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Abstract

Metal halide perovskites show slow (from seconds to minutes) and fast (millisecond
to sub microseconds) charge dynamics. We use scanning Kelvin probe microscopy and
dissipation microscopy to probe these charge dynamics in a thin film of CsPbBr;. We
demonstrate the existence of a light-intensity-dependent 7, in CsPbBrs that exhibits

a slow, activated, intensity-independent recovery in the dark. The observed 7¢,s¢, while



highly light dependent, remained essentially unchanged when the light was turned
off, taking 10 & 2s to relax at room temperature. The data presented here shows
direct evidence that the slow and fast charge dynamics ubiquitously seen in lead-halide

perovskites have a common origin related to a highly activated charge redistribution.

Lead-halide perovskites have recently emerged as a class of photovoltaic material
exhibiting remarkably high power-conversion efficiency while at the same time being inex-
pensive and simple to synthesize.! What makes the lead-halide perovskites such successful

t,2°% particularly as highly stable, lead-free

photovoltaic materials is a topic of intense interes
replacement materials are sought.” ! It has become increasingly clear that these materials
change their properties in response to both electric fields and light. Perovskite-type com-

12,13 it is therefore not unexpected

pounds have long been known to undergo ion migration;
that these materials exhibit hysteric electrical behavior resulting from electric-field-induced
ion motion. 6 Applying light, alone or in concert with an electric field, leads to additional
and surprising property changes.'®'® Characterization of lead-halide perovskite devices has

14,19-23

revealed large light-induced shifts in current-voltage curves, impedance spectra and

14,24-30 31-33

capacitance, recombination lifetime, 3! photoluminescence lifetime and intensity,
optical absorption spectra,®* and Raman spectra.??

The mechanisms underlying these light-induced changes is a topic of current debate.
Lead-halide perovskites exhibit slow charge dynamics on the seconds-to-minutes time scale
and fast charge dynamics on the milliseconds-to-microseconds timescale. Both slow and fast
dynamics are light dependent. The consensus opinion is that slow light-related dynamics
involve ion motion. KEvidence in support of this hypothesis is provided by electrochem-
ical measurements,'* scanned probe microscopy, !> optical microscopy>? and spectroscopy, *®
mass spectrometry,® and X-ray diffraction.3*3¢ Fast light-related sample dynamics appear
in electrochemical impedance spectra as an intensity-dependent RC' time with the R usually

attributed to a recombination resistance. ?>26:2%:30:37.38 Pockett et al. observed in MAPbI, ,Cl,

that slow and fast charge dynamics depended on light intensity and temperature in the same



way, leading them to conclude that ion motion underlies both light-induced accumulation of

8 van Reenen and coworkers intro-

interface charges and interfacial charge recombination.?
duced, through modeling studies, the hypothesis that device hysteresis in perovskite solar
cells requires both ion migration through the bulk and subsequent ion-related recombination
of charge carriers at the perovskite interface.?! Understanding both slow and fast dynamics
may therefore be crucial to harnessing perovskites in photovoltaic applications.

Here we study a prototypical inorganic lead-halide perovskite, CsPbBr;, prepared as a
thin film on an indium tin oxide substrate. We choose CsPbBry because it is more robust to
light- and temperature-induced degradation than methylammonium lead halide perovskites’
and it contains a single halide, obviating concerns about light-induced phase segregation.
We use scanning Kelvin probe microscopy®® (SKPM) and dissipation microscopy?! to make
contact-free measurements of (1) the sample’s impedance spectrum versus light intensity
and (2) the gradual recovery of the sample’s fast response time in the dark versus temper-
ature. This data offers clear evidence that the slow and fast charge dynamics ubiquitously
seen in lead-halide perovskites have a common origin related to a highly activated charge
redistribution.

Figure la shows the experimental setup. To describe the following experiments, we
found it necessary to develop a new, more comprehensive description of the SKPM measure-
ment that captures the dependence of cantilever frequency and amplitude on the complex
sample impedance. This more complete description of the tip-sample interaction allows us
to describe the cantilever tip-sample force on the seconds to nanoseconds time scale, even
though the sample’s response—and correspondingly the charge and electrostatic force—
changes dramatically over these time scales. The electrostatic force F' on the scanned probe
tip depends on sample properties through the tip-sample charge ¢:

Fla.0) = g pale Ve’ )




where x is the tip displacement, C(z) the tip capacitance, C'(z) = dC/dx, and g depends
on displacement = and the applied tip-sample voltage Vis. The time-dependent charge can

be well-approximated by

«wz(owwﬂwgw—@)*ﬂm, @)

where ¢ is the sample surface potential and * denotes convolution in the time domain. In
the frequency domain, the transfer function H between applied tip-sample voltage Vs and
the tip voltage drop V; = ¢/C' is

7o) = ) 1/(wCp)
M) = G @) ~ 70+ 1)

(3)

where Z is the sample impedance and Cy, = C(0). To describe dynamics on the ms to
ps timescale, we model the sample as a parallel resistor Ry and capacitor Cs. The sample
impedance is given by Z = (R;! + jwCs)™! (Figure 1b). The resulting transfer function H

is a lag compensator with time constant 7. and gain parameter g given by

Tfast = Rs(os + Ctip) = Rsotot and g = Ctot/Cs- (4)

In Figure 1c, we modulate the tip voltage at frequencies wy, much less than the cantilever’s
resonance frequency w,. We measure the resulting displacement = = F/k o< §(wy) o< H(wy),
where k is the cantilever spring constant. Consistent with other measurements,?® we see
evidence for both slow dynamics on the seconds and longer timescale (7o) and fast dynamics
on the sub-millisecond time scale (Tg,s). In subsequent measurements, we focus on the light
and time dependence of the 7g, dynamics using the simple, single-time-constant model
described above.

Rather than modulating the tip voltage, we can apply a fixed voltage V' and modulate the

force F' by oscillating the cantilever at its resonance frequency w.. The resulting oscillating
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Figure 1: Scanned-probe impedance measurements on a CsPbBry perovskite thin film. (a)
The experimental setup. Ilumination is provided by a 405 nm fiber-coupled laser. (b) The
equivalent circuit for the cantilever and sample and the associated response function H
(upper, blue: real part, H'; lower, green: imaginary part, H”). (¢) Normalized force F vs.
modulation frequency. (d) The in-phase and out-of-phase force components lead to frequency
and amplitude shifts, respectively.

force is

5F = %(q’; FACTH(w)) (V- ) & (5)

where C7 is the capacitance second derivative at constant charge, AC” = 2(C")*/C and
C" = Cf + AC" (see Supporting Information Section S2). The transfer function H evalu-
ated at the cantilever resonance frequency determines the relative phase between F' and x.
Forces oscillating in phase and out of phase with the cantilever motion affect the cantilever

differently. The oscillating force has the form

SF= O0F + joF". (6)
~— ———
in-phase, out-of-phase,
conservative dissipative

As shown in Figure 1d, 0F" shifts the cantilever’s frequency by Af while §F” shifts the

cantilever’s amplitude by AA through an additional sample dissipation I's:

fe OF 1 oF
T and I's= oA (7)

Af =



For the simple RC model of Figure 1b, the frequency shift and dissipation are

_ Je " w1 +gw027—f2ast 2
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We 1 + 92 ngfast

(V- ¢)%, 9)

where T, and g are given by Eq. 4. Both the cantilever frequency shift and the dissipation
measure the sample’s impedance at the cantilever frequency, Z(w.). Typically the sample
impedance at the resonance frequency is assumed to be insignificant: Z(w.) = 0 and conse-
quently H(w.) =1 (see Eq. 3). In this approximation, 6F’ = %C’”(V — ¢)?A and 6F" =0
so that Af = —f.C"(V — ¢)?/(4k) and Ty = 0. Our RC model thus recovers the approxi-
mate equations for the sample-induced frequency and dissipation widely used in the SKPM
measurement in the limit that w.m.s — 0. As we will show, while this approximation may
be valid for most organic and inorganic semiconductors, it does not hold in the perovskite
sample studied here.

!, so frequency and amplitude

We used a cantilever with resonance frequency w. ~ 1ps~
shift measurements probed the 7,5 dynamics (Figure 1c¢). We measured cantilever frequency
and amplitude versus DC voltage at different light intensities (Figure 2(a, b)). At each light

intensity I, we fit the cantilever frequency versus voltage data to

fV) = fo—a(V - ¢)% (10)

The maximum of the frequency shift versus voltage parabola corresponds to the surface
potential ¢, while the parabola curvature « is related to the in-phase component of the
oscillating electrostatic force d F”. The amplitude versus voltage curves of Figure 2b measure
sample-induced dissipation I'y and therefore the out-of-phase component of the oscillating
electrostatic force  F”. The sample-induced dissipation is related to the tip voltage by the

equation Iy = ~4(V —¢)? with 44 a sample-dependent proportionality constant. The observed
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Figure 2: Frequency and amplitude response of cantilever driven in constant-excitation mode
at different tip voltages in the presence of constant above-band-gap excitation (405 nm) mea-
sured at a tip-sample distance h = 200nm. Raw data and best-fit curve for simultaneously
acquired (a) frequency shift and (b) amplitude response for seven representative light inten-
sities. The frequency shift and amplitude data from N = 50 light intensities was used to
calculate, as a function of light intensity, the (c¢) surface potential, (d) frequency-shift-versus-
voltage parabola curvature, and (e) a normalized dissipation constant. Best fit lines in (d)
and (e) are modeled using a light-intensity-dependent equivalent circuit representation.

quadratic dependence of dissipation on voltage indicates that the tip charge is not affecting
the sample fluctuations responsible for the dissipation.*? We fit the amplitude-versus-voltage
data to extract v (see Experimental Methods).

Figure 2c shows the surface potential increasing with the logarithm of the light intensity
at a slope of 72mV /decade, which is consistent with the expected value of 60 mV /decade
(2.303 kgT/e) for a surface charge density that increases linearly with light intensity.?

Figure 2d shows an increase in curvature with illumination, similar to the photocapaci-
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Figure 3: A light-dependent 7 explains both frequency and amplitude data. (a) In-phase
and (b) out-of-phase force for various values of 7, according to Eq. 3, Eq. 5, and the transfer
function of Fig. 3b. Left, blue curve: slow 7g.g, low I,; middle, black curve: intermediate
Trast, intermediate [j,; and right, red curve: short 7p., high I,. Measurements probe the
force at the cantilever frequency, 5F(wc); the cantilever frequency is indicated as a dotted
vertical line in (a,b). The predicted intensity dependence of the (c) frequency-vs-voltage
curvature o and (d) dissipation 7 agrees with the Figure 2(d,e) data.

tance effect seen by Ginger et al. and others in organic semiconductor films.***® Surpris-
ingly, Figure 2e shows that the sample-induced dissipation peaks at a certain light intensity.
While the exact intensity where the maximum dissipation occurred was affected by light
exposure history and local sample inhomogeneities, the qualitative appearance of the plots
in Figure 2(c-e) was similar across the film over a period of weeks. We rule out photo-
degradation related dissipation because the curvature and dissipation data were reproducible
after resting in the dark.

While a photocapacitance effect could explain the curvature data (Figure 2d), it cannot
explain the dissipation data (Figure 2e). Instead, we propose that both the curvature and
dissipation data can be understood in a unified way by postulating that the sample’s g

decreases with increasing light intensity:

7-fast(lhr/) = TO(IhV/IO)_n- (11)



with Iy a reference intensity, 7y a reference charge-response time, and n a unitless exponent.
The effect of a decreasing Tg.sy on curvature o and dissipation v is explained qualitatively
in Figure 3. In combination with the impedance model described above, the Eq. 11 pos-
tulate allows us to quantitatively fit the measured curvature and dissipation (Fig. 2d and
Fig. 2e, respectively). With 7 = w;! = 2.5us, we find a best-fit exponent n = 0.6 and
maximum-dissipation intensity Iy = 100mW ecm™2. Over the range of light intensities shown
in Figure 2, the best-fit time constant 7 decreases from 190 s at low intensity to 390 ns
at high intensity. This simple model with only one light-intensity-dependent time constant
explains the main features of both dissipation and curvature changes and estimates the time
scale for 7pg. The changes in 7qg could be due to photo-conductivity. There is evidence
that these perovskite materials have low conductivity in the dark which increases consid-
erably on light exposure.*® With increasing light intensity, the conductivity of the sample
increases, decreasing Tp.st and moving the roll-off of the sample’s response to higher fre-
quencies (Fig. 3a). When the sample time constant 7. equals the inverse of the cantilever
frequency w; ! = 2.5 s, sample-induced dissipation reaches a maximum (Fig. 2e, Fig. 3(b,d)).
As the light intensity is further increased, the out-of-phase charge motion begins to decrease.

To provide further evidence for 7, decreasing with increasing light intensity, we used a
variant of broadband local dielectric spectroscopy® (BLDS) to probe the sample’s response
across a wide range of frequencies (Figure 4). We applied a tip-sample voltage Vis = ¢ —
Vin + Vin cos(wmt) so that the sample charge was always positive (e.g., Vis(t) always less
than ¢). We measured A fgrps(wm) = Afpc(Vim = 2.83V) — Afpe(Vin = 0), the difference
in DC cantilever frequency shift A fpc with the modulation on and off. This experiment
chiefly measures the magnitude of the sample’s response at the modulation frequency |ﬂ (wm)|
(see Supporting Information Section S2B, Equation S26). To clearly show that that the
sample’s time constant changes with light intensity, we plot a normalized frequency shift
Afrorm = Afprps(wm)/Aferps(2m x 0.1Hz). The A fyorm vs. modulation frequency data

shows a characteristic cut-off frequency 7.,

.. , .
<t arising from the sample’s complex impedance.
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Figure 4: Normalized frequency shift vs. modulation frequency for increasing light intensities
(offset vertically by 0.1 for clarity). The surface potential ¢ was measured before the start
of each measurement at each new light intensity. The cantilever frequency was averaged for
an integer number of cycles of the AC modulation to suppress frequency shift components
at harmonics of the modulation frequency. I, from bottom to top: 0, 0.064, 0.512, 1.28,
3.2, 4.8, 12.8, 22, 33, 49, 83, 112, 176, 685, and 2095 mW /cm?.

The Figure 4 data shows that with increasing light intensity, the cut-off frequency moves to
higher frequencies, corresponding to a shorter 7g,g. At low light intensities, the normalized

frequency shift approaches zero for wy, > 7. This high-frequency behavior implies that

ast”
the sample capacitance Cy was small compared to the tip capacitance Cy;, (see Figure 1b,
Equation S4). Over the range of intensities studied, the sample’s fast time constant T &
R.Ciyi, (Equation 4), and the large decrease in Tg,g is therefore primarily due to a large
light-induced decrease in Ry in our experiment. At higher light intensities, the normalized
frequency shift does not approach zero for wy,, > ngslt, which would be consistent with Cj
increasing with light intensity. This increase in Cy, while clearly observable, would have only
a small effect on the time constant Ti,g.

Our findings so far show that the Ry underlying CsPbBr,’s fast charge dynamics is

strongly affected by illumination, even in a sample with no top contact present. To test

the hypothesis that the dependence of 7. on light involves ion or vacancy motion, we

10
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Figure 5: Sample-induced dissipation in the dark after a period of continuous illumina-
tion (Vis = 4V, h = 200nm, and ¢ = —250 &£ 50mV). The light was switched off
after 133s of pre-soaking illumination. (a) The upper (red) data used an initial intensity
I, = 112mW /em?, greater than the maximum-dissipation intensity. The lower (blue) data
used I, = 1.3mW/cm?, less than the maximum-dissipation intensity. Inset: The out-of-
phase cantilever force vs. frequency spectrum evolving in time as Tpg relaxes; the measured
dissipation is the value of the spectrum at the cantilever frequency (dotted vertical line).
The peak dissipation seen in the upper (red) curve occurs when the peak of the out-of-phase
cantilever force spectrum coincides with the cantilever frequency. (b) Raw data and best
fit for dissipation at three temperatures (I, = 1.12mW cm™2). (c¢) Time constant for Q
recovery vs. temperature with error bars calculated from the fits in (b). The shaded region
represents 2 standard deviations for a weighted least squares fit to an exponential model
170(T) = A~  exp(E,/ksT). The best fit parameters with two standard deviation error bars
were F, = 0.52+0.03eV and A =1.44+1.0 x 108s71.

used sample-induced dissipation to track changes in 7gg in real time. In the experiment
of Figure 5, we apply a tip voltage Vis = 4V and continuously monitor cantilever dissi-
pation using ring-down measurements. The dissipation I' was calculated by inferring the
cantilever quality factor ) from the measured ring-down time constant and using the can-
tilever’s known spring constant and resonance frequency (Equation ?7?).°1%? This method
provides much faster time resolution (~ 0.1s) than the amplitude-versus-voltage curve mea-
surement of Figure 2. At t = 0, we begin illuminating the sample at an intensity Ip,.
The measured cantilever dissipation abruptly increases, reflecting an abrupt decrease in the

sample resistance Ry caused by the illumination (time constant < 0.1s, see Figure S7). After

11



133 s, we turn off the light and the dissipation returns to its initial dark value (Figure 5).
If the intensity I, was greater than the maximum-dissipation intensity, we observed an ini-
tial increase in dissipation, in the dark, before dissipation began to decrease (red points).
Sample-induced dissipation initially increased despite the fact that photocarriers were no
longer being generated. Such a dissipation peak was not observed when [y, was less than
the dissipation-maximum intensity (blue points). As shown in the Figure 5 inset, these
observations are consistent with the Fig. 3 schematic and 7. increasing from sub-us to ms
when the light is switched off. As it relaxes towards its light-off value, 7. passes through
a point where it is equal to the inverse of the cantilever frequency, w;! = 2.5ps, and dis-
sipation reaches a maximum (Figure 3). The relaxation rate is relatively insensitive to the
applied DC tip voltage (Figure S3). Surprisingly, the time scale of the 7, recovery in the
dark—from seconds to minutes—is orders of magnitude slower than the initial decrease in
Trast When the light is switched on. The time scale of the 7, recovery in the dark points
towards the slow dynamics governing the evolution of the fast dynamics.

To investigate the process responsible for the slow changes in dissipation, we measured
the temperature dependence of this ) recovery time constant 7o (Fig. 5(b, ¢)). In these
experiments we used I, less than the maximum-dissipation intensity. Over a 40°C range,
T changes from 2s to 31s. This large change clearly indicates that a highly activated process
is responsible for changes in 75. We deduce an activation energy of 0.52 + 0.03eV (95 %
confidence interval). Figure 5 is the central finding of our manuscript.

In the above mathematical treatment, the dissipation data of Figures 2e and 5 arose
from the out-of-phase response of the driven sample charges. We can equivalently think
about dissipation as arising from sample fluctuations. As a consequence of the fluctuation-
dissipation theorem of statistical mechanics, the driven response probed in the Figure 4
experiment must be accompanied by sample voltage and electric field fluctuations. In this
view, dissipation arises from cantilever charge coupling to fluctuations having spectral density

at frequency w,.?*%1%355 The usefulness of this point of view is that different microscopic

12
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Figure 6: Height dependence of dissipation at four different light intensities. At each height,
the cantilever frequency and amplitude measurement of Figure 2(a,b) was performed. From
low to high light intensity, Ymax = 10, 36, 62, and 35pNsm~! V2.

models of charge fluctuations predict a I'y with a distinct height dependence. Scanned probe
microscope studies of dissipation versus height can therefore potentially give insight into the
microscopic origin of the fast charge dynamics in perovskites and related samples.

In Figure 6 we plot the normalized dissipation vs. tip height measured at four light inten-
sities. The dependence of 74 on height h approximately follows a power law, v o< h™", with
an exponent n evolving from 0.9 at low intensity to 1.3 at high intensity. This is a remark-
ably weak dependence on height that is not well modeled by prior microscopic descriptions
of dissipation arising from dielectric fluctuations,*>5! diffusing charges,®*®> thermal position
fluctuations of confined charges, or charge blinking,“® either in bulk or at the sample surface.
The height dependence becomes steeper (larger n) at higher intensity, qualitatively consis-
tent with the movement of fluctuating charges, ions, or defects towards the upper sample
surface as the light intensity is increased.

The experiments reported here confirm the ability of scanning probe microscopy to col-
lect local dielectric spectra over six decades of frequency.?*%® We introduced a modified form
of the broadband local dielectric spectroscopy experiment and a revised mathematical treat-

ment of scanning Kelvin probe microscopy (SKPM) that depends explicitly on the sample
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impedance. The revised treatment revealed that the usually-employed description of the
SKPM experiment makes the implicit assumption that tip charge adjusts adiabatically as
the cantilever oscillates. This assumption breaks down in the CsPbBr; sample at low illu-
mination intensities. Observing a transition from the non-adiabatic to adiabatic tip-charge
limit in a single experiment is unprecedented in scanning probe microscopy.

Our microscopic impedance spectroscopy measurement represents the most detailed
examination of light-dependent fast dynamics in CsPbBr; to date. The measured surface
potential shows the textbook dependence on light intensity that one would expect for a
band-transport semiconductor in which charge density depends linearly on intensity.*57
The light intensity dependence of the sample’s ¢, dynamics was measured in two ways. In
the Figure 2 experiment the tip oscillation acted as a small voltage modulation, while in the
Figure 4 experiment we applied a large voltage modulation. Both measurement gave similar
results for 7. The Te measured here for CsPbBr, is the same order of magnitude and
shows a similar dependence on light intensity as the fast charge-response time reported in
impedance measurements of MAPDbI,  Cl, devices,?® suggesting that a light-dependent fast
charge-response time may be a general feature of lead halide perovskites. This suggestion is
consistent with recent reports that the optoelectronic properties of CsPbBr; are very similar
to those of the hybrid perovskites.*

The central finding of this manuscript is the existence of a light-intensity-dependent
Trast i CsPbBr, that exhibits a slow, activated, intensity-independent recovery in the dark.
The observed T, while highly light dependent, remained essentially unchanged when the
light was turned off, taking 10 & 2s to relax at room temperature. Moreover, the Te.
recovery time (7¢, Figure 5) showed insignificant changes over two decades of soaking light
intensity. The recovery time 7o had a magnitude, intensity dependence, and activation
energy (F, = 0.52 4+ 0.03eV) consistent with the slow charge dynamics (timescale Tgoy)
previously attributed to ion or defect motion in lead-halide perovskites. 41533736 [n single-

crystal CsPbBr,;, Mizusaki and coworkers measured a 0.25eV activation energy for halide

14
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Figure 7: Proposed mechanisms for slow activated recovery of 7. (a) Random distribution
of ionic charge in the material in the dark. (b) In response to an applied tip voltage, ionic
charges redistribute on the timescale Tyow. (¢) When the light is switched on, electrons and
holes are generated. (d) Electrons and holes trap at the oppositely charged ionic center,
forming neutral species. When the light is turned off, either (e) the neutral specie diffuses
until electron and hole are close enough to recombine, or (f) electrons and/or holes detrap
and recombine.

transport in the intrinsic region and 0.72eV in the extrinsic region.'? Our E, is consistent
with these values, although we emphasize that our measurements were performed on a thin
film and not on a single crystal.

Let us now use what is known about CsPbBr, and related materials to attempt to develop
a microscopic picture of charge motion consistent with the data presented here. Comparing
to prior work, it is reasonable to conclude that 7y, arises from ion motion. The challenge
is to explain the dependence of 7 on light intensity, time, and temperature. The time
constant T probes Ry, the resistance associated with charge rearranging in the sample
in response to the oscillating tip voltage It is helpful to think in terms of conductivity,
0s x 1/ Rs. Ideally, our microscopic picture should explain (1) the observation that oz o< I,
over a four-decade range of light intensity; (2) the persistence of o5 immediately after the
light is turned off; and (3) the slow, activated return of the sample to a low-conductivity
state.

Consider the nature, concentration, and distribution of charged species present in the

experiment of Figure 5. We first apply a voltage to the cantilever, then apply light to
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the sample. The positive tip voltage will attract negative ions upward and repel positive
ions downward (Fig. 7(a,b)). The concentration of ionic defects in the sample is expected
to be significant; the concentration of positive bromide vacancies, for example, can be
Pion > 108 cem™2 in lead-halide perovskites.!®232858 The applied light will primarily gen-
erate free charge carriers (Fig. 7c). Taking I, = 100mW cm™2 and assuming that all the
incident light is absorbed in a 300 nm thick layer, we estimate a charge generation rate of
approximately G ~ 1022cm—3s7!; given the reported monomolecular recombination coeffi-
cient k1 ~ 10”s™!, the maximum density of photo-generated electronic free carriers would be
ca. pe ~ 10" cm™3.# The concentration of photoinduced carriers is thus orders of magnitude
smaller than the ion concentration. '

The conductivity o4 could be due to either mobile ions or electronic charge carriers. If oy is
due to ionic conductivity then observation (1) requires that either the ionic-carrier mobility
or ionic-carrier concentration must increase linearly with light intensity. Neither of these
hypotheses seems likely. On the other hand, if oy is due to electronic conductivity, (1) is just
the expected linear dependence of free electronic carrier density on light intensity. However,
we know of no precedent for photoinduced free carriers persisting for many seconds; the
hypothesis that oy is due to free electronic carriers is therefore seemingly inconsistent with
(2). We are led to the rather surprising conclusion that if oy is due to electronic charge, then
nearly all of the electronic charge must be trapped. Yang and coworkers reached a similar
conclusion in their conductivity studies of hybrid organic-inorganic lead-halide perovskites. 4
Even if nearly all of the electronic charge is trapped, however, the 10s trap-clearing time
seems anomalously long.

It is difficult to see how electronic or ionic charge alone explains both (1) and (2). There-
fore, we next consider specific states that couple electronic and ionic charge. Many of the
ionic defects expected to be present in perovskites are thought to act as shallow donors and

acceptors; > in Fig. 7(c,d) we therefore show electronic free carriers trapping at the ionic
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defects. Bromide interstitials and vacancies are plausible defects; in Kroger—Vink notation,

V].Br + ¢ S (V].Br T e,> (12)
TX

Br{+h®* = (Br{---h*). (13)
TX

1

where T and T represent the vacancy and interstitial sites occupied by a trapped electron
and hole, respectively. What would this coupled ionic-electronic trap state add to our pic-
ture? A conductivity og proportional to [T°¥] or [T*] could be consistent with both (1) and
(2). If oy is due to ionic conductivity, then the ionic conductivity could be dominated by
ions at the T, and T} sites. If oy is due to electronic conductivity, Equations 12 and 13
offer a potential mechanism for the charge trapping invoked to explain (2). If trapped at
shallow defects, then electronic carriers at the T and T7 sites must dominate the conduc-

tivity. Alternatively, ionic defects can act as deep traps,*%°

with equilibria nearly identical
to those given above. Filling of deep traps with photocarriers would affect the conductivity
through changes in the recombination resistance. In either case, the insight is that it is
plausible the trap state concentration is (1) linearly dependent on light intensity; and (2)
increases quickly when the light is initially turned on and decays slowly in the dark.

The large measured activation energy (3) points to a mechanism of oy recovery involving
ion or defect rearrangements. In Figure 7 we show the neutral trap complexes TV and T
diffusing until the trapped electron and hole get close enough to recombine (Figure 7e). The
diffusion constants and therefore FE, of the neutral trap complexes would presumably be
similar to the diffusion constant for ion motion. Alternatively, the electron and hole detrap
from their complexes on the seconds timescale and the resulting free charge carriers quickly
recombine (typically ~ 0.1 to 10ps; Figure 7f). In this scenario, the measured activation

energy is the activation energy for trap clearing.

Above we have presented a microscopic picture that includes the species likely to be

17



present in our CsPbBr;. The known properties of CsPbBr; do not easily explain our data.
Depending on whether oy is ionic or electronic, an anomalous dependence of the ionic con-
ductivity on light intensity or an electronic conductivity controlled by the concentration
of an extremely long-lived trap state must be proposed. In a similarly difficult to explain
measurement, Belisle and co-workers observed a 1 second optical memory effect in photocur-
rent measurements on methylammonium lead iodide solar cells with asymmetric contacts. '®
Their proposed explanations for this memory effect include large light-induced changes to
ionic conductivity, light-induced changes to the contact selectivity, or a high concentration of
long-lived charge traps. Here we show that, in a related material without organic cations, e
likewise shows a seconds-timescale memory effect. We agree with Belisle and co-workers that
our present understanding of the lead-halide perovskites does not explain the memory effect
particularly well. The dissipation data of Figure 6 provides one way to independently confirm
or refute proposed mechanisms. The use of scanning Kelvin probe microscopy to observe
time-dependent and light-dependent local impedance spectra and their accompanying elec-
trical fluctuations opens up many exciting possibilities for understanding light-driven charge,

ion, and defect motion in perovskite and other related solid state materials.

Experimental Methods

See Supporting Information for experimental details.

SUPPORTING INFORMATION AVAILABLE

The Supporting Information contains: experimental details regarding the sample and
scanned probe microscopy; scanned probe impedance microscopy theory; large voltage mod-
ulation experiment details; tip voltage effect on ) recovery; evidence for multiple time
constants; large voltage modulation experiment for negative sample charge; fit details for

Figure 5; fit details for Figure 2c.
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S1. EXPERIMENTAL METHODS

A. Sample preparation

CsPbBr; was prepared on an indium tin oxide (ITO) substrate (Nanocs, 10£)/sq.) following the pro-
cedure described in Ref. 1 in ambient conditions. ITO substrates were scrubbed with an Aquet liquid
detergent/DI water solution, rinsed with DI water, and sonicated in a fresh Aquet solution for five minutes.
The chips were rinsed, sonicated in pure DI water for five minutes, and dried with high pressure nitrogen
gas. 10mL of 1 M PbBr, (Alfa Aesar) in dimethylformamide was stirred in a closed vile at 75 °C until all
the PbBr, was dissolved. 15 mgmL ™! of CsBr (Chem Impex) was dissolved in methanol at 50 °C. 0.2 pm
pore size PTFE filter was used to filter dissolved PbBr, and the solution was immediately used for spin
coating. On a preheated ITO substrate, PbBr, solution was spin coated at 3000 rpm for 1 minute. The
substrate was dried for 30 minutes at 75 °C, followed by dipping in CsBr solution at 50 °C. Films were
rinsed with isopropyl alcohol and dried with high pressure nitrogen followed by annealing at 250 °C for 10

minutes. The average film thickness was ~ 500 nm (Figure S6).

B. Scanned probe microscopy

All experiments were performed under vacuum (8 x 10~7 mbar) in a custom-built scanning Kelvin
probe microscope [2]. The cantilever was MikroMasch HQ:NSC18/Pt conductive probe. The resonance
frequency and quality factor were obtained from ringdown measurement and found to be w. /27 = f. =
66.545 kHz and @@ = 29900 respectively. The manufacturer’s specified resonance frequency and spring
constant were f. = 60 to 75kHz and k = 3.5Nm~!. The spring constant was determined by analysis

of Brownian motion [3] and found to be between 4.8 and 10 Nm™".

We attribute this variation to the
poorly controlled position of the laser spot relative to the end of the cantilever. In our analysis, we used a
spring constant of ¥ = 3.5 N m~!. Cantilever motion was detected using a fiber interferometer operating
at 1490 nm (Corning SMF-28 fiber). The laser diode’s (QPhotonics laser diode QFLD1490-1490-5S) DC
current was set using a precision current source (ILX Lightwave LDX-3620) and the current was modulated
at radiofrequencies using the input on the laser diode mount (ILX Lightwave LDM-4984, temperature
controlled with ILX Lightwave LDT-5910B) [4]. The interferometer light was detected with a 200 kHz
bandwidth photodetector (New Focus model 2011) and digitized at 1 MHz (National Instruments, PCI-
6259). The cantilever was driven using a commercial phase locked loop (PLL) cantilever controller (RHK

Technology, PLLPro2 Universal AFM controller), with typical PLL loop bandwidth 500 Hz (PLL feedback

loop integral gain I = 2.5 Hz~!, proportional gain P = —5 degrees/Hz). Frequency and amplitude were



determined by software demodulation of the cantilever response [5]. DC voltages were applied to the tip or
sample with either a digital output from the PCI-6259 or a Keithley 2400 source measure unit.

Figure 2 experimental details. The measurements were performed with a constant excitation force Fex
using the PLLPro2. Because the excitation force was constant, the cantilever’s steady-state amplitude A
was related to cantilever’s dissipation I': Fyy = AT'w.. The dissipation I' = T'; + Iy is the sum of an
intrinsic dissipation I'; and a sample-induced dissipation I's. The intrinsic dissipation I'i = k/(w.Q) =
280 pN's m ™! was determined from the measured w, and ) assuming k& = 3.5 N m~'. We fit the amplitude
versus voltage data to extract vg:

A(WV)(Ti 4 25(V = ¢)*)we = AoTiwe = Fex

. Aol
I + ’YS(V - ¢)27

with fit parameters 75, ¢ and Ay the cantilever’s maximum amplitude. A wait time between points of 500 ms

A(V)

ShH

(greater than 3 times the 145 ms cantilever ringdown time) was used so that the measured amplitude was
the steady-state amplitude.

The oscillator output of a PerkinElmer Signal Recovery 7265 DSP Lock-in amplifier was used as an AC
source for the frequency shift versus modulation frequency experiments of Figure 4. In the variable tem-
perature experiment, a temperature diode mounted near the cantilever was used to monitor the temperature

[6]. Qo for each temperature was measured before illumination.

S2. SCANNED PROBE IMPEDANCE SPECTROSCOPY THEORY

The tip-sample electrostatic interaction is described by a potential energy
1 ¢?

2C(z)’

From Equation S2, we obtain the electrostatic force F' = —9U/dx (Equation 1). Substituting Z = (R;! +

U= (S2)

jwCs)~! from the RC model of Figure 1 into Equation 3, we obtain a transfer function

H-((.U) — 1 +jWTfast
1+ gjwTtast '

with magnitude, real and imaginary components

|f{(w)| — M v (S4)
1+ (g(‘JTfast)2

(S3)

. 1 2
Re H(w) = H' () = — 9\ Thast) (“’Tfast)Q (S5)
1+ (QWTfast)

Im H(w) = H"(w) = (1~ 9)WTtast

— ) (56)
1+ (g(-‘”—fast)2



The parameters 7,5 and g are given by Equation 4. Equations S4-S6 are plotted in Figure 1b.

A. Description of oscillating forces

All our experiments probe oscillating forces. We determine the relevant oscillating forces by controlling
the displacement x and voltage V' (t) = Vis— ¢. In all cases, the displacement x is small, so we can linearize
the force F' to first order in z. The displacement x affects the force through the capacitance C'(z) and its
derivatives, so a small displacement means one where C{z/C; < 1 and C{'z/C{ < 1. We linearize the
capacitances about the point z = 0, replacing C'(z) and its derivatives with C; = Ci;, = C(0). For the

force of Equation 1 given by

C'(z
Fle.q) = 20((35))2

q(fB, V;JS>27

the oscillating force is given by

OF OF
OF = (8x)x+(8 2) 5q?(z, V). (S7)

The first term, representing the force gradient between the tip and sample at constant charge, is constant
in all our experiments, but in practice is only relevant when the cantilever is oscillated at its resonance

frequency w,. The two derivatives are

OF 1 202\ ¢* 1 _,4¢°
el ——— Cl/ _ t R _C//_ 88
<8x>q 2( ¢ Cy )CE 279¢C2 (58)
cY
oF ) Cy
— | = . (S9)
<3q2 y  2C¢
In this formalism, it is useful to work with the variables
C/Q
AC"=2— and Cj=C{—-AC". (S10)

Cy

Using Equations S8—S10 to simplify Equation S7, the oscillating force is

!
§F = —C”02 T+ 2%25 2. (S11)
For many experiments, dq is small, so d¢? ~ 2¢dq:
oF = —C” Cé 0 S12

The experiments described in the text impose different oscillating charges, which to first order in « are
q(z,V) = ((Ct + Cix) V(t)) * H(t), (S13)

4



where we abbreviate Vis — ¢ as V/(¢). The idea behind this description of the oscillating charge is that both
small tip displacements and small changes in applied tip-sample voltage change the electric field between
the tip and sample, which causes charge to flow. For the experiment of Figure Ic, V (t) = V4, cos wmt and

z =~ 0 so the oscillating charge is
dq = Cy(Vin coswmt) * H(t) (S14)

with a frequency domain magnitude 6G(wn,) = CtVinH (wn).

For the experiments of Figure 2, V(t) = V — ¢ and z(t) = A cos w,t so the oscillating charge is
8q = C{(V — ¢)(Acoswet) * H(t). (S15)

This is a small perturbation to the total charge so we can evaluate Eq. S15 in the frequency domain and plug

the result into Eq. S12. The frequency domain magnitude is

5G(we) = CLA(V — ¢) H(we). (S16)
Using ¢? = CZ(V; — ¢)2, we have
. 1, 1202 .
OF (we)/A = 5Cq (Vi = @)° + 55 Hlwe) (V = 9)* (S17)

Using the definition of AC” in Equation S10, this simplifies to Equation 5.

B. Large modulation experiments

For the experiments of Figure 4, the total charge is

q= ((C’t + C’éa:) (Vbe + Vi cos wmt)> x H(t) (S18)
= C;Vbc + C{AVpc(coswet) * H + CyVip(coswit) * H + C{ AViy(coswet coswmt) * H,  (S19)

where we have used x = A coswct. This can be written compactly in the frequency domain, listing only
terms with w > 0 since §(—w) = ¢*(w) because g is real:
G(w > 0) = CtVpe (w) + C{AVDe H (we) 6(w — we)
+ CyVinH (W) 0(w — win)
1 . (S20)
+ §CéAVmH(|wC — W) 6(w — |we — W)

1 ~
+ iCéAVmH(wC + wm) d(w — (we + wm))-



The Fourier transform of ¢ is § * ¢ by the convolution theorem. With qAQ, we can write the oscillating force
using the Fourier transform of Equation S11,

G5 (S21)

!
6F = t
207

1 q 5
50—@ *T) +

The convolutions ¢ * ¢ and qA2 * & result in many terms, but only a few important ones. First, since ¢ =
C{A/C; < 1, we keep only terms of order c!. Second, the DC frequency shift is only affected by the

component of 6F atwe; 6F (we) depends on only two components of g2

1

. 1 ~ Cl =
6F (we) = EC—qQAqQ(O) +3 Cg 5q2(we). (S22)
t t

The w = 0 component affects the DC frequency shift through C(’I’ and the w = w, component affects the DC
frequency shift through AC{’, which can be extracted from C}/C? as above in Equation S17. Collecting

the relevant terms, we have
-~ 1 1
¢2(0; Vbe, Vi) = C2Vi3e + §C§V§H(wm)ﬂ(—wm) = C2VE2q + 5cfvrﬁ|H((,Jm)|2 (S23)

q(wC,VDC, m) = CyClA (Vch(O)H(wC)

(S24)
—1—4Vnz1 (H( — wm)H(wm) + H(we + wm)H(—wm))) .
For the measurement, we take A fpc(Vi, = 283V, Vpc = —2.83V) — Afpc(Vin = 0,Vpe =

—2.83V). This subtracts away the terms dependent only on V¢, leaving only terms proportional to V2.

Plugging the V;,,-dependent terms from Equations S23 and S24 into Equation S22 gives

5 (we) [A = FCUVAIH () +5 ACVE (H e + i) H(—tom) + H (e — o) Hloom)). (525)

Using Equation 7, the resulting cantilever frequency shift is

AfrLps(Wm) = — 12: m( C”|H(Wm)|2

(S26)
+7AC" Re (H e +wm) B () + il ~ Wm”H(“’m))) |

All terms are proportional to the sample’s response at the modulation frequency H (W ). The normalized

frequency shift plotted in Figure 4 is A fgr.ps(wm)/A feLps (27 x 0.1 Hz).

S3.  COMPARISON OF SAMPLE RESPONSE AT LOW-FREQUENCY AND w,

Figure 2 shows frequency-shift-parabola curvature increasing with light intensity. To distinguish a

change in time constant 7g, from an increase in photocapacitance, we performed voltage modulation



experiments at a frequency significantly below the cantilever resonance frequency. An increase in pho-
tocapacitance should increase the measured response proportionally at all frequencies, while a change in
time constant should have only a small impact on the response at frequencies w < ngslt. In Figure S2 we
show that, apart from an initial 15 percent increase in low-frequency response when the sample was first
exposed to light, only a 5 percent further increase was seen as the light intensity was increased. Therefore

the large changes in curvature for the same light intensity cannot be explained by photocapacitance.

Modulated voltage force experiments

At a tip-sample distance of h = 50 nm, a tip-sample voltage consisting of a variable DC offset and a
small modulation was applied: Vis = Vpc + Vi sinwpt. The DC voltage Vpc was applied to the sample’s
back electrode using a Keithley 2400 SMU. The modulation voltage V;,, = Vrms\/§ =0.1v2 V was applied
at a frequency wy, /27 = 523 Hz using a Stanford Research Systems 830 DSP Lock-In Amplifier (SR830).
The cantilever displacement signal at wy, was measured using the SR830. The X and Y lock-in channels
were digitized using the PCI-6259 and the average signal recorded. After the measurement, the slope m
and intercept b for each channel were determined with a least square fit. The phase was determined using

the slopes mx, my:
0 = arg(mx + jmy) (S27)
The quantity plotted in Figure S1 is the real component of the phased signal
Z' = Re ((X 1Y) exp(— je)) (S28)

divided by the rms-modulation voltage Vis = 0.1V. This has units of nm V!, The corresponding
rms-force on the cantilever is Fins = kZ’ and should be proportional to |ﬁ (wm )| using the analysis of

Equations S12 and S14 with ¢ = Cy(Vpc — ¢).

S4. TIP VOLTAGE EFFECT ON Q RECOVERY

By measuring time constant for Q recovery at different voltages, we show that tip voltage is not a major
factor in determining the time constant (Table S1, Figure S3). The difference in the dissipation at different

tip voltages corresponds to I's oc (V — ¢)2.



S5. MULTIPLE TIME CONSTANTS

At a different location, we see evidence for multiple fast sample time constants crossing the cantilever
frequency w, at different light intensities (Figure S4). As in Figure 2e, the dissipation has a peak ( [ ,Iziak S
10mW cm™2). An increase in s at I, = 1000mW cm~? is seen implying the existence of second
dissipation peak at higher light intensities. The derivative of the curvature increases at light intensities near
the dissipation peak, and flattens out again at higher light intensities. This behavior qualitatively matches
the prediction of the simple one time constant model of Fig. 1b, Fig. 2(d,e) and Fig. 3. At the very highest
light intensities, an increases in the derivative of curvature the accompanies the above noted increase in

dissipation at I, = 10 x 103 mW cm 2,

S6. NORMALIZED FREQUENCY SHIFT VERSUS MODULATION FREQUENCY

The solid lines shown in Figure 4 are plotted using

C
Af(wp) = ———x +d. (829)
f( m) 1+ (WmTfast)n
The lines are only considered a guide to the eye. Comparing Figure 4 to Figure S5, we see that the sample’s

response as measured by the voltage modulation experiment depends on the sign of Vis(¢) — ¢.

S7. Q RECOVERY TIME CONSTANT

For the experiments of Figure 5, we converted the measured quality factor data Q(¢) into sample-induced

dissipation I'g using the equation

k[ 1 1
Ls(t) = — (W - @> , (S30)

where (Q is the quality factor far away from the surface without any applied tip voltage.
We used the following model to extract the time constant for () recovery 7¢ in Figure 5. The modeled

time-dependent sample dissipation T4 (#)

mod . 2l max WeTtast (t)
s (t) = 5
1+ (Wchast (t))

depends on the sample’s time constant 7, (¢). The time evolution of 7g, was determined by the time-

(S31)

constant 7¢ according to the equations
BE) = ki + (k= k) (1= e(t00)/70) (S32)

Trast () = k(1) 71, (S33)



with 9 = 133s the time when the light was turned off, the initial rate k; = Tf;Slt (to), and the final rate
ke = ngslt(oo). The fit parameters were k;, k¢ and 7. Data acquired at t > ¢y was used for the fit. The
maximum dissipation ['y,,x was obtained from the measured data and was not included as a fit parameter.

The fit parameters from the data in Figure 5 are collected below.

Fit parameters for I, = 1.3mW/cm? in Figure 5a (blue curve): ki = (200+3)ms™!, kf =
(34.0 £ 0.3) ms™!, and 7 = (8.5 £0.2) s.

Fit parameters for I, = 112mW/cm? in Figure 5a (red curve): ki = (920 +£15)ms™!, ky =
(49.0 £0.5)ms™ !, and 7g = (12.4 £ 0.1) s.

For Figure 5b, the time constants 7¢ calculated from the model described above: 7(275K) =
(30.9+0.7)s, 7(293K) = (8.5 £0.2) s, and 7 (313K ) = (2.0 £ 0.2) s.

S8. SURFACE POTENTIAL FIT

The surface potential in Figure 2c was fit to the equation

I
¢ = —C loglo (1 + _) y (834)
Iy

where ¢ = 72+ 4mV and Iy = 0.17 & 0.06 yW /cm?.

S9. RISE TIME FOR DISSIPATION

The rise time for the dissipation when the light is switched ON is much faster than the corresponding 7¢

and is on the order of the ring-down time of the cantilever.(Figure S7).
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FIG. S1. Sample response at wy, /2 = 523 Hz. Signal proportional to (Ve — ¢)|H (wm)|/k. Experimental parame-
ters: h = 50nm, Vi, = Vimev/2 = 0.1v/2 V.
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FIG. S2. Comparison of sample response measured at wy, /27 = 523 Hz and w./27 = 66.545 kHz. (a) Sample
response measured via the modulated voltage data of Fig. S1. Experimental parameters: A = 50 nm, Vi, = Vims V2 =
0.1v/2 V. (b) Sample response measured at the resonance frequency via the cantilever frequency shift and amplitude

data of Figure 2.
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FIG. S3. Dissipation at different tip voltages. The tip voltage does not change the )-recovery time constant sig-
nificantly. Time constants collected in Table S1. Experimental parameters: light intensity Ij,, = 4.8 mW cm™2,

T = 275K, and h = 200 nm.
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FIG. S4.  (a) Curvature versus light intensity. (b) Normalized dissipation versus light intensity. Experimental
parameters: i = 200 nm, frequency shift and amplitude parabolas acquired with N = 28 points from Vg = —4V to
4V.

15



T T T T T T T
— ..,. .
=24 e ves = =
NPy -, -

2.0 p2 ° -, ::. ° - T
SR
Z * ° o
< .
< O T . — s
& o ? w3 .y o \ \
& 1.5 ) ‘el % =~ E
z °e \ S
S et .
g 5
g R » \ =
o ’ .
- ) L
T 1.0 Rty a4 "'-.- 4
N
© ° \
z

05} i\w‘m i

| | il Il |
10° 10t 102 103 10* 10° 108
Modulation Frequency wy, [s']

FIG. S5. Normalized frequency shift vs. modulation frequency for increasing light intensities (offset by 0.1) for
negative sample charge. We applied a tip-sample voltage Vis = ¢ + Vi, + Vi cos(wit) so that the sample charge
was always negative (Vis(t) always more than ¢). At each light intensity, the surface potential ¢ was measured before
performing the modulation experiment. I, from bottom to top: 0, 0.064, 0.512, 1.28, 3.2, 4.8, 12.8, 22, 33, 49, 83,
112,176, 685, 2095 mW /cm?.
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FIG. S6. Representative AFM image of the film. Dark area corresponds to places with no film coverage. The area in

the box corresponds to the location where the experiments of Figure 5 were performed.
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FIG. S7. Rise time for the dissipation data shown in Figure 5a. Vi; = —4V is applied 60 sec before the start of

measurement. Dark value for dissipation is measured before the light is switched ON at ¢ = 0. The points at ¢ = 0 have
been added for clarity. The rise time for the dissipation is much faster than the corresponding 7¢ and is on the order

of the ring-down time for the cantilever.
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Tip Voltage Vis [V] Time constant 7¢ [s]

2 21.3
4 17.6
6 20.7
—-2.3 24.6
—4 26.5
—6 20.9

TABLE S1. Dependence of Q)-recovery time constant on tip voltage at the same light intensity and temperature. Time

constants calculated from the data of Figure S3 using the model of Section S7.
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