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Dirac point induced ultralow-threshold laser and
giant optoelectronic quantum oscillations in
graphene-based heterojunctions

Golam Haider® 23, Rini Ravindranath?#, Tzu-Pei Chen?3, Prathik Roy®, Pradip Kumar Roy3, Shu-Yi Cai?,
Huan-Tsung Chang? & Yang-Fang Chen3

The occurrence of zero effective mass of electrons at the vicinity of the Dirac point is
expected to create new paradigms for scientific research and technological applications, but
the related discoveries are rather limited. Here, we demonstrate that a simple architecture
composed of graphene quantum dots sandwiched by graphene layers can exhibit
several intriguing features, including the Dirac point induced ultralow-threshold laser, giant
peak-to-valley ratio (PVR) with ultra-narrow spectra of negative differential resistance and
quantum oscillations of current as well as light emission intensity. In particular, the threshold
of only 12.4 nA cm™2 is the lowest value ever reported on electrically driven lasers, and the
PVR value of more than 100 also sets the highest record compared with all available reports
on graphene-based devices. We show that all these intriguing phenomena can be interpreted
based on the unique band structures of graphene quantum dots and graphene as well as
resonant quantum tunneling.
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raphene has been studied extensively during last decade

owing to its unique physical, chemical and mechanical

properties! . A single layer graphene possesses linear
energy momentum dispersion relation at the edges of hexagonal
Brillouin zone, which leads the electrons and holes to behave as a
massless Dirac Fermion with exceptionally high mobility" * % ©,
It has triggered the experimental realization of several
fundamental physical phenomena and offered a fascinating
material for electronic and optoelectronic applications!. Over last
few years, several applications have been demonstrated using
various intriguing properties of graphene including ultrahigh
carrier mobility, excellent tensile strength and high transpar-
ency’ 10, Notably, linear dispersion relation makes the graphene
Fermi energy (Eg) extremely sensitive to its neighboring pertur-
bations> & I!. Thus, it has become a challenging issue to achieve
the exceptionally high mobility of graphene film in a real device.
Up until now, practical applications of massless Fermions around
the Dirac point are not yet realized. On the other hand, graphene
quantum dots (GQDs) reveal a new promise of bandgap opening
in mesoscopic grapheme!? 13, Several studies suggest that the
energy band in GQDs can be highly influenced by the functional
groups attached on the GQD matrices as well as the quantum
confinement of the carriers'> 14, which makes explicit explana-
tion of the bandgap and related luminescence difficult.

Herein, with a simple all-graphene-based architecture
consisting of GQDs sandwiched between two graphene layers, we
demonstrate the Dirac point induced ultralow-threshold laser
action due to the rapid formation of population inversion by fast
transport of massless charge carriers. In addition, we discover a
giant peak-to-valley ratio (PVR) and ultra-narrow spectra of
negative differential resistance (NDR). Furthermore, we observe
quantum oscillations in both conductance and light emission
spectra. These intriguing features may pave the way to the
development of new optoelectronic and nanoelectronic devices.

Results

Graphene/graphene quantum dots/graphene heterostructure
device. The structure of our design is illustrated in Fig. 1. An
~35nm-thick GQD layer was sandwiched by high-quality
monolayer graphene on top of a p-Si/SiO, substrate (Fig. la)
and on a polymethyl-methacrylate (PMMA) layer. (A detailed
description of device fabrication, graphene quality and the
properties of GQDs is provided in the Method and
Supplementary Information, Supplementary Notes 1, 2 and 3,
respectively, where, the schematic illustration and corresponding
cross sectional scanning electron microscopy (SEM) image of the
device are provided in Supplementry Fig. 1 and 2, respectively.
The optical transmission of the top graphene/PMMA layer is
depicted in Supplementry Fig. 3. The Raman spectra of single
layer graphene in Supplementry Fig. 4 confirms a good quality
graphene layer. The morphology of the GQDs and its size
distribution are shown in Supplementry Fig. 5. The GQDs has
been further characterized by Raman, X-ray photoelectron
spectroscopy (XPS), and photoluminescense studies as provided
in Supplementry Fig. 6, 7, 8, and 9 respectively.) First, we
present the I-V characteristics of this simple all-graphene-based
device as shown in Fig. 1b. Quite interestingly, the I-V shows
quantum oscillations, which is superimposed over a very narrow
and pronounced NDR spectrum. This striking feature can be
understood as follows.

Resonant quantum oscillations of current and giant NDR. The
chemical vapor deposition (CVD)-grown graphene on SiO, and
PMMA has been shown to have p-type nature!>~'°. Even though
the graphene layers carry different initial Fermi energies, they will

2

|8:256

align with the Er of GQDs at zero bias state as shown in Fig. lc.
Application of a bias causes a relative shift of Fermi energies of the
top-graphene (Gry) to the bottom-graphene (Grg) as shown in
Fig. 1d. The Raman scattering spectrum of the GQDs as shown in
Supplementary Fig. 6 reveals that the low-energy out-of-plane
vibrational mode of -OH functional groups attached with
aromatic chain causes a vibrational energy splitting of ~125 cm™
in the band structure of GQDs2°. This result is consistent with the
X-ray photoelectron spectroscopy data as shown in Supplemen-
tary Fig. 8, which suggests a dominant presence of hydroxyl
functional group in the GQD matrix. Thus, in association with the
quantum confinement of charge carriers, the vibrational energy
levels of GQDs produce several energy levels in between the
quantum confinement states as shown in Fig. 1c. When the bias
voltage is tuned, the Ep of the subsequent graphene changes
monotonically. The Eg close to a certain energy state of GQDs
thus causes a resonant tunneling of electrons*!~2as shown in
Fig. 1d. Further change of the bias voltage results in a drastic fall of
the tunnel current producing NDR as shown in Fig. 1b. The
negative differential resistance observed here is similar to the
classical work of resonant tunneling in semiconductor double
barriers®>. Notably, the tunneling electrons from the graphene
electrode trapped in the energy levels of GQDs will block the
tunneling of electrons with energy below the Fermi level of the
graphene layer. We therefore can observe a very pronounced peak
and valley characteristics. In addition, the injected charge carriers
in GQDs can be used to generate electroluminescence and
laser action as shown below. These distinct characteristics are very
different from the graphene/hexagonal boron nitride
(h-BN)/graphene heterostructure as reported previously®®.
Because h-BN is a wide bandgap material, it hardly carries any
energy states in between its conduction and valance bands. Hence,
the tunneling can occur from the density of states between the
chemical potential of the two graphene electrodes, which leads to a
quite different behavior. The average PVR of the current in the
lower bias region is found to be >20. The two adjacent current
peaks are found to be separated by ~0.30 V, which corresponds to
an energy separation of ~ 135 cm™! based on the estimated Eg shift
due to the change of external bias!® 2’ (see Supplementary
Note 4), which is close to the vibrational energy spacing observed
by Raman spectroscopy (Supplementary Fig. 6). While the bias
voltage monotonically increases, the density of states of graphene
thereby decreases to zero at the Dirac point and increases again
owing to the occurrence of linear energy band spectrum?®, which
leads to an unusual nature of the tunnel current superimposed by
a very sharp and pronounced peak. This striking feature will be
discussed more detailed as follows.

In order to unveil the nature of the tunnel current at the
vicinity of the Dirac point, we have shown the I-V curve in
Fig. 1e with a higher magnification around the Dirac point. At the
point 2 in the curve, the tunneling current is dramatically
enhanced owing to the existence of a very low effective mass of
electrons® in yellow region, as shown in the inset of Fig. le.
Further enhancement of the bias causes the Fermi energy to reach
the Dirac point, which induces a rapid decrease of the tunnel
current. Quite interestingly, the tunnel current rapidly becomes
zero and falls further to the point 3, while the Fermi energy just
crosses the neutrality point but still belongs to its vicinity, as the
green region shown in the inset of Fig. le. The rapid change of
current follows the nature of the density of states around the
Dirac point" 27-2°. This abnormal behavior of current has not
been realized in late studies on graphene tunnel transistors®® 30,
The observed nature of the measured current can be distin-
guished from previously reported conduction in graphene* and
graphene-based tunneling junctions®® with the help of existing
theoretical models®® ®!. The energy states of graphene under
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Fig. 1 All-graphene sandwich device exhibits quantum oscillations of current. a Schematic representation of the device. The top graphene (Grt) and bottom
graphene (Grg) serve as the carrier injection layers to the GQDs. b Current oscillations due to resonant tunneling of electrons for positive bias. The inset
shows the respective positions of Fermi energy (black dot lines) of both graphene at different regions. ¢ The energy band diagram of different layers without
application of external bias. The zero bias misalignment of Dirac point arises from the substrate effect. d The band structure with the application of positive
bias shows a resonance tunneling of electrons. The recombination occurs due to the presence of holes in the valence band. e Magnified -V near the Dirac
point. The yellow and green colors in the bottom graphene show the position of nearly zero effective mass (mes) zone for the carriers. Inset color bars are
cartoon diagrams representing the variation of mg around the Dirac point. f Oscillation of current under negative bias. The |-V shows a x phase difference
of current oscillations in opposite bias. The inset depicts the position of Fermi energy of the graphene at different bias voltage. g The energy band diagram of

the composite under reverse bias

scanning tunneling microscope (STM) measurement forms a
quasi-planar junction with STM tip due to the existence of a large
amount of neighboring bulky atoms (see Supplementary Note 5),
which allows the electrons to tunnel between different momen-
tum states®! 32, Similarly, the graphene layers in graphene/h-BN/
graphene heterostructures’® *form a planar-like junction, in
which a large number of carriers can tunnel to the empty states of
the other graphene keeping momentum conserved?®. Thus, the
resultant tunneling current in both cases averages out the unusual
nature of carriers around the Dirac point. On the other hand, for
the graphene/GQD/graphene structure in our current study, the
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vibrational energy levels of GQD in between graphene layers form
a T-shaped junction (Supplementary Fig. 10). Thus, with the
single quantum level during tunneling it allows the tunneling
current to replicate the abnormal nature of carrier characteristics
around the neutrality point®!. An average value of PVR derived
from the ultra-narrow spectrum in this region at room
temperature is found to be >100, which is >50 times higher
than all previous reports on graphene-based heterostructures?®.
This result shows a great potential for the design of next-
generation graphene-based high-speed electronic and optoelec-
tronic devices?. In order to confirm the above interpretation, we
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Fig. 2 Oscillatory electroluminescence intensity. a EL spectra collected at the peak and valley of a particular resonance energy. The emission intensity
oscillates with the same period of tunnel current. b Plots of emission intensity and magnitude of tunnel current with different bias voltage demonstrate
oscillations of carrier injection. ¢ EL spectra taken at the maxima of different resonance current. d Variation of emitted photon energy with bias voltage. The
emitted photon energy increases with bias voltage due to the resonance tunneling to the higher energy states

have performed the I-V characteristics under negative bias. With
the opposite polarity of bias voltage, as shown in Fig. 1f, a & phase
shifted nature of quantum oscillations in the I-V characteristics
has been observed due to the reverse direction of the current flow
of the graphene layers as shown in Fig. 1g. The analysis similar to
that of positive bias can be applied to the results obtained under
negative bias.

Theoretical foundation. To rationalize our interpretation as
described above, we have performed theoretical calculation based
on the modeling of resonant quantum tunneling as shown in
previous report to fit our experimental measurement for the
sharp pronounced peak near the Dirac point*> 2°. A detailed
calculation and comparison between the theoretical and experi-
mental results can be found in Methods and Supplementary
Note 6, Supplementary Fig. 11. We can clearly see that the
experimental data can be understood well based on the effect of
resonant quantum tunneling. Note that the massless-like highly
energetic carriers can invert the population of multiple vibra-
tional energy states and stimulate the recombination of carriers
producing laser action (as discussed below). Furthermore, this
characteristics leads to a disequilibrium of the carrier con-
centrations in the higher vibrational level of surface functional
groups in the GQDs. Thus, when the bias is swept across the
Dirac point, the carriers from the higher vibrational levels can
produce resonant tunneling back to the graphene layer. There-
fore, an opposite direction flow of carriers will induce the negative
current. Notice that the negative current exhibiting as the
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dominant role is because the positive tunneling current is negli-
gible due to zero density of states when the Fermi energy is near
the Dirac point. The abnormal nature of negative current at
positive applied bias is very unusual and has not been observed
before, which arises from the unique nature of the band structure
of the graphene and the lack of the same study as presented here
in all previous reports. The negative current at positive bias only
occurs when the applied voltage is swept across the Dirac point.
To confirm this phenomenon, we have repeated the measurement
and intentionally applied a constant voltage directly to the device
at which it shows the negative current while the voltage is swept.
Quite interestingly, the negative resistance was not observed when
a constant voltage is directly applied to the device without
sweeping process. This observation provides a firm evidence to
support our interpretation as described above, in which the
negative current under a positive voltage arises from the inherent
nature of the band structure of monolayer graphene and the
sweeping process of the voltage during measurement.

Quantum oscillations of electroluminescence intensity. We
next concentrate on luminescent characteristics of the device
under different bias voltages. Owing to the presence of holes at
the valance band and the injected electrons at the conduction
band of GQDs as shown in Fig. 1d, g, there exists a finite
probability for the recombination of injected charge carriers
inside GQDs. Interestingly, the electroluminescence (EL) also
exhibits an oscillatory intensity at a particular tunneling state
when the bias voltage is tuned from its valley to peak in a
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complete cycle as shown in Fig. 2a. The emission intensity reaches
its maximum value at the maximum tunneling current, while no
prominent EL peak was observed when the tunneling current
vanishes. A comparison of current and light intensity oscillations
for two cycles is shown in Fig. 2b. The well-matched current and
light intensity spectra provide an excellent signature that the
mechanism employed to interpret the quantum oscillations in
current characteristic can be used to understand the observed
quantum oscillations of EL intensity very well. Further analysis of
emission spectrum reveals a variation of the emitted photon
energy when the bias is tuned to the different tunneling states as
shown in Figs. 2¢, d, which can be attributed to the fact that, with
increasing bias voltage, the electrons can tunnel through higher
energy states and recombine with holes to generate a higher
energy photon. The quantum oscillation in the EL spectra
obtained here is very useful to clarify the mechanism responsible
for the photoluminescence (PL) spectra of GQDs, which still
remains as an unsolved issue. The EL emission energy increases
with bias due to the occupation of higher molecular states, which
could be the reason for the understanding of excitation
wavelength-dependent PL spectra from GQDs as shown in
Supplementary Fig. 9. The oscillation of emission intensity with
bias as shown in Fig. 2a, b is the result of the appearance of the
vibrational energy states in GQDs, which provides a firm
evidence to support the underlying mechanism that the molecules
absorbed on the surface of GQDs do involve in the emission
process of GQDs'%. To explore the potential application of our
devices, we have tested the stability and reproducibility of the
performance of the device as shown in Supplementary Figs. 12, 13
under the Supplementary Note 7. It is found that our
device shows a high stability and an excellent reproducibility due
to the protection of Si/SiO, substrate and PMMA layer. In
addition, when the thickness of GQD exceeds 60nm, the
resonant tunneling gradually disappears because of the reduction
of tunneling probability (Supplementary Note 8, Supplementary
Fig. 14).

Dirac point induced ultralow-threshold laser action. The most
fascinating achievement in our study is the observation of
electrically pumped ultralow- threshold laser actlon assisted by the
ultrahigh mob1l1ty of carriers (~10°cm?V~'s7!) around the
Dirac point* as shown in Fig. 3. When Eg of graphene approaches
the Dirac point, as discussed above, the tunneling current arising
from massless Dirac carriers is enhanced abruptly, which causes
a sudden appearance of massive number of electrons in the
conduction band of GQDs as illustrated in Fig. 3a, b for positive
and negative bias, respectively. The observed emission spectra
simultaneously shows pronounced sharp peaks as depicted in Fig.
3¢, d, respectively. It reveals an important feature that above a
threshold voltage the emissions corresponding to ~556.9, ~558.8
and ~564.0 nm for positive bias, as well as ~573.5 and ~575.0 nm
for negative bias, are strongly amplified. The full widths at half
maxima (FWHM) of the corresponding peaks are found to be
<1nm. The dependences of integrated lasing intensity and
linewidth (FWHM) on external bias are shown in Fig. 3e, f for the
emission spectra taken under positive and negative biases,
respectively. The abrupt change in the emission and the linewidth
above the threshold bias provides a firm signature for the
occurrence of a laser action. We relate our lasing mechanism to
the random laser action induced by the formation of coherent
closed loops arising from multiple scattering among the GQDs
that is similar to the occurrence of random laser actions observed
in many previous reports for nanomaterials systems>>~3>, With
the application of an external bias, when the Fermi energy
approaches the Dirac point of single-layer graphene (SLG),
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electrons with ultrahigh speed will be injected into the GQDs and
result in a robust enhancement of the emitted photons in the
GQD matrix. The emitted light from the GQDs suffers multiple
scatterings in the GQD matrix while travelling through it, which
provides an excellent platform for optical feedback in the active
material producing multiple coherent feedback loops. Because the
optical feedback matrix in our device is randomly distributed, the
observed lasing behavior is therefore named as random action.
Under a particular external bias, when the Fermi level of SLG is
close to the Dirac point, the resonance tunneling occurs, and the
injected electrons can only populate a particular set of vibrational
energies. Thus, even though the emitted lights from the GQD
matrix produce a broad spectrum, only the emission corre-
sponding to the energy of resonant tunneling states close to the
Dirac point can overcome the energy loss due to the massive
number of injected electrons. Consequently, the appearance of
only three lasing peaks in the emission spectra under the forward
bias is due to the recombination of the population inversion in
the vibrational energy levels of the GQDs caused by resonant
tunneling near the Dirac point and the formation of coherent
loops arising from multiple scatterings. For the reverse bias,
because the graphene attached to PMMA contains a different
initial Fermi energy compared with the graphene on SiO,, it
produces slightly different energy band diagram which is not
identical to the forward bias. In this case, the tunneling current
and optical feedback that cause the random laser action will be
different from that of applying forward bias. The enhancement of
the background emission corresponding to the higher pumping
voltage can be inferred to the enhanced number of injected
electrons when the Fermi level approaches resonance tunneling

condition. To further consolidate the random lasing
mechanism, we have measured the angular dependence of the
emission spectra as shown in Fig. 4a. The obtained

emission spectra from different angles between the sample and
spectrometer also contain pronounced sharp peaks showing
the lasing phenomena. This observation provides a further firm
evidence for the occurrence of random lasing action. The
calculated temporal coherence length corresponding to the lasing
spectra is found to be ~0.15cm, which is comparable with
commercial semiconductor lasers®*~3%, Note that the lasing
threshold voltage depends on the polarity of external bias, which
is due to the difference between the zero-bias Fermi energy of the
top- and bottom-graphene layers. The average output power is
found to be ~1nWcm™2 at the applied voltage above lasing
threshold.

Quite interestingly, the Dirac point induced laser action
shows a unique feature of ultralow-threshold injection current
density. It was observed that the device lases at an applied voltage
of ~6.8V and ~4.5V under positive and negative bias,
respectively, W1th an injected threshold current density of ~12.4
to 18 nA cm~2,which is three to four orders of magnitude lower
than that of the reported ultralow-threshold electr1cally pumped
quantum-dot photonic crystal cavity laser’®, metal-clad?’,
quantum dot-micropillarlasers*! as well as metal- ox1de nanowire
lasers*> 43, To the best of our knowledge, our device possesses
the lowest threshold over all kinds of electrically pumped
semiconductor lasers ever reported. The ultralow threshold can
be associated to several intriguing factors. The major factors can
be summarized as follows. First of all, the avalanche injection of
massless-like Dirac electrons to the resonant energy states of
GQDs can build up population inversion drastlcallkr Secondly,
due to the ultrafast Fermi velocity (~ 10°m ) of Dirac
electrons?, the conductivity is quite high, which enables to greatly
reduce the power consumption. Thirdly, the formation of
coherent optical feedback loops due to multiple scatterings in
the GQD particles is suspended, which enables to overcome the
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Fig. 3 Dirac point assisted laser action. a, b Schematic illustration of avalanche tunneling of massless-like electrons close to the Dirac point for opposite
bias, respectively, which results in population inversion in GQDs. ¢, d EL spectra of the device for positive and negative bias, respectively. The full range EL
spectra at a bias voltage of 6.76 and 4.48 V, above lasing threshold are shown in the respective insets. e, f Dependence of integrated emission intensity and
linewidth for the peaks centered at 568.8 and 573.5 nm on pumping voltage for positive and negative bias, respectively

reflection energy loss due to the absorption of substrate. Finally,
unlike conventional semiconductor laser devices, which were
made with a complicate structure consisting of highly resistive
layers, the simple structure of our device only contains a thin
layer of GQDs sandwiched by graphene, which can result in
ultralow dissipation of input power.

To further confirm the nature of the laser action, we have
measured the carrier lifetime of the device under the excitation of
a 375 nm pulse laser while applying different bias voltage to the
device as shown in Supplementary Fig. 15 (see Supplementary
Note 9). The device shows a spontaneous emission carrier lifetime

6 NATURE COMMUNICATIONS| 8:256

of ~2.4 + 0.2 ns. Interestingly, when the Fermi energy was tuned
to the vicinity of the Dirac point, the carrier lifetime dramatically
reduces to 0.65+0.2ns. A plot of the carrier lifetime in
comparison with the integrated emission intensity is shown in
Fig. 4b. The rapid reduction of carrier lifetime is stimulated by the
fast carrier injection and recombination in GQDs. It is well
established that the smaller lifetime for stimulated emission is
physically reasonable, since the number of transitions stimulated
in unit time is proportional to the radiation density*!. With
increasing radiation density, the lifetime of excited states
decreases still further. For our case, in the vicinity of the Dirac
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lifetime and integrated EL intensity on pumping voltage. The lifetime of the carriers become faster at the lasing threshold, which is due to avalanche

appearance of massless electrons originated from the vicinity of the Dirac point of the graphene layer. The obtained lifetime data contain +0.2 ns errors

induced by TRIAX 320

point, the electrons behave as massless Fermions. Thus, when the
Fermi energy is tuned to the Dirac point of graphene, the
resonance energy tunneling of the Dirac electrons from graphene
induces a rapid formation of population inversion in GQDs and
generates stimulated emission, which in turn shortens the carrier
lifetime.

Moreover, to further demonstrate the importance of the role
played by the surface functional groups attached on GQDs, we
have designed a device by replacing the GQDs with reduced-
GQDs (rGQDs) as shown in Supplementary Note 10, where the
hydroxyl and carboxyl molecules were eliminated. Interestingly, a
pure diode like behavior in the I-V curve is observed without any
indication of oscillation (see Supplementary Fig. 16), which is
consistent with previous reports of graphene- and rGQD-based
sandwiched devices?® %4,

To consolidate the results as described above, we have
fabricated the device in which the GQD layer was replaced by
an inactive SiO, layer as shown in Supplementary Note 11. It is
found that the device with 50 nm thin SiO, layer in between
graphene layers does not exhibit any resonant behavior. A more
detailed discussion is included in Supplementary Note 11 and
Supplementary Fig. 17. This further supports the fact that the
vibrational energy levels of GQDs close to the Dirac point
of graphene plays an important role in our measurements.
Moreover, we have performed the same experiment by replacing
both high-quality graphene layers with defective graphene as
shown in Supplementary Note 12. Interestingly, in Supplemen-
tary Fig. 18, the sharp peak in the I-V curve is not observed due to
the defect-induced change in the electronic properties of the

graphene layers*’.

Discussion

We stress that the Dirac point induced laser action shown here is
a unique paradigm for the generation of laser action. A major
challenge to produce laser is to achieve the population inversion
under ultralow threshold, which limits the choice of materials for
laser devices, re}uires a unique design architecture®*® and is
very costive®® % Thanks to the unique band structure of
graphene integrated with semiconducting materials, all these
difficulties can be easily overcome as shown in this study. It is
believed that our approach can be extended to several other
material systems to achieve laser action covering a wide range
of spectrum. For example, using lanthanide composite
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nanoparticles, indeed, we are able to successfully demonstrate an
infra-red laser (proof-of-concept data have been shown in
Supplementary Fig. 19 under the Supplementary Note 13).

In summary, with the simple structure of semiconductor
quantum dots sandwiched by two graphene layers, we have
demonstrated ultralow-threshold laser action, giant PVR value for
graphene-based tunnel devices and quantum oscillatory EL
behaviors. Notably, the device shows the laser action with an
ultralow threshold injected current of ~12.4nA cm™2, under
ambient condition, which is three to four order of magnitude less
than the lowest value ever reported in any type of electrically
pumped semiconductor lasers. We have observed a PVR value
greater than 100 under ambient condition, 50 times higher than
ever reported in any graphene-based devices at low temperature.
Moreover, quantum oscillatory behaviors of EL spectra and
conductance are very useful to resolve the mechanism responsible
for the emission arising from mesoscopic few layer graphene.
Our finding may provide a unique platform for the generation
of laser action, which can relax the rigid material requirement
for producing ultralow-threshold lasers with a wide range of
wavelength spectrum.

Methods

Graphene growth. The high-quality SLG was grown on copper foil by standard
CVD method® 6. The purity and the surface roughness of the copper foil are
important factors to control the quality of CVD graphene. Thus, 99.98% pure
copper foil from Sigma Aldrich was used. Furthermore, to reduce the surface
roughness of the copper foil, it was polished by electrolysis of 85% H;PO, with
1.5V for 20 min. To maintain the purity of polished Cu, same Cu foil was chosen
for both anode and cathode. The anode Cu electrode was then used for growing
the graphene in the CVD furnace. Initially, 60 SCCM H, was flown for 60 min at
1,000 °C temperature, and 3.4 SCCM CH,4 was added for next 30 min keeping the
previous parameters same and, finally, the furnace was cooled down to room
temperature. Due to the chemical reaction of CH, in the high temperature, a
uniform, high-quality SLG was deposited on Cu.

To transfer the graphene on substrate (bottom graphene), the PMMA was spin
coated on graphene at 2,000 r.p.m. for 25s, and annealed at 100 °C for 2 min. We
then used FeCl; solution for efficient etching of Cu. The graphene/PMMA film was
then transferred on the Si/SiO, substrate and followed by annealing at 125 °C for
10 min to obtain smooth and foldless graphene. Finally, the PMMA was washed
out by acetone. On the other hand, the top graphene was prepred by spin coating
the PMMA at 4,000 r.p.m. for 45 s and followed by annealing at 100 °C for 2 min.
After etching the Cu the graphene/PMMA layer was used as the window layer of
the device.

GQD growth. To fabricate the GQDs, 250 mg of Neem (Azadirachtaindica) leaf
extract was obtained by grinding the Neem leaves using a commercial grinder. It
was then boiled at 80 °C for 1h in 20 ml of ultrapure deionized (DI) water, which
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was then centrifuged at a relative centrifuge force (RCF) of 12,000 g for 10 min in
order to remove the remaining solid residue. The collected mixture was then
filtered through a 22 ym membrane to further remove the trace solid residue.
The supernatant was then added in a 10 ml glass bottle and stirred and sonicated at
24 °C for 30 min. It was then hydrothermally treated at 300 °C for 8 h in an
autoclave, where it produces a brown transparent suspension and black precipitate.
After the solution was cooled down to room temperature, the precipitate was
carefully discarded. The suspension was then further centrifuged at higher RCF of
25,000 g for 20 min. The precipitate was discarded and the suspension was collected
and washed twice in 10 ml ultrapure water. Then, the supernatant was dialyzed for
3 h using a filter of cutoff 3.5kDa and subsequently dried overnight to get pure
GQDs. The yield is found to be ~25.2%, and for every 250 mg of Neem leaf extract,
~75mg of GQDs were produced. Next, 13.5 mg of obtained GQD was mixed in
60 ml of ultrapure DI water to produce a suspension of GQD which was used

to design the device. The estimated cost of the built of materials was found to be
1 USD per 1g of pure GQD. A detailed analysis of the property of graphene and
GQD is provided in the Supplementary Notes 1 and 2.

Device fabrication. A schematic diagram of device fabrication is provided in
Supplementary Fig. 1. After transferring the SLG on Si/SiO, substrate as shown in
Supplementary Fig. 1, the electrodes were patterned by thermal evaporation of Au.
The GQDs were then spin coated at 2,800 r.p.m. for 30 s. The composite was then
annealed at 130 °C for 15-20 min. Finally, the top-graphene/PMMA layer was
transferred on graphene/GQD. It was observed that 75% of the designed devices
can successfully reproduce the observed phenomena. The transmittance spectrum
of the graphene/PMMA layer is provided in Supplementary Fig. 3, which confirms
that the graphene/PMMA layer can serve as an excellent window layer. The
stability of device performance and the reproducibility of the observed phenomena
have been discussed in the Supplementary Note 7. The GQDs were fabricated from
naturally grown plant leaf (Azadirachtaindica) which costs 1$ per g. The reported
costs for high-quality single-layer graphene is reported to be 115§ per m>
Commercial high-quality silicon wafer is available in 2§ per inch?, which makes
the estimated costs of our device ~3$ per device.

Optoelectronic characterization of the device. The electronic characterizations
of the device were employed using Keithley 2400 electrometer and standard
probe system. The optical measurements were performed by iHR 550 spectrometer
of Horiba Jobin Yvon. The lasing phenomena is obtained by using IHR

550 spectrometer of Horiba Jobin Yuvon and Keithley 2400 electrometer.

A constant bias voltage is applied to the device using Keithley 2400 electrometer
and the emission spectrum was subsequently collected by IHR 550 spectrometer
and Synapse CCD detector. The carrier lifetime of a particular emission wavelength
was obtained by recording the transient intensity of emitted photons
corresponding to the emission under 374 nm pulsed laser of pulse width 55 ps,
frequency 40 MHz, and energy density of 5 uJ m~2. Simultaneously, we applied
different bias voltage to obtain the bias voltage-dependent carrier lifetime. The
emitted photon intensity was collected by a TRIAX 320 monochromator of
Horiba Jobin Yuvon. The obtained lifetime data contain +0.2 ns errors induced by
TRIAX 320.

Theoretical calculation. The current in our device can be expressed by equation
(1), where, Dy, Dy, and Dy, are the carrier density of states in top graphene, bottom
graphene and the vibrational-level GQDs, respectively?” 26, The f; and f, are the
Fermi distribution function of the top and bottom graphene; &= &g is the initial
Fermi energy of the graphene and & is the Fermi energy of the graphene close to
‘T'th vibrational energy level; 0.0155 eV is the period of the -OH out of plane
vibrational energy levels?’. T represents the tunneling coefficient, which can be
expressed as equation (2), where m is the effective mass of the carriers, d represents
the thickness of the GQD layer and ~35 nm is the separation between the graphene

layers. V(z) = [®@(d-z) + (®Pp,—eV)z]/d, where the work functions @, = @, =4.6eV
for both of the graphene layers.
J(V) /de Di(€)Dy (e — eV)Dyip (r + 0.0155i — &) T(¢)[fi(e) — fo(e — eV)]
1)
y 2
T(e) = 6(er + 0.0155i — g )exp /,/ hrzn le — V(z)|dz (2)
0

Data availability. The data that support the findings of this study are available
from the corresponding author upon request.

Received: 21 July 2016 Accepted: 23 June 2017
Published online: 15 August 2017

References

1.

Geim, A. K. & Novoselov, K. S. The rise of graphene. Nat. Mater. 6, 183-191
(2007).

2. Novoselov, K. S. et al. Two-dimensional atomic crystals. Proc. Natl. Acad. Sci.
USA 102, 10451-10453 (2005).

3. Castro Neto, A. H., Guinea, F., Peres, N. M. R,, Novoselov, K. S. & Geim, A. K.
The electronic properties of graphene. Rev. Mod. Phys. 81, 109-162 (2009).

4. Novoselov, K. S. et al. Two-dimensional gas of massless dirac fermions in
graphene. Nature 438, 197-200 (2005).

5. Nair, R. R. et al. Fine structure constant defines visual transparency of
graphene. Science 320, 1308 (2008).

6. Das Sarma, S., Adam, S., Hwang, E. H. & Rossi, E. Electronic transport in
two-dimensional graphene. Rev. Mod. Phys. 83, 407-470 (2011).

7. Bonaccorso, F., Sun, Z., Hasan, T. & Ferrari, A. C. Graphene photonics and
optoelectronics. Nat. Photon. 4, 611-622 (2010).

8. Ferrari, A. C. et al. Science and technology roadmap for graphene, related
two-dimensional crystals, and hybrid systems. Nanoscale 7, 4598-4810 (2015).

9. Schwierz, F. Graphene transistors. Nat. Nano. 5, 487-496 (2010).

10. Novoselov, K. S. et al. A roadmap for graphene. Nature 490, 192-200 (2012).

11. Abanin, D. A. et al. Giant nonlocality near the dirac point in graphene. Science
332, 328-330 (2011).

12. Pan, D., Zhang, J., Li, Z. & Wu, M. Hydrothermal route for cutting graphene
sheets into blue-luminescent graphene quantum dots. Adv. Mater. 22, 734-738
(2010).

13. Lingam, K,, Podila, R., Qian, H., Serkiz, S. & Rao, A. M. Evidence for edge-state
photoluminescence in graphene quantum dots. Adv. Funct. Mater. 23,
5062-5065 (2013).

14. Zhang, Z., Zhang, J., Chen, N. & Qu, L. Graphene quantum dots: an emerging
material for energy-related applications and beyond. Energy Environ. Sci. 5,
8869-8890 (2012).

15. Deshpande, A., Bao, W., Miao, F., Lau, C. N. & LeRoy, B. J. Spatially
resolved spectroscopy of monolayer graphene on SiO,. Phys. Rev. B 79, 205411
(2009).

16. Pirkle, A. et al. The effect of chemical residues on the physical and electrical
properties of chemical vapor deposited graphene transferred to SiO,. Appl.
Phys. Lett. 99, 122108 (2011).

17. Decker, R. et al. Local electronic properties of graphene on a BN substrate via
scanning tunneling microscopy. Nano. Lett. 11, 2291-2295 (2011).

18. Suk, J. W. et al. Enhancement of the electrical properties of graphene grown by
chemical vapor deposition via controlling the effects of polymer residue. Nano
Lett. 13, 1462-1467 (2013).

19. Haider, G. et al. Electrical-polarization-induced ultrahigh responsivity
photodetectors based on graphene and graphene quantum dots. Adv. Funct.
Mater. 26, 620-628 (2016).

20. Weiler, M. et al. Unusual behavior in the first excited state lifetime of catechol.
J. Phys. Chem. Lett. 4, 3819-3823 (2013).

21. Capasso, F., Mohammed, K. & Cho, A. Y. in Electronic Structure of
Semiconductor Heterojunctions (ed. Margaritondo, G.) 99-115 (Springer, 1988).

22. Kim, S. et al. Graphene p-n vertical tunneling diodes. ACS Nano 7, 5168-5174
(2013).

23. Kim, C. O. et al. High photoresponsivity in an all-graphene p-n vertical
junction photodetector. Nat. Commun. 5, 3249 (2014).

24. Kim, C. O. et al. High-performance graphene-quantum-dot photodetectors.
Sci. Rep. 4, 5603 (2014).

25. Chang, L. L., Esaki, L. & Tsu, R. Resonant tunneling in semiconductor double
barriers. Appl. Phys. Lett. 24, 593-595 (1974).

26. Britnell, L. et al. Resonant tunnelling and negative differential conductance in
graphene transistors. Nat. Commun. 4, 1794 (2013).

27.Yu, Y.-J. et al. Tuning the graphene work function by electric field effect.
Nano Lett. 9, 3430-3434 (2009).

28. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films.
Science 306, 666-669 (2004).

29. Britnell, L. et al. Field-effect tunneling transistor based on vertical graphene
heterostructures. Science 335, 947-950 (2012).

30. Adam, S., Hwang, E. H., Galitski, V. M. & Das Sarma, S. A self-consistent
theory for graphene transport. Proc. Natl. Acad. Sci. USA 104, 18392-18397
(2007).

31. Berthod, C. & Giamarchi, T. Tunneling conductance and local density of states
in tight-binding junctions. Phys. Rev. B 84, 155414 (2011).

32. Martin, J. et al. Observation of electron-hole puddles in graphene using a
scanning single-electron transistor. Nat. Phys. 4, 144-148 (2008).

33. Cao, H. et al. Random laser action in semiconductor powder. Phys. Rev. Lett.
82, 2278-2281 (1999).

34. Williams, G. R,, Bayram, S. B, Rand, S. C., Hinklin, T. & Laine, R. M. Laser
action in strongly scattering rare-earth-metal-doped dielectric nanophosphors.
Phys. Rev. A 65, 013807 (2001).

|8:256 | DOI: 10.1038/541467-017-00345-6 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

35.

36.

3

Q

38.

39.

40.

4

—_

4

[S5]

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

Leong, E. S. P. & Yu, S. F. UV random lasing action in p-SiC(4H)/i-
Zn0O-SiO,nanocomposite/n-ZnO:Al heterojunction diodes. Adv. Mater. 18,
1685-1688 (2006).

Hall, R. N,, Fenner, G. E,, Kingsley, J. D., Soltys, T. J. & Carlson, R. O. Coherent
light emission from GaAs junctions. Phys. Rev. Lett. 9, 366-368 (1962).

. Holonyak, N. & Bevacqua, S. F. Coherent (visible) light emission from

Ga(As;_Py) junctions. Appl. Phys. Lett. 1, 82-83 (1962).

Nakwaski, W. & Sarzat, R. P. Comprehensive and fully self-consistent modeling
of modern semiconductor lasers. J. Semicond. 37, 024001 (2016).

Ellis, B. et al. Ultralow-threshold electrically pumped quantum-dot photonic-
crystal nanocavity laser. Nat. Photon. 5, 297-300 (2011).

Hill, M. T. et al. Lasing in metallic-coated nanocavities. Nat. Photon. 1, 589-594
(2007).

. Reitzenstein, S. et al. Low threshold electrically pumped quantum dot-

micropillar lasers. Appl. Phys. Lett. 93, 061104 (2008).

. Johnson, J. C. et al. Single gallium nitride nanowire lasers. Nat. Mater. 1,

106-110 (2002).

Zhu, H. et al. Ultralow-threshold laser realized in zinc oxide. Adv. Mater. 21,
1613-1617 (2009).

Rieck, H. The effective lifetime of stimulated and spontaneous emission in
semiconductor laser diodes. Solid State Electron. 8, 83-85 (1965).

Usachov, D. et al. Nitrogen-doped graphene: efficient growth, structure, and
electronic properties. Nano. Lett. 11, 5401-5407 (2011).

Colin, W. Handbook of Laser Technology and Applications (Taylor & Francis,
2003).

Smith, R. A. Stimulated emission of radiation and its practical application to
masers and lasers. Nature 194, 426-430 (1962).

Byer, R. L. Diode laser-pumped solid-state lasers. Science 239, 742-747 (1988).
Dixon, R. H. & Elton, R. C. Resonance charge transfer and population inversion
following C>* and C®* interactions with carbon atoms in a laser-generated
plasma. Phys. Rev. Lett. 38, 1072-1075 (1977).

Hide, F. et al. Semiconducting polymers: a new class of solid-state laser
materials. Science 273, 1833-1836 (1996).

Fu, A. & Yang, P. Organic-inorganic perovskites: lower threshold for nanowire
lasers. Nat. Mater. 14, 557-558 (2015).

Liang, W. et al. Ultralow noise miniature external cavity semiconductor laser.
Nat. Commun. 6, 7371 (2015).

Samuel, I. D. W. Laser physics: fantastic plastic. Nature 429, 709-711 (2004).
Sciamanna, M. & Shore, K. A. Physics and applications of laser diode chaos.
Nat. Photon. 9, 151-162 (2015).

Li, X. et al. Large-area synthesis of high-quality and uniform graphene films on
copper foils. Science 324, 1312-1314 (2009).

Bae, S. et al. Roll-to-roll production of 30-inch graphene films for transparent
electrodes. Nat. Nanotech. 5, 574-578 (2010).

|8:256

Acknowledgements

This work was supported by the Ministry of Science and Technology of the Republic of
China under Contract No. NSC102-2112-M-002-008-MY3 and Ministry of Education of
the Republic of China under Contract No. 104R890932. G.H. thanks the support of
Taiwan International Graduate Program, Institute of Physics, Academia Sinica, Taipei,
Taiwan and National Tsing Hua University, Hsinchu, Taiwan. G.H. also thanks Professor
Fu-Rong Chen of National Tsing Hua University for his support during this study.

Author contributions

G.H. and Y.-F.C. conceived and wrote the manuscript. G.H. designed the devices, per-
formed the experiments and analyzed the data; R.R., P.R. and H.-T.C. fabricated and
characterized the GQDs. G.H., T.-P.C. and S.-Y.C. performed proof-of-concept experi-
ment. P.K.R. captured the SEM images of the devices. All authors discussed and com-
mented on the manuscript.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-00345-6.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

| DOI: 10.1038/541467-017-00345-6 | www.nature.com/naturecommunications 9


http://dx.doi.org/10.1038/s41467-017-00345-6
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Dirac point induced ultralow-threshold laser and giant optoelectronic quantum oscillations in graphene-based heterojunctions
	Results
	Graphene/graphene quantum dots/graphene heterostructure device
	Resonant quantum oscillations of current and giant NDR
	Theoretical foundation
	Quantum oscillations of electroluminescence intensity
	Dirac point induced ultralow-threshold laser action

	Discussion
	Methods
	Graphene growth
	GQD growth
	Device fabrication
	Optoelectronic characterization of the device
	Theoretical calculation
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




