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We present a theoretical study on the electric field driven plasmon dispersion of the two-dimensional electron gas
(2DEG) in AlGaN/GaN high electron mobility transistors (HEMTs). By introducing a drifted Fermi—Dirac distribution, we
calculate the transport properties of the 2DEG in the AIGaN/GaN interface by employing the balance-equation approach
based on the Boltzmann equation. Then, the nonequilibrium Fermi—Dirac function is obtained by applying the calculated
electron drift velocity and electron temperature. Under random phase approximation (RPA), the electric field driven plas-
mon dispersion is investigated. The calculated results indicate that the plasmon frequency is dominated by both the electric
field E and the angle between wavevector g and electric field E. Importantly, the plasmon frequency could be tuned by
the applied source—drain bias voltage besides the gate voltage (change of the electron density).
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1. Introduction

Since the 1990s, there has been much effort to develop
various solid state semiconductor devices aiming to generate
and detect terahertz (THz) electromagnetic waves. The plas-
mon based THz source and detector constructed from high
electron mobility transistors (HEMTs) have attracted much
attention!!~17 because they can be easily controlled by exter-
nal fields, such as electric fields, magnetic fields, or electro-
magnetic fields. Originating from the intrinsical strong spon-
taneous and piezoelectric polarization, there exists a high den-
sity two-dimensional electron gas (2DEG) in AlGaN/GaN het-
erostructures, which can reach up to 10'3 cm~2 even when the
AlGaN barrier layer is not intentionally doped,!'®! this high
density of 2DEG leads to its plasmon oscillation frequency
falling in the THz (10'?> Hz) range.!'3! Thus, the AlIGaN/GaN
HEMTs have become a promising candidate for THz plas-
monic devices. 791!

Generally, a THz emitter based on the HEMT always
needs a source—drain bias voltage to convert the plasmon ex-
citation energy to effective THz radiation.!*”] When the bias
voltage is applied, the produced electric field will accelerate
and heat the 2DEG in the HEMT. Thus the momentum dis-
tribution of the 2DEG obeys a nonequilibrium Fermi-Dirac
distribution instead of the equilibrium state distribution. As a
result, the plasmon dispersion of the 2DEG is quite different
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from that in the equilibrium state. In this paper, we present
a detailed investigation on the electric field driven plasmon of
the 2DEG in AlGaN/GaN HEMTs by taking into account the
interactions between phonons and electrons.

2. Theoretical approach

We consider a 2DEG sheet in an AlGaN/GaN HEMT
whose growth direction is along the z axis with a confin-
ing potential U(z), and the electron transport occurs in the
xy plane. Due to U(z), the 2DEG in the potential well will
form subbands. For simplicity, we assume that the lowest
subband is occupied by electrons and the confinement profile
can be accurately described by the Fang—Howard variational

wavefunction!!®]

1 1/2 1
y(z) = <2b3z2> exp <2bz> , (1)

where b is a variational parameter given by b =
(12m*e®N/x1?)'/3, h is the reduced Planck constant, N =
(Ngep + 11/32n) with ng being the density of the 2DEG in
the AlGaN/GaN interface, k¥ and Ny, are the static dielectric
constant of GaN and the depleted electron concentration in the
barrier region, respectively.

In relatively high temperatures (typically higher than
77 K), the phonon—electron interactions are the main scatter-
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ing mechanism in the AlIGaN/GaN HEMTs. The Hamiltonian
describing the general electron—phonon interaction takes the
form

Hep = Y [Vagqe' @R+ 1 vial, e~ HQRT@)] - (2)

9z

where Q =
Vg is the electron—phonon interaction coefficient, @wg is the

(a,9:) = (gx,9y,9:) is the phonon wavevector,

phonon frequency, azz and agq are the phonon creation and an-
nihilation operators, respectively. In such a system, the rate of
electronic transition induced by the electron—phonon interac-
tion can be obtained from Fermi’s golden rule. The probability
for scattering an electron from initial state | k) to final state |k')
can be expressed as

Wk, ) Z[N 2| vaPoia

X O s qOlE(K) — E(K') £ hay),  (3)

where g = (¢x,qy) is the change of the electron wavevec-
tor during an electron scattering event, and the upper (lower)
case refers to the absorption (emission) of a phonon, Np =
(ef®o/ksT _ 1)~ is the phonon occupation number, kg is the
Boltzmann constant, 7T is the lattice temperature, and G(g;) =
| [dz w*(z)w(z)e'%?|? is the form factor for the electron—
phonon interaction in a 2DEG system.

In this work, we take into account longitude polar opti-
cal (LO) phonons, deformation potential phonons, and piezo-
electric phonons as the main scattering mechanisms. For
the electron—LO-phonon interaction described by the Frohlich

Hamiltonian, we have!20]

Vio(Q)|* = 4maLy(hwio)?/ 0%, 4)

where o = 0.458 is the electron—-LO-phonon coupling con-
stant, Lo = 90.5 meV is the LO-phonon energy, Lo =
(h/2m* @i o)'/? is the polaron radius with the effective elec-
tron mass m* = 0.21m, in GaN. The squares of the interac-
tion coefficient |Vg|? for the deformation potential, longitu-
dinal piezoelectric and transverse piezoelectric scatterings are
given by!2*]

EphQ

VorlQ)F = 2pwi ' 5)
Vel @ = 32%2:;;%14)2 (3%5?%)27 ©)
Ve(Q)” = W(%z%z raa? +alad)

) W )

where Ep = 8.5 eV is the deformation potential constant,
p = 6.1 g/lem? is the density of GaN, k = 9.5 is the dielectric

constant, h14 = 4.28 x 107 V/cm is the piezoelectric constant,
= 6.6 x 10° cm/s and v, = 2.7 x 10° cm/s are the longitudi-
nal and transverse sound velocities in GaN, respectively.

In the present study, we use the semiclassic Boltzmann
equation to study the transport properties of the 2DEG driven
by electric field E, along the x direction. In degenerate statis-
tics, the steady-state Boltzmann equation can be written as!?!]

v df(k , ,
BN YW R PR, ®
X l‘,kl
with F(k, k') = f(k)[1 — f(K')]W;(k,k), gs = 2 accounts for

the spin degeneracy, f(k) is the momentum-distribution func-
tion for an electron at state |k}, and i stands for different scat-
tering mechanism.

It is well known that there is no simple and analytical so-
lution to the Boltzmann equation with the electronic transition
rate given by Eq. (3). Here, we employ the usual balance-
equation approach to solve the problem.!?>?4 The balance-
equation approach based on the Boltzmann equation can be
used to solve the linear and nonlinear transport problems for
an electron gas system. The advantage is that one can avoid
the difficulties of solving the Boltzmann equation directly and
the physical properties can be calculated on the basis of the
statistical momentum-distribution functions. Here we assume
that the momentum-distribution function for a carrier can be
described by a drifted energy-distribution function

f(k) ~ f(E(KY)), ©)

where E (k) = h°k?>/2m* is the energy dispersion, k* = k —
m*v/h is the drifted momentum due to the presence of the
driving field E,, v = (»,0,0) is the average drift velocity of
the electrons, T is the electron temperature, and f(x,T.) =
[e—Er)/ksTe 4 1]-1 with Ep being the Fermi energy of the
2DEG system, which is determined by the electron density
ns = gs Y1, f (k). For the first moment, the momentum-balance
equation can be derived by multiplying gsY ;. kx to both sides
of Eq. (8), which reads

eExng =4n ) (ki —

ik ke

ko) F (k,K'). (10)

For the second moment, the energy-balance equation can be
derived by multiplying g;Y s E(k) to both sides of Eq. (8),
which reads

eExvng=4 Y [E(K)
ik ke

—E(K)|F (k, k). (11)

The drift velocity v and electron temperature 7; for a
given electric field can be obtained by solving the momentum-
Then the
nonequilibrium electron distribution function under an electric

and energy-balance equations self-consistently.

field can be obtained by using Eq. (9).
From the drifted Fermi—Dirac distribution function, we
can study the electric field driven plasmon dispersion of the
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2DEG system in the AlIGaN/GaN HEMTs. In the random

phase approximation (RPA),[>>2%! the dielectric function of
the 2DEG system is
€(g, @) = 1-v(q)I1(q, ®), (12)

where v(q) = 27e*/kq is the 2D Coulomb interaction, and
I1(g, ) is the electron density—density correlation function,
which can be expressed as

fE(K"+q))— f(E(K"))
II(q,w) = zk:E(k+q) —E(k)—ho—id’

13)

The real and imaginary parts of the density—density correlation
function can be written as

fE(k"+4q)) — f(E(K))

MO = kg -k ho
Ih(q,0) = -2 ) [f(E(k"+q)) — f(E(K"))]
Xé(;(k+q)—E(k)—hw)- (15)
The plasmon dispersion is determined by
€(q,®) = 0. (16)

In the long wavelength limit (¢ — 0), the electric field
driven plasmon dispersion has an analytic solution, which
reads

w(qux) =wy+q-v, (17)

where @y = +/27nge’q/m*x is the classical plasmon
frequency!>! when there is no source—drain bias voltage ap-

plied. As v is electric field dependent, the plasmon frequency
can be tuned by the driven electric field via changing the
source—drain voltage.

3. Numerical results and discussion

In the numerical calculations, we set the two-dimensional
electron density to be ng = 5 x 1012 cm™2. Since the optical
phonon has a large energy, the hot-phonon effect can only be
observed under a very intense driven electric field. Thus, the
equilibrium phonon distribution is applied in the present work.

Figure 1 shows the drift velocity of the 2DEG with ap-
plied electric field E, in the AIGaN/GaN HEMT at different
lattice temperatures T based on Egs. (10) and (11). It can be
found that the drift velocity v increases linearly with increasing
electric field in the low field regime and the threshold E| in-
creases with increasing lattice temperature. The drift velocity
begins to increase smoothly when the threshold field reaches
to 0.1 kV/cm, 1 kV/cm, and 5 kV/cm at the lattice tempera-
tures of T =77 K, 200 K, and 300 K, respectively. The inset
of Fig. 1 gives the electron temperature as a function of Ej.

We find that the electron temperature is very close to the lat-
tice temperature in the linear regime. At the same time, the
lower E,, the less difference between the electron tempera-
ture and the lattice temperature. Finally, the electron temper-
atures at different temperatures reach the same value when E,
is higher than 60 kV/cm. In the E, — O limit, the solution
of the balance equations yields 7. = 7. In this regime, the
electric field mainly accelerates electrons and the electrons are
not heated. In the nonlinear regime, the electron temperature
becomes higher than the lattice temperature, and T increases
rapidly with increasing electric field. Therefore, it is observed
that the higher the lattice temperature is, the wider the linear
response regime is. The calculation indicates that electrons
can more easily gain energy from the electric field at low lat-
tice temperature than that at higher temperature.

2
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Fig. 1. (color online) Drift velocity v and electron temperature 7 (inset)
as a function of the electric field E| at different lattice temperatures T'.

50

w/THz

Fig. 2. (color online) Plasmon dispersions for different electric fields
E, at room temperature, ¢ is the angle between q and E.

Figure 2 displays the plasmon dispersions for four differ-
ent electric fields at room temperature. It can be seen that the
frequency of the plasmon oscillation (w/27) falls into the THz
range in a wide range of wavevector g, which indicates that the
AlGaN/GaN HEMT is suitable for THz plasmonic devices at
room temperature. Furthermore, at a fixed wavevector paral-
lel to the electric field, the plasmon frequency decreases with
increasing electric field, as v and T increase with the increase
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of E,. Figure 3 shows the plasmon frequency as a function
of the electric field at different lattice temperatures when the
wavevector is a constant ¢ = 10° cm~'. A large discrepancy of
plasmon frequency is observed at different lattice temperatures
in the linear regime, and the discrepancy becomes smaller with
E, increasing. This corresponds to that the drift velocity is
getting close with E, increasing in the nonlinear regime for
different lattice temperatures.
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Fig. 3. (color online) The plasmon frequency as a function of the elec-
tric field at different lattice temperatures when g = 10°> cm™!, ¢ is the
angle between q and E,.

4. Summary

We have studied the electric field driven plasmon disper-
sion in A1GaN/GaN HEMTs based on the drifted Fermi—Dirac
distribution and the balance equation approach. The calculated
results indicate that the plasmon frequency in the AlIGaN/GaN
HEMT can also be tuned by the applied drain—source bias volt-
age besides the gate voltage. The theoretical approach pro-
vides an effective method for modeling THz plasmonic de-
vices based on HEMTs.
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