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Charge separation and many-body interactions at the interface of the light-absorbing semiconductor and
contact layer are of crucial importance to the photophysical properties and optoelectronic device performance.
Here, we report the exciton many-body interactions and charge transfer dynamics at the interface of metal halide
perovskite nanocrystals and graphene derivatives [graphene oxide (GO) and reduced GO (RGO)] using ultrafast
transient absorption (TA) and time-resolved photoluminescence (PL) measurements. At the early timescales,
the TA spectra of CsPbBr3/GO and CsPbBr3/RGO show an asymmetric derivative feature originating from the
exciton many-body interactions. The band gap renormalization and binding energies of exciton and biexciton of
CsPbBr3 nanocrystals are significantly reduced in CsPbBr3/GO(RGO) due to the charge transfer and change in
the dielectric environment, respectively. More specifically, the exciton (biexciton) binding energy of CsPbBr3

nanocrystals, originally 38 ± 2 (34 ± 1) meV, decreases to 27 ± 1 (22 ± 1) meV in CsPbBr3/RGO and 17 ± 1
(15 ± 1) meV in CsPbBr3/GO. Furthermore, we observe a reduction in the Auger recombination rate and exciton
PL quenching in CsPbBr3/GO and CsPbBr3/RGO, corroborating the charge transfer mechanism. Our systematic
studies successfully describe photoexcited charge transfer from CsPbBr3 nanocrystals to GO (RGO) in 7.0 ± 0.4
(4.2 ± 0.1) ps, which is one order of magnitude faster than the charge transfer for other acceptor materials such as
metal oxide, fullerene, anthraquinone, 1-aminopyrene, and phenothiazine. Our results offer insights and guidance
for perovskite-based high-performance optoelectronic devices.

DOI: 10.1103/PhysRevB.108.155417

I. INTRODUCTION

Lead halide perovskite nanocrystals (LHPNs) of the
general formula CsPbX3 (X = Cl, Br, or I) are a relatively
new class of low-dimensional semiconductors [1] that
have generated significant research interest due to their
exceptional potential in fundamental and device physics [2].
These nanocrystals (NCs) exhibit intriguing characteristics
reminiscent of molecular systems, with customizable-atom-
like features [3], strong band-edge exciton-photon coupling
[4], a remarkably high photoluminescence (PL) quantum yield
of near unity [1,5], and a unique exciton fine structure of fast-
decaying bright triplet states below the dark singlet state [6].
Their electronic structure is characterized by complex defect-
tolerant antibonding orbitals forming the valence band (VB)
maximum and conduction band (CB) minimum [7], resulting
in remarkably low trap densities (1010 cm−3) even when
synthesized at room temperature [8]. The defect-tolerant elec-
tronic structure of LHPNs is a key factor contributing to their
long lifetimes (∼7 ns) [9] and substantial diffusion lengths
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(∼10 µm) [10]. A recent study on strongly confined CsPbBr3

NCs reported PL from dark excitons with a microsecond life-
time [11]. As a consequence, these NCs have found versatile
applications in optical and optoelectronic devices, including
low-threshold lasing [12], light-emitting diodes [13], and solar
cells [14]. Recently, it has been demonstrated that the LHPNs
can host novel spin functionalities [6,15–19] due to the large
spin-orbit coupling that provides clean spin-selection rules to
optically prepare, manipulate, and measure the carrier spins
and their populations [19,20]. Since LHPNs can meet the
requirements of cost-effective synthesis protocols and easy
integration with semiconductor devices in the existing nano-
electronics technology framework, they are therefore foreseen
as the building blocks of next-generation semiconductor
technology.

Notably, the Coulomb interactions between the charge car-
riers in LHPNs are remarkably strong, which is reflected in
the high binding energies of the exciton (bound electron-hole
pair), the biexciton (bound exciton pair), and other high-order
exciton complexes such as the triexciton [18,21,22] similar to
conventional semiconductor NCs [23–25]. We have recently
demonstrated an unusually large Haynes factor (ratio of biex-
citon to exciton binding energy) of near unity in CsPbBr3
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NCs [18]. This remarkable result shows that the biexciton and
exciton binding energies can be tuned to more than 100 meV
by exploiting the quantum confinement effect [26], keeping
the Haynes factor at unity. Moreover, the Haynes factor in
LHPNs is found to be at least an order of magnitude larger
than that observed in conventional low-dimensional semicon-
ductors [18,27–29]. The enhanced Coulomb interactions due
to low-dimensional confinement in LHPNs have also resulted
in another intriguing effect known as band-gap renormaliza-
tion (BGR). This many-body effect describes the reduction of
the fundamental band gap with increasing free-carrier density
[30]. In addition to the conventional BGR, we have recently
demonstrated a giant spin-selective BGR of 57 ± 1 meV at
room temperature in LHPNs [19]. It is well established that
the strength of Coulomb interactions between charge carri-
ers is influenced by the surrounding dielectric environment
[31,32]. An increase in dielectric screening, for example,
can reduce the electron-hole or electron-electron interactions,
leading to a reduction in exciton and biexciton binding en-
ergies, thereby affecting the many-body interaction of the
system. Theoretically, this opens up a new degree of freedom
to engineer the exciton many-body interactions and the elec-
tronic band gap, which could have significant implications
for optoelectronic applications, including quantum informa-
tion processing and photovoltaic devices [19,33]. Analogous
effects have been observed in atomically thin transition metal
dichalcogenide heterostructures [34,35], and similar control
and tuning of exciton complexes are highly desirable in LH-
PNs due to their dominant role in the optical response. This
can also be achieved by optical carrier injection via ultrafast
laser pulses [36,37]. Since the excitonic complexes dominate
the optical response of LHPNs, the ability to control and tune
them is of crucial importance to optoelectronic applications
[38,39]. To this end, various methods have been explored,
such as modifying the chemical composition [1,40–42], ad-
justing the quantum size [43], and exploring shape effects
[44]. Nevertheless, interfaces between LHPNs and dielectric
media, including graphene derivatives such as graphene oxide
(GO) and reduced GO (RGO) [45–50], low-dimensional lay-
ered materials such as black phosphorus [51], Bi2O2Se [52],
and transition metal dichalcogenides [53–55], are regarded
as ideal platforms for studying charge transfer and associ-
ated changes in the optical response. Dielectric screening and
charge transfer lead to the formation of the space-charge re-
gion, giving rise to unprecedented device architectures that in-
clude highly efficient solar cells [46]. Nevertheless, most pre-
vious studies on these interfaces primarily focused on the syn-
thesis [45,47,48], charge transfer dynamics [48–50], and hot
carrier extraction [56,57]. Needless to say, the concept of con-
trolling the exciton and biexciton binding energy and many-
body interactions has so far not been successfully demon-
strated in the LHPN-dielectric interfaces, and furthermore, a
fundamental understanding of these interfaces is still lacking.

In this paper, we comprehensively investigate exciton
many-body interactions and charge transfer dynamics at the
interface of CsPbBr3/GO and CsPbBr3/RGO. Our studies
reveal a significant reduction in exciton and biexciton bind-
ing energies of CsPbBr3 NCs when interfaced with GO or
RGO, owing to the modification of the dielectric environment.
Furthermore, we observe a notable decrease in many-body

interactions, such as BGR and the Auger recombination rate
in CsPbBr3 NCs, which we attribute to the ultrafast charge
transfer occurring at the interfaces. Our systematic stud-
ies successfully describe photoexcited charge transfer from
CsPbBr3 NCs to GO (RGO), which occurs on an ultrafast
timescale of 7.0 ± 0.4 (4.2 ± 0.1) ps. Notably, this charge
transfer rate is one order of magnitude faster than that ob-
served in other interfaces [58–61]. Furthermore, our density
functional theory (DFT) calculations show strong electronic
coupling and charge transfer. Remarkably, the quenching of
excitons in CsPbBr3/GO and CsPbBr3/RGO, as observed
through PL and time-resolved PL measurements, concurs with
the charge transfer route.

II. SAMPLE PREPARATION AND PHYSICAL
CHARACTERIZATION

High-quality CsPbBr3 NCs and GO were synthesized
using the hot injection method and modified Hummer’s
method, respectively [62,63]. To obtain RGO from GO,
thermal treatment was employed. The wet chemical syn-
thesis was strategically designed based on a dispersible
template-based hot injection method [64] to fabricate strongly
coupled CsPbBr3/GO and CsPbBr3/RGO; see Supplemen-
tal Material (SM) for details and a depiction in Fig. S1
[65]. For characterizing the morphology of the synthesized
samples and confirming the presence of CsPbBr3 NCs on
graphene derivatives, high-resolution transmission electron
microscopy (HRTEM) was utilized. The obtained images in
Figs. S2(a)–S2(c) display the cubic morphology of CsPbBr3

NCs, CsPbBr3/GO, and CsPbBr3/RGO with an average edge
length of 11 ± 1 nm. The size distribution of CsPbBr3 NCs,
CsPbBr3/GO, and CsPbBr3/RGO can be observed in the size
histograms shown in Figs. S3(a)–S3(c) of the SM [65]. Fur-
thermore, the powder x-ray diffraction patterns of CsPbBr3

NCs, CsPbBr3/GO, and CsPbBr3/RGO (Fig. S4) provide ev-
idence for the formation of interfaces between CsPbBr3 NCs
and GO or RGO. Samples were dispersed in toluene for all
spectroscopic investigations reported in this paper.

III. RESULTS AND DISCUSSION

A. Coulomb engineering of exciton
and biexciton binding energy

The attractive Coulomb interaction between electrons and
holes leads to the formation of exciton states below the elec-
tronic band-gap energy Eg, and the difference between Eg and
the exciton resonance energy E0 defines the exciton binding
energy Eb. To get insight into Eb under different dielectric
backgrounds, we have recorded the optical absorption spec-
trum of CsPbBr3 NCs, CsPbBr3/GO, and CsPbBr3/RGO
[Figs. 1(a)–1(c)]. The nearly same absorbance of CsPbBr3,
CsPbBr3/RGO, and CsPbBr3/GO ensures the same concen-
tration of CsPbBr3 NCs in all samples. The spectrum consists
of a sharp exciton peak followed by a saturation due to con-
tinuum bands, which are separated by using Elliott’s model
[66] [Eq. (S1)] for the direct band-gap semiconductor (details
in the SM [65]). We obtained the Eb as 38 ± 2, 27 ± 1, and
17 ± 1 meV for CsPbBr3, CsPbBr3/RGO, and CsPbBr3/GO,
respectively. The blueshift in E0 along with the slight redshift
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FIG. 1. Ground state optical absorption spectrum and theoretical
fit using Elliott’s model for (a) CsPbBr3 NCs, (b) CsPbBr3/RGO,
and (c) CsPbBr3/GO. The exciton resonance and continuum absorp-
tions are depicted in green and blue, respectively. (d) Steady-state
PL spectra for 3.10 eV excitation energy. The gradual blueshift
of the PL peak (quenching of PL intensity) in CsPbBr3/GO and
CsPbBr3/RGO compared with CsPbBr3 NCs suggests the change
in dielectric environment (charge transfer).

in Eg (details in the SM [65], Table S1) of CsPbBr3/GO and
CsPbBr3/RGO compared with CsPbBr3 NCs results in an
overall reduction of the Eb, which is due to the screening
of the Coulomb interaction by the dielectric environment.
Furthermore, the dielectric constant of GO (∼104−106) is
greater than that of RGO (∼102−103), which screens the
Coulomb potential, resulting in the lower Eb in CsPbBr3/GO
compared with CsPbBr3/RGO [67–71]. Such type of behav-
ior has already been reported in various types of interfaces
[34,35]. To get further evidence of the blueshift of E0 with
the change in the dielectric environment, we have performed
the steady-state PL measurements by exciting the samples at
3.10 eV under ambient conditions, and corresponding results
are presented in Fig. 1(d). The exciton PL from CsPbBr3

NCs is centered at 2.420 ± 0.001 eV, which exhibits a full
width at half maximum (FWHM) of 95 ± 1 meV. In contrast,
in CsPbBr3/RGO, this PL blueshift is to 2.423 ± 0.001 eV,
with a FWHM of 97 ± 1 meV. Similarly, in the case of
CsPbBr3/GO, the PL shows a blueshift to 2.433 ± 0.003 eV,
with a FWHM of 102 ± 2 meV. This behavior is precisely
similar to the results that we have obtained from optical ab-
sorption measurements. Another important result we notice
is that there is a significant reduction in the PL intensity
of ∼59% (∼37%) for CsPbBr3/GO (CsPbBr3/RGO). Since
there is neither a new PL peak nor overlapping absorption, we
ruled out the energy transfer mechanism [49]. Therefore we
attribute the PL quenching to the photoexcited charge transfer
between the CsPbBr3 NCs and GO or RGO. This is in line
with the shifts of Eb and E0, as evidenced from the optical

absorption. Although GO and RGO are suitable acceptors,
the higher capacity of GO to consume more charges is due
to its oxidation state [72], leading to higher PL quenching of
CsPbBr3/GO.

The biexciton binding energy is determined through
spectrally resolved ultrafast transient absorption (TA) spec-
troscopy [73]. More details can be found in the SM [65].
Our experimental setup involved exciting the samples using
120-fs pulses centered at 3.10 eV, which is ∼700 meV higher
than the band-gap energy of the samples. The resulting change
in absorbance spectrum (�A = Ae − Ag), where A is the ab-
sorbance and subscripts e and g refer to the excited and ground
states, respectively, is measured using a probe pulse within
the photon energy of 2.1–2.8 eV. Since we excite the samples
with the above-band-gap-energy photons, the TA data have
contributions from both excitons and free carriers. Taking
this into consideration, we have modeled the TA data using
Eq. (1):

�A = �Aex + �AJDOS. (1)

Here, �Aex = B × Age
−(

x−E0−E ′
b

�0e
)2 − Age

−( x−E0
�0g

)2

and �AJDOS =
Ace (E ; Ec − �E , �c) [1 − f q

e (E ; Eq
f , Tc, �ce )]2 − Acg (E ; Ec,

�og ) due to the shift in the joint density of states (JDOS).
In these equations, B, Ag, E0, �0, E ′

b, Ec, Ac, �E , Eq
f , f q

e ,
�c, and Tc refer to the reduction in oscillator strength, the
amplitude of the ground state absorption, the exciton position,
the spectral width, the biexciton binding energy, the band gap,
the continuum contribution, the free-carrier-induced redshift,
the quasi-Fermi energy, the Fermi distribution function,
the spectral width of continuum, and the carrier temperature,
respectively. The subscripts e and g denote excited and ground
states, respectively. A systematic investigation was conducted
at different fluences to discern the contributions arising from
excitons and free carriers. Specifically, measurements were
performed well below the Mott density regime, where the
system predominantly exhibits excitonic characteristics, and
significantly above the Mott density, leading to a dominant
electron-hole plasma behavior.

Figures 2(a)–2(c) depict contour plots and cross sec-
tions of the TA signals for CsPbBr3 NCs, CsPbBr3/GO,
and CsPbBr3/RGO at a fluence of 25 µJ/cm2. At such low
fluence, the system is characterized by its excitonic nature,
with minimal contributions from the background BGR. The
observed asymmetric derivative feature is a consequence of
the Coulombic interaction between the optically excited hot
excitons and the probe excitons, causing a redshift in the
exciton resonance energy [74]. This is manifested in the TA
spectrum as an asymmetric derivative feature, i.e., a negative
signal (photobleach) at the exciton energy and photoinduced
absorption on the lower-energy side of the exciton [75].
We initially assume that the impact of state filling on the
band-edge signals is negligible during this early time, as the
low-energy states remain unoccupied. However, as the time
delay �t is increased, the pump-generated hot exciton loses
its excess energy and undergoes relaxation towards the band
edge, leading to the derivative feature’s disappearance, i.e.,
photoinduced absorption vanishes, and a bleach emerges at
the exciton position due to state filling. This contributes to the
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FIG. 2. Contour plots of the TA spectrum at 25 µJ/cm2 pump fluence for (a) CsPbBr3 NCs, (b) CsPbBr3/RGO, and (c) CsPbBr3/GO
interfaces, along with the corresponding cross sections at different probe delays. The solid black curves are the fits. Early-timescale kinetics
of the bleach and photoinduced absorption show a correlation between them for (d) CsPbBr3 NCs, (e) CsPbBr3/RGO, and (f) CsPbBr3/GO
interfaces. The solid curves represent the single exponential fit.

overall bleaching via Pauli blocking, and more importantly,
induced absorption is replaced by band-edge bleach.

To accurately model the TA spectrum during this stage, we
consider the excitonic contribution from Eq. (1), denoted as
�Aex. This enables us to extract the biexciton binding energy.
Further details can be found in the SM [65]. Notably, the
solid curves in Figs. 2(a)–2(c) correspond to the representa-
tive fits that match very well with the experimental data for
all samples. Our analysis reveals biexciton binding energies
of 15 ± 1, 22 ± 1, and 34 ± 1 meV for the CsPbBr3/GO,
CsPbBr3/RGO, and CsPbBr3 NCs, respectively [Figs. S5(a)–
S5(f)]. The observed reduction in the biexciton binding energy
at the interfaces can be attributed to the screening of the
Coulombic interactions, as supported by our optical absorp-
tion and PL measurements. The decreased availability of
carriers due to charge transfer may also contribute to this
effect.

We estimated the intraband cooling time from the decay
of the photoinduced absorption below the exciton resonance
position at ∼2.37 eV and the bleach buildup time at ∼2.44 eV
due to the state filling when carriers relax into the band

edges [Figs. 2(d)–2(f)]. The average values of the intraband
cooling time obtained from the single exponential fit of the
photoinduced absorption decay and bleach buildup time of
CsPbBr3/GO, CsPbBr3/RGO, and CsPbBr3 NCs are 0.35 ±
0.02, 0.48 ± 0.02, and 0.55 ± 0.01 ps, respectively.

B. Many-body interactions: Band-gap renormalization
and Auger recombination

After successfully demonstrating the TA features in the
excitonic regime, we next turned our attention to the nature
of the electron-hole plasma regime when the carrier density
is above the Mott density. As we increased the pump fluence,
the photobleach associated with the exciton transition expe-
rienced a blueshift and broadening as shown in the contour
plots in Figs. 3(a)–3(c), eventually causing the suppression
of the exciton resonance [Figs. 3(d)–3(f)], which indicates a
transition from an excitonic regime to an electron-hole plasma
regime. Additionally, we found that beyond a critical fluence
(474 µJ/cm2), the excitonic bleach saturation occurred, signi-
fying a Mott transition [Figs. 3(g)–3(i)].
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FIG. 3. Contour plots of the TA spectrum as a function of pump fluence showing the transition from an excitonic regime to an electron-hole
plasma regime in (a) CsPbBr3 NCs, (b) CsPbBr3/RGO, and (c) CsPbBr3/GO interfaces. The optical absorption spectra without (black) and
with (red) pump showing the suppression of exciton absorption of (d) CsPbBr3 NCs, (e) CsPbBr3/RGO, and (f) CsPbBr3/GO interfaces.
Variation of exciton bleach amplitude with pump fluence showing the saturation of bleach in the high-fluence regime of (g) CsPbBr3 NCs,
(h) CsPbBr3/RGO, and (i) CsPbBr3/GO interfaces. These observations highlight the Mott transition from excitonic regime to conducting
electron-hole plasma. The solid curves are guides to the eye.

To model TA at a higher excitation fluence and quanti-
tatively correlate the spectra with BGR, we employed the
�AJDOS component of Eq. (1). The initial state of the JDOS
with band-gap energy Eg (“JDOS initial”) is schematically
depicted in Figs. 4(a)–4(c), illustrating the carrier distribution
characterized by a high temperature Tc determined by (h̄ω −
Eg) and quasi-Fermi energy Eq

f describing carrier populations
in the VB and CB. Pump-induced excited carriers result in a
band-gap reduction, causing a redshift of the “JDOS initial”
[“JDOS shifted” in Figs. 4(a)–4(c)] and subsequently leading
to BGR. Carrier occupancy of the shifted JDOS is obtained by
multiplying with the Fermi distribution (“JDOS occupied”).
The TA spectrum corresponding to the continuum states,
as defined by Eq. (1), displays broad bleach and photoin-
duced absorption on both energy sides, higher (2.6–2.8 eV)
and lower (2.2–2.4 eV), as illustrated in the lower panels
of Figs. 4(a)–4(c). This provides a clear signature of BGR
driven by charge carrier accumulation. By fitting the cross-
section spectra at �t = 0.4 ps (Fig. S6), we calculated that the

BGR values of CsPbBr3, CsPbBr3/RGO, and CsPbBr3/GO
using Eq. (1) are 107 ± 4, 90 ± 3, and 70 ± 3 meV, respec-
tively. Remarkably, the pronounced reduction in BGR at the
interfaces suggests efficient charge transfer from CsPbBr3 to
GO or RGO, consistent with our earlier discussions. Consider-
ing the known scaling of BGR with n1/3 (where n is the carrier
density) [75], our results indicate that for a given pump flu-
ence, CsPbBr3/GO < CsPbBr3/RGO < CsPbBr3, highlight-
ing the superior charge acceptance capacity of GO compared
with RGO.

After demonstrating a significant reduction in BGR at the
interfaces due to charge transfer, we now turn our attention to
Auger recombination: a nonradiative recombination channel
in which the exciton transfers its energy to a third particle that
is reexcited to a higher energy state [38,75,76]. To estimate
the Auger recombination, we have compared TA decay curves
of CsPbBr3, CsPbBr3/RGO, and CsPbBr3/GO for different
pump fluences in Figs. S7(a)–S7(c). The faster bleach
recovery with increased excitation fluence can be associated
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FIG. 4. Joint density of states (JDOS) and quasi-Fermi level for (a) CsPbBr3 NCs, (b) CsPbBr3/RGO, and (c) CsPbBr3/GO interfaces.
The data are obtained from calculations using Eq. (1), and the lower panels represent the TA spectrum corresponding to the continuum states.

with the nonradiative Auger recombination process [38,76].
To elucidate the recombination mechanism and Auger rate
constants, we used the following rate equation [44,77]:

dn

dt
= −(C1n + C2n2 + C3n3), (2)

where C1, C2, and C3 are first-order, second-order, and
third-order rate constants, respectively. We find that the
recombination primarily follows a second-order process over
the entire range of excitation fluences [44]. Taking only the
square term of Eq. (2), the second-order rate constant can be
written as

n0

nt
− 1 = C2n0t, (3)

where n0 and nt are the initial carrier density and carrier
density at time t , respectively. The left-hand side of
Eq. (3) is plotted in Figs. 5(a)–5(c) as a function of
time for various pump fluences. From the slope of the
linear fit [Figs. 5(a)–5(c)] the second-order nonradiative
rate constants are calculated as (1.80 ± 0.01) × 10−6,
(1.71 ± 0.01) × 10−6, and (1.60 ± 0.01) × 10−6 cm−3/s for

CsPbBr3, CsPbBr3/RGO, and CsPbBr3/GO, respectively.
It is interesting to notice here that the Auger rate constant
reduces in the interfaces compared with CsPbBr3. The
possible reasons for the reduction of the Auger rate constant
in the interfaces are as follows: (i) An increase in dielectric
screening reduces the Coulomb interactions, and (ii) charge
transfer from the CsPbBr3 to GO or RGO increases the spatial
separation of carriers due to reduced carrier density.

C. Charge transfer

To unlock the charge transfer rate, we measured the PL
decay kinetics of CsPbBr3, CsPbBr3/RGO, and CsPbBr3/GO
at their respective emission maximum energy using time-
resolved [78] PL [Fig. 6(a)]. More details can be found in
SM Sec. S4. From the figure, it can be noticed that the decay
kinetics of CsPbBr3/GO is faster than those of CsPbBr3/RGO
and CsPbBr3. The respective PL maximum decay curves for
all samples presented in Fig. 6(a) are nicely fitted by a triex-
ponential function. The average lifetime for CsPbBr3 is 3.9 ±
0.1 ns, which is reduced to 3.2 ± 0.1 ns for CsPbBr3/RGO
and 2.6 ± 0.1 for CsPbBr3/GO. This reduction of lifetime

FIG. 5. Linear fit to the second-order rate equation at various fluences for (a) CsPbBr3 NCs, (b) CsPbBr3/RGO, and (c) CsPbBr3/GO
interfaces, with solid lines representing the fitted experimental data.
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FIG. 6. (a) Normalized time-resolved PL decay kinetics of CsPbBr3 NCs, CsPbBr3/GO, and CsPbBr3/RGO at their respective emission
maximum energies. PL decay is shown on a logarithmic scale. (b) and (c) Normalized TA decay kinetics at the bleach position for comparison
of CsPbBr3 NCs with CsPbBr3/RGO (b) and CsPbBr3/GO (c) interfaces at an excitation energy of 3.10 eV.

corroborates the charge transfer from CsPbBr3 to GO or
RGO due to strong interaction between them. This is well in
agreement with the reduction of exciton (biexciton) binding
energy, BGR, and suppression of Auger recombination. It is
crucial to show the band structure diagram of CsPbBr3/GO
and CsPbBr3/RGO to understand the charge transfer mecha-
nism. We have presented a schematic of the band alignment
of CsPbBr3/GO and CsPbBr3/RGO in Fig. S8. As shown
in the figure, the VB maximum and CB minimum exist in
two different materials for CsPbBr3/GO, showing a type-II
[62,79] band alignment. On the other hand, CsPbBr3/RGO
shows a type-I band alignment [62,80], where the VB max-
imum and CB minimum of RGO lie inside the bands of

FIG. 7. Charge density difference plots at the interfaces.
(a) CsPbBr3/GO and (b) CsPbBr3/RGO. (c) Charge density along
the z axis. (d) Charge density difference along the z axis.

CsPbBr3 NCs. Both the band alignments indicate that the
charge is transferred from CsPbBr3 to GO or RGO. Since
charge transfer is an ultrafast process, our time-resolved PL
has a poor response at picosecond timescales; for instance,
the response function of our instrument is ∼100 ps. To get in-
sight into the charge transfer time constant, we have analyzed
the kinetic profile of the exciton bleach recovery from 1 to
1600 ps of CsPbBr3/GO, and CsPbBr3/RGO, and CsPbBr3 in
Figs. 6(b) and 6(c) at a fluence of 25 µJ/cm2. We have selected
this time window since, by this time, the hot carriers are
thermalized to the band edge. The three time constants τ1, τ2,
and τ3 have the values τ1 = 7.0 ± 0.4 ps, τ2 = 47 ± 6 ps, and
τ3 = 1240 ± 19 ps for CsPbBr3/GO and τ1 = 4.2 ± 0.1 ps,
τ2 = 40 ± 3 ps, and τ3 = 1220 ± 22 ps for CsPbBr3/RGO.
Based on previous reports, we have associated τ2 and τ3 with
nonradiative Auger recombination and exciton radiative re-
combination [80,81]. Similar values of τ2 and τ3 (τ2 = 33 ± 4
ps, τ3 = 1213 ± 21 ps) are noted for CsPbBr3. Notably, the
incorporation of GO or RGO into CsPbBr3 NCs led to the
emergence of an interesting, additional short recovery chan-
nel, denoted as τ1. This τ1 recovery channel in CsPbBr3/GO
(CsPbBr3/RGO) is attributed to the efficient charge transfer
from CsPbBr3 to GO (RGO) with time constants of 7.0 ± 0.4
(4.2 ± 0.1) ps.

D. Charge transfer between CsPbBr3 and GO or RGO using
first-principles calculation and Bader charge analysis

We have investigated the CsPbBr3/GO (CsPbBr3/RGO)
interface to understand the doping behavior and charge
transfer mechanism between CsPbBr3 and GO (RGO). First,
we prepared the interface with CsPbBr3 on top of GO (RGO),
after stacking a 2 × 2 × 1 supercell of CsPbBr3, space group
Pm3m̄, with a 5 × 5 × 1 supercell of GO (RGO). Details are
in Refs. [65,81,82]. The GO or RGO structure was formed
by varying concentrations of hydroxyl (OH) and carboxyl
(COOH) functional ligands [83]. Finally, the construction of
the interface was done by stacking these two layers using
the coincidence site lattice (CSL) method, as implemented
in the ATOMISTIC TOOLKIT 15.1 package [84]. The details
of the CSL method are discussed in earlier reports [83,85].
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Here, the mutual strain is minimized by varying the relative
rotational angle between these two layers in increments of 1◦.
In all of our calculations, the minimized mutual strain is less
than 5%, while the mutual rotational angle between the two
surfaces is ∼20◦. The electronic structures of CsPbBr3/GO
and CsPbBr3/RGO have been investigated thoroughly using
first-principles DFT calculations. CsPbBr3 shows a band gap
of ∼2.23 eV, as shown in Fig. S9, which is consistent with our
experimental results. The VB maximum of CsPbBr3 mainly
consists of the Br 4p state, whereas the CB minimum consists
of Pb 5d states. On the other hand, GO and RGO show heavily
hybridized O 2p and C 2p states near the VB maximum or CB
minimum (Fig. S9). At the CsPbBr3/GO and CsPbBr3/RGO
interfaces, geometric distortions and interlayer charge transfer
lead to the generation of gap states within the VB maximum
and CB minimum of CsPbBr3. In the CsPbBr3/GO and
CsPbBr3/RGO interfaces, Pb 5d states have undergone a shift
from +2 eV to approximately −0.3 eV (Fig. S10), keeping
the 4p states of Br intact. The corresponding atom-projected
band structures are shown in Fig. S11. The charge density
difference of these systems is depicted in Figs. 7(a) and 7(b).
There is a significant charge imbalance around the interface,
revealing the change transfer activity between CsPbBr3 and
GO or RGO. Figures 7(c) and 7(d) show the charge density
and charge density difference for both interfaces, respectively,
along the z axis. The dissimilar nature of the charge along
the z axis of the CsPbBr3/GO and CsPbBr3/RGO interfaces
indicates the different doping characteristics. To quantify the
charge transfer from CsPbBr3 to GO or RGO, we performed
Bader charge analysis, as shown in Table S2. From there,
we have observed that in the CsPbBr3/GO system, there is
a loss of electrons for the GO layer, which are transferred to
CsPbBr3 due to the formation of the interface. Therefore, in
the interfacial system, holes are transferred from CsPbBr3 to
GO, indicating a p-type doping of the GO layer. On the other
hand, for the CsPbBr3/RGO system, the RGO layer acquires
electrons from the CsPbBr3 layer, revealing an electron

transfer from CsPbBr3 to RGO and thus an n-type doping.
These results are consistent with our experimental findings.

IV. CONCLUSION

In conclusion, our findings not only provide a comprehen-
sive understanding of the many-body interactions, including
the biexciton shift, BGR, and Auger process, but also ex-
plain the charge transfer dynamics in CsPbBr3/GO and
CsPbBr3/RGO interfaces. TA measurements reveal that the
change in the dielectric environment and the charge transfer at
the interfaces lead to the reduction of the exciton and biexciton
binding energies and the reduction of the BGR, respectively.
Furthermore, our TA measurements demonstrate charge trans-
fer from CsPbBr3 to GO (RGO) in 7.0 ± 0.4 (4.2 ± 0.1) ps,
which is an order of magnitude faster than previously reported
other acceptor layers. These results indicate that GO or RGO
can serve as an excellent acceptor and can be utilized as a
transparent conducting layer material. Overall, our systematic
studies provide a future direction for developing advanced
perovskite-based interface designs for several optoelectronic
and photovoltaic applications.
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