6a),
a thin layer appeared around relatively higher islands at the
very beginning (Figure 6b, 1 s), where the thin layer and the
islands should be assigned to perovskite between Pb particles
and perovskite-covered Pb islands, respectively. Afterward, the
as-formed layer has become thicker, from about 220 to 370 nm
(with details shown in Figure S9, Supporting Information),
and the islands gradually disappeared until finally a totally flat
layer was formed (Figure 6¢-h). In the XRD patterns, the peaks
of FTO/c-TiO, substrates were also recorded for comparison
(Figure 6i). After electrodeposition in the first step, new peaks

www.afm-journal.de

appeared at 31.4°, 36.4°, and 52.6°, which are assigned to [111],
[200], and [220] of lead crystal planes, corresponding to the
data in JCPDS Card No. 6-0686. In the second step, the char-
acteristic peaks of Pb became significantly weaker at 1 s, while
the peaks at 14.2°, 20.0°, 24.6°, 28.5°, 31.9°, 40.6°, and 43.2°
emerged, corresponding to the [110], [200], [202], [220], [310],
[224], and [314] lattice planes of MAPDI;, respectively. When the
reaction went on to 120 s, as shown in Figure 6i, the charac-
teristic peaks of Pb totally vanished and the peaks of MAPDI;
were continuously strengthened, which is consistent with mor-
phological evolution mentioned above. For the time longer than
120 s, the change of the characteristic peaks became trivial.
This indicated that the previous reaction time of 5 min had
been in fact beyond necessity and 120 s was seemingly enough
for formation of adequate perovskite.

Furthermore, the time evolution of the elemental compo-
nents of the sample was measured together with the corre-
sponding PSC performance, as shown in Figure 6j (the EDS
measurement can be found in Table S4, Supporting Informa-
tion). The elemental analysis has indicated that the ratio of I
versus Pb has drastically increased from 0:1 to 0.59:1 at 1 s,
and then gradually increased to 2.68:1 at 60 s, with the rate of
increase slowed down versus time. At 120 s, this ratio reached
3:1 and remained constant. It suggested that this process had a
very fast initial growth of perovskite content at the beginning
of the reaction and the Pb content was gradually converted to
perovskite via reaction with MA* and I~ until finally all Pb was

“
G
F
F
>
v
m
~

i J
11301 12201 134, 164 ° o F6
‘ 2001 2021 -+ Ve 21e) - P >
-~ X s o/ = S
= 120s A12. ‘—/

u °\° i & L4 (3]
s sos| <10 / 3
% 30s § 8- .,. ___a—" = 135
§ 10s 6 /. T 2 9_"
= 1s 41 -/ .

. [GR) [2%01, ,,‘}“] 24 / 1T
r A N . Po 0 0
10 X ! ! Y 60 0 30 60 90 120 150 180

30 40 50 g
2 Theta (degree) Time (s)
Figure 6. Time evolution of morphology, structure, element ratio, and device performance of MAPbI; perovskite in step 2. SEM cross section of sam-
ples grown at different time a) 0, b) 1, c) 10, d) 30, e) 60, f) 90, g) 120, and h) 180 s. i) XRD pattern of samples at 0-180 s, with symbols v, ¢, and *
representing the peaks of Pb film, perovskite film, and FTO/c-TiO, substrate, respectively. j) Atomic ratio of I:Pb in perovskite and PCE of corresponding
devices at each time point in step 2.
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converted into perovskite and the total ratio of I:Pb became
3:1, exactly the same ratio in MAPbI;. The decreased value of
curve slope in Figure 6j indicates that the growth of MAPDI;
has become slower and slower versus time. The XRD and SEM
series have further exhibited that perovskite has been continu-
ously formed from both upper and bottom side of the initial
perovskite layer simultaneously after it was first established
around the Pb particles, otherwise visible vacancies can be
observed with the consumption of Pb with the growth and flat-
tening of the perovskite layer. This indicates that the bottom-up
diffusion of Pb?" and top-down diffusion of MA™ through the
initial perovskite layer have simultaneously existed. This may
have explained the significant deceleration of perovskite growth
in the later growth. As a result, at 120 s, the perovskite layer has
exhibited homogeneous thickness around 375 nm and quite
uniform grain size of about 170 nm, which would be suitable
for later PSC integration.

www.advancedsciencenews.com

2.5. Performance, Mechanism Study, and Outlook

According to previous investigations, the optimized conditions
for the current system would be with —20 V pulse at 1 s and
—2.5 V bias for 5 min in step 1 and then a 5 Hz AC bias for
2 min. As shown in Figure 7, corresponding PSC with a FTO/c-
TiO,/perovskite/spiro-MeOTAD/Au architecture has exhibited
a best PCE of 15.65% (reverse sweeping), with Voc = 1.098 V,
Jsc = 20.99 mA cm™2, and FF = 67.91%. The parameters of
forward sweeping were only slightly lower (with 1 = 14.84%,
Voc = 1.073 V, Jsc = 20.93 mA cm™2, and FF = 66.10%),
indicating a quite low hysteresis (Figure 6a),”! and the cor-
responding external quantum efficiency (EQE) spectrum is
shown in Figure 6b. The integrated response under standard
reference spectrum was 20.97 mA cm™2, which is close to the
Jsc measured by the simulator. Efficiency statistics of all sam-
ples are presented in Figure 7c, exhibiting an average power
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Figure 7. Characteristics of electrodeposited MAPbI; perovskite solar cells. a) J-V curves of the optimized electrodeposited MAPbI; PSC, insets
showing the SEM cross-sectional view of the device. b) Corresponding EQE of the optimized PSC. c) Efficiency statistics of the electrodeposited MAPbI,
PSCs under optimized conditions. d) Photovoltaic parameters variation of PSCs with number of days stored in air at about 25 °C with 20%-40% rela-
tive humidity. e) Details for characteristic XRD peaks of electrochemically fabricated sample compared to spin-coating fabricated sample, with the shift
marked by the arrows. EC and SC stand for electrochemically fabricated sample and spin-coating fabricated sample, respectively.
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conversion efficiency of 14.52 £ 0.88%, which a
demonstrates a splendid reproducibility of
cells. Additionally, taking into account the
spectral mismatch factor of the reference Si
cell (M =1.003), the spectral mismatch factor
of perovskite cell in this work was about
0.998, which means the exact performance of
the cell can be slightly higher.>?
Furthermore, as has been normally evalu-
ated for perovskites, the stability of unsealed
devices fabricated with the electrodeposited
perovskite films was also evaluated in a

No annealing
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typical 42 d (=1000 h) long-term measure-
ment.’3 The as-fabricated PSCs were stored
in air under ambient temperature of about
25 °C with relative humidity of 20%—40%,
taken out and measured in atmosphere every
2 d, with their performance change being
summarized in Figure 8d (J-V curves can be
found in Figure S10, Supporting Informa-
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tion). The overall efficiency loss over 42 d was
9.8% (from 15.65% to 14.11%). Especially, the
loss was very little (from 15.65% to 15.53%,
about 0.7%) in the first 24 d, which indicated
quite good stability. Considering the period
of measurement was the rainy and humid
season in Shanghai (normally 80-100 RH%),
the true stability is even higher. Interestingly,
the Jsc has slightly increased during the
initial period of storage, leading to PCE increase, too.

Recently, a number of reports have achieved remarkable
results in the stability study, with main routes through either
shielding protection by treatment of layers outside perovs-
kitel’*>¢ or additional implanted materials inside the perovs-
kite.’”] In this work, the sample exhibited enhanced stability
without shielding or implant and only by modulation of the
layer itself. However, the origin of such stability still remains
unknown. Hence, we have carried out further studies on the
material first by X-ray reflectivity (XRR) measurement. Though
with possible error, XRR results indicate significantly higher
density (5.24 g cm™) of the electrochemically fabricated per-
ovskite compared to the control sample (4.49 g cm™) fabri-
cated by conventional two-step chemical method. Moreover,
detailed study on the XRD has shown significant shift of the
characteristic peaks toward larger angle compared to the con-
trol sample, which indicates certain lattice contraction in this
electrochemically fabricated sample. For instance, as shown
in Figure 7e, the positions of [110], [200], and [202] peaks of
the sample by electrochemical method are 14.23°, 20.04°, and
24.58°, while these values are 14.08°, 19.91°, and 24.46° for
normal spin-coated sample. The corresponding lattice constants
are a = 8851 A, b =8.734 A, ¢ = 12.552 A, and a = 8.908 A,
b=8862 A, c=12.579 A for the electrochemical samples and
spin-coating samples, respectively. Besides, the FWHM of
those peaks has also become narrower under electrochemical
condition (shown in Figure 7e, detailed value can be found in
Table S5, Supporting Information), suggesting more ordered
crystallization in the electrochemical process compared to two-
step chemical growth. Considering these facts together with the
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Figure 8. Characterization of the electrodeposited MAPbI; perovskite films and corresponding
PSCs with and without thermal annealing. a) Top view SEM images of electrodeposited per-
ovskite films with annealing at 70 °C for 30 min (bottom) and without annealing (top). b) Cor-
responding XRD patterns. c) UV-vis absorption spectra. d) J-V curves of as-fabricated PSC
devices. The symbols (*) represent the peaks of FTO/c-TiO, substrate.

enhancement of stability, it implies that the lattice contraction
with better ordering and more compactness of the perovskite
film are the more probable origin of the enhanced stability,
which can in some degree limit the motion of ions (such as
methylammonium cations) that has been accepted as one key
factor for the chemical instability (with polar solvents such as
water) according to previous studies on the stability.?!! This
phenomenon can possibly be induced by the extra force from
the electric field and the heat from the electrochemical process,
which offers more activation energy for the lattice formation.
For the initial increase of efficiency, one possible origin of this
phenomenon is the reduced charge traps in the bulk of perovs-
kite films due to the water molecule healing effect on perovs-
kite film according to some other groups.[16:58-60)

Besides morphological and structural behavior influenced
by the electrochemical parameters, it is also noticeable that
all the efficiencies of the PSCs were obtained without thermal
annealing, which has been a standard process for post-treat-
ment prior to PSC fabrication in almost all existing methods. To
investigate this, we have carried out control experiments with
thermal annealing (70 °C for 30 min) after the formation of the
electrodeposited perovskite under the same conditions. Figure 8
shows another sample using optimized conditions, which has
indicated no significant change in the morphology, structure,
and UV-vis absorbance of the thermally annealed sample com-
pared to the one without thermal annealing. The parameters of
the as-fabricated PSCs shown in Figure 8d were n = 15.62%
(with Vo =1.086V, Jsc =20.91 mA cm™2, and FF = 68.78%) and
15.17% (with Voc = 1.077 V, Jsc = 20.77 mA cm™2, and FF =
67.82%) before and after thermal annealing, respectively (also
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very close). Therefore, we can conclude that conventional
thermal annealing would not be necessary for the sample in
this method, which has shown adequate quality as-fabricated.
This result suggests that the as-fabricated perovskite has
already been well-crystallized directly after the electrodeposi-
tion, which could be explained by a possible current annealing
effect by the electrochemical process, that is to say, the electric
field can offer extra energies for the activation energy of the
lattice formation from amorphous state to crystallized one.*”!
A similar phenomenon has also been found in other systems
such as the anodic oxidation of TiO, nanotubes.[*”] Addition-
ally, there was even a little decrease of V¢ on the PSC fabri-
cated with annealed perovskite film (Figure 8d), which might
be induced by thermal expansion due to heating and current
annealing and thus increased the separation between grains.
Until now, though results have clearly demonstrated effective
growth of perovskite and significant improvement of both the
layer quality and the interfacial conditions, questions still arise
about a general picture of the perovskite formation. Though
limited by resolution, some information can still be given by
the EDS surface scanning technique on the formation process,
as shown in Figure 9a—c. In the beginning (1 s), the distribu-
tion of I and Pb does not entirely overlap each other, indicating
incomplete formation of a perovskite layer. In the middle of
reaction (60 s), it can be seen that a layer has been established
where 1 and Pb components have similar distribution, with

www.advancedsciencenews.com

only some difference on a few islands. In this stage, a complete
perovskite layer is almost formed. At the end (120 s), I and Pb
are homogeneously distributed in the whole formed layer. This
is well consistent with the time series study in Section 2.4 by
XRD and total elemental measurement.

More interesting phenomena can be found by further
looking into the J—t curves of the electrochemistry station
during the perovskite fabrication (Figure 9d). In general, the
current has shown oscillating behavior throughout the process.
With the oscillation period following the voltage oscillation
(2.5 V, 5 Hz), the value of its peaks and valleys varies during
the growth. Following an initial slight increase in the first
few seconds (about 3 s), the extreme values of current gradu-
ally decreased during the growth, and was almost constant at
about 120 s. The time scale of the initial increase of the extreme
values is well consistent with the formation of the initial per-
ovskite layer indicated in Figure 9a. Since the total current in
the solution is attributed to both anions and cations, it indicates
a stage of direct combination of ionic species being intensified
as more MA* and I~ arrived at the PD surface by electric drift so
that the sum charge transfer is enhanced. However, after this
initial thin layer is established, the ions have to pass through
the thicker and thicker layer before the reaction and the
amount of Pb also decreased due to consumption. Therefore,
the average current has followed a general decrease. The time
of 120 s, when oscillation becomes stable, is quite consistent
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Figure 9. Investigation on the formation process of perovskite. a—c) EDS surface scanning of the sample in different characteristic time stages: a) 1,
b) 60, and c) 120 s. d) J—t characteristics of the perovskite formation procedure, with the insets demonstrating three different time stages of the forma-
tion, AC £ 2.5 V. e) A brief description of the growth procedure.
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with the optimized time of perovskite growth mentioned in
Section 2.4, which can be easily understood because all Pb has
been consumed.

Another interesting phenomenon is the significant asym-
metric behavior of the current oscillation in the reaction,
especially within the initial 27 s when all current remained
positive, demonstrating a diode-like behavior or so-called “ion
current rectification” (ICR) in the solution.l®'®2 According to
related studies, this phenomenon has suggested certain charge
accumulation that has emerged due to the ion motion and
induced screening effect that can influence the ionic current.
Considering the positive polarity of the current, the most prob-
able candidate would be the Pb?". After 120 s, the oscillation
became stable and the negative current became larger, where
anions should play the main role instead. For more informa-
tion, we have measured the concentration change of the chem-
ical contents in the electrolyte near the electrode by inductively
coupled plasma (ICP) emission spectroscopy. On the one hand,
Pb concentration near the substrate (working electrode) was
quite high in the beginning (29.44 ppm, 10 s) and rather low
at 120 s (0.5615 ppm), while there was only slight enrichment
near the counter electrode (0.08751 ppm at 10 s to 0.4277 ppm
at 120 s) during the whole process. On the other hand, the con-
centration of iodine is at least two orders of magnitude higher
than the Pb concentration near the substrate and four orders of
magnitude higher near the counter electrode (can be found in
Table S7, Supporting Information). Considering the ICR phe-
nomenon at an early stage, this indicates that only a small part
of iodine is in the ionic form and the ionization of MAI should
be quite stable since the current oscillation was stable after
120 s. The quite low Pb concentration near the counter elec-
trode also indicates that the moving distance of Pb?* should be
much shorter than I~ species in the solution, which can also be
supported by the significant decrease of iodine near the counter
electrode. Most Pb?* should react immediately with MA* and
I after they were accumulated near the substrate. After 120 s,
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when all Pb has been consumed, I" becomes dominant in the
ionic current; the more negative current in the oscillation has
suggested possible MA* accumulation near the counter elec-
trode, as they have been ionized from MAI simultaneously
with I™.

Eventually, we can draw a brief picture on the electrochem-
ical fabrication of perovskite in the following steps (Figure 9e):
(1) Formation of ionic species, that is, the Pb?* by oxidation of
Pb by positive bias (fast process) and MA* as well as I” by ioni-
zation process in isopropanol solution (slow but stable process);
(2) Initial formation of a thin perovskite layer around the Pb
nuclei and on the TiO, substrate among the Pb nuclei by direct
reaction of Pb ions and methylammonium cations; (3) Con-
tinuous growth of perovskite both above the initial layer and
below the layer, where the ions have to pass through the already
formed perovskite layer by thermal diffusion and drift by the
electric field; and (4) Finally, the Pb is all converted into per-
ovskite. Studying the ionic process and layer formation might
be helpful for possible further optimization and development,
for example, one-step electrochemical fabrication. Besides, the
flattening of perovskite layer by negative second half-wave can
be possibly due to more homogeneous Pb?" distribution with
more lateral diffusion under such AC conditions, which would
require advanced in situ monitoring techniques and systematic
theoretical studies.

Finally, it has been found that the electrochemical method in
this work has shown a significant advantage in making homo-
geneous deposited film compared to conventional methods
based on spin-coating techniques, as have also been indicated
by other pioneer works.?*-3% It can also be seen from Figure 1,
where the original sample has size over 2 cm?. To test that for
this investigation, we have used large-scale samples according
to the size limit of our current testing platform. As shown in
Figure 10 on the tested area of 2 cm?, the sample has an effi-
ciency of 10.45% (reverse scanning) and 9.03% (forward scan-
ning) with FF over 0.59. This result is comparable with some
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Figure 10. Large cell (effective area 2 cm?) by electrochemical method in this work. a,b) Top and cross-sectional view of the sample morphology under
SEM, respectively. ¢) J-V characteristics and d) EQE of the as-fabricated cell.
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previous results obtained by the spin-coating method with
smaller effective area (1 cm? by pure spin-coating on TiO,/®l
and 0.07 mm? by spin-coating on electrodeposited substratel*®]).
With introduction of larger counter electrode, better results can
still be expected for larger scales.

3. Conclusion

Results of this work have clearly demonstrated that multiple
component perovskite materials can be effectively fabricated
via ionic reaction under modulated electric fields applied to
targeted substrate. Further study on the absorption spectra,
PL, TRPL, and EIS of the samples has revealed rather low trap
state and good conductivity of the carriers, in the meantime
with no need of conventional thermal annealing. The as-fab-
ricated samples have also exhibited high long-term stability.
Hopefully, the same method can easily be applied to other
types of perovskite on different substrates as well (for instance,
nanoporous TiO, and ZnO). The growth of perovskite under
electric field is a very fast process, although the complete con-
version of Pb into perovskite can be more slowly due to diffu-
sion control of reactive ions in the pre-formed perovskite layer
between the Pb precursor and electrolyte. Nevertheless, com-
bining step 1 and 2 together may resolve this issue by direct
reaction of ionic species continuously at the surface. In gen-
eral, with further physical/chemical modulation, wider appli-
cations can be expected in the future development—not only
in the development of the examples given in this work (roll-to-
roll fabrication, etc.) but also in fabrication of other solar cells
such as perovskite/Si tandem cells and other optoelectronic
devices.

4. Experimental Section

Preparation of Substrate: The FTO glass (Materwin, 14 Q sq7)
was cleaned sequentially via detergent, water, acetone, isopropanol,
and ethanol under ultrasonication for 15 min. The c-TiO, electron
conducting layer was prepared on the FTO glass by standard sequential
procedures consisting of 30 s spin-coating of titanium diisopropoxide
bis(acetylacetonate) solution (Materwin, 0.15 ™, in T-butanol) at
4000 rpm, drying at 125 °C for 5 min, repeating twice with 0.3 m titanium
diisopropoxide bis(acetylacetonate) solution (Materwin, 0.3 wm, in
1-butanol), and a final heating at 500 °C for 15 min. The resultant film
was immersed into a 40 x 10~ wm TiCl, aqueous solution at 70 °C for
30 min, washed with deionized water and ethanol, and then baked at
500 °C for 15 min.

Electrochemical Fabrication of Perovskite: The electrodeposition of
perovskite was performed in a two-electrode cell equipped with the
c-TiO, coated FTO glass working electrode and a Pt counter electrode.
The electric parameters were controlled by an electrochemical station
(Corrtest, CS350) together equipped with voltage amplifier (Corrtest,
CS1006). The first step of Pb deposition was carried out in the electrolyte
consisting of isopropanol solutions of 10 x 1073 m Pbl, (Sigma-Aldrich,
99.99%), 1.3 m sodium iodide (Nal, Aladdin reagent, 99.99%), and
700 x 1073 m ethylene glycol tertiary butylether (ETB, Aladdin reagent,
99%). The resultant films were then rinsed with isopropanol and dried
with N, flow. The second step of perovskite formation was performed
in the electrolyte of isopropanol solution of MAI (10 mg mL™"). The
products were rinsed with isopropanol and dried with N, flow in
nitrogen protection. The reaction was protected by N, in the chamber of
the cell and kept under room temperature.
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Fabrication of Perovskite Solar Cells: The HTM was then deposited
on the as-formed samples by spin-coating at 4000 rpm for
30 s. The spin-coating formulation was prepared by dissolving
72.3 mg spiro-MeOTAD, 28.8 ulL 4-tert-butylpyridine (Aladdin
reagent, 96%), 17.5 WL acetonitrile solution (520 mg mL™") of lithium
bis(trifluoromethylsulphonyl)imide (Aladdin reagent, 99%), and 29 uL
acetonitrile solution (300 mg mL™") of tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine)-cobalt(l1l) tris (bis (trifluoromethylsulfonyl)imide) (FK209,
Materwin, 99%) in 1 mL chlorobenzene (Aladdin reagent, 99.9%).
Finally, 80 nm Au was thermally evaporated on top of HTM in vacuum
as the upper electrode of the solar cell.

Characterization of Materials and Devices: The morphology of the
samples was observed by field-emission scanning electron microscope
(FESEM, Zeiss Ultra Plus). The elemental analysis was measured by
the EDS installed in the SEM system (Oxford Instruments, Aztec X-Max
20). The absorption spectra of the MAPbI; perovskite film on ¢-TiO,
coated FTO were measured by an ultraviolet-visible spectrophotometer
(Lambda 20 spectrophotometer, Perkin-Elmer, USA) in the 400-850 nm
wavelength range at room temperature. The structural information was
examined by XRD via an X-ray polycrystalline diffractometer (D8 Advance
Da Vinci, Bruker, Germany). The XRR measurements were carried
out in Shanghai Synchrotron Radiation facility (SSRF, China) with a
wavelength 4 = 0.691356 A. The beam was reduced in the reflectivity
plane by 50 um wide slits in order to minimize the irradiated footprint
at the sample position. After careful adjustments of the sample, data
were collected from 0° to 1° of critical angle with a 0.005° step and
corrected from irradiated area. The ICP emission spectroscopy of | and
Pb was measured with ICP optical emission spectrometer (iCAP6300,
Thermo, USA) and ICP mass spectrometer (Agilent 7500a, Agilent,
USA), respectively.

The size of all perovskite solar cells was 2 cm x 2 cm, with an active
area of 0.15 cm? defined by the mask covered on the cell. The steady-
state PL was measured by Horiba Jobin Yvon system (France) with
excitation at 514.5 nm using an argon ion laser. The TRPL measurement
was carried out using time-resolved fluorescence spectrofluorometer
(Horiba Jobin Yvon, FL, Japan). The samples were excited by a pulsed
laser (NanoLED-460, Horiba Jobin Yvon, FL, Japan) with a wavelength
and pulse width of 460 nm and 1.3 ns, respectively. The PL photons
were counted by DAM302 (Horiba Jobin Yvon, FL, Japan). The EIS
measurements were carried out with an electrochemical station
(Corrtest, CS350) under dark condition. The devices were held at their
respective open circuit potentials obtained from the -V measurements
with an oscillating voltage of 10 mV and frequency of 1 Hz to 1 MHz,
while the EIS spectrum was being recorded. The EIS spectra were fitted
by Zview software.

The J-V characteristics of the perovskite solar cells were measured
by a computer-programmed electronic sourcemeter (Keithley, 2400)
with a standard Solar Simulator (Newport, Oriel Sol-2A) under 1 sun
AM 1.5. The scanning voltage ranged from —0.3 to 1.2 V (forward) and
1.2 to —0.3 V (backward), respectively. The solar cells were measured
as-prepared without any post-treatment. The scanning rate and time
delay were 0.15 V s™' and 10 ms, respectively. A standard reference
Si solar cell (effective area 2 x 2 cm?, certified by VLS| Standards
Inc.) was applied for calibration of simulator and calculation for
spectral mismatch, with its own mismatch factor M = 1.003. The EQE
spectrum was measured by a Quantum Efficiency/IPCE system (PV
Measurements Inc., QEX10) in the 300-850 nm wavelength range
at room temperature. During the stability measurement, the cells
were stored simply in a box desiccated by silica gel and kept at room
temperature and relative humidity of about 20%-40%. The PSCs were
taken out for measurement every 2 d.

Supporting Information

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