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ABSTRACT  

Despite having outstanding electrical properties, graphene is unsuitable for optical devices 

because of its zero band gap. Here, we report two-dimensional excitonic photoluminescence 

(PL) from graphene grown on a Cu(111) surface, which shows an unexpected and remarkably 

sharp strong emission near 3.16 eV (full-width at half-maximum ≤ 3meV) and multiple 

emissions around 3.18 eV. As temperature increases, these emissions blue-shift, displaying the 

characteristic negative thermal coefficient of graphene. The observed PL originates from the 

significantly suppressed dispersion of excited electrons in graphene caused by hybridization of 

graphene 𝜋  and Cu d orbitals of the 1st and 2nd Cu layers at a shifted saddle point 

0.525(M+K) of the Brillouin zone. This finding provides a new pathway to engineering novel 

optoelectronic graphene devices, whilst maintaining the outstanding electrical properties of 

graphene.   

KEYWORDS: Exciton, Photoluminescence, Graphene, Optoelectronics, Cu surface 

 

  



3 

 

Graphene has been widely studied due to its remarkable electronic properties.1-6 

Nevertheless, because of its zero band gap, graphene has not been considered as a useful optical 

material.6-11 Excited electron and hole pairs are easily screened by free electrons in metals. This 

makes the luminescence efficiency of metals very low such that only band to band transitions 

are significant, as observed in noble metals.11 Surprisingly, excitonic features for metallic 

carbon nanotubes were predicted theoretically and observed in optical absorption 

experiments,12-13 leading to possible enhancements in luminescence. These were explained by 

the fact that screening is not effective in one-dimensional metals. For 2-dimensional (2D) 

materials having intriguing 2D electronic features near the Fermi level like graphene, sharp 

luminescence is not observed. While an exciton in 2D semi-metallic graphene was predicted,14-

15 no direct experimental evidence has been reported despite the existence of some signatures.16 

Recent experiment showed broad light emission across the visible range (1.7-3.5 eV) in pristine 

monolayer graphene, where excited electrons are thermalized by optical phonons.17 Here we 

show the excitonic photoluminescence (PL) of graphene on Cu, which reveals the presence of 

an exciton in the quasi 2D system, where Cu is unique in the sense that it interacts weakly with 

graphene so that the Dirac cone remains. 

 

RESULTS AND DISCUSSION 

Micro-photoluminescence (µ-PL) spectra of a graphene sheet synthesized on a Cu(111) surface 

measured at an arbitrary position is shown in Figure 1a. A strong and sharp PL peak near 3.161 

eV (the lowest energy emission peak, denoted as P) and many peaks around 3.18 eV (denoted 

as MP) were observed. Figure 1b shows that no PL is visible in the range from 3.1 ~ 3.22 eV 

for a pristine Cu(111) surface and a cleaned Cu(111) surface in the CVD chamber, indicating 

that the PL in Figure 1a arises from the graphene grown on the substrate. Unlike the PL of 
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graphene quantum dots (GQDs) and graphene oxide (GO), which exhibit a broad 

luminescence,18-20 very sharp PL emission features showing a full-width at half-maximum 

(FWHM) G of ≤ 3 meV were measured. These emissions have not been observed in ordinary 

graphene or GQDs. The asymmetric P peak can be resolved into two components by fitting 

with Gaussian functions. The two emission lines are reconstructed as shown in the inset of 

Figure 1a. The lower energy peak may originate from a phonon replica of the higher energy 

peak with a phonon energy shift of ~4 meV (discussed later). The experimental results are 

verified by density functional theory (DFT) and density functional perturbation theory (DFPT) 

calculations (discussed later). Apart from the above emissions, additional peaks near 3.135 eV 

(denoted as P-1st) and 3.109 eV (denoted as P-2nd) were observed. These peaks are identified 

as the 1st and 2nd phonon replicas of P with a phonon energy of ~26 meV (as discussed in 

Figures 4 and 5). 

We can rule out the possibility that the emission originates from graphene oxide or 

impurities. Figure 2a shows the Raman spectrum of the graphene/Cu(111) measured at 10 K. 

The Raman G peak ~1582 cm-1 observed in the graphene on a Cu(111) indicates a negligible 

doping level21 and there is no Raman peak related to graphene oxide. After subtracting the 

background, we obtain the intensity ratio of the 2D to G peaks (I2D/IG) of ~ 6.3, indicating 

monolayer formation, which is a slightly higher value compared to a previous reported value 

of ~4.22 However, the value of I2D/IG decreases to about 3.25 at room temperature, which is 

consistent with previous work (Fig. S1). The inset depicts the Raman spectrum around the D 

mode, originating from lattice defects. Inset depicts the Raman spectrum around the D mode, 

originating from lattice defects. There is no distinct peak. For comparison, the Raman spectra 

of the graphene grown on Cu foils and then transferred onto SiO2 with different growth pressure 
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were presented (Fig. 2b). Mono-, bi-, and even multilayer graphene can form on the Cu foils 

depending on the pressure in the growth chamber.24,25 The confocal Raman intensity (I2D/IG) 

mapping image of the graphene grown on a Cu foil under the growth condition of 5 Torr 

confirms the presence of both mono- and bi-layer graphene (Fig. 2c. see the dark regions 

showing local bilayer formation). Moreover, from the photoemission spectroscopy the C 1s 

core level peak is very sharp with a FWHM of ~0.8 eV near 284.5 eV with no noticeable oxide-

related peaks, such as graphene oxide, COOH, CO2, and CuO in the C 1s and Cu 3p core level 

spectra (Fig. S2). Water molecules physisorbed on the surface in air seem to be mainly 

responsible for the O 1s peak observed in wider spectra taken with 630 eV. 

To understand the origin of these peaks, we performed DFT calculations using the 

VASP suite26 with local density approximations (see Method). We consider three possible 

stacking configurations, where graphene carbon atoms in a unit cell (A and B) sit on 1st and 

2nd Cu layer atoms (tophcp), 1st and 3rd layer atoms (topfcc), and 2nd and 3rd layer atoms 

(hcpfcc). Geometry optimization for different stackings showed weak interaction of graphene 

with Cu, d > 3.0 Å, in agreement with the very weak interaction expected based on accurate 

ab initio calculations.27 The overall band structure features remain consistent in various 

stacking configurations (Figure S3). Here, we use one of the stacking configurations, tophcp. 

The Dirac band (Figure 3) of graphene (red dots) is disrupted with a bandgap of 13.5 meV, 

which is calculated to be 20 meV according to DFT+U28 and is n-doped compared to the 

pristine case (black line). Copper bands contain a dispersive sp conduction band and a flat d 

valence band (blue and green dots). Although graphene interacts with copper weakly, the 

graphene π* band is significantly perturbed by Cu px near the M point of Brillouin zone (BZ). 

This produces a new van Hove singularity (vHs) with the flattened band near the mid-point of 

M-K at an energy of 1.1 eV, giving rise to an enhanced density of states (DOS) as shown in 
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the DOS plot on the right side of Figure 3. For the valence band, the top-most Cu 𝑑&' band 

(near -1.6 eV) shows a significant orbital hybridization (see the inset) with the π band of 

graphene, consistent with the literature,29 and produces large DOS peaks. Such an enhanced 

DOS for electrons and holes is likely to support an emissive transition due to (i) a significant 

coupling between C π and Cu 𝑑&'  orbitals, (ii) an optical selection rule, and (iii) an 

insignificant change in momentum (the direct transition). We calculated the transition 

probability P(w)µ Afirfri P ω ∝ A+,ρ+ρ, , where Afi is the dipole transition matrix between 

initial and final states and ri(f) is the density of initial (final) state. The DFT result shows a peak 

with a transition energy at 2.7 eV, which corresponds to the expected emission energy of P 

(Figure S4). Small discrepancies in DFT-predicted energy gaps are generally expected.30 

The possibility that lattice vibrations are responsible for the asymmetric P line and P 

replicas is investigated using DFPT and the PHONOPY package31 for the phonon dispersion 

of graphene on 5 Cu(111) layers. The phonon dispersion (Fig. 4a) manifests a well-known 

feature of phonon softening of graphene ZO and LO branch induced by interfacial mixing 

(charge transfer) of graphene p orbital and metal d orbital.32 However, because the softening 

of graphene G-LO mode is quite small, our Raman G band showed almost the same value as 

pristine graphene (Fig. 2). Although the orbital hybridization of graphene and Cu gives rise to 

the finite G-ZA energy, we observe no ZA/ZO splitting at K confirming no significant 

adsorption of graphene to Cu substrate.33 Since the excitation energies of phonon replicas are 

~ 10 meV, we further investigated the electron-phonon coupling of low energy modes with 9 

Cu layers. These low energy modes are largely populated by Cu optical modes and graphene 

acoustic modes. We assumed that our observed PL is direct transition. The graphene DOS has 

a suppressed dispersion peak at 3.65 meV due to the orbital hybridization between the Cu 
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substrate and the carbon atoms33 of the ZA mode near Γ (Fig. 4b). Furthermore, electronic 

structure calculations (Fig. 5a) show a large energy shift of C π* upon modulation of G-ZA 

mode. Significant energy level shift from DFT calculations indicates a large electron-phonon 

coupling. Therefore, we conclude that the highly populated graphene G-ZA mode couples to 

the p* band and produces an asymmetric P line composed of consecutive overlapping Gaussian 

peaks with a splitting of 3.65 meV. The coupling of the conduction band and graphene G-ZA 

mode demonstrates the origin of the linear increase in the FWHM with temperature (Fig. 6). 

On the other hand, the topmost Cu layer atoms the first layer Cu(1) and the second layer Cu(2), 

which lie in the low energy modes region (Fig. 4c), should also be responsible for the electronic 

structure of the Cu-graphene system. Amongst the low energy modes, the Cu(2) out-of-plane 

vibration mode Γ-SV234 has an energy of 30 meV which is comparable to the energy shift of 

26 meV for the P replicas. Upon modulation of the Γ-SV2 (Fig. 5b) mode, the electronic energy 

level of Cu(2) 𝑑&' changes by a significant amount Δε. Therefore, P-1st and P-2nd are most 

probably Cu surface phonon emissions. Our conclusion is also consistent with the recent 

ultrafast PL experiment of strong electron optical phonon coupling in monolayer graphene.17  

The PL spectra shift to higher energy with increasing temperature (Fig. 6). Similar 

emission peaks were observed for graphene grown on Cu foils, even in the case of low quality 

graphene (Figure S5). The integrated intensity of the MP emissions decreases linearly with 

temperature, while that of the P emission increases up to ~40 K and then decreases. Figure 6b 

shows both PL energy and FWHM for P and MP emissions as a function of temperature. This 

temperature dependent band gap variation is understood in terms of lattice dilation and 

electron-lattice interactions. Interestingly, the PL peaks shift to higher energy with increasing 

temperature, which is the opposite trend to other semiconducting materials. This is in 
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agreement with previous studies verifying a negative thermal coefficient for graphene.35-37 The 

temperature dependence of the band-gap proposed by O’Donnell and Chen38 takes into account 

the influence of phonons on the bandgap energy to obtain a better fit for semiconductors at 

lower temperatures. They considered the following equation:  

E. T = E. 0 -S E45 coth E45 2k<T -1 , 

where E45  is an average phonon energy and S is a dimensionless coupling constant. The 

measured data are in good agreement with the aforementioned relationship at all measured 

temperatures (red solid lines). The fitting parameter for E45  was found to be ~26 meV for 

the P emission. The FWHM of the P emission exhibits a small linear increase with temperature 

up to ~20 K, and then broadens more steeply as the temperature is increased further. The 

thermal broadening of the emission linewidth due to the exciton-phonon interaction can be 

expressed by the equation: 

Γ T = Γ? + σT + γCD exp - ECD k<T ,39 

which is denoted as a black solid line in Figure 6b. Here G0 is the temperature-independent 

inhomogeneous broadening; as T → 0 K, G0 is 2.9 meV for the P emission from the fit. The last 

two terms are related to the homogenous broadening due to exciton-phonon interactions. Here 

s is the coupling coefficient between an exciton and an acoustic phonon, and gLO is the 

coefficient for coupling between an exciton and the longitudinal optical (LO) phonon. The best 

fitting parameter is s = 313.6 µeV/K, much higher than the values reported usually for 

semiconductor materials with similar transition energies such as InGaN quantum dot (QD) (1.7 

µeV/K),37 CdSe nanosheets (9.8 µeV/K for 4 ML),40 and GaN QD (0.8 µeV/K),41 which means 

that the out-of-plane acoustic phonon dominates over optical phonons. 
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CONCLUSION 

In conclusion, this work reports excitonic photoluminescence from a graphene sheet 

grown on Cu surface. Strong and sharp emission lines were clearly observed near 3.16 eV (P) 

and 3.18 eV (MP). These emissions shift to higher energy with increasing temperature, 

indicating a negative thermal coefficient for graphene. From DFT calculations, the orbital 

hybridization of graphene p and the Cu surface d orbitals is responsible for the large optical 

transition probability and the shift of saddle point M to 0.525(M+K) of BZ. Strong electron 

phonon couplings in graphene on a Cu(111) are observed from the replica PL spectra and 

temperature dependent FWHM of PL confirmed by DFT and DFPT calculations. The present 

results could be utilized for development of new optoelectronic devices. 

 

METHODS  

Sample preparation. Graphene was grown on a Cu single-crystal (7´7´1 mm3) in a hot 

furnace consisting of a 25 mm ID quartz tube. The Cu single-crystal disc was first placed in 

the center of a horizontal quartz tube mounted inside a high temperature furnace, and the tube 

was then evacuated, back filled with hydrogen (H2) and argon (Ar), and the process was 

repeated three times to remove the residual air completely from the quartz tube. H2 (100 sccm) 

and Ar (200 sccm) were introduced as the carrier gas, when the furnace temperature reached 

1050 °C. A Cu single-crystal was pre-annealed at 1050 °C for 30 min to remove the native Cu 

oxide layer in the H2 and Ar atmosphere. Then, CH4 (5 sccm) was flowed through the system. 

In order to know the relation of the PL with graphene, we also prepared a cleaned Cu(111) 

sample obtained after annealing without introducing the CH4 gas. The growth pressure was set 

to 5 Torr during growth where monolayer graphene is formed. After exposure to CH4, the 
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furnace was cooled to room temperature with H2 and Ar. The experimental parameters 

(temperature profile and gas composition/flow rate) are in Figure S6. 

 

X-ray Photoemission Spectroscopy. The core-level photoemission spectroscopy studies were 

performed at a pressure of 1.0×10−10 Torr at the 10D and 4A2 beamline of the Pohang 

Accelerator Laboratory (PAL), equipped with the PHOIBOS 150 and Scienta R4000 electron 

energy analyzers. All the spectra were collected at the normal emission. The photon energy 

used 360 eV to obtain high-quality C 1s core level spectra. The binding energy scale was 

calibrated with the Au 4f core-level peak at 84.0 eV.42 

 

DFT calculations. For the plane wave DFT calculations, we used the local density 

approximation (LDA) exchange functional and a plane wave basis set with a 600 eV cut-off 

energy. We sampled the BZ with a (128×128×1) k-point mesh to calculate electronic structures 

such as the density of states. We used DFPT for phonon dispersion and a supercell method for 

the phonon DOS. We used a lattice constant of 2.46 Å for pristine graphene. The electronic 

coupling between the graphene and Cu(111) is weak, based on the ARPES experiments,43-45 

showing intact Dirac bands, and the theoretical calculations29,46 predict a mean interlayer 

distance ~3.0 Å and a corrugation ~0.2 Å. Thus, we used a weakly interacting distance of 3 Å 

and a (1×1) unit cell after verifying the insignificant effects of stacking on the electronic band 

structure. The independent particle approximation (IPA) was used to compute the dipole 

transition matrix. 
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Photoluminescence. A frequency-tripled femtosecond Ti:sapphire laser (100 fs pulses at 76 

MHz) operating at 266 nm was used to excite the graphene in the µ-PL experiments. The 

sample was mounted in a continuous-flow helium cryostat, allowing the temperature to be 

controlled accurately from 4.2 K to room temperature. A 36× reflecting objective was held by 

a sub-micron precision piezoelectric stage above the cryostat and used to focus the incident 

laser beam to a spot size of ~2 μm2 and to collect the resulting luminescence. The luminescence 

was then directed to a spectrometer with a spectral resolution of ~700 μeV. The signal was 

finally detected using a cooled charge coupled device (CCD) detector. All the PL spectra were 

obtained by using a 0.3m focal length spectrometer with a 1200 gr/mm grating, except for the 

wide range PL measurements from the pristine and cleaned Cu(111), where a 300 gr/mm 

grating was used. 
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Figure 1. (a) Micro-PL spectrum of graphene grown on a Cu (111) surface measured at an 

arbitrary position at 4.2K. Inset depicts the reconstructed PL spectrum for the P emission using 

two Gaussian functions. (b) Micro-PL spectra of a pristine and a cleaned Cu(111) surface by 

annealing the surface in the CVD chamber prior to grow the graphene. Inset shows wide micro-

PL spectra of these samples. 
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Figure 2. (a) Raman spectrum of the graphene grown on a Cu(111) single crystal without 

transferring. Inset depicts the Raman spectrum around the D mode. (b) Raman spectra of the 

graphene grown on Cu foils and then transferred onto SiO2 with different growth pressure. (c) 

Confocal Raman intensity (I2D/IG) mapping image of the graphene grown on a Cu foil under 

the growth condition of 5 Torr. 
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Figure 3. Band structure and projected DOS for 21-layer Cu (111)-graphene. Graphene π (red), 

first layer Cu(1) 𝑑&' (green), second layer Cu(2) 𝑑&' (blue), and pristine graphene (black). 

An enlarged band structure around the vHs at 0.525 (M+K) in the valence band is shown in the 

inset.  

 

 

  



23 

 

 

Figure 4. (a) Dynamical matrix projected phonon dispersion and phonon DOS of 5-layer Cu 

(111)-graphene, pristine graphene (black), graphene (red), the first Cu layer (green), and the 

second layer Cu (blue). Dashed blue box indicates low energy modes that are related to 

electron-phonon coupling. (b) Phonon dispersion and phonon DOS of low energy graphene 

modes of 9-layer Cu(111) graphene. (c) Normalized dynamical matrix projected phonon 

dispersion of 9-layer Cu(111) graphene for the first (left) and second (right) Cu layers near Γ. 

Surface Cu phonons consist of shear vertical (SV) and longitudinal (L) modes of the first (1) 

and the second (2) layer Cu atoms.34 
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Figure 5. Indication of electron-phonon coupling between the graphene ZA and Cu SV2 mode. 

(a) Original band structure (left) and modified band structure (right) upon modulation of the 

ZA (3.56 meV) mode. (b) Original band structure (left) and modified band structure (right) 

upon modulation of the SV2 (30 meV) mode. Here, modulations are arbitrary so that energy 

shifts do not correspond to phonon energies. 
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Figure 6. (a) Temperature-dependent micro-photoluminescence spectra of the graphene 

measured at an arbitrary region. (b) PL peak energy and full width at half maximum for the P 

peak as a function of temperature. The solid lines are the least square fitted curves. 

 


