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ABSTRACT Graphene, which exhibits excellent thermal conductivity, is  Graphene-capped Photonic Crystal Cavity

a potential heat dissipation medium for compact optoelectronic devices.

Photonic devices normally produce large- quantity of unwanted heat, and
Mono-layer

thus, a heat dissipation strategy is urgently needed. In this study, single- Graphene

layer graphene (SLG) grown by chemical vapor deposition (CVD) is used to
cover the surface of a photonic crystal (PhC) cavity, where the heat flux
produced by the PhC cavity can be efficiently dissipated along the in-plane

direction of the SLG. The thermal properties of the graphene-capped PhC

Photonic Crystal
Cavity

cavity were characterized by experiments and theoretical calculations. The
thermal resistance of the SLG-capped PhC cavity obtained from experiments is lower than half of that of a bare PhC cavity. The temperature of a SLG-capped
PhC cavity is 45 K lower than that without SLG capping under an optical power of 100 .¢W. Our simulation results indicate that SLG receives the majority of
the heat fluxes from the device, leading to the efficient heat dissipation. Both the experimental and simulation results suggest that the SLG is a promising
material to enhance the heat dissipation efficiency for optoelectronic applications.
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raphene is a two-dimensional (2D)
G material composed of carbon atoms

arranged in a hexagonal lattice. This
carbon monatomic layer and its excellent
electrical and thermal properties, discov-
ered by a research group at the University
of Manchester in 2004," have received great
attention from scientists and engineers.
In addition to the electrical properties and
related devices,> ® its mechanical,’~®
optical,’®~'* photovoltaic applications
and thermal properties’’ ™' have been
widely studied. Most of the properties
of graphene are dominated by the highly
anisotropic nature of graphene crystals.
In the in-plane direction, carbon atoms are
bonded with each other through covalent
sp? bonds, which are among the strongest
bonds in natural materials. However, the
interaction between each graphene layer,
or with the overlying and underlying materi-
als, is through weak van der Waals forces.
This results in the asymmetric and unusual
properties of graphene, including its thermal

15,16
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conductivity. The thermal conductivity values
of the suspended and supported single-layer
graphenes (SLGs) are distinctly different. For
the suspended SLGs, values of 3000—5000
W/m - K have been reported in both theoretical
prediction®?2® and experiments.'”'827:28
By contrast, the thermal conductivity of sup-
ported SLG is approximately 600 W/m - K;2%3°
however, it is still substantially higher than
that of copper, gold, and silver, which are
used as heat dissipating material in optoe-
lectronic devices. Owing to the excellent
thermal conductivity of graphene, multi-
layered graphene has been demonstrated
as heat dissipation medium in the SOl and
GaN transistors for integrated circuits.'32

In the past few decades, 2D photonic
crystal (PhC) cavities have become a promis-
ing technology for creating compact and
efficient light sources®*~37 in dense chip-
scale optical systems. Most photonic crystal
cavities are implanted in suspended mem-
brane structures (air-dielectric-air) to achieve
improved vertical optical confinement in the
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Figure 1. lllustration of heat flux dissipation in a suspended-
membrane PhC microcavity (a) without SLG and (b) with SLG.
(a) In a bare suspended PhC cavity, the thermal flux propa-
gate mainly through the InGaAsP layer because the thermal
conductivity of air is much lower than that of InGaAsP. (b) Ina
graphene-capped PhC cavity, the majority of the heat flux
passes through the SLG, and the remaining heat passes
through the gain material InGaAsP layer.

minute cavity, which is illustrated in Figure 1a. How-
ever, thermal accumulation is a critical problem when
optical energy is localized within a submicrometer
region. A superabundance of heat raises the tempera-
ture and the probability of nonradiative recombina-
tion, leading to suppressed emission efficiencies.
Furthermore, because of the poor thermal conductivity
of air, the high temperature caused by the heat
accumulation within thin membranes likely damages
the devices. Several reports have adopted the sub-
stances with high thermal conductivity such as such as
S01,*® sapphire,®*® and MgF2-diamond*° to dissipate
the heat in compact PhC laser devices. However, the
added-on substrates can reduce index contrast and
degrade optical confinement in the vertical direction
because of the higher index of the substrate,>? which
results in a high lasing threshold and a poor emission
performance for the compact PhC emitters. Therefore,
a thin SLG possessing high thermal conductivity is an
excellent candidate material for solving the heat accu-
mulation issue in compact PhC cavities.

In this study, a SLG is integrated with a compact PhC
microcavity. The optical intensity of a PhC cavity is
highly confined around the center of the cavity, and
the thermal energy dissipates through the air-bridge
membrane to the substrate as shown in Figure 1a.
When SLG is placed on the top of the PhC cavity as
shown in Figure 1b, the thermal flux is parallel to the
lateral direction of the SLG, which is the most efficient
thermal dissipation direction of the SLG. Because the
SLG is ultrathin and exhibits extremely high thermal
conductivity, a SLG-capped PhC microcavity not only
maintains good optical confinement but also and
exhibits considerably better thermal properties than
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TABLE 1. Parameters of Materials Used in Heat Transfer
Simulation

material air InGaAsP graphene
Density p (kg/m3) 11758 5088.4 22007
Thermal conductivity k (W/m-K) 00262 42° 4000 (suspended)

600 (supported)
Specific heat capacity C, (J/kg-K) ~ 1015.415 3348 1959

? Reference 41—43. * Reference 44.

a bare cavity. Furthermore, SLG that exhibits high
electron mobility is a potential contact in the electri-
cally pumped scheme used in compact PhC emitters.

RESULTS AND DISCUSSION

Simulation. Before fabricating the SLG-capped PhC
microcavity, a three-dimensional (3D) finite-element
method (FEM) was used to examine the thermal
properties of the proposed system. The air-bridge-type
D3 PhC microcavity used in this study contains a
240-nm-thick InGaAsP layer and a 2-um defect size to
confine the optical intensity within the cavity. The
single-layer graphene with a thickness of 0.3 nm was
placed on the top of PhC cavity. The thickness of air
layers were set to be 5 um on the top and bottom of the
SLG/PhC cavity. A circular 100-uW heat source was
placed in the center of the cavity. All simulations were
performed during continuous-wave (CW) injection at
room temperature (300 K). The parameters of the
various materials used in the simulation are listed in
Table 1.

The reported thermal conductivity values for SLG
vary probably due to different estimation methods
and experimental conditions. In our simulations, we
used the values 4000 W/m-K for suspended SLG*®
and 600 W/m-K for supported SLG.>>*° Since the
strong length dependence of the grapheme thermal
conductivity,*~*® the thermal conductivities of the
suspended and supported SLGs were applied for
the air-hole area and substrate area in the simulation.
An effective thermal conductivity ke of SLG was them
used in the graphene-capped PhC microcavity system.
For the simulated PhC microcavity, the distance be-
tween air holes was 500 nm and the radius of the
air holes was 150 nm. Therefore, the ratio of suspended
to supported SLG ranged between 28.26% and 71.76%,
and they were assumed to be series wound. SLG
exhibited a k. = 4000 x 28.26% + 600 x 71.76% =
1560.96 W/m - K. More accurate thermal transportation
behavior in the SLG/PhC device could be obtained by
including the interface thermal resistance between
SLG and PhC**~" in the simulation. The 3D FEM simu-
lation results are shown in Figure 2. Figure 2a—c show
the temperature distribution during the optical pump-
ing with an optical power of 100 4W at the center of a
3-um-diameter region for the InGaAsP bulk, the bare
PhC microcavity, and the SLG-capped PhC microcavity,
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Figure 2. Simulated temperature distributions and heat flux using 3D FEM simulation under CW pumping conditions at an
injected power of 0.1 mW and room temperature (300 K). In (a)—(c), the color scale represents temperature. (a) The maximal
temperature for the bulk of material was 306 K, which is not much higher than room temperature. (b) The maximal
temperature at the center of the suspended PhC cavity was 367 K. (c) The temperature at the center of the graphene-capped
PhC cavity was 322 K, which is much lower than that in the bare PhC cavity at the same injected power. In (d) and (e), the red
curves indicate simulated thermal fluxes. (d) All heat fluxes pass through the InGaAsP layer and are blocked by air holes. (e)
Most heat fluxes penetrate the SLG layer and disperse directly. The color scale of the inserted figures in (d) and (e) shows the
density of heat fluxes at the edge of an air hole. The thermal density is significantly higher in the SLG than in InGaAsP and air

regions.

respectively, where the false colors represent different
scales of the simulated temperature. The temperature
in the bulk material rises only 6 K above 300 K
(Figure 2a) because most of the heat can be dissipated
through the substrate. However, the maximal tempera-
ture near the center of a suspended-membrane PhC
microcavity under the same pumping condition is as
high as 367 K (Figure 2b) because of the poor thermal
conductivity of air. The significant temperature in-
crease from 2(a) to 2(b) urges the application of an
additional heat transport layer. Figure 2c shows that
the temperature at the center of the graphene-capped
PhC cavity is 322 K, which is markedly 45 K lower than
that observed in a bare PhC cavity. Figure 2d,e show
the details of how the simulated heat flux was trans-
ported in a bare suspended PhC cavity and a graphene-
capped PhC cavity, respectively. Thermal energy is
transported from the center of a cavity, a higher
temperature site, to the edge of the cavity with a lower
temperature. Figure 2d shows that heat fluxes pass
through the slab and are blocked by the air holes.
Figure 2e shows that the heat fluxes in the SLG
propagate and disperse directly to the low tempera-
ture region. The insets in Figure 2d,e show the densities
of the heat fluxes at the edges of the air holes in the
two systems. The heat flux density in the InGaAsP and
the air region is similar to each other, but is consider-
ably higher in SLG. Thus, the dissipation of the heat flux
in the PhC microcavity evidently benefits from the SLG.

Photonic Crystal Cavity Structures and Fabrication. PhC
microcavities were fabricated in a 240-nm-thick In-
GaAsP layer that contained four InGaAsP-strained
quantum wells (QWs) designed to emit nearly 1.55 um
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Figure 3. SEM images of the PhC microcavity (a) without
SLG and (b) with SLG; (c) PL spectrum of the PhC microcavity
with an emitted wavelength of approximately 1.55 um. The
inserted figure shows a 3D FDTD simulated magnetic field
profile of the operating mode. It exhibits hexagonal, sym-
metrical behavior and fills the cavity. (d) Raman spectrum
obtained from the graphene-capped cavity. The 2D peak is
higher than the G peak, indicating the inclusion of SLG.

at room temperature. InGaAsP layers were deposited
using metal—organic chemical vapor deposition
(MOCVD) on an InP substrate. A silicon nitride (SiNx)
layer was deposited using a plasma-enhanced chemical
vapor deposition (PECVD) system, and a 5% poly-
methylmethacrylate (PMMA) resist was spin-coated
onto the SiNx layer. Both SiNx and PMMA layers served
as masks during subsequent fabrication processes.
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Figure 4. Temperature dependence of emission wavelengths in PhC microcavities with and without SLG under pulsed pumping
conditions at a duty cycle of 1.5%: (a and b) Resonant spectra at 220, 240, and 260 K under a pumping of 0.5 mW; (c and d)
emission wavelength from PhC cavities at different temperatures. The temperature dependence of emission wavelength in

these two systems are 0.11 and 0.12 nm/K; respectively.

The PhC patterns were defined by using electron
beam lithography and transferred into the SiNx
mask and the InGaAsP layer by using an inductively
coupled plasma (ICP) system with CHF3/O, and CH,/
Cl,/H, mixtures sequentially. All masks were removed
at the end of the fabrication process. Suspended
membranes were formed using an HCl solution during
wet chemical etching at 0 °C. Figure 3a shows an SEM
image of a suspended PhC microcavity. The defect
region of the PhC cavity was approximately 2.0 um in
diameter. For the SLG-capped PhC cavity, a layer of CVD
graphene was transferred onto the device substrate
with cavities on it, where Figure 3b shows the SEM
image of an SLG-capped PhC microcavity.

All devices were optically pumped using an 850-nm
diode laser. The pump beam was focused on the
devices using a 100x objective lens, and the spot size
of the focused beam was approximately 2 um in
diameter. The output power emitted from the devices
was collected using a multimode fiber connected to an
optical spectrum analyzer. Figure 3c shows the photo-
luminescence (PL) spectrum of a bare PhC microcavity.
On the basis of a 3D, finite-difference time-domain
(FDTD) simulation, the operating mode was character-
ized as hexagonal, as shown in the inset in Figure 3c. To
evaluate the quality of the SLG that was transferred, we
used Raman spectroscopy; the Raman spectrum ob-
tained using an excitation wavelength of 473 nm is
shown in Figure 3d. There were two characteristic
peaks: the G peak, which arises from stretching the
C—C bond in graphitic materials and is common in all
sp? carbon systems; and the 2D peak, which is the
second order of zone-boundary photons. The 2D peak
near 2700 cm™' was higher than the G peak near
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1580 cm™ ', indicating that high-quality SLG, rather
than graphite, was placed on the microcavity.>>

Measurements of Thermal Properties. A critical parame-
ter for the thermal property of the devices is thermal
resistance Ry, which is defined as the rate of tempera-
ture variation in devices caused by absorbing the
pumped power. Thermal resistance is described as
the following formula:

R = AP (m

where AT and AP are the changes in temperature and
incident power, respectively. To evaluate the thermal
resistance of PhC microcavities, we measure emission
wavelengths at various environmental temperatures
and pumping powers. Thermal resistance was then
calculated directly by

AT AL/AP

AP~ AAJAT )

Rin =

To characterize the emission wavelength at various
temperatures, the devices were placed in a cryostat
under the pressure of 5.0 x 107° mTorr and the same
pumping conditions. Figure 4a,b shows the spectra
of SLG-capped and bare microcavities, respectively,
at 220, 240, and 260 K under a pumping of 0.5 mW.
When the temperature is increased, the wavelength
of the resonant peaks increases in both systems.
Moreover, we record the resonant peaks when the
surrounding temperature is changed from 200 to
280 K at 20 K intervals, and the results are shown
in Figure 4c,d. The resonant wavelength of the
graphene-capped microcavity red-shifts with a rate
of AA/AT ~ 0.11 nm/K (Figure 4c), which is similar to

VOL.7 = NO.12 = 10818-10824 = 2013 yuslxnfw JV

Www.acsnano. org

10821



PhC cavity with SLG

Intensity (a.u.)

P =223uW

1501 1511 1521
— Wavelength (nm)

£1520

= ANAP=13.6 nm/mW

§1515 -

21510

g ()

®© 1505 L L

< 0.2 0.3 0.4 0.5

Incident Power (mW)

PhC cavity without SLG

| P _=355uW (b)
£l
8
>}
‘@
C
QL
£
- P, =223uW
1515 1525 1535
Wavelength (nm)
1535
AMAP=33.7 nm/mW
1530
L 1525¢ (d)
1520 L L
0.2 0.3 0.4 0.5

Incident Power (mW)

Figure 5. Power dependence of resonant wavelengths in PhC microcavities with and without SLG under CW pumping
conditions at an environmental temperature of 200 K: (a and b) resonant spectra at injected powers of 223, 289, and 355 uW,
respectively; (c and d) wavelength shifting within 0.2—0.5 mW. The power dependence of a bare PhC microcavity is 33.7 nm/mW,
but that of a PhC microcavity with SLG is only 13.6 nm/mW. The heat dissipation is evidently much more efficient in the

graphene-capped PhC microcavity.

the rate for the bare microcavity (AA/AT =~ 0.12 nm/K)
(Figure 4d).

Next, we measured the power-dependent wave-
length shifts under CW operation conditions at 200 K
and the results are presented in Figure 5. Figure 5a,b
shows the resonant spectra of SLG-capped and bare
microcavities pumped with three powers, 223, 289,
and 355 uW. In both PhC microcavities, the resonant
peaks red-shift when the pumping power is increased.
We collected the red-shift data of the resonant peaks
when the pumping power is increased from 0.2 to
0.5 mW, and the results are shown in Figures 5c,d.
Unlike insensitive wavelength shift on temperature, the
disparity in the power dependence of wavelength for
the two systems, the SLG-capped and bare PhC micro-
cavities, is large. For the SLG-capped microcavity, AL/AP
is approximately 13.6 nm/mW (Figure 5c), whereas the
AA/AP is up to 33.7 nm/mW for the bare microcavity.
The variation of the emission wavelength and line width
between PhC cavities with and without SLG is attributed
to the SLG roughness on the PhC cavity.

By substituting the experimental values of AA/AT
and AA/AP into eq 2, we obtain the experimental
thermal resistances of the two systems: for the
graphene-capped microcavity, Ry, ~ 124 K/mW, and
for the bare microcavity, Ry, ~ 281 K/mW. Thus, the
thermal conductivity of the SLG-capped PhC cavity is
more than two times larger than the value measured
for the bare PhC cavity, indicating that the high
thermal conductivity of SLG helps dissipate the heat
generated around the center of cavity. In simulation,
we also observed the SLG-capped PhC cavity exhibits
more than two times larger thermal conductivity
than the bare PhC cavity (thermal resistance SLG/PhC,
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TABLE 2. Experimental Results and Estimated Thermal
Resistance

parameters PhC cavity with SLG PhC cavity without SLG
AAIAT(Inm/K) 0.11 0.12
AA/AP(nm/mK) 13.6 337
Rip (K/mW) 124 281

218 K/mW; bare PhC, 574 K/mW). The thermal proper-
ties and parameters of SLG-capped and bare PhC
cavities are listed in Table 2.

In the experiment, the temperature-dependent
wavelength shifts and the AA/AT values in two PhC
cavities are similar. In contrast, the power-dependent
wavelength shifts of the two systems significantly vary,
which implies that the heat dissipation determines
the temperature increase in minute regions under CW
operation. SLG, which has excellent thermal conductiv-
ity, helps to spread the heat effectively in the graphene-
capped PhC microcavity, and the thermal resistance of
the graphene-capped microcavity is less than half of
that of the bare microcavity. Thus, the experimental and
simulated results both demonstrate that the thin SLG
substantially improves heat dissipation in the compact
PhC cavity. We should note the temperature depen-
dence of thermal conductance of the SLG had been
reported.?®> We expected a small variation in thermal
resistance of the whole device when temperature is
increased from 200 K to room temperature.

CONCLUSION

In this study, we develop a SLG-capped PhC micro-
cavity. The thermal properties of the PhC microcavities
with and without graphene-capping are characterized
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theoretically and experimentally. The results of 3D
FEM simulations show that the SLG receives the bulk
of the heat fluxes during the dissipative process,
leading to the lower temperature at the center of
the graphene-capped PhC cavity. Experimental re-
sults demonstrate that the thermal resistance of the
bare PhC microcavity is approximately 281 K/mW,

METHODS

CVD Growth of Graphene. Large-area graphene films were
synthesized on copper foil (Alfa Aesar, purity 99.8% ; 25 um thick)
by chemical vapor deposition in a hot-wall tube furnace. A copper
(Cu) foil was loaded into the center of the tube, and the system
was flushed with a constant flow of hydrogen (415 sccm) at
760 mTorr for 50 min. The Cu foil was annealed at 1000 °C for
40 min to remove organic matter and oxides from the surface.
A gas mixture of methane and hydrogen (CH, = 60 sccm and H, =
15 sccm at 750 mTorr) was introduced into the system at 1000 °C
for graphene layer growth. After growth of the graphene films,
the graphene/Cu foil was cooled to 25 °C to complete the growth.

Au-Assisted Transfer Process of Graphene. To transfer graphene
from a Cu foil to a PhC cavity, a thin layer of Au (30 nm) was
sputtered on graphene.>® The Au/graphene/Cu stack film was
immersed in an ammonium persulphate solution (Aldrich, 1 M)
at 60 °C for 2 h to dissolve Cu foils. The Au-supported graphene
was then thoroughly washed with deionized (DI) water. A target
substrate with PhC cavities was used to fish the Au/graphene
layers. After hot plate baking was performed at at 150 °Cfor 2 h,
the PhC smaple with Au/graphene was immersed in a gold
etching solution (Gold etchant type TFA from Transene Com,;
content: iodine Complex, potassium iodide and water) for
10—20 min. Finally, the samples were rinsed with DI water to
complete the transfer

Characterizations. Raman spectra were collected in a NT-MDT
confocal Raman microscopic system (laser wavelength 473 nm
and laser spot size ~0.5 um). The Si peak at 520 cm ™' was used
as reference for wavenumber calibration. The emission of
the PhC cavity was characterized by a micro-PL system with a
cryogenic system. The cavity was optically pumped at room
temperature using an 850 nm diode laser at normal incidence.
The pumped spot was focused by a 100x objective lens to a
spot approximately 2 um in diameter. The output power was
collected from the top of the cavity by a multimode fiber which
was connected to an optical spectrum analyzer.
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