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ABSTRACT: Mixed lead—tin halide perovskites have sufficiently . D

low bandgaps (~1.2 eV) to be promising absorbers for perovskite— W‘ High tin )
perovskite tandem solar cells. Previous reports on lead—tin = e )Ohn concentration
perovskites have typically shown poor optoelectronic properties
compared to neat lead counterparts: short photoluminescence
lifetimes (<100 ns) and low photoluminescence quantum Homogenising
efficiencies (<1%). Here, we obtain films with carrier lifetimes with Zn
exceeding 1 us and, through addition of small quantities of zinc
iodide to the precursor solutions, photoluminescence quantum
efficiencies under solar illumination intensities of 2.5%. The zinc
additives also substantially enhance the film stability in air, and we Low tin

use cross-sectional chemical mapping to show that this enhanced Higher PLQE and air stability concentration
stability is because of a reduction in tin-rich clusters. By fabricating

field-effect transistors, we observe that the introduction of zinc

results in controlled p-doping. Finally, we show that zinc additives also enhance power conversion efficiencies and the
stability of solar cells. Our results demonstrate substantially improved low-bandgap perovskites for solar cells and
versatile electronic applications.

etal halide perovskites based on methylammonium potential for adopting perovskites as both the high- and low-
(MA) or formamidinium (FA) lead (Pb) halide bandgap absorbers, for example, due to enhanced radiative
derivatives show enormous promise as high-perform- recycling'' and compatibility with deposition on lightweight,
ance and inexpensive solar cells and light-emitting devices.' flexible substrates. To date, the highest-performing low-bandgap
Advantages include tunable and direct bandgaps, strong perovskites use mixtures of lead and tin, which exhibit bandgaps
absorption,” long charge diffusion lengths’ (when compared as low as 1.23 eV."” Single-junction PCEs for lead-tin-based

to film thickness), and high tolerance to defects.” State-of-the- art
lead-based perovskite solar cells have bandgaps around 1.6 eV,
and record power conversion efficiencies (PCEs) in the
laboratory are now above 25%.”

An exciting area for lead halide perovskites is tandem solar cell
configurations, which provide a route for surpassing the single—
junction Shockley—Queisser efficiency limit of ~33%." In all
tandem devices, a low-bandgap absorber (<1.3 €V) is required

devices are typically in the range of 17%,"® with one recent
report of 20%,"* and have reached as high as 23.1% in a two-
terminal tandem configuration with a wide-bandgap perovskite
absorber.'* These performances are still far below practical
efficiency limits expected of 30 and 34% for single-junction and
tandem perovskite configurations, respectively.>~'” In addition,

to achieve a notable efficiency gain.” While the first generation of Received: July S, 2019
commercial, perovskite-based tandem devices are likely to use Accepted: August 21, 2019
silicon as the low-bandgap material,'® there is an even greater Published: August 21, 2019
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there are stability issues owing to the sensitivity of Sn®*, which
can readily oxidize to Sn*" in the presence of oxygen or moisture,
leading to uncontrollable p-type doping'® and eventual
degradation of the perovskite structure. Although some control
of this p-doping has been reported in the pure tin systems, such
control has yet to be reported in the mixed lead—tin systems."”

One of the reasons for the relatively poor solar cell
performance in low-bandgap mixed Pb—Sn perovskites films is
that, in contrast to standard 1.6 eV perovskites, these Pb—Sn
films have low reported photoluminescence quantum efficien-
cies (PLQES), consistent with a large density of sub-bandgap
trap states.”” This large trap density has a negative impact on
device performance, limiting the maximum achievable open-
circuit voltage.21 The PLQEs under solar illumination
conditions in lead—tin alloys are reported to be on the order
of 0.1% or lower’” and photoluminescence (PL) lifetimes are
generally on the order of a few nanoseconds, with three recent
exceptions where lifetimes of 0.1—1.2 us have been
observed.'”'*** By comparison, well-passivated lead halide
perovskite films have been reported to have PLQEs under solar
illuzr?ination greater than 30%°“”° and PL lifetimes as long as 8
Us.

Here, we present FA-based Pb—Sn iodide thin-film perov-
skites with PLQEs up to 3.5%, PL lifetimes exceeding 1 us, and
enhanced stability against ambient air by employing Znl, as an
additive in the precursor solution. We perform transient
absorption spectroscopy (TAS) and characterize electrical
gating of the thin films to demonstrate that the Zn additives
control the level of p-type doping in films. We demonstrate that
these properties can translate to enhanced performance and
short-term stability of thin solar cells with perovskite absorbers
containing Znl,. Scanning transmission electron microscopy
energy-dispersive X-ray spectroscopy (STEM-EDX) cross
sections reveal that the processing with Zn leads to a more
uniform mixing of Pb and Sn. This improved homogeneity
reduces the density of Sn-rich regions that are otherwise the sites
that lead to oxygen-induced degradation, leading to a greater
tolerance to air exposure. X-ray diffraction (XRD) results hint
that there may be some incorporation of Zn into the perovskite
structure, providing a potential lever for controlled doping.
These results represent an extremely promising step toward
high-performance, stable, low-bandgap bottom cells for perov-
skite—perovskite tandems.

We fabricated thin films of FAPb, ;Sn, sI;-based perovskites
by spin-coating a single precursor solution (main components
FAI, Snl,, and Pbl, with the addition of 20% SnF, with respect
to Snl, and 6% Pb(SCN)2 with respect to PbL,). For deposition,
we used a gas quenching method”””® in a nitrogen-filled
glovebox. In addition, we replaced a small quantity of the Pbl,/
Snl, precursor with Znl,, which has previously been shown to
enhance lead-based perovskites.””*° Defining « to be the molar
percentage of Znl, relative to the number of moles of FAI in the
precursor solution, we fabricated films with x = 0, 2, 5, and 10%
(see SI Experimental Methods for further details). The resulting
polycrystalline films have a uniform grain size, with a slightly
smaller grain size for x = 5% but of the same order of magnitude
(~200 nm diameter; see SI Figure S1). We encapsulated all films
inside of a nitrogen-filled glovebox directly after fabrication.

In Figure 1, we show PL measurements from pristine (x = 0%)
and zinc-containing (x = $%) films. We observe the position and
shape of the PL peak to be similar for both films (Figure 1a,
inset), but the fwhm gives a hint of differences, with the x = 5%
peak being 10 meV narrower than the x = 0% peak. This small

2302

» 100
n x=0% N < 10
gl 4 5% 4 4 3
—~Oor (8]
Saie . | 210
g 27 ‘Ai n ® Wavelength (:m)‘ 8
e - —~ 800 1000 120 0 10»2
o " g0 =
104" \ ©
A i V‘IO g
ol= H n.m’ 2 1 0»3 | ) ) )
0 250 500 750 1 000 0 1 2 3 4 5
Inten3|ty (mWem?) Time after excitation (us)
2 e i exposune £ o i it expostre
§ 10° ﬁgjétw 45 minutes air exposure § 10° L:Q 7/97 S 45 minutes air exposure
© 1
-
Z10" %107
§ 2 § 2
§1o- g1
8 1 0»3 g 1 0»3 "
Z710° 102 10" 10° 10%_ 102 10" 10°

Time after excitation (us)

Time after excitation (us)

Figure 1. (a) PLQE with laser intensity when illuminated by a 648-
nm continuous wave laser for x = 0 and 5% films. The dashed vertical
line corresponds to 1 sun equivalent excitation density. The inset
shows typical PL spectra. (b) Normalized PL decays for the same
films, when illuminated by a 635-nm pulsed laser with intensity of 50
nJ cm ™2 PL decays of x = 0 and 5% films are shown in (c) and (d),
respectively, recorded when samples are encapsulated (as in b),
following 1 min of air exposure and after 45 min of air exposure.

reduction in fwhm is in line with a more homogeneous film
composition, in agreement with our findings in the latter part of
this work. We find that for both samples the PLQE increases
with increased excitation density (Figure 1a), which we attribute
to a trap-filling effect at higher carrier densities and an increasing
competitiveness of radiative recombination with trap-assisted
recombination, as is observed for the pure lead counterparts.®"**
For x = 0%, the PLQE reaches 1.5% at excitation densities
equivalent to those realized under solar operating conditions (1
sun; see SI Experimental Methods) and a maximum of 2.0% at
higher densities (~13 suns). These values increase further for x
= 5%: at 1 sun, the PLQE is 2.5% and plateaus at 3.5% at ~13
suns. Highly Sn rich perovskites have shown reasonable PLQE
values of close to 1% due to the rapid radiative recombination of
conduction band electrons with the sea of p-doped carriers.™
However, for the more stable, lower-bandgap, technologically
relevant compositions around the 50:50 Pb:Sn range, the
highest previously reported PLQE values are ~0.1%,”>** 1 order
of magnitude lower than what we observe here. We note that we
see a slight increase in root-mean-square roughness of the films
from 24 + S nm (x = 0%) to 36 & S nm (x = 5%). This change in
roughness will contribute to the increase in observed PLQE but
is not the only contributing factor because the PL lifetime also
increases. An increase in absolute PLQE is beneficial for
properties such as the open-circuit voltage of solar cells. We can
further exaggerate this effect by adjusting the deposition process
(for instance, raising the height of the gas gun) and observing
that the peak PLQE can increase to as high as 10%, which is
primarily due to enhanced light outcoupling from increased
density of pinholes (Figure S2). We observed that similar PLQE
values can be obtained even after storage of encapsulated films in
a nitrogen glovebox for 1 month (Figure S3).

Figure 1b shows time-resolved PL (TRPL) measurements
employing time-correlated single-photon counting (TCSPC)
(see Figure S4 for other compositions and for unnormalized
decays). We reveal PL lifetimes (defined as the time taken to fall

to L of the initial value) of 0.36 ys for x = 0% and 0.49 s for x =
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5% at a fluence of S0 nJ cm™. We observe that the initial PL
signal has a second-order dependence on laser power at this
excitation density, suggesting that we are primarily observing the
recombination of photoexcited electrons and holes in
bimolecular processes (Figure SS). At lower fluences (S nJ
cm™%), we observe lifetimes extending beyond 1 ys, reaching 1.5
us for x = 0% and 1.19 us for x = 5% (see Table S1 for all
measured lifetimes). This fluence dependence highlights an
interesting observation: at higher fluences (50 nJ cm™), the
films processed with Znl, have longer lifetimes, while at lower
fluences (5 nJ cm™), pristine films have longer lifetimes. We
explain these observations later by demonstrating that at lower
fluences we move toward a regime more dominated by doping
for the case of x = 5% films, where shorter lifetimes are expected
(compared to films with less doping). This also explains the
increase in PLQE at low excitation densities for x = 5% films.

We emphasize that the long lifetimes reported here were
achieved only by encapsulating the films immediately after
fabrication. If we stored films overnight even in a nominally
clean nitrogen-filled glovebox before encapsulation, this resulted
inlower PLQEs and PL lifetimes. The use of tin fluoride and lead
thiocyanate additives also resulted in films with improved
optoelectronic quality (Figure S6). Therefore, we attribute the
high PLQEs and long lifetimes, even in the control samples, to
rapid encapsulation and improved fabrication processing. These
results were observed in multiple batches from different
laboratories, suggesting that this fabrication method is highly
reproducible.

To investigate the stability of films in ambient air, we removed
the encapsulation and again measured PL lifetimes over a period
of 45 min. Our results (Figures 1c,d and S7 for unnormalized
decays) show that all films have a reduction in PL lifetime
immediately following atmospheric exposure. The lifetime in
zinc-containing films then remains comparatively stable, while
the lifetime of x = 0% films drops substantially to ~1 ns after 45
min of air exposure. These results suggest that processing with
Znl, leads to enhanced resilience to degradation of optoelec-
tronic properties in ambient air.

We performed TAS on encapsulated films to better
understand the charge carrier decay kinetics, following methods
described by Richter et al.** Here, we focused on the change of
absorption between 800 and 1000 nm, which includes a broad
ground-state bleach centered at 950 nm that appears after
photoexcitation with a 532 nm pulsed laser (see Figure S8 for
spectra). By integrating the TAS spectrum about the center of
this ground-state bleach (+30 nm), we can monitor the decay of
the ground-state bleach over several orders of magnitude in
signal intensity. Because AT/ T is small, the ground-state bleach
is proportional to the number of photoexcited charges in the
perovskite film, as exemplified by the linear relationship between
early-time ground-state bleach recorded and laser power (see
Figure S8 and SI Note 1). We scale our decay kinetics by the
initial excitation density to obtain the number of excited charges
following photoexcitation, n(t) (see SI Note 2). We find that TA
decays at different excitation densities overlap well, though we
note some deviations from this overlap at the earliest times,
which we attribute to charges slowly funneling down to the
lowest-energy sites within films; we exclude these time windows
from this analysis (see Figure S8 for further discussion).

In Figure 2a,b, we plot n(t) versus dr;—(:) for x = 0 and 5%,

respectively. Excitations in our films are observed to decay
according to first-order, second-order, and third-order pro-
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cesses. Low-bandgap lead—tin perovskites are p-type materials,
meaning that in addition to bimolecular radiative recombina-
tion, first-order radiative recombination between an excited

electron and a background hole can also play a role; % =—an —

bn(n + py) — cn’. Here, a is a nonradiative trapping term, b the
second-order recombination rate, ¢ an Auger recombination
term, and p, the background hole concentration. We perform a
logarithmic least-squares fit to our data to extract decay rates
(see Table S2 for values). For x = 0%, the decay is dominated by
bimolecular processes at nearly all excitation densities probed
(for 10"°—10"® cm™). In contrast, we are able to observe regions
where first-, second-, and third-order kinetics dominate for x =
5% films. Our results also show that the charge densities that
yield the highest PLQE values correspond to bimolecular
recombination in all films (Figure 2).

The excitation density at which first-order and second-order
rate processes contribute equally to the decay of excitations (an
= bn?) is given by n,_, = g. In our films, this critical carrier
density is an order of magnitude higher for the x = 5% film (n,_,
=9.2 x 10" cm™3) than that for the x = 0% film (n,_, = 0.9 X
10" cm™). We also note that at low excitation densities,

b
PLQE =~ %. From our measurements, the x = 5% films have a

higher a value but also a higher PLQE (including at low
excitation densities). We explain this by proposing that there is
an increase in p-type doping (p,) within our films with the
addition of Znl,. This also explains the observation that the PL
lifetime for x = 5% films increases less rapidly with decreasing
fluence than that for x = 0% films.

In order to quantify the p-type doping, we use parameters
from our TA data to fit the low-energy region of our PLQE
measurements. This enables us to measure the background hole
concentration (see SI Note 3, Table S2, and Figure S9). While
for x = 0% we are only able to place an upper bound on pj (2.5 X
10"ecm™3), for x = 5% we obtain a density of ~1 X 10"5cm™.
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Thus, the background hole concentration is higher for x = 5%
than the 0% analogue.

To confirm and explore the nature of doping induced by the
Znl, additive, we fabricated bottom gate/bottom contact
perovskites field-effect transistors (FETs) using x = 0 and 5%
perovskites films as the active layer. Surprisingly, both devices
exhibited clean transistor characteristics at room temperature,
with the expected p-type channel (Figure 3a,b). While there
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Figure 3. Electrically gated measurements of charge transport and
photoinduced doping studies on a bottom contact/bottom gate FET
device (channel length 100 gm, channel width 1 mm) fabricated
with x = (a) 0 and (b) 5% perovskite layers. Photoinduced
characteristics correspond to white light excitation densities across
the range stated. (c) Estimated photoinduced charge carrier number
density in perovskite thin-film FETs. (d) Schematic of the FET
architecture.

have been some previous reports of transistors fabricated from
MAPbI, and other neat lead- or neat tin-based perovskites,***”
to the best of our knowledge, this is the first report of a transistor
based on low-bandgap mixed lead—tin perovskites. The
observation of p-type transport is in agreement with previous
transport characterization of Sn-based perovskites performed
using terahertz conductivity'® and Hall Effect measurements.*®
FET devices fabricated with the inclusion of Zn exhibit
enhanced p-type behavior, with the channel current increasing
approximately 3 times compared to x = 0% films. Furthermore, a
positive turn-on voltage and larger off current for the x = 5% film
both point toward enhanced p-type doping. The field-effect
mobility (#pgr) reaches a value of 0.007 cm?/(V s) for x = 5%
and 0.003 cm?/(V s) for x = 0%, with both values being
comparable to previous lateral FET mobility measurements on
perovskite thin films, where transport laterally across many grain
boundaries in the FET device can significantly reduce effective
mobilities recorded relative to single-crystal or terahertz
measurements.”” We note that control devices fabricated from
Znl,-only solutions yielded insulating characteristics (Figure
$10), demonstrating that the observed enhancements in
mobility originate from the Zn additives in the perovskites
rather than from the Znl, ionic solid.

We illuminated our FET devices with white light to a
maximum intensity of 10 mW/cm? (~0.1 sun equivalent) to
investigate photodoping effects (Figure 3a,b). In both devices,
we observed an enhancement in channel current, I, but the
current still remained higher for Vg <0, indicating that of the
photogenerated charge carriers holes are more mobile than
electrons. Photoinduced charge density in the perovskite FET's
are shown in Figure 3c (see SI Experimental Methods for
calculation details). The charge density is approximately 3 times
higher for x = 5% films compared to that for x = 0% films, again
pointing to reduction in trap density, which enables more
charges to exist in the film under steady-state illumination. A
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reduction in trap density gives a possible explanation for
enhanced p-type doping for x = 5% films.

To validate our spectroscopic results in full solar cell devices,
we fabricated thin solar cells in the architecture indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene) polystyrenesulfonate
(PEDOT:PSS)/perovskite/[6,6]-phenyl C61 butyric acid
methyl ester (PCBM)/bathocuproine (BCP)/Ag (Figure 4b,
inset), with the perovskite containing varying fractions of Znl, in
the precursor solution (see SI Experimental Methods). We used
the same perovskite film thickness as that in the above
spectroscopic measurements, meaning that we did not maximize
the short-circuit current, and an otherwise identical recipe
except with a “solvent quench” step optimized for devices
instead of a “gas quench” (see SI Experimental Methods and
Figure S11 for TRPL curves demonstrating similar trends
following air exposure and Figure S12 for SEM images of the
sample surfaces). We show device results for Zn content varying
from 0 to 10% in Figure 4a—d. There is a clear increase in all
solar cell parameters with the addition of Znl,, with x = 1% being
the optimum for overall performance (further discussed below).
We found the x = 1% exhibited a median PCE of 11.1% and
interquartile range of 1.8% (champion PCE 12.7%), compared
to (9.3 + 3.5)% for x = 0% (champion 12.3%). In particular, we
saw an increase in the open-circuit voltage and short-circuit
current, both of which are consistent with the enhanced
luminescence and reduced impact of traps ascertained from
spectroscopic measurements. We note that these absolute
performances are respectable given that the active layer is only
~200 nm thick to match our spectroscopic measurements.

In Figure 4e, we show the PCE of the champion pixel from
each composition held at the initial maximum power point
voltage for 60 s. We note that, while there is typically a decrease
in PCE during the initial time for x = 0% films, this “burn in” is
positive for x = 1 and 2% cells. Furthermore, we exposed the
devices to air (2.5 h) and stored them in a nitrogen glovebox for
48 h before retesting. The x = 0% devices substantially degraded
during this time, while the x = 1 and 2% devices had mostly
maintained their efficiency (Figure 4f; see Figure S13 for all
results from these experiments). We note that the devices were
measured unencapsulated, whereas our results on bare films
above (cf. Figure 1c,d) showed substantial degradation for the
x 0% composition without encapsulation. Subsequent
measurements show that the overlying device layers, in
particular, the metal electrode, provide protection for the
devices (SI Note 4 and Figure S14), and thus, the x = 0% devices
were still measurable, albeit substantially reduced in perform-
ance with respect to their Zn counterparts. These results show
that the addition of Zn improves both the performance and
short-term stability of the resulting devices, in line with our
spectroscopic results.

Finally, in order to determine the mechanism by which ZnlI,
addition leads to the enhanced properties of the Pb—Sn films
and devices, we performed scanning transmission electron
microscopy and energy-dispersive X-ray spectroscopy (STEM/
EDX) on cross sections of films deposited on Si substrates. We
minimized air exposure during this process and used a capping
layer of spiro-OMeTAD to limit exposure to the electron and
ion beam during sample preparation (see SI Experimental
Methods for details).

Figure Sa—c shows the chemical spatial distribution of Pb, Sn,
and Zn in the perovskite films, with x = 0% below and x = 5%
above in each case. Pb appears to be relatively homogeneously
distributed through both films, with no significant differences
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Figure S. Distribution of (a) Pb, (b) Sn, and (c) Zn from a cross-
sectional lamella as measured by STEM/EDX shown for films spun
on silicon. In each figure, two films are shown; x = 0% is below, and x
= 5% above. The color bar represents the signal intensity in arbitrary
units. (d) XRD results showing an increase in lattice parameter with
increasing fraction of Znl, in the precursor solutions. (e) Cross
section revealing Sn-rich regions on the surface of an x = 0% film, (f)
with these same regions corresponding to increased concentration
of oxygen with brief air exposure.

between the samples. However, the distribution of Sn is
markedly different: for x = 0%, we observe Sn-rich regions of size
~200 nm forming at the surface of the film, which are absent in
the films prepared using Znl, in the precursor solutions (x =
5%). More generally, the Sn is much more uniformly intermixed
with Pb in the Zn-containing samples. We observe that the
majority of the added Zn localizes along the bottom of the film
(substrate side); we show that this is not substrate-dependent by
depositing films on the solar cell device contact PEDOT:PSS
and obtaining the same results (Figure S15). The presence of
this Zn layer may explain why our optimal device performance
was found at x = 1% compared to x = 5% from spectroscopic
measurements such as PLQE: there is a compromise between
the beneficial effects from the addition of Zn such as doping and
stability, and the excess Zn layer acting as an insulating layer
limiting carrier collection.

XRD data (Figure Sd) reveals a small but statistically
significant relative increase in perovskite lattice parameter
(~0.05%) for the films with x > 0%, consistent with a small
quantity of Zn (<1%) being distributed throughout bulk of the x
= 5% film (potentially at interstitial sites) but at a level below the
detection limits of our STEM/EDX measurements (see Figure
S16 for XRD spectra). We also note that the width of the XRD
peaks was comparable for all compositions, and thus, we do not
see any clear differences in grain size or strain effects.

We observe from further STEM/EDX measurements that
oxygen in the film is primarily associated with the Sn-rich regions
of the x = 0% films (Figure Se,f). As has been proposed by
Leitjens et al,” the mechanism for low-bandgap perovskite
degradation is the reaction of Sn with oxygen. Therefore, the
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absence of these Sn-rich regions (as in the x = 5% films) renders
greater resistance to degradation in ambient air.

Overall, our results show that films prepared with Znl, in the
precursor solutions exhibit more homogeneous mixing of Pb:Sn,
higher PLQE and conductivity, a simultaneous increase in the p-
doping, and a greater resistance to ambient air exposure. We
propose that the Znl, may both help during film formation and
play an active role as a dopant either in interstitial or lattice sites,
as was suggested by Saidaminov et al.*’ for larger-bandgap films.
We speculate that the improved film formation could be due to
the Znl, seeding growth of higher-quality grains that are more
chemically homogeneous, possibly due to the additives assisting
the formation of more homogeneous perovskite complexes in
the precursor solution. Further work will be required to confirm
this mechanism.

We have demonstrated low-bandgap mixed lead—tin metal
halide perovskite films with substantially better optoelectronic
properties than those previously reported in the literature. We
report carrier lifetimes over 1 ys in neat encapsulated films and
PLQEs of 3.5% following the addition of zinc iodide to the
precursor solution used to fabricate the films. The addition of
zinc also dramatically increases the stability of the films to
ambient air, with long PL lifetimes of films retained following air
exposure. We further demonstrate that Zn additives can be used
to control the p-type nature of the films, as is shown by clean
transistor behavior; solar cells fabricated from these materials
also show enhanced performance and short-term stability with
Zn compared to the controls. We attribute these enhancements
to improved mixing of Pb and Sn within the perovskite as well as
possible trap management through Zn incorporation within the
film. Our work demonstrates improved low-bandgap perovskite
films and devices and highlights this material’s potential in
versatile electronic applications.
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