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ABSTRACT: We use electroabsorption (EA) spectroscopy to
measure the exciton binding energy (Eg), electron—hole
reduced effective mass (u), and one-electron band gap (Eg)
at the fundamental absorption edge of the hybrid organic—
inorganic perovskite CH;NH,;Pbl; in its tetragonal phase at
300 K. By studying the second-harmonic EA spectra at the
fundamental absorption edge we establish that the room-
temperature EA response in CH;NH,PbI; follows the low-field
Franz—Keldysh—Aspnes (FKA) effect. Following FKA analysis
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we find that y = 0.12 + 0.03m,, Eg = 7.4 meV, and E, = 1.633 eV. Our results provide direct experimental evidence that at room
temperature primary transitions occurring in CH;NH;PbI; can essentially be described in terms of free carrier generation.
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Hybrid organic—inorganic perovskite semiconductors are
intriguing materials that have demonstrated high
performance for optoelectronic devices such as lasers,
LEDs,” and solar cells,"™® despite requiring only inexpensive
and relatively crude processing conditions compared to current
high-performance crystalline semiconductors. The archetypal
material, CH3;NH;PbI;, has exhibited excellent power con-
version efficiency in solar cells,” which has been attributed in
part to good ambipolar charge transport,”® long electron—hole
diffusion lengths,”~"' good radiative efficiency,”'> photon
recycling," a high optical absorption coefficient,'* and a low
exciton binding energy.'>”"" Of these properties, the exciton
binding energy (Eg) has been one of the most difficult to
measure directly, particularly for the room-temperature
tetragonal phase of CH,NH,PbL,.’”*' Over the past several
years a wide range of values have been estimated for Ey from 2
to S0 meV.">'""7?273! Most recent work suggests Ep is small
enough that CH;NH;PbIj solar cells can be broadly considered
“nonexcitonic” under ordinary working conditions,'”'*** and
many time-resolved spectroscopy studies on CH;NH;PbI; have
been successfully interpreted considering radiative and non-
radiative free carrier recombination kinetics alone.'”**™%
However, the degree to which bound excitonic states make
up the primary photoexcited species at the direct absorption
edge in the tetragonal phase is a fundamental physical question
that is still a matter of study. Evidence for the room-
temperature coexistence of bound excitons and free charges
at early time scales"*®*” and an excitonic bleach based on
Elliott’s model”***' have been reported quite recently in
transient absorption measurements on polycrystalline thin
films. In addition, recent time-resolved terahertz spectroscopy
measurements have been interpreted as evidence that bound
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excitons constitute the primary band edge photoexcitation
species in CH;NH,Pbl, single crystals,”* while early rise times
in time-resolved THz and microwave photoconductance
studies on thin-film samples have been attributed to exciton
dissociation.***

A classic method to unambiguously determine the binding
energy of the Wannier exciton in bulk inorganic semi-
conductors is to measure the energy spacing between discrete
hydrogenic energy levels of the Wannier exciton, which can be
observed individually as peaks in the band edge absorption
spectrum (according to Elliott’s formula)*®*' at cryogenic
temperatures in very high purity samples.”*~** Nicholas and co-
workers'*'® have recently been able to observe the 1s and 2s
band edge exciton peaks of thin-film CH;NH;PbI; under high
magnetic fields in the low-temperature (2 K) absorption
spectra, from which they determined Ey (14—16 meV) for the
low-temperature orthorhombic phase based on a model for a
hydrogenic exciton in a strong magnetic field. As temperature
increases and the discrete exciton peaks broaden due to
exciton—phonon interactions,**” one can still study the band
edge absorption spectra when only the #n = 1 exciton peak is
resolved;*® however, the reliability of this method decreases
when the exciton binding energy is less than the half-width of
the broadening function.”*** While many authors have recently
estimated Ejy for the tetragonal phase of thin-film CH;NH;PbI;
by fitting Elliott’s formula to the band edge absorption spectra
at temperatures > 160 K, in all cases the broadening half-width
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Figure 1. (a) EA spectra detected at the second harmonic of the electric-field modulation frequency for linearly increasing modulation voltages,
measured at 300 K. The dots are the experimentally measured data points, and the solid lines are spline fits to the data. (b) Amplitude-normalized
EA spectra (spline fits) showing the field invariance of the line shape and (inset) quadratic field dependence of peak amplitudes, which demonstrates
that the EA spectra are characteristic of a P response. The colors of the markers in the inset correspond to the color labels of the peaks “I”, “II”, and
“III”. The extrema of peaks “I”, “I”, and “III” were determined from the roots of the first derivative of the spline fits. (c) Comparison of the EA
spectrum with the theoretical FKA spectrum using the third-derivative of the unperturbed experimental dielectric function (eq 1). The unperturbed
complex dielectric function measured with ellipsometry (shown in the inset) was differentiated numerically and fit to the EA spectrum, allowing 7€

to vary.

is still >Eg, and the values reported for Ey estimated from this
method alone have varied from 6 to 25 meV.'”**~**
It is well known that modulation spectroscopic techniques

provide extremely sharp spectra of individual critical point

(CP) absorption features in semiconductors due to the

elimination of effects such as optical scattering and background
absorption from broad neighboring critical point features*” that
appear in techniques such as ellipsometry or transmission/
reflection spectroscopy. For this reason, modulation spectros-
copy is often considered a superior technique for the
determination of band edge properties in semiconductors.””!
Electric-field modulation spectroscopy is highly sensitive to
Coulomb correlation effects of Wannier excitons, which makes
it an interesting technique for studying exciton effects at critical
points.”' ~>° Here we use electroabsorption (EA) spectroscopy
to provide sharp, derivative-like fundamental absorption edge
spectra of CH;NH;PbI; at 300 K and reduced temperature. We
find that the EA spectra at room temperature are represented
by a form of the one-electron Franz—Keldysh—Aspnes (FKA)
low-field theory™ ™" as opposed to the quadratic Stark
effect,”*™* which explains the third-derivative-like x¥ EA
response measured in our experiment. Using the FKA model

1061

with the experimental dielectric function measured from
ellipsometry we extract a value for the electron-hole reduced
effective mass () of 0.12 + 0.03m,. We further find that when
the complex band ed(ge dielectric function is modeled according
to Elliott’s formula,*’ a third-derivative-like EA analysis for the
change in the dielectric function allows us to determine Ey =
7.4 meV (95% CI [6.8—9.2 meV]) and E, = 1.633 + 0.002 eV.

B RESULTS AND DISCUSSION

We prepared CH;NH;PbI; thin-film samples for EA in a
dielectric capacitor structure, with a 150 nm thick perovskite
film sandwiched between two insulating layers in between
semitransparent contacts (see Experimental Methods and SI
Section S14 for a schematic). The dielectric capacitor structure
for the EA samples avoids injection of charge into the
CH;NH,PbI; layer in order to ensure that the modulation
response is due only to the applied field. The CH;NH;PbI,
films were formed béy spin-coating from a lead acetate trihydrate
precursor solution,”’ which resulted in smooth, pinhole-free
films with good optical quality (see SI Section S15 for sample
characterization). Figure la shows the room-temperature EA
spectra measured at linearly increasing ac field strengths,
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measured at the second harmonic of the fundamental
modulation frequency (Q = 1.3 kHz; see SI section S12 for a
discussion about the selection of the modulation frequency).
Detection at the second harmonic is useful for a material, such
as CH3;NH,Pbl;, that may exhibit piezoelectricity, since field-
induced absorption changes due to piezoelectric effects are
primarily a linear electro-optical effect and hence are not
present in the second-harmonic EA signal.**®* The applied
field strengths in our experiment (for applied peak-to-peak ac
voltages in the range 4—20 V) fall in the range 1.4 X 10° to 2.1
X 10° V/m, considering the uncertainty in the 1.3 kHz
dielectric constant of CH;NH,PbI, (see SI section $6.2).”>%* In
Figure 1b we show the normalized EA spectra for the range of
applied voltages used in our experiment. It is clear in Figure 1b
that the normalized spectra are nearly identical over the
measured range of field strength, which demonstrates a field
invariance in the functional form of the second-harmonic EA
response. In the inset of Figure 1b we show a log—log plot of
the amplitude scaling of peaks I, II, and III as a function of
applied bias. The peaks all scale quadratically with field, with
the slopes on the log—log plot for all peaks at ~1.9—2.0. The
field-invariant line shape and quadratic amplitude scaling in the
second-harmonic signal demonstrated in Figure 1b both
identify the EA mechanism as a third-order (y*) nonlinear
optical response (see SI section $5).*”°*° We note that several
other authors have observed a 4 EA response in
CH;NH,Pbl; (see SI section S13 for a discussion on
differences between previously reported line shapes and those
observed in our experiment).’>*

The 4 EA response is a well-known electro-optical effect
that can be attributed either to the excitonic quadratic Stark
effect® ™% or the one-electron low-field FKA effect.”””¢
The Stark effect is the perturbation treatment of an exciton in
an electric field>® and applies theoretically when the potential
drop across the exciton caused by the external electric field is
small compared to either the Coulomb or confining potential of
the exciton.””>*>® The quadratic Stark effect is typically seen in
EA spectra of small molecules,"”*® semiconducting poly-
mers,”**”’ and quantum well/dot systems.”"’”> The FKA
effect is an exact solution for the change in the joint density-of-
states (JDOS) function at critical points in the electronic band
structure when one-electron theory is used to describe the
electronic states of a semiconductor.””*”* The FKA effect has
been observed in many bulk inorganic semiconductors at field
strengths comparable with our experiment****>**"* and is
generally a complicated function of applied field. However, in
the early 1970s Aspnes and Rowe showed that when
homogeneous broadening is introduced into the calculation
for the change in the complex dielectric function (Ae = Ae, +
iA€;) based on the field-perturbed JDOS function, there is a
low-field limit in which the electromodulation signal simplifies
to a y'¥-type response.”””* In low-field FKA theory, the change
in the optical dielectric function is related to the third derivative

of the unperturbed complex dielectric function (¢ = €, +
. \.5775
16}): !

1 &

AG(E, F) = TEE(EZ(':(E; 0))

(1a)

where E = photon energy and F = applied external field
strength.
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PP h?
8y

hQ® =
(1b)

The amplitude scaling term 7Q in eq 1a is the electro-optical
energy, which is related to the energy gain of band electrons
due to their acceleration by the applied electric field.*” The
electro-optical energy cubed, 7Q° depends on the carrier
reduced effective mass () and the square of the electric field

(F*) (eq 1b). The low-field limit is defined for AQ < %F,

where T is the homogeneous line width.”” Given the most
recent literature estimates of a small Ey in thin-film tetragonal
CH;NH,Pbl; on the order of ~10 meV or less,'®” we
hypothesize that the EA response will be related to the FKA
effect, as has been observed in other bulk semiconductors with
Ey < 10 meV at comparable applied field strengths.™

One test of the validity of the low-field FKA model for EA
analysis is to fit the experimental EA spectrum to eq la with the

3
%Eze term calculated numerically from the third derivative of

the experimentally measured complex dielectric spectrum to
yield a value for the reduced effective mass, 4.”> In Figure 1c we
show the fit of eq la to the EA data by varying only the
amplitude 7€ with the experimental complex ¢ obtained from
ellipsometry shown in the inset (for details on the ellipsometry
analysis see SI section S3). We note that for this fit and all other
fits to the EA data in this manuscript, the theoretical line shapes
for Ae were used in conjunction with the spectra of the
complex refractive index measured from ellipsometry as inputs
to a transfer matrix optical model”® to simulate the resulting
AT/T. Transfer matrix optical modeling accounts for the
effects of refractive index changes and thin-film optical
interference in the field-modulated (AT) and unperturbed
(T) transmittance through the device stack (see SI section S4
for details) and thus allows for quantitative comparison
between the measured AT/T and the modeled A€ in eq la.
It is clear from examining Figure lc that all of the features in
the EA spectrum, including their positions and relative heights,
can be represented well by the third derivative form in eq la
when we use the experimental complex € measured from
ellipsometry. Importantly, by fitting the amplitude #Q* of the
third-derivative model in eq la to the experimental data, we
obtain a value for the carrier reduced effective mass of y = 0.12
+ 0.03m, (see SI section S6.3 for details), where the error is
determined by the uncertainty in the 1.3 kHz dielectric
constant of our samples (see SI section $6.2). This value is in
excellent agreement with recent experimental and theoretical
estimates of the carrier reduced effective mass (~0.1—
0.14m,)">**”” and provides support for using the FKA model
in our analysis.”” Furthermore, we note that the value that we
extract for the amplitude scaling term AQ (~S meV for the
maximum applied voltage V¢ = 20) is much smaller than the
line width 1/3I' for all reasonable values of I' at room
temperature (see SI section S11), which is consistent with the
definition of the low-field limit in FKA theory. We note that the
slight discrepancies between peak position and relative heights
in the transfer matrix simulation and the EA spectrum shown in
Figure lc can be largely attributed to interference effects
resulting from the small uncertainty in the thicknesses and/or
dielectric constants of the dielectric layers. The small errors in
peak position from fitting the experimental complex € to the EA
spectrum will not affect our subsequent analysis of the exciton
binding energy and band gap.
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Figure 2. (a) Room-temperature EA spectrum (solid line) and fit (dotted line) of CH;NH,PbI; using the third-derivative Elliott with an exciton
binding energy Ep = 7.4 + 2 meV and band gap E, = 1.633 + 0.003 eV. (b) Fit of the low-field electroreflectance spectrum of GaAs from Forman et
al®* to the third-derivative Elliott model. The best fit parameters (Ey = 3.8 meV, E, = 1.517) agree well with the accepted values for GaAs.

We now consider the excitonic contribution to the EA
response within the framework of FKA theory. It has been
shown both theoretically, through a “contact exciton”
model,”*”? and experimentally, through extensive electro-
reflectance studies on Ge,*®' that in the limit where the
bound states of the exciton are effectively “mixed” with the
continuum it is possible to describe Wannier exciton effects in
the ) EA response using low-field FKA theory. In this limit,
the EA response can be thought of largely in terms of the
modulation of a Coulomb-modified continuum of states,”**
and one can replace €(E,0) in eq la with a model dielectric
function for a Wannier exciton.*”®> The “mixing” of the
exciton-bound states with the continuum in zero applied field is
due to the ionization of bound states caused by excitonic
interband scattering phenomena resulting from interactions
between excitons and LO-phonons*” or by field ionization due
to microscopic heterogeneity in the electrostatic potential
energy surface from charged impurity sites within the
polycrystalline sample.”> To a first approximation, these
ionization effects result in a homogeneous broadening of the
exciton line width that can be modeled by a phenomenological
parameter I" when Elliott’s function is used for ¢(E,0). Given
the accuracy of our calculated value of y and good line shape
agreement from the ¥ FKA analysis for the room-temperature
data shown in Figure 1c., we hypothesue that the low-field FKA
model can be used to descrlbe the 2 EA response at 300 K by
substituting Elliott’s function®® (see SI section S1) as a model
dielectric function for €(E,0) in eq la (which we will refer to as
the “third-derivative Elliott model”).

In Figure 2a we test this hypothesis by showing the fit to the
room-temperature EA spectrum obtained by varying the
parameters Eg, E,, and I" in the third-derivative Elliott model
and calculating AT/T from the modeled Ae using transfer
matrix modeling. The fit is excellent, giving best fit values of Ey
=74 meV and E; = 1.633 eV with a 95% confidence interval
spanning 6.8—9. 2 meV for Ey and 1.631—1.635 eV for E, as
determined by a nonlinear curve-fitting algorithm for Python
This confidence interval is also consistent with a simple
statistical analysis of the best fit values of multiple samples and
field strengths (see SI section S4.2). Our value of Eg is in
agreement with the observations from magneto-optical studies
that the exciton binding energy should fall below 16 meV for
the tetragonal phase of CH;NH;Pbl;." In order to confirm the
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accuracy of our fitting approach, we also fit a low-field
electroreflectance (ER) spectrum of GaAs™ (Figure 2b) from
the literature (see SI section S2 for discussion on modeling the
ER spectrum). The fit also captures the GaAs line shape very
well, and the best fit parameters (Ey = 3.8 meV, E, = 1517)
agree well with known values for GaAs (Eg = 4.2 meV E, =
1.5114).%° We note that we used a global mlnlmlzatlon
algorithm for the fitting with boundaries over a wide parameter
space and no initial values. The accuracy of the best fit
parameters for GaAs compared to the literature values
demonstrates that in the low-field FKA limit the third-derivative
Elliott method can be used to extract meaningful values for Ey
and E,.

Having established the low-field FKA response of
CH;NH,PbI; at room temperature based on the line shape
and effective mass analysis, and having demonstrated the use of
the third-derivative Elliott model to extract an accurate value of
Ey in the low-field FKA limit, we now have the information
necessary (Ey and p) to firmly validate our analysis on
CH;NH;PbI; by comparing the EA response with exact
predictions for a Wannier exciton in an electric field.”"**
Using the value of Ej calculated from the third-derivative Elliott
model along with the value of u calculated from the third
derivative of the complex € spectrum measured with
ellipsometry, we can estimate a value of 15 for the effective
relative dielectric constant €., which contributes to the
screening of the electron—hole Coulomb interaction according
to the hydrogenic exciton model.>* Furthermore, knowing Ej,
4, and €., we can calculate the exciton (F; = 1.14 X 10° V/m)
(eq 2), which is defined as the field required to cause a
potential drop of Eg across the exciton radius.”*

¢Egp

K= P
47€ €t

@)

In the SI, we show through numerical modeling of a Wannier
exciton in an electric field®* that based on the ratio of
experimental applied field strengths to the ionization field of
the exciton (F/F;) we are right at the experimental threshold
where theory predicts both the breakdown of the quadratic
Stark shift and the quantum mechanical field ionization of the n
= 1 exciton (SI sections S7 and S8). At reduced temperatures,
where thermal ionization diminishes, we might then expect to
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Figure 3. (a) Amplitude-normalized EA spectra at 210 K, showing the variation in line shape with field for peak “III”, which can be attributed to field
ionization of the n = 1 exciton. Inset: Field dependence of peak amplitudes, showing deviation from quadratic scaling for peak “III”. (b)
Temperature-dependent absorption spectrum showing the development of a weak exciton peak at 210 K, consistent with the observations of field

ionization of the exciton at 210 K in the EA spectrum.

see effects in the EA spectrum related to field ionization of the
exciton, which are known to deviate from the predictions of
one-electron FKA theory.””*** In Figure 3a we show the
normalized second-harmonic EA spectra at 210 K for the same
range of applied voltages as the room-temperature experiments.
We can see that in the high-energy wing of the EA spectrum
(peak IIT) at 210 K the line shape begins to show deviations
from field-invariant behavior, an effect that we observed at 210
K in multiple samples (see SI section S10 for full data) and is a
deviation from low-field FKA theory. Notably, this field-
dependent increase in the relative amplitude of peak III with
respect to peak I in the EA spectrum has been observed
previously as an experimental signature of n 1 exciton
ionization in single crystals of PbL,.”"*’ In the inset of Figure 3a
we show that the amplitude scaling of peak III with field at 210
K can also be seen to show deviation from a quadratic field
dependence, consistent with the rapid broadening process of
the n = 1 exciton near the field ionization threshold (see SI
section S7).

The observation of signatures related to field ionization of
the exciton at reduced temperatures in the EA spectrum is also
consistent with the temperature-dependent evolution of the
absorption spectrum, where previous studies have noted the
appearance of an exciton peak in the linear absorption spectrum
at reduced temperatures.'”'”** In Figure 3b we confirm that
for our samples the development of a weak exciton feature
becomes evident in the absorption spectrum upon cooling from
room temperature to 210 K. The fact that we are able to
observe signatures of field ionization of the n = 1 exciton in the
EA spectrum at reduced temperatures as predicted based on
our calculated value of the ionization field (F;) provides firm
experimental validation for our assigned values of Ey and y and
further supports our use of low-field FKA analysis and third-
derivative Elliott fitting for the EA spectra at room temperature,
where thermal ionization effects will become more important.*’

B CONCLUSIONS

We have measured EA spectra at the fundamental absorption
edge in thin-ilm CH;NH;Pbl; and have shown that at 300 K
the y® EA response can be interpreted in terms of the one-
electron low-field FKA theory. The observation of the low-field
FKA effect in CH;NH;PbI; at room temperature provides
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direct experimental evidence that the primary photoexcitations
(as opposed to recombination mechanisms) can be described in
terms of free carrier generation as transitions to a Coulomb-
modified continuum of states, as was indeed previously
suggested by Saba et al. on the basis of analyzing recombination
dynamics.'” Using low-field FKA theory to interpret the EA
spectrum with the complex dielectric function measured from
ellipsometry, we have calculated a value for the electron—hole
reduced effective mass of y = 0.12 + 0.03m, which is in
excellent agreement with previous experimental and theoretical
estimates and indicates that the room-temperature EA response
is due to the low-field FKA effect. By utilizing Elliott’s function
as a model for the complex € in the low-field FKA formula, we
have measured an exciton binding energy of 7.4 meV (95% CI
[6.8—9.2 meV]) and band gap of 1.633 = 0.002 eV for the
tetragonal phase of CH;NH;Pbl; at room temperature.
Additionally, the separate determination of Ey and u allowed
us to estimate a value for €. of 15. Interestingly, we point out
that our calculated value for €. of 15 coincides with the value
of €, measured by Wehrenfennig et al.’® at the phonon
resonances associated with vibrations of the Pb—I cage (~1 and
2 THz)****° in the low-frequency THz spectrum. This
agreement may highlight the fact that at room temperature the
exciton—phonon interactions need to be considered'>'
and is in agreement with our conclusion from the observed
FKA effect that exciton—phonon interactions may result in a
substantial “mixing” of bound exciton states with the
continuum at room ternperature.47

Our values of Ey, pt, and €. are all in excellent agreement
with the most recent experimental estimates based on
magnetoabsorption'® and transient absorption measure-
ments,”>*® but our Ez = 7.4 meV (95% CI [6.8—9.2 meV])
tends to the lower end of the wide range (6—25 meV) of results
that have been reported from linear absorption data
alone."”””™*" Compared to other measurements in the
literature, we note that this value for Ej in particular has the
advantage of the inherent sensitivity of the third-derivative-like
EA response to the curvature of the dielectric function at the
band edge critical point, removing background effects due to
the nature of the modulation experiment and thus overcoming
some of the uncertainty inherent in ﬁttin§ transmittance/
reflectance or ellipsometry measurements.”’ Our collective
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results also strongly suggest that the room-temperature EA
response is not related to the quadratic Stark shift of an exciton.
If the room-temperature )((3) EA response were due to the
quadratic Stark effect, we would not expect to see a breakdown
in the quadratic field dependence or field invariance of the EA
line shape as temperature is reduced. In contrast, we observe a
7% EA response at room temperature that satisfies the
predictions of low-field FKA analysis, along with signatures of
field-induced ionization of the n = 1 exciton when the sample is
cooled to 210 K. These results are consistent with a picture of
phonon-mediated “mixing” between bound and continuum
states of the Wannier exciton that results in a continuum-like
band edge response at room temperature.”’ These results
provide an insight into the fundamental physical mechanism
responsible for the EA response and the physical nature of band
edge photoexcitations in CH;NH,Pbl,.

In this paper, we have focused on characterization of
CH;NH,Pbl; perovskite samples fabricated by a popular lead
acetate precursor route that produced films with good optical
and optoelectronic quality.’" Recent studies have suggested that
the exciton binding energy in CH;NH;PbI; films may depend
on film microstructure.”” We therefore anticipate that a future
study could use the methods presented herein to test this
hypothesis by comparing systematically the binding exciton
energies and band gaps obtained from perovskites prepared by
a range of growth processes. Our study provides a framework
for the interpretation of future electroabsorption and other
spectroscopic experiments on hybrid organic—inorganic perov-
skites.

B EXPERIMENTAL METHODS

Preparation of Thin-Film CH;NH;Pbl; Samples. Sub-
strates for EA measurements were prepared by depositing 80
nm of Al,O; via atomic layer deposition onto ITO-coated glass
slides. Prior to thin-film CH;NH;Pbl; deposition the Al,O/
ITO substrates were sonicated sequentially in acetone and 2-
propanol for 15 min each, blown dry with N,, and then plasma
cleaned with air for 5 min. Glass microscope slides were used as
substrates for ellipsometry and reflectance/transmittance spec-
troscopy measurements, which were cleaned by sonicating
sequentially in detergent (International Products Co., Micro-
90, 1% vol), deionized H,0O, acetone, and 2-propanol for 20
min each, blown dry with N,, and followed with air plasma
treatment for 5 min.

A 3:1 molar ratio of methylammonium iodide (Dyesol, AU)/
lead acetate trihydrate (Sigma-Aldrich, USA) was dissolved in
anhydrous dimethylformamide to a concentration of 30 wt % in
a N,filled glovebox and was stirred for ~1 h at room
temperature until all solids had dissolved. The resulting
solution was spin-coated at 2000 rpm for 45 s in a N,-filled
glovebox onto the substrates minutes after plasma treatment.
The samples were dried at room temperature for 10 min and
then annealed on a hot plate at 100 °C for S min, both in the
glovebox.

Samples for EA measurements were then coated with 136
nm of poly(methyl methacrylate) (PMMA, Sigma-Aldrich,
USA) as an insulating dielectric layer by spin-coating a S wt %
PMMA solution in toluene at 8000 rpm for 1 min in the
glovebox. These samples were dried overnight in a vacuum
chamber inside the glovebox. Then, 60 nm of SiO, was
deposited via e-beam evaporation on top of the PMMA as a
second insulating dielectric. The PMMA/SiO, double insulat-
ing layer was found to be necessary in order to construct a thin
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insulator with minimal leakage current. Finally, 15 nm of Ag
was deposited via thermal evaporation to complete the
semitransparent dielectric capacitor structure for EA measure-
ments.

Electroabsorption Spectroscopy. White light from a 75
W xenon arc lamp (Newport Co., Oriel PhotoMax) was filtered
by a grating monochromator (Acton Research Co., SpectraPro-
2150i) to achieve a bandpass of ~3 nm fwhm for the incident
CW probe light. A function generator (Agilent, 33220A) was
used as an ac voltage source to create a sinusoidal electric field
(1.3 kHz) across the EA sample. The semitransparent sample
for EA was mounted in a continuous flow N, cryostat (Janis
Research Co.) custom fitted with electrical leads, and the
temperature was controlled by a digital control unit (Lake
Shore Cryogenics, model 332). The CW probe light was
focused onto the sample at normal incidence. The sample was
masked by an aperture smaller than both semitransparent
electrodes in the EA sample stack so that all transmitted light
passed through an area between both electrodes. The
transmitted light was focused onto a silicon photodiode
(Thorlabs, FDS100), and the signal was amplified by a low
noise current preamplifier (Stanford Research Systems, SR$70).
The ac component of the transmitted signal (AT) was
demodulated by a lock-in amplifier (Stanford Research
Systems, SR830), which was phase referenced to the function
generator at the second harmonic of the modulation
fundamental frequency. The dc signal (T) was measured with
a dc source-measure unit (Keithley, 2400). The in-phase
component of the ac signal (AT) and the dc signal (T) were
recorded simultaneously in a custom LabVIEW program. The
ac signal (AT) was scaled by 4/2 to convert from RMS
amplitude to peak amplitude before the normalized change in
transmittance (AT/T) was recorded. See SI Figure S14.2 for a
schematic of the EA setup.

Ellipsometry, Total Reflectance/Transmittance, and
Temperature-Dependent Absorbance. Ellipsometry. The
amplitude (¥) and phase (A) components of the complex
reflectance ratio (:—P) of light reflected at the CH;NH;Pbl;/air
interface were measured using a commercial spectroscopic
ellipsometer (J.A. Woollam Co., M-2000) for three angles of
incidence (55°, 65°, 75°). The normal incidence transmittance
was also measured on the ellipsometer with the light source and
detector at 90° relative to the sample chuck as an auxiliary data
set for fitting (see SI section S3 for more details on the
measurement and data analysis).

Total Reflectance/Transmittance. Near-normal incidence
total reflectance and normal incidence transmittance spectra (SI
section S3.1) were measured on a Cary S000i UV—vis—NIR
spectrometer using the internal diffuse reflectance accessory
(integrating sphere). For the total reflectance measurement the
incident angle was ~3°.

Temperature Dependent Absorbance. A home-built split-
beam spectroscopy setup was used to measure temperature-
dependent absorbance (see SI Figure S14.3 for schematic). The
same monochromatic light source used in the EA measurement
was used for the incident probe. The sample was mounted in
the same continuous flow N, cryostat using the same
temperature controller as EA. The probe light was chopped
at 400 Hz (Stanford Research Systems, SR450) and focused
onto the sample plane at normal incidence. The light
transmitted through the sample plane (“transmission” beam)
was measured with a known area masked calibrated Si
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photodiode (OSI Optoelectronics) using a lock-in amplifier
(Stanford Research Systems, SR830). In the light path between
the source and sample plane, a glass microscope slide was
placed at an angle to reflect some of the incident light onto a
second known area masked calibrated Si photodiode (OSI
Optoelectronics) as the “reference” beam, which was measured
with a second lock-in amplifier (Stanford Research Systems,
SR830). A wavelength-dependent correction ratio was meas-
ured for the fraction of incident power per unit area measured
by the “reference” photodiode compared to the incident power
per unit area measured by the “transmission” photodiode

)ofa

sample could then be calculated in a single measurement from
the “reference” and “transmission” signals, to avoid artifacts

Lirans

without any sample present. The transmittance (

inc

from instrument fluctuations. The absorbance (—loglo(%))
of CH;NH,;Pbl; was calculated by subtracting a glass blank
spectrum.

Numerical Simulations. Numerical simulations for the
Wannier exciton in an electric field (see SI sections S7 and S8
for more information) were performed on an Intel Core i7-
5960X Haswell-E 8-Core processor using in-house code written
with Scipy for Python. Specific details about the computational
methods can be found in SI section S8.3.

B ASSOCIATED CONTENT
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Details about the numerical simulations for a Wannier
exciton in an electric field, simulating AT/T for
CH;NH;PbI; using transfer matrix optical modeling
with the third-derivative Elliott formula as a model for
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for GaAs using the Seraphin equation and the third-
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