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ABSTRACT: In the few short years since the inception of
single-junction perovskite solar cells, their efficiencies have
skyrocketed. Perovskite absorbers have at least as much to
offer tandem solar cells as they do for single-junction cells
due in large part to their tunable band gaps. However,
modifying the perovskite band structure via halide
substitution, the method that has been most effective at
tuning band gaps, leads to instabilities in the material for
some compositions. Here, we discuss the thermodynamic
origin and consequences of light-induced phase segregation
observed in mixed-halide perovskites. We propose that, as
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the phase segregation is rooted in halide migration and possibly affected by lattice strain, modifying the perovskite
composition and lattice structure, increasing compositional uniformity, and reducing defect concentrations could

significantly improve stability.

solar cell technology to date. In the few short years since
Kojima et al. first showed that hybrid perovskites function
as solar absorber materials,” research in the characterization and
optimization of perovskite materials and devices has exploded.
Their high defect tolerance,”™* sharp absorption onsets,” long
carrier diffusion lengths,6 and low surface recombination
velocities” make hybrid perovskites ideal candidates for
absorbers/emitters in solar cells or LEDs.*” Already single-
junction hybrid perovskite solar cell efficiencies exceed 21%,"
and the efficiencies for devices using a variety of perovskites
continue to grow steadily.''~'* While single-junction solar cells
have been extremely successful, there has also been a significant
push to use high-band-gap perovskites as the top absorber in
tandem solar cells with Si, CIGS, or low-band-gap perov-
skites. ">
Ideally, the top cell of a perovskite/Si monolithic tandem
should have a band gap of 1.7—1.8 eV.** Unfortunately for
tandems, most of the highest-performing perovskites have band
gaps around 1.5-1.6 eV.'""'>** Significant work has been
invested in creating higher-band-gap perovskite absorbers,
mostly by interchanging bromide and iodide in the X site
(where the perovskite is of the form ABX;). While replacing
iodide with bromide does increase the band gap for the
perovskites studied for solar applications, Noh et al. showed
that for MAPb(Br,1,_,); this increase in band gap does not yield
a corresponding increase in open-circuit voltage.”> Hoke et al.
showed that mixed I/Br perovskites underperform because of
light-induced halide phase segregation (referred to from here
onward as the Hoke effect) that leads to the formation of smaller-

P erovskite solar cells have progressed faster than any other

-4 ACS Publications  ©Xxxx American Chemical Society

1199

band-gap “trap” states.” Since the discovery of the Hoke effect,
many groups have worked to understand the system’s underlying
electronic processes, model its thermodynamics, and develop
more stable materials to prevent it.

In this Perspective, we review experimental observations of the
Hoke effect in mixed-halide perovskite absorbers. We discuss
existing thermodynamic models, generated and tested through
simulations that fit the data, and analyze their agreement with
experimental results. Finally, we examine the work that has been
performed as well as future pathways for development of mixed-
halide perovskites that eliminate the Hoke effect for solar-
relevant illumination intensities.

Experimental Observations. Several groups have demonstrated
that substituting Br for I in the MAPDI; lattice monotonically
increases the material’s band gap.”*’ However, when
incorporated into solar cells, these higher-band-gap materials
did not exhibit the higher open-circuit voltages that we would
expect when increasing the band gap. In fact, solar cells made
with mixed-halide perovskites containing more than 20%
bromide (MAPb(Br,I;_,);; x > 0.2) actually showed a decrease
in open-circuit voltage with increasing bromide content.”® Hoke
et al. further investigated and discovered that interchanging X-
site halides introduces an inherent instability in the material.*®
Measuring both the initial photoluminescence (PL, Figure la)
and the absorption of MAPb(Br,I,_,); showed the expected
monotonic increase in band gap from 1.6 to 2.3 eV with
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Figure 1. Normalized PL spectra of MAPb(Br,I,_,); thin films before (a) and after (b) illuminating for 5—10 min with 10—100 mW cm > (~1-10
suns), 457 nm light. Reproduced from ref 26 with permission from The Royal Society of Chemistry.

increasing bromide content. However, the PL evolved in time.
For materials with x > 0.2, the initial PL intensity slowly
decreased while a new, lower-energy peak developed with much
higher intensity, as shown in Figure 1b. Measuring this effect for a
range of Br/I ratios revealed both that this new peak forms at
almost the same energy for all compositions in the range 0.2 < x
< 1 and that this energy corresponds to the initial (and final) PL
peak energy of the x = 0.2 member of the series (Figure 1b). They
hypothesized that bromide and iodide ions phase segregated
upon illumination into higher-band-gap Br-rich and lower-band-
gap I-rich domains. The relatively long lifetimes and carrier
diffusion lengths in perovskites”***” suggest that photo-
generated carriers would sample a significant volume fraction
of the lattice before radiatively recombining. During diffusion,
carriers have ample opportunity to survey multiple crystallo-
graphic domains and should rapidly thermalize and become
trapped upon encountering any I-rich low-band-gap region. The
change in band structure between an I-rich domain and the
uniformly mixed perovskite could also generate an electric field
that might further aid in sweeping carriers into the I-rich domain.
Thus, nearly all of the PL should come from the radiative
relaxation of carriers trapped in I-rich regions, consistent with the
results of PL measurements. Figure 2 shows a qualitative
depiction of the band gaps of the original mixed-halide, I-rich,
and Br-rich perovskite phases. In our lab, the observation that
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Figure 2. Schematic Helmholtz free-energy curves in the light and in
the dark predicting phase segregation and energy diagram sketches
of the relative band gaps of each phase. The red dashed lines show
that the lowest attainable free energy in the light occurs when the
material segregates into I-rich and Br-rich phases, while the blue
dashed line shows that the lowest energy is attained when the
material remains in a single phase in the dark.
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halides phase segregate was the first indication that halides
moved significantly in MAPb(Br,I,_,); and led us to hypothesize
that halide migration and J—V hysteresis in solar cells could be
linked. That other halide perovskites and related metal halides
are known to be halide conductors®*~** further corroborates the
idea that halides in this system could be mobile. Recent transient
absorption measurements support our proposals that phase
segregation occurs and that carriers quickly relax into the “trap”
state by showing transient bleaches of both a high-band-gap and
low-band-gap phase.’* Their results demonstrate that once
excited carriers have driven phase segregation rapid thermal-
ization of those carriers from the higher band gap to the new,
lower-energy state occurs on the picosecond time scale.

The observation that halides phase
segregate was the first indication that
halides moved significantly in MAPb-
(Br,l,_,); and led us to hypothesize that
halide migration and J—V hysteresis in
solar cells could be linked.

To look for structural changes caused by phase segregation,
Hoke et al. measured X-ray diffraction (XRD) patterns of
MAPb(Br,l,_,); films with and without illumination. When
illuminated with white light, the sharp reflections of the original
diffraction pattern split to two peaks, suggesting the formation of
phases with a larger and a smaller lattice constant (Figure 3). This
is consistent with halide segregation as the iodide-rich phase
should have a larger lattice constant than the bromide-rich phase.
Even more interestingly, when allowed to relax in the dark, the
XRD pattern returned to its original, single-phase state. PL and
absorption spectra taken before and after light soaking both
confirmed this reversibility and demonstrated that the material
can be repeatedly cycled between its segregated and
unsegregated states without any signs of degradation. Bischak
et al. employed cathodoluminescence both to confirm the
existence of this phase segregation and to pinpoint its spatial
location and found that I-rich clusters form at grain boundaries.

Finally, to confirm that the Hoke effect occurs due to
illumination and not from sample heating during illumination,
Hoke et al. performed PL measurements over a range of
temperatures. They found that the disappearance of the original
peak and corresponding rise of the lower-energy peak occurred
even at low temperatures. The time scale of the change, however,
varied significantly; at room temperature, the change occurred in
about 1 min, but at 200 K, the new peak took almost 1 h to
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Figure 3. The 200 XRD peak of an x = 0.6 film before (black) and

after (red) white-light soaking for 5 min at 50 mW cm™ (~1/2 sun).

XRD patterns of an x = 0.2 film (dashed green) and an x = 0.7 film

(dashed blue) are included for comparison. Reproduced from ref 26
with permission from The Royal Society of Chemistry.

dominate the original peak at ~1/10 sun intensity. Importantly,
they held the excitation density constant through these
measurements as they observed that the rates of growth of the
new peak and disappearance of the original peak depended
strongly on illumination intensity. Plotting the initial growth rate
of the new peak as a function of temperature demonstrated that
the phase segregation follows Arrhenius behavior. The activation
energy calculated is similar to halide conductivity activation
energies for other halide perovskites and related metal
halides®* ™ (Figure 4 inset). Finding similar values for the
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Figure 4. PL spectra of a MAPb(Br4]); thin film over 45sin 5 s
increments under 457 nm, 15 mW cm™ (~1/10 sun) light at 300 K.
(Inset) Temperature dependence of the initial PL growth rate.
Reproduced from ref 26 with permission from The Royal Society of
Chemistry.

activation energy for phase segregation in MAPb(Br,I;_,); and
for activation energies of halide transport in related metal halides
reaffirms the proposal that halides phase segregate and further
supports the now common belief that ionic transport processes
play a significant role in perovskite solar cell device physics.
Thermodynamics of the Hoke Effect. Interested in the
thermodynamic origin of the Hoke effect, Brivio et al. employed
density functional theory (DFT) to study the solid solution
MAPb(Br,I,_,),.>° They calculated the system’s Helmholtz free
energy as a function of halide composition and temperature and
found a miscibility gap at room temperature. This behavior
suggests that, should the system receive sufficient energy to
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kinetically overcome its metastable uniform mixed-halide state,
the material will phase segregate into I-rich and Br-rich phases.
They suggest that illumination provides the necessary energy to
overcome the kinetic barriers trapping the material in its
metastable state, causing it to phase segregate. However, while
this theory successfully shows that the Hoke effect should occur
at room temperature, it does not explain the reversibility
observed previously. Their phase diagram predicts that once
phase segregated the phases should be closer to thermodynamic
equilibrium. The material should therefore remain phase
segregated upon the removal of illumination, which is
inconsistent with previous experimental data showing the
reversibility of the Hoke effect.

Opting for molecular dynamics simulations to investigate the
thermodynamics of the Hoke effect, Bischak et al. attempted to
explain the difference in free energy of MAPb(Br,1,_,); in the
light and in the dark.*® Their findings show that when absorbed
light generates an electron—hole pair, the pair quickly dissociates.
Due to the ionic nature of the perovskite, the free electron and
hole deform the surrounding lattice through electron—phonon
coupling. Such polaronic behavior has been previously shown
both experimentally and computationally for MAPbI,.>"
Bischak et al. suggest that for MAPb(Br,,_,); this carrier-
induced lattice distortion increases the magnitude of the enthalpy
of mixing enough to change the shape of the free energy versus
bromine content curve from one that has only one minimum
(the blue curve in Figure 2) to one that has two minima (the red
curve in Figure 2). Their model suggests that small, naturally
occurring fluctuations in perovskite composition that exist prior
to illumination yield I-rich regions with reduced band gaps. Upon
illumination, generated polarons funnel into the reduced-band-
gap I-rich domains. The concentrated polaron density near I-rich
domains creates a substantial change in free energy curves
between the light and dark states, driving the perovskite to form
I-rich and Br-rich phases with final compositions dictated by the
system’s free energy. Consequentially, any source of composi-
tional nonuniformity will encourage phase segregation, and
conversely, uniformity will encourage stability. When allowed to
relax in the dark, the perovskite’s free energy returns to its
preillumination state and it becomes energetically favorable to
form a single phase once again. Using our XRD data of mixed-
halide perovskite films under illumination, we previously found
that the halide-segregated nanometer-scale domains experienced
anisotropic strain disorder and proposed that this, along with
entropy, may assist the material’s homogenization in the dark.*®

Material Design. An improved understanding of the
thermodynamics governing MAPb(Br,I,_,); introduces oppor-

An improved understanding of the
thermodynamics governing MAPb-
(Br,l,_,); introduces opportunities to
mitigate the Hoke effect for high-band-
gap mixed-halide perovskites.

tunities to mitigate the Hoke effect for high-band-gap mixed-
halide perovskites. So far, morphological enhancements,"’
- 442 43

compositional tuning, and external pressure™ have all been
shown to reduce or effectively eliminate the Hoke effect in a
variety of perovskites.

Several groups have demonstrated that morphological
improvements can significantly improve stability to the Hoke
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effect. The Hoke effect depends upon diftusion of Br and I within
the perovskite. Similar to other metal halides,** halide migration
in perovskites is thought to occur through halogen vacancies, "
and ion mobility in these materials is known to be more facile at
grain boundaries compared to that of the bulk material.*’
Therefore, reducing the defect density and the number of grain
boundaries should decrease the rate at which phase segregation
occurs. In order to obtain higher-quality films with larger grains
and lower defect densities that should limit the Hoke effect, Hu et
al. applied their method of solution processing perovskite films
toward mixed I/Br systems.”” As they anticipated, enhanced
crystallinity and larger grain sizes showed a reduction in both the
XRD peak splitting and PL peak red shifting associated with the
Hoke effect. Sutter-Fella et al. observed similar stabilization with
improvements in film quality.*” Notably, these results demon-
strate that, for a given composition, morphology can play a
significant role in a film’s susceptibility to the Hoke effect. Their
work suggests that, with some optimization, materials previously
deemed unstable to phase segregation may be kinetically stable
toward phase segregation for solar-relevant operating conditions.

With some optimization, materials pre-
viously deemed unstable to phase
segregation may be kinetically stable
toward phase segregation for solar-
relevant operating conditions.

Compositional tuning complements morphological improve-
ment as a method for limiting the Hoke effect. On the basis of
results showing strong electron—phonon coupling in MA
perovskites,”*” Bischak et al. predict that modifying perovskite
composition reduces the lattice distortion caused by excited
carriers. Reducing these lattice distortions should promote
thermodynamic favoring of the uniform phase, limiting the Hoke
effect. Specifically, they suggest that the perovskite can be
stabilized by replacing MA with formamidinium (FA) or Cs. This
theory agrees with earlier results from Beal et al. and McMeekin
et al. as these groups have created more stable 1perovskites with
Cs (Figure 5) and Cs/FA blends, respectively.*"** For example,
Beal et al. report phase stability with up to 40% Br in
CsPb(Br,1,_,); at 1 sun illumination, significantly better than
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Figure S. PL peak position as a function of time for CsPb(Br,I,_,),
materials under ~1 sun illumination. Reproduced from ref 42.

the stability up to 20% Br reported by Hoke et al. for
MAPb(Bry,1;5);. McMeekin et al. also report improved stability
for Csg17,FAgs3Pb(Brg 4lo6); when compared to its MA analogue
(excited at ~1/30 sun). These results demonstrate that certain
perovskites appear to be less susceptible to the Hoke effect than
the prototypical MA mixed-halide perovskites and that simply
tuning the perovskite’s composition may entirely eliminate the
Hoke effect at solar-relevant intensities. Given that composi-
tional tuning to limit the Hoke effect has been limited to only a
few substitutions at the perovskite A site, significant room for
innovation still exists in this space. It should be noted, however,
that neither of these studies controlled the morphology when
claiming improved stability to the Hoke effect. This makes
decoupling any potential morphology-induced improvements
from the benefits of changing the cation difficult, and future
studies should consider this point carefully when evaluating
stability.

Rather than modifying the composition or film morphology to
reduce the Hoke effect, Jaffe et al. instead tested the effects of
material compression to thermodynamically or kinetically
suppress halide migration.”> They realized that by applying
external pressure, they may change the equilibrium defect
concentration. As halides are believed to diffuse via vacancies in
hybrid perovskites,*”***’ external pressure could thus affect
halide diffusion. Lattice stiffness may also change the dynamics of
halide migration. Measuring the PL of MAPb(Br¢l,,); powder
in a diamond-anvil cell indeed revealed that as the pressure
increased the degree of phase segregation decreased. From 0 to
0.8 GPa, the compressed material showed the Hoke effect.
However, the energy to which the PL red shifted moved to higher
energy at higher pressures (Figure 6), indicating that material
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Figure 6. Pressure dependence of the energy to which the PL band
asymptotes with light exposure for (MA)Pb(Br,¢l,,);. Reproduced
from ref 43.

compression does mitigate phase segregation, as anticipated. At a
pressure of 0.9 GPa, when the perovskite is in its high-pressure
phase, they saw no evidence of the PL red shift, suggesting that
the Hoke effect is suppressed in the high-pressure f phase.
Recognizing that commercial solar cells will not be operated
under high pressure, Jaffe et al. suggest, based on previous work
with AMnF, (A = Cs, Rb, K),” that similar effects may be
realized through chemical pressure imposed through A-site
substitution. Indeed, the enhanced stability against the Hoke
effect observed in mixed-A-site perovskites*"** may be due to the
effects of chemical pressure.

Important to note for the aforementioned measurements
modifying composition, morphology, and pressure is the
intensity dependence of the Hoke effect. At sufficiently low
excitation densities, even photounstable MAPb(Br,1,_,); films
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Figure 7. PL spectra of the same MAPb(Br, 41, ¢); film excited with (a) 0.5 mW/cm? (~1/200 sun) and (b) 5 mW/cm? (1/20 sun) light at 457 nm.

Table 1. Examples of Perovskites within a Given Range of Band Gaps, Reported Device Efficiencies, and Evaluation of Their

Stability to Light-Induced Phase Segregation

band gap (eV) material
<1.5S FAPbI;
(FAPbI;).43(MAPbBr3), 1,
1.55-1.65 MAPDI;
FA(¢Csg,Pbl;
Cs.0s(MAg 17FAq 3)0.9sPb (Lo s3Bro,17)s
1.65-1.75 FA83Cs0.17(Lo.6Bro4)s
MAPbBrygl,,
1.8 MAPDL,Br
1.9 CsPbBrl,
2.3 MAPDBTr;
CsPbBr;

device efficiency (%) stable to phase segregation

17.4" yes
202 b
197" yes
16.5% es
21.1"° f
17.1% b
14.9% b
11.0%* no
6.5" yes
8.3% yes
62 yes

“The ? indicates that the material has shown evidence of stability under some conditions.

will remain mostly in a single phase (see Figure 7a). At such low
excitation densities, the low carrier concentration may not be
sufficient to promote halide segregation. However, we begin to
observe the Hoke effect when increasing the excitation intensity
over some material- and morphology-dependent critical thresh-
old (see Figure 7b). This means that simply observing stable PL
energy over time is insufficient to claim photostability; excitation
must be at solar-relevant intensities to make such a claim as there
may be an insufficient thermodynamic driving force and/or
kinetic energy at low excitation densities. As the intensity
dependence of the Hoke effect has not previously been well
understood, many mixed-halide perovskites used in solar cells
have not been tested for their stability to phase segregation.
Table 1 organizes by band gap some of the most efficient
perovskite solar absorbers and assesses their stability to the Hoke
effect.

Data from Yang et al. suggest that exposure time is extremely
important for determining the photostability.”’ By varying
repetition rates at constant average power in a pulsed laser and
measuring the PL, they effectively manipulated the charge carrier
concentration as a function of time in the perovskite. At low
frequencies (<500 Hz), when the perovskite sees a large number
of carriers for a very short time, they observed only the original,
higher-energy PL peak. However, as they increased the ratio of
time that the perovskite spent in the presence of excited carriers
to time spent without excited carriers by increasing the repetition
rate, they observed a continuous shift of the PL peak position
toward that of the lower-band-gap I-rich phase. At 1 MHz, the PL
spectrum that they measured matched their continuous-wave
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excitation spectrum, indicating that the perovskite had been
populated by excited carriers long enough to drive and maintain
the Hoke effect. Because the Hoke effect occurred at the lowest
instantaneous power (highest repetition rate), we know that total
average power is insufficient for determining stability to the Hoke
effect and that excitation must be continuous to evaluate stability.
Future Opportunities. With a goal of achieving stable materials
with a wide range of tunable band gaps, efforts to mitigate the
Hoke effect have focused on compositional/structural changes as
well as defect reduction. Several experimental and theory groups
have shown that exchanging FA and/or Cs for MA, increasing the
grain size, or changing the equilibrium defect concentrations or
lattice stiffness (via external pressure) effectively limits the extent
to which the Hoke effect occurs relative to MAPb(Br,I,_,);.
Both theoretical and experimental findings provide guidelines
for the development of future mixed-halide perovskites. On the
basis of experimental evidence and supported by theory, we
know that using FA or Cs instead of MA as the A-site cation
significantly stabilizes the perovskite against the Hoke effect.
Along these lines, other A-site cations as well as blends of A-site
cations offer significant room for compositional exploration.
Experiments also show that reducing defect concentration by
improving crystallinity kinetically limits the Hoke effect. Larger
grains and lower-vacancy concentrations reduce and may
effectively eliminate phase segregation, and further, film
optimization should continue to improve phase stability. Though
it has not yet been proven experimentally, spatially improving
compositional homogeneity in the parent film should also limit
the Hoke effect. Increasing spatial homogeneity increases the

DOI: 10.1021/acsenergylett.6b00495
ACS Energy Lett. 2016, 1, 1199—-1205


http://dx.doi.org/10.1021/acsenergylett.6b00495

ACS Energy Letters

kinetic barrier for initiation of phase segregation and may slow or
eliminate it entirely. Finally, recent efforts have been made to
modify the perovskite’s band gap for tandem solar cells by
changing the B site,'”*” specifically focused on substituting Sn
for Pb. However, the effects of interchanging the B-site cation on
stability against the Hoke effect remain to be investigated. This
substitution could prove to have significant impact on the
thermodynamics and kinetics of mixed-halide systems. All of
these modifications working in conjunction should lead to
mixed-halide perovskites that show no signs of the Hoke effect at
solar-relevant illumination intensities, paving the way for higher
voltages to be realized from solar cells made with mixed-halide
perovskite absorbers.
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