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Abstract:  Recent experimental work on the application of graphene for novel
illumination motivated us to present a theoretical study of the blackbody radiation emission
from a freely suspended graphene driven by a dc electric field. Strong terahertz (THz) emission,
with intensity up to mW/cm?, can be generated with increasing electric field strength due to
the heating of electrons in graphene. We show that the intensity of the THz emission
generated electrically from graphene depends rather sensitively on the lattice temperature in
relatively weak electric fields, whereas it is less sensitive to the lattice temperature in relative
strong electric fields. Our study highlights the practical application of graphene as intense THz
source where the radiation is generated electrically.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction

Graphene, a two dimensional Dirac system, exhibits excellent and unique optoelectronic
properties which can be utilized for the realization of advanced photoelectric devices. Recently, a
series of important developments in the research on the electroluminescence of graphene was
achieved experimentally. It was found that due to the hot electrons with high-temperature, light
emission can be achieved in electrically-biased graphene on a substrate [1, 2]. This electrically
generated light emission from graphene was realized via the heating of electrons in the present of
the strong electron-phonon coupling in graphene [3]. On the other hand, light emission have
also been observed in graphene pumped by ultrashort laser pulses owing to strong electron-
photon and electron-electron interactions [4]. Moreover, it was demonstrated that freely
suspended graphene, instead of graphene placed on a substrate, can be used in advanced high field
photonic devices [5]. Bright and tunable electroluminescence from blue to red bandwidth was
achieved from all-graphene-field effect LED [6]. More interestingly, Kim et al. studied bright
light emission from a freely suspended graphene, which highlights the realization of
commercially viable large-scale, flexible light sources and electroluminescent devices [7]. The
bright and uniform incandescent emission based on a freely suspended graphene film has been
realized, which was driven by a low turn-on voltage [8]. Recently, stable light emission from
thermal radiation of encapsulated graphene is realized by an electric field [9]. These important
experimental findings have shed some light on the promise of graphene-based incandescent
light sources. Motivated by these recent experimental findings, we conducted a theoretical
investigation on THz emission by graphene to predict a new application of graphene based light
source in THz field.

2. Theoretical approaches

In this study, we consider a freely suspended graphene device, which is similar to the graphene
light source developed experimentally [5,7]. In such a device, the electrons in graphene are
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accelerated and heated by the source to drain dc electric field with the strength F, applied to
the graphene sheet along the x-direction. We have developed a balance-equation approach on
the basis of semi-classical Boltzmann equation (BE) to study the nonlinear electronic transport
properties of graphene/substrate systems in the presence of strong electric fields [10], where
the electrons interacting with impurities and acoustic- and optic-phonons have been considered.
The drift velocity and temperature of electrons in graphene were calculated by solving self-
consistently the momentum- and energy-balance equations along with the condition of electron
number conservation. The results obtained from this self-consistent balance-equation approach
have been applied to reproduce and explain the related experimental findings [11, 12]. In this
work, we generalize this approach to investigate a freely suspended graphene device which
works at relatively high-temperatures so that electronic couplings with acoustic-, optic-, and
flexural-phonons are the main scattering mechanisms [13]. Furthermore, for freely suspended
graphene there is no impurity and phonon scattering from the substrate. We focus on suspended
graphene film fabricated by chemical-vapour-deposited (CVD) technique with a typical electron
density 7, ~ 10'?> cm™2. Employing our previous theoretical approach [10], the momentum- and
energy-balance equations for electrons in graphene are obtained, respectively, as
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Here, k = (ky, k) is the electron wavevector, E(k) = fivp|k| with v being the Fermi velocity
in graphene, W(k, k") = (2x /h)lUV(q)|26k+q’k/6 [E(k) — E(K") + hw,] is the electronic transition
rate for an electron from a state |k > to a state |k’ >, w, is the phonon frequency, f(K) is the
drifted Fermi energy distribution function with u being the Fermi energy (or chemical potential)
and 7, the electron temperature in the present of the electric field, q = (¢x, gy) is the phonon
vector, and K = (ky — kpvy/vF, ky) with v, the drift velocity and kr the Fermi wavevector
for electrons. Moreover, the summation v is for different phonon scattering mechanisms and
|Uy,(q)|? is the square of the matrix element for electronic interaction with the v phonon,
where |Uap(q)|* = (REGq/4pvs)(1 + c0s 0), Uy (q)I* = g*h?vE and |Uyp(q)|* = D§ cos*(6/2)
are respectively for electronic coupling with acoustic-, optic- and flexural-phonons and 6 is
the scattering angle [10, 13]. In this study we do not take the usual quasi-elastic scattering
approximation for electron interacting with acoustic-phonons via deformation potential coupling
and with flexural-phonons. We take fiw,, = 196 meV for optic-phonons and wge = vsq
for acoustic- and wyr, = aq? for flexural-phonons [13] with v, being the sound velocity and
@ = 4.6 x 1077m? /s in graphene. Thus, we are able to evaluate the electron drift velocity v, and
the electron temperature 7, in freely suspended graphene as a function of electric field strength
F through solving self-consistently Eqs. (1) and (2). In the presence of a driving dc electric
field, thermal excitation of the carriers can occur in graphene [7,9]. The corresponding density
is evaluated roughly as n, = (7/6)(kgT,/livr)? [7]. Because the thermal excitation of the carrier
density n; is of the order of 10'° cm™2 even for electron temperature of 7, ~ 1000 K, we have that
ne >> n; for T, < 1000 K. Therefore, the effect of thermal excitation of carriers via interband
transition is relatively weak when T, is less than 1000 K in CVD grown graphene film. The
corresponding effects such as hole conduction, electron-hole recombination, Auger process, etc.
can be neglected in the present calculation [14] when T is below 1000 K.

The dynamical or optical conductivity o-(w, T, ) for electrons in graphene at a finite temperature
and nonzero chemical potential can be calculated via [15]
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Fig. 1. The electron temperature 7, (upper panel) and the electron drift velocity v, (lower
panel) as a function of electric field strength F for different lattice temperatures 7 as
indicated.

Here, D = (vpe?/h)+/m|n.| is the Drude weight, I is the electronic scattering rate [16], the
chemical potential £ can be determined by the condition of electron number conservation, w is the
radiation frequency, and tanh(x) is the hyperbolic tangent function. The expression of o (w, T,)
indicates that light absorption can only be achieved when the photon energy is larger than twice
the chemical potential and the thermal energy (kg7.), as a consequence of the quasi-linear energy
spectrum for electrons in graphene. Thus, the corresponding optical properties of graphene
depend strongly on the chemical potential and electron temperature 7, owing to the state-blocking
effect. The universal optical conductivity of graphene can be obtained in the high frequency
regime. With o-(w, T,.), we can calculate the spectral function of an electronic system via [17]

4Re[y]
1+ e +y2

with ¢ being the light speed in vacuum and «; the dielectric constant of the substrate. In this
work, we take ks = 1 for freely suspended graphene in vacuum. Moreover, the spectral density of
blackbody radiation per unit area from hot electrons with temperature 7, is given by Planck’s

law [18]
Ko T) = /2” fiw’ A(w, T,) cos 0 5o 5)
T Jo o Am3cl[exp(iw/kgT,) - 1]

where dQ = 27 sin 8d0 is the solid angle element. In the present study, we consider a configuration
of normal propagation of the light wave, i.e., by taking 8 = 0 into consideration. Thus, the
spectrum function of the light emission from an electronic system is obtained as
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which shows that the light emission spectrum of hot electrons is determined by the distribution
of blackbody radiation and the spectral function A(w,T,). From Iy, the intensity of the light
emission per unit area from the hot electrons in a freely suspended graphene is then given by

1, = /00 In(w, T,)dw. 7
0

3. Results and discussions

In Figure 1 we show the electron temperature 7, and the electron drift velocity v, as a function
of the electric field strength F) at different lattice temperatures 7T in freely suspended graphene.
We find that the hot electron effect is pronounced even at relatively weak electric fields. This
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Fig. 2. The spectrum of light emission / for different electric field strengths Fx (upper
panel) and for different lattice temperatures 7' (lower panel).

is a result of the absence of impurity and phonon scattering from the substrate. The electrons
in freely suspended graphene are dramatically heated by the driving electric field so that the
electron temperature 7, increases almost linearly with electric field strength Fy in relatively high
fields and high lattice temperature. Meanwhile, the electron drift velocity v, increases from
linearly to nonlinearly with driving electric field F,,. We find that the electron drift velocity v,
decreases with increasing lattice temperature T in freely suspended graphene, which indicates
that the resistivity R increases as the temperature 7" increases. This finding differs from previous
theoretical results by Vasko and Ryzhii [19]. They found that the increase in lattice temperature
can suppress the resistance in intrinsic graphene on SiO; substrate. The physical reason for this
difference is that the carrier scattering mechanisms are significantly different in the two graphene
systems. More importantly, the electron temperature can directly be obtained based on present
theoretical approach, which is vital for understanding and studying the electroluminescence
from graphene. The results obtained from present self-consistent calculations can reproduce
qualitatively the experimental results [5, 7].

The spectrum of light emission from hot electrons in graphene Ij in the present of different
electric field strengths Fy and at different lattice temperatures 7 is shown in Figure 2. We note
that the spectrum of blackbody-like radiation can be observed from electrically driven graphene.
The intensity of the light emission increases with increasing electric field strength because
T, increases with F,. Similarly, stronger light emission can be observed for a higher lattice
temperature because T, increases with T (see upper panel of Figure 1). A blue-shift of the light
emission spectrum can be observed with increasing electric field and/or lattice temperature. The
physical reason behind this effect is that the number of high energy (frequency) electrons increases
with increasing driving electric field and/or lattice temperature. We notice that the shape of the
THz emission spectrum obtained theoretically from this study is in line with the corresponding
experimental results [7]. More interestingly, we found that the light emission spectra are in the
THz bandwidth when the driving electric fields result in 7, < 1000 K. This finding implies
that intense THz emission can be generated electrically via blackbody radiation from graphene.
Electrically tunable visible light emission has been observed experimentally from hot electrons
with very high electron temperatures (1500 K-2500 K) in encapsulated graphene. Moreover, it
was found that the hot phonon effect can play an important role in affecting blackbody radiation
from graphene when electron temperature is above 1500 K [9,20]. Because the present study is
focused on THz blackbody radiation from graphene with 7, < 1000 K, the hot phonon effect can
be neglected in the calculations.

Figure 3 shows the intensity of light emission /, from hot electrons in graphene as a function of
electric field strength F) for different lattice temperatures. THz emission can be strongly generated
sith higher intensity for lager dc electric field and/or at a higher lattice temperature and/or at
a higher lattice temperature. The dependence of the intensity of the light emission generated



Research Article

Optics EXPRESS

Fig. 3. The intensity of light emission from graphene /. as a function of electric field
strength F) for different lattice temperatures 7.

electrically from graphene upon driving electric field was observed experimentally [6-8]. The
theoretical results obtained here indicate that strong THz emission, with an intensity up to
mW/cm?, can be generated electrically in freely suspended graphene at room temperature. This
is due to the fact that the electron temperature 7, significantly increases with driving electric
field as shown in Figure 1. Electrons can gain energy from the driving electric field and lose
it via emission of phonons and photons. The optic-phonon energy in graphene is relatively
high (Awep ~ 196 meV or 2275 K) and therefore the electron-phonon interaction in low-energy
regime is dominated by = coupling with acoustic- and flexural-phonons. Because electronic
coupling with acoustic- and flexural-phonons is a low-energy scattering mechanism, the electronic
energy relaxation via these phonon couplings in graphene is less efficient. As a result, the
effect of heating of electrons in graphene becomes strong. Once electrons are highly heated,
strong blackbody radiation occurs. Therefore, in the presence of relatively strong dc electric
fields (e.g. Fyx < 1 kV/cm), the emission of THz radiation can become a principle channel for
electronic energy relaxation. These theoretical findings and analysis can be used to understand
and explain the important experimental results [2,7,8]. In Figure 3, the intensity of light emission
1, depends strongly on the lattice temperature 7 in relatively weak electric fields, whereas the
lattice temperature dependence of the light emission intensity is inconspicuous in relatively strong
electric fields because the difference in electron temperature for different lattice temperatures
becomes smaller in strong electric fields as shown in Figure 1. Finally, we estimated the efficiency
of the proposed device as THz source with dissipated Joule power I; = en.v, Fy. It was found
that the efficiency of the proposed THz emission decreases with increasing the electric field
intensity. The efficiency in the suspended graphene is about 0.19% for a typical electric field
intensity F, = 0.1 kV/cm and n, = 1 x 10'> cm™2 at room temperature. At present, the efficiency
of the small practical THz and infrared sources from thermal radiations are all far less than
1% [21]. Thus, the proposed graphene mode provides a feasible choice for generating THz.

4. Conclusions

In this study, we have developed a theoretical approach to study THz blackbody radiation from
freely suspended graphene driven electrically. It was found that strong THz emission can be
generated via the hot electron effect due to electron coupling with phonons in graphene in the
presence of relatively intense driving electric fields. The obtained theoretical results are in
agreement with recent experimental findings.

At present, practical THz light sources are mainly generated electrically via, e.g., free-electron
lasers and quantum cascade lasers and optically via, e.g., ultrafast laser pulses. The THz
light emission generated electrically via blackbody radiation from graphene can provide cheap,
compact and broadband THz sources. We hope that the results obtained and discussed in this



Vol. 26, No. 19 | 17 Sep 2018 | OPTICS EXPRESS 24626

Optics EXPRESS

work can help us to gain an in-depth understanding of graphene based electroluminescent devices
and to provide a new tunable THz emission.

Funding

National Natural Science Foundation of China (NSFC) (11604380, 11574319); Center of Science
and Technology of Hefei Academy of Science (2016FXZY002); Department of Science and
Technology of Yunnan Province (2016FCO001).

References

L.

2.

20.

21.

S. Berciaud, M. Y. Han, K. F. Mak, L. E. Brus, P. Kim, and T. F. Heinz, "Electron and Optical Phonon Temperatures
in Electrically Biased Graphene," Phys. Rev. Lett. 104(22), 227401 (2010).

M. Freitag, H. Y. Chiu, M. Steiner, V. Perebeinos and P. Avouris, "Thermal infrared emission from biased graphene,"
Nat. Nanotechnol. 5(7), 497-501 (2010).

C. H. Lui, K. F. Mak, J. Shan, and T. F. Heinz, "Ultrafast Photoluminescence from Graphene," Phys. Rev. Lett.
105(12), 127404 (2010).

D. Brida, A. Tomadin, C. Manzoni, Y. J. Kim, A. Lombardo, S. Milana, R. R. Nair, K. S. Novoselov, A. C. Ferrari, G.
Cerullo, and M. Polini, "Ultrafast collinear scattering and carrier multiplication in graphene," Nat. Commun. 4(3),
1987 (2013).

V. E. Dorgan, A. Behnam, H. J. Conley, K. I. Bolotin, and E. Pop, "High-Field Electrical and Thermal Transport in
Suspended Graphene," Nano Lett. 13(10), 4581-4586 (2013).

X.M. Wang, H. Tian, M. Ali Mohammad, C. Li, C. Wu, Y. Yang and T. L. Ren, "A spectrally tunable all-graphene-based
flexible field-effect light-emitting device," Nature Communications 6(2), 7767 (2015).

Y. D. Kim, H. Kim, and Y. J. Cho, "Bright visible light emission from graphene," Nat. Nanotechnol. 10(8), 676-681
(2015).

D. S. Yu and L. M. Dai, "Voltage-induced incandescent light emission from large-area graphene films," Appl. Phys.
Lett. 96(14), 143107 (2010).

S.K. Son, M. Siskins, C. Mullan, "Graphene hot-electron light bulb: incandescence from hBN-encapsulated graphene
in air," 2D Mater. 5(1), 011006 (2018).

. H. M. Dong, W. Xu, and F.M. Peeters, "High-field transport properties of graphene," J. Appl. Phys. 110(6), 063704

(2011).

. I. Meric, M. Y. Han, A. F. Young, B. Ozyilmaz, P, Kim, and K. L. Shepard, "Current saturation in zero-bandgap,

topgated graphene field-effect transistors," Nat. Nanotechnol. 3(11), 654-659 (2008).

. A. Barreiro, M. Lazzeri, J. Moser, F. Mauri, and A. Bachtold, "Transport Properties of Graphene in the High-Current

Limit," Phys. Rev. Lett. 103(7), 076601 (2009).

. T. Gunst, K. Kaasbjerg, and M. Brandbyge, "Flexural-Phonon Scattering Induced by Electrostatic Gating in Graphene,"

Phys. Rev. Lett. 118(4), 046601 (2017).

. M. S. Foster and Igor L. Aleiner, "Slow imbalance relaxation and thermoelectric transport in graphene", Phys. Rev. B

79(8), 085415 (2009).

. K. F. Mak, M. Y. Sfeir, Y. Wu, C. H. Lui, J. A. Misewich, and T. F. Heinz, "Measurement of the Optical Conductivity

of Graphene," Phys. Rev. Lett. 101(19), 196405 (2008).

. K. Nomura and A. H. MacDonald, "Quantum Transport of Massless Dirac Fermions,"Phys. Rev. Lett. 98(7), 076602,

(2007).

. K. Hirakawa, M. Grayson, D. C. Tsui, and C. Kurdak, "Blackbody radiation from hot two-dimensional electrons in

Al Gaj_x As/GaAs heterojunctions," Phys. Rev. B 47(24), 16651 (1993).

. V. A. Shalygin, L. E. Vorobjev, D. A. Firsov, A. N. Sofronov, G. A. Melentyev, W. V. Lundin, A. E. Nikolaev, A. V.

Sakharov, and A. F. Tsatsulnikov, "Blackbody-like emission of terahertz radiation from AlGaN/GaN heterostructure
under electron heating in lateral electric field," J. Appl. Phys. 109(7), 073108 (2011).

. F. T. Vasko, and V. Ryzhii, "Voltage and temperature dependencies of conductivity in gated graphene," Phys. Rev. B

76(23), 233404 (2007).

T. Low, V. Perebeinos, R. Kim, M. Freitag, and Phaedon Avouris, "Cooling of photoexcited carriers in graphene by
internal and substrate phonons," Phys. Rev. B 86(4), 045413 (2012).

C. Monte, B. Gutschwager, A. Adibekyan, and J. Hollandt, “A Terahertz Blackbody Radiation Standard Based on
Emissivity Measurements and a Monte-Carlo Simulation,” J. Infrared Milli. Terahz. Waves 35, 649-658 (2014).





