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ABSTRACT: Disentangling electronic and thermal effects in photoexcited perovskite materials is crucial for photovoltaic and
optoelectronic applications but remains a challenge due to their intertwined nature in both the time and energy domains. In this
study, we employed temperature-dependent variable-angle spectroscopic ellipsometry, density functional theory calculations, and
broadband transient absorption spectroscopy spanning the visible to mid-to-deep-ultraviolet (UV) ranges on MAPbBr3 thin films.
The use of deep-UV detection opens a new spectral window that enables the exploration of high-energy excitations at various
symmetry points within the Brillouin zone, facilitating an understanding of the ultrafast responses of the UV bands and the
underlying mechanisms governing them. Our investigation reveals that the photoinduced spectral features remarkably resemble
those generated by pure lattice heating, and we disentangle the relative thermal and electronic contributions and their evolutions at
different delay times using combinations of decay-associated spectra and temperature-induced differential absorption. The results
demonstrate that the photoinduced transients possess a significant thermal origin and cannot be attributed solely to electronic
effects. Following photoexcitation, as carriers (electrons and holes) transfer their energy to the lattice, the thermal contribution
increases from ∼15% at 1 ps to ∼55% at 500 ps and subsequently decreases to ∼35−50% at 1 ns. These findings elucidate the
intricate energy exchange between charge carriers and the lattice in photoexcited perovskite materials and provide insights into the
limited utilization efficiency of photogenerated charge carriers.

1. INTRODUCTION
Time-resolved pump−probe spectroscopy has revolutionized
the investigation of photoinduced generation and evolution of
electron−hole pairs in materials on the femtosecond (fs) to
picosecond (ps) time scales.1−3 Probe ranges from the infrared
(IR) to the visible region,4−8 and recently into the deep-
ultraviolet (UV) region,9−12 have been used. The photo-
induced transients of solid materials arise from multiple
electronic and thermal effects,13−15 which can be difficult to
disentangle. Lattice heating via carrier−phonon coupling
produces strong interplay between photoinduced electronic
responses and thermally induced changes in optical properties,
even at very low fluences,16,17 and this interplay also evolves
with time. In many instances, the analysis of photoinduced

transients and dynamics has predominantly focused on
electronic processes, neglecting the accompanying spectral
response originating from heating, especially in semiconductor
solar materials.18−21

Among these, perovskites are regarded as some of the most
promising materials due to their distinctive combination of
strong photoabsorption, long charge carrier diffusion lengths,
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and low-cost fabrication processes.22−24 One prominent
example is the hybrid organic−inorganic perovskite, exempli-
fied by methylammonium lead bromine (MAPbBr3). The key
metric for their applications is the photoelectronic conversion
efficiency. However, the photogenerated electrons and holes
partly lose their energy by so-called phonon emission via
carrier−phonon coupling at an ultrafast time scale,25,26 thereby
limiting the actual utilization efficiency of charge carriers. More
importantly, the consequent lattice heating effects can alter the
intrinsic optical characteristics of the material and complicate
their transient spectral responses,27−30 making it challenging to
resolve and quantify the electronic and thermal contributions
in time-resolved signals, not to mention their temporal
evolutions.
In this study, we conducted broadband transient absorption

(TA) experiments in the visible and mid-to-deep-UV regions
on a thin film of the MAPbBr3 perovskite to investigate the
ultrafast processes of energy transfer from photoexcited charge
carriers to phonons (lattice) in different low- and high-energy
bands. A deep-UV probe accesses the high-energy excitations,
offering a significant advantage compared to conventional
visible to terahertz probes.12,31−33 Furthermore, this region is
less influenced by the signal resulting from free carrier
absorption.34 The photoinduced data were analyzed using a
global lifetime analysis (GLA) method to obtain decay-
associated spectra (DASs),35 which offer a compact
representation of the kinetic information associated with
specific lifetimes. In order to disentangle the electronic from
the thermal effects, we recorded the temperature-dependent
spectra using in situ variable angle spectroscopic ellipsometry
(VASE) across a wide spectral range, and we compared the
derived difference spectra to the photoexcited TA ones (Figure
S1). Some striking similarities arise between thermal- and
photoinduced responses at intermediate delay times. In order
to weigh the relative contributions of thermal versus electronic
effects and their evolution over time, we reconstructed the TA
spectra from 1 ps time delay onwards, using combinations of
DASs and temperature-induced differential absorption (TDA)
spectra. Our findings demonstrate that the thermal contribu-
tion exhibits an increase by ∼55% in ∼250−400 ps and then a
decrease to ∼40% by ∼1 ns (see Scheme 1 for the sequence of
carrier cooling processes after photoexcitation and their
corresponding electronic and thermal contributions in the
spectral response). This behavior is related to the lattice
heating by carrier−phonon energy exchange, which increases
at early times and then decreases as cooling evolves in tens to
hundreds of ps. The experimental procedures are described in
the Supporting Information.

2. RESULTS
2.1. Steady-State Spectroscopy. The room temperature

steady-state absorption of a MAPbBr3 single crystal was
extracted by fitting the ellipsometry spectra measured at three
different angles (65, 70, and 75°). As depicted in Figure S2, a
distinct excitonic feature appears at ∼2.3 eV, along with
multiple absorption peaks at approximately 3.4, 3.8, and 4.45
eV. These features can be attributed to specific transitions
according to the calculated band structure diagram shown in
Figure S3 and are annotated in the absorption spectrum (see
also Note S1, Supporting Information). They are identified as
VB1 → CB1 at the R point, VB3 → CB1 at the R point, VB1
→ CB1 at the M point, and VB1 → CB1 at the X point,
respectively.36,37 Density functional theory (DFT) calculations

were performed using the generalized gradient approximation
(GGA) and Perdew−Burke−Ernzerhof (PBE) functionals. In
the band structure diagram, the excitation photon energy used
for both the visible and mid-to-deep-UV probes was fixed at
3.1 eV (400 nm) and is denoted by the blue arrow, while the
probed signals detectable by the broadband visible and mid-to-
deep-UV probes are represented by the yellow and red arrows,
respectively.

2.2. Visible Transient Absorption Spectroscopy. The
MAPbBr3 thin films were first probed in the visible spectral
region as a benchmark experiment, and the results are
consistent with reported transient responses.38−45 Figure 1a
shows the time−energy TA map of the MAPbBr3 perovskite
under 3.10 eV excitation, and Figure 1b shows the
corresponding spectral traces at different time delays. The
typical negative signal at the optical band gap (BG) around
∼2.35 eV and a broad, weak absorption signal on the higher-
energy side show up. Also, a weak positive signal promptly
appears at subpicosecond time scales on the lower-energy side
of the optical gap, which is attributed to band gap
renormalization (BGR). The origin of these transient signals
in the visible region has been extensively discussed
previously.38,39,46−48 It is worth noting that the negative peak
at 2.35 eV undergoes a red shift at early times, which can be
attributed to the interplay between the red shift due to BGR
and the blue shift resulting from the Burstein−Moss effect (see
Figures S4 and S5 for the normalized spectral traces and time
traces, Supporting Information).49 However, it has been
reported that under band edge excitation, inorganic perovskite
nanocrystals induce a transient blue shift attributed to polaron
formation on the 300 fs time scale.50,51

Given the complexity of the TA signal composition, it is
necessary to perform a global analysis that simultaneously
examines multiple kinetic traces recorded at different probe
energies, enabling the extraction of different signal components
at specific lifetimes. The global lifetime analysis (GLA) was
performed using a discrete sum-of-exponentials function35

Scheme 1. Carrier Cooling Processes and Their
Corresponding Electronic and Thermal Contributions in
the Spectral Responsea

aIn process (1), carrier−carrier scattering occurs immediately after
carrier generation, leading to a predominantly electronic TA signal.
Subsequently, the thermal response emerges with carrier−phonon
coupling, initiating the growth in processes (2) and (3) until ∼500 ps.
Afterward, the spectral thermal response diminishes and fades away
within a few nanoseconds, while the TA signal is dominated by
electronic contributions lasting tens to hundreds of nanoseconds.
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where the “τ”s represent the global lifetimes and the “A”s are
the amplitudes for each kinetic trace. The detected signals are
convoluted with the instrument response function (IRF),
which is modeled by a polynomial function52
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The time zero position at the central wavelength, λc, is given
by c0. GLA results in the so-called DAS, where the pre-
exponential amplitudes for each lifetime component are
plotted as a function of the probe wavelength, λpro. It is
worth noting that at very early delay times (sub-ps time scale),
the spectral red shift at the BG transition could yield an
orthogonal component resembling a derivative-like shape,
which serves as evidence for the BGR effect at the shortest
time scales.53,54 In the mid-to-long decay times, spectral
shifting primarily arises from the spectral overlap, influencing
the relative spectral weight of bands; nevertheless, this
phenomenon does not impact the outcomes of the GLA; in
fact, the GLA can effectively separate the overlapped spectral
contributions, as demonstrated later. Figure 1c displays the TA
map retrieved from the extracted DAS. They successfully
capture all of the spectral features observed in Figure 1a. The
residuals are presented in Figure S6. The resulting DASs are
associated with three different lifetimes (Figure 1d) corre-
sponding to the initial (subpicosecond), mid (∼45 ps), and
long-term (∼740 ps) evolution processes. DAS1 represents the
spectrum for the sub-ps lifetime component. It exhibits a
distinctive derivative-like shape that is positive on the low-

energy side and negative on the high-energy side, providing a
clear indication of BGR and, therefore, a pure electronic
response. Yet, accurately determining the early time scale of
BGR necessitates a more sophisticated lifetime density
distribution analysis, which is beyond the scope of this study.
DAS2 and DAS3, corresponding to longer lifetimes, exhibit
rather similar spectral profiles, and are analogous with the TA
spectral trace observed at longer delay times.

2.3. Mid-to-Deep-UV Transient Absorption Spectros-
copy. Figure 1e shows the time−energy TA map of the
MAPbBr3 perovskite probed in the UV spectral region,
recorded under pump conditions identical with those of the
visible probe experiments. The corresponding spectral traces
are shown in Figure 1f. The transients exhibit three
pronounced negative bands at approximately 3.4, 3.8, and
4.45 eV, accompanied by a positive signal at around 4.15 eV.
Just as in the visible range (Figure 1a), these signals arise
promptly and thereafter evolve differently and persist up to 1
ns, except for the 4.15 eV feature, which shows an
approximately 500 fs delayed rise (Figure S7). Additionally,
this feature shifts to lower energies by ∼85 meV from 1 to
1000 ps. Moreover, the ratio of the negative bands at ∼3.4 and
∼3.8 eV varies with delay, with the dominance of the ∼3.8 eV
band decreasing at later delay times. According to the band
assignments described in Figures S2 and S3, the features
observed at approximately 3.4, 3.8, and 4.45 eV coincide well
with the interband transitions at different R, M, and X
symmetry points, while the photoinduced absorption signal at
∼4.15 eV could result from symmetry breaking.55 Given that
the excitation photon energy falls below the edge energy of the
high-energy bands at the M and X points but exceeds the
energy gap at the R point, the negative signals observed at ∼3.8
eV (M point) and ∼4.45 eV (X point) exhibit distinct signal
rising behaviors compared to those at ∼3.4 eV (R point), as

Figure 1. Photoinduced transient responses in the MAPbBr3 perovskite probed in the visible and UV spectral regions. (a) Experimental TA time−
energy map probed in the visible spectral region. (b) Corresponding TA spectral traces at 0.2, 1, 10, 100, and 1000 ps, respectively. (c) Fitted TA
map obtained using global lifetime analysis. (d) DASs corresponding to the initial (subps), mid (∼45 ps), and long-term (∼740 ps) evolution
processes. (e) Experimental TA time−energy map probed in the mid-to-deep-UV spectral region. (f) Corresponding TA spectral traces at 1, 10,
100, 500, and 1000 ps, respectively. (g) Fitted TA map obtained using global lifetime analysis. (h) DASs corresponding to the initial (subps), mid
(∼35 ps), and long-term (∼800 ps) evolution processes.
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illustrated in Figure S8. These disparities suggest the
involvement of different mechanisms in the generation of the
TA signal, e.g., the negative signal at ∼3.4 eV can be attributed
to the accumulation of excess electrons at the bottom of the
CB at the R point, while the signals at ∼3.8 and ∼4.45 eV
might be affected by the redistribution of photoinduced
electron and hole populations. The global analysis of the
experimental data produces a fitted TA map in Figure 1g that
accurately reproduces the measured results (see the residuals
in Figure S9), and the resulting DASs are presented in Figure
1h. Interestingly, the DAS associated with the sub-picosecond
lifetime exhibits a derivative-like spectral response, similar to
DAS1 in the visible spectral region (Figure 1d). This suggests
the occurrence of a band edge renormalization effect of the
higher-energy band at the M symmetry point. The DAS2 and
DAS3 display similar profiles, but it is important to note the
different amplitude ratio of the ∼3.8 and ∼3.4 eV components,
as well as the red-shifted positive signal observed in DAS3,
which resembles the spectral traces at early and late delay
times, respectively. Taken together, these findings indicate that
the decay of the transients involves multiple kinetic
components that share similar spectral signatures.

2.4. Temperature-Dependent Spectra. To investigate
the thermal characteristics of the MAPbBr3 perovskite, a single
crystal was used as a benchmark material and subject to
heating using in situ VASE at temperatures ranging from 298
to 418 K in intervals of 15 K (Figure S10). The extracted
absorption coefficients and refractive indexes at each measured

temperature are shown in Figure 2a,c. Both quantities exhibit a
continuous decrease in intensity and a spectral blue shift,
which aligns well with DFT calculations of temperature (T)-
dependent BGs27,56 (Figure S11), where the lattice temper-
atures are simulated by varying the lattice parameters in
increments of 0.5, 1.0, 1.5, and 2.0%.
The spectral changes are better highlighted by subtracting

the absorption and refractive index values measured at high
temperatures from those at room temperature (298 K). The
resulting differential changes in the absorption (ΔA) and
refractive index (Δn) are plotted as a function of energy and
temperature in Figure 2b,d for the visible region and in Figure
2g,h for the UV spectral region. Remarkably, the T-induced
differential absorption (TDA) shows a response similar to the
photoexcited case in both low- and high-energy bands (Figure
S12), while the T-induced Δn exhibits a red-shifted spectral
feature (note the position of zero-crossing points) in both
regions, with an amplitude more than 1 order of magnitude
smaller than that of ΔA. These observations emphasize the
correlation between the behaviors under photoexcitation and
upon heating.

3. DISCUSSION
Based on the above, we compare the TA spectral traces at early
and late time scales (e.g., 0.6 and 200 ps), the DAS2 and DAS3
spectra, and the TDA at 373 K in Figure 3a,b for the visible
spectral region and in Figure 3c,d for the UV spectral region.

Figure 2. Thermal-induced responses in the MAPbBr3 perovskite in the visible and mid-to-deep-UV spectral regions. (a) Temperature-dependent
absorption in the visible spectral region extracted from VASE. (b) Differential absorption (ΔA) of MAPbBr3 in the visible spectral region, obtained
by subtracting the absorption measured at high temperatures from that at room temperature (298 K). (c) Temperature-dependent refractive index
in the visible spectral region. (d) Differential refractive index (Δn) in the visible spectral region, obtained by subtracting the refractive indexes
measured at high temperatures from that at room temperature (298 K). (g) Differential absorption (ΔA) of MAPbBr3 in the mid-to-deep-UV
spectral region. (h) Differential refractive index (Δn) in the mid-to-deep-UV spectral region.
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The TDA spectrum at 373 K was selected due to its close
resemblance to the transient spectra and an estimate of the
lattice temperature increase in photoexcited experiments
(Note S3). All spectra were rescaled for clarity. From Figure
3a,c, the DAS2 spectrum reflects the electronic component of
the TA signal well, and both the TA spectrum at 0.6 ps and
DAS2 differ from the TDA spectrum in terms of band
positions in both spectral regions. In Figure 3b,d, the TDA
spectra reflect better the overall spectral features of the
photoinduced spectra at 200 ps time delay, in terms of the sign
of the bands, their respective positions, and ratios, although
some deviations are also visible. The DAS3 spectrum, which
corresponds to the largest lifetime TA signal amplitude, also
exhibits a similar profile to the 200 ps TA trace and the TDA
spectrum at 373 K. These observations show that at long time
delays after photoexcitation, the TA spectral traces share
significant similarities with thermal responses. However, the T-
induced changes in the refractive index show a complete
misalignment with the spectral signatures observed in the TAs
(Figure S13), indicating that the thermal-induced responses in
the transmitted transient signal of MAPbBr3 are primarily
manifested as changes in the absorption coefficient rather than
the refractive index.
In order to reconstruct the photoinduced TA spectra by

utilizing the signal amplitudes at different delay stages, we
introduce two evolution parameters, m and n, which reflect the
spectral weights of the electronic and thermal contributions,
respectively. At early times following photoexcitation, thermal

effects are negligible, and the transient behavior can be
reproduced by combining DAS1 and m × DAS2 (shown on
the left sides of Figure S14a,b). We varied the value of m from
1 to 5 to simulate the relative increasing contribution from
DAS2 over time. As we move to the later stages, typically after
1 ps, the BGR, represented by DAS1, diminishes, allowing the
simulation of the complex spectral evolution in the long-term
component using 5 × DAS2 + n × DAS3. Here, we explored
values of n ranging from 1 to 15 (shown on the right sides of
Figure S14a,b). Remarkably, in both the visible and UV
spectral regions, the reconstructed differential absorption map
reproduced the experimental TA profiles well as their temporal
evolution. We chose m = 1.7 and n = 1 and 10 to represent the
early, intermediate, and long-term delay times, respectively.
The reconstructed absorption changes in Figure S15 (visible
region) and S16 (UV region) exhibit great similarities with the
TA spectral traces recorded at 100 fs, 1 ps, and 100 ps.
Notably, the positive features at ∼2.2 eV and the negative peak
variations at ∼3.4 and 3.8 eV were also accurately reproduced.
This enabled us to perform spectral response fitting at each
delay time, using different combinations of DASs. Since we are
interested in the contribution of thermal vs electronic effects,
we fitted the data from 1 ps onward, thus excluding the BGR
signal. The principal shape of the electronic signal is preserved
by DAS2, and the fitting procedure involved using a × DAS2 +
b × DAS3. Figures S17 and S18 depict the experimental and
fitted spectral traces in the visible and UV probe regions,
respectively, showcasing the remarkable consistency and

Figure 3. Comparison of photo- and thermal-induced spectral responses in the MAPbBr3 perovskite. (a) Visible spectral region. The comparison
comprises the transient spectral trace at 0.6 ps, the DAS2 spectrum, and the TDA spectrum at 373 K. (b) Visible spectral region, comprising the
transient spectral trace at 200 ps, the DAS3 spectrum, and the TDA spectrum at 373 K. (c) Mid-to-deep-UV spectral region, including the transient
spectral trace at 0.6 ps, the DAS2 spectrum, and the TDA spectrum at 373 K. (d) Mid-to-deep-UV spectral region, including the transient spectral
trace at 200 ps, the DAS3 spectrum, and the TDA spectrum at 373 K.
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reproducibility achieved through the GLA and spectral trace
fitting. This robust fitting approach serves as a basis for further
analysis, allowing for the replacement of DAS3 by the TDA
spectrum.
The revised fits using various ratios of combinations of

DAS2 and TDA (a × DAS2 + b × TDA) are shown in Figures
S19 and S20. We assume that the electronic and thermal
contributions to the transient amplitude are independent, the
thermal contributions to the TA signal are characterized by the
TDA spectrum, and its relative contribution is determined by
calculating b/(a + b) × 100%. In the fit of the visible-probed
spectral traces, the energy range was truncated at 2.25 eV to
ensure consistency with the TDA spectrum (as explained in
Note S4). The thermal contributions to the TA signal are
illustrated in Figure 4 for the low-energy BG transition in the

visible region and the high-energy interband transitions in the
UV region. At a 1 ps time delay, the thermal contribution to
the overall TA signal is approximately 15% (correspondingly,
the relative electronic contribution is ∼85%) in both the visible
and UV regions, gradually increasing to ∼55% at ∼500 ps.
Subsequently, it exhibits a decrease of ∼35−50% at 1 ns. This
temporal evolution, marked by an increase followed by a
decrease of the thermal contribution, can be qualitatively
modeled using two exponential functions with time constants
of 250 ± 40 ps (τ1) and 990 ± 200 ps (τ2) for the visible
region and 390 ± 20 ps (τ1) and 925 ± 185 ps (τ2) for the UV
region. The small discrepancy between the low- and high-
energy bands could be ascribed to different mechanisms
involved in generating the TA signal between the BG transition
and higher-energy interband transitions, such as Pauli blocking
at the BG (R symmetry point) and Coulomb screening in the
high-energy bands (M−R and Γ−X symmetry points). In the
low-energy band, despite the well-documented excitonic bleach
induced by band filling,57,58 Figure S21 demonstrates the
broadening of the width of the excitonic line shape with

increasing pump fluence, indicating the influence of screening
by photogenerated electrons at the BG transition. In Figure
S22, the differential absorption was reconstructed using a
method similar to that in Figure S14, but focusing on the mid-
to-long-term behavior and varying the value of n from 1 to 6
and 6 to 4. The corresponding relative electronic contributions
for different evolution numbers are also shown in Figure S22b,
providing a good simulation of the experimental absorption
difference changes with delay time. In summary, the probing in
the visible and UV spectral regions unambiguously reveals that
photoexcited charge carriers transfer their energy to the lattice
within the 200−400 ps time scale, followed by heat dissipation
that is seen in a decreasing relative thermal contribution on the
time scale of hundreds of picoseconds to nanoseconds.
From the above, it is evident that the spectral response of

photoexcited perovskite materials exhibits a substantial thermal
contribution. The energy exchange between photoexcited
charge carriers and the lattice within a sub-nanosecond time
window demonstrates a temporal evolution of the spectral
weight of the thermal component, characterized by an initial
increase followed by a subsequent decrease. Initially, there is a
continuous transfer of energy from electrons and holes to the
lattice, resulting in a progressive enhancement of the thermal
contribution to the overall TA signal over a time frame of
200−400 ps in both probed spectral regions. Subsequently, as
the thermal contribution fades away, the TA signal is
dominated by electronic contributions. This is due to the
fact that electronic relaxation, which mostly takes place via
radiative electron−hole recombination, occurs at much slower
rates of tens to hundreds of ns.59 However, it is important to
note that while the relative electronic/thermal contribution to
the overall TA signal increases/decreases at longer delay times,
both the electronic and thermal effects are in fact diminishing
as a function of the delay time.

4. CONCLUSIONS
In this study, we conducted broadband TA spectroscopy
spanning the visible to mid-to-deep-UV ranges on MAPbBr3
thin films as well as the temperature-dependent VASE and
DFT calculations. The use of deep-UV detection enables the
exploration of high-energy charge excitations around various
symmetry points within the BZ; thus, it opens a novel spectral
window and confers a significant advantage compared to
conventional visible to terahertz probes. Our investigation
reveals that the photoinduced spectral features possess a
significant thermal origin and cannot be attributed solely to
electronic effects. Furthermore, we disentangle the relative
weights of the thermal and electronic contributions and their
evolutions at different delay times using combinations of DAS
and TDA spectra. The results demonstrate that as electrons
and holes transfer their energy to the lattice, the thermal
contribution to the overall TA signal exhibit an initial increase
followed by a subsequent decrease behavior of spectral weight
as a function of time delay, i.e., initially increases from ∼15% at
1 ps to ∼55% at 500 ps but subsequently decreases to ∼35−
50% at 1 ns.
Gaining insights into such ultrafast energy transfer behavior

holds great potential for enhancing the photoelectronic
conversion efficiency in perovskite-based photovoltaic and
optoelectronic devices across diverse application scenarios.
This is particularly important for determining optimal
parameters based on the effective operational duration of
photogenerated electrons and holes, with the aim of max-

Figure 4. Relative thermal contributions in the TA signal. The
contributions of electronic and thermal effects in the TA signal were
quantified from 1 ps onward, where the BGR signals have completely
vanished. At 1 ps, the thermal contribution to the overall transient
signal is approximately 15% in both the visible and UV probe regions.
These contributions initially increase to ∼55% at 500 ps but
subsequently decrease to ∼35−50% at 1000 ps. The error bars
were determined based on the upper and lower limits of the fit values.
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imizing the utilization of charge carriers before their complete
energy dissipation into the lattice. Furthermore, the results
emphasize the necessity for caution when attributing the
spectral responses solely to the behavior of photogenerated
electrons and holes. Moreover, it is also imperative to consider
additional factors that can influence the energy transfer
process, such as the type of the perovskite material, sample
morphology, pump photon energy, and intensity. This calls for
further detailed experimental and theoretical investigations to
establish a standardized energy transfer rate profile under
various conditions for different perovskite materials. Such
endeavors will unravel the reasons behind the less than optimal
utilization efficiency of photogenerated charge carriers in
perovskite solar cell materials.
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