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The electrical control of photonic crystal (PhC) lasers has been an attractive but challenging issue. Laser
operation by electrical injection is of key importance for the viability and applicability of the PhC lasers.
Another key factor is the electrical modulation of the laser output. The Fermi level of a graphene mono-
layer can be controlled by electrical gating, which adjusts its optical absorption. In this study, a graphene
monolayer sheet is integrated on top of a two-dimensional PhC structure composed of InGaAsP
multiple-quantum-wells (MQWs) in order to demonstrate the electrical modulation of a high-power
(microwatt-scale) PhC band-edge laser. The introduced dielectric spacer layer presets the delicate
balance between the optical gain from the MQWs and optical loss at the graphene monolayer.
The proposed device is covered by an ion-gel film, which enables a low-voltage laser modulation at
[Vgl<l V. The modulation is extensively investigated experimentally, and the obtained results are
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Introduction

Since its discovery, graphene, a two-dimensional (2D) carbon
atom network arranged in a honeycomb-lattice, has been
attracting enormous attention owing to its unique physical
properties, such as strong mechanical tensile strength,’ high
charge-carrier mobility,>* large thermal conductivity,” etc. In
terms of optical properties, graphene is a broadband optical
absorber; a single graphene monolayer sheet can absorb as
much as ~2.3% of the incident light despite its extremely
short atomic-scale optical path length.” Using these outstand-
ing properties, many graphene-based photonic devices have
been developed, including broadband polarizers,® optical
modulators,” and ultrafast photodetectors.®

It is worth noting that the optical absorption by graphene
can be directly controlled by tuning the Fermi-level, which can
be accomplished by electrical gating” or chemical doping.'
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confirmed by performing numerical simulations.

Between the two methods, electrical gating is preferred owing
to its compatibility with optoelectronic devices, which provides
higher application potential. In principle, absorption by gra-
phene can be modulated at high speed and low power con-
sumption owing to the high carrier mobility of graphene.
However, the specific capacitances that can be obtained using
conventional gate dielectrics, such as SiO,, Al,O3, and HfO,, are
in the range of 10-1000 nF cm 2""™"* which is too small to
affect the Fermi level of graphene at low gate voltages. This chal-
lenge can be overcome by utilizing electrolyte gating, where an
ion-gel film is employed as the gate dielectric. An ion-gel con-
sists of an ionic liquid that has a high ion conductivity and a tri-
block copolymer that forms a cross-linked network. It exhibits a
very large specific capacitance (C ~ 10 pF cm™2),"*** which pro-
vides Fermi-level tuning at low gate voltages of a few volts,
owing to the nanometer-thick electrical double layers (EDLSs)
formed at the interface between the electrolyte and elec-
trode.">'® Furthermore, an ion-gel can be prepared at low temp-
eratures and transferred in a solvent-free environment; hence, it
can be applied to almost any substrates."®

Graphene has been employed in photonic crystal (PhC)
structures to induce extraordinary photonic properties, as
reported in the pioneering studies on the enhanced optical
absorption by a graphene-capped passive PhC nano-cavity.'”°
Recently, the group of one of the coauthors of this study
employed the above idea in a PhC cavity laser, an active photo-
nic device that has a wavelength-sized tiny cavity, in order to
electrically modulate the laser output.”® Although a cavity-
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based PhC laser consumes very low power, which makes it
applicable as a single photon source, it may not be suitable for
future photonic integrated circuits (PICs), owing to its low
laser output power and fixed laser emission direction (only
along the direction perpendicular to the 2D PhC plane, unless
the quality factor Q of the cavity is intentionally deteriorated).
In this context, photonic band-edge (PBE) lasers could be
more desirable for PIC applications. PBE lasers are a special
type of PhC laser; they have a fully periodic structure without
defects and exhibit a standing-wave modal profile. The output
power of a PBE laser can be easily scaled by adjusting the
active device area. In addition, the direction of the laser emis-
sion can be tailored by controlling the PBE modes; while the
PBE mode at the Brillouin zone center (I-point) offers a verti-
cal laser emission, the PBE mode at the zone boundary results
in an in-plane laser emission.*! In this study, we demonstrate
a direct modulation of the laser output by electrical tuning of
the Fermi-level of a graphene monolayer sheet attached to a
PBE laser device. The electrical modulation is facilitated at a
low gate voltage operation by electrolyte gating, where the gra-
phene sheet is covered by an ion-gel film. We observe that the
high output power from an optically excited PBE laser can be
enhanced or reduced (partially or completely) by applying a
DC gate voltage smaller than 1 V.

Results and discussion

Fig. 1a shows a schematic of the device structure. A honey-
comb-lattice 2D PhC pattern was generated on an InP-based
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multiple-quantum-well (MQW) epilayer using electron-beam
lithography. The PhC pattern was then transferred to the
underlying MQW layer using a reactive-ion etch, followed by a
selective wet chemical etch of the InP etch-sacrificial layer
underneath the MQW epilayer to produce an air-bridge type
PhC PBE laser device. A 60 nm-thick SiO, spacer layer was
then deposited on top of the PhC PBE laser using plasma-
enhanced chemical vapor deposition. Subsequently, a gra-
phene monolayer sheet was transferred on the obtained struc-
ture. The SiO, spacer layer determines the distance between
the MQW slab waveguide and the graphene sheet, which
affects the degree of optical loss at the graphene sheet. After
the deposition of a Ti/Au electrode on the PhC device and a
microscope slide using an electron-gun evaporator, the PhC
device was mounted on the microscope slide. Then, an ion-gel
film was attached to the entire structure to complete the
device fabrication (see the ESIf for a detailed description).
Fig. 1b shows a photograph of the fabricated device. The area
enclosed by the red square corresponds to the illustration in
Fig. 1a. The rounded blue box approximately outlines the
boundary of the ion-gel film. Fig. 1c shows a scanning electron
microscopy (SEM) image of the 2D PhC pattern. Although it is
challenging to notice it in the figure, the PhC structure is actu-
ally covered by a graphene layer, which indicates the high-
quality growth and transfer of the graphene monolayer sheet.
The distance between two nearest air-holes is a = 450 nm,
while the air-hole radius is r = 0.32a. Fig. 1d shows the corres-
ponding photonic band structure of the honeycomb-lattice
PhC membrane structure, calculated for the transverse-electric
(TE) polarization using the plane-wave-expansion (PWE)
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Fig. 1 PhC-graphene device structure. (a) Schematic of the entire device structure. (b) Photograph of the fabricated device. (c) SEM image of the
graphene-covered PhC structure. The inset shows a magnified image. (d) Calculated band structure for the PhC structure that has a honeycomb

lattice. (e) Transverse electric field profile.
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method. For modeling, all structural parameters were chosen
such that the second zone center PBE mode (I',) matches with
the emission band of the InGaAsP MQW, which is shaded in
light-blue in the figure. Fig. 1e shows the transverse-electric
field (E = ./E+E,?) distribution profile of the T, PBE
mode, calculated using the finite-difference time-domain
(FDTD) method. One can easily notice that the high-electric-
field region significantly overlaps with the active MQW region.

The Fermi level of a monolayer graphene can be tuned
across the Dirac point by electrical gating.>” In order to ensure
that our graphene sheet is a high-quality monolayer, we per-
formed Raman spectroscopy measurements. For this purpose,
we prepared a dedicated sample by directly transferring a gra-
phene sheet onto a 100 nm-thick SiO, layer deposited on a
silicon substrate. Fig. 2a shows a Raman spectrum of the gra-
phene sample. We can clearly identify both G and 2D peaks.
In particular, the 2D peak at ~2700 cm™" is a direct proof of
the existence of a graphene monolayer sheet.”® The intensity
ratio between the two peaks is Lp/Ig = 1.5, which is much
lower than the values observed by others, indicating that our
graphene layer is not neutral but doped unintentionally.>* In
addition, the D peak (at ~1350 cm™") is negligible, which
suggests that our graphene sheet has a high quality and a very
low amount of defects created during the growth and transfer
process.>®

In order to demonstrate the effects of electrical gating on
the optical absorption by graphene, we prepared a blank
device, composed of a graphene monolayer, electrode, and
ion-gel film, produced on a microscope slide. The blank device
is almost the same as the full device shown in Fig. 1a, except
for the lack of the PBE laser and SiO, spacer layer. We then
applied a gate voltage to the blank device and investigated the
changes of the optical transmittance through the graphene
sheet, using a 1550 nm continuous-wave laser diode (LD). The
measured transmittance T values in the gate voltage range of
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-1.0 V <V, < 1.0 V are summarized in Fig. 2b. The optical
transmittance changes monotonically from ~88.1% at V, =
—1.0 V to ~86.8% at V, = +1.0 V. The overall trend is in good
agreement with the FDTD-calculated transmittance change AT
(red curve in Fig. 2b). This demonstrates that with the aid of
an ion-gel, the optical loss at the graphene sheet can be con-
trolled by adjusting the gate voltage (smaller than 1 V). For
undoped neutral graphene, the Fermi-level tuning occurs
either by electron extraction from the valence band or by elec-
tron injection into the conduction band, depending on the
polarity of the gate bias voltage. The Fermi-level tuning
changes the graphene absorption through Pauli blocking.
However, for our sample, the charge neutrality, at which the
Fermi level is aligned with the Dirac point and the transmit-
tance (absorbance) reaches its minimum (maximum) value,
occurred at a positive gate voltage. We believe that this is
caused by the unintentional doping of the graphene sheet
such that the Fermi level at V, = 0 V is below the Dirac point.
By fitting the measured data with the simulation results, we
estimated that the charge neutrality in the graphene sheet was
obtained at V, ~ 1.25 V. Therefore, in this study, we adjusted
the gate voltage within the negative range of —1.0 V<V, <0
V. The insets of Fig. 2b illustrate the optical absorption in the
unintentionally p-doped graphene.

In order to induce a PBE lasing, the fabricated devices were
optically excited using a 1064 nm pulsed LD (500 kHz fre-
quency; 1% duty cycle). For a simultaneous optical excitation
and spectral measurement, we employed a compact micro-
photoluminescence (pPL) setup based on a 1 x 2 wavelength-
division-multiplexing optical fiber coupler.”® As the fiber probe
tip was in close proximity (<30 pm) to the sample during the
measurement, the optically excited area (~70 pm in diameter)
was estimated to be slightly larger than the core diameter of
the optical fiber (62.5 pum). During the pulsed optical exci-
tation, a gate voltage was applied across the ion-gel film using
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Fig. 2 Monolayer graphene. (a) Raman spectrum of a monolayer graphene sheet. (b) Optical transmittance through a graphene monolayer
measured at 1550 nm as a function of the gate voltage. The transmittance is also simulated using the FDTD method. The insets show energy dia-
grams to illustrate the relationship between the photon absorptions and the Fermi-level position.
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a DC power supply. We obtained a low leakage current
(smaller than 1 pA) for the entire gate voltage range. The puPL
spectra were measured at various optical excitation levels and
gate voltages to obtain a performance map of the PBE laser
(see the ESIY).

Fig. 3a shows the pPL spectra measured at various optical
excitation levels; the gate voltage was fixed at Vy = —1.0 V. At
excitation power densities smaller than ~0.45 kW cm™, we
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did not observe any sign of lasing. However, at higher exci-
tation densities, a sharp single emission peak emerged, and
its intensity continuously increased, which is a clear sign of
single-mode lasing with a well-defined threshold. We identi-
fied that the lasing peak corresponded to the I', PBE mode, as
the PhC structure was designed such that the I';, mode was
positioned (spectrally) at the center of the MQW emission
band (Fig. 1d). Repeated measurements at different gate
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Fig. 3 Modulation of the band-edge laser. (a) Micro-photoluminescence spectra measured at various optical excitation levels, at a fixed gate
voltage of V = —1.0 V. (b) Laser thresholds determined for different gate voltages. (c) Micro-photoluminescence spectra measured at various gate
voltages within the range of —-1.0 V < V3 < 0V, at a fixed optical excitation level. (d) Peak laser intensity as a function of the gate voltage, at a fixed
optical excitation level. (e) FDTD-simulated optical absorption as a function of the gate voltage. (f) Dependences of the photon decay rate y and
cavity Q-factor as a function of the gate voltage, obtained by performing FDTD simulations.
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voltages showed that the single-mode lasing action was sustained
but with different threshold values, as summarized in Fig. 3b.
It is shown that the PBE laser threshold rapidly increased with
an increase of the gate voltage from ~0.46 kW ¢cm™ at V, =
—-1.0 V to ~0.54 kW cm™? at Vy = —0.5 V. These results are a
clear indication that the PBE laser performance can be electri-
cally controlled. We did not observe any lasing action for gate
voltages larger than —0.5 V, most likely owing to the very high
absorption loss at the graphene monolayer.

More relevant for the direct electrical modulation should be
the relationship between the laser output and gate voltage.
Fig. 3¢ shows laser spectra recorded for various gate voltages,
at a fixed optical excitation power density of ~0.55 kW cm™>.
For V, > —0.5 V, there is no (or it is very weak) sign of lasing.
However, a well-defined single-mode laser peak appeared at
1596 nm for V, < —0.5 V, while the PBE laser output increased
monotonously with the decrease of the gate voltage. Fig. 3d
summarizes the maximum output intensity as a function of
the gate voltage, which directly demonstrates that the PBE
laser output can be modulated by applying a gate voltage in
the range of =1.0 V<V, < -0.5 V.

For a theoretical confirmation, we performed FDTD simu-
lations on a model device structure. Fig. 3e shows the calcu-
lated absorption by the graphene monolayer sheet in the PhC-
graphene structure. As the interband transitions of electrons
are responsible for the optical absorption by the graphene
monolayer, the value of the optical power dissipation can be
obtained by analyzing the interaction between the corres-
ponding optical conductivity and resonant I', PBE mode (a
detailed description is provided in the ESIf). Fig. 3e shows
that the optical absorption by the graphene monolayer
increases with the gate voltage. The general trend is qualitat-
ively consistent with the experimentally determined laser
thresholds shown in Fig. 3b. It is interesting to note that the
modulation depth in absorption (~40%) is much larger than
that in transmittance (~1%) shown in Fig. 2b. This is simply
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Nanoscale

due to the fact that transmittance is measured through the gra-
phene monolayer in the perpendicular direction, whereas
absorption is considered for the specific PBE mode employed
for lasing action, which oscillates along the sample plane so
that its interaction length with graphene is effectively much
longer.

In addition, we calculated the photon decay rate in the
PhC-graphene structure for various gate voltages, as shown in
Fig. 3f. We synchronously excited multiple electric dipoles that
were distributed randomly across the device structure and
monitored the subsequent time evolution of the accumulated
optical power of the I', PBE mode. We obtained the value of
the photon decay rate y by fitting the results using the
equation, P(t) = Pse . The simulation results clearly show
that the photons decay more rapidly at higher gate voltages;
the overall behavior is very similar to the independently calcu-
lated optical absorbance data shown in Fig. 3e. As the InGaAsP
MQWs are assumed to be lossless in the simulations, the
remaining loss mechanisms are the radiation loss (owing to
the PhC structure) and optical absorption (by the graphene
monolayer). The total decay rate of the PhC-graphene structure
can be expressed as: 7 = 7,9 + 7g, Where 7,4 and 7 are the
decay rates that correspond to the radiation loss and graphene
absorption, respectively. However, we can easily distinguish zg
from 7,4, as only 7 depends on the gate voltage. To clarify
this, we performed additional simulations with and without a
graphene layer. These results indicate that the background 7,,q
is ~0.45 ps~" while the Vg-dependent 7 varies widely over the
range of ~0.2-0.8 ps~ " (the inset of Fig. 3f). The Q-factor of the
cavity can be estimated using the photon decay time (z = 1/y)
and the equation 7 = 2Q/w,, where w, is the I', resonance fre-
quency. The Q-factor obtained is also shown in Fig. 3f.

As mentioned above, the high output power and tailored
emission direction are unique advantages of the PBE lasers.
Therefore, a successful electrical modulation of a PBE laser
could produce a directly modulated large laser power in a pre-
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Fig. 4 Temporal response. Measured fiber-coupled laser output power as a function of the time: (a) after the laser turn-on (V, switched from 0 to

—1.0 V) and (b) after the laser turn-off (V4 switched from —1.0 to 0 V).
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defined emission direction, which is highly desirable for
future PIC applications. On the other hand, a fast signal
modulation should be of key importance for real applications.
In order to assess the modulation characteristics of the pro-
posed device, we examined the temporal response of the PBE
laser output to an abrupt change of the gate voltage: from 0 V
to —1.0 V for a laser turn-on and from —1.0 V to 0 V for a laser
turn-off. The measurements were performed conveniently by
connecting the output port of the fiber-based pPL setup to an
optical power meter (AQ2201, Yokogawa), instead of a spectro-
meter. Fig. 4a and b show the time responses to a laser turn-
on and turn-off, respectively. Throughout the measurements,
the 1064 nm optical excitation power density was fixed at
~0.72 kW cm™2. Under this excitation condition, the steady-
state PBE laser output power at Vy = —1.0 V was ~2.2 pW. It is
worth mentioning that this value of the output power is ~1000
times larger than the nanowatt-level output power of conven-
tional cavity-based PhC lasers.>” The rise and fall times, esti-
mated by fitting the experimental data in Fig. 4a and b, are
Trise & 0.45 s and 7g & 25.7 s, respectively. Both responses are
too slow for practical applications. The slow electrical response
is an intrinsic issue of the ion-gel, not of the PBE laser or gra-
phene. The ion-gel performance relies on the mobility of the
constituent ions inside the electrolyte, which is very low. This
notion explains the discrepancy of the rise and fall times.
During the turn-on, ions move relatively rapidly in response to
the applied electrical field; however, during the turn-off, ions
diffuse back to their original random state, which lasts signifi-
cantly longer. We may expect faster temporal responses of PBE
lasers (in principle, of any PhC-based laser) with the introduc-
tion of an ion-gel that has a significantly improved ion conduc-
tivity or with the use of alternative ingenious electrical
methods that can control the Fermi level of graphene.

Conclusions

In conclusion, we successfully demonstrated a direct electrical
modulation of a PBE laser by controlling the Fermi level of the
graphene monolayer attached in close proximity to the PBE
laser. A low voltage modulation at |V,| < 1 V was achieved by
electrolyte gating, where an ion-gel was used as the gate dielec-
tric. By combining a graphene monolayer and an ion-gel film,
we showed that a low gate voltage can modify the optical
absorption of graphene. Then, we applied the low-voltage elec-
trical gating method to an optically excited InGaAsP MQW PBE
laser device. We successfully directly modulated a microwatt-
level PBE laser output within gate voltages smaller than
1 V. Although the challenges with the modulation speed
remain, this study demonstrates that the graphene monolayer
is sufficiently effective to control the performance of various
PhC-based photonic devices, which extends the applicability of
graphene. We believe that future studies could achieve an elec-
trical modulation of the Fermi level of graphene at low voltages
and fast speeds, which can improve the performances of the
existing photonic devices.

This journal is © The Royal Society of Chemistry 2018
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