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Realizing High Efficiency over 20% of Low-Bandgap
Pb—Sn-Alloyed Perovskite Solar Cells by In Situ Reduction

of Sn*™"

Tingming Jiang, Zeng Chen, Xu Chen, Tianyu Liu, Xinya Chen, Wei E. I. Sha,

Haiming Zhu, and Yang (Michael) Yang*

Although the theoretical power conversion efficiency (PCE) of low-bandgap
Pb-Sn-alloyed perovskite solar cells (PSCs) is higher than that of its conventional
pure Pb counterpart, its device performance currently has been severely restricted
by the large open-circuit voltage (Vo) loss. Herein, it is discovered that the
sn*".induced trap states of the perovskite film can be effectively suppressed by
introducing excess Sn powder into the precursor solution (FASnl;) to reduce the
Sn*" content. As a result, the average charge carrier lifetime of the perovskite film
increases remarkably from 115 to 701 ns due to the suppressed nonradiative
recombination, and the energy levels have up-shifted by about 0.27 eV, rendering
a more favorable energy-level alignment at the interface. Ultimately, the cham-
pion PSCs using a low-bandgap (FASnls)o¢(MAPbIs), 4 perovskite film with Sn**
reduction show a high V,. of 0.843 V corresponding to a V. loss as low as
0.397 eV and a high fill factor of 80.34%, leading to an impressive PCE of 20.7%,
which is one of the few instances of a PCE over 20% for low-bandgap mixed

(1.7-1.9 eV) and a low-bandgap bottom cell
(1.1-1.3eV) with a predicted maximum
PCE over 40%.I"*'” In addition to the tan-
dem cell, the Sn—Pb-alloyed perovskite with
a more suitable bandgap of ~1.24 eV has a
higher theoretical efficiency limit for a
single-junction cell.

Many efforts have been devoted to
improving the PCE of low-bandgap mixed
Pb-Sn PSCs."* ) However, it often exhib-
its a larger open-circuit voltage (V) loss,
and therefore, its efficiency is far behind
that of pure Pb-based PSCs with a medium
bandgap. It is worth to note that Yan and
Zhu et al. recently used guanidinium thio-
cyanate (GuaSCN) additive to passivate the
grain boundaries and substantially reduce

Pb-Sn PSCs to date.

The highest certified power conversion efficiency (PCE) of PSCs
has reached 25.2%" for organic-inorganic halide perovskite
solar cells (PSCs) with a medium bandgap of ~1.5 eV, approach-
ing its Shockley-Queisser (S—Q) limit.”) A proven method to
break the S—Q limit is to fabricate perovskite—perovskite tandem
solar cells,**”! which combines a wide-bandgap front cell
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the defect density in mixed Pb-Sn perov-

skite films, leading to a high PCE over

20%, which is the first report for mixed

Pb-Sn PSCs with PCEs over 20%.I'” The
larger V. loss of low-bandgap mixed Pb-Sn PSCs is likely asso-
ciated with two factors: 1) the high trap density of the perovskite
film, resulting in severe nonradiative recombination, and 2) an
unsuitable energy-level alignment between perovskite film and
charge transport layers.[">2”2°=3! It is believed that the Sn*" acts
as p-type dopants in the Pb—Sn-alloyed perovskite films which
induce deep trap states to boost nonradiative recombina-
tion.?>2* Unfortunately, even a highly purified commercial
starting material Snl, (99.9%, trace metal) could contain up to
10 wt% of Snl, due to the technical difficulty of the complete
removal of Sn*" during the synthesis, as reported by
Wakamiya and coworkers recently.*> In addition, even though
the storage of the starting material Snl, and the preparation of
Sn-based perovskite films is carried out under a N,-filled glove
box, it is impossible to completely prevent oxygen exposure, so a
certain degree of oxidation of Sn*" to Sn*™ is still likely to occur
during that time.

Therefore, in this work, we reported an in situ Sn** reduction
method by adding excess Sn powder into the formamidinium tin
iodide (FASnI;) precursor solution during its dissolution pro-
cess. With the help of the heating treatment of the precursor
solution, the redox reaction Sn*™ + Sn — 2Sn*" is triggered,*®
and the Sn*' content is considerably reduced. The trap
density of the film has decreased significantly from 7 x 10™*
to 4.34 x 10" cm ™, and the average charge carrier lifetime of
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the film has increased remarkably from 115 to 701 ns due to the
reduced defect density and trap-assisted recombination. In addi-
tion, the valence band maximum (VBM) has up-shifted from
—5.89 to —5.62 eV, making the energy-level alignment at the
perovskite/hole-transport layer interface more suitable. Finally,
the champion device fabricated by the Sn*" reduction method
delivers a high PCE of 20.7% with a large V,. of 0.843 V corre-
sponding to a remarkable low V, loss of 0.397 eV, whereas the
best control device without Sn*" reduction exhibits a V,. of
0.795V, fill factor (FF) of 75.82%, and PCE of 17.39%. The
PCE of 20.7% achieved in this work is one of the highest reported
PCEs for low-bandgap mixed Pb—Sn PSCs to date.

To identify the reduction effect of Sn powder on Sn*", X-ray
photoelectron spectroscopy (XPS) has been conducted. Figure 1a,
b shows XPS Sn 3ds,, spectra for the perovskite films without
and with Sn*" reduction, separately. Both spectra can be decom-
posed into one dominant component and a small peak with a
higher binding energy. The main component (black line) with
a binding energy at about 486.4 £0.05eV is assigned with
Sn?*, whereas the smaller peak (green line) locating at about
487.5 4 0.05 eV is attributed to Sn** ions, which are in good
agreement with previous reports.”?”?®! It is obvious that the
intensity of Sn*" component in the film with Sn*" reduction
is significantly lower than the one without Sn** reduction.
The XPS result shows direct evidence that the addition of Sn
powder into the FASnI; solution has effectively reduced Sn**
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to a lower degree. We further estimated the trap density values
of the perovskite films without and with the Sn powder reduction
effect using the space-charge-limited-current (SCLC) method."**!
The electron-only devices are fabricated by adopting the config-
uration ITO/SnO,/(FASnI3)g 6(MAPDI;3)g4/Ceo/Ag, and the dark
J-V characteristics have been measured and are shown in
Figure 1c,d for devices without and with Sn** reduction. The
linear region at low bias voltage represents an ohmic contact,
and a marked increase in the current injection appears as
the increase in bias voltage at the intermediate region, which
is identified as the trap-filling process. The kink point between
the two regions is defined as the trap-filling limit voltage (Vrgy),
so trap density can be calculated from the following
equation!**”)

VL = eLthrap/zggo (1)

where ¢ is the electron elementary charge, ¢ stands for the rela-
tive dielectric constant, ¢, represents the vacuum permittivity,
and L is the thickness of the perovskite films. The Vg values
for devices without and with Sn** reduction are confirmed to
be 0.626 and 0.388V, respectively, as shown in Figure 1c,d.
The electron trap density of the device with Sn*™ reduction is
then calculated to be 4.34 x 10" cm ™, which is much lower than
that (7 x 10" cm™) of the device without Sn*" reduction. The
reduced trap density is clearly attributed to the decreased amount
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Figure 1. High-resolution XPS spectra of the Sn 3ds,; region for the (FASnl3)o.6(MAPbI3) 4 perovskite films a) without and b) with Sn** reduction. Trap
density evaluation of perovskite films c) without and d) with Sn** reduction using dark J-V curve measurements of the electron-only devices.
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of Sn*" in the mixed Pb—Sn perovskite films, which is ascribed to
the Sn powder reduction effect.

Figure 2 shows the top-view SEM images of
(FASnI3)o 6(MAPDI3)o 4 perovskite films without and with Sn
powder reduction, respectively. Perovskite films in both cases
are compact and pinhole free with some grain sizes reaching
over 1 pm. However, the proportion of crystal grains with sizes
over 1 um for perovskite film with Sn** reduction seems slightly
higher than that of the film without Sn*" reduction. Note
that it has proven difficult to synthesize uniform, pinhole-free,
and Sn-based perovskite thin films because Sn-based
perovskite films crystallized rapidly, the thickness of the
(FASnI3)o 6(MAPDI3)o 4 perovskite films prepared in this work
is about 800 nm which is thicker than most previous reports
of mixed Pb-Sn PSCs.'*2'23 [t seems that the average
grain size of the film is comparable with the film thickness.
Thicker films with larger grains are favorable for fabricating
(FASnI3)o6(MAPDI3)o4 PSCs to attain enhanced external quan-
tum efficiencies (EQEs) in the infrared wavelength region, which
is important for bottom cell in tandem solar cells. The crystalli-
zation of (FASnls)gs(MAPDI3)04 films on PEDOT:PSS without
and with Sn** reduction has been evaluated by X-ray diffraction
(XRD) measurements, as shown in Figure S1, Supporting
Information. The two XRD patterns show strong diffraction
peaks at 14.1° and 28.3° corresponding to (110) and (220) pre-
ferred orientation."*'”) There is no obvious change in the
XRD patterns of the perovskite films without and with Sn**
reduction, which indicates that Sn powder reduction has little
effect on the crystallization of (FASnls)o¢(MAPbDI;), 4 perovskite
films.

Figure 3a shows the optical absorption spectra of
(FASnI3)o 6(MAPbI;)o 4 perovskite films without and with Sn**
reduction, which are almost identical. The optical bandgaps of
the perovskite films are estimated to be as low as about
1.24eV by fitting the (ohv)%-E plot, as shown in Figure S2,
Supporting Information. To access the reduction effect of Sn
powder on the photophysical property of perovskite films,
we measured the steady-state photoluminescence (PL)
and time-resolved photoluminescence (TRPL) decay of the
(FASnI3)o6(MAPDI3)o 4 perovskite films without and with Sn*t
reduction deposited on pristine glass. As shown in Figure 3D,
the PL intensity of perovskite films with Sn*" reduction is about
2.5 times larger than that of films without Sn*™ reduction, indi-
cating that the trap states are reduced in the perovskite films with
Sn*" reduction. To evaluate the electronic quality of the mixed
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Pb-Sn perovskite films, we have calculated the Urbach energies
by combing emission and absorption spectra, as shown in
Figure S3, Supporting Information. The Urbach energy of the
perovskite film with Sn** reduction is about 14.2 meV, which
is relatively lower than that (17 meV) of the film without Sn**
reduction, also demonstrating a lower density of trap states in
the film.**! From the TRPL spectra shown in Figure 3c, the
spectra of perovskite films without and with Sn*" reduction
are well fitted with the single-exponential function, indicating
that the perovskite films we prepared have reasonably good elec-
tronic quality required for photovoltaic operation. The average
charge carrier lifetime of perovskite film has increased drastically
from 115 to 701ns by Sn powder reduction effect. Such a
remarkably long carrier lifetime for low-bandgap mixed Pb-Sn
perovskite is even comparable with that of Pure Pb perov-
skites.*"*?] A longer carrier lifetime indicates a lower nonradia-
tive recombination rate associated with reduced trap states in the
perovskite films, which is supposed to lead to a high V,, for the
PSCs. The enhanced PL intensity and significantly prolonged
charge carrier lifetime of the perovskite film with Sn** reduction
are certainly attributed to the decreased defects due to the reduc-
tion of Sn** compared with that of the film without Sn** reduc-
tion, in line with the analysis of XPS, SCLC measurements for
trap density, and calculated Urbach energies. In addition, the lon-
ger charge carrier lifetime of the perovskite film with Sn** reduc-
tion is also consistent with the micron-sized crystal grains with
less grain boundaries because grain boundaries can act as recom-
bination centers and charge carrier traps. For low-bandgap mixed
Pb-Sn PSCs, one critical issue that remained is the low spectral
response in the infrared region which restricts the further
increase in short-circuit current density (Js.). This is primarily
due to the relative thin (=400 nm) film thickness, resulting in
insufficient absorption of infrared solar photons. Simply increas-
ing the thickness of the mixed Pb—Sn perovskite film cannot
guarantee the increase in J if the excited carriers cannot last
long enough to get collected. Based on the aforementioned
results, we have successfully synthesized thick (~800nm)
low-bandgap mixed Pb-Sn (FASnls)q¢(MAPDI;)o4 perovskite
films with sufficiently long charge carrier lifetimes, which are
promising to achieve both high V. and J.

To investigate if the Sn*" reduction has an effect on the energy
levels of the perovskite films, we have carried out ultraviolet pho-
toelectron spectroscopy (UPS) measurement to determine the
VBM and CBM. The UPS spectra including onset (E;) and cutoff
(Ecutofr) €nergy region are shown in Figure 3d,e. According to the

Figure 2. Top-view SEM images of mixed Pb-Sn perovskite films a) without and b) with Sn** reduction.
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Figure 3. a) UV-vis absorption spectra of (FASnl3)o(MAPbI;)o.4 perovskite films without and with Sn** reduction. b) Steady-state PL spectra of perov-
skite films without and with Sn** reduction deposited on glass. c) Time-resolved PL decay of perovskite films without and with Sn** reduction. UPS
spectra in the d) cutoff and ) onset energy region for perovskite films without and with Sn** reduction. f) Energy-level diagrams of corresponding

materials.

equation[“] Evgm = 21.2 — (Ecyiorr —Ei), the VBM and CBM of
perovskite film without Sn*" reduction are determined to be
—5.89 and —4.65eV. As shown in Figure 3f, the VBM and
CBM of the perovskite film with Sn** reduction are up-shifted
to —5.62 and —4.38 eV, respectively, which form more energeti-
cally favorable interfaces at perovskite/PEDOT:PSS and perov-
skite/ Cgo. The improved proper energy-level alignment also
contributes to the efficient collection of the photogenerated
carriers and leads to a higher V,. and FF of a low-bandgap
(FASHI3)0.6(MAPbI3)O.4 PSCs.

The solar cell devices are fabricated by adopting the inverted
p-i-n architecture, as shown shown in Figure 4a, composed of
glass /ITO /PEDOT:PSS /(FASnl3)os(MAPbI3)o4 /Coo /BCP /Ag.
Figure 4b shows the current density-voltage (J-V) curves of
the devices using (FASnls)g¢(MAPDI;)o4 perovskite films
without and with Sn*" reduction in forward scan direction.
The highest PCE of devices based on perovskite films without
Sn** reduction is 17.39% with a V.. of 0.795V, J,. of
28.85 mA cm 2, and FF of 75.82%, whereas for the champion
device using perovskite films with Sn** reduction, the V.., Jsor
and FF are significantly improved to 0.843 V, 30.58 mA cm™?,
and 80.34%, respectively, leading to an impressively high PCE
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of 20.7%. To the best of our knowledge, this is one of the few
PCEs over 20% reported to date for low-bandgap mixed
Pb-Sn PSCs. We deem the significant enhancement of V.
and FF for the device using perovskite film with Sn*" reduction
as a result of the remarkably prolonged charge carrier lifetime of
the perovskite film and better energy-level alignment between
perovskite film and charge transport layers. The comparison
of the J-V curve in both forward and reverse scan is shown
in Figure S4, Supporting Information, with corresponding pho-
tovoltaic parameters inside. It is noteworthy to mention that the
high J.. (over 30 mA cm™?) of champion device with Sn*™ is rea-
sonably attributed to the thick perovskite film (800 nm) with a
substantially long charge carrier lifetime because the thick
low-bandgap mixed Pb—Sn perovskite film can absorb more solar
photons especially in the infrared region, and the photo-gener-
ated charge carriers have sufficient lifetime to travel a longer dis-
tance to be collected. The EQEs of the solar cells have also been
measured, as shown in Figure 4c. The two spectra both demon-
strate a broad spectral response extending to 1050 nm, in line
with the optical absorption results. For the device with Sn*"
reduction, the EQEs reach up to 80% in the near-infrared range
of 700-850 nm, which is of great significance for the bottom cell

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Schematic of device architecture of inverted PSCs. b) J-V curves of PSCs based on (FASnl3)¢(MAPbIs)o 4 perovskite films without and with
Sn** reduction under 100 mW cm™2 AM 1.5G illumination under forward scan. c) EQE spectra (left axis) and integrated J.. (right axis) of PSCs without
and with Sn** reduction. d) Histograms of PCEs for devices without and with Sn** reduction.

in a perovskite tandem device. The integrated ;. from the EQE
spectra for devices without and with Sn** reduction is 28.12 and
29.89mAcm ™2 respectively, which match well with those
obtained from the J-V characteristics. Figure 4d shows the his-
togram of PCE distribution of 35 devices based on perovskite film
without and with Sn** reduction, which indicates a high repro-
ducibility of a high PCE for device with Sn** reduction. In addi-
tion, the device stability is also studied, as shown in Figure S5,
Supporting Information, and the unencapsulated device with
Sn** reduction has been kept in the N,-filled glovebox for over
2 months (H,O < 0.1 ppm, O, <1ppm) and was occasionally
measured under one sun illumination (100 mW cm™2). The
PCE drop is less than 5%, indicating that the phase of mixed
Pb—Sn perovskite is stable during storage. In addtion, we have
investigated the Sn*' reduction effect based on a different
amount of Sn powder and a different reaction time. Figure S6
and S7, Supporting Information, show the J-V curves of devices
(forward and reserve scan), SEM images, and XRD patterns of
pervoskite films using 0.05 and 0.1 g Sn powder under different
reaction times: 1h, 2 h, and 4 h. The PCEs of these devices under
different conditions all reach over 20% (forward scan), and the
corresponding SEM images as well as XRD patterns exhibit little
variation. These results indicate that the reduction level of Sn**
is barely affected by the amount of tin powder added and the
reaction time.

A modified detailed balance model***# is used to simulate the
experimental J-V curves to understand the PCE loss mechanism
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of our low-bandgap mixed Pb-Sn PSCs. The simulated |-V
curves can provide three primary parameters including the non-
radiative recombination rate y, the series resistance R, and the
shunt resistance Rg,. R is associated with ohmic loss, and Ry, is
an indication of defects and current leakage. Figure 5 shows the
fitted and experimental J-V curves of PSCs without and with
Sn*" reduction with y, R, and Ry, parameters. It is noticeable
that the nonradiative recombination rate y for the device with
Sn** reduction is about 2.5 times lower than that of the device
without Sn*" reduction, which is consistent with the long charge
carrier lifetime of the perovskite film and a low V. loss of
0.397 V. The smaller R, and larger Ry, of device with Sn** reduc-
tion compared with the device without Sn** reduction indicate
lower interfacial ohmic loss and defect-induced current leakage,
which corresponds well with trap density evaluation and
energy-level modification results shown by XPS, SCLC, and
UPS analysis. The dark I-V curves of the solar cells without
and with Sn** reduction have also been measured, as shown
in Figure S8, Supporting Information. The device with Sn*"
reduction shows lower dark current at negative and positive bias
voltages compared with the device without Sn** reduction, sug-
gesting improved charge transport and decreased recombination
loss in the device,*”! which is also in line with the reduced non-
radiative recombination rate y. The results of simulations by the
modified detailed balance model and dark I-V characteristics
have further confirmed that the reduction of Sn*" by Sn powder
has substantially reduced the trap density of the mixed Pb-Sn
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Figure 5. The theoretical and experimental -V characteristics of PSCs a) without and b) with Sn** reduction.

perovskite films and finally led to the outstanding device perfor-
mance of low-bandgap mixed Pb—Sn PSCs.

In summary, we prepared low-bandgap mixed (FASnls)g¢
(MAPDI3)0 4 perovskite films by adding excess highly purified
Sn powder into the Sn-containing precursor FASnl; and effec-
tively reduced the parasitic Sn*" to Sn*". The reduction effect
of Sn powder is evidenced by the XPS measurement. The trap
density of the perovskite film with Sn*" reduction is reduced
substantially, as proved by the SCLC measurement and the cal-
culated Erbach energy. The nonradiative recombination of perov-
skite film with Sn** reduction has been drastically suppressed,
which leads to a remarkably long charge carrier lifetime of
701 ns. In addition, the energy levels of the perovskite film with
Sn** reduction have up-shifted by about 0.27 eV, which prefera-
bly match the energy levels of charge transport layers (PEDOT:
PSS and Cgp). Consequently, the champion solar cell using the
perovskite film with Sn*" reduction shows a high V,. of 0.843 V,
Jsc of 30.58 mA cm ™2, and FF of 80.34%, compared with V. of
0.797 V, Jsc of 28.85 mA cm™?, and FF of 75.82% for the best con-
trol device without Sn** reduction. Our work offers a simple and
effective method to further improve the PCE of low-bandgap
Pb—Sn mixed PSCs
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