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The continuous tuning of the emission (absorption) spectra of the excitons in graphene field-effect
transistors by the gate (drain) voltage is of great technological significance. And its physical mecha-
nism still remains to be unraveled. A new physical model of the electric field dependent exciton energy
and its impacts on the emission (absorption) spectra is proposed based on the ambipolar transport
theory with the energy balance assumption. By comparing the shift in the emission (absorption) peak
predicted by the proposed model with those experimental data reported in the literature, we could
conclude that the energy relaxation of the excitons plays a dominant role in the spectral shift. Thus, the
energy relaxation of the excitons is a physical origin for the gate (drain) voltage dependent spectral shift.
The proposed model predicates that the gate control of the spectral shift depends on the channel length,
the gate oxide thickness, the dielectric constant of the gate oxide, the thickness of the graphene layer,
and the dielectric constant of the graphene, whereas the drain control of the spectral shift is mainly
determined by the channel length. These findings will benefit to better understand the effect of the
electric field on the emission (absorption) spectrum.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

A single layer of honeycomb carbon lattice is called as graphene,
which has the properties of zero band gap and linear energy-
momentum relation due to its two-dimensional nature. Optical
spectroscopies can be used to probe its electronic excitations and
excited-state properties [1]. A large class of monolayer materials
exhibit emergent photoluminescence [2]. Photoluminescence (ab-
sorption of light) leads to the creation of the bound electron-hole
pairs (excitons), whereas electroluminescence (emission of light)
leads to recombination of electrically injected electron-hole pairs
[3]. Hot-electron luminescence has been demonstrated [4]. The
electrostatic tunability of optical transitions in graphene or other
monolayer semiconductor has been reported [5,6]. However, using
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electrostatic gating to control optic transitions is still a challenge
because its physical mechanism still remains not to be fully
explained. By applying a vertical electric field, the emission energy
of the luminescence in a two-dimensional material can be tuned
more than 1 meV [7]. Here we achieve the goal how to physically
understand gate-variable optical transitions.

The energy relaxation of channel electrons could be a physical
origin for the current-collapse phenomenon in the AlGaN/GaN
high-electron mobility transistors [8], might have a large effect on
the gate leakage current in the graphene field-effect transistors [9],
and could largely impact on the effective activation energy in the
organic semiconductors [10]. These papers demonstrate that the
performance of semiconductor devices could be largely affected by
the energy relaxation of carriers. Thus, it is worth studying the
energy relaxation of exciton (electron-hole pair) under an applied
electric field and its impacts on the absorption and emission of light
in semiconductor devices.

The purpose of this paper is to shed some light on how an
applied electric field impacts on the absorption and emission of
light with the help of the ambipolar transport of exciton under the
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energy balance (energy relaxation) in the devices physics. In
particular, an analytical physical model to describe the shift in the
absorption and emission spectral shape in the graphene field-effect
transistors is proposed. Such a model can be applied to explain the
experimental relation between the shift in the absorption and
emission spectral shape and the physical parameters of the gra-
phene related electronic devices such as the gate voltage, the drain
voltage, the channel length, and etc. The proposed model clearly
demonstrates a physical origin of the peak shift in the absorption
and emission spectra through its simplicity and analytic nature. The
proposed model states that the electric field dependent spectral
shifts can be modulated by changing physical parameters of gra-
phene related electronic devices. This proposed model is by virtue
of its physical simplicity and important practical value.

2. Theory

The continuity equations for electron and hole particle fluxes
can be written as [11]
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where 7, is the hole lifetime, 7, is the electron lifetime, gp is the
equilibrium generation of electron-hole pairs, g is the generation
rate of electron-hole pairs in excess of equilibrium, p is the hole
density, n is the electron density.

Electron and holes in electron-hole pairs (excitons) move
dependently each other with the same lifetime, drift mobility and
diffusion coefficient. Thus an electron-hole pair can be treated as a
quasi-particle. Thus, the electrical current density in a semi-
conductor is
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where F is the electric field. Therefore, the particle flux can be ob-
tained as

b _p.op
Jop= q- :U'ppF Dpax (6)
] on
n-n = jnq = —ppnF — Dn& (7)

The continuity equations for holes and electrons (Egs. (1) and
(2)) can be rewritten as
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Note that the excitons (electron-hole pairs) generate and
recombine together (it requires that 7, = 7, = 7), thus the electron

density and hole density in a semiconductor can be written as
P—pPo=Ap=An=n-ng (10)
where ng is the electron density in the equilibrium state, pg is the

hole density in the equilibrium state, An (Ap) is the exciton density.
And
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The current density is
J=IJp+In
0An 0Ap
= q(uppo + Ualo + ppAp + unAn)F + q(Dn x  Prox )
(13)

The above equation (Eq. (13)) demonstrates that both electrons
and holes in excitons (electron-hole pairs) give their contribution to
the current density. And its contribution to the current density can
be divided into two parts: one is for the drift current, and the other
is for the diffusion current.

After excitons (electron-hole pairs) are generated, there are
many processes (for example, thermalization, energy relaxation,
and recombination) that will occur. In this article, we focus on the
energy relaxation of the excitons (electron-hole pairs). The energy
conservation equation in a semiconductor device can be written as
[12]
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where Tmp (Tm-n) is the momentum relaxation time of holes
(electrons), 7 ep (7e.n) is the energy relaxation time of holes
(electrons), vp (vn) is the hole (electron) velocity, Ty is the lattice
temperature (device temperature), T, (T,) is the hole (electron)
temperature, m;; (mp) is the effective mass of holes (electrons), kg is
the Boltzmann constant, and «, is the thermal conductivity of
electron. Neglecting the space distribution, the above equation
(Egs. (14) and (15)) at a given point in a semiconductor can be
rewritten as

Ty Ty—T, myyp( 2 1
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Under a low constant electric field, the drift velocity of holes and
electrons can be written as [13]
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For a stead sate condition (% = 0), and an assumption that the

excitons are in thermal equilibrium,
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Usually, the energy relaxation time is much larger than the
momentum relaxation time [14—16]. Thus, Eq. (20) and Eq. (21) can
be approximate as
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The above equations imply that excitons (electron-hole pairs)
can get a kinetic energy from the applied electric field, and thus the
corresponding kinetic energy can be written as

Ey F = Ex + QupTe nF? (24)
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where E,, Ej, Eex are the electron energy, the hole energy in an
electron-hole pair, and the energy of the exciton without applied
electric field, respectively. In other words, the binding energy of an
exciton under an applied electric field at a temperature will be
written as

3
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The drift velocity of electrons and holes under a high electric
field can be obtained as [17]
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The stimulated emission rate per unit volume is determined by
the transition probability, the electron density, the hole density,

and the photon density [18],
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n; is the effective refractive index, p. (E; — E¢) is the density of
states, h is Planck’s constant, m is the electron mass, E. is the energy
of the bottom of the conduction band, Ey is the top of the valence
band, p is the momentum operator, E; is the photon energy, N¢ is
the effective density of states for the electrons, Ny is the effective
density of states for the electrons the holes, ¢ is permittivity in a
vacuum, c is the speed of light in a vacuum, (1] is the wave functions
of the valence band, and |2) is the wave functions of the conduction
band. According to Egs. (24) and (25), we can obtain that
Ex1_r =Ex1 +q(UpTe—p + UnTe_n)F2. With the assumption that op-
tical transitions have an energy width of #/7;, (;, the relaxation
time due to electron scatterings and transitions), the spectral shape
of Lorentzian [18]
L(Ez) =~ M
T (Ex1 —E) + (n/Tin)
According to Egs. (27), (30), and (40), we can predict that how an
applied electric field impacts on the spectral shape of the absorp-
tion and emission spectra in graphene related electronic devices.

(40)

3. Results and discussion

Fig. 1 shows that the absorption and emission process in a
graphene or other materials. Here |0) is the ground state, and E; +
iK% is the excited state. Note that the kinetic energy (4€7) in the
excited states equals the decrease in the binding energy of an
exciton under an applied electric field, which is
q(upTe—p + UnTe_n)F? according to Eq. (27). Thus the absorption and
emission spectrum in a graphene or other materials depends on the
square of the applied electric field. In the following, we will discuss
how an applied gate voltage and drain voltage in a graphene related
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Fig. 1. Two-particle (electron-hole pair) picture of one photon absorption (a) and emission (b). (A colour version of this figure can be viewed online.)

field-effect transistors impacts on the channel electric field.

The maximum electric field in the channel based on a two
dimension analytical model by reducing a 2-D (two dimensional)
electrostatic problem to a 1-D (one dimensional) case can be
written as is [19,20]

Fm =F(0) = C;Vps + G Vs + G5 (41)

where Cj, C3, and C3 are just fitting parameters for field-effect

transistors. Note that C; = W%zeu) and G, = % here
A= /=5l Lis the channel length, to is the gate oxide thickness, t

is the graphene layer thickness, o is the dielectric constant of the
gate oxide, and ¢ is the dielectric constant of the graphene. If we
consider a first order approximation, we can obtain that

e —ei=2L/) and e + e F=2+2(L/A)?. Therefore, C; = —}, and

C= — /Lz Eq. (41) can be rewritten as
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The above equations denote that the relation between the ab-
sorption (emission) frequency and the source-drain voltage
(source-gate voltage) is a second degree polynomial equation. Note
that a shorter channel length leads to a larger shift in the peak

position in the absorption and emission spectra when the source-
drain voltage increases in a graphene related field-effect tran-
sistor, whereas a shorter channel length leads to a smaller shift in
the peak position in the absorption and emission spectra when the
source-gate voltage increases. At the same time, the correlation
between the peak position and the source-drain voltage is only
affected by the channel length. But the gate oxide thickness, the
dielectric constant of the gate oxide, the thickness of the graphene
layer, and its dielectric constant have impacts on the correlation
between the peak position and the source-gate voltage.

Fig. 2 clearly show how the peak position (frequency) of elec-
troluminescence in the all-graphene-based field-effect LED (light-
emitting diode) is affected by the gate voltage. A second-order
polynomial function can described the gate voltage dependence
of the peak position (wavelength) well. Experimental data in Fig. 2
come from Fig. 2 in Ref. [21]. Note that the Adj. R-Square is the
adjusted coefficient of determination in statistics, which can tell
one what percent of the total variability is accounted for by the
model. Thus, it is used for statistical description for goodness of
fitting, and the fitting process is one hundred percent successful
when the value of the Adj. R-Square is 1. The value of the Adj. R-
Square for the fitting in the Fig. 2 is 0.97678, it means that the
propose model is valid to describe electroluminescence in the all-
graphene-based field-effect LED because the value is close to 1.

P . . 76 h
Additionally, the fitting parameter C; is 2.73*107° x W

because we did not know the exact value of electron mobility and
hole mobility.

Fig. 3 depicts how the gate voltage impacts on the Raman peak
A1g in monolayer MoS;/graphene heterostructures. Experimental
data in Fig. 3 come from Fig. 4 in Ref. [22]. The value of Adj. R-Square
for the fitting in the Fig. 3 is 0.98469. This also means that the
proposed model agrees well with the experimental conclusions.

The fitting parameter C; is 6.29 x @

Fig. 4 demonstrates how the Raman shifts of both G-band and
2D-band in back-gated graphene field effect transistors is influ-
enced by the gate voltage. Experimental data in Fig. 4 come from
Fig. 2c in Ref. [23]. The values of the Adj. R-Square for the fitting G-
band and 2D-band curves in the Fig. 4 are 0.98939 and 0.9843,
respectively. This also means that the proposed model agrees well
with the experimental results. The fitting parameters C, for G-band

_ -2 h
and 2D-band bands are 3.94 x 1074 x q(upnfpiunn,n)‘ and
-2 h :
1.01 x 107= x Tores iWH), respectively.

Fig. 5 gives how the E3s-exciton in the resonance Raman exci-
tation spectrum (RBM, Stokes transition) of the semiconducting
carbon nanotube depends on the gate voltage. Experimental data in
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Fig. 2. (a) The peak position (frequency) in the electroluminescence spectrum as a
function of the gate voltage for the all-graphene-based field-effect light-emission-
device, (b) The schematic of the graphene field-effect LED and the electrolumines-
cence property measurement. (A colour version of this figure can be viewed online.)
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Fig. 3. The peak position (A;) in the Raman spectra as a function of the gate voltage
for the MoS,/graphene heterostructures devices. (A colour version of this figure can be
viewed online.)
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Fig. 4. The shift in the peak position in the Raman spectrum as a function of the gate
voltage for the back-gated graphene field effect transistors. (A colour version of this
figure can be viewed online.)

Fig. 5 come from Fig. 3b in Ref. [24]. This figure clearly demonstrates
that the proposed model agrees well with the experimental data.

The fitting parameter C; is —1.26 x 1073 x 7

Fig. 6 shows how the source-drain voltage impacts on the Eyq
peak energy in the measured photoluminescence of the partially
suspended carbon nanotube field-effect transistors. Experimental
data in Fig. 6 come from Fig. 3 in Ref. [25]. This figure further
demonstrates that the proposed model agrees well with the
experimental  data.  The fitting  parameter C is

-4 hc
~8.07 o 10 ey

Fig. 7 shows how the 2D-band peak frequency in Raman spectra
of electrostatically gated single-layer graphene during the first
heating cycles is affected by the gate voltage. Experimental data in
Fig. 7 come from Fig. 8 in Ref. [26]. This figure also shows that
correlation between the peak energy in the absorption spectrum
and the gate voltage obeys a 2 order polynomial relation that is
predicted by the proposed model. The fitting parameters C; at the
temperature of 298 K, 387 K, 471 K and 550 K are

1.27 x 103 he 214 x 1073 x he

X ——nc_ ____hc
q(HpTe—p+HnTe—n)’ q(UpTe pTinTen)’

219+
S
()
3
w” 2181

O experimental data

2 order polynomial fitting

-4 -2 0 2 4
Gate voltage (V)

Fig. 5. The E33 peak energy in the resonance Raman excitation spectrum as a function
of the gate voltage for the carbon nanotube field-effect transistors. (A colour version of
this figure can be viewed online.)
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Fig. 6. The E;; peak energy in the measured photoluminescence band as a function of the source-drain voltage for the partially suspended carbon nanotube field-effect transistors.

(A colour version of this figure can be viewed online.)
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Fig. 7. The 2D-band frequency in the Raman spectrum during the first heating cycles
as a function of the source-drain voltage for the electrostatically gated single-layer
graphene. (A colour version of this figure can be viewed online.)
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respectively.

According to Eq. (27), the binding energy is correlated by the
applied electric field because Egoc — q(up7e—p + UpTe_n)F2. Using
the expression of the maximum electric field in the channel of Eq.
(41), we can find that the binding energy obeys a 2 order poly-
nomial relation with the source-drain voltage and the source-gate
voltage. Fig. 8 depicts how the trion binding energy in photo-
luminescence spectra of the MoS,/graphene heterostructure
changes with the gate voltage. Experimental data in Fig. 8 come
from Fig. 3c in Ref. [22]. This figure clearly demonstrates that the
proposed model agrees well with the experimental data. The fitting

e -3 hc
parameter C; is —2.38 x 107> x e ptinTen)

Eqgs. (43) and (44) clearly show that the peak energy in the
emission (absorption) spectrum for field-effect transistors in-
creases with the increased source-drain voltage and source-gate

voltage when ng%VDS +AL2VG5' whereas the peak energy

and

0.05

0.04 -

O experimental data
2 order polynomial fitting

Trion binding energy (eV)

Gate bias (V)

Fig. 8. The trion binding energy in the photoluminescence spectrum as a function of
the source-drain voltage for the MoS,/Graphene heterostructures devices. (A colour
version of this figure can be viewed online.)

decreases with the increased source-drain voltage and source-gate
voltage when C3 > }Vps + ALchs- In other words, the absorption and

emission spectrum can be shifted to higher energy or lower energy
by tuning source-drain voltage and source-gate voltage. The cor-
relation between the shift and the source-drain (gate) voltage still
obeys a 2 order polynomial dependent relation according to Eq.43.

Additionally, one can note that C; = — %Lt‘s s, which represents the G,
fitting parameter depends on the channel length and the oxide
thickness. Therefore, the large variation of the C; fitting parameters
in all graphene related electronic devices obtained in this paper
could origins from the large variation in the channel length and the

oxide thickness.

4. Conclusions

We have theoretically investigated the energy relaxation of the
excitons in graphene related electronic devices based on the
ambipolar transport theory. Thus an analytical physical model of
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the impacts of the source-gate voltage and the source-drain voltage
on in the spectral shifts in graphene related electronic devices has
been proposed based on the energy conservation equation with the
balance assumption. The energy relaxation of the excitons can
result that the exciton can get energy from an applied electric field,
thus a shift in the emission (absorption) spectrum will occur. The
validity of propose model has been checked by comparing the
predicted results with experimental data reported in Refs. [21—-26].
Those experimental data clearly demonstrate that the proposed
model is good to describe the gate voltage dependent and drain
voltage dependent spectral shift. We predict that the changes in the
spectral shift depends on the channel length, the gate oxide
thickness, the dielectric constant of the gate oxide, the thickness of
the graphene layer, and the dielectric constant of the graphene for
graphene related electronic devices. All these physical parameters
could affect electrostatic tunability of optical transitions for the gate
control of the spectral shift. On the other hand, only changing
channel length has a main contribution to the drain control of the
spectral shift. Further, electric field dependent spectral shape of the
absorption and emission spectra in graphene related electronic
devices can be predicted by using the proposed model (Eq. (27),
(30), and (40)). Physical model of tuning of the absorption wave-
length and emission wavelength via gate modulation or drain
modulation can help us to understanding the continuous tuning
mechanism. Our model of the continuous wavelength tuning in
graphene related electronic devices not only represents a method
for the absorption and emission wavelength tuning but also an
important possibility to optimize future light-emitting devices and
light detector by using its physical parameters.
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