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Photoinduced excited-state carriers can affect both the
absorption coefficient and refractive index of materials
and influence the performance of photoelectric devices.
Femtosecond time-resolved pump–probe transient absorp-
tion (TA) spectroscopy is usually used to detect carrier
dynamics and excited-state absorption coefficients; however,
measurements of transient refractive-index change are still
difficult. We propose a method for determining the excited-
state refractive-index change using TA microscopy. In TA
measurements, a Fabry–Pérot cavity formed by the front
and back surfaces of the sample could lead to interference
of the probe light. As the wavelength of standing waves
in the Fabry–Pérot cavity is closely related to the refrac-
tive index, the carrier-induced excited-state refractive-index
change was obtained by comparing the transmission probe
spectra between the ground and excited states. The pro-
posed method was used to study the dynamics of excited-state
refractive-index change in a perovskite film. © 2023 Optica
Publishing Group

https://doi.org/10.1364/OL.506090

Photoinduced carriers play an important role in the opto-electric
responses of materials and devices. These charge carriers in
the excited state undergo various ultrafast relaxation processes,
such as dissociation, transport, and recombination [1,2], and
also produce transient changes in the absorption coefficient and
refractive index of the excited material [3,4]. The modulation of
these optical parameters can influence the photoelectric response
of materials in multiple ways. For example, excited state absorp-
tion (ESA), which has been studied extensively in organic solar
cells and nonlinear optical devices, can affect the photoelec-
tric conversion and optical nonlinearity of organic molecules
[5–7]. Our latest studies proved that changes in the refractive
index of a material in the excited state affected the temporal and
spectral characteristics of a microcavity laser [8]. Therefore, to
clarify the dynamics of photoinduced carriers and their effects
on the photoelectric response of materials, transient changes in
the absorption coefficient and refractive index of materials in
the excited state must be determined.

Generally, the change in optical parameters is of the order
of one-thousandth or even lower when materials are pumped to

the excited state. Femtosecond time-resolved transient absorp-
tion spectroscopy (fs-TAS) [9,10] is widely used to measure
the change in the absorption coefficient of materials. Although
the absorption cross section of the excited state can be easily
obtained, the change in the refractive index in the excited state is
hard to be determined directly. To measure the refractive-index
changes, Tamming et al. referred to Michelson interferometer
and introduced a reference pulse in the TA setup [11]. The inter-
ference between the probe and reference pulses was used to
analyze the refractive-index change. However, the time inter-
val between two pulses could limit the timescale of the dynamic
measurement. Pasanen et al. derived an equation to calculate the
refractive-index change [12] from the transient transmittance,
transient reflection, and steady-state transmittance/reflectance
spectra, and thereby complex measurements and calculations
limited the application of the method. In fs-TAS measurements,
if the sample has clean and smooth surfaces, the self-assembled
Fabry–Pérot (F–P) cavity can be formed, leading to interfer-
ence of the probe light. In this situation, the pump-induced
refractive-index change affects the frequency spacing between
two standing waves formed in the resonator, which is known as
the free spectral range (FSR). Therefore, the transient refractive-
index change of the medium can be obtained by comparing the
transmission spectra of the probe light with different FSR in the
ground (without pump light excitation) and excited (with pump
light excitation) states. Moreover, due to the wide spectral range
of the probe light, more interference cycles can be obtained
providing convenience for analysis.

In traditional TAS measurements, laser beams are focused
on a sample using a lens, and the spot size is typically tens
of microns. Within the irradiation region, the roughness and
nonuniformity of the sample surface may eliminate the inter-
ference effect. By combining TAS and microscopy [13–15], the
laser beams are focused using an objective lens, and TA spectra
can be obtained from a region of interest with a size of microns
or even smaller. In such a small area, surfaces of the sample tend
to be more uniform, and the interference of the light reflected by
the front and back surfaces can easily occur. Consequently, the
transient refractive index of the excited state can be determined.

In this study, we explored the change in the refractive index
in the excited state based on the proposed method by using
a home-built transient absorption microscopy (TAM) system.
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Fig. 1. Characterization results of the sample. (a) SEM image.
(b) Optical microscope image and sample thickness measured by a
step profiler. (c) Results of XRD characterization. (d) PL spectra.

CH3NH3PbBr3 single-crystal perovskite thin films prepared by
the space-limited method were excited by a 400 nm femtosec-
ond laser pulse with different pump fluences and detected by
a white light supercontinuum used as a probe. The obtained
TA spectra were decorated with a series of striped patterns.
By establishing a model related to the transient change in the
refractive index, the dynamics of the refractive-index change in
the excited state were successfully extracted from fitting results.
The origin of striped patterns was revealed and attributed to
a relative change in the interference spectra when the sample
was in the excited and ground states. This study demonstrated
the possibility of using the TA spectra to study carrier-induced,
small changes in the refractive index. These findings may be a
useful reference when using TAM technology, and the experi-
mental method could serve as a novel approach for studying the
refractive index of samples in the excited state.

We fabricated high-quality CH3NH3PbBr3 single-crystal per-
ovskite films using the space-limited preparation method [16].
First, the morphology, crystal structure, and chemical properties
of single-crystal films were characterized (Fig. 1). Figure 1(a)
shows a scanning electron microscopy (SEM) image. Benefiting
from slow crystallization assisted by the anti-solvent diffusion
process of the space-limited method, the film exhibits the char-
acteristics of large size (several tens of microns), good flatness,
and a clean surface. The white dashed box indicating the region
of interest (ROI). Figure 1(b) shows the morphology observed
under an optical microscope. Using a step profiler along the
direction of the dashed arrow, the sample thickness was esti-
mated to be approximately 2.1 µm. The crystal lattice structure
was characterized by x ray diffraction (XRD), as shown in
Fig. 1(c). The sharp peaks of 2θ at 15.04°, 30.22°, 45.98°, and
62.72° correspond to the (001), (002), (003), and (004) crystal
faces of cubic phase CH3NH3PbBr3, which is consistent with
previous reports [17,18]. The narrow full width at half maxi-
mum (FWHM) of each peak indicates that the sample has good
single-crystal properties. The photoluminescence (PL) spectra
with a central wavelength of 549 nm and FWHM of approxi-
mately 24 nm were acquired using a frequency-doubled 400 nm
pulse laser as the excitation light [19], as shown in Fig. 1(d).

Fig. 2. (a) 2D pseudo-color diagram of TA spectra with striped
patterns. (b) GSB dynamics and ESA dynamics (inset).

Subsequently, fs-TAM measurements were conducted on the
CH3NH3PbBr3 single-crystal perovskite thin films. Figure 2(a)
shows a two-dimensional (2D) pseudo-color diagram of the
acquired TA spectra. There are three obvious TA signals: neg-
ative signal (blue dashed box), positive signal (red dashed
box), and striped patterns (gray arrows) between approximately
560–750 nm. The peak wavelength of the negative signal is close
to the bandgap of CH3NH3PbBr3. This is generally referred as
the ground state bleaching (GSB) signal and originates from
the band-filling effect [20,21]. Electrons occupy the conduction
band by absorbing photons and weaken the further absorption.
Therefore, a negative transient change in the absorption coeffi-
cient would be observed. Compared with the negative signal, the
positive signal is located at the redshifted position and lasts for
an extremely short time. This is a widely researched ESA phe-
nomenon in semiconductors, which is induced by the bandgap
renormalization effect [22,23]. Photons with energy larger than
the bandgap induce hot carriers, leading to the shrink of the
band edge. The new transition between the modified band-edge
states corresponds to absorption enhancement and behaves as a
positive signal. These two signals are typical signatures of TA
spectra and are typically used to analyze the ultrafast dynamics
of carriers at the bottom of the conduction band and hot car-
riers [24–26]. Figure 2(b) shows the dynamics of GSB signal
and ESA signal. Due to the overlap of the two signals, the sign
of the GSB signal in short delay time is positive and the sign
of ESA signal gradually becomes negative. Through global fit-
ting analysis [24], the influence of wavelength overlap can be
removed, and the real process can be extracted. However, it is
important to note that a series of striped patterns occurred in the
long-wavelength direction, which is rarely observed in the TA
spectra.

To clarify the origin of striped patterns, we investigated the
TA spectra for different delay times, as shown in Fig. 3(a).
The striped patterns in the 2D pseudo-color diagram behaved as
wave-like curves in the TA spectra at a certain delay time. For the
convenience of independently studying the striped patterns, the
GSB signal was subtracted from the TA spectra to obtain curves
with only striped characteristics; the corresponding results are
shown in Fig. 3(b). The contrast of striped patterns gradually
decreases with increasing delay time, displaying the same trend
as the GSB signal. The weakening of the GSB signal intensity
implies the recombination of electrons in the conduction band
with holes in the valence band and reduction in carrier con-
centration. Therefore, striped patterns were also influenced by
carriers in the excited state.

In addition to striped patterns in the TA spectra, a wave-like
curve was observed in the steady-state transmission spectra. As
our sample had smooth surfaces and the studied region was
extremely small, the front and back surfaces could form an F-P
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Fig. 3. (a) TA spectra at different delay times. (b) TA spectra with
only the striped characteristics after subtracting the GSB baseline.
(c) Fitting results (red lines) of striped patterns (black lines) through
the proposed model. The direction of gray arrow indicating the
increase of delay time. (d) Change in refractive index extracted
from the fitting (red dots) and the contrast of the stripe valley at
603 nm (black line) as a function of the delay time.

cavity structure, resulting in interference. Constructive interfer-
ence will occur when 2nd equals to kλ, where n, d, and k are the
refractive index, the sample thickness, and an integer, respec-
tively. After the carriers in the excited state were injected by
pump light, the refractive index was modified, and the degree
of interference was enhanced or weakened for light with dif-
ferent wavelengths. When the sample is in the ground state
and possesses an intrinsic refractive index n, the intensity of
light with wavelength λ passing through it can be defined as
I(λ, ground). After the sample is pumped to the excited state and the
refractive index changes to n − ∆n, the transmission intensity
correspondingly changes to I(λ, excited). According to the calcula-
tion method for the TA signal ∆OD = log(I(λ, ground)/I(λ, excited))

10 , ∆OD
will be nonzero if the refractive index changes. Owing to a wide
spectral range of the probe light used in our experiments and
the wavelength dependence of the degree of interference, the
difference in the transmission spectra between the excited and
ground states manifested as a wave-like curve when interference
occurred.

Based on the above description, the decrease in the intensity
of striped patterns could be attributed to a reduction in the car-
rier concentration. During the relaxation of carriers, the sample
gradually returned to the ground state and the carrier-induced
refractive-index change ∆n gradually changed to zero. Finally,
the transmission spectra will remain constant, and striped pat-
terns will no longer be present in TA spectra. To further reveal the
relationship between the interference and TA spectra, a model
for the transient refractive-index change was created, as shown
below. In this model, I0 represents the incident light intensity,
while I1 and I2 are the reflected light intensities of the front and
back surfaces of the sample, respectively. They can be calculated
using I1 = I0 · R and I2 = (I0 − I1) · R, respectively, where R is the
reflectivity. The intrinsic refractive index of the sample and the
change in the refractive index caused by photoinduced carriers
are represented by n and ∆n, respectively. Thus, the refractive
index of the sample in the excited state is n′ = n − ∆n. The
expression in the outer parentheses of the numerator represents

Fig. 4. 2D pseudo-color diagram of TA spectra with striped
characteristics under different pump fluences: (a) 46.7 µJ/cm2, (b)
54.1 µJ/cm2, (c) 61.4 µJ/cm2, (d) 70.1 µJ/cm2, (e) 82.3 µJ/cm2, and
(f) 99.5 µJ/cm2

the calculation of coherent interference intensity between lights
reflected by the front and back surfaces. Accordingly, the entire
numerator represents the transmission intensity after interfer-
ence, while the denominator corresponds to the situation in
which the sample is in the excited state. Therefore, the over-
all form of the formula is a combination of the TA calculation
principle and the interference principle. Finally, the TA signal
intensity in ∆OD units can be calculated:

∆OD = log10
I0 −

(︁
I1 + I2 + 2 ·

√
I1 · I2 · cos

(︁ 4πnd
λ

)︁ )︁
I0 −

(︁
I1 + I2 + 2 ·

√
I1 · I2 · cos

(︁ 4πn′d
λ

)︁ )︁ .

The striped patterns were fitted using this model, and results
are shown in Fig. 3(c). This was used to obtain the intrinsic
refractive index n of approximately 2.6 and the change in the
refractive index∆n at each delay time. Consistent with the above
analysis that refractive-index change would gradually decrease
to zero, ∆n/n decreases from 13.5× 10−4 at 10 ps delay time
to 4.69× 10−4 at 200 ps delay time. The dynamics of the stripe
signal intensity and ∆n/n are compared in Fig. 3(d). The black
line represents the normalized dynamic process of the signal
intensity at 603 nm, which is the third valley of the striped pat-
terns and away enough from the GSB signal range, while the
red dots represent the normalized∆n/n obtained by fitting. They
were consistent with each other, further validating that striped
patterns are induced by the change in the refractive index and
the reliability of the proposed model.

Because the initial photoinduced carrier concentration is
related to the number of absorbed photons, we further inves-
tigated this phenomenon under various pump fluences. The 2D
pseudo-color diagrams of the TA spectra under each pump flu-
ence are shown in Fig. 4, which displays clear striped patterns.
Furthermore, the TA spectra at the same delay time (10 ps) were
extracted and compared, as shown in Fig. 5(a). The evolution
of the GSB signal intensity and striped pattern intensity shares
the same trend with decreasing pump fluence. As explained pre-
viously, the change in the refractive index decreased with the
carrier concentration, leading to a decrease in the difference
in the transmission spectra between the excited and ground
states. To ensure that the injected carrier concentration was
proportional to the pump fluence, pump fluences used in our
experiments were maintained at a low level. We compare the
peak intensity of the GSB signal as a function of the pump flu-
ence in Fig. 5(d), as indicated by the red dotted line. The linear
relationship between them indicates that the sample exhibits a
linear absorption of the pump light within the applied fluences.
After subtracting the GSB signal baseline, the acquired curves
with only striped characteristics are shown in Fig. 5(b), and the
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Fig. 5. (a) TA spectra under different pump fluences at 10 ps delay
time. (b) TA spectra with only the striped patterns after subtracting
the GSB baseline. (c) Fitting results (red lines) of striped patterns
(black lines) through the proposed model. The direction of gray
arrow indicating the increase of pump fluence. (d) Change in the
refractive index extracted from fitting results (black line) and peak
intensity of the GSB signal (red line) as a function of the pump
fluence.

fitting result for this dataset is shown in Fig. 5(c). The extracted
intrinsic refractive index is approximately 2.6, which is consis-
tent with previous experimental results. From the fitting result,
the change rate of the refractive index∆n/n is plotted in Fig. 5(d)
as a function of the pump fluence. It should be noted that due
to the overlap of wavelength range between the GSB signal and
striped patterns, the short wavelength of striped patterns will still
be affected after subtracting the GSB baseline, thus reducing the
fitting accuracy at short wavelength direction. Under pump flu-
ences of 46.7 µJ/cm2 and 99.5 µJ/cm2, the values of ∆n/n are
3.15× 10−4 and 12.9× 10−4, respectively. Notably, ∆n/n varies
linearly with the carrier concentration, which is consistent with
previous reports. Pump–fluence-dependent experiments further
support this explanation.

In summary, we used a home-built TAM setup to conduct
detailed studies on the change in the refractive index induced
by carriers. The physical origin of striped patterns appearing in
the TA spectra was clarified and attributed to the contribution
of the refractive-index change induced by the change in carrier
concentration between the excited and ground states. The exper-
imental data with striped pattern characteristics were fitted using
an established model related to the refractive index. The fitting
results provided information regarding the refractive index in
the excited state as a function of the delay time and pump flu-
ence. Our work demonstrates the possibility of using TAM to
investigate dynamic changes in the refractive index in the excited
state. The experimental findings may aid in understanding the
special phenomena that may occur when using TAM to study

thin-film samples. Furthermore, this technique can serve as a
unique approach for studying refractive index of a sample in
excited state.
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