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ABSTRACT: Organo-lead halide perovskite solar cells have gained enormous
significance and have now achieved power conversion efficiencies of ~20%. However,
the potential toxicity of lead in these systems raises environmental concerns for
widespread deployment. Here we investigate solvent effects on the crystallization of
the lead-free methylammonium tin triiodide (CH;NH,Snl;) perovskite films in a
solution growth process. Highly uniform, pinhole-free perovskite films are obtained
from a dimethyl sulfoxide (DMSO) solution via a transitional Snl,-3DMSO
intermediate phase. This high-quality perovskite film enables the realization of
heterojunction depleted solar cells based on mesoporous TiO, layer but in the
absence of any hole-transporting material with an unprecedented photocurrent up to
21 mA cm™2 Charge extraction and transient photovoltage decay measurements
reveal high carrier densities in the CH;NH,Snl; perovskite device which are one
order of magnitude larger than CH;NH;Pbl;-based devices but with comparable
recombination lifetimes in both devices. The relatively high background dark carrier
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density of the Sn-based perovskite is responsible for the lower photovoltaic efficiency in comparison to the Pb-based analogues.
These results provide important progress toward achieving improved perovskite morphology control in realizing solution-

processed highly efficient lead-free perovskite solar cells.

B INTRODUCTION

The recent emergence of organic—inorganic halide hybrid
perovskite-based solar cells has evoked widespread interest in
both scientific and industrial communities, primarily because of
the high power conversion efficiencies coupled with a relatively
simple and scalable processing techniques.'”* These com-
pounds are part of the ABX; perovskite family and consist of a
network of corner-sharing BX octahedra, where the B atom is a
divalent metal cation (typically Ge**, Sn**, or Pb**) and X is a
monovalent anion (typically halides of F~, CI~, Br~, or I7); the
A cation balances the negative charge, and it can be a Cs" or a
small molecular species (such as methylammonium or
formamidium).”~® Such perovskites have excellent optical
properties that are tunable by controlling the chemical
compositions™' and exhibit facile ambipolar charge transport'"
and long electron and hole diffusion lengths.'>' Various device
structures have been realized ranging from the sensitized solar
cells on mesoporous TiO, scaffolds'’ or insulating Al,O;
underlayers'®'® to the planar heterojunction architectures'®'”
and hole-transporting material-free depleted heterojunction
devices.'*™*” Solar cells based on the benchmark CH;NH;Pbl,
perovskites have reached confirmed power conversion
efficiencies up to 20%'>*' ™ and thus have rapidly surpassed
the efficiencies of many other emerging and commercial
photovoltaics.”* >
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It is becoming increasing evident, however, that it would be
highly desirable to achieve analogous optical and photovoltaic
performance using lead-free organic—inorganic perovskite
compounds because of the anticipated toxicity from a
potentially soluble lead source. Recently, we and other groups
have reported that the methylammonium tin iodide
(CH;NH,Snl;) analogue could serve as a lead-free light-
absorbing material, and solar cell power conversion efficiencies
in the range of 5—6% have been obtained independently.'”*”
However, the efficiency obtained is well below that of the lead
counterpart, and it is believed that this originates from the self-
doping of the tin perovskite due to the facile conversion of Sn**
to the Sn*" oxidation state. This process generates p-type
carriers and results in limited diffusion lengths for the
photoexcited carriers.”” The film quality (such as homogeneity
and coverage) of the CH;NH,Snl; perovskite layer is another
limiting factor governing the device photovoltaic perform-
ance.'’ The poor film coverage with the presence of micron-
size pinholes is related to an uncontrollable crystallization
during the solution-based deposition process, a behavior which
is notably different from the lead analogue.”® The reaction
between the Snl, films and methylammonium iodide is
recognized to be much faster than for the Pb analogue.”” The
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easy decomposition of the tin perovskite in isopropanol solvent
also makes the sequential solution process difficult to realize.””
Therefore, developing novel deposition methods for high-
quality CH3;NH;Snl; films which are expected to achieve an
efficiency boost in the development of lead-free perovskite solar
cells remains a challenge.

Compared to the numerous studies on the morphological
control of CH;NH;,PbI, film growth,'®*****°~%* studies on the
tin counterparts are sparse because experiments are typically
hampered by rapid oxidation under ambient conditions and the
requirement of an inert dry atmosphere. Here we show that the
crystallization of the CH;NH,Snl; perovskite films can be
greatly improved through solvent engineering employed in a
one-step spin-coating process. Solvent evaporation effects are
detrimental to obtaining high-quality CH;NH,;Snl; films given
the faster reaction rate between the two halide precursors
compared to the CH;NH;PbI; analogue. Controlled solvent
evaporation and the convective self-assembly process during
spin-coating effectively induce the formation of well-crystallized
CH;NH;Snl; perovskite films due to the high enthalpy of
crystallization, which is much greater than the solvation
energies of the individual ions. Here we report that very
uniform, pinhole-free CH;NH,Snl; perovskite films can be
obtained from a strongly coordinating solvent such as dimethyl
sulfoxide (DMSO) which stabilizes a transitional Snl,-3DMSO
intermediate phase. Crystallization processes using other highly
polar solvents, N,N-dimethylformamide (DMF) and N-methyl-
2-pyrrolidone (NMP), have also been investigated and are
compared here. Taken together, these results show that
solvated intermediates are an important transitional step
toward a uniform, high-coverage perovskite films. Benefiting
from the high-quality of the present CH;NH;Snl; films, lead-
free perovskite heterojunction depleted solar cells are fabricated
with photocurrent densities of up to 21 mA cm™?, albeit with a
relatively modest diffusion length. The underlying carrier
generation, electron transfer, and recombination dynamics are
investigated and compared by charge extraction and small
perturbation transient photovoltage analyses in both methyl-
ammonium tin and lead halide perovskite devices. We show
that the carrier density in the CH;NH,Snl; perovskite device is
one order of magnitude larger than that of the lead analogue,
but the recombination lifetimes in both devices are comparable.
Our results hold promise for further efficiency enhancement in
lead-free perovskite solar cells, taking advantage of higher
quality perovskite films.

B RESULTS AND DISCUSSION

Film Fabrication and Characterization. The selection of
solvents for dissolving tin halide perovskites is found to be
critical for obtaining high quality thin films using solution
coating techniques. In general, the choice of solvent is a balance
between several competing factors. On the one hand, the
solvent must be capable of dissolving both the inorganic and
organic halide components, and therefore a good choice of
solvent can be found among the strongly coordinating/polar
amide class. On the other hand, if the reagent solubility in the
solvent is too high, then during the deposition of successive
layers previous layers will redissolve during the deposition of
the next layer.® Normally, y-butyrolactone (GBL), dimethyl
sulfoxide (DMSO), N-methyl-2-pyrrolidone(NMP), and N,N-
dimethylformamide (DMF) are widely used for lead halides
and methylammonium iodide.”” The basic physical properties
of these solvents are summarized in Table 1 for comparison.

Table 1. Physical Properties of the Polar Solvents Used in
the Perovskite Film Deposition®*

boiling point  viscosity dielectric vapor pressure at
°C (cP) constant 20 °C (Torr)
DMF 152 0.92 36.7 2.7
GBL 204 1.90 39.1 15
NMP 202 1.65 33 0.29
DMSO 189 2.00 46.7 0.42

One of the fundamental challenges encountered in the one-step
tin perovskite spin-coating process is that a homogeneous
perovskite layer cannot be formed over a large area, even when
a convective spreading flow due to centrifugal force is applied
to the slowly evaporating solvents.”* Note that for identical
concentrations, CH;NH;Snl; solutions crystallize much more
rapidly than those of CH;NH;Pbl; when DMF is the solvent.
This is readily evidenced by the spontaneous formation of a
black perovskite layer after the spin-coating process in the case
of CH;NH,Snl;, whereas the complete crystallization of
CH;NH,Pbl; is much slower and is achieved only on thermal
treatment. This difference stems from the faster reaction of Snl,
with CH;NH;I to form the perovskite, owing to the greater
Lewis acidity of Sn** versus Pb?*.”> Therefore, retardation of
the crystallization process is considered here to be beneficial for
better CH;NH;Snl; film quality since the perovskite is allowed
to form in a stepwise, controllable fashion. Compared to the
routinely used DMF, DMSO has a higher coordination affinity,
a relatively high boiling point (189 °C), and a low saturated
vapor pressure (0.42 Torr at 20 °C). Several recent studies have
confirmed that the strong coordination of CH;NH,;PbI; by
DMSO leads to stabilization of intermediate solvated
compounds.”’>®® On the other hand, the viscosity of the
solvent is also important in controlling evaporation during the
spin-coating process and should be taken into consideration
during homogeneous thin-film fabrication. From the above
considerations, DMF and DMSO were selected to fabricate
CH;NH,;Snl; films and to compare their crystallization
processes.

A mesoporous TiO, layer with a thickness of 200 nm was
used as the substrate for all perovskite depositions in this study.
Perovskite films were deposited using a one-step spin-coating
process from 1.0 M perovskite solutions. It was immediately
clear that the different solvents markedly affect the resultant
perovskite film formation. As stated above and shown in Figure
la, CH;NH,Snl; perovskite crystals form immediately during
the spin-coating process from DMEF, as evidenced from the
color changing to dark brown during 4000 rpm rotation
without any thermal treatment. Switching to DMSO effectively
slows the perovskite crystallization since the color change to
dark brown is not observed during spin-coating. The coated
layer from DMSO solvent is uniform and light yellow. A black
perovskite film gradually forms when annealing the substrate at
100 °C on a preheated hot plate for 15 min. To understand the
solvent effects on the perovskite crystallization process, X-ray
diffraction (XRD) patterns of the films before and after the
thermal annealing process were analyzed. As shown in Figure
1b, the as-cast films from DMF show high crystallinity
regardless of the thermal annealing, and all the peaks can be
indexed to the tetraganol CH;NH;Snl; phase in space group
P4mm. This high crystallinity underscores the rapid perovskite
crystallization during spin-coating from DMEF solution.
However, when DMSO was used as the solvent, the as-formed
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Figure 1. (a) Single step spinning-coating process with the formation
of DMSO solvate intermediate. Images of the as-prepared films from a
DMSO solution before and after annealing process are shown in the
insets. (b) X-ray diffraction patterns of the perovskite layer with
different solvents before (left) and after (right) thermal annealing
process at 100 °C for 15 min. (c) FTIR spectra of the perovskite layer
deposited from DMSO solution before annealing showing the
characteristic C—S and C—O stretching vibrations from the Sn**-
coordinated DMSO solvent at 960 and 1012 cm™, respectively. Upon
annealing, these characteristic DMSO peaks disappear, confirming the
complete removal of the solvent and conversion of the intermediate
compound to the CH;NH,Snl; perovskite.

films show a totally different set of reflections, which cannot be
assigned either to the starting precursor or the target perovskite
compound. We therefore assume this is an intermediate
solvated phase formed during the perovskite deposition
process. Previous reports have shown that DMSO forms a
CH;NH;Pbl;-DMSO complex.***® In the present system, the
formation of the intermediate phase can be observed from the
XRD features at lower angles. Unlike the case of CH;NH;Pbl;-
DMSO, however, where reflections analogous to our previously
reported CH;NH,;PbI;-DMF and CH;NH;Pbl;-H,O solvates
were observed,” in the case of the tin perovskite an
intermediate solvated phase does not contain the CH;NH;*
cation and has been identified as Snl,-3DMSO. Note that the
Sn solvate has a completely different créystal structure than that
of formally analogous PbL,-2DMSO.’ The presence of the
DMSO solvate phase indicates that the formation of the

CH;NH,;Snl; perovskite is dramatically inhibited by the strong
solvent coordination to the metal precursor.

The presence of DMSO in the intermediate phase was
further confirmed by Fourier transform infrared spectroscopy
(FTIR). Figure 1c shows the FTIR spectra of the characteristic
C—S and S—O stretching vibrations from the Sn**-coordinated
DMSO solvent at 960 and 1012 cm™, respectively. Upon
annealing, these characteristic modes of the DMSO molecule
disappear, thus confirming the complete removal of the solvent
and the conversion of the intermediate compound to the
CH;NH,Snl; perovskite. For comparison, the characteristic
C=O0 bonding of the DMF solvent is absent in the perovskite
film fabricated from DMF, as shown in Figure S1. The crystal
structure of the solvent-induced intermediate was further
characterized by single crystal X-ray diffraction. Pale yellow
block crystals of Snl,-3DMSO were obtained by means of the a
recently reported antisolvent vapor-assisted crystallization
process,”” using 1.0 mL of a 20 M DMSO solution of
CH,;NH,Snl; with CH,Cl, as the antisolvent. The crystal
structure was solved by direct methods and refined using
SHELXTL software.’® As shown in Figure 2a, the crystal
structure of Snl,-3DMSO is composed of discrete Snl-
(DMSO)," ions in a seesaw coordination environment. Three
O-coordinated DMSO molecules occupy the corners of a
trigonal pyramid with the Sn ion at the apex, and a fourth
iodide ion completes the coordination sphere. The seesaw
polyhedra are linked by a nearly free I” ion which coordinates
via weak (3.522 A) or very weak (3.987 A) bonding
interactions. The incorporation of all three iodide ligands
changes the coordination of the Sn to octahedral with the O
atoms (DMSO) and the three loosely bound iodide atoms
occupying opposing facial positions. This self-assembly results
in the formation of 1D zigzag chains running down the
crystallographic b-axis (Figure 2b). Structural details can be
found in the Supporting Information. It is instructive to note
here that the present film formation process through solvent
engineering is markedly different in CH;NH;Pbl; and
CH;NH,Sn]; with DMSO. Whereas in the former case the
DMSO film acts as a hydrogen bond acceptor in CH;NH;Pbl;-
DMSO (assuming a similar structure to CH;NH;Pbl;-DMF),
in the latter case DMSO directly coordinates to the Sn ion in
Snl,-:3DMSO, leaving the CH3;NH;" cation dissolved in the
mother liquor (Figure 2c). Thus, perovskite formation takes
place on the substrate, and the perovskite film formation can be
controlled by varying the rate of DMSO evaporation.

NMP was also investigated as a solvent to further understand
the effect of the intermediate phase on the tin perovskite
formation process. As DMSO, NMP is a polar aprotic solvent
with a high boiling point of 202 °C and low vapor pressure
(0.29 Torr at 20 °C). Similar to DMSO, the NMP forms black
perovskite film only after annealing of the spin-cast film at 100
°C. The color change from pale yellow to black takes place
more slowly than from DMSO. We attribute this to the slightly
higher boiling point of NMP and slower release of the
coordinated solvent on thermal treatment. As demonstrated in
Figure 1a, X-ray diffraction of the as-cast NMP pale yellow films
shows very different features from the black CH;NH,Snl;
phase. The characteristic peak at 10° suggests a larger unit
cell for the solvated phase, which may be ascribed to the larger
volume of NMP incorporated compared to DMSO. GBL was
also examined for comparison in this study. It was noticed the
crystallization rate of the perovskite film from GBL solvent is
faster than from DMSO and NMP, but slower than DMF. The
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Figure 2. Crystal structure of SnL,-3DMSO, an intermediate compound in the CH;NH;Snl; film fabrication process. (a) The dimeric structure of
the SnI(DMSO)," ions linked through the lone I” ions. (b) The unit cell of Snl,-3DMSO in parallel view. Space group C2/¢; a = 21.9920(10) A, b =
10.7497(6) A, ¢ = 16.0302(7) A = 111.838(3)°. Sn—I(1) = 3.285 A, Sn—1(2) = 3.522 A, Sn--1(2)" = 3.987 A (structure details are given in the
Supporting Information). (c) A schematic on the film formation of the CH;NH,Snl; perovskite film starting from Snl, through the Snl,-3DMSO

intermediate.
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Figure 3. Representative SEM images of the as-obtained CH;NH,Snl; perovskite layer on mesoporous TiO, from different solvents, (a) DMF, (b)
NMP, and (¢, d) DMSO with different magnifications, and the corresponding optical absorption spectra (e). Apparently, films deposited from NMP
and DMSO solvents showed complete surface coverage, whereas obvious uncovered TiO, surface is exposed when cast from the DMF as the solvent.

black perovskite film forms in seconds after finishing the
spinning process without any heat treatment. The above trends
appear to originate from the differences in evaporation rates of
these three solvents during the spin-coating process. The vapor
pressure at 20 °C for GBL is 1.5 Torr as listed in Table 1, which
lies in between DMF (2.7 Torr) and DMSO (0.42 Torr) or
NMP (0.29 Torr).

On the basis of the above observations, we propose a
plausible mechanism for the formation of the uniform, high-
coverage perovskite layer during the present single step spin-
coating procedure. As shown in the Figure 2c, the formation of
the CH3;NH;Snl; proceeds in a controllable manner through
the Snl,-3DMSO intermediate which allows the iodide ions to
react with Snl, in a controlled manner that is governed by the
rate of the DMSO removal as a function of temperature.
Therefore, a close relationship appears to exist between the
solvent-induced intermediate phase and the control of the
resultant perovskite film crystallization process.

Analysis of these perovskite films prepared from different
solvents by scanning electron microscopy (SEM) reveals
strikingly different morphologies. As compared in Figure 3,
films produced from DMF solution are quite discontinuous and
composed of large CH;NH;Snl; grains and many unfilled
pinholes. This morphology arises from relatively fast crystal-
lization rate resulting from the high nucleation rate during the
drying process. Employing a solvent with lower vapor pressure
than DMF, such as GBL solvent gives improved film coverage
but still has pinholes as presented in Figure S3. In contrast,
films deposited from DMSO as the solvent are homogeneous
with almost full surface coverage on the mesoporous TiO,
layer. Impressively, this very smooth CH;NH;Snl; layer shows
large micron-sized grains, which is a highly desirable property,
as shown in recent studies where the photovoltaic performance
of the benchmark CH;NH;Pbl; solar cells was investigated as a
function of grain size.”” The normalized optical absorption
spectra of the perovskite films derived from different solvents in
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Figure 4. (a) Device architecture of the depleted heterojunction perovskite solar cell (FTO glass/blocking TiO, layer/mesoporous TiO, layer/
perovskite/Au). (b) Characteristic photocurrent—voltage plots and (c) incident photon-to-current efficiency (IPCE) spectra for the CH;NH,Snl;
and CH;NH,PbI; perovskite devices. Negative scan and positive scan direction were shown to identify the hysteresis behavior in both devices. (d)
Comparison of the photocurrent density as a function of time for the two devices held at a forward bias of maximum output power point. The cell

was placed in the dark prior to the start of the measurement.

are shown in Figure 3. Similar absorption edges at around 950
nm are observed for all samples, consistent with the same
crystalline structure of the resultant perovskite films after
thermal annealing. However, note the red-shift of the
absorption spectrum of the DMSO and NMP samples in the
long wavelength 750—950 nm range versus the DMF sample.
This red-shift of absorbance correlates well with the observed
crystal size, which is consistent with several recent studies on
the perovskite photoluminescence spectra.””*' In these studies,
small perovskite crystallites exhibit blue-shifted emission
relative to large crystals. The optical absorption coefficient
(a/S) was calculated using reflectance data according to the
Kubelka—Munk equation,4 a/S = (1 — R)*/2R, where R is the
percentage of reflected light and o and S are the absorption and
scattering coeflicients, respectively. The DMSO solvent-derived
films have a similar optical band gap edge compared to DMF-
derived films (~1.3 €V), but with a steeper slope in the
absorption, suggesting a higher absorption coefficient.
Heterojunction Solar Cell Fabrication and Perform-
ance. The present high-quality perovskite films were
incorporated into a TiO,-based heterojunction depleted device
structure, which is free of hole transporting materials (HTMs)
such as the commonly used spiro-OMeTAD.'*™** A schematic
of the heterojunction depleted device is shown in Figure 4a, in
which the perovskite layer acts as a light absorber and also a
hole transporting material. One important reason to exclude
the HTM with these CH;NH,Snl; perovskite films is the
incompatibility, recognized by us and other groups, of the tin
perovskite and additives generally added to increase the hole
mobility of the pristine spiro-OMeTAD, such as 4-tert-

11449

butylpyridine and hydrophilic lithium bis(trifluoromethane)-
sulfonimide.'””” In this study, a compact TiO, layer with a
thickness around 50 nm was first deposited on a pre-etched
FTO substrate to reduce carrier recombination. A 200 nm
mesoporous TiO,nanocrystalline layer was then cast on top to
serve as the electron transporting layer. The perovskite layer
was next spin-coated on top of the mesoporous TiO, layer
using a 1.0 M DMSO solution of CH;NH,;Snl;. Note that 20
mol % SnF, was added to the solution to decrease the
conductivity of the CH3;NH;Snl; layer according to our
previous work.”> Recent work also shows that SnF, addition
is important to decrease Sn vacancies in the CsSnl; perovskite
system.”* The device was completed by thermal evaporation of
a 100 nm gold electrode on top under a vacuum up to 107°
Torr. All devices were assembled in a N,-filled glovebox and
were quickly transferred to the thermal evaporator, hence
minimizing exposure to air ~S5 min. Encapsulation was
subsequently performed under the same conditions using a
hot melt polymer (Surlyn film from DuPont) laminate with a
glass coverslip. This encapsulation was done to protect the
devices against O, or moisture after fabrication. The sealed cells
were next removed from the glovebox and immediately
measured in air. Control devices using DMF solvent-derived
perovskite films were fabricated under the same conditions. A
depleted heterojunction device with CH3;NH;Pbl; was also
fabricated in the absence of HTM material, without
encapsulation. The CH;NH;Pbl; perovskite layer was
deposited using the conventional sequential deposition
method.'”** Device photovoltaic performance characteristics
are presented in Figure 4b.
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It should be mentioned that all CH;NH,Snl; devices
fabricated with DMF as the solvent suffered short circuits.
We attribute this to the inevitable voids or film defects formed
during the spin-coating process, as shown in Figure 3a. These
voids or pinholes would lead to direct contact between the top
electrode and the FTO substrate, causing shorting of these
devices. In contrast, the DMSO solution derived perovskite
films effectively avoid device shorting, primarily owing to the
ultrasmooth pinhole-free film morphology and low doping state
of the tin perovskite. These devices show an unprecedented
short-circuit photocurrent density of 21.4 mA cm ™, albeit with
a modest open-circuit photovoltage of 320 mV and a fill factor
of 0.46. The overall power conversion efficiency is calculated to
be 3.15%. The photovoltaic performance obtained is sub-
stantially lower than that of the CH;NH,Pbl; counterpart with
the same device structure, which shows a short-circuit
photocurrent density of 152 mA cm™ an open-circuit
photovoltage of 668 mV, and a fill factor of 0.57, corresponding
to a power conversion efficiency of 5.79%. The limited
photovoltaic performance for this HTM-free heterojunction
device could originate from loss of the light harvesting in the
long wavelength region as well as the interfacial charge
recombination loss at the perovskite interface.'” The smaller
open-circuit photovoltage for the CH;NH;Snl; cell may
originate from the lower conduction band edge (4.17 eV)
compared to that of lead analogue (3.93 eV) as measured in our
previous report.”® However, other factors may play a role such
as higher background carrier density. The higher photocurrent
density in the CH3;NH;Snl; device is consistent with the
smaller optical band gap (1.3 eV) and therefore a wider light
harvesting range than the lead analogue (1.55 eV), which is
corroborated with the incident-photon-to-current conversion
efficiency (IPCE) spectra shown in Figure 4c. The devices with
DMSO-derived CH;NH,Snl; films show photocurrent re-
sponse up to 950 nm, which is almost 150 nm red-shifted
compared with CH;NH;PbI; device. Integrating the overlap of
the IPCE spectrum with the AM 1.5G solar photon flux yields a
photocurrent density of 20.58 and 15.17 mA cm ™ for the tin
and lead halide perovskite films, respectively, which is in
excellent agreement with the measured photocurrent densities.
This confirms the negligible mismatch between the simulated
sunlight and the AM 1.5G standard.

Since the notorious photocurrent hysteresis presents a major
issue durin§ characterization of device efficiency in lead
perovskites,””~*” we measured the photovoltaic response by
reversing the scanning direction in our cells. No noticeable
hysteresis is observed with different scanning directions for the
CH;NH;Snl; perovskite solar cell in Figure 4b. A small shift in
V.. was noticed when switching the scanning direction for the
CH;NH;PbI; device. This hysteresis agrees well with the
previous reports of lead perovskite solar cells and has been
speculated to originate from various causes including trapping/
detrapping of charge carriers,*® changes in absorber or contact
conductivity,48 ferroelectricity,49 and ion migration.50 In order
to verify the measured photocurrent density, we also measured
the steady-state photocurrent output at the maximum power
point. As shown in Figure 4d, the photocurrent rapidly
saturates, and the steady-state current is found to be stable at
16.8 mA cm? for the entire measurement period of 300 s.
However, a slight decay on the photocurrent density in the lead
perovskite heterojunction device is observed within the first
hundred seconds under illumination, which then stabilizes for
the entire testing period. Such a photocurrent density decay

could originate from defects near the surface of perovskite or
interface states specifically generated from the solution
processing.”’ The relatively stable steady-state photocurrent
response in the CH;NH;Snl; device further confirms the high
quality and low level of electronic disorder in the perovskite
layer.

Charge Extraction and Transient Photovoltage Meas-
urements. To further understand the photovoltaic differences
between the lead and tin perovskite solar cells, charge
extraction and transient photovoltage measurements were
performed to investigate the underlying carrier dynamics
along the entire pathway in the completed solar cells. The
carrier density in the devices under operational conditions with
different light intensities was first probed by the charge
extraction method.””™>* Figure Sa shows the charge extraction
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Figure S. (a) Representative charge extraction curves for the
CH;NH,Snl; devices under different incident light intensity. (b)
Comparison of the integrated carrier density as a function of light
intensity for the CH3;NH;Snl; and CH;NH;PbI; devices from the
charge extraction measurements. (c) Typical transient photovoltage
decay curves for the CH;NH;Snl; devices as a function of light
intensity. The exponential fitted curves are also shown in both cases.
(d) Recombination lifetime derived from the transient photovoltage
decay curves as a function of the carrier density in the operational
devices for CH;NH;Snl; and CH;NH,PbI; devices.

curves for the CH;NH,;Snl; devices under different incident
light intensities. The exponential fitting curves are also
presented. Note that the initial steady-state starting condition
is from short circuit. The dependence of the carrier
concentration on the illuminating light intensity for the two
types of perovskite solar cells is shown in Figure Sb. Typically,
the carrier density shows an exponential increase with the
incident light intensity in both devices as an increasing number
of injected electrons are stored in the perovskite films. The
stored charge follows Boltzmann statistics, which results in
accumulation and carrier diffusion dominated dynamics. The
CH;NH;Pbl; device generates a carrier density of the order of
10" cm™ under white LED illumination. Impressively, the
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light-induced carrier density for the CH;NH;Snl; counterpart
is 1 order of magnitude higher than the lead device, which is
attributed to the higher J;c observed in the corresponding J—V'
curves (Figure 4b). The photocarrier charge density obtained
can be traced back to the intrinsic properties of the
CH;NH;Pbl; and CH;NH;Snl; perovskites, which was
shown previously by Hall effect measurements have a dark
carrier density of ~10°—10"" cm™ and ~10'*—10" cm™ for
CH;NH;Pbl; and for semiconducting CH;NH;Snl;, respec-
tively. The “background” dark carrier density of the Sn-based
perovskite is thus responsible for the lower photovoltaic
efficiency in comparison with the Pb-based analogues.

Small perturbation transient photovoltage measurements
were next employed to derive the recombination lifetime in the
perovskite absorber layer and to gather information on carrier
recombination rates in the working device.”®*” Representative
transient photovoltage curves for both devices are shown in
Figure Sc. The apparent lifetime of photogenerated carriers (7)
can be evaluated by fitting the transient decay to an exponential
function. Details of the fitting curves are shown in the Figures
S6 and S7. Figure Sd shows the apparent recombination
lifetime as a function of carrier density derived from the charge
extraction. The recombination lifetime decreases with carrier
density in the device due to intercarrier collisions and the larger
driving force for charge recombination. Unexpectedly, these
two devices showed comparable recombination lifetime in the
range of 10—20 us. However, a notable carrier density
difference is observed, which is attributable to the different
V.. in the J-V curves and possibly derives from the different
recombination mechanisms between CH;NH;Pbl; and
CH;NH;Snl;. Note that our devices showed substantially
longer recombination lifetimes compared to the several
microseconds for the recent high-efficiency CH3;NH;Pbl;
devices with a hole-transporting layer.”® A similar trend was
also reported in a recent study comparing the interfacial charge
transfer mechanism in both p—n heterojunction and p—i—n
device architectures.”” The additional recombination pathways
between the excited electrons in the perovskite layer and holes
in hole-transporting materials were ascribed to the shorter
carrier lifetimes in the p—i—n devices with a spiro-OMeTAD
layer.>® As for the difference between the CH,NH;Snl, and
CH;NH,PbI; devices in our study, we observe that the slopes
of the carrier lifetimes in Figure Sd are quite different, thus
reflecting the different recombination kinetics in these devices.
This is reasonable due to the significant mobility differences in
the two perovskite materials as shown in our previous
reports.”*>> Another reason may be associated with the
different defect distribution profiles in the two perovskites.”’~%*

Further investigations on this issue using electrochemical
impedance analyses and transient photoluminescence spectros-
copy are underway in our group.

B CONCLUSIONS

In summary, solvent effects on the crystallization process for
CH;NH;Snl; perovskite films has been investigated and
compared in single-step solution processes. The solvent-
induced intermediate phase plays an important role in
controlling the crystallization process and final thin film quality.
The stabilization of the intermediate Snl, solvates prior to the
formation of the perovskite films is found to promote
homogeneous nucleation and enables an adjustable perovskite
film growth rate. High-quality, pinhole-free CH;NH;Snl; films
are achieved using DMSO and NMP as solvents and afford

lead-free perovskite heterojunction depleted solar cells without
a hole-transporting material layer. An unprecedented photo-
current density of up to 21 mA cm™? is obtained while charge
extraction and transient photovoltage decay measurements
reveal comparable recombination lifetimes in the CH;NH;PbI,
and CH;NH,;Snl; devices. The tin perovskite device exhibits 1
order of magnitude higher photocarrier density with respect to
the lead analogue as a result of its higher dark carrier density.
These results suggest that the Sn-based devices can be used as
efficient alternatives for the Pb-based devices provided the
“background” carrier density can be reduced to intrinsic levels.
This expectation derives from the fact that semiconductors with
similar band gaps to CH;NH;Snl;, such as InP (E, = 1.34 V),
are capable of intrinsic “background” carrier densities as low as
107 em™3.%® Therefore, future efforts should focus on ways to
decrease the background carrier density in CH;NH;Snl;. We
can then expect devices with efficiencies greater than 15%,
approaching those of the venerable CH;NH;PbI; perovskite.
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