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ABSTRACT: Tuning the halide composition in semiconductor perovskite materials is relevant for light-emitting and absorbing applications, as
it signiﬁcantly aﬀects the dynamics of both the optical and electrical
properties. Yet, a precise understanding of how the halide species
inﬂuence the electrical behavior of the perovskite remains vague and
speculative. In this work, we elucidate the transient voltage of two purehalide perovskite ﬁlm compositions (CH3NH3PbBr3 and CH3NH3PbI3)
to directly compare the role of the halide in ionic species migration. We
capture the photovoltage rise and residual voltage relaxation upon
switching the illumination ON and subsequently OFF using Kelvin-probe
force microscopy. We discover a unique and unforeseen wavelengthdependent voltage decay for CH3NH3PbBr3. Here, high-energy photons
induce a more than 1 order of magnitude slower voltage decline toward
equilibrium (i.e., dark conditions) than low-energy photons. Conversely,
we ﬁnd that the CH3NH3PbI3 perovskite composition has a wavelength-independent decay rate. The diﬀerence in electrical
response occurs primarily because of the halide composition, as ion migration rates are reduced with higher Br content. The
results detailed here yield new experimental insights about ion/defect activation energies in diﬀerent perovskite ﬁlms and
devices, underlining a new parameter, photon energy (wavelength), which must be considered when assessing the fundamental
photophysics within these materials.

■

INTRODUCTION

maintaining the stable long-term electrical output required for
large-scale deployment. Performance dynamics arise from a
variety of external environmental stressors,1,10 including
light,11 humidity,12,13 oxygen,14,15 temperature,16,17 and
bias.18,19 Incorporating diﬀerent halides or cations into the
ABX3 lattice can inhibit the eﬀects of some of these extrinsic
parameters. Regardless, the most stable perovskite solar cell to
date has only provided consistent power output for a year.20
Thus, while it is recognized what causes a reduction in power
conversion eﬃciency, PV researchers do not yet have a

Perovskite solar cells have undeniably yielded fruitful research
advances in the photovoltaic (PV) community, despite the
shortage of stable devices.1 Currently, the record power
conversion eﬃciency (η) surpasses 25% due to enhanced
material quality via composition engineering, improved charge
carrier transport interfaces, and maturing fabrication techniques.2−6 Perovskite’s light absorption properties and electrical
output are intimately linked to its chemical composition. For
example, in the perovskite ABX3 structure, where A = Cs+,
CH3NH3+ (MA), and/or HC(NH2)2+ (FA), B = Pb2+, and X =
I−, Br−, and/or Cl−, substituting Br− for I− inﬂuences charge
recombination activity, light-induced halide gradient distributions, and dramatically increases the band gap.7−9 Despite
these exciting developments, perovskites are still incapable of
© 2019 American Chemical Society
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complete explanation for how the perovskite material
deteriorates.
When perovskites endure long periods of sunlight exposure,
their performance degrades,9 and as recently shown, visible
light can inﬂuence their electrical and optical properties in an
unpredicted wavelength (λ)-dependent manner.21,22 Macroscopic J−V curves under blue and red illumination of a
(FA0.67MA0.33)Pb(I0.83Br0.17)3 perovskite revealed that shorter
λ photons (bluer) cause more hysteresis than red light.21 This
phenomenon is described by thermal-assisted ion movement
or vacancy generation, as higher-energy photons yield more
abundant and/or energetic phonons. Further, λ-dependent
photoluminescence (PL) measurements of CH3NH3PbI3 show
that illuminating the perovskite with <520 nm light causes PL
degradation, while photon excitation >520 nm induced photo
brightening.22 These optical processes are explained by the
presence of excess PbI2 (band gap = 2.38 eV, ∼ 520 nm) and
its participation in photolysis reactions that degrade the
perovskite absorber.23 Moreover, recent density functional
theory (DFT) calculations suggest that the halide atom in the
perovskite could be the primary source of the unique
photoexcitation reliance, as the replacement of I− with Br−
causes the crystal lattice to compress, ultimately reducing ion
migration.24 This decrease in motion with increased Br−
content is also conﬁrmed through calculations of activation
energies (EA), where Br− defects require extra energy to
move25 than I− defects. Thus, bluer light facilitates mobile
vacancies and interstitials more than red.
To understand the impact of ion motion on perovskites’
electrical response, it is essential to utilize an experimental
approach that acquires data at relevant time scales. Heterodyne
Kelvin probe force microscopy (KPFM) directly measures the
open-circuit voltage (Voc) in real time,26−28 with a temporal
resolution of ∼1 ms, which is suitable for accurate extraction of
ion migration rates within perovskite solar cells.29 Other
implementations of KPFM have shown a time resolution down
to 10−100 μs, revealing charge carrier accumulation at the
perovskite−electrode interface; however, in this case, the
electrical data extraction occurs postacquisition.30 Transientabsorption (TA) microscopy probes the charge-carrier transport behavior and visualizes electron and hole movement
across perovskite grain boundaries31 with a ps to ns time
resolution, which is too fast to capture ionic motion.32,33 PL
measurements have had excellent success at tracking the shift
in the local bandgap due to halide segregation on the time
range of seconds.34 Yet, PL’s information is limited to probing
perovskite’s optical properties, yielding little quantitative
information about the electronic and ionic transiency.
Therefore, in order to capture the voltage dynamics associated
with ion migration in perovskites, we implement illuminated
heterodyne KPFM.35,36
Here we identify the wavelength-dependent electrical
properties of two pure-halide perovskite compositions
(CH3NH3PbBr3 and CH3NH3PbI3) by monitoring the voltage
response across single-wavelength illumination cycles. We
discover a slow, λ-dependent, voltage relaxation, ranging from
26 s up to 14 min, for the CH3NH3PbBr3 material, whereas the
archetypal CH3NH3PbI3 sample’s residual voltage relaxation
time is entirely unaﬀected by the incident photon energy.
Interestingly, upon initial illumination, the voltage dynamics
are almost as fast as the data acquisition rate and there is no
correlation with wavelength, indicating that electronic charge
carriers dominate the initial photovoltage response. We reveal

that with enough time in the dark (≈1000 s), the electrical
response equilibrates back to its initial value, demonstrating
the exceptional recoverability of the perovskite solar cell
materials considered here. Throughout, the energy of incident
photons correlates with the rate and amount of ionic
movement. However, the CH3NH3PbBr3 lattice constrains
the diﬀusion of all ionic species back to their equilibrium
positions, while the comparatively open lattice of CH3NH3PbI3
allows for a more rapid voltage relaxation response. Our
ﬁndings highlight a relatively unexplored parameter to probe
perovskite dynamics, photon energy, and establish the ability
to control ion migration time scales by tuning the illumination
source.

■

EXPERIMENTAL METHODS

Halide Perovskite Fabrication. All chemicals are from SigmaAldrich, unless stated otherwise. Fluorine-doped tin oxide coated glass
slides (Solaronix, 8 Ω/□) were cleaned and sonicated in 2%
Hellmanex solution for 15 min, rinsed with deionized water, sonicated
in acetone for 15 min, rinsed with acetone, sonicated in isopropanol
for 15 min, and ﬁnally rinsed with isopropanol and dried with air. The
substrates were then subjected to an O2 plasma treatment
immediately before the deposition of the 30 nm TiO2 electron
selective layer. The TiO2 was deposited by spray pyrolysis at 450 °C
from a precursor solution of titanium diisopropoxide bis(acetylacetonate) (0.6 mL, 75 wt % in isopropanol), acetylacetone
(0.4 mL) in anhydrous ethanol (9 mL). The substrates were left to
cool to room temperature. Subsequently, a 150 nm thick mesoporous
TiO2 layer was deposited by spin coating a 30 nm particle paste
(Dyesol 30 NR-D) diluted in ethanol (150 mg/mL) for 10 s at 4000
rpm with a 2000 rpm ramp rate. After they were spin coated, the
substrates were dried at 150 °C for 10 min and sintered at 450 °C for
30 min. The substrates were cooled to 150 °C and immediately
transferred to a nitrogen-ﬁlled glovebox.
MAPbI3 was deposited from a solution containing PbI2 (1.2M,
TCI) and MAI (1.2M, Greatcell Solar) in anhydrous DMSO, and
MAPbBr3 from a solution containing PbBr2 (1.3M, TCI) and MABr
(1.2M, Greatcell Solar) in anhydrous DMF:DMSO 4:1 (v/v).
Perovskite solutions were spin coated using a two-step protocol:
1000 rpm for 10 s followed by 6000 rpm for 20 s. Chlorobenzene
(200 μL) was dripped onto the spinning substrate 5 s before the end
of the program. The substrates were then annealed for 1 h at 100 °C.
The substrates were cooled to room temperature before deposition of
the hole transporting material. A spiro-OMeTAD (Luminescence
Technology) solution (70 mM in chlorobenzene) doped with
bis(triﬂuoromethylsulfonyl)imide lithium salt (Li-TFSI), tris(2-(1Hpyrazol-1-yl)-4-tert-butylpyridine)−cobalt(III)tris(bis(triﬂuorouoromethylsulfonyl)imide) (FK209, Dyenamo) and 4-tertbutylpyridine (TBP) was spun at 4000 rpm for 20 s. The molar ratios
of additives for spiro-OMeTAD were 0.5, 0.03, and 3.3 for Li-TFSI,
FK209, and TBP, respectively.
Scanning Electron Microscopy. A LEO 1550 FESEM (Zeiss)
with a ﬁeld emission source operated at an acceleration voltage of 2
kV was used.
Macroscopic Light J−V Measurements. A solar simulator from
ABET Technologies (Model 11016 Sun 2000) with a xenon arc lamp
was used and the J−V response was recorded using a Keithley 2635
source meter. The light source intensity was calibrated using a silicon
reference cell from Czibula & Grundmann (FHG-ISE, RS-OD4). A
scan rate of 50 mV/s was used for both reverse and forward scanning.
All J−V measurements were acquired in ambient conditions, 10 days
after the devices were fabricated.
KPFM Measurements. The voltage measurements were performed using an Asylum Cypher S with blueDrive AFM at room
temperature (∼25 °C) in air that contained <10% relative humidity.
We purposely kept the temperature and moisture level constant
during the entirety of our experiments to avoid having convoluted
contributions. The perovskite ﬁlms were grounded using the FTO
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Figure 1. Optical and scanning electron microscopy images of (a,c) CH3NH3PbBr3, and (b,d) CH3NH3PbI3 perovskites. (e) Forward (dotted
lines, fwd) and reverse (solid lines, rev) light J−V curves for all perovskite full devices measured under AM1.5G illumination. Figures of merit for
forward scans: CH3NH3PbBr3: Voc = 1.40 V, Jsc = 5.30 mA/cm2, FF = 71.92%, η = 5.34%, CH3NH3PbI3: Voc = 0.98 V, Jsc = 19.99 mA/cm2, FF =
70.38%, η = 13.78%, and reverse scans: CH3NH3PbBr3: Voc = 1.38 V, Jsc = 5.41 mA/cm2, FF = 62.96%, η = 4.70%, CH3NH3PbI3: Voc = 0.97 V, Jsc
= 19.86 mA/cm2, FF = 77.16%, η = 14.86%.

Figure 2. Voltage as a function of time for (a) CH3NH3PbBr3 and (b) CH3NH3PbI3 perovskites under dark (gray) and illuminated (white)
conditions. For each wavelength the incident photon ﬂux = 1 sun. The line color is matched to the photon energy used during the illumination
treatment, indicated on the right side of each graph.
vector was then downsampled, using every fourth data point for 256 ×
256 pixels maps and every eighth data point for 512 × 512 pixels
images. The relaxation time is given by the median time of the data
points contained within the ﬁrst ∼5 s after the light is turned OFF
with an average less than or equal to 10%, found using a sliding
window approach with a step size of ∼1 s.

electrode while a Pt-coated Si AFM tip probed the top surface of the
200 nm Spiro-OMeTAD hole transport layer. The 405 nm
illumination source was a single diode laser, while λ = 450−800 nm
were ﬁltered out from a broadband continuous laser (Fianium). The
photon ﬂux for each wavelength was equivalent to 1 sun, or 4.21 ×
1021 photons/m2/s, and the sequence of λ was chosen at random, thus
mitigating the likelihood of any photon-energy-dependent trend in
the relaxation times. The scan parameters for the CH3NH3PbBr3
sample = 0.7 Hz, 256 × 256 pixels, and thus a time resolution of 2.79
ms/pixel. The parameters for CH3NH3PbI3 perovskite = 1 Hz, 512 ×
512 pixels, yielding a time resolution of 0.977 ms/pixel. Here we
include both the trace and retrace KPFM data points for our time
calculation. The voltage error (±20 mV) was determined by
calculating the standard deviation of line scans on the KPFM maps.
Data Analysis. The KPFM trace and retrace images were
combined and then ﬂattened into time series vectors using standard
linear algebra routines implemented in Python’s Numpy library. The

■

RESULTS AND DISCUSSION
Figure 1 displays optical and scanning electron microscopy
(SEM) images for each perovskite sample, revealing the
morphologies at diﬀerent length scales. The optical micrographs captured with the atomic force microscopy (AFM)
camera in Figure 1a,b present the unique μm- to mm-scale
isotropic morphologies of each perovskite. The wrinkling
exhibited by the CH3NH3PbI3, ﬁlm is a common feature of
solution processing and may rise because of surface tension
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Figure 3. Postillumination (under dark conditions) voltage measurements (ΔV = V(t) − Vfinal) as a function of time and wavelength for (a)
CH3NH3PbBr3 and (b) CH3NH3PbI3 perovskites. The inset of each plot is a zoom in of the initial seconds of the voltage drop. The line color of
each data set is matched to the λ of the illumination treatment.

Note, the photon ﬂux is equal for each incident wavelength
and the ﬁlms were kept in the dark until the ﬁnal voltage value
equilibrates within the error of the KPFM measurement of
±20 mV. The order of illuminated-KPFM measurements for
the CH3NH3PbBr3 sample is 550, 500, 450, 600, and 405 nm.
Thus, after examining Figure 3a, it is clear that the voltage
decay rates are independent of illumination history. To easily
quantify the voltage changes during relaxation, we introduce
the voltage term, ΔV, which is deﬁned as V(t) − Vfinal where
V(t) is the voltage response as a function of time and Vfinal is
the last KPFM data point in the voltage time series curve in
Figure 3. The voltage dynamics for the CH 3 NH 3 PbI3
perovskite ﬁlm are shown in Figure 3b. The relaxation
behavior is unrelated to the incident photon excitation energy,
at least within the temporal resolution of this experiment.
Remarkably, the voltage drop for the perovskite samples is
signiﬁcantly slower (>104) in comparison to the dynamics
presented in Figure 2, that is, the photovoltage rise time. The
asymmetric voltage response41 indicates that there are diﬀerent
electronic processes occurring before and after illumination. As
previously described, we attribute the fast photovoltage rise
time primarily to electron−hole pair generation and corresponding voltage production. The slower transient voltages
after illumination are a combination of the end of electron−
hole pair production and the relaxation of ion/defect motion
initiated during illumination. The CH3NH3PbI3 perovskite ﬁlm
equilibrates both faster and without a λ dependency compared
with its CH3NH3PbBr3 counterpart. Thus, in the CH3NH3PbI3
perovskite, there are indeed ions/defects migrating; however,
they move faster at shorter λ than the ions/defects in the
CH3NH3PbBr3 sample because of the less conﬁned lattice
structure, where the Pb−Br b-axis bond length = 3.031 Å, and
the Pb−I b-axis bond length = 3.249 Å.24 The binding energy
(D) between the halides and Pb is inversely proportional to
these bond lengths, with values of 201 and 142 kJ/mol,
respectively. Based on the activation energies found in the
literature for each ionic/defect species in these two perovskite
compositions (see Table S2),25,42−45 we argue that all ions and
defects are contributing to the voltage decay rate, which we
discuss in detail later. Perovskite topography maps before and
after the illumination treatment are shown in the Supporting
Information, Figure S2, where no changes in the morphology

during drying (Marangoni forces) or spinodal decomposition.37 The SEM images (acquired on fresh thin ﬁlms) in
Figure 1c,d show the 100−500 nm grains with similar
morphology. We fabricate photovoltaic devices with both
perovskites (see light J−V curves in Figure 1e for the
performance of both compositions exhibiting minimal
hysteresis).
We elucidate the inﬂuence of incident photon energy on the
voltage dynamics of perovskites by conducting λ-dependent
illuminated-KPFM experiments.11,38 For all measurements, the
light is incident on the TiO2/FTO/glass side, with the probe
scanning the top Spiro-OMeTAD hole transport layer. In all
cases, the relative humidity is kept <10% (see the Experimental
Section for more details and Figure S1 for a schematic of the
experimental setup). When the perovskite ﬁlms are initially
illuminated, Figure 2, the photovoltage response is immediate
(i.e., near the temporal resolution of the technique). Here, we
show only the ﬁrst 100 s before and after the light is switched
ON to highlight the change in voltage response. The fast rise in
photovoltage is dominated by electron−hole pair generation,
or electronic motion, which occurs on the order of nanoseconds.39 As expected, we measure no evident transient
photon-energy dependent voltage behavior for any of the
perovskites upon illumination. Yet, for the CH3NH3PbI3 ﬁlm
(Figure 2b), the magnitude of the photovoltage varies as a
function of λ. This is likely due to its variable quantum
eﬃciency from the unoptimized layers as well as the presence
of small amounts of PbI2, which easily forms throughout the
CH3NH3PbI3 ﬁlm and limits electrical performance of λ < 520
nm.22,40 The laser is kept ON while monitoring the
stabilization of the photovoltage response (note, the samples
are illuminated for at least 8 min for any single wavelength).
Importantly, there is no relationship found between the
illumination time and subsequent voltage decay (see Table S1
for the order in which the measurements were acquired).
Once the illumination source is turned OFF, each perovskite
solar cell displays unique voltage dynamics, as shown in Figure
3. The CH3NH3PbBr3 perovskite (Figure 3a) has a strong λdependent voltage relaxation, where, consistent with previous
macroscopic results,21 the higher energy photons induce a
slower voltage drop following the end of charge carrier
generation which takes place on the order of nanoseconds.
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10% decay time because of its applicability to all wavelengthdependent measurements for both perovskite compositions,
regardless of the combination of linear and exponential
behavior present in the transient residual voltage. From Figure
3a and Figure 4, we observe relaxation times up to 829.95 s, for
the CH3NH3PbBr3 during the high-energy photoexcitation
(405−500 nm, or 2.48−3.06 eV). In contrast, when exciting
the charge carriers with lower energy photon levels,
corresponding to incident λ = 550 nm (2.25 eV) and 600
nm (2.07 eV), the CH3NH3PbBr3 relaxation times become
similar to the CH3NH3PbI3, indicating that similar relaxation
processes are dominating the two halide perovskite samples
within this excitation regime. Because 600 nm corresponds to
photons with energy beyond the bandgap of CH3NH3PbBr3,
the time scale at this excitation wavelength is primarily
associated with the relaxation of shallow trap states. The
relaxation times for each λ and perovskite sample are given in
the Supporting Information Table S3 and marked in Figures
S3 and S4.
Below we describe how the voltage relaxation times for the
perovskites are due to a combination of factors unique to the
speciﬁc material’s composition. Throughout the duration of
the illumination treatment, although the photovoltage value is
stable in all cases (Figure 2), there are still many photoinduced
mobile processes, both electronic and ionic, occurring.34,46−50
Importantly, any halide phase segregation is unfeasible for the
perovskites investigated here (two pure-halide perovskites);
however, ion migration is still prevalent.48 Additional transport
mechanisms such as (i) electron−hole pair generation and
separation, (ii) phonon-assisted ion motion,49 (iii) charge
carrier migration caused by ﬁlling of forbidden electronic
states,34 and (iv) heterogeneous strain within the perovskite
lattice;50 all coexist.
Figure 5 compiles the primary physical mechanisms that
occur before, during, and after illumination, including the

are observed during the KPFM measurements. The dark
KPFM images present the spatially uniform voltage response
that remains unchanged across multiple illumination cycles.
To quantify the voltage declination rate as a function of
photon energy after the illumination source is switched OFF,
we calculate the time required for the signal to decay to onetenth of its initial residual voltage value for each wavelengthdependent measurement, plotted in Figure 4. Here, we use the

Figure 4. Relaxation time as a function of wavelength for
postillumination voltage measurements in CH3NH3PbBr3 (yellow
circles) and CH3NH3PbI3 (gray squares) perovskites. The dashed
lines are best ﬁts, and the slope for the CH3NH3PbI3 ﬁt is
approximately zero (−0.08 s/nm).

Figure 5. Illustration of the dynamic voltage behavior of the diﬀerent perovskite compositions, before, during, and after illumination. All materials
begin at equilibrium and during illumination generate charge carriers (i.e., quasi-Fermi level splitting (Δμ)) and excess phonons dependent upon
the incident photon energy. Seconds after the illumination is OFF, each perovskite undergoes individual voltage relaxation processes with their ion
and defect migration qualitatively represented by the size of the color-coded arrow. Here, mobile ions within CH3NH3PbI3 are not as constrained
when compared with CH3NH3PbBr3 while migrating back to the bulk of the perovskite. The graphics describe the electronic and ionic mechanisms
relevant to explain the composition-dependent observed phenomena. White ﬁlled ions outlined in color = vacancies and ions ﬁlled with color =
interstitials. Note: ion/defect migration direction and motion is not to scale for clarity.
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but only in the presence of a 0.9 V/μm ﬁeld.53 We also exclude
charge carrier recombination as a primary source for the slow
voltage decay, as prior studies performing time-dependent
photoluminescence measurements as a function of excitation
wavelength found that ion migration explains the diﬀerences in
the rate of hole transfer54 and photodegradation.55

eﬀects of photon excitation energies on the overall voltage
response of the perovskites investigated here. Before
illumination, the samples are in equilibrium, with atoms stable
in the lattice positions and balanced energy states throughout
the active layers of the devices. During illumination, charge
carrier generation commences and there is quasi-Fermi level
splitting (Δμ), as expected. Here, we hypothesize that when
higher energy photons are illuminating the perovskite surface,
they generate excess phonons into the lattice (regardless of
perovskite composition) because of the thermalization of the
excited charge carriers (center of Figure 5). These phonons
subsequently provoke extra ionic defects;21 thus, once the
illumination source is turned OFF, the quantity of mobile ions
returning to equilibrium is larger. That is, the rate of ionic
migration before returning to dark conditions correlates with
the amount of energy lost to thermalization. Also, the
illumination conditions used here (ranging from 400 to 600
nm (3.06−2.07 eV)) provide enough energy to activate the
mobility of all atoms and defects in the CH3NH3PbBr3
perovskite lattice,46 with Pb2+ (EA = 2.3 eV)51 able to migrate
the most at incident λ = 405, 450, and 500 nm, consistent with
our experimental ﬁndings in Figures 3 and 4. We note that the
literature provides a wide range of potential EA values for Pb, as
well as all other ionic defects, and here we are basing our
discussion on the average cited values. For example, the I
halide vacancy and interstitial EA values average to be 0.28 and
0.195 eV,24,25,42,44,45,51 respectively, and the Br halide vacancy
and interstitials are 0.51 and 0.54 eV,24,25,43 respectively. See
Table S2 in Supporting Information for a collection of
activation energies values from the literature. After illumination, the mobile ions and charged defects relax, and the rate of
relaxation is perovskite-material dependent. The residual
voltage response measured is a result of the charged mobile
species moving back to their equilibrium positions, restored by
the chemical potential generated by the previously photoinduced concentration gradient of ions/defects.11 We propose
that the CH3NH3PbBr3 sample also shows a large wavelength
dependency after illumination because of the smaller diameter
of the Br− halide atoms compared with that of I−, which
reduces the Pb−Br bond length and constricts the perovskite
lattice structure. This restriction will abate ions from migrating
throughout the crystal.24 In the CH3NH3PbI3 perovskite
lattice, ion migration is prevalent, as its wavelengthindependent relaxation time of ≈100 s (Figure 4) is in
agreement with ion/defect relaxation time scales observed in
similar structures.21,39,41 However, not all prior studies
measuring the transient voltage response quantify the decay
time, and the methods for ﬁtting the voltage relaxation time
have yet to be uniﬁed. Additionally, there are likely residual
PbI2 clusters within the CH3NH3PbI3 ﬁlm which are utilizing
some of the would-be mobile halide ions, shortening the
observed photovoltage relaxation times. The possibility of
depth-dependent photon absorption and, consequently, charge
injection52 within the perovskite material inﬂuencing these
measurements is discounted, as the charge transport layers for
both samples, are equivalent and the shortest excitation
wavelengths, (i.e., shallowest absorption depths), demonstrate
the largest voltage relaxation for CH3NH3PbBr3. Further, our
measurements are performed without the application of an
external electric ﬁeld, leaving ion migration as the main cause
of the photovoltage dynamics. The inﬂuence of charge
injection has been previously shown to lead to the formation
of new defect centers that increase nonradiative recombination,

■

CONCLUSIONS

In summary, we captured the transient voltage of photovoltaic
halide perovskites as a function of incident photon energy
(2.0−1.65 eV). Upon initial light exposure, both
CH3NH3PbBr3 and CH3NH3PbI3 displayed fast photovoltage
responses, regardless of λ. However, when the illumination
source was switched OFF, we discovered a > 104 slower
voltage decline for both solar cell materials. Remarkably, the
CH3NH3PbBr3 sample exhibited a stark photon energydependent electrical behavior, with voltage relaxation times
up to 10× larger than CH3NH3PbI3. The slower λ-dependent
dynamics observed in the Br perovskite are due to (i) Br’s
smaller atomic radius which indicates stronger bonding
between the Pb2+ and Br−, hindering ion motion due to the
constrained lattice, (ii) an excess number of phonons caused
by higher energy photons thermalizing down to the conduction
band; and (iii) excitation energies beyond the EA of Pb,
introducing an extra mobile ion into the lattice. Meanwhile, the
electrical response of the other perovskite composition,
CH3NH3PbI3, demonstrated consistent voltage relaxation
times regardless of incident wavelength, with an average
duration of 100 s. We hypothesize that this faster relaxation is
primarily due to the lower Pb−I binding energy. The transient
voltage measurements presented here revealed an unforeseen
variable, incident photon energy, which is fundamentally linked
to the time scales of perovskite’s optoelectronic properties.
Our results call for new ways to rationally design perovskites
with controlled electrical response, either by eradicating the λdependency or by leveraging it for optoelectronics. We foresee
the development of next-generation photodetector devices
used to discern between diﬀerent photon energies based on the
response time to the incident light, enabling new, inexpensive
spectral detection sensors. Future experiments will evaluate the
time-dependent voltage as a function of λ-dependent and
operating parameters (O2, H2O, and temperature) to further
elucidate the chemical processes governing electrical dynamics
in metal halide perovskites. For these experiments, we
anticipate that machine learning approaches will play a critical
role in predicting perovskites’ photoresponse given the vast
combinatorial space of these environmental stressors, and the
higher number of perovskite chemical compositions.1
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