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ABSTRACT: The optical properties of graphene (Gr)-covered CsPbBr3 quantum dots 

(QDs) were studied by micro-photoluminescence (µPL). Compared with bare CsPbBr3 

QDs, the PL intensity of the Gr-covered CsPbBr3 QDs is enhanced dramatically, almost 

by three orders of magnitude. Density functional theory (DFT) calculations were 

performed to investigate the origin of the PL enhancement by considering different 

heterojunction models. For the bare CsPbBr3, contacting with Gr on the top side of the 

CsPbBr3 causes the Dirac point to appear at the center of the CsPbBr3 energy gap. For 

defective CsPbBr3 with predominantly halide vacancy defects, the surface defect states 

are passivated when they are covered by Gr. At the same time, the Gr is n-doped and 

corrugated by the defect passivation, whose plasmons possess an energy and 

momentum in resonance with the photo-generated excitons in the CsPbBr3. Our 

experimental and theoretical investigations reveal the vital role that a top contact of Gr 

has in producing dramatic PL enhancement of CsPbBr3 dot emission. 
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INTRODUCTION 

All inorganic lead halide perovskites (LHP) CsPbX3 (X = Cl, Br or I)1 have emerged as 

a promising material for a wide range of optoelectronic applications such as solar 

cells,2–4 light-emitting diodes,5 and photodetectors6 due to their higher stability 

compared to their organic-inorganic counterparts.7–9 CsPbBr3 has excellent 

optoelectronic properties, including an extremely high photoluminescence (PL) 

quantum yield, narrow emission bandwidth, and long carrier diffusion length and 

lifetime.10,11 Furthermore, its emission energy can be tuned from 2.29 eV to 2.53 eV by 

synthesizing it in various structures like bulk single crystals, thin films, nanocrystals 

(NCs), nanowires, and quantum dots (QDs).12–14 The origin of the emissions originates 

from a single exciton, lasing due to biexcitonic emission,15 cavity lasing from 

micro/nanowire,16 triplet excitonic emission,17 and superfluorescence.18 Using LHPs in 

heterojunctions is an effective way to improve their optoelectronic properties. In 

particular, a graphene (Gr) sheet with ultrahigh carrier mobility19 and wavelength 

independent light absorption20 has been hybridized with CsPbBr3 to improve its 

optoelectronic performance.6,21,22,23,24,25,26,27 Namely, enhanced visible light absorption 

was observed in CsPbBr3 NCs/Gr heterostructures.21,22 Interfacial energy level 

alignment of CsPbBr3 NCs/Gr junction facilitated electron transfer from the CsPbBr3 

light absorber to the Gr electron transport layer, resulted in strong PL quenching and 

improved photo response.6,21 In addition, it is well-known that surface defects can 

introduce non-radiative trap states in LHPs.28–30 Thus, the passivation of surface defects 



can significantly affect the PL properties. Research has been conducted on a variety of 

molecules with different functional groups to passivate surface defects in LHPs’.31 

Notably, it was shown that by encapsulating CsPbBr3 NCs with Gr, surface defect states 

generated by Pb vacancies were passivated, and the photoluminescence quantum yield 

(PLQY) was enhanced by a factor of seven.23 Another effective method to improve the 

quantum efficiency of optoelectronic heterojunctions is PL enhancement by the 

resonant excitation of surface plasmons.32–34 In particular, it has been reported that for 

Gr/semiconductor interfaces, Gr plasmons were resonantly activated by radiative 

recombination of electron-hole pairs from a semiconductor photo absorber. 

Consequently, Gr plasmons transformed into propagating photons through interaction 

with interface corrugations explaining the observed enhancement in PL.35–38  

Here, we report a dramatic enhancement of the PL intensity of Gr-covered CsPbBr3 

QDs compared to bare CsPbBr3 QDs. The origin of the PL enhancement was 

characterized by employing density functional theory (DFT) to calculate the electronic 

structure of the Gr/CsPbBr3/SiO2 heterosystem. The DFT calculation results revealed 

that the interfacial electrostatic potential barriers at the Gr/CsPbBr3 interface in the 

Gr/CsPbBr3/SiO2 heterosystem are high enough to prevent carrier leakage from the 

perovskite to the Gr layer leading to a high radiative recombination rate. This is in 

contrast to existing reports about CsPbBr3/Gr/SiO2 heterosystem whose radiative 

recombination rate suppressed due to the electron transfer from CsPbBr3 to Gr.  

 

RESULTS AND DISCUSSION 



The detailed crystal structure of the CsPbBr3 QDs was investigated using transmission 

electron microscopy (TEM). Figure 1 shows the TEM images of the CsPbBr3 QDs. The 

individual QDs tend to aggregate forming clusters of various sizes. Compared to 

previous reports for well-aligned CsPbBr3 QDs,39,40,41,42,43,44,45,46 our small QD clusters 

have a tetragonal shape with dimensions randomly distributed from ~10 to 20 nm, 

which suggests that the emission energy should show an ensemble effect arising from 

interacting QDs. 

 
Figure 1. a) Transmission electron microscopy images of CsPbBr3 QD clusters. b) High 
resolution transmission electron microscopy image of individual dots in a cluster. The 
QDs were ultra-sonicated for 10 min in toluene solution and then dispersed on the TEM 
grid.  

 

Figure 2 presents power-dependent PL spectra for bare CsPbBr3 QDs and Gr-covered 

CsPbBr3 QD clusters measured at 4.2 K. For the bare CsPbBr3 QDs, a single excitonic 

emission near 2.33 eV with a full width at half maximum (FWHM) of ~1.7 nm (~1.5 

meV) is observed at an excitation power of 10 µW. It should be noted that by increasing 

the excitation power, new blue-shifted emission lines appear. All the power-dependent 

emission peaks were fitted to extract physical parameters such as integrated intensity, 

FWHM, and emission energy. The integrated intensity of the specific emission line 



(marked red dots, L, in Figure 2a) shows an S shape behavior (Figure S1a), which is 

indicative of stimulated emission. Unlike the bare CsPbBr3 QDs, the PL spectra of the 

Gr-covered CsPbBr3 QDs show several emission peaks even at a very low excitation 

power of 2 nW. In addition, it shows a much brighter emissive response with high 

signal-to-noise ratio. At this level of pumping strength, no identifiable emission profile 

can be retrieved for the bare CsPbBr3 QDs. Also, no new emission peaks emerge and 

none of the original peaks show a blueshift below an excitation power of a few tens of 

µW. The integrated PL intensity of the Gr-covered CsPbBr3 QDs shows a linear 

dependence with excitation power (Figure S1b). Although no stimulated emission peak 

was observed in this case, the PL quantum efficiency was significantly enhanced. On 

the other hand, the PL intensity of the perovskite/Gr/SiO2 heterostructure is quenched 

(Figure S2), consistent with the previous reports.21,24 The enhanced PL intensity of the 

Gr-covered CsPbBr3 QDs could originate from the surface defect passivation, surface 

plasmon resonance effect, and Fermi energy (EF) band alignment etc.  

 
Figure 2. PL comparison between Gr-coated and uncoated CsPbBr3 QD clusters at 4.2 
K. a) Power-dependent µPL spectra measured for the bare CsPbBr3 QD cluster. Lasing 
is observed at high pumping fluence. b) Power-dependent µPL spectra taken for a Gr-
coated CsPbBr3 (Gr/CsPbBr3/SiO2) heterostructure clusters. Two distinguishable 
emission lines at 2.313 eV and 2.300 eV are present. With increasing pumping strength, 



the main emission evolves from the 2.300 eV peak towards the 2.313 eV peak.  
 

To investigate the origin of the PL intensity quenching, we explored the electronic 

structure of CsPbBr3/Gr/SiO2 heterostructure by performing the DFT calculations. The 

model structure is described in the methods section and is illustrated in Figure 3a and 

Figure S3a. According to the DFT calculation results, the CsPbBr3/Gr interface is 

stabilized through weak van der Waals interaction with an interlayer distance of 3.4 Å 

and binding energy of -0.03 eV per carbon atom (Eq. S1). The ground state electronic 

band structure of the CsPbBr3/Gr/SiO2 heterostructure is depicted (Figure 3a), where a 

perovskite symmetry slab with PbBr2 termination type is employed. The CsPbBr3 layer 

shows a direct band gap of 1.9 eV located at the Γ point. In addition, upon the formation 

of the CsPbBr3/Gr interface, electrons transfer from the CsPbBr3 to the Gr, indicating 

the n-doped character of Gr as evidenced by the Dirac point appearing below the EF 

level. Moreover, the Fermi level is strongly pinned to the perovskite’s valence band 

maximum (VBM). Therefore, under the illumination of the perovskite light absorber, 

electrons will readily transfer from the Gr layer to photo-generated empty states in the 

perovskite valance band. Consequently, the radiative recombination of photo-excited 

electron-hole pairs in perovskite will be suppressed, leading to PL quenching in 

CsPbBr3/Gr/SiO2 system, which is in agreement with previous reports21,24,25. The Fermi 

level pinning at the perovksite VBM is confirmed to appear when the PbBr2-terminated 

surface is in contact with Gr/SiO2, being independent of the terminal type of the 

opposite side (Figure S5b).  

We also modeled the Gr/CsPbBr3/SiO2 heterostructure (Figure 3b and Figure S3b) to 



determine the reason for the PL intensity enhancement. Like the CsPbBr3/Gr/SiO2 

heterostructure, the interfacial interaction at the Gr/CsPbBr3 junction is of van der 

Waals type with an interlayer distance of 3.3 Å and a binding energy of -0.03 eV per 

carbon atom (Eq. S2). The ground state electronic band structure of the 

Gr/CsPbBr3/SiO2 heterostructure is shown in Figure 3b. The CsPbBr3 layer exhibits a 

direct band gap of 1.80 eV at the Γ point, which is slightly reduced compared with 

CsPbBr3/Gr/SiO3 heterostructure, and Gr’s Dirac cone is located between the Γ and X 

points. Interacting with the SiO2 interface dipole increases the CsPbBr3 work function, 

leading to a downward shift of its VBM and CBM. This, in turn, enhances the interfacial 

electrostatic potential barrier for charge transfer at the graphene/CsPbBr3 interface 

which is evident by comparing the position of the perovskite’s VBM and CBM relative 

to the graphene Dirac point (Figure 3b). Furthermore, following the downshift of the 

perovskite energy levels, the interfacial orbital coupling at the Gr/CsPbBr3 interface is 

suppressed. Therefore, the formation of the Gr/CsPbBr3/SiO2 heterostructure does not 

result in charge transfer at the Gr/perovskite interface in its ground state, even for the 

other termination types of the perovskite layer (Figure S4d-f). Under illumination, the 

interfacial potential barriers are high enough to prevent carrier leakage from the 

perovskite layer resulting in the enhancement of radiative recombination compared to 

CsPbBr3/Gr/SiO2 heterostructure. Another possibility for explaining the PL 

enhancement could be associated with a surface stabilization effect via passivation. 

However, as we have shown in our previous work on passivation effects,23 although Gr 

can potentially mediate the surface tension to some extent due to the structural 



similarity between CsPbBr3 and MAPbBr3, it is not able to provide stable bonding (as 

Pb(OH)2),47 or as in the case of MAPbBr3 covered with Gr.23 The relatively smaller size 

of the Cs+ cation results in a less stable tetragonal or orthorhombic unit cell 

configuration; hence, the use of Gr cannot optimize the geometry.  

 

 
Figure 3. Calculated band structure of (a) CsPbBr3/Gr/SiO2 (inset: side view along [100] 

of the model heterostructure) (b) Gr/CsPbBr3/SiO2. For easier recognition of the 

CsPbBr3 band edges, the Pb bulk atom’s 6p orbital contribution is shown by black 

circles. (c) CsPbBr3 with a VBr surface defect (inset: side view along [100] of the top 4 

atomic layers of the model structure). (d) a defected CsPbBr3/Gr interface (inset: side 

view along the [100] interface model structure with a perovskite top 4 atomic layers). 

Red circles show the contribution of the under-coordinated Pb atom below the VBr site, 

and the carbon pz orbital contribution is indicated by green circles. In all band structures, 

the electronic transition between the CsPbBr3 band edges is indicated by the blue arrow. 

Gr’s Dirac point is indicated by the black arrow in (a), (b), and (d). Atomic color scheme: 

Cs (green), Pb (gray), Br (brown), Si (blue), O (red), H (pink), C (brown). 

 

The passivation of surface defects can significantly affect the PL properties of MHP 

nanostructures. Many researchers have investigated using a variety of molecules with 



different functional groups to passivate the MHPs’ surface defects31. In addition, it was 

shown that by encapsulating MHP NCs with Gr, surface defect states generated by Pb 

vacancies were passivated, and the PLQY was enhanced seven times23. Motivated by 

these findings, we explored the structural and electronic properties of a defected 

CsPbBr3 layer with and without Gr on its surface. Since a Br vacancy (VBr) is reported 

to be the predominant defect in CsPbBr3 perovskites,48,49 we introduced a VBr into a 

PbBr2-terminated CsPbBr3 (001) surface. The optimized geometry for the defected 

interface (Figure 3d inset) indicates a structural distortion in the perovskite top layers 

caused by VBr. 

The Gr is physisorbed on the perovskite surface with a binding energy of -0.03 eV per 

carbon atom (Eq. S3). We should note that the Gr deformation is an artifact of our model 

supercell. As shown in Figure 3c, the VBr generates a localized trap state close to the 

CsPbBr3 conduction band minimum (CBM) which can act as a center for non-radiative 

recombination and suppress the PL intensity. This is another possibility which might 

explain PL quenching in CsPbBr3/Gr/SiO2 heterostructures. However, after covering 

defected CsPbBr3 with Gr, carbon pz states hybridized with Pb dangling bond states and 

shifted them upward to the perovskite conduction band (Figure 3d). Therefore, the Gr 

adsorption on the defected CsPbBr3 surface eliminates non-radiative recombination 

centers leading to PL enhancement in the Gr/CsPbBr3/SiO2 system. It should be noted 

that upon passivation of the VBr defect, the Gr is n-doped (Figure 3d) with a charge 

density of 1013 cm-2 (Eq. S4).50 Similar results are obtained for the Gr/CsPbBr3 interface 

consisting of the perovskite with a CsBr termination (Figure S6).  



Enhanced PL emission due to a resonant surface plasmon-exciton coupling effect has 

been reported.44,51,52,37,53 Considering the semi-metallic nature of Gr, the large PL 

enhancement of the Gr/CsPbBr3/SiO2 heterosystem could be understood in terms of the 

resonant excitation of graphene plasmon modes37,35,36,54. The perovskite’s 

photogenerated excitons can induce resonant plasmon modes in the Gr layer. However, 

because of the considerable momentum mismatch between Gr’s plasmons and photons 

in free space, a lateral modulation periodicity on the Gr35,36 or its substrate37 is required 

to resolve the momentum mismatch and transform the excited plasmon mode to the 

light emission. The dispersion relation of the Gr plasmon in the random phase 

approximation is 
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𝜖#	(1 + 𝜖$)𝑚∗ 	|𝑞| +	
3
4	𝑣&

"	𝑞"2
'/"

 

where q is in-plane wave number, ne is the electron density, ϵ0 is the vacuum permittivity, 

ϵb is the substrate static dielectric constant, m* is electron effective mass in Gr and vF is 

its Fermi velocity.37,55,56 We supposed that the Gr plasmon could be resonantly excited 

at perovskite band gap energy of 2.3 eV and calculated the in-plane momentum q from 

our calculated ne = 1013 cm-2, using ϵb = 18.6 for the CsPbBr3 substrate,28,57 m* = 0.077 

me,37 where me is the free electron mass, and vF = 1.12 × 106 m/s.37 We obtained q = 

2π/1.8 nm-1, indicating a lateral modulation periodicity of a = 1.8 nm at the Gr/CsPbBr3 

interface would be required to extract light from the Gr’s plasmon. Due to the presence 

of VBr defects, the surface structure of CsPbBr3 is distorted and not perfectly flat, 

resulting in interface corrugations on the order of a few nm. While it may not be feasible 

to measure a=1.8 nm experimentally, this value is consistent with the lateral distance of 



1.68 nm between VBr surface defects in our model structure Thus, the resonant 

activation of a Gr plasmon at the perovskite band gap, and its conversion to photons via 

interaction with interface surface corrugations, explains the observed PL enhancement 

for the Gr/CsPbBr3/SiO2. We also conducted TRPL measurements on bare and Gr-

covered CsPbBr3 NCs. Results show a faster decay component for the Gr-covered 

CsPbBr3 NCs compared to the bare ones (Figure S7). This is consistent with the faster 

decay channels enabled by a surface plasmon-polariton interaction.58 Also, the presence 

of a Gr layer creates an asymmetric Fabry Perot cavity for optical confinement between 

the Gr layer and the surface of the NCs, thus boosting the excitation efficiency. 

Figure 4a demonstrates a TRPL comparison of the 2.313 eV peak from Figure 2b at 

pumping strengths of 0.2 µW and 22 µW, respectively. A shortened lifetime is observed 

at higher pumping fluence. The potential causes for such a fast component can originate 

either from an Auger process or a coupling effect through modification of the density 

of the effective photon states. It is unlikely that an Auger process could have such a 

significant impact at this low level of excitation fluence. Further evidence is provided 

by the fact that the short lifetime component disappears at higher temperatures (Figure 

4b) supporting the argument that the peak arises from coupled emission. It is expected 

that the coupling effect will be reduced as the temperature rises.59 Increasing 

temperature can introduce randomness and hence introduce distortion to the dipole 

alignment and coherence. The Auger effect shouldn’t disappear quickly with increasing 

temperature and the disorder introduced through the increased entropy weakens the 

coherent interaction among the QDs, which would quickly reduce the optical resonance 



as observed from the diminishing fast component below 100 K. The Gr-coating together 

with the microscopic dipole alignment significantly boost the PL efficiency of the 

system as whole. Note that the microscopic oscillating dipoles align with each other 

leading to the formation of a macroscopic dipole within a dephasing time limit. The 

resulting emission will have both enhanced coherence and directionality. Like other 

semiconductor QDs, the size and geometry of a matrix of CsPbBr3 QDs are subject to 

variations. Although the spin coating process has helped to spatially filter the QD 

clusters based on their sizes, we often found that clusters of similar dimensions are 

clumped together. It is therefore possible to excite multiple QD arrays under slightly 

different conditions within a single laser spot. In most cases, the QD clusters produce 

independent signals given their distinct emission centers. However, clusters of very 

similar geometric character, or even two closely alike matrices of QDs within a single 

cluster, can sit in close proximity such that their individual collective behaviors can 

overlap and they can interact with each other.  

 

 
Figure 5. Time-resolved PL of a coupled QD system as in Figure 2b. a) Comparison of 
the time-resolved PL response at very low excitation fluence (0.2 µW) and relatively 
high pumping fluence (22 µW) from the 2.313 eV at 4.2 K. b) Time-resolved PL series 



taken under different temperatures from the coupled emission site.  

 

CONCLUSIONS 

In summary, we have demonstrated the optical characterization of the bare CsPbBr3 

QDs and graphene-covered CsPbBr3 QDs by micro-photoluminescence and density 

functional theory calculations. Compared with bare CsPbBr3 QDs, the PL intensity of 

the Gr-covered CsPbBr3 QDs is enhanced dramatically, almost by three orders of 

magnitude. The DFT calculation results showed that contacting Gr on the top side of 

CsPbBr3 causes the Dirac point to appear at center of CsPbBr3 energy gap, in contrast 

to the Fermi level pinning behavior to the valence band edge reported for bottom side 

contact as in CsPbBr3/Gr/SiO2. Thus, carrier leakage is prevented for the Gr covered 

CsPbBr3 with a high radiative recombination rate. In addition, the perovskite’s surface 

defects are passivated via graphene covering, suppressing the non-radiative 

recombination of photo-generated charge carriers compared to uncovered perovskite 

QDs. Furthermore, resonant excitation of graphene plasmons by the perovskite’s 

photogenerated excitons, followed by conversion to photons thorough interaction with 

graphene/CsPbBr3 interface corrugations, substantially enhances the photoemission 

from graphene/CsPbBr3/SiO2 heterosystem. Our experimental and theoretical 

investigations reveal a vital role of top side contact of graphene for dramatic PL 

enhancement of CsPbBr3. The graphene covered CsPbBr3 QD clusters can significantly 

improve the PL efficiency through a surface plasmon polariton effect. 
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