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Van der Waals (vdW) heterostructures open up excellent prospects in electronic and 

optoelectronic applications. In this work, mixed-dimensional metal-halide 

perovskite/graphene heterostructures are prepared through selective growth of CH3NH3PbBr3 

platelets on patterned single-layer graphene using chemical vapor deposition. Preferred 

growth of single-crystal CH3NH3PbBr3 platelets on graphene surfaces is achieved, which is 

accompanied by significant photoluminescence quenching. Raman spectra reveal that 

perovskite platelets cause p-type doping in the graphene layer. A significant Fermi level 

decrease of 272 meV in graphene is estimated, which corresponds to a high doping density of 

7.5 × 1012 cm-2. Surface potentials measured by Kelvin probe force microscopy indicate a 

negatively charged perovskite surface under illumination, which is consistent with the upward 

band bending deduced from conducting atomic force microscopy measurements. Moreover, a 

field-effect phototransistor is fabricated using the perovskite/graphene heterostructure channel, 

and the increased Dirac voltage under illumination confirms an enhanced p-type character in 

graphene. These findings enrich the understanding of strong interface coupling in such mixed-

dimensional vdW heterostructure and pave the way towards novel perovskite-based 

optoelectronic devices. 
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1. Introduction 

VdW heterostructures, in which neighboring layers are weakly bonded by vdW 

interactions, have established a new platform for fundamental scientific researches and novel 

device applications.[1-2] Synergetic combinations of two-dimensional (2D) materials, 

including graphene and transition-metal dichalcogenides, have led to the construction of vdW 

heterostructures with diverse phenomena and properties. This emerging materials-assembling 

strategy opens up new avenues for building innovative electronic and optoelectronic devices 

such as tunneling transistors,[3] barristors,[4] gate-tunable diodes,[5] photodetectors,[6] and light-

emitting devices.[7] Up to now, most reported vdW heterostructures have been based on all 2D 

materials,[1,2] such as MoS2/graphene,[3] MoTe2/MoSe2,
[6] etc, due to the absence of dangling 

bonds on their surfaces. Beyond 2D/2D stacks, mixed-dimensional (nD/2D or 2D/nD, where n 

= 1 or 3) vdW heterostructures are more difficult to synthesize due to non-passivated and 

subtle interfaces. Nevertheless, there have been some reports on mixed-dimensional vdW 

heterostructures, such as PbS/graphene,[8] PbS/MoS2,
[9] CdS/MoS2,

[10] MoS2/GaN,[11] 

perovskite/WS2
 [12] and MoS2/Si[13,14] prepared by delicate high-temperature physical/chemical 

vapor deposition methods, which differ from stacking of 2D materials by mechanical methods. 

The contact areas of these heterojunctions are usually less than 1 1 µm2 as a result of the 

non-passivated interface of at least of one material.[8-11] These mixed-dimensional vdW 

heterostructures possess unique advantages such as faster charge transfer and tailored energy 

band alignments.[1,2,7,15-17] Thus, mixed-dimensional vdW structures with complementary 

materials and optimal properties are highly promising for potential applications in optics and 

electronics. 

Metal-halide perovskites have received intense research efforts owing to their 

extraordinary optical and electrical properties.[18-22] Besides solution-processed polycrystal 

films, bulk crystals and nanocrystals, large-scale ultrathin perovskites via vapor-phase growth 
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have attracted intensive research efforts.[23-28] It is hopeful that such thin perovskites may 

simultaneously possess the merits of bulk crystals and thin film, enabling devices with high 

performance. For example, polycrystalline CH3NH3PbI3 platelets were grown on graphene, 

MoS2 and h-BN to form vdW solids following a two-step method, and charge transfer was 

investigated in such heterostructures.[27] Also, CH3NH3PbBr3 (MAPbBr3) and CsPbBr3 

platelets were grown directly on 2D mica substrates via vdW epitaxy.[25,28] These pioneering 

works demonstrate a promising platform of perovskite-including vdW heterojunctions for 

future optoelectronic and photovoltaic applications. However, controlled growth of ultrathin 

perovskite-based single-crystalline vdW heterostructures and thorough investigation of their 

physical properties, particularly those related to the hidden interfaces, remain a highly 

challenging issue.  

Here we report the synthesis of a mixed-dimensional heterojunction composed of 3D 

MAPbBr3 single-crystal platelets on 2D single-layer graphene. Although MAPbBr3 has a 

nonlayered lattice structure, single-crystal platelets with an exclusive (001) orientation were 

selectively grown on single-layer graphene via van der Waals epitaxy using a one-step 

chemical vapor deposition (CVD) method. A complementary set of techniques including PL, 

Raman spectroscopy, Kelvin probe force microscopy (KPFM) were used to unravel the 

charge transfer at the perovskite/graphene interface. The amount of hole doping in graphene 

was estimated to be 7.5  1012 cm-2, which is accompanied by a Fermi level decrease of 272 

meV. The charge transfer characteristics were further confirmed using a field-effect 

phototransistor with the perovskite/graphene heterostructure as the channel. This work is 

expected to enrich the vdW synthesis of 3D/2D mixed-dimensional heterostructures and to 

propel their optoelectronic applications. 

 

2. Selective Growth 
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The MAPbBr3 platelets were grown on single-layer graphene using a one-step CVD 

method,[25] as illustrated in Figure 1a. To the best of our knowledge, it is the first time that 

single-crystal hybrid perovskites are demonstrated to grow on the graphene surface via a one-

step method. It should be noted that the two-step growth of hybrid perovskite platelets on 

graphene has been reported.[27] However, the two-step conversion process can not guarantee 

the single-crystalline nature of perovskite platelets, and optoelectronic devices based on such 

heterostructures have not yet been demonstrated. To synthesis single-crystal 

perovskite/graphene heterostructures, CVD-grown single-layer graphene on copper was 

transferred to silicon substrates with a 300 nm silicon oxide layer (SiO2/Si).[29,30] To validate 

the selective growth, SiO2/Si substrates with patterned graphene were also used in our 

experiments. MAPbBr3 platelets were grown from vapors produced by lead bromide (PbBr2) 

and methylammonium bromide (MABr) powder precursors. More details on growth can be 

found in the Methods section.  

Figure 1b shows the optical microscope (OM) images at different magnifications of 

some perovskite platelets grown on graphene/SiO2/Si substrates. It can be seen that MAPbBr3 

nucleates randomly on the graphene surface and grows fast laterally due to the small 

migration free energy barrier along the graphene surface.[10,25,31] The lateral sizes of many 

MAPbBr3 platelets can reach 5 μm as observed in a large-scale OM image (Figure S1), while 

the average thickness is usually less than 100 nm, confirming the highly anisotropic growth of 

perovskites. The thickness of the graphene is around 0.4 nm measured by atomic force 

microscope (AFM), as shown in Figure 1c (i), which is close to the single-layer value of 0.335 

nm,[30] suggesting that the transferred graphene is still a single layer. In the conventional 

epitaxial growth, a lattice match at the interface is a prerequisite.  However, in our case, the 

lattice constant of cubic MAPbBr3 (5.92 Å) does not match with that of honeycomb graphene 

(2.46 Å) at all.[25,32] Therefore, a weak van der Waals interaction that demands no lattice 
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match between perovskite and graphene must be responsible for the growth. This kind of van 

der Waals epitaxy has been widely reported in several cases of 2D/2D and 3D/2D material 

stacks.[17,24,31] 

Figure 1c (ii) and (iii) show the AFM topography and phase images of a MAPbBr3 

platelet. The square-shaped platelet has a thickness of 21 nm and a lateral size of 3 μm. 

Interestingly, a smaller platelet was found in the phase image, but it is invisible in the 

topography image due to its much smaller thickness, and its shape is also less defined than the 

larger one, indicating an early growth stage of the platelet. The powder X-ray diffraction 

(PXRD) pattern (Figure 1d) shows a set of sharp diffraction peaks that can be assigned to the 

cubic MAPbBr3. There are some weak peaks not in the (00l) orientations, which may be 

caused by the existence of some perovskite particles with irregular shapes on the graphene 

surface.[25] The PL spectrum shown in Figure 1e further confirms that the as-prepared 

platelets are MAPbBr3 with a bandgap of 2.3 eV. However, the peak intensity of the platelets 

on graphene is much reduced compared to the platelet on insulating muscovite mica substrates, 

indicating efficient charge transfer between MAPbBr3 platelets and graphene.  

To investigate the effect of graphene on the growth of MAPbBr3 platelets, SiO2/Si 

substrates partially covered with graphene were used (Figure 2a). OM images in Figure 2b-d 

reveal the growth of MAPbBr3 at three different locations along the graphene edge with a 

length of 1.5 cm on the substrate. The temperature (TL) at the location of Figure 2b is 

approximately 10  lower than the temperature (TH) at a downstream location of Figure 2d. 

Clearly, MAPbBr3 platelets are more likely to grow on the edge of the graphene, which 

mirrors the previous reports that PbS is likely to grow along edges of graphene ribbons and 

MoS2 sheets.[8,9] This edge effect can be ascribed to the fact that the edges with unsaturated 

atoms are highly active, which is beneficial to the nucleation of perovskite platelets. 

Furthermore, with the increase of temperature, the number and lateral size of the platelets 
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increase, as shown in Figure 2b-d, owing to the thermally accelerated nucleation and growth 

speed.[25] As a result, the density of platelets on the graphene interior (Figure S2a, Supporting 

Information, SI) becomes comparable to that along the edge at high temperatures. However, 

on the SiO2 side, under the same synthetic conditions, only particles with irregular shapes can 

be observed as a result of a high energy barrier for nucleation and lateral growth (Figure 

S2b).[10,25,31] To further verify the selective growth, graphene was patterned to strips on 

SiO2/Si substrates by photolithography before growth. As shown in Figure 2e, f and Figure S3, 

MAPbBr3 platelets tend to grow on the graphene stripes with good selectivity and to contact 

the graphene edges. 

 

3. Interface interactions 

The interaction between graphene and MAPbBr3 was further investigated using µ-

Raman spectroscopy (Figure 3a). Raman shifts of graphene with and without the growth of 

MAPbBr3 platelets were recorded at three different locations to exclude the influence of any 

inhomogeneity. As reported in previous studies, the G band and 2D band of single-layer 

graphene are located at around 1580 cm-1 and 2700 cm-1, respectively.[33,34] As shown in 

Figure 3b, the G band appears at 1582.8 cm-1 and 1595.7 cm-1 for graphene and MAPbBr3-

covered graphene, respectively.  For the 2D band, these values are 2700.3 cm-1, and 2731.3 

cm-1, respectively (Figure 3c). It is worth noting that only a small bump is observed around 

1350 cm-1, which is the D band caused by localized defects, indicating the high quality of the 

transferred graphene.[27] During Raman measurements, the intensity of the laser was kept low, 

and as shown in Figure 3d, no damage was observed on the sample. 

Since G and 2D band positions are sensitively dependent on the carrier concentration, 

they can be used to probe the graphene doping level.[33-37] Clearly, compared to the uncovered 

graphene, the covered one displays blue-shifted G and 2D bands. The blue-shifted 2D band 

indicates p-type doping to graphene after the growth of MAPbBr3 platelets.[35,36] Furthermore, 
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the Fermi level of graphene (EF) can be derived from the shift of the G band wavenumber (ωG) 

based on the formula of ωG – 1580 = |EF|  42 cm-1 eV-1.[35,36] Accordingly, the average 

Fermi energies of the covered and uncovered graphene were calculated to be -90 meV and -

362 meV, respectively. Thus, interfacing with perovskite causes a Fermi level decrease of 272 

meV for graphene. This change is much larger than the values reported for C60/graphene (170 

meV) and GaSe/graphene (80 meV),[35,36] demonstrating a stronger interaction between 

graphene and MAPbBr3 platelets. 

The carrier density can be estimated from the corresponding Fermi energies. The 

relationship between the carrier density N and the Fermi level EF of graphene is 

, where  is the Fermi velocity of the linear band and  is the reduced 

Planck constant.[35,36] Using a Fermi velocity of  = 1.1  106 m/s, the hole densities for 

graphene with and without the growth of MAPbBr3 platelets are 4.9  1011 cm-2 and 8.0  

1012 cm-2, respectively. Therefore, the doping density from MAPbBr3 platelets to graphene is 

7.5  1012 cm-2, which is larger than the values reported on heterostructures of C60/graphene 

(5.7  1012 cm-2) and GaSe/graphene (5  1012 cm-2).[35,36] It is worth noting that strain in 

graphene can also lead to Raman shifts.[38] However, this effect can be excluded because the 

van der Waals growth should not bring much strain. Also, strain would cause the G band to 

red-shift, which is contradictory to our results.[38] 

The interaction between MAPbBr3 platelets and graphene was further investigated 

using Kelvin probe force microscopy (KPFM). The surface potential reflected by the contact 

potential difference (VCPD) can offer important insights on the localized band structures.[39-41] 

Typical AFM topography of the platelets is shown in Figure 4a, and the thicknesses of the 

platelets are 20 nm, 23 nm and 37 nm, respectively.  As shown in Figure 4b and c, the  VCPD 

of graphene does not change much, while the VCPD of MAPbBr3 platelets under light is 

notably lower than that in the dark, suggesting more negatively charged surfaces.[40] The 
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single-crystal characteristic of the platelets can eliminate parasitic effects brought by grain 

boundaries, including accumulated ions, defects and traps.[39] Therefore, the ion accumulation 

can be excluded in our KPFM measurements, and the negative charges should be attributed to 

the electron accumulation on the platelet surfaces. 

KPFM measurements were also carried out on other MAPbBr3 platelets from another 

sample with thicknesses of 26 nm and 83 nm (Figure 4d-f).  Interestingly, the VCPD for the 83-

nm-thick platelet becomes much higher and is almost the same as the graphene nearby, which 

is very different from the thinner platelets and indicates a strong thickness dependence. Figure 

4g presents the line profiles of the VCPD for platelets with thicknesses of 23 nm and 20 nm 

under dark and light illumination conditions. Around a 40 meV drop of VCPD is observed from 

dark to light conditions. The VCPD values measured on platelets with four different thicknesses 

are summarized in Figure 4h (data for 45 nm is shown in Figure S4).  It should be noted that 

only VCPD measured on the same substrate and roughly at the same time can be compared 

since environmental changes have a huge impact on KPFM results.[42] As a result, quantitative 

comparison of VCPD between data presented in Figure 4a-c and those in Figure 4d-f is not 

valid since they were taken on different samples under different ambient conditions. 

Nevertheless, the consistent increase of VCPD indicates that electrons accumulate in the 

MAPbBr3 platelet surfaces under light illumination, while holes transfer to the underneath 

graphene. Thus, the KPFM data are consistent with the scenario of light-induced p-type 

doping to graphene and upward bent bands in the space charge region of MAPbBr3.  

The band bending was also deduced from the I-V curves measured using conducting 

atomic force microscope (CAFM), as shown in Figure 4i (the height image of the measured 

sample is shown in Figure S5). The inset shows a schematic illustration of the experiment 

setup, in which a Pt-Ir coated tip is employed to apply voltages. A quasi-linear I-V curve was 

obtained for graphene, which is expected because the Pt-Ir CAFM tip has a very large work 
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function of approximately 5.1 eV. In contrast, a typical diode behavior with a rectifying I-V 

curve was found for the heterojunction in the dark. It is forward biased when a negative 

voltage is applied on the tip. Such a rectifying characteristic implies that a Schottky barrier 

exists when holes are injected from p-type graphene to MAPbBr3, which is consistent with the 

upward bent band edges of MAPbBr3 at the perovskite/graphene interface. Under light 

illumination, the reverse-biased current is significantly enhanced due to the photo-generated 

carriers,[43] but the rectification is retained. Such a drastic light-induced modification of the 

transport behavior indicates that such mixed-dimensional vdW heterostructures are promising 

for optoelectronic applications. 

To further investigate the interfacial interaction, field-effect transistors were fabricated 

based on the graphene and MAPbBr3/graphene heterostructures. The typical device has a 

channel length of 30 µm and a width of 10 µm. Transfer curves of the as-fabricated devices 

are shown in Figure 5a. The on/off ratio of the graphene-only device is approximately 3.5, 

which is comparable to previous reports.[34,37,44] The positive Dirac voltage (VDirac) of 60 V 

indicates a p-type character of the pristine graphene,[37,45] which is in agreement with the 

Raman shift. The photoresponse of the pristine graphene is negligible in the white light 

illumination condition, as shown in Figure S6. For the heterojunction-based devices, upon 

light illumination, both Id and VDirac increase, indicating that holes are transferred to graphene 

with the presence of MAPbBr3 platelets. Figure 5b shows the photo-response of the 

perovskite/graphene channel under zero gate voltage. The inset is the image of the device, and 

the coverage of MAPbBr3 platelets on the graphene channel is approximately 20%. An 11% 

current enhancement under a 0.1 V source-drain bias is deduced, revealing a large amount of 

hole doping from the MAPbBr3 platelets. 

Therefore, the aforementioned G and 2D peak shifts in Raman, VCPD drops in KPFM, 

and the Dirac voltage increase in field-effect phototransistor consistently manifest the p-



  

11 

 

doping to single-layer graphene after the growth of MAPbBr3 platelets. Given the work 

function of pristine graphene (4.5 eV),[35,36] and band structures of MAPbBr3 (electron affinity: 

3.7 eV, work function: 4.0 eV, and bandgap of 2.3 eV, n-type),[46,47] charge transfer can be 

understood by determining the band offsets resulting from the junction formation. In the vdW 

epitaxial structure of MAPbBr3/graphene, interface states should be negligible because both 

materials are single crystals and the graphene surface is free of dangling bond.[48] The weak 

vdW interactions and the absence of interface defects ensures the formation of a clean 

(semi)metal-semiconductor interface with a Schottky barrier, promising for constructing 

reproducible and reliable optoelectronic devices. 

Figure 5c-e illustrates the band alignment of the MAPbBr3/graphene under various 

measurement conditions. According to Raman the spectra, the pristine graphene is slightly p-

doped, which means its work function is a little larger than 4.5 eV (Figure 5c). When contact, 

electrons in MAPbBr3 flow to graphene to align their Fermi levels and form a depleted space 

charge area. Thus, the bands of MAPbBr3 bend upward in the dark condition (Figure 5d). The 

width of the space charge region (xw) can be calculated by , where Vbi is 

the built-in voltage at the Schottky contact, εs is the permittivity of MAPbBr3, q is electron 

charge, and Nd is doping concentration.[49] The xw of the MAPbBr3/graphene junction was 

calculated to be around 6 µm (see SI), which is much larger than the thicknesses of the 

platelets. Thus, MAPbBr3 platelets with thickness less than xw are completely depleted.  

Under the light condition, a number of electrons and holes are generated in the 

MAPbBr3 platelets, as shown in Figure 5e. The upward bent valance band can facilitate the 

hole transfer from MAPbBr3 platelets to graphene, leaving the electrons trapped in MAPbBr3 

and leading to more negatively charged surfaces, as shown in the KPFM.  Therefore, Id 

increases compared to the dark condition and the Dirac voltage shifts to a larger voltage. 
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Moreover, the p-doping concentration (Nd) can be calculated according to: 

, where Iph, Idark,  and d are photocurrent, dark current, the 

dielectric permittivity and thickness of the insulating SiO2 layer, respectively(see SI).[45] 

Based on the transfer data shown in Figure 5a, an Nd = 7.1  1012 cm-2 can be calculated 

under zero Vg, which is almost the same as that derived from the Raman spectra. The 

increased doping density caused by the photo-generated carriers suppresses xw by around 100 

times (around 60 nm, as shown in the SI). As a result, the surface of an 83-nm-thick platelet is 

very different from the thinner platelets. 

4. Conclusion 

In summary, mixed-dimensional MAPbBr3/graphene vdW heterostructures are 

realized by growing single-crystal MAPbBr3 platelets on graphene using the one-step CVD 

method. It was found that MAPbBr3 platelets selectively grew on graphene surfaces, 

especially near the edge regions. The strong perovskite/graphene interaction was evidenced 

by PL quenching and Raman spectroscopy studies, and a p-type doping of graphene with a 

density of 7.5  1012 cm-2 was estimated, which was further confirmed by the KPFM and 

CAFM results. Phototransistors fabricated on the heterostructures revealed an increase of the 

Dirac voltage, in line with the electron transfer from graphene to perovskite under light 

illumination. This work provides a new platform of investigating the interfacial coupling in 

vdW heterojunctions and simulate further research on their unique properties and potential 

device applications. 

 

5. Experimental Section 

Material Growth and Device Fabrication: MAPbBr3 platelets were prepared using a 

one-step CVD method from lead bromide (PbBr2) and methylammonium bromide (MABr) 

powders. Graphene transferred on SiO2/Si from copper using a reported method was used as 

the growth substrates. For selectively growth, the graphene was patterned by photolithography 
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and then etched by O2 plasma for 15 s at a power of 60 W. PbBr2 powder was put in the 

center of the furnace (325 ) while MABr and substrates were put in the up- and downstream 

zones, respectively. The process was carried at a pressure of 100 torr under the flow of N2 

with a speed of 30 sccm. For phototransistor fabrications, 60 nm Au was deposited using e-

beam evaporation as source and drain electrodes with a shadow mask. The bare graphene 

transistors were fabricated on graphene without been patterned. 

Characterizations: OM images were taken from Nikon ECLIPSE LV100N POL. XRD 

patterns were recorded from Bruker diffractometer (D8 Advance) using Cu Kα (λ=1.5406 Å) 

radiation. µ-Raman and PL spectra were obtained using a Hariba LabRAM HR spectrometer 

with a He–Ne laser (spot size 1 µm through a  objective lens) with a wavelength of 

473 nm. The intensity was kept low enough to avoid damage. KPFM and CAFM were 

measured on a commercial AFM (Asylum Research MFP-3D) using a stiff Pt/Ir-coated 

silicon tip with a spring constant of 40 N/m. I-V curves of the phototransistors were measured 

using a Keysight B1500A semiconductor device parameter analyzer in ambient conditions. 

Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Characterizations of MAPbBr3 platelets grown on single-layer graphene. (a) 

Schematic illustration of MAPbBr3 platelets directly grown on the graphene surface and inset 

is the cubic MAPbBr3 lattice. (b) OM image of MAPbBr3 platelets on graphene with different 

scales. (c) (i) AFM topography of single-layer graphene on SiO2/Si substrates, (ii) AFM 

topography and (iii) phase images of MAPbBr3 platelets on graphene. (d) XRD spectrum of 

the as-grown MAPbBr3 platelets on graphene. (e) PL spectra of MAPbBr3 grown on graphene 

and mica substrates. Inset is an OM image of MAPbBr3 platelets grown on mica. 
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Figure 2. Selective growth of single-crystal MAPbBr3 platelets on graphene. (a) Optical 

image of a SiO2/Si substrate partially covered with single-layer graphene. The white dash line 

indicates the graphene edge. (b-d) Morphologies of MAPbBr3 platelets grown on SiO2/Si 

substrates at three different temperature zones. The insets illustrate the locations on the 

substrate. TL and TH represent low-temperature and high-temperature zones in the furnace, 

respectively. (e) (f) Low- and high-resolution OM images of MAPbBr3 platelets grown on 

patterned graphene surfaces 
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Figure 3. Raman measurements of MAPbBr3/graphene heterostructures. (a) µ-Raman spectra 

of graphene with and without the growth of MAPbBr3 platelets. (b), (c) Close-up views of G 

and 2D peaks, respectively. (d) OM images of graphene covered with MAPbBr3 platelets after 

measurement. The red crosses show the laser spots on the MAPbBr3 platelets. 
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Figure 4. KPFM and CAFM measurements of MAPbBr3 platelets. (a) AFM topographic 

image of MAPbBr3 platelets with thicknesses of 20 nm, 23 nm and 37 nm. (b) (c) KPFM 

images under dark and white light (intensity ~ 1 mW/cm2) conditions. (d-f) Same 

measurements as (a-c) for platelets with thicknesses of 26 nm and 83 nm. (g) Line profiles of 

VCPD along white lines in (b) and (c) under dark and light conditions. (h) VCPD under dark and 

light conditions for platelets with different thicknesses. (i) I-V curves measured by CAFM for 

graphene and a MAPbBr3/graphene heterojunction under dark and light conditions. 
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Figure 5. MAPbBr3/graphene phototransistor. (a) Transfer curves of graphene and 

MAPbBr3/graphene field-effect transistors under dark and light illumination with a source-

drain voltage of 0.1 V. (b) I-V curves of MAPbBr3/graphene phototransistor under dark and 

white light conditions (intensity: 1 mW/cm2). Inset shows the photo of the device. (c-e) 

Energy band diagrams of graphene and MAPbBr3 platelets before contact, under dark and 

light conditions, respectively. Between graphene and MAPbBr3, the depletion region is 

highlighted. 
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Growth of single-crystal hybrid perovskite platelets on single-layer graphene is achieved 

using a chemical vapor deposition method, forming mixed-dimensional van der Waals 

heterostructures. Strong interface interactions are revealed by photoluminescence, Raman and 

Kevin probe measurements. The hole transfer from perovskite to graphene under illumination 

exerts significant influence on the performance of optoelectronic devices. 
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Depletion Width Estimation 

Depletion width (xw) is calculated from the equation:  as shown in the 

main text. From previous results, the carrier concentrations for MAPbBr3 single crystal under 

dark and light conditions are < 5  1012 cm-3 and 5  1016 cm-3, respectively.[1] Given 

,[2]  and , 

the values of xw under dark and light conditions are 6  and 60 nm, respectively. 

p-Doping Concentration Calculation 

The calculation of the hole doping density can be found in ref. 41. It is also derived as below 

based on a charge-capacitance relation. The accumulated charge Q under a gate voltage (Vg) 

can be calculated as: 

 ; 

Where p is the hole concentration, A is the surface area of the channel, and C is the 

capacitance. The capacitance C is given by , where  and d are the dielectric 

permittivity and thickness of the SiO2 layer. At a given Vg, the hole concentration without 

light is 

. 

The current in the channel is calculated below according to Ohm’s law: 
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, 

Where q is the electron charge,  is the carrier mobility, and W and L are the width and length 

of the channel. Thus, the p-doping concentration (Nd) from dark to light is derived as: 

. 

The carrier mobility is assumed constant with and without light illumination. 

 

Figure S1. Large-scle OM image of the growth of MAPbBr3 platelets. 

 

Figure S2. MAPbBr3 growth on (a) graphene and (b) SiO2 surface.  
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Figure S3. OM images showing the growth of MAPbBr3 platelets along the edges of 

graphene. 

 

Figure S4. KPFM measurements on a MAPbBr3 platelet with a thickness of 45 nm. 

 

Figure S5. (a) Height image of the MAPbBr3 platelet for CAFM measurement. The marks in 

(b) show the tip positions for measurements.  
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Figure S6. Photoresponse for a graphene field effect transistor. 
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