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ABSTRACT. Carbon-based nanomaterials, such as carbon dots (CDs) and graphene (Gr), feature 

outstanding optical and electronic properties. Hence their integration in optoelectronic and 

photonic devices, easier thanks to their low dimensionality, offers the possibility to reach high-

quality performances. In this context the combination of CDs and Gr into new nanocomposite 

materials CDs/Gr can further improve their optoelectronic properties and eventually create new 

ones, paving the way for the development of advanced carbon nanotechnology. In this work we 

have thoroughly investigated the structural and emission properties of CDs deposited on single 

and bilayer graphene lying on a SiO2/Si substrate. A systematic Raman analysis points out that 

bilayer (BL) graphene grown by chemical vapour deposition does not always respect the Bernal 

(AB) stacking but it is rather a mixture of twisted bilayer (t-BL) featuring domains with different 

twist angles. Moreover in-depth micro-photoluminescence measurements, combined with atomic 

force microscopy (AFM) morphological analysis, show that CDs emission efficiency is strongly 

depleted by the presence of graphene and in particular is dependent on the number of layers as 

well as on the twist angle of BL graphene. Finally we propose a model which explains these results 

on the basis of photoinduced charge transfer processes taking into account the energy levels of the 

hybrid nano-system formed by coupling CDs with t-BL/SiO2. 

1. INTRODUCTION
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Nanotechnologies are expanding into several fields of applied science. The growing industrial 

demand pushes the scientific community to design new nanomaterials with properties tailored for 

specific applications. The combination of nanomaterials with exceptional physical properties 

paves the way for the development of new generation of materials whose benefits exceed those of 

the individual components. 

Nanocomposite materials based on carbon dots (CDs) and graphene are proving to be very 

promising materials in many applications such as photovoltaics and photo-catalysis.1,2 The unique 

combination of the optical properties of CDs with the electronic properties of graphene offers new 

opportunities for fabricating all-carbon optoelectronic and photonic devices.3 CDs are luminescent 

carbon nanoparticles that, since their discovery in 2004, have attracted the attention of the scientific 

community due to their versatile optical properties.4 CDs have generally diameter smaller than 10 

nm and consist of an amorphous and/or crystalline carbon core surrounded by superficial 

functional groups. Both the core and the superficial groups have a significant influence on the 

CD’s emission mechanism.5 CDs show large charge transfer efficiency, bright and tunable 

fluorescence, and photo-stability. They can be easily synthesized in water-based solvents and 

present low toxicity and biocompatibility. For all these reasons, together with the natural 

abundance of carbon precursors, CDs gained popularity in many fields such as photo-catalysis, 1,6 

optoelectronics,3,7,8 and energy harvesting.9,10 A recent study11 used nitrogen-doped graphene 

quantum dots deposited on the top of an inorganic -CsPbI3 perovskite solar cell to harvest and 

convert UV light into visible light for improved solar cell efficiency beyond 16%. 

Graphene, a two-dimensional layer of carbon atoms with sp2 hybridization arranged in a 

honeycomb lattice, is characterized by excellent electronic, optical and mechanical properties, 

which are mainly due by its atomic thickness and structure.12–15 Single layer (SL) graphene can be 

Page 3 of 32

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4

produced either by mechanical exfoliation of graphite or by various synthesis methods including 

epitaxial growth and chemical vapor deposition (CVD) on selected substrates.12,16–19 Beside the 

SL, CVD technique allows also the production of bilayer (BL) or few layers graphene,20 which 

still present unique electronic, optical and mechanical properties.21–23 It has been reported that part 

of the BL graphene obtained via CVD is twisted,24–28 meaning that the two graphene layers forming 

the BL are rotated by a relative twist angle (θ), which translates in a stacking order that differs 

from the well-known AB (or Bernal) and AA stackings (in which the atoms of the upper layer are 

perfectly aligned to the atoms of the bottom layer).21,29,30 

Considerable efforts have been devoted over the last decade to investigate the dependence of the 

physical properties in BL graphene on the twist angle.21,22,24,26,27,31–34 It has been proven that the 

electronic and optical properties of twisted bilayer (t-BL) graphene are quite different from that of 

AB-BL as well as that of SL.35,36 This allows to expand their potentialities and application fields.37

In t-BL the behavior of charge carriers changes with rotational angle. In particular, the electronic 

interlayer coupling decreases with the increase of the twist angle.38 At large twist angle the 

electronic properties become more similar to those of a single layer of graphene. 39 The tunability 

of t-BL electronic, optical and thermal properties, arising from the twist angle dependence, makes 

them excellent candidates for applications in optoelectronic devices, such as transparent electrodes 

for solar cells and photonic crystals.40,41 

CDs/graphene composites are commonly synthetized in liquid phase using graphene oxide, mainly 

for photo-catalysis applications.1 However, if one wants to extend their field of application to 

optoelectronic devices, it is necessary to study CDs/graphene composites in the solid phase and to 

evaluate their interaction with target substrates. Recently, N-doped carbon quantum dots/graphene 

material was used as photoactive electrode for UV sensing in an electrochemical cell.42Chen et 
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al.43 demonstrated that adding carbon quantum dots to graphene improved the photoresponsivity 

of graphene/silicon Schottky-junction photodetector. Moreover, films composed of quantum 

dots of different materials (CsPbI3) and micrometer-sized graphene sheets were 

successfully used to improve the efficiency and stability of all-inorganic perovskite solar 

cells.44

The interaction between CDs and SL graphene in solid phase modifies the CDs emission 

mechanism leaving the structure of the graphene unchanged.17 The quenching of CDs 

photoluminescence (PL) observed in the CDs/SL graphene composites was explained with a 

charge transfer between CDs and SL graphene.45  

In this work, we report a systematic study on the structural and emission properties of CDs on t-

BL graphene grown by CVD, supported on SiO2 substrate. The surface morphology and the 

structural properties of the system were investigated by optical, scanning electron microscopy 

(SEM) and Atomic Force Microscopy (AFM) as well as micro-Raman spectroscopy, respectively. 

The emission efficiency of CDs deposited on the t-BL/SiO2/Si substrates was investigated by 

micro-photoluminescence (PL) measurements exciting with 2.62 eV (473 nm) laser energy. In 

particular, the CDs emission efficiency is observed to be strongly dependent on the twist angle and 

thus on the interlayer coupling. Finally, we propose a model to explain the charge transfer process 

from CDs to t-BL/SiO2/Si substrate. Our model is based on the competition between two electron 

transfer mechanisms, a radiative and a non-radiative one, whose prevalence of one over the other 

is linked to the interlayer coupling degree and then to Fermi velocity renormalization.
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2. EXPERIMENTAL SECTION

Large area, polycrystalline graphene films with bilayer islands were purchased from Graphene 

Laboratories Inc. Such films were first grown by CVD on copper foils and then transferred on p-

doped silicon wafers with 90 nm silicon dioxide coating via the PMMA assisted transfer 

method.19,46,47 

CDs were synthesized by thermally induced decomposition of organic precursors, as previously 

reported.48 In brief, aqueous solutions of citric acid monohydrate and urea (3 g in 10 mL Milli-q 

water) were mixed and used as carbon and nitrogen precursors, respectively. The mixture was then 

exposed to microwave irradiation till the water completely evaporated. This method results in CDs 

with an average size of 5 nm, having crystalline core structure and surface-functionalization with 

amide and carboxylic groups.49 The as-synthesized CD powder was then dispersed in ethanol at a 

final concentration of 0.1 g/L. 

For the preparation of CDs/Gr sample, CDs dispersion was diluted by a factor 104 in volume of 

the stock solutions. Subsequently, 1 μL of the diluted dispersion was deposited onto the Gr/SiO2/Si 

sample via drop-casting technique. 

Micro-Raman and micro-PL spectroscopy measurements were carried out at room temperature 

with a HORIBA Scientific LabRAM HR Evolution Raman spectrometer with an integrated 

Olympus BX41 microscope. A laser excitation wavelength of 473 nm (2.62 eV) was focused on 

the sample surface using a 100× objective with a spot size of approximately 0.7 μm in diameter. 

Low laser power (below 1 mW) was used to minimize sample heating and possible damages. In 

addition, a co-localized AFM/Raman setup allows to obtain the simultaneous acquisition of 

overlapped AFM and Raman maps.
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7

Amplitude modulation AFM (AM-AFM) measurements were performed in air using an AIST-NT 

SmartSPM operating in tapping mode. The system is equipped with a conventional piezoscanner 

(maximum xy range 100 µm and maximum z range 15 µm) and a four-segment photodetector for 

cantilever deflection monitoring. The AFM is integrated with a camera and an optical microscope 

so that a precise tip positioning is achievable. We used AppNano Silicon-SPM-probes designed to 

allow a direct optical view of the AFM tip when imaging for co-localized Raman and AFM 

measurements, with Al backside reflex coating having a resonance frequency ~300 kHz and a tip 

apical diameter of 6 nm. All the scans were performed at room temperature. The scan rate was set 

to 1 Hz in order to minimize the artefacts due to the thermal drift50. The oscillation amplitude was 

set in the range between 20 to 100 nm, depending on the expected surface topography. 

Measurements were made in a minimum of three different areas of each sample in order to account 

for homogeneities which might derive from the sample preparation. Within each area, a minimum 

of five well-separated 15 × 15 μm sites were scanned and the scan size gradually decreased. 

3. RESULTS AND DISCUSSION

3.1 Spectroscopic Characterization 

The commercial single/double CVD graphene used in this work was preliminarily characterized 

by co-localized AFM/Raman analysis. Such analysis involves the simultaneous acquisition of 

AFM images and Raman maps, in order to obtain information on the morphology and structure of 

the same sample area. 
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Figure 1. (a) SEM image of the as bought graphene film on SiO2/Si with no CDs deposited over 
the surface. The darker spots correspond to the bilayer areas. Wrinkles (dark lines) and impurities 
(bright spots) are also visible. (b) A 7 µm x 7 µm AFM image that confirms the presence of several 
bilayer domains (white dash contoured) as well as of impurities and wrinkles. (c) 5 µm x 5 µm 
representative AFM image displaying a bilayer island. The top layer shows a brighter color with 
respect to the monolayer graphene in the background. The profile measured along the red line 
shows the height of the top layer. (e) Raman imaging of A2D/AG ratio of the area marked by the 
red rectangle in (b), with two representative Raman spectra of the BL (blue line) and SL (black 
line) graphene shown in panel (d). The Raman images were obtained by collecting more than 1900 
spectra over an area of about 6 µm x 4 µm, with a step size of 100 nm.

Figure 1a shows a representative image of the graphene on SiO2/Si substrate taken with a scanning 

electron microscope (SEM). The different contrast clearly highlights the presence of BL graphene 
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areas51 (darker spots) and wrinkles (probably due to the transfer process) on top of a nearly 

homogeneous SL graphene. An optical image of the sample is also given in Figure S1. Further 

AFM investigation was performed in order to better study the morphology of the sample. Figure 

1b shows a typical AFM image of the sample. Several BLs graphene, recognizable by a slightly 

lighter color with respect to the background and highlighted by a white dashed line, are present 

together with wrinkles ad some impurities (the bright spots in the image). These impurities are 

most likely PMMA contaminations caused by the transfer procedure. The BL graphene areas have 

irregular shape and dimensions within the range of 1-2 m. The line profile measured across a 

typical BL graphene (red line in Figure 1c) reveals a thickness of the top layer of approximately 

0.6 nm. This value is in agreement with other AFM studies of single and few layers graphene, 

where the thickness of a single graphene sheet is observed up to 1 nm.32,52–54 The difference with 

the expected theoretical value of 0.34 nm relatively to single layer thickness55 is attributable to 

many factors, including variations in the tip–sample interaction and different free oscillation 

amplitude values of the tapping cantilever53 as well as a different stacking order in t-BL graphene.32 

The crystalline quality of the as-bought single/double graphene film was assessed by Raman 

spectroscopy. As mentioned above, co-localized AFM/Raman technique provides the advantage 

of acquiring overlapped Raman and AFM images with pixel-to-pixel correspondence. 

Representative Raman spectra relative to SL and BL graphene are shown in Figure 1d. The Raman 

spectrum of SL graphene (black curve) reveals the G band at ~ 1580 cm−1 and the 2D band at ~ 

2699 cm−1. A blue shift of ~11 cm-1 is observed for the 2D band position of BL graphene (blue 

curve) with respect to SL one.56 The absence of the D band at 1350cm-1, which indicates the 

presence of structural defects, confirms the high quality of the sample.57,58 It should be underlined 

the absence of any photoluminescence in the above reported SL and BL graphene spectra.
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Figure 1e displays the Raman imaging of 2D to G peak integrated intensity ratio (A2D/AG) of the 

area marked by the red rectangle in Figure1b. The Raman map shows A2D/AG > 4.0, typical 

signature of SL graphene, and lower values (A2D/AG  1.5) in dark areas confirming BL graphene 

formation.25 

The single/double graphene sample was covered with CDs by drop-casting technique and carefully 

characterized to evaluate the morphology, as well as the structural and emission properties. We 

chose a region near the center of the drop, in order to avoid big CDs clusters due to the coffee-ring 

effect. Figure 2 shows simultaneously acquired topography image (Figure 2a), µPL map (Figure 

2b) and 2D peak integrated intensity (A2D) Raman map (Figure 2c) of the deposited sample. The 

CDs are distributed on the whole surface, including both the graphene (from now on referred as 

CDs/SL) and the SiO2 (henceforward indicated as CDs/SiO2). The CDs spread on both substrates 

is uniform as highlighted by green height profile traced along the dashed line in Figure 2a and by 

comparing the image with the morphology of the substrate with no CDs (Figure S2). The increase 

of the surface roughness is, in fact, compatible with the typical CDs size. Representative 

Raman/μPL spectra of CDs/SL and CDs/SiO2 are compared to that of the bare SL graphene 

(Figure2d). Si Raman peaks (305 cm-1, 520 cm-1 and 960 cm-1)59 are common to all spectra. A 

large PL band centered at about 2.36 eV characterizes CDs/SiO2 spectrum (red curve), while the 

CDs/SL spectrum (blue curve) exhibits the characteristic G and 2D graphene Raman bands 

superimposed to a background CDs PL band centered at ~2.32 eV.48,49 It is worth to note that the 

sample of graphene features a low intensity D band both in the naked and in the CDs covered 

region, underlying that the quality of the graphene is not modified by the deposition. The strong 

PL contribution dominates the interaction between CDs and light on the SiO2 surface.60 On the 

other side, it is not surprising to find that the intensity of the PL band is significantly quenched 
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11

when the CDs are deposited on graphene. This is in line with previous studies, where the quenching 

effect of CDs PL due to graphene was observed by exciting the CDs/SL samples with a laser 

wavelength of 532 nm (2.33 eV). 17,45,60

In order to emphasize this effect, a line profile measured along the dashed lines in Figure2a-c is 

reported in Figure2e-g. Here, in correspondence of the area covered by graphene, CDs PL 

undergoes a strong intensity reduction if compared to the µPL level observed on the region 

uncovered by graphene, i.e. the SiO2 substrate (Figure 2f), as also confirmed by the line profile of 

A2D (Figure 2g), increasing as the PL is dropping, and the topography height profile acquired with 

AFM (Figure 2e), which allowed us to measure a SL graphene thickness of 1 nm when lying on 

SiO2/Si. 

The presence of many double layers in the commercial CVD graphene analysed, induced us to 

carry out a more detailed μPL spectroscopy investigation on the emission properties of CDs 

interacting with BL graphene (CDs/BL).
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Figure 2. Co-localized AFM/Raman measurement of graphene on SiO2/Si sample uniformly 
spread with CDs. (a) 7 µm x 6 µm AFM topography image showing the edge of the graphene sheet 
over the SiO2/Si substrate. PL (b) and A2D Raman (c) maps of the same area as in (a). (d) 
Raman/PL spectra of CDs deposited on SiO2/Si substrate (red) and on graphene (blue), the 
Raman spectrum of naked graphene is reported for comparison (black). Stars on the graph indicate 
the Si Raman peaks. (e-g) Line profiles measured along the dashed lines in panels a-c. Please note 
that the height profile in Figure 2e is the same as the green profile in Figure 2a, but smoothed in 
order to highlight the graphene thickness.

BL graphene grown by CVD often consists of a mixture of perfectly oriented stacked layers (AB 

configuration, AB-BL) and misoriented stacked layers (twisted bilayers, t-BLs). Moreover, due to 
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polycrystalline nature of CVD graphene, each t-BL can be composed of domains with different 

twist angles.21

Figure 3. (a) Optical image of single/double CVD graphene coated with CDs. (b) A2D/AG Raman 
map correspondent to the same region shown in panel (a). (c) Raman spectra of BL and SL 
graphene highlighting the different G and 2D peak features. Spectra are offset for clarity. (d) 
Raman/PL spectra of the same BLs displayed in panel (c) highlighting the higher 
photoluminescence as compared to SL graphene (black line). The measurements are taken in the 
points labeled in Figures 2b and 2e. (e) PL map correspondent to the same region shown in panel 
(a).

Raman spectroscopy has proven to be a powerful technique for identifying the stacking order in 

multilayer graphene.21,56 In t-BLs, Raman features show modifications that are related to the twist 

angle.21,56 Those changes mainly concern position, width and integrated intensity of the 2D peak, 

while position and width of G peak are essentially angle independent.56 Consequently, the A2D/AG 
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ratio will be also strongly affected by the twist angle. In particular, values of the A2D/AG ratio 

lower than the typical value of ~4.5 measured in SL graphene on SiO2
61 are characteristic of the 

small angle range ( , for 473 nm laser wavelength), while higher values of the A2D/AG ratio 𝜃 ≲ 11°

compared to the SL graphene are observed in the large angle range ( , for 473 nm laser 𝜃 ≳ 15°

wavelength). 

In this framework a large area of the sample (about 250 µm2), of which an optical image is shown 

in Figure 3a, was analyzed by Raman spectroscopy in order to assess the degree of heterogeneity 

in BL stacking order present in our sample. The changes in color observed in the A2D/AG Raman 

map of Figure 3b point out the presence of t-BLs with different twist angles as confirmed by the 

features of the G and 2D Raman bands of different BLs (labeled in Figure 3b with BL1, BL2 and 

BL3), if compared with the SL case (Figure 3c). Table 1 summarizes the results observed. 2D 

peak in BL graphene undergoes a blue shift (up to 12 cm-1) from the SL graphene 2D position 

value (2702 cm-1) while the 2D full width half maximum (FWHM) can increases from 30 cm-1 (SL 

graphene) up to 55 cm-1 for BL1. These evidences, combined with the A2D/AG ratio, can give 

important information about the twist angle.21,56 In particular BL1 and BL2 have a A2D/AG ratio of 

about 2.5, meaning  (small angles - θS). 56 On the other side BL3 presents an even lower 𝜃 ≲ 11°

A2D/AG ratio ( ) because G peak intensity is higher (G peak area - AG - is 4.5 times higher than ~1 ~

the SL graphene case). 
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Table 1 – Characteristic values of the Raman peaks of spectra showed in Figure 3c acquired in 
correspondence of the labels indicated in Figure 3a 

The G peak enhancement can be ascribed to the proximity of θ to the so-called critical angle θC, 

whose value depends on the laser excitation energy. However in this case θ does not yet fully 

matches θC (expected to be  in our experimental conditions56), as the enhancement of  𝜃𝐶≅13° 𝐴𝐺

at the critical twist angle is nearly 30-fold compared to the one observable for a SL graphene. 56,62 

The  amplification at θC happens because the excitation laser energy matches the energy 𝐴𝐺

difference between the conduction and the valence Van Hove singularity, giving rise to resonance 

effects.56 Another clue of the fact that the BL3 twist angle is near θC is the modest 2D shift (2 

cm-1) from the SL graphene value, in agreement with other reports.56 In other regions of the same 

sample, t-BL graphene with twist angle near θC were found, of which an optical image and 

representative Raman mapping are displayed in Figure S4 a, b, d and e. Looking at Figure 3d 

we notice the BLs Raman spectra have a notable PL band, centered at around 2.32 eV, which is 

due to the presence of CDs on top of the graphene substrate. As mentioned above, the emission of 

CDs is affected by the substrate they are deposited on.17,45,60 In fact, for the spectra acquired on 

BL graphene the integrated PL area (from 1120 cm-1 to 2980 cm-1) is about 10 times more intense 

compared to the case of SL graphene (black line in Figure 3d). Figure 3e shows the PL map 

associated to the spectra recorded within the area of Figure 3a. The emission is systematically 

G Peak 
Position

(cm-1)

G Peak 
FWHM

(cm-1)

2D Peak 
Position

(cm-1)

2D Peak 
FWHM

(cm-1)

A2D/AG

CDs/SL 1582 14 2702 30 4.5
CDs/BL1 1579 19 2714 55 2.3

CDs/BL2 1580 19 2710 46 2.5

CDs/BL3 1583 13 2706 34 1.0
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higher on top of BL graphene while it is quenched on SL graphene, as evident comparing PL 

map (Figure 3e) with Figure 3b. 

Figure 4. Spectral mapping of a BL graphene domain covered with CDs (red box in figure S.4a) 
showing (a) the 2D phonon shift (in cm-1) with respect to case of SL, (b) A2D/AG ratio, (c) the 2D 
peak FWHM (in cm-1). (d) Raman spectra of different zones inside the BL area and SL graphene 
highlighting the spectral features of the G and 2D peaks. Spectra are averaged over 4 close points 
and offset for clarity. (e) Raman/PL spectra of the same zones displayed in panel (d) highlighting 
the higher photoluminescence as compared to SL graphene (black line). (f) PL map over the 
analyzed region.

In order to have a close look to the correlation between the CDs emission and the BL graphene 

substrate, we analyzed with more detail and spatial resolution some individual BL areas. A leading 

example is the BL graphene enclosed in the red rectangle in Figure S4a. By simply looking at the 

2D peak shift compared to SL graphene (Figure 4a), we identify a quite homogeneous BL 

graphene over a wider SL graphene area. However, the correspondent mapping of A2D/AG ratio as 

well as the 2D FWHM, shown respectively in Figure 4b and 4c, point out the presence of two 
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different main adjoining regions within the BL graphene which are clearly characterized by two 

different twist angles θ. Notably the region enclosed in the black contour is characterized by a 

small A2D/AG ratio (between 1 and 2.4) and by a high FWHM (  cm-1). These quantities allow ~55

us to assume the BL twist angle is in the range of θS.56 Moreover, such different values of A2D/AG 

together with the fact that the FWHM of 2D has a quite large distribution (green bars in Figure 

S3), may suggest the presence of further adjacent domains, within the black contoured zone, with 

different twist angles. However, by comparing the spectra acquired in correspondence of θS(A) and 

θS(B) in Figure 4b, red and green line in Figure 4d respectively, we are not able to highlight any 

significant difference in the spectral features of the 2D peak. In any case we can claim that the 

black bounded area has  even if our analysis approach is not enough detailed to have a 𝜃𝑆 ≲ 11°

more precise identification of the twist angles. On the other side, the contiguous area enclosed in 

the blue line in Figure 4b and Figure 4c is characterized by a A2D/AG ratio of 5.2 (higher than the 

SL graphene A2D/AG ratio) and by a narrow 2D peak featuring a FWHM of 27 cm-1, even lower 

than the SL graphene case (red bars in Figure S3). These spectral properties, together with the 2D 

peak shift of about 10 cm-1, suggest that the twist angle is quite high (indicated henceforth as ), 𝜃𝐿

which in general, in our experimental conditions is . 56 In this case the coupling parameter 𝜃𝐿 ≳ 15°

between the two overlapping layers is weaker than the one characterizing BL(θS) and therefore 

BL(θL) behaves nearly like two SL graphene sheets.33 A typical Raman spectrum of the BL(θL) 

graphene is represented by the blue line in Figure 4d. 

It is noteworthy that the adjoining BL(θS) and BL(θL) regions show also a different response while 

interacting with the CDs. Typical micro Raman/PL spectra for BL(θS) and BL(θL) are represented 

in Figure 4e. As highlighted in Figure 4f CDs PL signal is considerably large and almost 

confined in the BL(θS) area (black contoured region in Figure 4f), while it is quite small (2.5 times 
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weaker than BL(θS)) in the BL(θL) area (blue contoured region in Figure 4f) even if it is still 2.5 

times higher than the fluorescence background of SL graphene (black line in Figure 4e). A large 

PL signal, similar to that relative to the BL(θS) area, was also measured for CDs deposited on t-

BL with twist angle near θC, as shown in Figure S4c. 

Finally, we also want to draw the attention to the region labeled as θS(C) in Figure 4f. This region 

is evidently characterized by a small θ but the CDs PL emission in this case is quite low and in 

contrast with what we observed for θS(A) (see red and pink line in Figure 4e). However comparing 

the 2D spectral properties of θS(A) and θS(C) (Figure S5), we can notice that in the latter case 2D 

peak is slightly asymmetric and can be described with four bands contributions suggesting the 

proximity to zero of the twist angle, i.e. the AB-BL.57

Therefore the strong interaction between the two overlapping graphene layers33 can actively 

influence the PL emission of CDs interacting with BL graphene as summarized in Figure S6. 

3.2 CDs/BL graphene interaction 

The structural and emission properties of CDs deposited on SL graphene were previously 

investigated.17,45 It has been shown that the PL quenching of CDs deposited on SL graphene can 

be explained invoking the interaction between the surface states of CDs, responsible of the 

emission process,48,63 and the band structure of graphene.45 Briefly, thanks to the close contact 

between the excited surface states of CDs and the SL graphene conduction band, photoelectrons, 

generated by the absorption process at energies greater than 2 eV, can be transferred from CDs to 

SL graphene.60 
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The electronic band structure of t-BL is quite different from that of SL graphene and of AB-BL. 

Single layer graphene is a semimetal with a linear band structure (at the K point in the Brillouin 

zone (Dirac cone)).64 In pristine SL graphene, the Fermi energy (EF) is at K=0 and its position can 

be tuned by chemical doping65,66 or by gating.12 In AB-BL graphene the band structure changes to 

become parabolic and a gap can open by applying vertical electric fields67 or by doping.68 When a 

stacking defect is present in a BL, such as a twist angle between the layers, the electronic band 

structure changes further. The band structure of t-BL graphene consists of two nearby Dirac cones, 

one from top layer and the other from bottom one, separated from each other by a distance that 

increases with the twist angle. Experimental28,39 and theoretical20 works demonstrated that the 

linear band structure is preserved at the Dirac point, as in a SL graphene, but at small angle (below 

C) the Fermi velocity reduces with respect to SL graphene;69 moreover, it has been showed that 

an external electric field does not open a gap in the band structure.20 

In t-BL graphene, the electronic interlayer coupling rapidly decreases as the twist angle increases38  

and at large twist angle (above C) the electronic properties become more similar to those of a SL 

graphene.39 

The interpretative model of the interaction between CDs and t-BL graphene is explained below. 

The interaction between CDs and t-BL graphene is strongly influenced by the degree of interlayer 

coupling. Two charge transfer mechanisms, radiative and non-radiative, can occur at the same time 

and the prevalence of one over the other is linked to the interlayer coupling and then to Fermi 

velocity renormalization.39
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Figure 5 Pictorial representation of the band structures of BL graphene with small twist angle 
(left) and large twist angle (right) together with the surface lowest unoccupied molecular orbital 
(LUMO) and band structure of CDs. The Fermi level (EF) of graphene is highlighted by dashed 
line and the electron transfer process (ET) by orange arrows. The PL process is evidenced by 
green arrows. The effectiveness of each process is marked by the size of the arrows. 
Photoexcitation induces an electron extraction from valence band (VB) of CDs core to LUMO 
CDs surface state and successively an ET process to graphene.

When CDs are in close contact with t-BL graphene (Figure 5), the electrons photoexcited in the 

surface states of the CDs can be transferred either to the conduction band of t-BL graphene (non-

radiative process) or to the CDs core states giving rise to the typical process of photoluminescence 

of CDs. The non-radiative electron transfer (ET) prevails when the CDs are in contact with large 

twist angle (L) graphene bilayer (Figure 5, right). In this case, the interlayer coupling is very 

weak and Fermi velocity does not undergo significant variations with respect to its SL graphene 

value, so the t-BL behaves almost like a SL graphene. At small twist angles (S), the coupling 

between the planes increases; thus, we hypothesize that the lower Fermi velocity of the electrons 

causes a inhibition of the process of non-radiative charge transfer from the CDs to the t-BL 

graphene thus favoring the PL process (Figure 5, left). According to this model, the different 

values of the PL emission of the CDs observed in the BL (S) region enclosed in the black contour 

in Figure 4f are ascribed to different values of S. In particular, at very small values of S the 
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radiative electron transfer prevails due to the very low Fermi velocity and thus a significant 

increment in the CDs PL emission occurs. In BL (L ) graphene and AB-BL graphene (=0°) there 

is no reduction of the Fermi velocity36,70 and therefore the non-radiative electron transfer (ET) is 

not inhibited, which translates in a quenching of the CDs PL (Figure 4f).

To summarize, the CDs photoemission efficiency is still significant when they are in close contact 

with BL (S) graphene. On the contrary when they are interacting with SL graphene, AB-BL or 

BL (L) graphene, a considerable PL quenching is observed (Figure S6).

4. CONCLUSION

In summary, we performed a systematic micro Raman/PL characterization on a composite material 

in solid phase obtained by drop casting CDs on single and bilayer CVD graphene supported on a 

SiO2/Si substrate. Raman analysis revealed the occurrence of different twisted BL graphene each 

composed of domains with different twist angle. A detailed micro-PL study revealed that the 

emission efficiency of the CDs deposited on t-BL graphene is strongly dependent on the twist 

angle. The interaction between CDs and t-BL/SiO2 substrate was explained by considering the 

competition between two electron transfer mechanisms, a radiative and a non-radiative. The degree 

of interlayer coupling, and therefore the renormalization of the Fermi velocity, is the key factor 

that determines the prevalence of one charge transfer mechanism over the other. These results 

encourage further investigations on such CDs/BL graphene composites for applications in 

optoelectronic and light-harvesting nano-devices.
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Additional optical images, AFM images, Raman/PL maps, peak fitting of Raman spectra
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