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ABSTRACT: Due to the sizable refractive index of lead
halide perovskites, reflectivity off their interface with air
exceeds 15%. This has prompted a number of investigations
into the prominence of photoreflective contributions to
pump−probe data in these materials, with conflicting
results. Here we report experiments aimed at assessing
this by comparing transient transmission from lead halide
perovskite films and weakly quantum confined nanocrystals
of cesium lead iodide (CsPbI3) perovskite. By analyzing
how complex refractive index changes impact the two
experiments, results demonstrate that changes in absorption
and not reflection dominate transient transmission measurements in thin films of these materials. None of the
characteristic spectral signatures reported in such experiments are exclusively due to or even strongly affected by changes in
sample reflectivity. This finding is upheld by another experiment where a methyl ammonium lead iodide (MAPbI3)
perovskite film was formed on high-index flint glass and probed after pump irradiation from either face of the sample. We
conclude that interpretations of ultrafast pump−probe experiments on thin perovskite films in terms of photoinduced
changes in absorption alone are qualitatively sound, requiring relatively minor adjustments to factor in photoreflective
effects.

KEYWORDS: lead halide perovskite, perovskite nanocrystals, absorption and reflectivity of perovskites,
photoinduced refractive index change, ultrafast spectroscopy

The high-energy conversion efficiency obtained in solar
cells based on lead halide perovskites (LHP) has been
attributed to their intense absorption, long carrier

diffusion length, and slow electron−hole recombination
rates.1−7 Much recent research has been concentrated on
figuring out how these structurally inhomogeneous and
seemingly defect laden thin semiconducting films nonetheless
attain this performance.8−12 As part of this effort, exciton and
free carrier dynamics have been followed using ultrafast
spectroscopy on various perovskite materials, ranging from
bulk thin films to single crystals of various dimensions, and
differing in composition from all inorganic to hybrid perov-
skites where alkyl-ammonium groups replace alkali metal
cations.13−26

Following a brief phase of exciton dissociation, recently
observed with extreme time-resolution pump−probe experi-
ments,25 a number of common spectral features have been
reported in numerous transient transmission (TT) studies of
MAPbI3 thin films (use of this abbreviation and not TA
(transient absorption) will be explained shortly).13,15,18,20,21,26

First is a rapid build-up of intense photoinduced bleach (PIB),
positioned at the band gap (BG), which further grows to its full

intensity during the subsequent carrier cooling. An analogous
but weaker bleach concurrently appears surrounding a higher
absorption peak near 480 nm.25,26 Second is an equally rapid
appearance of a short-lived photoinduced absorption (PIA)
below the BG which decays on picosecond timescales
presumably due to carrier cooling. Third is a broad and
shallow PIA above the BG which develops gradually during
carrier cooling, spanning the range from 550 to 680 nm.
The PIB at the band edge (BE) is often assigned to state

filling and hot carrier-induced screening of the exciton
transition.13,18 The short-lived PIA below the BE is attributed
to BG renormalization in presence of hot carriers.18,20

However, assignment of the broad PIA which rises in the
mid-visible remains controversial. Deschler and co-workers
simultaneously measured transient reflectivity and transmission
from photoexcited MAPbI3 films, concluding that the broad
and long-lived reduced transmission in the visible is primarily
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due to enhanced reflectivity and not to a boost in absorption.27

Beard and co-workers have also addressed the contribution of
reflectivity to the transient optical response in MAPbI3
films.20,28 Contrary to the Deschler group, they maintain that
BG renormalization is the primary source of this apparent
absorption. This view has been seconded by Anand et al.,26

who, aside from extending their spectral coverage of trans-
mission changes deeper in the UV, have shown that
photorefractive-induced reflectivity changes should be too
small to explain the appearance of this broad absorption feature.
While controversy has focused on this particular band, it

highlights a general difficulty in interpreting transient trans-
mission data from polycrystalline thin films. In typical pump−
probe experiments, it is the sample transmission which is
recorded, being the sum of photoinduced changes both in
absorption and reflection. In many investigated samples, such as
dilute solutions of molecular chromophores, changes in
reflectivity are irrelevant and transmission can be assigned to
variations in absorption alone. In inorganic semiconductors as
in LHP samples, the refractive index in the visible is much
higher than that of vacuum or of transparent glasses,29,30 and
thus both effects need to be assessed separately before pump−
probe data for such samples can be interpreted in terms of the
underlying physical mechanisms.31

Simultaneous measurement of transient reflectivity is the
obvious path for assessing its contribution to transient
transmission. But as described above, this approach has been
tried by several groups with conflicting results.20,27 Deposition
of polycrystalline LHP films by wet chemical processing leads
to rough scattering interfaces, measuring reflectivity from which
is experimentally challenging. It is thus desirable to augment
this method with other experimental approaches. Here we
report the results of two experiments addressing this issue. In
the first, pump−probe data from CsPbI3 nanocrystals is
compared with measurements from thin films of the same
material. The second compares transient transmission changes
in MAPbI3 thin films deposited on high-index flint glass
substrates after pumping from either face of the sample. Results
of both experiments demonstrate that reflectivity changes do
not make dominant contributions to TT spectra of LHP thin
films anywhere in the visible to NIR, including in the broad PIA
which motivated this study. Thus the debated long-lived
reduced transmission band which rises on the ps time scale in
the mid-visible must result chiefly from enhanced absorption in
the perovskite.

RESULTS AND DISCUSSION

Experimental Design. The rationale behind these experi-
ments is to compare TT measurements on different LHP
samples where the relative contributions of reflectivity and
absorbance, or more precisely of changes in the real and
imaginary components of the refractive index, are very different.
As recognized early on in the study of nanocrystals, Rayleigh
scattering cross sections fall so steeply with particle size (∼r6),
that colloidal nanocrystals whose diameter is a small fraction of
the wavelength essentially do not scatter.32,33 Often such
miniaturization is accompanied with significant changes to their
spectroscopy and photodynamics due to quantum confine-
ment.34,35 In the case of LHPs, moderate exciton Bohr radii
allow for synthesis of weakly confined nanocrystals which on
the one hand emulate the bulk in terms their photoresponse,23

but at the same time do not scatter.

The absorption cross section of a nanocrystal of volume v in
terms of its complex refractive index n ̃ = n + iκ and that of its
(non-absorbing) surroundings n0 is:
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where fω is a local field factor which must be included since it
depends on the same refractive indices. For a polycrystalline
film or a crystal, reflectivity at the interface with a non-
absorbing dielectric, whose refractive index is n0, is given by the
Fresnel relation (eq 2):
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The first derivatives of σabs or of R (both of which reduce
transmission) with respect to n or κ quantify their sensitivity to
variations in either constant. Table 1 presents values for these

derivatives at a few relevant wavelengths, both for nanocrystal
absorption and for film reflectivity at interfaces with air, fused
silica, and NSF6 flint glass. CsPbI3 is used in the nanocrystal
experiments instead of the more studied MAPbI3 since they
share very similar spectroscopy and dynamics (Figure 1), but
cesium-based nanocrystals are far more stable.36 Since thin
films of CsPbI3 are unstable in contact with air, encapsulation
was necessary for comparison with crystallites. Numerous
studies have shown close similarities in the transient and linear
optical properties for both, in particular both have nearly
identical κ and exhibit the same rising mid-visible PIA which is
the focus here.23−25,37 For this reason, pump−probe data of
nanocrystals are compared here with CsPbI3 thin film results
where both pump and probe impinge on the sample through a
fused silica substrate. In accordance with the literature, we use
the same optical constants to analyze the data for both
materials.37 The bottom panel of Figure 1 demonstrates the
close resemblance of the absorption spectra of both perovskites,

Table 1. Values of First Derivative of Reflectivity (R) and the
Ratio of Those for Nanocrystal Absorption Cross Section
(σ) with Respect to n and κa

aThe refractive index of NSF6: 1.8, quartz: 1.46, and hexane: 1.37 has
been used for the calculation. The values of refractive index of LHP at
different wavelengths were adopted from ref 29.
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including the large nanocrystal sample, once plotted on an
energy scale shifted by the BG.
Table 1 reveals how both a change in the substrate index as

well as going from thin film to nanocrystal samples changes the
ratio of first derivatives with respect to n and κ. In the case of
nanocrystals not only does the absolute value

σ
σ κ

d dn
d d

/
/

change relative to

κ
dR dn
dR d

/
/

of a thin film, the ratio itself changes sign. If the PIA band at
∼600 nm is only due to induced reflectivity in thin films, then it
reflects changes in n and not κ since the latter would also
impact absorbance. There is however no argument that
transmission changes near the BE of perovskite thin films are
strongly affected by changes in κ. Adding all this up indicates
that if Deschler and co-workers assignment of the broad PIA is
correct,27 then the signals in the nanocrystals and in thin films
should be drastically different, transforming the mid-visible
band from an apparent PIA into a bleach!
These arguments explain the incentive for comparison

between thin films and nanocrystals. The derivatives in Table
1 also present the opportunity for another experiment to test
the same issue in MAPbI3 thin films. Just changing from an air/
LHP to NSF6/LHP interface already changes

κ
dR dn
dR d

/
/

by a factor of nearly 2 in the mid-visible. Exciting a thin film of
MAPbI3 which is a few hundred nanometers thick, with a pump
centered at 520 nm, leads to an uneven depth distribution of
excited carriers. As shown by Yang et al.,28 this exponentially
diminishing concentration profile will equilibrate spatially only
over tens of picoseconds. Thus in the same sample,

concentrating excitation on either face of the sample will
change the relative significance of Δn and Δκ to the reflectivity,
explaining the impetus for the second series of measurements.
The selection of whether the pump impinges on the air/LHP
or NSF6/LHP face of the sample can achieve this variation
without significant deterioration of time resolution, given the
shallow depth of the sample (∼200 nm).

Femtosecond Transient Transmission Measurements.
Figure 2 presents transient transmission data from CsPbI3 films

and nanocrystals together with analogous data from a thin film
of hybrid MAPbI3 perovskite. All three data sets exhibit a
similarly evolving series of common spectral features.
Immediately after photoexcitation, a short-lived narrow band
appears to the “red” of the optical BE, assigned to the hot
carrier-induced BG renormalization and shifting of the excitonic
transition. At the same time, a partial PIB appears at the optical
BG due to state filling compounded with reduced coulomb
enhancement of the exciton transition through carrier-induced
screening. This bleach grows to its full intensity during the
carrier cooling within ∼1.5 ps as shown explicitly in Figure 3. A
broad absorption appears to the “blue” of the BG which further
broadens during the carrier cooling. Even further to the blue, a
bleach and shift feature is apparent in all three samples. It builds
up immediately, but unlike the BE bleach it does not exhibit
spectral changes during carrier cooling. The main difference
between the two cesium samples relative to the MAPbI3 films is
a shift of the BG to the blue. Additional wave-like modulations
of the TT spectra particular to the CsPbI3 samples at all
pump−probe delays are related to residual phase ripples from
the matched chirped mirrors used to compress the broad
supercontinuum probe pulses, and these modulations have
nothing to do with optical changes of the sample. Similar
ripples are not seen in case of TT spectra of MAPbI3 (Figure
2a) since these spectra were recorded in a set up without probe
compression using these mirrors.

Figure 1. Transmission spectra of MAPbI3 and CsPbI3 films plus
with that of hexane dispersed nanocrystals of the latter. (a) (Plus
pump spectrum) shows similarity aside from shifts in absorption
edges (1.65, 1.8, and 1.85 eV for MAPbI3 films, CsPbI3 films, and
CsPbI3 nanocrystals, respectively). (b) Same spectra on an energy
scale shifted by the BG of each.

Figure 2. Transient difference transmission spectra of (a) MAPbI3
films, (b) CsPbI3 films, and (c) CsPbI3 nanocrystals after excitation
with 520 nm pulses. The pump−probe delays are shown in the
inset.
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Figure 2b,c show that transient spectra recorded for CsPbI3
in the form of nanocrystals and a thin film are surprisingly
similar. The debated below BG induced absorption is apparent
in both samples with nearly identical intensity. When relating to
intensity, we refer to the intensity of the induced absorption
relative to that of the exciton bleaching signals at ∼700 nm. As
discussed below, this similarity serves to demonstrate that the
PIA under study is primarily due to variations in sample
absorption related to κ the imaginary part of the sample index.
This similarity applies not only to spectral profiles but also to
decay kinetics. Figure 3 shows temporal cuts at representative
wavelengths from TT data of CsPbI3 films and nanocrystals.
The BE bleach is composed of an instantaneous jump (∼50%
of total bleach) followed by a relatively slow decaying
component with a lifetime, τ ∼ 0.4 ps, assigned to carrier
cooling. Figure 3a,b compares BE bleach build up and below
BG PIA decays in nanocrystals and in the thin films,
respectively. These two features also show excellent resem-
blance for the two samples, justifying the premise for their
comparison in the present context.
The nanocrystal-film comparison presented in Figures 2 and

3 was augmented with TT measurements on MAPbI3 prepared
on NSF6 flint glass. Figure 4 presents TT data collected 3 ps
after photoexcitation of this sample from either of its faces for
two pump fluences. Again the similarity of both transient
spectra is striking as demonstrated by the subtraction of the
two, depicted in the blue curves. The main difference is a minor
feature at the BE resembling a first derivative of the exciton
band and a marginally larger amplitude for the broad reduced
transmission in the case of irradiation through the flint glass.
Accordingly, transferring the excited carriers from the air/LHP
to the flint glass/LHP interface has only a small effect on
differential transmission, including the 500−700 nm band of
reduced transmission which is at the focus of this discussion.
Pump−probe measurements record photoinduced changes

in transmission resulting from absorption throughout the
sample and reflection off all refractive discontinuities.31 For
films whose thickness is near to the light wavelength, this may
also be effected by interference of waves reflected off adjacent
discontinuities. In our discussion this scenario will be simplified.
Since we are only interested in changes in transmission, only
surfaces where one index of refraction is significantly changing
will be considered (i.e., the face through which pump is applied
in these optically thick films). Given the roughness of air/LHP
surfaces, interference effects are neglected as well. The literature
debate addressed here concerns the relative part played by

reflectivity in the measured transmission changes and, as
detailed in eq 2, involves both parts of the refractive index:

κ
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We start by using eqs 2 and 3 to roughly estimate how
strongly reflectivity changes should contribute to TT spectra in
the perovskite thin films under study. Starting from the
nanodot/film comparison, the relevant (dimensionless) first
derivatives of R appear in the quartz/LHP row of Table 1.
Whether referring to Δκ or Δn, the derivative magnitudes range
from 0.1 to 0.02. In order to compare differential reflection and
absorption on equal footing, the latter needs to be considered
for a defined thickness. Since the films are optically thick, the
transmitted wave then experiences differential absorption
effectively within the pump penetration depth l ∼ 100 nm. In
terms of absorption losses and using a linear approximation for
differential sample absorption: (e−Δαl ≅ 1 − Δαl), Δαl =
4πΔκl/λ leading to a first derivative with respect to κ of:

=α
κ

π
λ

Δd l
d

l4 . Substituting correct values for these constants,

dΔαl/dκ ≈ 2, more than an order of magnitude larger than the
derivatives in eq 3. Assuming photoinduced variations Δκ and
Δn of roughly similar magnitude, absorptive effects of Δκ
should accordingly dominate differential transmission in the
thin films on quartz.
Similar expressions for nanocrystal dσ/dκ and dσ/dn are

more intricate. As detailed in the Supporting Information, two
main observations help to complete the comparison. First, dσ/
dn has a complex functional dependence on all three optical
constants (n0, n, κ), and its value throughout the probed
spectral range is opposite to that of dσ/dκ and roughly an order
of magnitude smaller in absolute value. Second, given the
relative values of constants n0, n, and κ, dσ/dκ is nearly constant
reflecting a simple linear dependence of the cross section on
the extinction throughout the probed range. Once these

Figure 3. Temporal changes at the (a) BE bleach and (b) below BE
PIA during carrier cooling in CsPbI3 perovskite films (black) and
nanocrystals (red) after 520 nm excitation. The data for
nanocrystals are normalized according to the bleach intensity in
the films for both the graphs.

Figure 4. Transient difference transmission spectra of MAPbI3 films
at 3 ps after excitation with 520 nm pulses with two different pump
fluences (a) 35 μJ/cm2 and (b) 25 μJ/cm2. The probe was sent
from the air/perovskite interface while the pump beam was sent
either from air/perovskite interface (black) or high index glass/
perovskite interface (red). The blue line represents the spectral
difference between the air/perovskite and high index glass/
perovskite spectra. Inset in top panel shows enlarged view of
broad PIA band with same axis labels as Figure 4a.
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observations concerning σ are factored in with the estimated
influence of differential reflectivity in films, the striking
similarity of TT data in both CsPbI3 samples indicates that
thin-film pump−probe data must be dominated by absorbance
and can be interpreted nearly quantitatively as such.
The results presented in Figure 4 are compatible with the

dominance of absorption changes in TT data for perovskite
thin films. The initial profile of excitation density vs depth is
exponential, and with a sample OD of 1 at the nominal pump
wavelength, this density falls by 1 order of magnitude going
from the entrance to exit face. As determined by Beard and co-
workers,28 timescales for the equilibration of such profiles in
MAPbI3 films of similar thickness show that it takes place on
tens of ps, significantly longer than the 3 ps delay for the TT
data presented in Figure 4. We can therefore assume that this
exponential profile is maintained during the pump−probe
delay. In accordance with the assumptions outlined above, the
differential reflection in these experiments can be assigned to
that experienced at the pump entrance face. But as
demonstrated in Table 1, sensitivity of the air/LHP surface
reflectivity to changes in index is significantly higher than for
the NSF6/LHP surface, particularly for changes in n which in
any case dominates reflectivity here. Thus the near equality of
the TT data, probed always from the air/LHP surface, but
excited from either face of the sample, again suggests that
reflectivity changes play a minor role in determining difference
transmission in LHP films.
We emphasize that the thin films and nanocrystals of CsPbI3

perovskite were not exposed to air at any stage from
preparation to pump−probe measurements. In the case of
the MAPbI3 samples, indeed the pump−probe measurements
were conducted in ambient atmosphere, within one day after
preparation. However, the samples do not show any indication
of degradation to PbI2 throughout the experiments. Therefore
reported effects of humidity and substrate microstructure on
later stages of carrier evolution are irrelevant to this study.38−40

This result is very important since numerous pump−probe
experiments conducted on LHP films to date have been
interpreted in terms of changes in sample absorbance, often
without considering differential reflectance.5,7,13−16,18,19,21,25,26

If indeed both contributions to TT were of similar magnitude,
much of the analysis and many of the conclusions arrived at in
that literature would be tainted, requiring radical reassessment.
Luckily it appears that interpreting pump−probe data,
assuming it stems from photoinduced alteration of absorbance
alone, is essentially correct. This is not to say that all
assignments of TT spectra in the literature are correct, but
that they are based on a meaningful observable and that this
simplified approach can be used in future keeping in mind that
slight corrections are required for factoring in the weaker
reflectivity changes. In light of all results reported above the
550−650 nm PIA is assigned to BG renormalization of the
interband absorption.18,20 Since this enhanced absorption
overlaps with the evolving bleach due to state filling, it is
gradually uncovered in the visible while hot carriers cool to the
BE, producing the apparent rising in the net absorption
amplitude.

CONCLUSIONS
The contested impact of reflectivity changes on transient
transmission in lead halide perovskite films is addressed here by
comparing data in photoexcited CsPbI3 films with that obtained
in large nanocrystals of the same material. This unconventional

recourse to nanocrystal photophysics provides a test which
does not rely on cross inferences between absorption and
reflection measurements using complex mathematical manipu-
lations. It relies on the very different dependence of nanodot
absorption and thin-film reflectance on the materials index of
refraction. Results prove reflectivity changes do not make a
major contribution to transient transmission spectra as
suggested in some earlier reports. None of the characteristic
spectral signatures revealed in numerous pump−probe experi-
ments are exclusively due to, or even strongly affected by,
changes in sample reflectivity. This conclusion is strengthened
by a related study of polycrystalline MAPbI3 films formed on
flint glass. Together, both experiments validate interpretation of
pump−probe data in semitransparent perovskite films primarily
in terms of sample absorbance, with reflectivity making only
minor contributions to transmission changes.

MATERIALS AND METHODS
Preparation of CsPbI3 Nanocrystals. Lead iodide (PbI2, 99.9%),

cesium carbonate (Cs2CO3, 99.9%), octadecene (ODE, Tech. 90%),
oleic acid (OA, Tech. 90%), and oleylamine (OLA, Tech. 70%) were
purchased from Sigma Aldrich. CsPbI3 nanocrystals were synthesized
according to a previously published procedure.41 Briefly, 0.26 g of PbI2
were dissolved in 15 mL ODE, 1.5 mL OA, and 1.5 mL OLA in a
three-necked-flask and degassed at 120 °C. Next, 0.2 g of Cs2CO3 was
dissolved in 7.5 mL ODE and 0.625 mL OA in a three-necked-flask
and degassed at 120 °C. Then, under argon atmosphere, the lead
iodide precursor solution was heated to 140 °C, and a hot syringe was
used to swiftly inject 1.2 mL of the Cs precursor into the PbI2
precursor solution, yielding a deep red colloid. The reaction was
quenched with an ice bath, 10 s after the injection of the Cs precursor.
Finally, the CsPbI3 product was isolated directly from the ODE by
centrifugation (6000 rpm for 10 min) and redispersed in hexane. The
nanocrystals were characterized using transmission electron micros-
copy (TEM) and photoluminescence (PL) spectroscopy (Figures S1
and S2 in the Supporting Information).

Preparation of CsPbI3 Thin Films. The solution of CsPbI3 was
prepared by dissolving an equimolar amount of PbI2 and CsI (Sigma
Aldrich) in dimethylformamide at a concertation of 0.48 mM.42 The
CsPbI3 perovskite film fabrication was done on microscope glass in a
nitrogen filled glovebox by one step deposition which composed of
two stages: First, a spin of 10 s at 1000 rpm, followed by a 60 s spin at
5000 rpm. Slightly before the CsPbI3 deposition 33 μL of HI (57 wt%
in H2O sigma) was added to the precursor solution, the films were
annealed at 110 °C until becoming black. The CsPbI3 films were
encapsulated using an additional glass in order to prevent phase
transformation of the CsPbI3 perovskite to the yellow phase.

Preparation of MAPbI3 Thin Films. Thin films of MAPbI3
perovskites were prepared according to a previous published
procedure.43 Briefly, the first spin coating of 1 M solutions of PbI2
in dimethylformamide was carried out on high-index glass (NSF6)
substrates at a spin velocity of 6500 rpm for 5 s. After the spin-coating,
the substrates were annealed at 80 °C for 10 min. In the next step, the
spin-coated PbI2 films were dipped into a solution of 63 mM
methylammonium iodide (CH3NH3I) in isopropanol. In subsequent
step, the samples were annealed at 80 °C for another 30 min. Figure
S3 presents the photoluminescence spectrum of the films. Powder
XRD pattern of the sample is shown in the Figure S4.

Details of the Pump−Probe Measurement. The pump−probe
experiments were carried with home-built multipassed amplified Ti-
Sapphire laser producing 30 fs pulses at 790 nm with 1 mJ of energy at
1 kHz repetition rate. The laser fundamental was split into two for
generation of pump and probe pulses. The pump pulses were
produced from non-collinear optical parametric amplifier (NOPA)
centered at 520 nm. The pump pulses were compressed to 10% of
their transform limit using a pair of chirp mirror (Venteon Optics,
Laser Quantum). The supercontinuum probe pulses were generated
by focusing 1300 nm output pulses of an optical parametric amplifier
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(TOPAS 800, Light Conversion) on a 2 mm BaF2 crystal. The white
light probe pulses were also dispersion corrected using another pair of
chirp mirrors before they were directed toward the sample using all
reflective optics.
The first set of experiments was carried out to compare the results

of pump−probe measurements between nanocrystals and thin films of
CsPbI3. The nanocrystals of CsPbI3 in hexane were placed on a 1 mm
quartz cell for the pump−probe study. The thin films of CsPbI3 were
prepared on a 0.5 mm glass substrate and encapsulated using another
0.1 mm thin glass. The pump and the probe beams were facing the 0.5
mm glass/CsPbI3 side.
The aim of the second set of experiments was to compare the

results by exciting MAPbI3 thin films from different interfaces. The
films of MAPbI3 were prepared on a high-index glass (NSF6)
substrate. The probe pulses were always sent from air/MAPbI3
interface. The pump pulses were sent from either air/MAPbI3
interface or NSF6/MAPbI3 interface. The absorbance of the sample
at the pump wavelength was adjusted to ∼1, such that most of the
excited carriers are formed toward the front surface during the probing
(Yang et al. ref 28). All the experiments were carried out with weak
excitation pump fluence to avoid any multiphoton event.
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