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Triple-halide wide-band gap perovskites with
suppressed phase segregation for efficient tandems
Jixian Xu'%3*1, Caleb C. Boyd®*, Zhengshan J. Yu®, Axel F. Palmstrom?, Daniel J. Witter?,
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Wide-band gap metal halide perovskites are promising semiconductors to pair with silicon in tandem
solar cells to pursue the goal of achieving power conversion efficiency (PCE) greater than 30% at low
cost. However, wide-band gap perovskite solar cells have been fundamentally limited by photoinduced
phase segregation and low open-circuit voltage. We report efficient 1.67-electron volt wide-band

gap perovskite top cells using triple-halide alloys (chlorine, bromine, iodine) to tailor the band gap
and stabilize the semiconductor under illumination. We show a factor of 2 increase in photocarrier
lifetime and charge-carrier mobility that resulted from enhancing the solubility of chlorine by replacing
some of the iodine with bromine to shrink the lattice parameter. We observed a suppression of
light-induced phase segregation in films even at 100-sun illumination intensity and less than 4%
degradation in semitransparent top cells after 1000 hours of maximum power point (MPP) operation
at 60°C. By integrating these top cells with silicon bottom cells, we achieved a PCE of 27% in
two-terminal monolithic tandems with an area of 1 square centimeter.

ompositional tuning can yield opto-

electronic properties of state-of-the-art

ABXj metal halide perovskites that are

desirable for use in highly efficient solar

cells, light-emitting diodes (LEDs), and
detectors. Such tuning has been achieved
through mixing of cations such as methylam-
monium (MA), formamidinium (FA), cesium
(Cs), dimethylammonium (DMA), and meth-
ylenediammonium (MDA) at the A site (I-6);
lead (Pb) and tin (Sn) at the B site (7, 8); and
iodine (I) and bromine (Br) at the X site (9, 10).
Wide-band gap alloys (>1.65 eV) in particular
are of considerable interest for both LEDs and
multijunction solar cells (17-13). The latter can
overcome the Shockley-Queisser limit of single-
junction cells by stacking complementary
wide-band gap and narrow-band gap absorb-
ers to reduce thermalization losses (11, 14). As
market-dominant silicon solar cells approach
their theoretical limit of 29.1% with a lab record
of 26.7% (15, 16), the development of multi-
junction solar cells or tandem solar cells could
help to further increase the power conversion
efficiency (PCE) and reduce the levelized cost
of photovoltaic (PV) electricity (17, 18).
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Although a range of band gaps from 1.6 to
3.06 eV can be achieved through I/Br and Br/Cl
alloying (9, 10, 19-21), wide-band gap alloys in
the optimum range for use in tandem solar
cells suffer from short diffusion lengths and
photoinduced phase segregation, which lead to
poor optoelectronic qualities and substantial
open-circuit voltage (V) deficits relative to
their theoretical limit (72, 22, 23). Studies of
this unexpectedly large V. deficit revealed
photoinduced trap formation by halide segre-
gation, especially when the Br fraction on the
X-site was >20% (12, 22, 23). The alloyed 1/Br
phases segregated upon illumination and photo-
carriers were funneled into the low-band gap
I-rich domains, which acted as traps that red-
shift the photoluminescence and reduce the V.
(23). Reduced photoinduced phase segregation
and improved material quality of wide-band
gap perovskites through cation substitution of
Cs or DMA achieve wide band gaps while limit-
ing the Br fraction (2, 24, 25). Additive engi-
neering can reduce defect densities (26-30).
Surface engineering techniques such as the
formation of 2D/3D heterostructures have also
been used for improving device V. (31). How-
ever, wide-band gap solar cells still are in need
of both a reduced V. deficit and improved
photostability (13).

Inspired by recent advances in achieving im-
proved material quality with triple- or quadruple-
cation perovskites (7, 6) and reports suggesting
that Cl as an additive may reduce defect density
(32-35), we explored the triple-halide (I, Br, Cl)
compositional space. Generally, previous stud-
ies have reported the use of Cl as an additive
or precursor to affect morphology and surface
passivation but with little or no incorporation
into the bulk material. The Cl also had little

impact on the band gap, independent of the Cl
ratio included in the precursor (33-40). The
lack of incorporation into the bulk lattice with
little change in the band gap occurs because Cl
typically volatilizes as MACI or FACI during
annealing of the perovskite film and only acts
to control film crystallization, as it resides at
grain boundaries or on perovskite film surfaces
in the final material.

We report that Cs and Br act as a bridge to
a new phase space in wide-band gap perov-
skites of triple-halide alloys containing I, Br,
and Cl at molar amounts >15%. We directly
incorporated Cl into the lattice at much larger
amounts than previously reported, observing
a uniform halide distribution throughout the
material with a reduction in lattice parameter
and an increase in band gap corresponding to
increasing amounts of Cl in the lattice. By
extending the double-halide to triple-halide
alloy, we observed a distinct enhancement in
optoelectronic characteristics, such as factor
of 2 increases in photocarrier lifetime and
mobility and the suppression of light-induced
phase segregation at intensities up to 100 suns.
These material advances reduced the V. deficit
of 1.67-eV wide-band gap solar cells by 100 mV
and boosted PCE from ~18% to 20.3% (Table
1 and table S1). We demonstrated large-area
(1 cm?), wide-band gap semitransparent top
cells for Si tandems with a high certified per-
formance of 16.83% that resulted from a sub-
stantially improved V. relative to prior reports
(Table 1 and table S2). The triple-halide mate-
rial was also operationally stable in solar cells
that maintained >96% of their initial efficiency
after 1000 hours of maximum power tracking
under white light illumination at 60°C, and
>97% of their initial efficiency after 500 hours
at 85°C. By integrating triple-halide semi-
transparent top cells with Si bottom cells with
PCE of ~21% (4I), we boosted their PCE by
30%, to 27% in 1-cm? two-terminal monolithic
tandems (Table 1 and table S3).

Alloying chlorine into the perovskite lattice

We started with a targeted perovskite band
gap of ~1.67 eV, which is in the range of ideal
top-cell band gaps for a perovskite/Si tandem,
taking into account imperfect absorption near
the band edge (42, 43). FA0'75CSO'25Pb(Io_8Br0.2)3
has a band gap of 1.67 eV and was recently
demonstrated to enable 25% PCE in two-
terminal perovskite/Si tandems (25). We denote
this perovskite family as CsFA perovskite, and
denote this composition as Cs25Br20 in ac-
cordance with the percentage of Cs at the A
site and the percentage of Br at the X site.
Cs25Br20 outperformed its 1.67-eV counter-
part Cs17Br25 in light stability and V. deficit,
attributed to the reduced Br fraction and in-
creased Cs fraction. To further improve the
photostability, we reduced the Br fraction to
15% and found that Cs25Br15 has a band gap
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of ~1.63 eV. To recover the optimal 1.67-eV band
gap, we attempted to increase the Cs fraction
but obtained lower PV performance (25), con-
sistent with recent reports that a high Cs frac-
tion might lead to halide inhomogeneity and
phase segregation (4, 44).

‘We sought to raise the band gap by alloying
MAPDCI; perovskite into the lattice of CsFA
perovskites. We chose MAPDbCl; perovskite
because it has a wide band gap (2.88 eV) and
higher stability than its Br and I counterparts
(45, 46). When we mixed Cs25Br15 with 2 to
5 mol % MAPDCI; (referred to hereafter as
Cs25Br15+ClI2 and Cs25Br15+Cl5) in solution,
the band gap of the resulting films could be
continuously raised from 1.63 to >1.67 eV
(Fig. 1A and fig. S1). The sharp onset of the
external quantum efficiency (EQE) indicated
that a photoactive triple-halide perovskite phase
had formed.

We used x-ray diffraction (XRD) to verify the
triple-halide phase and determine the lattice
constant. As indicated by the shift of the dif-
fraction peaks (figs. S2 and S3), the perovskite
single phase was retained and the lattice con-
stant continually decreased with increasing
MAPDCI; fraction. Specifically, Cs25Br15+Cl5
has a lattice constant of ~6.24: A (Fig. 1F), which
is similar to that of Cs25Br20 and evidently
less than that of the host perovskite Cs25Br15,
6.27 A.

Incorporating Cl into perovskite precursor
solutions has been widely reported to increase
the size of apparent grain domains in solid
films, because the formation and outgassing of
MACI modify the nucleation and crystal growth
dynamics (47-51). Prior reports showed that the
band gap remained substantially unchanged
and that the Cl concentrations in the solid
films were below the detection limit of energy-
dispersive x-ray spectrometry (EDX) and x-ray
photoelectron spectroscopy (XPS), even though
a large portion of Cl was present in the pre-
cursors (33, 34, 36). In contrast, we did not
observe enlargement of grain domains when
more Cl was incorporated into the triple-halide
films, as shown by scanning electron micro-
scope (SEM) images (Fig. 1B and fig. S4:).

In addition, we could readily detect Cl using
XPS. The Cl-to-Pb ratio of films also increased
when a higher fraction of Cl was included in

the precursors (fig. S5). The Cl in the triple-
halide films was uniformly distributed through-
out the entire film thickness, similar to I and Br,
as shown by time-of-flight secondary ion mass
spectrometry (TOF-SIMS) depth profiling (Fig.
1C). To mitigate measurement artifacts (52),
we recorded secondary ion clusters or molec-
ular ion signals of Cs,Cl", Cs,I5", and Cs,Br"* to
track the depth profile of halides. The relative
scaling of SIMS profiles between halides did
not represent their stoichiometric ratio (53).

Taken together, the EQE, XRD, SEM, XPS,
and SIMS observations show that Cl was
incorporated into the perovskite lattice and
increased its band gap, rather than being
sacrificed as a volatile phase. Because the lattice
constant of the host perovskites was reduced
by the Cs and Br, Cl was closer to the ideal
size for the X-site in the lattice. This expla-
nation is consistent with the formation of
MAPDBr/Cl perovskites being more thermo-
dynamically preferred than MAPbI/Cl double-
halide alloys (19-21).

Because perovskites with even wider band
gaps are needed for all-perovskite tandems
and possibly other applications, we identified
the phase boundary of the triple-halide alloy-
ing strategy and obtained additional mecha-
nistic insights into the perovskite phase space.
When we further increased the molar ratio
of Cl/(I+Br+Cl) to above 10% in Cs25Br15, we
observed an inflection point in the band gap
evolution curve (Fig. 1D, red line). That is, the
band gap of the films began to decrease with
increased Cl content, as shown in the EQE
spectra (fig. S1). This increasing and then de-
creasing of the band gap with triple-halide
alloying is anomalous and distinctly different
from the monotonic growth trend reported in
I/Br double-halide alloys (9, 10, 23).

Structural evolution observed with XRD (Fig.
1, E and F, and fig. S2) revealed that the band
gap decrease at high CI content was caused by
phase segregation into two perovskite phases.
At the phase boundary, the diffraction peaks of
a segregated phase (very likely MAPbCl,Br;_,,)
emerged (fig. S2, A and D). The lattice of the
host perovskite then expanded (diffraction
peaks shifted to lower angles) with the growth
of the segregated perovskite phase (Fig. 1F, red
line, and fig. S2D), consistent with the ob-

served band gap decrease and suggesting the
segregation of a high-Br/Cl phase, which left
behind an I-rich, lower-band gap host perov-
skite (Fig. 1D and fig. S1).

To further validate the generality of the
triple-halide alloy, we also used Cs25Br30 and
Cs25Br40 as the host perovskites to investigate
the evolution of band gap (see EQE data in
figs. S6 and S7) and lattice constant (see XRD
data in figs. S8 and S9) when increasing the
triple-halide alloy ratio. The trends in the band
gap (Fig. 1D) and lattice constant (Fig. 1F) were
consistent, further substantiating this mecha-
nism of triple-halide alloying. In all cases, the
band gap-raising rate was ~0.0078 eV, with each
percent of Cl alloyed to form the single phase.
The inflection point of band gap evolution (or
the phase boundary between the single-phase
triple-halide alloy and phase segregation) con-
sistently increased with increased Br content,
as in Cs25Br15, Cs25Br30, and Cs25Br40, indi-
cating a wider single-phase range and greater
tolerance to phase segregation in the perovskite
with higher Br content. This finding verified
that Br reduced the alloy barrier between I and
Cl phases for triple-halide alloys. The addition
of PbCl, in Cs25Br15 also increased the band
gap in a manner similar to the effect of adding
MAPDCI; (fig. S10), thereby reconfirming that
Cl incorporation is the determinant to the band
gap raising in triple-halide alloys. Adding MACI
alone did not raise the band gap (fig. SI0A), in
agreement with previous reports that MACI
volatilizes during film annealing (47-51).

Improved optoelectronic properties of
triple-halide perovskites

Recent studies showcase the improvements
in optoelectronic properties that result from
incorporating even small amounts of Cl (<1%)
(32-34, 47, 50). For example, small Cl ions
might reduce the halogen vacancy defect den-
sity and improve the stability of perovskites in
ambient air (32). Given that in our triple-halide
perovskites, Cl-based reagents are well incor-
porated into the lattice, we used time-resolved
microwave conductivity (TRMC) to study their
electronic properties and charge-carrier dyna-
mics (54). Despite no increase in apparent grain
size in the triple-halide perovskites (Fig. 1B),
an enhancement in both the charge-carrier

Table 1. PV parameters of solar cells using 1.67-eV triple-halide wide—-band gap perovskites. Area is defined by optical aperture placed in front

of devices.

Cell configuration Area (cm?) Voe (V) Jsc (MA cm™?) FF (%) PCE (%) Stabilized PCE (%)
Opaque single-junction 0.06 1.217 20.18 83.16 20.42 20.32
Top-illumination semitransparent 0.34 1.214 19.13 80.21 18.59 18.53
Top-illumination semitransparent 1 1.202 18.99 74.07 16.90 16.83* (certified)
Two-terminal tandem on Si 1 1.886 19.12 75.3 27.13 27.04

*11-point stabilized power output (SPO) measurement.
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mobility and lifetime by nearly a factor of 2,
equivalent to a doubled carrier diffusion length,
was seen in comparison to our best 1.67-eV con-
trols. Specifically, when the absorbed photon
flux was ~1 x 10" cm™2 (near 1-sun intensity),
the lifetime increased from 420 to 846 ns (Fig.
2A) and the charge-carrier mobility improved
from 29 to 53 cm® V' 57! (Fig. 2B).

To disentangle the effect of Cl incorporation
on the bulk and surface, we applied a passi-
vating layer on top of the perovskite to reduce
surface recombination. We chose LiF because
it is insulating and suppresses nonradiative
surface recombination in perovskites, thereby
increasing the carrier effective lifetime (55). In
TRMC measurements, LiF-capped perovskite
samples exhibited the same mobility and life-
time as bare perovskite samples (Fig. 2), which
confirmed that the enhancement in photo-
carrier transport in triple-halide perovskites is
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Fig. 1. Characteristics of triple-halide perovskite alloys. (A) EQE measure-
ments show the band gap raising via the formation of triple-halide perovskites with
2 to 5 mol % Cl relative to host perovskites. Cs25Br15 and Cs25Br20 denote the
double-halide perovskites CSO_25FA0_75Pb(|0V85Br0_15)3 and CSO'25FAO_75Pb(|0_8B|'0_2)3,
respectively. Cs25Br15+CI2 and Cs25Br15+CI5 denote the triple-halide perovskites
with an additional 2 or 5 mol % MAPbCI; included in the Cs25Br15, respectively.

(B) Top-view SEM images show no evident difference of apparent grain size between
triple-halide perovskites and double-halide control films. (C) TOF-SIMS depth
profiles show the uniform distribution of halides throughout the entire film thickness of
the triple-halide perovskite (Cs25Br15+CI5). Here, the Cs trace is not included because
a Cs ion beam was used for sputtering to increase halide signal intensities, which
makes the Cs profile through the device stack difficult to interpret. The secondary ion
clusters or molecular ion signals of Cs,Cl*, Cs4ls*, and Cs,Br* were recorded to
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dominated by the bulk properties rather than
surfaces. Given that there was no increase of
grain size, we assert that the harmful defect
density for carriers is greatly reduced by Cl
incorporation in triple-halide films. Dark micro-
wave conductivity measurements showed a
factor of 2 reduction (from 7.8 x 10" cm™ to
2.9 x 10" em™) in dark carrier density (fig.
S11), confirming the reduced defect density
in triple-halide perovskites over the control.
Taking into account both the potential con-
tribution of defects to photoinstability (26-30)
and the reduced Br ratio in triple-halide perov-
skites, we expected that the photoinduced phase
segregation would also be reduced.

To compare the susceptibility of triple-halide
films and our best Cs25Br20 controls to light-
induced phase segregation, we carried out time-
and intensity-dependent photoluminescence
(PL) measurements under 488-nm continuous-
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wave laser illumination in a N, environment.
A red shift or a lower-energy peak forming in
the PL spectrum indicates the formation of
light-induced low-band gap I-rich trap states,
as seen in previous reports (23, 25, 28, 30, 56).
Here, to avoid noise and error in peak position,
we used the spectral centroid to quantitatively
indicate the evolution of the population span-
ning the entire PL spectral range. During the
course of 20 min at 10-sun-equivalent illumi-
nation, Cs25Br20 controls exhibited low-energy
PL peaks and increasing peak width (Fig. 3A).
In contrast, 1.67-€V triple-halide films showed
no low-energy peak formation and retained
their PL spectral profile, highlighting their
superior photostability (Fig. 3D). At an ultra-
high injection level of 100 suns, the red shift
and broadening of the PL peak became more
apparent in Cs25Br20 controls (Fig. 3B), con-
sistent with previous reports. Surprisingly, we
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track the depth profile of halides. The relative scaling of SIMS profiles between halides
does not represent their stoichiometric ratio. ETL (electron transport layer) is a
stack of Cgo/BCP layers. (D) Evolution curves of band gap for triple-halide films with
increased ratio of Cl/(1+Br+Cl), based on Cs25Br15 (red), Cs25Br30 (green), and
Cs25Br40 (blue), respectively. The dashed line delineates the single-phase and
double-phase zones corresponding to band gap raising and band gap reducing,
respectively. Error bars denote SD. (E) Shifting and splitting of XRD (100) peaks shows
the transition from single-phase triple-halide alloy to double-phase segregation

with increased Cl content. Here, the host perovskite is Cs25Br40. The intensity of XRD
peaks is rescaled for ease of peak position comparison. (F) Evolution curves of

host perovskite lattice constant with increasing ratios of Cl/(1+Br+Cl). The dashed line
delineates the single-phase and double-phase zones corresponding to band gap
raising and band gap reducing, respectively.
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observed a PL blue shift, rather than a red
shift, in triple-halide films caused by the emis-
sion growth at the PL high-energy shoulder
(Fig. 3E). This opposite trend was also ob-
served in the traces of the spectral centroid over
time (Fig. 3, C and F).

This PL blue shift of wide-band gap perov-
skites at a high injection level is unusual and
strongly suggests that incorporation of CI into
the lattice had an impact on the optoelectronic
properties and halide phase-segregation path-
ways. Our TRMC and PL data suggested a com-
bination of mechanisms: (i) the Moss-Burstein
effect in the phase-stabilized semiconductors,
which originates from the lifting of the quasi-
Fermi level when the conduction band edge is
fully populated at a high injection level (57, 58),
and (ii) a decrease in defect concentration.

Efficient and stable triple-halide
perovskite/silicon tandems

To evaluate the effect of doubled charge-
carrier diffusion length and better photo-
stability in triple-halide films, we fabricated
1.67-eV single-junction solar cells with opaque
metal contacts. We used a p-i-n structure (Fig.
4A): glass / indium tin oxide (ITO) / poly(4-
butylphenyl-diphenyl-amine) (poly-TPD) /
poly(9,9-bis(3-(2V,N-dimethyl)-N-ethylammonium-
propyl-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))
dibromide (PFN-Br) / perovskite / LiF / Cgq /
bathocuproine (BCP) / Ag. The statistical com-
parison of devices (fig. S12) showed that triple-
halide devices performed better than our best
Cs25Br20 controls for all PV metrics. The best-
performing triple-halide device with composi-
tion Cs22Br15+Cl3 (Fig. 4B) exhibited a PCE of
20.42% and V. 0of 1.217V [J. = 20.18 mA cm™>,
fill factor (FF) = 83.16%, active area = 0.06 cm?],
whereas the best-performing control showed
a PCE of 18.16% and V. of 1.114 V. Both the
control and triple-halide devices exhibited no
hysteresis in J-V sweeps. By integrating the
EQE spectrum, weighted by the AM1.5G solar
spectrum (Fig. 4G), we calculated a current
density of 20.6 mA ecm™2, in good agreement
with the J. obtained in the J-V test. The
stabilized efficiency was 20.32% after con-
tinuous operation at MPP for 5000 s (Fig. 4C).
Table S1 summarizes reported p-i-n wide-
band gap cells for tandems (2, 24, 47, 54, 59, 60).
The triple-halide devices considerably improved
the V. deficit, which was reduced from >0.5V
to ~0.45V, as well as the PCE, which increased
to >20%.

To construct tandems on top of Si cells, we
developed top-illuminated semitransparent de-
vices that maximized both the near-infrared
transparency and PV performance. The device
structure is illustrated in Fig. 4D. The metal
top contact (Ag or Au) in opaque cells was re-
placed with an 8-nm-thick SnO, / Zn:Sn0O,
(ZTO) buffer layer (2, 41, 54, 61, 62) coated by
atomic-layer deposition (ALD) and an ITO win-

Xu et al., Science 367, 1097-1104 (2020)

6 March 2020

60 T T T T
A Triple halide —— v=846ns
{; 50 L +LiF —e— 1t=830ns]|
€ 40
)
a
Al 30
=S Control =420 ns
= 20t +LiF 1=300 ns-
Ke)
[s)
= 1o}
0 1 1 1 1
0 100 200 300 400 500
Time (ns)

70 T
B —®— Triple-halide
60 —{F— Triple-halide + LiF layer
B —4— Control I
— O —{>— Control + LiF layer
"o 50 i, = S 1
&
£ 40 B
i
X 30
Al B (ﬁ,,t&;:;? b
20 - B
10 L
10"

Absorbed Flux I F, (cm™)

Fig. 2. Enhanced charge-carrier mobility and lifetime in triple-halide perovskite films. (A) Photoconductivity
transient (indicative of the lifetime) measured by time-resolved microwave conductivity (TRMC), indicating
doubled charge-carrier lifetime (t) in the 1.67-eV triple-halide film (Cs22Br15+CI3, red line) compared with the
control film (Cs25Br20, blue line). (B) Photoconductivity under different excitation intensity. ¢ u denotes the yield-
mobility product. The carrier-generation yield ¢ is near unity for perovskite films and therefore ¢ " is a measure of
mobility. Triple-halide films exhibit nearly doubled mobility relative to control double-halide films. Perovskite/LiF
bilayer samples exhibit mobilities and lifetimes similar to their corresponding bare perovskite samples.

dow layer to allow light through. Parasitic ab-
sorption and reflection loss created by layers in
the top electrode were minimized (fig. S13) by
using a polydimethylsiloxane (PDMS) scatter-
ing layer to limit reflection (61) and by reducing
the thickness of the Cso and ITO layers to 10
and 60 nm, respectively (fig. S14).

To reduce the resistance of large-area devi-
ces, we evaporated a metal grid on top of the
ITO window layer. Note that in top-illuminated
devices, J, is typically lower than the EQE
integrated current density because of the shading
losses created by the metal grid. To minimize
this loss, we used a metal shadow mask with a
graded opening to reduce the shadow effect that
occurs when metals are evaporated through
high-aspect ratio holes in a mask (fig. S15). The
graded-opening mask enabled us to construct
~25-um-wide metal gridlines with a height of
~3 um using thermal evaporation (fig. S16),
which reduced the shading loss to below 0.8%
without compromising FF.

With these improvements, our 1.67-eV top-
illuminated semitransparent cells simultane-
ously achieved ~80% near-infrared transmittance
(Fig. 4G) and PCEs of 18.59% (Fig. 4E). The cor-
responding stabilized PCE was 18.52% in the
MPP tracking test (Fig. 4E, inset). The V. of
1.214 V and FF of 80.2% in 0.34-cm? semi-
transparent devices were near those achieved
in the best 0.06-cm> opaque devices with a
metallic electrode (Fig. 4B and Table 1), high-
lighting the quality and stability of triple-halide
perovskites during ALD buffer layer deposition
at 85°C and subsequent ITO sputter deposition.
The active-area J. determined from the EQE
spectrum (Fig. 4G) was ~19.5 mA cm 2, which
agrees well with the aperture-area J,. of
19.13 mA cm™? from J-V tests. The loss of J,. in
semitransparent top cells relative to opaque de-

vices primarily resided in the long-wavelength
region around the band edge and arose from
the lack of reflection from the metal contact.

We also fabricated large-area (1 cm?) semi-
transparent top cells. One such device was mea-
sured by an accredited PV laboratory (National
Renewable Energy Laboratory PV Device Per-
formance) and certified at a stabilized PCE of
16.83 + 0.34% in an 11-point SPO (stabilized
power output) test. This value appears to be
the highest certified PCE reported for a 1-cm®
semitransparent perovskite cell for tandems
(table S2 and figs. S17 and S18). The perform-
ance metrics of the J-V curve were V. = 1.202 'V,
Jsc = 18.99 mA cm 2, FF = 74.07%, and PCE =
16.90% (Fig. 4F and Table 1). The nearly identical
PCEs measured in a J-V test and SPO test
further verified the negligible hysteresis and
stability of our triple-halide perovskite devices.
The primary PCE loss in the large-area (1 cm?)
devices relative to small-area (0.34 cm?) de-
vices resided in FF, which is attributed to the
limited sheet resistance (15 ohms per square)
of ITO substrates used in this study; this limi-
tation does not apply to two-terminal tandems
that transport current vertically through the
recombination layer between the top and bot-
tom cells. Our semitransparent top cells ex-
hibited both the highest PCE and highest V.
of reported semitransparent top cells for tandems
on Si, CIGS (copper indium gallium diselenide),
or narrow-band gap perovskites (table S2)
(24, 41, 54, 60, 63-72).

We examined the long-term operational
stability of triple-halide devices under the
combined stresses of heating and illumina-
tion (~0.77-sun sulfur plasma lamp, chamber
temperature 7 = 60°C; see supplementary ma-
terials for details). An unencapsulated opaque
device with metal contacts tested in ambient
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air (relative humidity = 25 to 30%) retained
90% of its initial PCE after 250 hours of con-
tinuous operation at MPP (Fig. 4H). The thermal
stability of the triple-halide material was also
tested by keeping opaque devices with gold
contacts at 85°C for 500 hours in nitrogen; the
unencapsulated triple-halide devices and double-
halide devices both retained >97% of their initial
efficiency (fig. S19). Semitransparent top cells
tested in N, exhibited negligible degradation
(<4%) after 1000 hours of continuous operation
at MPP near 60°C (Fig. 4H). This result con-
firmed the importance of encapsulation (N,
in this case) and the role of barrier layers [an
ALD buffer layer and a transparent conduc-
tive oxide (TCO) layer in this case] to suppress
the reactions between metal contacts and
halides, as revealed in previous reports (73-75).

We integrated our triple-halide perovskite
in 1-cm? two-terminal monolithic tandems on
silicon cells (see photos in fig. S20). Here, the
ITO/glass substrate of the semitransparent
device (Fig. 4D) was replaced by a front-side
polished silicon heterojunction bottom cell

0 Time (min)

capped with a 20-nm-thick ITO recombination
layer, which allowed for solution processing of
the perovskite layer rather than vapor deposi-
tion that would be required to deposit the
perovskite on a pyramidally textured silicon
surface (65, 76). With the aid of proper light
management, tandems on planar front-side
wafers have been shown to deliver J,. values
competitive with those on fully textured wafers
(77). Additionally, front-side planar substrates
are industrially relevant, because PERC (passi-
vated emitter and rear cell) silicon cells, which
constitute ~70% of the silicon PV market, have
a planar “shiny-etched” rear surface that was
recently shown to allow for solution process-
ing of the perovskite solar cell (78).

The full tandem structure is illustrated in
Fig. 5A. Figure 5B shows a cross-sectional SEM
image of the perovskite top cell on Si. Here,
we developed a NiO,, / poly-TPD bilayer hole
transport layer (HTL) for use in the tandems.
Relative to HTLs that used only spin-cast poly-
TPD, introducing a 20-nm-thick sputtered NiO,,
layer between the ITO-HTL interface reduced

Control
10-sun
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B Control
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shunting and increased the yield of 1-cm? tan-
dems. In a J-V sweep, the best-performing tan-
dem reached a PCE of 27.13% (V. = 1.886 V,
Jse = 1912 mA cm 2, and FF = 75.3%). The
corresponding stabilized PCE at MPP is 27.04%
(Fig. 5C and Table 1), exceeding the current
record efficiency (26.7%) for Si single cells and
approaching the world record value of 28%
achieved by Oxford PV (15, 16). The V. of >1.88 V
is one of the highest reported in perovskite/Si
tandems with PCE of >25% (59, 61, 65, 76, 77)
(see summary of =1 cm>-area tandems in table
S3), providing further evidence of the low V.
deficit achieved in the triple-halide semitrans-
parent top cells (table S2). The EQE spectrum
of the perovskite top cell matches well with
those measured in top-illumination semitrans-
parent devices (Fig. 5D). The active-area Jg,
values calculated from the EQE spectra were
19.3 mA cm ™2 and 19.9 mA cm™? for the perov-
skite top cell and Si bottom cell, respectively
(Fig. 5D). These calculated values indicate that
the Jy. of our two-terminal tandem was slightly
limited by the perovskite top cell.
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Fig. 3. Suppression of photoinduced phase segregation in triple-halide perovskites. (A and B) PL spectra of 1.67-eV control perovskite films (Cs25Br20) under
10-sun and 100-sun illumination for 20 min, respectively. Arrows indicate the direction of the PL shift over time. (C) The shift of the spectral centroids of control films over time.
The red shift becomes more obvious under higher injection. (D and E) PL spectra of 1.67-eV triple-halide perovskites (Cs22Br15+CI3) under 10-sun and 100-sun illumination
for 20 min, respectively. (F) The shift of the spectral centroids of triple-halide perovskites over time. The blue shift becomes more obvious under higher injection level.
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We also analyzed each subcell in our two-
terminal tandems by measuring electrolumi-
nescence (EL) (Fig. 5E). After increasing the
injection current density from 1 mA cm™2 to
100 mA cm™?, the EL peak from the perovskite
retained its shape and location, verifying the
phase stability of triple-halide perovskites (Fig.
5F). The subcell’s V. was estimated from EL
quantum efficiency based on the reciprocity

principle (Fig. 5G) (79). At an injection level
of 17 to 20 mA cm™ (near Jy. and Jp,,,), the
respective V. values of the perovskite and Si
subcells were estimated to be 1.2 Vand 0.7V,
aligning well with the tandem V. of ~1.9 V
from J-V measurements.

A two-terminal tandem device was certified
after being tested in air and stored in N, for
1 month (figs. S21 and S22). The certified

efficiency (25.8%) is highly consistent with
that measured in our lab (26%) (fig. S21A),
verifying our rigorous protocol of in-house
tandem measurement. From the comparison
of EQE spectra (fig. S21B), the J,. loss relative
to our champion tandem (Fig. 5D) is likely
caused by the absorption from a thicker Cgo
top layer, as discussed above (figs. S13 and S14).
Even with this J loss, it exhibited a V. value
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Fig. 4. PV characteristics of single-junction opaque devices and
semitransparent top cells. (A) Schematic of the opaque device with reflective
metal contact (not to scale). (B) J-V curves of the champion 1.67-eV triple-
halide opaque device (red) and best control device (blue). The aperture area is
0.06 cm?. Solid lines indicate the reverse scan (from open circuit to short circuit);
dashed lines indicate the forward scan (from short circuit to open circuit).

(C) Continuous maximum-power-point (MPP) operation of the champion
triple-halide wide—band gap device for 5000 s, exhibiting stabilized PCE of
20.32%. (D) Schematic of the top-illuminated semitransparent device (not to
scale). Light enters the cell through the top metal grid and TCO layer.

(E) J-V curves of the champion semitransparent device illuminated from the

Xu et al., Science 367, 1097-1104 (2020) 6 March 2020

top metal grid and TCO layer side. The aperture area is 0.34 cm?. The inset shows
continuous MPP operation for 100 s, exhibiting stabilized PCE of 18.52%. (F) A 1-cm?
top-illuminated semitransparent device certified by NREL. The circles are the 11-point
SPO (stabilized power output) measurements, showing stabilized PCE of 16.83%.
The J-V curve shows the instantaneous PCE of 16.9%; the inset is a photo of the device.
(G) EQE spectra of an opaque device (blue) and a top-illuminated semitransparent
device (red). The green curve is the optical transmission of the top-illuminated
semitransparent device, including the metal grid shading losses. (H) Long-term
continuous MPP tracking under accelerated conditions (0.77-sun illumination and
60°C) of 1-cm? semitransparent (red, tested in N, averaged from two devices in the
same batch) and opaque devices (blue, tested in air with relative humidity of ~30%).
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Fig. 5. PV characteristics of 1-cm? two-terminal perovskite/Si tandems.

(A) Schematic of the two-terminal monolithic tandem structure (not to scale).
a-Si:H denotes hydrogenated amorphous silicon. (B) Cross-sectional SEM
image of a two-terminal tandem. (C) Light and dark J-V curves and MPP tracking
(inset) of the champion tandem. (D) EQE spectra of the perovskite top cell
(blue) and silicon bottom cell (red) of the champion tandem. (E) Schematic

(1.88 V) that is much improved over the best
prior reports (<1.8 V) (table S3). Finally, the
statistical data of tandems (fig. S23) indicates
that our method was reproducible.

Outlook

We have demonstrated a low-cost tandem
technology to increase the power output of a
~21% silicon solar cell by ~30%, which has
major implications given that silicon currently
accounts for >90% of the global PV market,
which mainly consists of 19 to 21% single-
junction silicon solar modules. Furthermore,
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triple-halide wide-band gap perovskites offer
a promising path to >30% tandems because of
their reduced V. deficit and record perform-
ance in wide-band gap semitransparent top
cells. Although we have used a planar tandem
architecture as a model in this study, the 1.67-eV,
triple-halide perovskite composition also has
an ideal band gap for textured perovskite/
silicon tandems (80), with potential for a Jg.
value of ~20 mA cm 2 Both CsPbBr,Cl,_,, perov-
skites and Cs,,FA,MA,_,,,_,,PbL,Brs_,, perovskites
with tunable band gaps have been demonstra-
ted by co-evaporation or two-step interdiffusion

diagram of electroluminescence (EL) measurement of a two-terminal tandem.
(F) EL spectra of the tandem under different injection levels. The triple-halide
perovskite exhibits a stable EL peak up to injection levels of 100 mA cm™.

(G) The V, contribution of each subcell estimated from EL quantum efficiency.
The injection region of 17 to 20 mA cm™ (near Js; and Jimpp under 1-sun
illumination) is highlighted in green.

methods (65, 76, 8I), so there is no fundamental
barrier to realizing triple-halide perovskites
using vapor deposition methods required for
fully textured surfaces. A perovskite/Si tandem
with a J,. of ~20 mA cm™ and the V,,. and FF
of triple-halide semitransparent cells presented
here could have >30% PCE.

The ability to further tune the band gap
to higher energies shows promise for other
multijunction architectures as well, such as
perovskite/perovskite and perovskite/CIGS
tandems. Beyond tandems, the demonstrated
suppressed photoinduced phase segregation
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and improved optoelectronic properties result
in stable electroluminescence at high injection
current densities and stabilized perovskite PL
at 100-sun-equivalent illumination, highlight-
ing opportunities for the use of this material in
LED or concentrated PV applications. More
broadly, the exploration of triple-halide perov-
skites has identified a promising new region
of perovskite single-phase stability and paves
the way for another dimension of composi-
tional engineering for perovskites.
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Tuning band gaps with three halides

Tandem solar cells can boost solar cell efficiency by using two active layers to absorb the solar spectrum more
completely, provided that the two cells are current-matched. Inorganic-organic perovskites tuned to the appropriate wide
band gap (1.7 electron volts) as top cells that contained iodine and bromine or bromine and chlorine have short carrier
diffusion lengths and undergo photo-induced phase segregation. Xu et al. now report a method for incorporating chloride
that allows for fabrication of stable triple-halide perovskites with a band gap of 1.67 electron volts. Two-terminal tandem
silicon solar cells made with this material had a power conversion efficiency of 27%.

Science, this issue p. 1097
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