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ABSTRACT

There is a continuing need for the development of cost-effective and sustainable mid-infrared light sources for applications such as gas sens-
ing and infrared beacons. A natural replacement for the conventional incandescent sources still widely used in such applications is semicon-
ductor LEDs, but to achieve emission at long wavelengths requires the realization of devices with narrow effective bandgaps, inherently
leading to relatively poor internal and external quantum efficiencies. Recently, the technological potential of graphene-based incandescent
emitters has been recognized, in part due to the ability of graphene to sustain extremely large current densities. Here, we introduce a
simple architecture, consisting of a back-reflector behind a multilayer graphene filament, which we use to produce emitters with wall-plug-
efficiencies comparable to state-of-the art semiconductor cascade LEDs. Coupled with the potential for high-speed modulation, resulting
from the low thermal mass, our results demonstrate the feasibility of creating practicable infrared sources.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0079777

Over the last few decades, advances in semiconductor optoelec-
tronics have revolutionized areas such as communications, sensing,
and consumer electronics. One important example of this is the need
for efficient cost-effective, sustainable mid-infrared (mid-IR) compo-
nents, covering the 2-12 um wavelength range for applications such as
gas sensing and IR beacons. A natural replacement for the conven-
tional incandescent sources still widely used in such applications is
semiconductor LEDs," but to achieve emission at relatively long wave-
lengths requires the realization of devices with narrow effective bandg-
aps. This inherently leads to relatively poor internal” and external
quantum efficiencies.” Although room-temperature mid-IR semicon-
ductor LEDs were first demonstrated several decades ago, they, there-
fore, still suffer from relatively low overall efficiencies. For example,
the room temperature wall-plug efficiency (WPE), the ratio of the elec-
trical power in to the optical power out, of the Al,In, ,Sb based LEDs
described by Nash et al." was approximately 0.02%. Much higher val-
ues of WPE can be achieved in interband cascade devices, for example,
0.15% at 3.3 um,” but such cascade structures require the precise epi-
taxial growth of a large number of layers. Mid-IR semiconductor
LEDs also typically incorporate elements, such as indium and gallium,
raising concerns regarding sustainability.

The performance of incandescent emitters can be improved by
miniaturizing them, to increase their modulation speeds, and by

employing nanophotonic techniques to control and enhance emis-
sion.” * Silicon based micro-machined heaters™'’ have the advantage
of being CMOS compatible but still have a relatively slow response
time (maximum modulation frequencies of ~100Hz). Wojszvzyk
et al.'' recently reported an incandescent emitter incorporating a
metasurface operating at very high frequencies, up to 20 MHz, but
with a value of wall plug efficiency of 10~ at a modulation frequency
of 20 KHz, although it was shown that emission decays as a function
of the square root of the frequency, so that an efficiency of 0.01% is
expected at 2 Hz.

The low thermal mass of graphene, compared even to silicon
micro-heaters, coupled with its ability to sustain extremely large cur-
rent densities, offers an alternative route for the development of high
speed advanced incandescent emitters.'” ** For example, Miyoshi
et al." integrated graphene emitters onto silicon chips to demonstrate
emission in the near infrared that could be modulated at high frequen-
cies (100-ps response time), although efficiency was not considered. In
this manuscript, we demonstrate an infrared light source, incorporat-
ing a multilayer graphene (MLG) emitter layer and a Salisbury screen
back-reflector with WPEs comparable to state-of-the art semiconduc-
tor cascade LEDs. Ultimately, these sources could be both more cost
effective and sustainable to manufacture than compound semiconduc-
tor based alternatives.
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The behavior of the graphene based emitting devices can be
described using two theoretical approaches: an analytic model based
on the fluctuation-dissipation theorem (FDT)” for a device in non-
thermal equilibrium, and the application of Kirchhoff’s law of thermal
radiation to approximate the device as being in thermal equilibrium.
In the latter case, the emissivity is given as the temperature and wave-
length dependent absorption of the device.”* Two different types of
devices, incorporating MLG (12 layers), as the emitting element, were
considered. In the first type of device, the multilayer graphene sits
upon a 300 nm thick layer of insulating SiO,, which in turn sits on a
silicon substrate. In the second type of device, a thin back reflector
(50 nm thick aluminum) is also incorporated between the silicon sub-
strate and SiO,, as shown schematically in Fig. 1(a).

We compare two formulas for the average emitted power S. We
first apply the fluctuation-dissipation theorem (FDT)™ to a planar
multi-layer that has variable temperature T and permittivity &.”” Here,
the emitted power is given by

- [, 128k 1 1
(a2, 1)) = a2 P [ 1
y ~
P TsT
x Imle(Z, 2, D)|G(z, 2, 2) [, (1)

where D is the distance between the source and the observer,
€(z', 4, T) is the permittivity of the emitting material, and G(z,2’, 1) is
1D scalar Greens’ function. To apply this formula, we assume that all
layers emit at an ambient temperature (300 K), except for the multi-
layer graphene, which has a higher temperature due to Joule heating
induced by an applied current.

In the second approach, we approximate the aluminum layer as a
perfect electrical conductor and take the SiO, layer as lossless in the
wavelength range of interest. As emission from each portion of the
device scales with the local value of Im[e], only the graphene layer con-
tributes to the emission, and we can, thus, take the temperature in Eq.
(1) as uniform throughout the device, reducing our theory to
Kirchhoffs law of thermal radiation.”* For more details on the rela-
tionship between these two theories, see Ref. 26. The whole device is
then a greybody with temperature and wavelength dependent emissiv-
ity, €7(4, T), given as the absorption of the system
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where B(4, T) is the emission. We assume that the multilayer gra-
phene consists of randomly stacked layers of graphene with the con-
ductivity of each layer given by’

 2e5kgT i Ep
o(w,T) = T o iFlOg {2 cosh(szT)]

8 u(2) 8 rdew

4h 2 T Jo w? — 4e2 '

3)

where i is the imaginary unit, the frequency w = 2nc/A, Ep is the
Fermi energy, and I is the plasma decay rate. The first (second) term
represents the intra (inter) band contributions to the conductivity.
Here, we allow I' = 1/(1.3 x 10713), and

sinh (E)
H(e) ks T . @)

In this way, we can represent the N layers of randomly stacked
graphene as one layer of graphene with thickness N x 1 A. From this,
the permittivity is given as

a(w,T)
Eo(L)d ’

where d is the thickness of a single graphene layer. The Green function
and emissivity were both calculated analytically using the transfer
matrix method™ with the permittivity of SiO, and aluminum taken
from Ref. 29. In the calculations, we compare emission from multi-
layer graphene on a semi-infinite layer of SiO, and on a finite SiO,
layer deposited on aluminum.

To model the emission from the two devices, we assume that in
the OFF state (no current applied), the system is at 300 K. A non-linear
least squares fitting tool™ was used to fit the emission spectra calculated
using Eqs. (1) and (2) to experimentally measured spectra, allowing two
quantities to vary: (1) the temperature of the device (the “ON” tempera-
ture) and (2) a scaling factor that is a combination of physical constants
such as the device area and parameters such as the distance between the
emitter and observer. This scaling factor is the same for both devices.

Devices consisting of multilayer graphene (12-14 layers) were
fabricated using two different substrates. The first consisted of a silicon
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FIG. 1. (a) Schematic diagram of a graphene based emitter containing a back reflector. (b) Infrared image of the device with both segments driven at 1 Hz.
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substrate with a 300 nm top layer of SiO,, whereas the second sub-
strate incorporated a thin back reflector (50 nm thick aluminum)
between the silicon substrate and top SiO, [Fig. 1(a)]. Multilayer
graphene was transferred by graphene supermarket onto the two
types of substrates before lithography and dry etching were used to
define an emitting area consisting of two 500 um x 1 mm rectangular
segments (with a 50 um gap between them), which could be driven
independently. Gold contacts were realized using 5nm of Cr and
80 nm of Au.

Finished devices were mounted on ceramic chip holders, and all
measurements were performed at ambient temperature and with the
devices under vacuum. Two terminal measurements of the device
resistances were made at low currents, so that there was minimal heat-
ing with typical values obtained of ~800 Q per segment (or equivalent
to ~400 Q/[7). These values are approximately 3x smaller than those
reported previously from similar devices containing CVD MLG with
three to six layers of graphene,'” consistent with the decrease in resis-
tance expected from an increased number of graphene layers.”’

The spatial characteristics of emission were assessed using a FLIR
Systems model A655 long-wavelength infrared imager, and Fig. 1(b)
shows the emission from the device containing the back reflector.
Both segments of the device were simultaneously driven with a 1 Hz
square waveform (50% current) at a peak current of 20 mA. The cap-
tured images show that emission from both segments is highly uni-
form. The spectral characteristics of the devices were assessed by
collecting emission using a CaF, lens before focusing the light, using a
second CaF, lens, onto the entrance of a Jobin-Yvon iHR550 spec-
trometer, equipped with a 4 um blazed diffraction grating. Light exit-
ing the spectrometer was focused onto a liquid nitrogen cooled
HgCdTe detector with a 2-12 um response, and the signal from the
detector was amplified by a low noise preamplifier and passed to a
lock-in amplifier for phase sensitive measurement. To correct for the
efficiency of the optical system, and absorption by CO, and water in
the atmosphere, the measurements were calibrated using a 673K
blackbody source. Emission spectra were obtained with one segment
of the devices driven with a 1 kHz square waveform (50% current) and
at a peak current of 90mA using a phase sensitive measurement.
Device resistances were observed to decrease slightly (by around 25%)
relative to the values obtained at low currents, consistent with the con-
duction being graphene-like, leading to voltages of around 50V
required to drive 90 mA. Results are presented from two devices, but
similar behavior was observed from a number of other devices.

The measured emission spectrum from a device without a back-
reflector is shown in Fig. 2(a). (Note that absorption by atmospheric
water and CO, results in residual features in the measured spectra at
wavelengths of 3 and 4.2 um. Features at 3.4 um are thought to be due
to the presence of polymer residues.) Also shown in Fig. 2(a) are two
theoretical fits to the measured data based on the non-equilibrium
model [Eq. (1)] with values of the Fermi energy E of 0 and —0.2eV.
The fits to the measured data using the second theoretical approach,
which assumes the device is in thermal equilibrium [Eq. (2)], were
identical [and for completeness is shown in supplementary material
Fig. 1(a)]. Fits yielded ON temperatures of 642 and 514 K for values of
Ef of 0 and —0.2 eV, respectively, consistent with values previously
obtained at similar currents in similar devices.”' The equivalence of
two theoretical approaches in describing emission from the device is
because the SiO, layer is lossless over this wavelength range and so
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FIG. 2. Measured emission spectrum (gray symbols) together with fits to the data
using the non-equilibrium model (lines) for devices (a) without and (b) with back-
reflector. In both types of devices, fits to the non-equilibrium and equilibrium models
give exactly the same result. The inset shows the measured total integrated emit-
tance as a function of the drive current.

does not contribute to emission as described in Eq. (1). As the multi-
layer graphene is the only part of the device emitting, the device can
also be approximated as being in thermal equilibrium, so that the two
theoretical models produce identical results.

In devices incorporating a back-reflector, Fig. 2(b), the measured
peak emission shifts to much shorter wavelengths, from approximately
from 4.5 to 3 um, and also increases by a factor of approximately four,
from ~30 to ~140 mW/cm?*/um. Theoretical fits to the measured
data using the non-equilibrium model [Eq. (1)] are also shown in
Fig. 2(b), again for values of E¢ of 0 and —0.2 V. In this case, a better
fit to the measured spectrum was achieved using a value of the Fermi
energy of —0.2eV, reflecting the fact that graphene is likely to have
significant intrinsic hole doping,'” although this is hard to characterize
experimentally in these samples. As for the device without the back-
reflector, both theoretical models give exactly identical results, yielding
ON temperatures of 720 and 561 K for values of E; of 0 and —0.2¢eV,
respectively. [The fits to the data using Eq. (2) are shown in supple-
mentary material Fig. 2(b).] In this case, the two theoretical
approaches are equivalent as the aluminum layer acts a perfect mirror,
meaning that there it contributes little to emission, other than serving
to reflect the emitted waves to give this larger, shifted emission peak.
The total measured integrated emission from the devices without and
with the back reflector is plotted as a function of the drive current in
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the inset of Fig. 2(b). In both cases, the measured emission increases
rapidly as a function of the increasing current, as expected if the mea-
sured emission being proportional to T* where T is the temperature
of the graphene. Further work is under way to study the evolution of
emission over a wider range of input powers.

The significant enhancement in emission observed in the device
with a back-reflector is due to the aluminum mirror effectively acting
as a Salisbury screen: at a given wavelength, the wave will accrue the
phase by reflecting off the back reflector and being absorbed fully by
the multilayer graphene, resulting in large emission in that region. In
Fig. 3, calculated emission spectra are plotted as a function of the SiO,
layer thickness for the device with a back-reflector. Here, parameters
were taken from the fits (Ef = 0eV) to the measured data shown in
Fig. 2. Calculated emission spectra correspond to the difference
between two greybodies at temperatures of 720 and 300K for consis-
tency with the experiments. Changing the thickness serves to shift the
wavelength at which the Salisbury screen effect is strongest, changing
the peak emission wavelength—where the peak emissivity corresponds
to the peak wavelength in emission. These spectra show that there is
further scope to increase the device output just by optimizing the posi-
tion of the back-reflector.

However, even without optimization of the device design, the total
measured integrated emission from the devices without and with the
back reflector was approximately 100 and 300 mW/cm?, respectively,

0.7  (a) 7

0.6
0.5
0.4 |

0.3

Effective Emissivity

0.2
0.1

0.0

Wavelength (um)

FIG. 3. (a) The calculated effective emissivity and (b) the calculated emission plot-
ted as a function of the thickness of the SiO, layer. The yellow lines represent the
case, where SiO, is the same thickness as in the experiments, and a dashed black
line is for a blackbody at a temperature of 720 K.
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yielding associated values of wall plug efficiencies of approximately
0.02% and 0.07%. These values compare, for example, to values of 0.1%
in superluminescent LEDs operating at 5um (Ref. 31) or a value of
extrinsic efficiency of 0.084% in mechanical exfoliated black phospho-
rous based LEDs.”” Such high relative efficiencies, therefore, demon-
strate the feasibility of developing practicable graphene based mid-
infrared light emitting devices which, in contrast to semiconductor
LEDs and MEMS equivalents, are relatively simple to fabricate. Further
gains in the efficiency could be achieved by optimizing the geometry of
the emitting area; for example, Brucoli et al.” proposed a quasimono-
chromatic emitter with a circular metallic filament positioned over a
gold mirror and showed theoretically that a value of the wall plug effi-
ciency of 6.5% could be achieved in this geometry.

Finally, addition of a back reflector, therefore, serves to improve
overall emission and create a broadband emission peak. However,
emission from these devices could also be tailored by placing a reso-
nant material, such as a metamaterial consisting of metallic resona-
tors,” on the multilayer graphene to create an emission spectrum with
a strong, narrowband emission peak, which would be advantageous
for gas-sensing applications. Here, we model such an additional layer
as a 50 nm thick isotropic resonant layer whose permittivity obeys

A(w} — 0?) ] Ayw

o=t (0§ — ?) + (yo)? o (2§ = @?) + ()’

(6)

where A determines the strength of the resonance, wy, and the line-
width is determined by 7. Putting this layer on top of the graphene
structure already established should create a strong emission peak at
the resonant frequency, resulting in a large emission peak at the same
wavelength. Here, we choose that resonance to occur at 4 um with
7 =0.1x10"and A = 10 x 10e®, giving a permittivity profile for
the resonant layer [Fig. 4(a)] and emission spectra for the whole device
(metamaterial, graphene, SiO,, Al, Si) [Fig. 4(b)]. As before, parame-
ters were taken from the fits to measured data (E; = 0) shown in
Fig. 2, and the calculated spectrum corresponds to the difference
between two greybodies at temperatures of 720 and 300 K. The reso-
nant layer acts as free space outside the resonant frequency, leaving
the emission spectra that are the same as the normal device with a
back reflector; however, at the resonant frequency, the large emissivity
peak creates a large narrowband emission peak at the target wave-
length, whose peak is close to that of a perfect blackbody.

In conclusion, we have investigated the characteristics of mid-
infrared thermal emission from devices containing a multilayer gra-
phene emitting layer with or without a near-field back-reflector.
Analytic models were designed using the fluctuation-dissipation theo-
rem, as well as using Kirchhoff’s law of thermal radiation, to devise
two methods to model these devices: one where each component of
the device is not in thermal equilibrium, and the other allows the
device to be in thermal equilibrium, where the emissivity of the device
(greybody factor) is then given as the absorption of the device. We
find that in both cases, both models yield identical results, demonstrat-
ing that the wavelength and temperature dependent greybody factor
can be used to accurately model the emission from both types of
devices.

In devices containing a back-reflector, the measured peak emis-
sion increased by a factor of four and also shifted to shorter wave-
lengths. The total integrated emission and wall-plug-efficiency from a
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FIG. 4. (a) Calculated permittivity for the resonant layer. (b) The emission of a
device with a resonant (red) compared to a 720K blackbody (blue line). Addition of
the resonant layer creates a large, narrowband peak at the target wavelength,
resulting in strong emission whose peak is close to the perfect blackbody.

device with a back reflector were approximately 300 mW/cm® and
0.07%, respectively. Such high relative efficiencies demonstrate the fea-
sibility of developing a graphene based mid-infrared light emitting
device, which could be more cost effective and sustainable to manufac-
ture than either silicon MEMS or compound semiconductor based
alternatives.

See the supplementary material for fits to the measured emission
spectra using the second theoretical approach, which assumes the
device is in thermal equilibrium.
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