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Exciton dynamics in monolayer graphene grown on a Cu(111)
surface
Youngsin Park 1,4✉, Guanhua Ying2,4, Robert A. Taylor 2 and Chan C. Hwang3✉

We have characterized the carrier dynamics of the excitonic emission emerging from a monolayer of graphene grown on a Cu(111)
surface. Excitonic emission from the graphene, with strong and sharp peaks both with a full-width at half-maximum of 2.7 meV, was
observed near ~3.16 and ~3.18 eV at 4.2 K. The carrier recombination parameters were studied by measuring both temperature-
dependent and time-resolved photoluminescence. The intensity variation with temperature of these two peaks shows an opposing
trend. The time-resolved emission was modelled using coupled differential equations and the decay time was found to be
dominated by carrier trapping and Auger recombination as the temperature increased.
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INTRODUCTION
Graphene is an excellent material for fundamental solid-state
physics and applications in electronic devices arising from its
unique X-band (Dirac cone) energy dispersion, however, it is
unsuitable for optical devices based on luminescence because of
its zero band gap1–3 such that optical luminescence is not
expected. As excited electrons in the conduction band are easily
screened by free electrons in metals, the luminescence efficiency
is very low, such that only band to band transitions are significant,
as observed in noble metals4. Nevertheless, proof-of-concept
photonic devices have been demonstrated as photo-detectors5–8,
modulators9,10, frequency multipliers11 and mechanical oscilla-
tors12. As the electronic state is directly related to both optical and
transport properties, most research has been focused on the
electronic band structure near the Fermi level. For these reasons,
measuring photoluminescence (PL) from pristine graphene itself
should not be possible unless assisted by phonons introducing
confinement such as in graphene quantum dots (GQDs)13–17 or
functionalizing as with graphene oxide (GO)18–21. However, many
GQDs and GO are not actually pure graphene and the PL peaks
from these systems exhibit a broad emission due to the size
distribution of the GQDs and inhomogeneities in the oxidation of
GO, resulting in unclear transition mechanisms. However, no PL
was observed from graphene nanoribbons prepared on metallic
substrates due to quenching by the metal22. Though the
observation of PL has been reported in GQDs13–17 and
GNRs23–26, all the emission originates from band gap opening. If
the band gap of graphene is opened, however, the mobility
decreases rapidly due to the inverse relation between the mobility
and band gap27. So, observing PL from pure graphene whilst
keeping its X-band plays a key role in optical devices with high-
speed performance. If we can get a sharp and strong lumines-
cence from graphene itself, keeping the X-band structure,
nanostructure fabrication such as nanoribbons, GQDs by functio-
nalizing the graphene, is not necessary. Up to now, due to the
absence of sharp excitonic emission from the pure graphene, it
has been difficult to study optical carrier dynamics experimentally.

Here we discuss excitonic PL dynamics from very sharp and
strong peaks at 3.162 and 3.183 eV emerging from pure graphene.
Temperature-dependent PL shows that the intensity of these two
peaks shows an opposing trend, that is, the intensity of the
3.183 eV peak decreases linearly with increasing temperature
whereas that of the 3.162 eV peak increases up to ~45 K and then
decreases rapidly. Time-dependent PL measurements show that
these two peaks are coupled to each other, compensating the
total intensity. The carrier recombination parameters were studied
by measuring time-resolved PL (TRPL) and analysed by coupled
differential equations.

RESULT AND DISCUSSION
Micro-photoluminescence (μPL)
Several emissions with different origins were observed at low
temperature from the pure graphene grown on a Cu(111) surface
and a temperature-dependent μPL mapping is shown in Fig. 1a.
Very strong and sharp PL peaks both with a full-width at half-
maximum (FWHM) of 2.7 meV at 3.162 eV (the lowest emission
peak, denoted as P1) and 3.183 eV (denoted as P2) were the
predominant peaks observed at 4.2 K. The observed PL originates
from suppressed dispersion in graphene at a shifted saddle point
0.525(M+ K) of the Brillouin zone (BZ). The details of this are
explained fully in our previous paper28. Here we focus on the
dynamical behaviour of these two peaks, which blueshift with
increasing temperature due to the negative thermal expansion
coefficient of graphene29–31, these emissions have not been
observed in ordinary graphene or GQDs, or GO, given the broad
luminescence13,19–21. The shape of the P1 peak is asymmetric due
to a phonon replica of its excitonic transition with a phonon
energy shift of ~4 meV28, and it was fitted by two Gaussian peaks,
peak P2, however, exhibited emission characteristic of a single
peak (Supplementary Fig. 1). Note that the intensities of the P1
and P2 peaks show an opposing trend as shown in Fig. 1a, that is,
the intensity of the P1 peak becomes broad and intense with
increasing temperature. Whereas that of the P2 peak decreases
linearly. Inset of Fig. 1b shows the deduced integrated PL intensity
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of these peaks. As we expected, the intensity of the P2 peak
decreases linearly with increasing temperature, whereas that of P1
increases up to ~45 K and then decreases rapidly as the
temperature is increased further. The decrease in the intensity
with temperature can be understood by ionization of the exciton,
however, the increase in the intensity seen for P1 is difficult to
explain. The PL intensity (I) as a function of temperature (T) can be
expressed as I= A exp (−Ea/kBT), where A is a constant, and kB is
the Boltzmann constant. The exciton activation energy (Ea) of P2
was estimated to be 8.59 meV by the Arrhenius plot shown
in Fig. 1b.
Figure 2a shows the long-term temporal variation of the PL

emission measured at 4.2 K. Consecutive PL spectra at 8 s time-
intervals were collected from the graphene sample. Note that apart
from the P1 and P2 peaks, the intensities of all other peaks such as
that near 3.189 eV etc., which have very weak intensity, keep their
original values for a long time. However, the overall intensity of the
P1 peak increases with increasing time, while that of P2 decreases.
All spectra were fitted by using Gaussian function (Supplementary
Fig. 2). The emission intensities of the P1 and P2 peaks change in
opposition to each other, that is, the temporal variation of one
peak seems to be compensated by that of the other keeping its
spectral position and FWHM (Supplementary Fig. 2) for a long time.

Figure 2b shows the integrated PL intensity variation for specific
peaks as a function of time. The intensity of the P1 peak increases
with time, while that of P2 deceases, which suggests that the
carriers are transferred from the states responsible for P2 to those
of P1. This behaviour is related to the compensation of the P1 and
P2 peaks by each other by moving the exciton from P2 to P1
because the electronic band dispersion of the P1 and P2 arises
from the same valence band28. In temperature-dependent PL, we
need to consider thermal effects with increasing temperature.

Temperature-dependent TRPL
The carrier decay time was characterized by measuring the TRPL.
Figure 3 shows the TRPL curves of the P1 and P2 peaks measured
at 4.2 K. The decay curves exhibit a single-exponential decay, as
shown in the black and red solid lines for the P1 and P2 peaks,
respectively. The decay dynamics can be modelled by the
following coupled differential equations32–34.

�dnf
dt

¼ Anf þ Bn2f þ Cn3f (1)

�dnx
dt

¼ kxnx (2)

Fig. 1 Temperature-dependent micro-photoluminescence. a Temperature-dependent PL spectral mapping from graphene. Upper and
bottom insets depict the PL spectra taken at 4.2 and 35 K, respectively. b The Arrhenius plot of the P2 emission. Inset depicts the integrated PL
intensity of the P1 and P2 emission peaks as a function of temperature. All intensities are deduced by Gaussian fitting as shown in
Supplementary Fig. 1.

Fig. 2 Temporal variation photoluminescence. a Temporal variation of the PL spectra measured at 4.2 K. b The integrated PL intensity as a
function of time. The red and blue dots relate to emission from P1 and P2, respectively. The peak intensity was extracted by Gaussian fitting.
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where the A arises from trap-assisted recombination due to
Shockley–Read–Hall, B is the radiative bimolecular free carrier
recombination rate and C is the non-radiative Auger recombination
rate, and the Auger contribution is negligible at low temperatures
and at all but the highest densities used. The excitonic decay
expressed, by Eq. (2), can also be significant at low temperature.
Here we assume the exciton density (nx) and the free carrier decay
(nf) are independent of each other. Only A, B and kx describe
radiative recombination and all other parameters are assumed
non-radiative. These equations produce good fits to the data as
shown in the blue curves in Fig. 3a. The decay time of the P1 peak
is 1.488 ns, which is similar to that of GQDs reported by Xu et al35.
Although the PL and TRPL of GQDs depend on the excitation
wavelength13,21,36, the 266 nm wavelength excitation used this
work is the most efficient for producing emission from the intrinsic
state of graphene QDs13. The decay time for the P2 peak is,
however, ~150 ps, which is very short compared to that of the P1
peak and is therefore impossible to measure accurately as it is
almost at the resolution limit of the system. The measured decay

time does not imply a direct radiative lifetime for the carriers, that
is, the measured PL decay time produces an effective lifetime (τeff)
including radiative (τr) and non-radiative lifetimes (τnr) expressed as
τeff

−1= τr
−1+ τnr

−1. Since the later can only increase with
temperature, which means that the non-radiative rate is signifi-
cantly smaller than the radiative rate. We can thus safely conclude
that the non-radiative decay rates are slower than the radiative
ones at low temperatures.
The excitation power-dependent TRPL spectra for the P1 peak

were shown (Supplementary Fig. 3). The decay decreases slowly
with increasing excitation power. As shown in the inset, although
the decay time decreases, it only changes by 0.084 ns due to the
small but increasing Auger recombination rate. The trapping rate,
however, remains almost constant (Supplementary Fig. 3). Note
that the Auger recombination rate is independent of the energy
gap in many indirect semiconductors, while it decreases exponen-
tially in direct gap semiconductors with an energy gap of less than
~1 eV37. The transition energy for the emission from the graphene
used here is at ~3.16 eV, which originates from the 0.525(M+ K)
point of the BZ28, the actual band gap of graphene is zero.
The inset in Fig. 4a presents a temperature-dependent TRPL

mapping of the P1 peak decay at an excitation power of 2 mW.
The decay dynamics of the P1 peak remain almost constant or
increase slightly up to about ~50 K and then decrease rapidly as
the temperature is increased further. The original fitting curves are
shown (Supplementary Fig. 4). The PL decay times obtained from
single-exponential fits using Eqs. (1) and (2) above as a function of
temperature are shown in Fig. 4a. The decay times are almost
constant up to ~50 K and then rapidly decrease at higher
temperatures. Here, we notice that the initial exciton density of
the graphene on the Cu surface decreases monotonically due to
the thermal ionization of excitons, whereas the carrier trapping
rate increases exponentially with increasing temperature (Fig. 4b).
So we can deduce that the carrier dynamics are related to the
carrier trapping rate.
Another parameter affecting the decay mechanism is the Auger

recombination rate. Theoretically, the Auger recombination rate
increases slowly with increasing temperature, corresponding to an
indirect Auger recombination process38–40. However, the Auger
recombination rate is almost constant up to ~45 K and its
contribution to the dynamics is almost negligible, and then
increases rapidly with a further increase in temperature (Supple-
mentary Fig. 4), which matches well with the excitonic decay time
shown in Fig. 4a, albeit with a small contribution to the total decay
of 0.22% at 4.2 K and 2.1% at 65 K. It is clear that the excitons are

a

b

Fig. 3 Time-resolved photoluminescence. a Time-solved PL of the
P1 (black solid line) and P2 (red solid line) emission peaks measured
at 4.2 K. The blue solid lines are fitted. The excitation power is 2 mW.
b The shoulder near 1.6 ns is due to the instrument response
function (IRF) caused by electron reflections in the system.

Fig. 4 Temperature-dependent time-resolved photoluminescence. a Decay time of the P1 emission peak as a function of temperature. Inset
depicts the temperature-dependent time-resolved PL of the P1 emission peak measured at excitation power of 2mW. We used a power that
was as low as possible to avoid thermal effects. b Initial exciton density and carrier trapping rate, which is related to free carrier density nf, as a
function of temperature.
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trapped in the low-temperature regime and then become active in
the 2D plane as the temperature increases above ~50 K.
In conclusion, the carrier dynamics of the excitonic emission

from a monolayer graphene grown on a Cu(111) surface was
characterized by temperature and TRPL. The intensity variation of
these two peaks with temperature shows an opposing trend, that
is, the intensity of the ~3.18 eV peak decreases linearly with
increasing temperature, whereas that of the ~3.16 eV peak
increases up to ~45 K and then decreases rapidly. The temporal
variation of the PL shows that these two peaks are related to each
other and compensate the total intensity. The carrier recombina-
tion dynamics are mainly dominated by carrier trapping and
Auger recombination as the temperature increases.

METHODS
Synthesis of graphene
A monolayer of graphene was synthesized on a single crystal Cu(111)
substrate in a hot quartz tube. The Cu(111) was introduced in the middle of
the horizontal tube, and then the tube was evacuated, back filled with
hydrogen (H2, 100 sccm) and argon (Ar, 200 sccm) to remove the residual
air completely from the tube. The native Cu oxide layer was removed by
pre-heating at 1050 °C for 30min under the H2 and Ar ambient. More
detailed growth condition can be found in ref. 28.

Optical characterization
A frequency-tripled femtosecond Ti:sapphire laser (100 fs pulses at 76 MHz)
operating at 266 nm was used to excite the graphene using a micro-PL
experimental system. 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 ~1.2 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 detector. All the PL spectra
were obtained using a 0.3 m focal length spectrometer with a 1200 g/mm
grating. The TRPL measurements were carried out using the same
experimental set up as above, but the dispersed PL was reflected towards
a photomultiplier connected to a commercial photon counting system
(Becker&Hickl SPC-130), with a time resolution of ~130 ps. Measurements
of the lifetimes of the confined states were then carried out over a range of
excitation power densities.

DATA AVAILABILITY
The data from this study are available from the corresponding author upon
reasonable request.
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