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Sn-based perovskites are promising Pb-free photovoltaic materials with an ideal 1.3 eV
bandgap. However, to date, Sn-based thin film perovskite solar cells have yielded relatively
low power conversion efficiencies (PCEs). This is traced to their poor photophysical
properties (i.e., short diffusion lengths (<30 nm) and two orders of magnitude higher defect
densities) than Pb-based systems. Herein we reveal that melt-synthesized cesium tin iodide
(CsSnl3) ingots containing high quality large single crystal (SC) grains transcend these
fundamental limitations. Through detailed optical spectroscopy, we uncover their inherently
superior properties, with bulk carrier lifetimes reaching 6.6 ns, doping concentrations of
around 4.5 x 10*" cm™, and minority-carrier diffusion lengths approaching 1 pm, as compared
to their polycrystalline counterparts: ~54 ps, >9.2 x 10" cm?® and 16 nm, respectively.
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CsSnls SCs also exhibit very low surface recombination velocity of <2 x 10% cm.s™ similar to
Pb-based perovskites. Importantly, these key parameters are comparable to high-performance
p-type photovoltaic materials (e.g., InP crystals). Our findings predict a PCE of ~23% for
optimized CsSnlz SCs solar cells, highlighting their great potential.

1. Introduction

Perovskite solar cells (PSCs) based on Pb-containing hybrid organic-inorganic perovskites
have attracted a great deal of attention, with their power conversion efficiencies (PCES)
skyrocketing to >20% within a few years of development. ™! However, the presence of toxic
Pb in PSCs has been a concern in the context of their widespread deployment in the future. In
particular, hybrid perovskites are prone to decomposition, making the Pb susceptible to
leaching into the environment. Thus, inorganic Pb-free (halide, chalcogenide, etc) perovskites
offer a viable solution to this challenge. ®* Elements such as Sn, Bi, and Ge, are less toxic,
and they could potentially replace Pb in halide PSCs.!® 1% Specifically, Sn-based perovskite
CsSnl; (with bandgap ~1.3 eV) is a promising candidate for PSCs, with its maximum
Shockley-Quiesser PCE limit of ~33%.1% "1 However, the state-of-the-art PCE of solution-

6. 181 _ far below

processed CsSnls polycrystalline (PC) PSCs without additives is merely 3%,
PSCs based on Pb-containing perovskites. This deficiency is attributed to the high density of
acceptor defects in CsSnlg, such as Sn or Cs vacancies (Vs, or V¢s), which have very low
defect formation energies.™® 2% This results in a material that is highly p-type, with heavily-
doped hole concentration as high as 10'° cm™. This is extremely detrimental to solar cell
performance because efficient charge extraction and ambipolar charge transport are essential
for high performance in PSCs.[® 2!

The key to realizing the full potential of CsSnl; for solar cell applications is to develop
strategies for reducing the defect density. Improving the crystalline quality through the
synthesis such as incorporation of additives (e.g., SnF-),!®! stoichiometry control,*® etc is one
approach. Alternatively, reduction in the number of grain boundaries — the source of high
density of surface defects — could also have the same effect. This involves moving to very
large-grained polycrystalline thin films or even SCs. In particular, it has been previously
demonstrated that CsSnl; SCs can be fabricated using high-temperature reaction and melting
of a stoichiometric mixture of Csl and Snl; in evacuated vials.** 22! The reduction of the grain
boundaries, together with the high-temperature and vacuum-processed synthesis method may
yield high-quality CsSnl; with reduced defects for solar cell applications. Presently, the

fundamental properties affecting the solar cell performance of SCs, e.g., doping
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concentrations, carrier lifetimes/diffusion lengths, surface-recombination velocities (SRVS),
etc., are still unknown. Quantifying these properties and establishing a clear photophysical
picture of the SCs are paramount for the development of practical CsSnl; SC solar cells.

Here, ultrafast optical spectroscopy was used, for the first time, to investigate the
photophysical properties of CsSnl; SCs. To preclude any degradation of CsSnls in the air (i.e.,
Sn** oxidation to Sn**) that could affect the intrinsic properties,'*® all measurements were
performed on melt-synthesized bulk ingots that were inside evacuated Pyrex vials in their as-
fabricated condition. The slow-cooled ingots are expected to have single-crystal grains that
are hundreds of microns in size, which is of the same order of the beam size used. Thus, all
measurements reported here are essentially on CsSnl; SCs. The SCs show negligible
erosion/degradation under repeated laser pulses with highly reproducible properties. Both
transient emission and transient reflectance techniques reveal that the photo-excited carriers of
the CsSnlz SCs possess very long bulk carrier lifetime of ~6.6 ns, long minority carrier
diffusion length of ~930 nm, and a moderate intrinsic doping concentration of ~4.5 x 10%" cm’
%, On the other hand, CsSnls polycrystalline thin films (grain size ~100 nm), formed either by
solution processing or evaporation exhibit carrier lifetime of ~54 ps, minority-carrier
diffusion length of ~16 nm, and a doping concentration of >~9.2 x 10 cm™, which is
attributed to poor crystalline quality and increased grain boundaries. The CsSnl; SCs also
show negligible surface recombination velocity of <~2 x 10° cm s, implying that no further
surface passivation (e.g., SnF; treatment) is needed. In addition, slow hot-carrier cooling of =
~1 ps in the CsSnls SCs is comparable to Pb-based perovskites.[* ! Importantly, solar cell
performance simulations using these parameters predict a PCE of around 23% in CsSnl; SCs

solar cells.

2. Results
2.1. Basic characterization and properties

Figure la inset shows an as-synthesized CsSnls ingot, which has a very smooth surface free

of grain boundaries across a large area (>10 x 20 pm?®) as seen in a scanning electron

microscope (SEM) micrograph in Figure Sla (in Supporting Information (SI)). At room
temperature, the ‘black’ CsSnl; perovskite exists in the orthorhombic crystal structure (space
group Pnma).?? The X-ray diffraction (XRD) pattern of the crushed ingot powders was well-
matched to the calculated XRD pattern (Figure S1b in Sl) of orthorhombic CsSnls perovskite.
From UV photoelectron spectroscopy (UPS), it was found the valence band edge (VBM) is
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~4.72 eV below the vacuum level and the Fermi-level is only 0.16 eV above the VBM,

confirming it is a p-type semiconductor (Figure S2).

2.2. Photoluminescence Properties

Figure 1a shows the CsSnl; SC photoluminescence (PL) spectra with one-photon (400 nm,
700 nm, 800 nm) and two-photon (1350 nm) excitations. The PL spectra are centered at 950
nm (1.31 eV) with one-photon excitation, but red-shift to 990 nm (1.25 eV) with two- photon
excitation. This red-shift can be attributed to PL re-absorption effect (e.g., high subgap
absorption from tail states; small Stokes shift),’® 2 and also to a smaller bandgap in the bulk
crystal due to reduced lattice strain.!?#*%

Figure 1b summarizes the carrier-concentration dependent time-resolved PL (TRPL)
data for CsSnl; SC. The PL intensity just after excitation (t = 0) can be used to evaluate the
emission species in halide perovskite systems.* Briefly, for emission dominated by free-
carrier bimolecular recombination; the initial PL intensity exhibits a quadratic dependence
with the photoexcited carrier concentration: Ipyj=o o no, where ny is the photoexcited carrier
density; the effective carrier lifetime drops as intensity increases. For emission dominated by
photoexcited carriers with doped carriers, the initial PL intensity exhibits a linear dependence
with the photoexcited carrier concentration: lp =0 o nNopo,where po is the doped carrier
concentration (or defect density); the effective carrier lifetime remains constant until all the
doped carriers have recombined. It was found that the PL intensity following excitation
increases linearly with carrier concentration in the low-density regime (carrier concentration
N; < 4 x 10" cm™), whereas it has a nearly-quadratic dependence in the high density regime
(Ne > 5 x 10" cm™®). Meanwhile, the effective PL lifetime also starts to drop under similar
carrier concentrations. Such behavior corresponds to the recombination of excess minority
carriers with unintentionally doped majority carriers or via mid-gap deep traps under weak
excitation and bimolecular recombination of excess free carrier under intense excitation.*™ In
the CsSnl; system, the dominant point defect is Vs, due to its low defect formation energy,
which is a shallow native defect rendering CsSnls an intrinsic p-type semiconductor.™ First-
order recombination in the CsSnls system occurs mainly in the case of excess electrons
(minority carriers) recombining with the doped holes. Hence, from this we estimate an
intrinsic doped hole concentration of ~4-5 x 10*" ¢cm™, consistent with a previous report.!**!
Although some variations exist in samples from batch to batch, a general doping

concentration of the order 10'” cm™ can be consistently found for CsSnls SCs. This value is
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higher, or almost comparable, to that of the widely studied MAPbI; polycrystalline thin films
(with typical values of 10™° - 10* cm™®).3+%

Comparative experiments were also performed on CsSnls polycrystalline thin films
sealed in vacuum. Their lifetimes start to decrease at a carrier concentration of ~0.92 x 10
cm’. Simultaneously, the recombination order increases from first-order to higher order when
Auger recombination and amplified stimulation emission (ASE) occur. These results clearly
show that the thin film is heavily doped by intrinsic defects. The defect density also agrees
very well with previous reports (i.e., doped carrier concentration on the order of 10* cm?
(Figure S3 in SI)).[ 24 Generally, the thin films gave weak PL signal. Hence, we measured
their PL from relatively brighter regions in an effort to obtain better signal-to-noise for the
streak camera. This implies that the typical average doped carrier concentration in these thin
films should be >0.92 x 10'° cm™. Such heavy intrinsic doping would greatly reduce the
minority carrier mobilities and lifetimes, thus limiting the PSC performance.

To investigate the excitation-wavelength dependent PL dynamics in CsSnl; SCs, we kept
the photoexcited carrier concentrations to <4 x 10" cm™ to ensure dominant first-order
recombination kinetics. Several wavelengths were chosen: 400 nm, 700 nm, and 800 nm for
one-photon and 1350 nm for two-photon excitations. The pseudo-color images of the TRPL
profiles are shown in Figure 1c, where a clear lifetime lengthening with increasing excitation
wavelengths is evident. These decay transients at the ~950 nm emission were globally-fitted
(discussed later) as shown in Figure 1d. The PL decay using two-photon excitation shows a
dominant single-exponential decay with a time constant of 6.6+0.1 ns. Given that two-photon
excitation usually has a penetration depth on the order of 100 um,* its PL decay lifetime can,
therefore, be attributed to the bulk carrier lifetime. In contrast, the carrier lifetimes of
solution-processed CsSnls thin films ranges from 40-50 ps (i.e., from TRPL and transient
absorption (TA)), which is two orders of magnitude lower than the bulk lifetimes from CsSnl;
SCs (Figure S3, S4 in Sl). To exclude any possible influence from effects such as inadvertent
impurities incorporation from the solution-processing, we also prepared polycrystalline thin
films by evaporating CsSnl;z ingots in vacuum onto substrates. Consistently short lifetimes
were also found for these evaporated thin films (Figure S5 in Sl). A direct conclusion is the
greatly improved carrier lifetimes in CsSnls SCs, which is attributed to the elimination of
grain boundaries and surface defects. The high crystalline quality obtained using these high-
temperature melting method significantly reduced the intrinsic defects, which will be
discussed in greater detail later. On the other hand, the dynamics of the CsSnl; SC PL

emission from one-photon excitation is not only due to bulk carrier recombination, but is also
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related to carrier diffusion and surface recombination, which accelerate the PL decay
dynamics. As shown in Figure 1c, with highly-absorbing excitation wavelengths (e.g., 400
nm), the effect from surface carrier diffusion and recombination is more severe than weakly -
absorbing excitation wavelengths (e.g., 800 nm). A model based on one-dimensional diffusion

is used to reproduce/simulate these processes:*> %!

N (x,2) :DﬂZN(x,t) _ N(x,1)
¢ M’ t

where N is the carrier concentration, D is the diffusion coefficient, and zis the carrier lifetime,

, (1)

X is the axis along the light propagation direction. Surface recombination occurs at the

boundary with a velocity S:

D@N(x t)

N(0,t) = N(L,t) =0,

x=0 ’ (2)
N(x,0) = N0 exp(—ax).

where L is the thickness of the crystal, « is the excitation light absorption coefficient, N is the

carrier concentration at t=0 and x=0. Applying the boundary conditions, the analytical

solution of equation (1) is:

2
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where 7z is the bulk carrier lifetime and W (x) = exp(xz)erfc(x).
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The collected PL from the crystal (after factoring over the 4r total solid angle) can be

expressed as:

X=L 9:90

1, (1) = A ! ! N(t,x)exp(—apLﬁ)Zﬂsinﬁdex, @)

where A is proportional to PL collection efficiency, ap. is the absorption coefficient at the
emission wavelength, L is the thickness of the SC, & is the colatitude in spherical coordinates
with zenith direction along the collection line direction.& is the half apex angle of the light
emitting cone that can be collected by the lens. In our measurement & is ~ 14°, resulting in a

near-unity of the cosé, hence the equation can be approximated to one-dimensional. The
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collected PL dynamics depend on the carrier diffusion coefficient D, surface recombination
velocity S, as well as the excitation/emission light absorption coefficients.

Different wavelength one-photon excitations alter the carrier distribution profiles as
shown in Eq. 3 due to the change in the absorption coefficients («) and hence modify the PL
dynamics in Eq. 4. The diffusion coefficient (D) and surface recombination velocity (S) can
be extracted by global fitting the PL dynamics under different wavelength one-photon
excitations. The global fitting of the PL dynamics under three different excitation wavelengths
(400 nm, 700 nm and 800 nm) with distinct absorption coefficients ensures the fitted values of
the shared parameters (D and S) are obtained with a high coefficient of determination (R-
squared value: 0.9819). The fits revealed that D can be as large as 1.3+0.1 cm®s™. Since the
recombination (~10*" ¢cm™) is mainly from photo-generated minority carriers with the doped
carriers, the diffusion coefficient D is attributed to the minority carriers (electron), rendering a
high minority-carrier mobility of ~50 cm? V' s at room temperature. The high minority
carrier mobility, together with the long carrier lifetime, indicates that the minority carriers
possess high diffusion capability. The contribution from surface recombination is rather small,
with a SRV of 1.8+0.4 x 10° cm s™. Such small SRV is comparable, or superior to the best
values reported for semiconducting crystals such as Ge, InP,*& MAPbBr;,B¥ and
MAPbI5.24 The small contribution of the SRV to the carrier dynamics indicates that surface
passivation is not necessary for CsSnlz SCs for solar cells or photodetector applications.

2.3. Transient Reflectance Spectroscopy

To further investigate the carrier dynamics and the non-radiative processes, we also
performed transient reflectance (TR) spectroscopy (or TA under reflection geometry) on the
CsSnl; SCs, and correlated the findings with the PL studies. Figures 2a and 2b show pseudo-
color TR profiles of CsSnlz SCs with 400 nm and 800 nm excitations. TR profiles with other
excitation energies can be found in SI (Figure S6). The transient profiles in Figure 2c show
typical anti-symmetric peaks near the band-edge, similar to previous reports for MAPbBr; and
MAPbI; crystals.?® 3% Halide perovskites have large refractive indices (i.e., n ~3 for CsSnls)
in the visible to near infrared (VIS-NIR) region (Figure S7 in Sl). Thus, the TR signal is
dominated by the refractive index change (An) resulting from photoexcited state-filling.!?* 3!
A detailed interpretation of the TR profile relies on the exact decomposition of the free carrier
absorption, trap-state absorption, etc., which are still unknown. In our simple model, CsSnl; is

treated as a direct bandgap semiconductor with near-band-edge absorption coefficient
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satisfying a o« fE—Eg , Where Ey is the bandgap. The refractive index change (An) can be

. . . c_ T A :
calculated using the Kramers-Kronig relations: An(a)):—PJ‘%da)', where c is the
T W —w

speed of light in vacuum, P is the Cauchy principal value of the integral, A« is the absorption
coefficient change % We could satisfactorily reproduce the transient reflectance profile near
the band-edge (and up to ~1050 nm) using Eg ~ 1.33 eV and the n-k data obtained from
ellipsometry for a CsSnl; thin film (Figure S7 in Sl). The fitting results only start to deviate
from the experimental results at around 1100 nm due to the presence of strong sub-bandgap
states bleaching, which we did not take into account (Figure S6 in Sl). The isobestic point
between the two anti-symmetric peaks basically reflects the average absorption position of the
excited carriers, therefore, the dynamic change of the isobestic point position corresponds to
the energy position of the hot carriers. Before reaching a stable transient reflection profile at
~10? ps, we observe a continuous red-shift of the peaks and the isobestic point within a few ps.
This corresponds to the ‘hot-carrier’ relaxation process in perovskite SCs.[* %! In addition,
for high energy photo-excitation (e.g., 400 nm, 500 nm pumping), a clear +AR region can be
seen in the ultrafast time scale (<1 ps) just below the band-edge (Figures 2a, 2d and Figure
S6 in SlI). As shown in Figure 2d, the TR profile (with 400 nm excitation at 300 fs delay) at
ultra-short timescale is completely different from the TR profiles at later delay times (Figure
2¢). We attribute this behavior to arise from the interplay between the hot-carrier effects and
the bandgap renormalization (BGR). Due to BGR after excitation, the bandgap is shifted to
lower energy. High energy photo-excitation yields hot-carriers with high temperature, and as
a result, the newly formed band-edge due to BGR will be less occupied compared to one at
thermal equilibrium. This leads to the formation of a photo-induced absorption (P1A) band
below the bandgap that alters the shape of the TR profile.*” We find that the best fit of the
TR profile at 300 fs with 400 nm excitation at a fluence of ~2 pJ cm™ gave a carrier
temperature of ~1800 K and a bandgap shift of AE = 0.1 eV.

After accounting for the spectral origins in TR spectra profiles, we next examine the TR
kinetics. First, the rise time of the band-edge TR signal is important as it corresponds to the
relaxation of the hot-carriers to the band-edge. As shown in Figure 2e, the rise time
monitored at ~920 nm increases with higher energy photo-excitation. For example, with 400
nm high energy photo-excitation, the rise time is ~1 ps, indicating that the hot-carriers created
by 400 nm excitation require ~1 ps to relax to the band-edge. Using D = 1.3 cm? s, the hot
carriers can diffuse as far as ~11 nm before relaxation, which is close to the absorption length

8
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of 400 nm excitation light (~50 nm). This also demonstrates the feasibility of harvesting hot-
carriers from CsSnlz SCs.* %2

The decay of the TR signal signify the relaxation of carriers to the ground state. Due to
the abrupt change of refractive index at the air (or glass)/perovskite interface, the TR signal is
dominated by contributions from the surface region within a few nm.[** 44 Hence, the carrier-

induced reflectivity change could be evaluated by N(0,t) in Eq. 1-3:

N(t)=Noexp(;—:)x[s_SaDW(s\/g)—Sf‘ZDW(aJD_t)]. (5)
After the relaxation of hot-carriers, the dominating TR decay mechanism is carrier diffusion
and surface/bulk recombination. The excitation intensity is set as low as possible (typically
~pud cm™) to minimize any higher-order recombination. Negligible intensity-dependence of
the decay dynamics can be observed (Figure S8 in Sl) under the fluence regime we measured,
indicating that the recombination is dominated by that between the minority carriers and the
doped carriers. Hence, the measured diffusion is mainly from the minority carriers. This is
similar to the findings from PL emission dynamics where faster TR decay is observed when
highly absorbing excitation photons are used. As shown in Figure 2f, global-fitting of the TR
decay data obtained from four different excitation wavelengths (400 nm, 600 nm, 700 nm, and
800 nm) vielded a diffusion coefficient D of 1.9+0.1 cm?s™, which is comparable to that
determined from PL fittings. The contribution from surface recombination is also much
smaller than that from diffusion, i.e., S << aD, which makes it challenging to determine the
exact value of the SRV. A high fitting uncertainty of $=0.8+1.2 x 10° cm s™ was therefore
obtained. Correlating with the earlier PL results, we believe that the acceptable value of the
SRV in the CsSnl; SC is <2 x 10® cm s™. The low SRV leads to a AR/R recovery that is
dominated by carrier diffusion (the second term in the square brackets in Eq. 5), rather than
surface recombination (the first term in the square brackets in Eq. 5). The simulated carrier
distribution profiles after photoexcitation by 400 nm and 800 nm photons are shown in
Figure 2g and 2h, respectively. The 400 nm excitation creates a high concentration of carriers
in the shallower regions, which leads to more significant carrier diffusion compared to the 800

nm excitation.

3. Discussion.
Carrier transport and recombination are greatly influenced by the intrinsic point defects
(vacancies, interstitials, anti-sites), line defects (dislocation), surface defects (free surface,

grain boundaries), etc. SRV is therefore a very important parameter signifying the quality of a
9
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SC’s surface and polycrystalline grain boundaries. Surface recombination is commonly
attributed to the recombination from dangling bonds created deep surface defects and from
impurities at the surface.*® Based on the Shockley-Read-Hall (SRH) type recombination
model, these defects/impurity levels should be most efficient in capturing both electrons and
holes when they are located at the middle of the bandgap, resulting in the highest SRV. Low
SRV semiconductors such as InP (10> cm s) ? and MAPbBr; (10° cm s%) B4 3% and high
SRV semiconductors such as GaAs and CdTe (> 10° cm s) 41 are not only dependent on
their crystal qualities but also the position of their surface defect with respect to their energy
bands. High crystalline quality indicates low defect densities in the bulk and at the surface —
the latter determines the SRV. Using S=ovi1N;, Where vy, is the carrier thermal velocity (~ 2 x
10" cm s, o (~10™"° cm?) is a typical recombination surface cross section in semiconductors
and Ny is surface trap density, 8! we estimate a surface trap density of < 10! cm, comparable
to that of MAPbDI; thin films (=5 x 10 cm?).1%! In addition, we also performed density
functional theory (DFT) calculations on the electronic band structure of the bulk CsSnil; SC
and the (001) surfaces. We found that the (001) surfaces terminated with either Csl or Snl will
not introduce any surface states within the bandgap (Figure S9 in Sl), which may explain
why the SRV in the high-quality CsSnls single crystals can be so low (< 2 x 10° cm s™).
Carrier mobilities are determined by the average time between scattering processes.
These processes include the scattering by crystal defects/ionized impurities and by phonons.
Carrier lifetime is greatly influenced by deep-level defects, which provide recombination
centers. For intrinsically-doped materials, the minority-carrier transport can be significantly
impaired due to the presence of high amounts of donor or acceptor defects. This is undeniably
the case for the CsSnl; polycrystalline thin films, where an intrinsic-doped carrier
concentration as high as 0.92 x 10* cm™ was found. This high density of intrinsic defects
renders it a heavily doped p-type material. The minority carrier diffusion length can be
estimated by measuring PL quenching with an efficient electron extraction layer (e.g.,
PCs:BM) as described previously.®® Both methods of (i) depositing an efficient charge
extraction layer to measure the carrier diffusion coefficient in thin films and (ii) using
wavelength-dependent excitation to measure that in thick single crystals are well-established
techniques based on 1D diffusion model. The diffusion coefficients measured by both
techniques are comparable as shown for MAPbBr; single crystals, B®* 3 which are also
comparable to the results using electrical techniques such as Hall effect and time-of-flight
measurements.* @ The PL lifetime drops slightly from 54.2 ps to 47.8 ps (Figure S10 in SI).
Assuming highly efficient electron extraction at the heterojunction, the decrease of PL
10
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lifetime corresponds to a minority-carrier mobility of ~1.8 cm® VV* s, and a minority-carrier
diffusion length of only ~16 nm. The polycrystalline thin-film carrier-diffusion lengths are
comparable to a previous report for another Sn-based hybrid perovskite (CH3NH;Snls, ~30
nm thickness), and it is responsible for the poor PSC performance obtained with
polycrystalline thin films.™

Unlike the polycrystalline case, the minority-carrier diffusion properties in CsSnl; SCs
are greatly improved. Based on our above results, we estimate a diffusion length of the
minority carriers (electrons) of around 930 + 70 nm using L = </Dz , where D is the diffusion

coefficient and 7 is the carrier lifetime. The minority carrier diffusion length is much higher
than that of the absorption thickness (i.e., ~300 nm near the 900 nm band-edge), and is
comparable to that of the Pb-based perovskites.** ! For more direct comparison with other
p-type solar cells materials, Table 1 shows p-type InP with similar direct bandgap (1.35 eV)
possesses a diffusion coefficient of 5 cm? s™, doping level of 4-5 x 10'® cm?, lifetime of 7= 4
ns, and a comparable low SRV of 500 cm .8 Given that the best InP based solar cells have
a reported PCE up to 22%,1* % it is, therefore, entirely feasible to obtain high PCE CsSnl;
SCs-based solar cells.

To correlate our findings to solar cell performance, we simulate the relation between
surface recombination, grain size, and PCE. The PCE are optimized values in which we
assume the solar cells have optimized energy level alignments, Ohmic contacts, and efficient
charge extraction by electrodes. Detailed procedures are elaborated in the Methods section
and Sl. The effective carrier lifetime is determined by the grain-size (d), diffusion coefficient

(D), and surface recombination velocity (S):5% %!
11,1 .
Tett B i+i(g)z

2S D«

In the equation, we assumed that the crystalline quality is not varying with grain size and that
the grain boundaries in the polycrystalline films are the same as that of our single crystals, i.e.,
possessing the same concentration of recombination centers per unit area and capture cross
sections etc. The grain size-dependent effective carrier lifetimes with selected SRVs (107,
10°,10* 10°cm s™) are shown in Figure 3a. Upon shrinking the size of the grains from SC to
small dimensions, there is a drastic drop in the lifetimes. Nonetheless, using the 7z and S
values obtained experimentally from our melt-synthesized CsSnl;z SCs, we determined an
effective lifetime of ~3 ns for 300 nm size grains, which is much longer than the measured

value of around 50 ps. This indicates that the crystallinity of the polycrystalline thin films is

11
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much worse than that of SC, resulting in much higher S at the grain boundaries and lower
bulk lifetime zs; this deviation from the effective lifetime trend is obtained from Eq. 6. Even
for the evaporated thin films, the crystalline quality of the single crystal is not preserved
during the evaporation process. Another possible reason is the grain-boundaries of
polycrystalline CsSnlz cannot be treated equivalent to that of single crystal surface: the former
provides much more deep-defects (resulting from disorder/misorientation, unintentional
impurities incorporation, fast degradation, stoichiometry deviations, etc.) that accelerate the
grain-boundary recombination. Previously, we found that for solution-processed CsSnls;
polycrystalline thin films, the emission lifetime increases from ~70 ps without any additives
to ~1.4 ns with SnF, additive.™ In that earlier study, it was suggested that the SnF, addition
optimized the crystallization process and reduced the defect density.

To gain deeper insights into the relations between grain-size, SRV, and PSC performance,
we fixed the bulk carrier lifetime value obtained from SC (~6 ns), and plotted a pseudo-color
map of the PCE with varying grain-sizes and SRV as shown in Figure 3b. Theoretically, 23%
PCE can be obtained using CsSnl; SCs or large-grained polycrystalline thin films under
optimized conditions. The size-dependent PCE, short-circuit current density (Jsc), fill factor
(FF), and open-circuit voltage (Voc) using the bulk lifetime and SRV from SCs are shown in
Figure 3c. As a comparison, we also presented the performance with non-optimized
parameters from polycrystalline CsSnl; without SnF, addition. We first assumed that 1/z5 and
S scale by the same factor when translating from optimized SC fabrication conditions (with
higher crystalline quality) to the non-optimized thin-film fabrication conditions (with poorer
crystalline quality) (i.e., increased defect density both at the grain boundary and in the bulk
crystal). The scaling factor is around 10% (calculated using Eq. 6), which is consistent with the
approximately 2 orders of magnitude increase in defect density in SC compared to
polycrystalline thin film. The simulated device performance with these increased S and 1/ 73 is
shown in Figure 3c, which is consistent with our recent experimental results (solid circles)."!
The simulated Voc and FF is higher than the experimental results as the simulation is based on
ideal and optimized conditions. The grain-size-dependent Jsc is slightly lower than the
reported value, possibly due to a passivation of the defects at the interfaces by the charge
transport layers in a real device. Hence, replacement of polycrystalline thin films with the
high-temperature synthesized SCs would allow larger improvements to the performance of
CsSnls-based PSCs. It is important to note that the predicted 23% PCE need not be the
ultimate upper limit for CsSnlz SCs. Usually, moderate doping concentration and high quality
materials (with as few as possible deep-level defects) are needed to obtain maximum device
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efficiency, e.g., in Si-based solar cells, the optimized carrier concentration is ~10'® cm.®!

The intrinsic doping concentration and deep-level defects formation in CsSnl; SCs can be
further optimized with judicious chemical tuning (e.g., adding SnF,, modifying stoichiometry,
optimizing synthesis methods, etc.) or physical tuning (e.g., ion implantation, ion diffusion,
annealing, etc.) of the doping concentration. Currently, fabricating solar cells using these
CsSnls ingots is still very challenging: the critical step is to precisely control the thickness of
the single crystals to be comparable to the carrier diffusion length (~ 1 um). This requires new
technique developments in perovskite single crystal slicing, polishing as well as other
growing methods typical for monocrystalline inorganic semiconductors (e.g., molecular beam
epitaxy). We foresee there will a great of leap of the performance once the new methods of
fabricating high-quality and thin CsSnls single crystals are grasped. Furthermore, the stability
of CsSnlz SCs is still far from satisfactory. Under ambient conditions (20°C, 60% humidity,
continuous illumination), the PL is quenched within 2 hours (Figure S11 in SI).
Comparatively, the stability is better for SCs than thin films. Nonetheless, we envisage that
such stability issues will be gradually mitigated as the field progresses, just like in the case of
MAPDI;.

4. Conclusion

With ultrafast optical spectroscopies, we uncovered that melt-synthesized CsSnlz ingots show
exceptional photophysical properties as active layer material for PV application.The minority
carriers possess a diffusion length approaching 1 um, which is much longer than the
absorption length and greatly improved compared to polycrystalline thin films of around 16
nm. We interpret these as a consequence of reduced grain boundaries and improved
crystalline quality that lead to much lower defect densities, higher minority carrier mobility
and lifetime. The SRV is very low (<2 x 10°® cm s?) contributing negligibly to the
photophysical dynamics, which indicates the ingots do not need any surface passivation to
achieve optimal performance. Thus, these findings indicate that replacing polycrystalline thin
films with melt-synthesized ingots is expected to provide a performance leap for CsSnls-

based solar cells.

5. Experimental Section
Crystal Synthesis and Characterization: The synthesis of CsSnl; perovskite ingot containing
large single crystal grains follows a similar procedure that is reported elsewhere.*® >

Stoichiometric amounts of Snl, (Alfa, USA) and Csl (Sigma-Ardrich, USA) were mixed and
13
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placed in pyrex vials (~3 mm diameter). The vials were then evacuated to 5%x10° Torr vacuum

for 9 h and sealed using a oxy-methane torch. The evacuated vials were then placed in a tube
furnace and heated to 550 °C (above the melting point of CsSnlz perovskite of 435 °C) and
held for 26 min, followed by slow cooling at a rate of 0.04 “C.min™ to room temperature. For
scanning electron microscope (SEM; LEO 1530VP, Carl Zeiss, Munich, Germany)
observation, the vial was broken and the CsSnlz ingot sample was quickly transferred to the
SEM chamber and evacuated. For X-ray diffraction (XRD) characterization, the vial was
broken inside a N»-filled glovebox, and the ingot was crushed into a powder. The powder was
spread onto a holder and sealed with an X-ray transparent polymer film. The sample was
removed from the glovebox and XRD (Bruker D8-advance, Karlsruhe, Germany) was
performed in air using Cu K, radiation and the following parameters: 26 range 10° to 60°,
0.02° step scan. The resulting XRD pattern was indexed with the help of the PDF2 database.
The stimulated XRD experiment is performed using the PowderCell 2.3 software based on a
stoichiometric CsSnlz orthorhombic crystal model; instrumental broadening is considered in
this model. The polycrystalline thin films of CsSnl; perovskite were deposited using two
different methods — solution processing and evaporation — on glass substrates inside a N-
filled glovebox or under high-vacuum condition (10™ Pa). The films are then sealed before
removing them into the ambient for further characterization.

TIPL and TRPL: Time-integrated photoluminescence (TIPL) measurements were conducted
by directing the excitation laser pulses onto the ingots/thin films. The PL was collected at a
backscattering angle by a spectrometer (Acton, Spectra Pro 2500i) and CCD (Princeton
Instruments, Pixis 400B). Time-resolved photoluminescence (TRPL) was collected using an
Optronis Optoscope™ streak camera system which has an ultimate temporal resolution of 6
ps.

TR Spectroscopy: Transient Reflectance (TR) measurements were performed using a
commercial non-degenerate Helios™ (Ultrafast Systems LLC) pump-probe setup in reflection
geometry. Both the pump and probe beams have a very small incident angle (<10°) in the TR
measurement. The pump pulses were generated from an optical parametric amplifier (Light
Conversion TOPAS™) that was pumped by a 1-kHz regenerative amplifier (Coherent
Legend™, 800 nm, 150 fs, 1 mJ). A mode-locked Ti-sapphire oscillator (Coherent Vitesse,
80MHz) was used to seed the amplifier. The probe pulses were a white light continuum
generated by passing the 800 nm fs pulses through either a 2 mm sapphire plate for visible
part (400 nm — 800 nm) or a 1 cm sapphire plate for NIR part (800 nm — 1600 nm). The probe
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light was collected using a CMOS sensor for UV-VIS part and InGaAs diode array sensor for
NIR part. To improve the signal to noise ratio, the same sensor was used to collect the probe
light before the sample as a reference.

Device Simulation: The short-circuit current density (Jsc), open-circuit voltage (Voc) and fill
factor (FF) determine the output power-conversion efficiency: PCE = (Jsc X Voc X FF)/Pjn,
where P, is the input power (=100 mW cm™ for ‘one-sun’ conditions). We simulated the
optimized device performance. Part of the simulation was performed in a similar manner to

that in a previous report as illustrated below.®® The Vq. can be expressed as:®”

nkT , ,J
Voo =—In(=5) (6)
‘]0
where n is the ideal factor determined by the recombination type, kT/q is the thermal energy,
Jo is the reverse saturation current density in the dark. The dark current is expressed as:

Jg=J,exp(AV -1+ 3, exp(4V -1 ()

n

where A, =q/KT, 4 =q/2KT . J,=adD,p, /L, +aD,n,/L, is the diffusion induced

reverse saturation current density and J, =qnW /27 is the recombination induced reverse

saturation current density. Dy, and L, are the diffusion coefficients and diffusion lengths for
holes and electrons, respectively. W is the depletion width of ~50 nm using the effective mass
of electrons and holes of 0.16 my and 0.07 my, respectively.[23] We found that the latter
contribution dominates for CsSnls in our case. For optimized solar cell, the FF is related to
the Voc:[*Y

l:/TOC/ _In( I:{I?C/ +0.72)
PR = . (8)
—9€ 11
nkT /q

For Jsc, it was previously treated as a constant assuming that the strong build-in field can
extract all the photogenerated charges under short-circuit condition for optimized MAPbI;
devices. However, for CsSnls, the diffusion lengths under poorer working conditions do not
necessarily result in the extraction of all the charges. Hence, we use Jsc=JgrifitJdiffuse tO
calculate the charge extraction efficiency, where the first term on the right side accounts for
the current originating from minority carrier drift in the depletion region and the second term
accounts for carrier diffusion out of the depletion region. For good working conditions such

as shown in the main text for vacuum-processed single crystals, the Jsc is approximately a
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constant, while using parameters from polycrystalline thin films without additives; the Jsc

varies significantly for small grain size. Further details of the calculations are provided in SI.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. PL properties of CsSnl; SCs. (a) PL spectra of CsSnls; with one-photon (400 nm, 700 nm,
800 nm) and two-photon (1350 nm) excitations. Inset: Photograph of CsSnl; ingot inside an evacuated
Pyrex vial. (b) Carrier-concentration dependence of the effective PL lifetime (z¢) and intensity at t=0
(PLo). The green solid lines are guides for the eye.(c) Pseudo-color images of TRPL profiles with
one-photon and two-photon excitations. (d) Top: PL dynamics with different photoexcitation energies.
Solid lines are fits using the model described in the main text. The carrier densities were kept low (<4
x 10" cm™®) to ensure that first-order recombination dominates. Bottom: fitting residuals.
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Figure 2. Transient reflection profiles and dynamics of CsSnl; SCs. The pseudo-color transient
reflection profiles of CsSnl; SC with excitations: (a) 400 nm and (b) 800 nm. (¢) TR spectrum after
most of the hot-carriers relaxed (i.e., few hundred ps). Both 400 nm and 800 nm excitations show the
same TR spectrum profile. (d) TR spectrum at early times (300 fs) when hot-carrier effect and BGR
are both present with 400 nm excitation. (e) The rising band-edge TR signal (monitored at 920 nm)
following photo-excitation at various wavelengths. Inset: the fitted rise times at different photo-
excitation energies. (f) TR decay dynamics are found to accelerate with higher absorbing excitation
photons, which can be fitted using a model based on surface recombination and diffusion. Simulated
carrier distribution profiles with (g) 400 nm and (h) 800 nm excitations.
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Table 1. Comparison of a key properties (i.e., bandgap, PL lifetime, minority carrier diffusion length,
doped carrier concentration and surface recombination velocity) that influence the PV performance for
CsSnl; SC, PC, and p-type InP.

Eg(‘é'\a})P" 0 (nS) Ca;j:”((’r;ig] ) Nasa (cM%) SRV ()
CsSnl; SC 1.31 6.6 930 4.5 x 10" <2x10°
CsSnl; PC 1.34 0.05 16 9.2 x 10
P-type InP 1.35 [*¥] 4[] 1400 5x 10 [ 5x 107

Pb-free CsSnls single crystal possesses superior optoelectronic properties compared to
their polycrystalline thin film counterparts for photovoltaic application; uncovered using
detailed optical spectroscopy, with a bulk carrier lifetimes of around 6.6 ns, doping
concentrations of ~4.5 x 10*" cm™, minority-carrier diffusion lengths approaching 1 um and
surface recombination velocity of <2 x 10% cm s™.

Keyword Lead-free perovskite crystal, Carrier dynamics, Diffusion length, Surface

recombination velocity
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Figure S1. Basic properties of CsSnl, SCs. (a) SEM image of melt-synthesized CsSnl; ingot showing

very smooth, grain-boundary free surface. (b) Experimentally measured and theoretically-predicted
XRD patterns from crushed CsSnl; ingot powder.
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Figure S2. UV photoemission spectroscopy (UPS) data of CsSnl, SCs. (a) UPS data of the CsSnl,

SCs, from which the Fermi-level and VBM positions are obtained and as shown in (b) and (c). (d)
Energy levels of the CsSnl; SCs.
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Figure S3. PL properties of solution-processed CsSnl; polycrystalline thin film. (a) Carrier-
concentration dependent effective PL lifetimes and intensity at t=0. (b) ASE is observed at the
recombination-order transition point in (a), indicating that the thin films goes from recombination with
doped carriers/deep defects directly to ASE after filling up these defects.
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Figure S4. TA profile and dynamics of solution-processed CsSnl; polycrystalline thin film. (a)
Pseudo-color TA profile of CsSnls thin film with 800 nm excitation (~30 puJ cm™). (c) Photobleaching
decay dynamics probed at 970 nm show a decay time constant of 40+1 ps.
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Figure S5. PL dynamics of CsSnl; polycrystalline thin film deposited by solution and evaporation
methods. Both films show similar and consistently short lifetimes of around 50 ps.
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Figure S6. Pseudo-color TR profiles of CsSnl; SCs at early delay times (< 5 ps). Pump photon
energies used are: (a) 400 nm (b) 500 nm (c) 600 nm, and (d) 800 nm.
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Figure S7. Refractive index (n) and extinction coefficient (k) of CsSnl; polycrystalline thin film

characterized using ellipsometry (VB250, VASE, J. A. Woollam, USA). Quartz substrates were used
for all the optical measurements.
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Figure S8. TR dynamics of CsSnl; SC with 400 nm photoexcitation using various pump fluence. The
influence of carrier concentration on the reflection dynamics is not significant. To avoid measuring
ambipolar carrier diffusion rather than minority carrier diffusion, we performed the experiments at low
pump fluence to minimize the carrier concentrations.

Calculation of the electronic structure of CsSnl; bulk and (001) surfaces.

We employ the all-electron-like projector augmented wave (PAW) method® and the Perdew-
Burke-Ernzerhof revised for solids (PBEsol) exchange correlation potential® as implemented
in the VASP code.® In the basis, the semicores of Cs and Sn atoms are treated as valence
electrons, i.e., 9 valence electrons for Cs (5s°5p°6s’) atom and 14 valence electrons for Sn
(4d'°55*5p?) atom. The cut-off energy for the plane wave expansion of the wave functions is
500eV. All atoms are fully relaxed. The Hellman-Feynman forces are less than of 0.01 eV/A.
The 3x3x1 Monkhorst-Pack grid of k-points* for Brillouin zone integration was used in the
calculations of structure relaxation. For their electronic structures calculations, the double

Monkhorst-Pack grid of k-points is used. In the calculations, the primitive unit cell of CsSnl;
is orthorhombic with space group Pnma (D5’ ). Their optimized lattice parameters are listed in

the Table S1. For the (0 0 1) CsSnl; surface structure, it includes two different terminated
surfaces, i.e., Csl and Snl surface. In order to make the surface models to be non-polarized,
we build two (0 0 1) surface structures with Csl and Snl terminated surfaces, respectively.
The vacuum thickness for both surface structures are of 20 A. The optimized structures are
shown in Fig. S9. The calculated surface energies of the two slab models are list in Table S2,
which show that the slab terminate by two Csl surfaces are favorable because of its lower

surface energy.
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Table S1. The optimized lattice parameters. The values in brackets are experimental data.

do (A) bo (A) Co (A)
This work 8.60 8.56 12.24
Exp. Value® 8.69 8.64 12.38

As shown in Figure S9a, the calculated band gap of bulk CsSnls is 0.45 eV, which is
smaller than experimental value. This is because the calculations based on density functional
theory (DFT) strongly underestimated the band gap. Nonetheless, the calculated results are
similar with other calculation works.” In Fig. S9b and S9c, we showed the band structures of
(0 0 1) CsSnlj slabs. We found that both surface structures have the same band gap. The band
gap of the slabs are larger than that of bulk CsSnlz and the surface states do not appear in the

band gaps.

Table S2. The calculated surface energies G.

Snl surface Csl surface
o (meV/A?) 8.72 2.44

E (eV)
A b N 2 o = N oW

MM I;

=
-
#

Figure S9. Calculated band structure of CsSnl; bulk and its (0 0 1) surfaces. The band structures of (a)
bulk CsSnls, (0 0 1) CsSnl; slab with (b) terminated by Csl surface and (c) terminated by Snl surface.
The blue and red circles present the components of 5p states of Sn and | atoms at the surface,
respectively. The size of the circles are representative of the weights of the components.
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Figure S10. Minority carrier diffusion length in CsSnlj thin films. (a) PL dynamics for a 120 nm thick
CsSnl; polycrystalline thin film with and without a PCBM layer on top. The PCBM layer was used to
extract the minority carriers of CsSnl; (electrons). (b) Diffusion length vs. the lifetime ratio with and
without PCBM layer. The diffusion length of ~16 nm was determined from experiments.
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Figure S11. PL degradation study of CsSnl; single crystal. (a) PL spectra evolution with time. (b)

Quenching of the peak PL intensity with time for single crystal and thin film. The degradation study

was performed at 20°C, 60% humidity and under continuous illumination of 800 nm fs-pulses (>8.5 uJ
-2

cm™).

Calculation of the theoretical solar cell performance parameters.

The short-circuit current density (Jsc) is mainly limited by the minority carrier drift and
diffusion. Jsc=JgrifctJditruse, Where Jgrise iS the drift current in the depletion layer due to the
presence of build-in field, and Jgisuse IS the diffusion current out of the depletion layer (Figure
S9).

w
Jain = qGJ- eXp(—X/ Ly )X = qGLy ¢ (1—eXp(-W / L)) . (1)
0

where W is the depletion width, G is the carrier concentration, Lgis iS the carrier drift length
Laritt ~ uE 7=u 7 Vil W, Vy,i is the build-in field (~ 1V), u is the effective carrier mobility, zis the
effective carrier lifetime.

OAN(X)
Jyee . =0D
diffuse q ax

w L L W
exp(———) = qG —*=ttee—exp(—), @)
X=W Ldrift Ldrift + Ldiffuse Ldrift

where L. =Dt , D is the effective diffusion coefficient.®
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Figure S12. Schematic of the drift and diffusion of excess carriers.
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