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ABSTRACT: Optical modulation is the process of modifying the structure
and elemental composition of materials so that the main optical parameters,
including amplitude, frequency, and phase, are changed. Currently, much
research attention has been directed toward ultrafast dynamics, but the process
of modulation is often complex. To simplify the optical modulation process
and improve the optical properties of perovskites for semiconductor quantum
dot (QD) lasers, the process and physical mechanism underlying graphene QD
ultrafast modulation of the optical properties of perovskite CsPbBr3 QDs were
investigated. The typical cubic structure and square shape of CsPbBr3 QDs
were characterized by transmission electron microscopy and X-ray diffraction,
respectively. A luminescent peak centered near 540 nm and Stokes shift of
21.34 nm of CsPbBr3 QDs without graphene QDs were measured by
absorption and photoluminescence spectroscopy. A maximum modulation
shift of 133 nm and a modulation depth of 900% were achieved in CsPbBr3 with graphene. The results indicated that graphene QDs
had the best modulation effect on perovskites when the drop volume was 0.05 mL. The process of ultrafast optical modulation via
graphene QDs occurring within 1 ps was confirmed by the transient absorption spectrum. The modulation mechanism of graphene
to perovskites is presented for guidance. This paper can be used as a reference for the optical modulation of perovskite materials.

1. INTRODUCTION

Perovskite materials such as CsPbBr3 have great application
prospects in the active medium of lasers due to their low
density of band-to-band defects, long carrier diffusion distance,
high light absorption efficiency, and high luminous effi-
ciency.1−4 The inorganic perovskite quantum dots (QDs)
have attracted attention because of their high quantum yield,
large photon absorption cross section, and regulable
fluorescence wavelength and have great potential as laser
gain media.5−7 Thus, many research studies have been
performed in this field. A very low threshold and stable
spontaneous emission amplification optical gain characteristics
of perovskites were confirmed,8 which exhibited a tunable laser
wavelength with changes to the halogen component. Addi-
tionally, high Q-value laser emission was realized using hybrid
triangular and hexagonal perovskite materials.9 As reported in
ref 10, high-intensity laser emission was obtained using a metal
mirror resonator structure, and the pump light in the visible
region was converted into a near-infrared laser with a
conversion efficiency of up to 70%. Although the existing
research has made many breakthroughs, the luminescent
properties of many perovskite QDs are still not satisfactory for
application. The narrow luminescence spectrum and low
intensity can be considered as the obstacles to use in QD

lasers. Modulation of optical properties for perovskites is the
effective way to solve the problem.
At present, there are three methods used for the optical

modulation of QDs, including the microstructure alterations,
concentration changes, and doping modifications.11−14 Specif-
ically, the modification of the material microstructure to obtain
different optical properties is called microstructural modifica-
tion. However, this method is difficult to execute, expensive,
and unstable with respect to the optical properties achieved.
The method involving changes in concentration is a common
way to modulate the optical properties of materials, but this
method can only translate the spectrum (blue shift or red shift)
and not change the intensity. Doping modification is the
method of mixing particles or QD solutions with original
materials to obtain optically modulated properties. As reported
in ref 15, a bilateral interface modification to perovskites by
doping room-temperature-synthesized CsPbBr3 nanocrystals
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occurs, which effectively suppresses the defect at the SnO2/
perovskite interface and boosts the interfacial electron
transport. In fact, the change in surface structure will eventually
affect the change in microproperties of materials, such as Auger
recombination. As reported in ref 16, an adjustment of the
Auger recombination rate of materials through 2D iodide-
perovskite nanoplatelets is seen. These studies suggest that the
method of doping modification is simple, efficient, inexpensive,
and flexible. In addition, different material solutions can be
prepared according to different requirements and expectations.
As such, we sought to employ this method to modulate the
optical properties of perovskite QDs.
Graphene has been widely studied in academia and industry

due to its excellent mechanical properties, ultrahigh thermal
conductivity, carrier mobility, ultra-wideband optical response
spectrum, and strong nonlinear optical properties.17−19 At
present, the interaction between light and graphene is a
prominent research field due to the unique optical properties.
Recent studies showed that the interaction between graphene
and light was enhanced by surface plasmon resonance,20−22

illustrating that the influence of graphene on light is complex
and that there are many areas for further research on this topic.
In this work, an ultrasimple method for optical modulation is

presented. We used graphene QDs to modulate the optical
properties of perovskite QDs by attachment and achieving
improved luminescence. The optical modulation ability of
graphene is subsequently evaluated. In addition, the micro-
structure, absorption and fluorescence spectra, transient
absorption (TA) behavior, and morphological characteristics
are investigated. The results obtained can provide a reference
for the optical properties of graphene and the modulation of
optical properties.

2. EXPERIMENTAL SECTION
The CsPbBr3 QD material synthesis adopted the method of
hot injection, which can be seen in our previous work.4 The
concentrations of CsPbBr3 and graphene were 3 and 1 mg/mL,
respectively. The preparation of graphene-modulated perov-
skite-mixed QDs is divided into five steps. SiO2 was selected as
the substrate (Figure 1a). The dispersion with 0.05−0.15 mL
of graphene QDs was dropped onto the substrate (Figure 1b).
The sample was dried in air for 2−3 h until the deionized
water in the graphene solution was completely evaporated

(Figure 1c). The 1 mL CsPbBr3 QD dispersion was then
dropped on top of the layer of dried graphene QDs (Figure
1d). It is important to note that the samples had to be tested
immediately after drop-coating; otherwise, the material failed.
The microstructure of the mixed QDs in the graphene-

modulated perovskite was analyzed by X-ray diffraction (XRD,
Bruker D8 Advance). The morphology of the QDs was
visualized by transmission electron microscopy (JEM 2100).
The absorption spectra were measured using a spectrometer
(HITACHI U-4100). Photoluminescence (PL) was obtained
by fluorescence spectroscopy (NIR512). The 355 nm pulsed
laser was selected as excitation light for the PL test, which
came from the NdYAG laser (spectral physics, 10 ns pulse
width, and 30 Hz repetition frequency). The laser was focused
on the sample, and the fluorescence was measured by the
optical fiber probe of the spectrometer. TA was determined by
a femtosecond laser (spectral physics, 800 nm excitation, and
150 fs pulse width). The measurement method of TA was
reflective type. After the laser comes out, it passed through the
broadband mirror and laser beam splitter in the reflective
optical path and finally reached the sample pool. An aperture
behind the sample pool was placed, and finally, a spectrometer
for measurement was set.

3. RESULTS AND DISCUSSION
The TEM image of the CsPbBr3 NPs is shown in Figure 2a. As
seen in the image, the QDs form clusters in different areas. To
observe the morphology and structure of these clusters more
clearly, some of them were imaged at a higher magnification, as
shown in Figure 2b. The perovskite QDs exhibit regular and
uniform square shapes. The structure of the QDs can be clearly
seen in Figure 2d. The ordered crystal structure was confirmed
by TEM. The interatomic spacing was determined to be 5.68 Å
using the calibration tool of the test equipment. However, the
crystalline peaks were very weak in the XRD measurement.
The samples were measured many times by XRD. The Br
content was both increased and decreased, but the results were
consistent.
This result can be explained by the concentration of the

dispersion and the lifetime of QDs. The concentration of QD
solutions is usually relatively low, which is a challenge for some
QD tests. Thus, to make an accurate and reproducible
measurement, it is necessary to control the instrument
operation and cooperation with related instruments accurately.
Although we do not have this measurement condition or
feasibility to perform this operation in terms of XRD at present
and the XRD signal is weak, the results show that the QDs are
cubic. The typical cubic structure of the perovskite is
confirmed based on both TEM and XRD observations. The
structure is shown in Figure 2f. The Cs atoms occupy the four
corners of the cube, the Br atoms occupy the face centers of
the cube, and the Pb atom is located at the center of the unit
cell. The relationship between the thickness of the graphene
QD layer and their concentration is displayed in the Figure 2g.
During preparation, 0.10 mL of graphene was dripped after
0.05 mL of graphene dried. Thus, the thickness of 0.10 mL is
equivalent to the thickness of two layers of 0.05 mL. The size
distribution of perovskite QDs is displayed in Figure 2h. The
size of perovskite QDs is mainly in the range of 8−10 nm
(59.2%), which represents the average size of CsPbBr3 QDs
prepared in this experiment.
The PL spectrum of CsPbBr3 QDs without graphene is

shown in Figure 3a. The results of 500−580 nm with the

Figure 1. Preparation process for CsPbBr3 and graphene-mixed QDs.
(a) Substrate; (b) drop-coated graphene QD solution; (c) drying with
air; (d) drop-coated perovskite QD solution; and (e) final mixed QD
film.
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central peak near 540 nm luminescence are observed. The
inset plot illustrates that the intensity of the PL peak increases
with increasing pump power. However, the PL peak intensity
changes dramatically as the pump power increases from 2.02 to
2.94 mW. This phenomenon can be explained by the unique
energy level structure of perovskite QDs. There is a quasi-
continuous discrete quantum energy level structure due to the
quantum confinement effect, and carriers can be excited from
the ground state to the excited state. In other words,
fluorescence is produced through three processes. These

processes include the carrier being excited from the ground
state to different higher energy levels, the carrier relaxing to the
lower surface defect energy level, and the carrier transitioning
from the defect energy level to the ground state. When the
excitation power is small, only a few carriers can absorb the
energy needed for the transition. Most carriers in the quasi-
transition state after absorbing energy are found. As the
excitation power increases to the critical value, most of the
carriers in the quasi-transition state absorb additional energy.
This leads to a large-scale transition and sudden increase in the
fluorescence peak intensity. The absorption spectrum of the
material is also shown in Figure 3 by an orange line. The
Stokes shift was determined to be 21.34 nm by calculating the
difference between the absorption peak and the fluorescence
peak, which is close to the value reported previously.4,23 When
the dose of graphene QDs is small (<0.04 mL), it has no effect
on perovskites because too little QD dose makes the amount of
photon transfer very small, based on past experience and this
result. Meanwhile, when the dose of graphene QDs is relevant
large (>0.06 mL), the fluorescence quenching will occur, which
is the result of a large number of graphene electron collisions,
see Figure 3b. In short, a specific dose of graphene will produce
optical modulation.
The absorption spectrum of CsPbBr3 QDs with graphene

modulation is shown in Figure 4a. After graphene QD doping,
a blue shift occurred in the absorption spectrum comparing
CsPbBr3. The reason for this change can be explained by the
quantum size effect caused by the QD surface effect.24−26 After
being added, the graphene adheres to the surface of the
perovskite because of the QD cluster effect, which leads to an
increase in the specific surface area of QDs. Furthermore, the
change in particle size of QDs with graphene is generated due
to the increasing specific surface area. According to the
quantum threshold limiting effect, the absorption spectrum of
QDs will shift with changing QD size.

Figure 2. Morphology and structure of CsPbBr3 QDs. (a−d) TEM images of CsPbBr3 NPs; (e) XRD patterns for CsPbBr3 QDs; (f) schematic of
the cubic perovskite unit cell; (g) relationship between thickness of the graphene QD layer with their concentration; (h) size distribution of
perovskite QDs.

Figure 3. PL and absorption spectrum of CsPbBr3 QDs with and
without graphene. (a) PL (multicolor) and absorption (orange)
spectra of CsPbBr3 QDs without graphene. Inset plot: the relationship
between PL intensity and pumping power; (b) PL spectrum with
different graphene concentrations.
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The PL spectra of CsPbBr3 with different volume additions
of graphene QDs are presented in Figure 4b. The PL peak
position at 540 nm for the perovskite CsPbBr3 QDs without
graphene is represented by an orange line. In this experiment,
different concentrations (0.05, 0.10, and 0.15 mL) of graphene
QDs were mixed into perovskite QDs. When the graphene
volume is 0.15 mL, graphene QDs do not show optical
modulation and instead exhibit a matting effect characterized
by greatly decreased fluorescence intensity. When the volume
of graphene QDs is reduced to 0.10 mL, the result shows a
reverse modulation effect on the perovskite QDs. The
fluorescence intensity of the material is reduced to half.
Under these two conditions, the light modulation of graphene
is not confirmed. Thus, the concentration of graphene was
further reduced. Graphene shows a complete optical
modulation effect on perovskite QDs when the volume of
graphene QDs introduced is adjusted to 0.05 mL. The
fluorescence is expanded from one peak to four, with peaks
present at 407, 431, 459, and 496 nm. To explain the effect of
optical modulation more clearly, the differences in peak
positions (wavelengths) before and after modulation are
defined as modulation shifts. Additionally, the modulation
depth that expresses the intensity difference before and after
modulation was determined. The largest transverse modulation
shift is 133 nm, and the smallest is 42 nm. The intensity of the
fluorescence peak increases by 900% for the maximum
longitudinal modulation amplitude. In summary, the results
of the PL spectra demonstrate that perovskite CsPbBr3 QDs
are best modulated when the volume of introduced graphene is
0.05 mL.
To confirm the accuracy of the results demonstrated above

and the energy level structure model, TA spectra were
recorded. The TA spectra of the perovskite CsPbBr3 without
graphene are presented in Figure 5a. The spectra show that
ground-state bleaching and stimulated emission are seen in the
same range due to the small Stokes shifts (20−40 nm), which
is consistent with the result (21.34 nm) obtained from the
absorption and PL spectra of CsPbBr3. The TA and
fluorescence processes in the perovskite are observed during
4000 ps in a wavelength of 535 nm, which shows good
absorption and fluorescence properties. Importantly, a signal
with ΔA > 0, namely, the excited-state absorption (ESA)
signal, is found at 500 nm, which illustrates that the excited
particles at 500 nm can absorb some light that the particles in
the ground state cannot, leading to their excitation to a higher
energy level.27,28 Meanwhile, the TA spectra in Figure 5b also

show the corresponding stimulated emission (SE) at 500 nm
after graphene modulation. However, it is detected that the SE
process lasts only for 100 ps, which is similar to that observed
for ESA. Thus, this process can be described as the up/down
conversion of perovskite excitons. TA spectra confirmed the
ESA signal of the perovskite exciton at 500 nm. However, the
ESA signal is converted into an SE signal after graphene
modulation. This indicates that the exciton that was originally
attributed to the perovskite continues to absorb energy and is
converted to release energy under the influence of the
graphene energy level. The converted exciton produces 496
nm SE radiation. This is consistent with the steady-state
fluorescence spectrum of the material. It also proves that the
modulated energy level structure model for perovskites with
graphene QDs is reasonable and accurate. Excitonic bleaching
dynamics (monitored at 540 nm) with and without graphene
are shown in Figure 5c. The bleach recovery dynamics of
CsPbBr3 QDs with and without graphene at shorter time scales
(1 ps in the complex and 2 ps in CsPbBr3) along with the
absolute bleach amplitude are shown. This process confirms
the ultrafast optical modulation (1 ps) of perovskites by
graphene. The response to longer delay times is displayed in
Figure 5d. Figure 5c,d shows that the optical response speed of
the material increases after graphene modulation. Figure 5e
indicates that the material can obtain maximum absorption
when the amount of graphene present is low, which is
consistent with the results of the steady-state fluorescence
spectrum.
The process of modulation is depicted in Figure 6a.

Modulation characteristics are not produced as perovskites
and graphene are separated. Then, the graphene QDs are
adsorbed to perovskite QDs after the two QD solutions mixed.
Thus, the energy level interaction will be generated. The
reason for stokes shift modulation is as follows: the energy
levels of graphene QDs and perovskite QDs cross, and a new
energy level transition is generated, so a new wavelength
radiation appears. In other words, the reason of Stokes
modulation is the interactive transition of energy levels. The
reason for depth modulation is as follows: some electrons in
graphene will transition to the original radiation level of
perovskites, which enhances the original radiation and
modulates the depth. To illustrate the mechanism by which
graphene optically modulates perovskites, the energy levels of
mixed perovskites and graphene QDs are established, as shown
in Figure 6b. The reason for the disappearance of the
perovskite PL peak at 540 nm after modulation can be

Figure 4. Absorption and PL spectra of CsPbBr3 QDs with graphene. (a) Absorption spectrum of CsPbBr3 QDs with and without graphene; (b)
PL spectra of CsPbBr3 QDs with graphene in the range of 350−650 nm.
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explained by fluorescence quenching.29,30 Fluorescence
quenching is a process in which molecules with fluorescent
characteristics interact with other molecules, resulting in
fluorescence being suppressed. Under normal conditions, the
electrons in the fluorescent molecules interacting with light in
the ground state are excited to a higher energy level. At the
same time, the electrons in the excited state are unstable, and
they relax to the fluorescence emission level, which generates

radiation. When the quenching agent interacts with the
fluorescent molecule, a new quenching energy level is formed.
The energy of this level is lower than that of the fluorescence
energy level of the fluorescent molecule. In this case, the
electrons in the excited state will not relax to the original
fluorescence energy level but are captured by the quenching
energy level before relaxing to the ground state in a
nonradiative transition. Here, we believe that there is a

Figure 5. TA spectra at the indicated delay times following 365 nm excitation of the perovskite with and without graphene. (a) CsPbBr3; (b)
CsPbBr3+Graphene; (c) delay time with ΔA in the range of 0−5 ps; (d) delay time with ΔA in the range of 0−4000 ps; (e) delay time with ΔA in
the range of 0−200 ps for different volumes of introduced graphene.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01310
ACS Omega 2022, 7, 19606−19613

19610

https://pubs.acs.org/doi/10.1021/acsomega.2c01310?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01310?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01310?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01310?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reabsorption-amplified spontaneous emission (ASE) conver-
sion process occurring in samples. After absorbing the pump
light, the sample transitions to the excited state, and the
particles in the excited state absorb some light that cannot be
absorbed by particles in the ground state. Thus, the particles in
the excited state are further excited to a higher energy level.31

Therefore, the 540 nm fluorescence peak disappears, and the
496 nm fluorescence peak is generated. In addition, the
modulation must result from the interaction between the
energy levels of graphene and perovskites. Through analysis of
the TA and fluorescence spectra, three characteristic
fluorescence states in the graphene QD system are observed.
The first state is an eigenstate emitting at 407 nm that is
excited by a 257 nm wavelength. The second state is a green
fluorescent state emitted at 431 nm which is excited by a 257
nm wavelength. The third state is a blue fluorescent state
emitted at 459 nm that is excited by a 342 nm wave-
length.32−35 The life and characteristics of the second and third
fluorescent states are similar to those of molecular-like states.
Therefore, graphene QDs contribute to the optical modulation
of perovskite QDs.

4. CONCLUSIONS

In this paper, an ultrasimple method of perovskite QDs
attached to graphene for optical modulation is presented. The
process and physical mechanism by which graphene QDs
modulate the optical properties of perovskite CsPbBr3 QDs
were investigated. The square shape and ordered crystal
structure of CsPbBr3 QDs were confirmed by TEM, and the
cubic structure of CsPbBr3 QDs was determined by XRD.
Thus, based on the results of TEM and XRD, the typical cubic
structure of perovskites was observed. A luminescent peak
centered near 540 nm and Stokes shift of 21.34 nm for
CsPbBr3 QDs were measured by absorption and PL spectros-
copy. Furthermore, a blue shift occurred in the absorption
spectrum of CsPbBr3 with graphene QDs when compared to
the absorption spectrum of CsPbBr3 without graphene QDs. A
maximum modulation shift of 133 nm and a modulation depth
of 900% were achieved by the PL spectrum. The concentration
of 0.05 mL of graphene QDs showed a better modulation
effect than others. Importantly, the energy level transition
model of graphene-modulated perovskite QDs was established,
which can be used as an explanation of the cause of
modulation. Finally, the accuracy of the results and the energy
level model was proven by TA measurements. The process of
ultrafast optical modulation by graphene QDs required only 1

Figure 6. Modulation mechanism of graphene to perovskites. (a) Process of Stokes shift and depth modulation. (b) Energy-level structure of
perovskites modulated by graphene. (SE: stimulated emission and ESA: excited-state absorption).
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ps. Finally, the modulation mechanism of graphene to
perovskites is presented for guidance. In conclusion, an
ultrasimple and ultrafast modulation method is proven in
this work. Certain concentrations of graphene QDs have an
effective modulation effect on the optical properties of
perovskite CsPbBr3 QDs, which is beneficial for the develop-
ment of perovskite QD lasers.
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