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Boron nitride encapsulated graphene infrared emitters

H. R. Barnard, E. Zossimova, N. H. Mahlmeister, L. M. Lawton, I. J. Luxmoore,

and G. R. Nash®

College of Engineering, Mathematics and Physical Sciences, University of Exeter, Exeter EX4 40QF,
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(Received 19 January 2016; accepted 23 March 2016; published online 31 March 2016)

The spatial and spectral characteristics of mid-infrared thermal emission from devices containing a
large area multilayer graphene layer, encapsulated using hexagonal boron nitride, have been inves-
tigated. The devices were run continuously in air for over 1000 h, with the emission spectrum cov-
ering the absorption bands of many important gases. An approximate solution to the heat equation
was used to simulate the measured emission profile across the devices yielding an estimated value
of the characteristic length, which defines the exponential rise/fall of the temperature profile across
the device, of 40 um. This is much larger than values obtained in smaller exfoliated graphene devi-
ces and reflects the device geometry, and the increase in lateral heat conduction within the devices
due to the multilayer graphene and boron nitride layers. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4945371]

There is a continuing need for the development of new
infrared (IR) light sources to enable low cost, intrinsically
safe, portable gas sensors for applications such as emissions
monitoring. Most existing IR sensors use conventional in-
candescent sources which have several shortcomings includ-
ing slow response time, limited wavelength range (due to the
glass envelope of the source), and limited lifetimes due to
the fragility of the source. Silicon based micro-machined
heaters' have the advantage of being CMOS compatible, but
still have a relatively slow response time (maximum modula-
tion frequencies of ~100Hz), limiting the response of the
sensor and implementation of advanced signal processing
techniques. Semiconductor LEDs (light-emitting-diodes)’
offer a natural route for the replacement of conventional in-
candescent sources, but devices with the narrow bandgap
required to achieve emission at the relatively long wave-
lengths required for the sensing of many important gases,
such as NOXx, suffer both from relatively poor internal® and
external quantum efficiencies,’ leading to relatively low
overall efficiencies. For example, the room temperature
wall-plug efficiency (WPE), the ratio of the electrical power
in to the optical power out, of the AlIn;_,Sb based LEDs
described by Nash ez al.? was approximately 0.02%. A much
higher WPE of 0.15% has recently been reported in inter-
band cascade devices with peak emission at 3.3 um,” but this
is still much lower than in LEDs operating at shorter wave-
lengths. These semiconductor LEDs also typically incorpo-
rate elements such as indium and gallium, for which there
are concerns regarding sustainability, and require the precise
epitaxial growth of a large number of layers.

Although there has been much recent interest®’ in the
use of graphene as an incandescent source emitting in the
visible, infrared thermal emission has primarily been used as
a means of probing the electronic structure of monolayer gra-
phene transistor devices under bias.”™'? Nevertheless, several
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of graphene’s remarkable properties do make it attractive for
the realization of an infrared incandescent source. For exam-
ple, it is able to sustain extremely large current densities: 107
A/cm? in micron sized wires fabricated from graphene grown
by chemical vapor deposition (CVD),* compared to values
of ~100 A/em” in a conventional tungsten filament light
bulb. Its low thermal mass (approximately three orders of
magnitude smaller even than a typical silicon cantilever)
offers the prospect for high frequency operation, and we
have recently assessed the potential of using graphene based
thermal emitters as an alternative, less complicated,
approach to semiconductor LEDs.'*!” For the currents used,
the emission from these devices peaked at a wavelength of
around 4 um and a measureable modulation of the emission
was observed up to a drive frequency of 100 kHz, much
higher than in silicon based micro-heaters. However, these
devices only operated in vacuum, and in this paper we dem-
onstrate the use of hexagonal boron nitride (h-BN) as a
means of encapsulating the emitting area, allowing sustained
operation in air, and investigate how the incorporation of the
h-BN layers modifies the thermal properties of the devices.
Devices consisting of multilayer graphene encapsulated
between two layers of multilayer h-BN were fabricated using
I13nm thick multilayer h-BN on Cu, from Graphene
Supermarket, and 68 layer multilayer graphene on polymer,
from ACS. Note that the choice of the 6-8 layer graphene
and 13nm h-BN was motivated by the availability of these
materials from the manufacturers, together with our experi-
ence of handling different thickness layers, but that the type
and thickness of the layers has not yet been optimized. The
graphene and h-BN were transferred, using the standard pro-
cess,'® onto a heavily doped silicon wafer capped with
300 nm of SiO,. Prior to the removal of the Cu layer, with a
0.1 mol concentration of ammonium persulphate for 12 h, a
thin 80 nm layer of neat A6 950 K PMMA was spun onto the
h-BN and baked for 8 min. After etching, the materials were
rinsed in six fresh DI water solutions over a period of 48 h,
before transfer onto the substrate using a glass spoon. The

© 2016 AIP Publishing LLC
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six step device fabrication is illustrated schematically in
Figure 1: (a) the initial transfer of multilayer h-BN, followed
by lithography and dry etching to define a 600 um X
500 um?; (b) the transfer and definition, through lithography
and a second dry etching step, of an overlaying area of multi-
layer graphene; (c) definition of a 50 um x 600 um area of
50 nm thick gold onto the outer edges of the multilayer gra-
phene for improved contact resistance; (d) definition of areas
of 100 um x 600 um of 7nm/70 nm Cr/Au onto the Au and
Si/Si0; to ensure good contact with the final contact layer af-
ter encapsulation; (e) the transfer and definition, via lithogra-
phy and a final dry etching step, of the final encapsulating h-
BN layer; (f) definition of final 7nm/70 nm Cr/Au contacts
over the prior 100 um x 600 um Cr/Au metallization, and
extended over the chip to provide 200 um x 200 um pads for
bonding; (g) microscopic image of a completed device. Note
that the final metallization step not only defines the bond
pads but also acts to provide mechanical and thermal anchor-
ing of the top h-BN layer. The devices were mounted on ce-
ramic chip holders and all measurements were performed at
ambient temperature and in air. Two terminal current-
voltage measurements were made, with the values of resis-
tances obtained (~1000 Q) typical of those obtained from
CVD graphene.'” The thermal emission from the devices
was collected using a 15x reflecting objective lens (numeri-
cal aperture = 0.28) which was mounted on a xy-stage so
that it could be scanned over the device. Light from the
reflecting objective passed through a mirror system and was
then focused, using a CaF, lens, onto the entrance of a Jobin-
Yvon iHR550 grating spectrometer. The spectrometer was
equipped with a turret system so that the collected light was
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Si/Si0,
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(c) Initial gold deposition

-

Si/Sio,
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FIG. 1. Schematic cross-section diagram illustrating the device fabrication: (a)
initial h-BN layer on Si/SiO, chip, (b) multilayer graphene overlay, (c) 50 nm
thick Au deposited on the edges of multilayer graphene, (d) initial 7 nm/70 nm
thick Cr/Au layer deposited on Au and Si/SiO, chip, (e) encapsulating h-BN
layer on multilayer graphene and inner edges of initial Cr/Au layer, (f) final
contact layer of 7nm/70nm Cr/Au on initial Cr/Au layer and edges of encap-
sulating BN layer, and (g) microscope image of a completed device.
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incident either on a mirror for mapping measurements, or a
4 um blazed diffraction grating for spectral measurements,
before being focused onto a liquid nitrogen cooled HgCdTe
detector, with a 2—12 um response. The devices were driven
by a 1kHz square waveform (50% duty cycle), using a
Keithley 6221 current source, at peak injection currents of
tens of milliamps. The signal from the detector was ampli-
fied by a low noise preamplifier and passed to a lock-in am-
plifier for phase sensitive measurement. Measurements are
presented from one device, but similar behavior was
observed from a second device. At the time of writing, the
second device has been running continuously in air, with cur-
rent of 100 mA, for well over 1000 h.

The measured spatial variation of the thermal emission
for a peak current of 5S0mA is shown in Figure 2(a). In
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FIG. 2. (a) Thermal emission mapped for a peak current of 50 mA; (b) same
data plotted on a logarithmic vertical scale; and (c) variation of the measured
intensity as a function of X-position, where the symbols correspond to the
measured data and the line to the simulated profile. The white dotted lines in
(b) indicate the position of the metal contacts and multilayer graphene.
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contrast to monolayer graphene based devices, the thermal
emission has a maximum intensity in the center of the emit-
ting area, as might be expected from a conventional semi-
metal filament. Figure 2(b) shows the same data plotted on a
logarithmic vertical scale, where the dotted white lines indi-
cate the orientation and approximate position of the device.
It can be seen that there is much less emission from the area
of the metal contacts than from the graphene emitter area,
suggesting that the metal contacts do not get significantly hot
and act to thermally anchor the device in the x-direction. In
the y-direction, the emission extends over a much larger area
suggesting that there is significant lateral diffusion of the
heat generated in the graphene. In Figure 2(c), the measured
emission is plotted as function of x-position, for y =0, and
shows that the emission is fairly constant in the center of the
device and falls to near zero at the metal contacts, behavior
typical of a relatively long conventional filament supported
by two colder supports. The profile of the temperature, T,
along the x-direction can be approximated by the following
steady-state heat equation
2 2

—hwk%-l-g(T—To)—&-weaT“:ITR, (1)
where w, h, and L are the width, height, and length of the
thermally conducting channel, respectively (note that heat
loss through convection is assumed to be much smaller than
that through conduction). The term on the right hand side of
Equation (1) corresponds to the heat generated per unit
length through Joule heating, where I is the current and R the
resistance of the device (assuming uniform heat generation
along the conducting channel). The first term on the left-
hand-side of the equation is the heat lost through diffusion,
where £ is the lateral thermal conductivity, whereas the mid-
dle term of the left-hand-side of Equation (1) represents the
heat lost vertically to the underlying substrate, which is
assumed to be at a temperature Ty < T, and where g is the
net heat loss rate to the substrate per unit length.'® The third
term on the left-hand-side of the equation corresponds to
the heat lost through radiation per unit length, where o is the
Stefan—Boltzmann constant and ¢ is the emissivity of the
emitting area. The emissivity of monolayer graphene has
been previously measured as 1.6 + 0.8%,'" in good agree-
ment with the accepted value of the absorbance. In a multi-
layer device, the emissivity is expected to increase linearly
with the number of layers,14 as with the absorbance,19 and in
the devices studied here (which have 6-8 layers) the emissiv-
ity of the multilayer graphene is expected to be ~10%. Heat
loss through radiation is therefore also assumed to be smaller
than that lost through diffusion and an approximate solution
to Equation (1) is given then by*°

cosh(x/1)

() = Tonar [1 ~ cosh(L/24)

} for—L/2<x<L/2, (2)
where Th.x 1s the peak temperature in the center of the de-
vice, and where 4 is a characteristic length that defines the
exponential rise/fall of the temperature profile (heat gener-
ated within a distance of A from the contacts will flow
through the graphene to the contacts) and is given by:

Appl. Phys. Lett. 108, 131110 (2016)

= (kA/ g)%. Finally, the measured emission is assumed to
be proportional to T* as graphene is known to be a grey-
body."* The line shown in Figure 2(c) was calculated using
Equation (2) to obtain the temperature profile, and then by
varying / to give the best fit to the measured data, yielding a
characteristic length of 40 um. This is two orders of magni-
tude larger than typical values, 0.1-0.2 um, obtained from
exfoliated graphene devices on SiO, substrates,” but reflects
the effects of the multilayer graphene, the h-BN and the de-
vice geometry in these devices. This can be understood by
first considering the heat loss rate to the substrate, g, which
is approximately given by

1
87 L(Rox +RBN +RSi) 7

3)

where the thermal resistance of the silicon oxide can be writ-
ten as R,y = for/(koxywL) = 1 K/W, where t,, ~300nm and
ko =~ 1.4 Wm ' K ! are the thickness and thermal conduc-
tively, respectively, of the SiO,.” The vertical thermal resist-
ance of the bottom h-BN layer can likewise be written as
Rpn = tgy/(kpywL) = 0.03 K/W, with tzy~13nm and
kpn~2W m ™' K~ 12! The thermal resistance into the silicon
wafer Rs; = 1/[2ks;(wL)"?] ~ 20 K/W.® where k,, ~ 50 W
m ' K, leading to a total heat loss into the substrate, per
unit length, g =~ 96 W K 'm™, larger than in smaller exfoli-
ated devices. However, as the basal plane (lateral) thermal
conductivity of the boron nitride, ~400 W m~ ' K~ at room
temperature,”” is similar to that of the graphene, the presence
of the two h-BN layers increases the thickness % of the ther-
mally conducting lateral channel. Taking the combined
thickness of the graphene and two h-BN layers to be
~30nm, with an effective thermal conductivity of ~500 W
m~ ' K, yields a value of A of approximately 10 um, which
is consistent with the value obtained experimentally in this
work. In this simple analysis, we have ignored the extra ver-
tical thermal resistance caused by the interfaces between the
different layers, and also any effect due to the possible wrin-
kling of the 2D materials, both of which could act to increase
the thermal resistance into the substrate thus increasing A. In
contrast, residues from the transfer process have been shown
to decrease the lateral thermal conductivity of h-BN,* which
would decrease the characteristic length. Although a full
study of the dominant contributions to the overall thermal
characteristics of the devices, including the effects of heat
loss through radiation, convection, and via the contacts, is
beyond the scope of this manuscript, this simple analysis
highlights the potential of this architecture to be used to
engineer the thermal properties of these devices to, for exam-
ple, maximize the difference between the “on” and “off”
temperatures of the emitting area.

The uncorrected emission spectrum, measured at the
center of the device, is shown as a function of current in
Figure 3(a), where the large minimum in measured intensity
at a wavelength of 4.2 um is due to absorption by atmos-
pheric CO,. As the current is increased, the peak emission
moves to shorter wavelengths and the integrated emission
increases. To correct for the efficiency of the spectrometer
grating, the detector response, and absorption by CO, and
water in the atmosphere, the measurements were calibrated
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FIG. 3. (a) Measured raw emission spectra as a function of peak current and
(b) corrected emission spectra (symbols) together with simulated spectra
(lines).

using a 673 K blackbody source and the corrected spectra are
shown in Figure 3(b). The emission can be seen to cover the
characteristic absorption of many important gases, including
carbon dioxide and nitric oxide. An indication of the temper-
ature of the surface of the device can be made by assuming
that the measured spectra corresponds to the difference
between two grey-body curves, one corresponding to emis-
sion when the current is on, and the second corresponding to
emission from a cooler grey-body when the current is. The
lines shown in Figure 3(b) were obtained by calculating the
difference between two grey-body curves, with the emissiv-
ity in both cases assumed to be 10% and the “on” and “off”
temperatures taken to give the best qualitative fit to the cor-
rected spectra. This yielded “on” and “off” temperatures of
530K and 390K, 475K and 375K, and 440K and 370K for
currents of 100 mA, 90 mA, and 80 mA, respectively. These
temperatures are broadly equivalent to those we have meas-
ured previously using devices without encapsulation in vac-
uum and suggest that with relatively long current pulses the
devices reach the same equilibrium state in both cases.
However, the measured intensity at high frequencies is more
in encapsulated devices compared to devices without the

Appl. Phys. Lett. 108, 131110 (2016)

encapsulation.'® In addition, the second device to be tested
has been running continuously in air, with a drive current of
100 mA, for well over 1000 h at the time of writing, in con-
trast to similar devices without boron nitride encapsulation,
which typically only operate for a few minutes in air. A full
study of the device failure mechanisms, which are thought to
be similar to those of conventional filaments, is beyond the
scope of the work presented here, but the h-BN appears to
effectively isolate the multilayer graphene layer from air and
may also lead to a more uniform heating of the device.
Finally, the electrically insulating top surface provided by
the h-BN also means these devices provide a platform for the
future integration of photonic structures®* designed to tailor
the emission for gas sensing applications.

In conclusion, we have investigated the spatial and spec-
tral characteristics of mid-infrared thermal emission from
devices containing a multilayer graphene layer encapsulated
using hexagonal boron nitride. An approximate solution to
the heat equation was used to simulate the measured emis-
sion profile across the devices yielding an estimated value of
the characteristic length, which defines the exponential rise/
fall of the temperature profile across the device, of 40 um.
This is much larger than values obtained in exfoliated gra-
phene devices and reflects the increase in the lateral thermal
conductivity caused by the use of multilayer graphene, boron
nitride encapsulation, and the device geometry. Finally, the
devices are able to operate continuously in air for over 1000
h, with the emission spectrum covering the characteristic
absorption of many important gases.

This work has been undertaken as part of an UK
Engineering and Physical Sciences Research Council
Fellowship (GRN) in Frontier Manufacturing (Grant No. EP/
JO18651/1).
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