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Nonlinear transport in steady-state terahertz-driven two-dimensional electron gases

W. Xu”™ and C. Zhang
Department of Physics, University of Wollongong, Wollongong, NSW 2522, Australia
(Received 19 September 1996; revised manuscript received 4 November 1996)

We present a detailed theoretical study on nonlinear transport and optical properties in two-dimensional
semiconductor systems (2DSS’s) subjected to intense terahertz electromagnetic fields. By solving the
momentum- and energy-balance equations using a steady-state Boltzmann equation approach, where electron
interaction with LO phonons is taken into account under the lowest-order approximation for GaAs-based
2DSS’s, we have investigated the dependence of electron temperature, momentum relaxation time, and con-
ductivity on the intensity and frequency of THz radiation fields. The results obtained from this study are in line
with those obtained from recent experimental measurements [N. G. Asmar et al., Appl. Phys. Lett. 68, 829

(1996)]. [S0163-1829(97)04308-7]

I. INTRODUCTION

With the development and application of state-of-the-art
techniques such as free-electron lasers (FEL’s), it has be-
come realistic to investigate the transport and optical prop-
erties of a device under terahertz (THz) electromagnetic ra-
diations. FEL’s can provide the source of the linearly
polarized intense THz radiation which is of significant im-
pact on the study of novel condensed-matter materials such
as two-dimensional semiconductor systems (2DSS’s). For a
2DSS grown by using techniques such as molecular beam
epitaxy, the conducting electrons are confined within the na-
nometer distance scale so that the energies (e.g., electronic
subband energy, electron kinetic energy, Fermi energy, etc.)
are on the meV scale. Noting that an energy iw~meV cor-
responds to a frequency w~THz, THz electromagnetic
waves may couple strongly to the 2DSS’s, which gives us a
possibility to observe photon-induced quantum resonance ef-
fects such as magneto-photon-phonon resonances. Further-
more, for GaAs-based 2DSS’s the rate of electronic transi-
tions via electron interactions with impurities and phonons
may be on the scale of THz (i.e., 10'? s71).2® THz electro-
magnetic radiation will modify strongly the processes of mo-
mentum and energy relaxation for excited electrons in the
structure, which implies that GaAs-based 2DSS’s can be ap-
plied as THz devices working in the linear and nonlinear
response regimes.

Recently, experimental measurements have been carried
out* by Asmar et al. in studying the nonlinear transport and
optical properties in intense THz-driven 2DSS’s. Using pho-
toluminescence (PL) and transport measurements, they have
determined the dependence of electron temperature in
Al,Ga,; _,As/GaAs quantum wells on the intensity and fre-
quency of THz radiations provided by the FEL’s. The results
obtained from these measurements have indicated that under
strong THz radiations, (i) electron energy distribution can be
characterized by an effective electron temperature; (ii)
electron—LO-phonon interaction dominates both momentum
and energy relaxation; (iii) radiation frequency has a strong
influence on the electron temperature; and (iv) hot-phonon
effects such as phonon drift are negligible. This initial work
has shed light on the interesting features of nonlinear trans-
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port and optical effects in Al,Ga,; _,As/GaAs-based 2DSS’s
in THz electromagnetic fields, and impelled further theoreti-
cal study.

In contrast to the experimental measurements carried out
only recently in the THz regime,*® there exist a number of
theoretical studies on high-frequency ac response of semi-
conductor materials. Important contributions have been made
by some authors.®~3 However, these investigations focused
either on the linear response,®~® or on the situation with a
weak ac field under a strong dc bias,2**? or on the problems
of the v-E relation®® and thermal-noise temperature.'* Fur-
ther, in most theoretical study on nonlinear ac response in
semiconductors one normally took the electron temperature
as an input parameter to calculate quantities such as conduc-
tivity, memory function, etc.22%!* Therefore the need for a
theoretical study in conjunction with the experiments con-
ducted by Ref. 4 is evident. The motivation of this study is to
attempt a contribution in this direction. In this paper a de-
tailed consideration and derivation of the model calculation
is presented in Sec. Il. The numerical results for an
Al,Ga; _,As/GaAs heterojunction subjected to THz radia-
tions are shown and discussed in Sec. I1l. The present study
is summarized in Sec. IV.

II. MODEL

To set up a tractable method to study transport and optical
properties of a two-dimensional electron gas (2DEG), espe-
cially in the nonlinear response regime, has been an out-
standing problem. It is well known that the balance equation
approach is a powerful tool in studying the nonlinear re-
sponse of an electronic device to the dc and ac fields applied.
In a pioneering work,'* Thornber and Feynman (TF) derived
a momentum-balance equation to determine the nonlinear
v-E relation in a strong polar semiconductor by using path
integrals. Peeters and Devreese have shown® that the elec-
tron distribution in the approach of the TF theory was essen-
tially a displaced Maxwellian. This implies that statistical
distribution functions such as Maxwellian and Fermi-Dirac
functions can be used to describe the electron distribution in
the nonlinear response regime. Based on the TF theory, Lei
and Ting also proposed’® balance equations which were de-
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rived under a non-Boltzmann approach. Later, Lei and Hor-
ing generated these balance equations for the case where an
ac driving field is present.* The momentum- and energy-
balance equations proposed by Lei and co-workers are de-
rived from applying a Green’s function approach to the TF
theory and starting from the Liouville equation for the den-
sity matrix. To employ these balance equations, one has to
solve the problem of (i) the correlation functions, which do
not offer simple analytic results; and (ii) the frictional force
and energy transfer rate, of which both are very complicated
functional forms, especially in the presence of an ac field and
for the energy-balance equation.'! In this paper we attempt to
make our model as simple as possible in order to understand
the most important physical mechanism responsible for the
problem and to make the physical considerations more trans-
parent. We derive the balance equations from the Boltzmann
equation. With this approach, one may detour the difficulties
to solve directly the Boltzmann equation and keep the main
merits of the Boltzmann equation to describe the response of
electrons to the applied fields. We have successfully applied
this approach to the problem of hot-electron transport in
2DSS’s in strong dc electric fields.X” In the present study we
generate this approach for the case where the electronic de-
vice is driven by an ac field.

A. Momentum- and energy-balance equations for a 2DEG

In the presence of an electromagnetic radiation field, the
time-dependent steady-state Boltzmann equation for a 2DEG
is given by

fn(k,t) N F
at 3

-Vifak,t)y=1,(k,t), (1a)
where f,(k,t) is the momentum distribution function for an
electron in a state |k,n) at time t, k=(ky,k,) is the wave
vector of the electron, F=F(t) is the force acting on the
electron, and the contribution from scattering in the case of
nondegenerate statistics is given by

Ln(k,)=0s > [fo (K", )W (k,k')
n’ k'

— fa(K, ) Whrn (k' K)], (1b)

with g¢=2 for spin degeneracy and W, ,(k’k) being the
steady-state transition rate for an electron scattered from a
state |k,n) to a state |k’,n’).

The effect of the electromagnetic field with a frequency w
can be represented by an ac electric field, which results in
F=—eE, where E=(E,0,0) and E=E(t)=Ee'“". Here (i)
we have considered a situation where the electromagnetlc
radiation is polarized along the 2D plane of a 2DEG (taken
along the x direction); (ii) in this configuration, the effects of
direct optical absorption via intersubband electronic transi-
tions can be ignored; and (iii) the effect of the presence of a
dc electric field is not taken into account in this study. We
assume that E,.>E . as was realized in the experiments con-
ducted in Refs. 4 and 5. Corresponding to the ac electric field
applied, the average velocity of electrons can be taken as
v=(v,0,0) with v=v(t)=vee '“". It can be justified that
v(t)=vee ! is the steady-state solution of the Boltzmann
equation for the driving field E(t)=E,e~'“". Using the bal-

ance equation approach, the idea is to choose a certain func-
tional form for the electron distribution function (EDF), of
which the drifted Maxwellian is the most popularly used
statistical energy distribution function for a system with
lower electron density and at relatively high temperature or
high electron temperature.!” Thus we have f,(k,t)=Ff[E(ky
—m*v/#f k)] drifted by electron velocity, where f(x)
— e *ksTe With Te bemg the electron temperature, and

En(ke.Ky)=En(k)= en+ﬁ (kz+k2)/2m* is the energy
spectrum of a 2DEG with ¢, the energy of the nth electronic
subband and m* the effective electron mass. After taking
into account the above remarks, we can derive balance equa-
tions starting from the Boltzmann equation.

When f,(k,t)=f[En(ke—m*v/# k)], we have

afa(k,t) . m*v\ df(e,+&)
o =j wv(k T ) T (2a)
and
afn(k,t) A2 m*v\ of(e,+&
n( ) S . v (En ) , (Zb)
Ky m h €

where E=#[ (ky—m*v/A)?+k1/2m*. Thus we obtain
ot (k1)

afa(k,t) ;
2 n — 2 M7
J dk —— fd k o

of (k,t)
— 2 n
—f ok k, —

afn(k,k
:f dzk ky n( X)

Ky
:f d?k keky &f”gt(’t)

=J d2k kxkym;(—k'it)=0, (3a)

> fdzk kxwz—iw—zwzgem’k v, (3D)

2 fd i (k'it)=—2772ne, (30)

; fdzk En(k) af"(k t)=—iw2ﬂ-2nem*v2, (3d)

and

afn(k t)

2 f d?k En(k) =—2m%hnw.  (3e)
Here we have used a condition of electron number conserva-
tion, i.e., after using the density of states for a 2DEG, we
have ng=(m*/7%2) =, [ GdEf(E+ €,), where n, is the elec-
tron density of the 2DEG.

From Eq. (3a), we see that the mass equation (multiplying
2 k to both sides of the Boltzmann equation) has been bal-
anced by the EDF chosen above. At the first moment, the
momentum-balance equation can be derived by multiplying
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2, kk to both sides of the Boltzmann equation. Using Egs.
(3b) and (3c), we obtained the conductivity

_ nee2 T 4
M (4a)
where o=—ngev/E and the momentum relaxation time 7 is
given by

! i 2 jdzkdzkk k. —
T 4n'ngm* nem* ! Ke)
ot (€n+X)
X Warn(K' K), (4b)

with x=72k?/2m*. The conductivity shown by Eq. (4a) is in
the form of the Drude formula. At the second moment, the
energy-balance equation can be derived by multiplying
ZnhkEn(k) to both sides of the Boltzmann equation. After
using Egs. (3d) and (3e), we have

l-iwT

5 Z fdzk d2k’[E, (k') —En(K)]

oB%=—

Xf(en+x)Wn,n(k’,k). (5)

In the derivation of Egs. (4) and (5), we have used the ap-
proximation that in the presence of intense electromagnetic
radiation and for a zero or weak dc electric field applied, the
average electron velocity v is very small in comparison with
the electron wave vector k, so that Zvk,<kgT.. This ap-
proximation results in

If(en+x)
fn(k,t):f(en-kx)—fwkxT. (6)

In the momentum-balance equation, the usage of the ap-
proximation given by Eq. (6) is equivalent to the relaxation
time approximation but now the relaxation time depends on
the electron temperature.

We note that at a steady state and using the momentum-
and energy-balance equation approach, we do not need to do
time average in the Boltzmann equation. The physical reason
behind this is that we have used a steady-state solution of the
electron velocity and a steady-state electronic transition rate
derived at the limit t—o.

B. For the case of electron—L O-phonon interactions

In the presence of strong driving fields, the electrons in
the system will be heated and the electron—LO-phonon in-
teraction is the principal channel for relaxation of excited
electrons in polar semiconductors such as GaAs. After ap-
plying the Frohlich Hamiltonian to Fermi’s golden rule, the
steady-state transition rate induced by electron interactions
with LO phonons and with radiation fields polarized along
the 2D plane in a 2DEG is given by

Worn(k' k) =W,

(KAWL (K LK) (7a)

and

+ NO
W;,n(k"k)=4'n'aL0fLwﬁo NO+1}xnrn(q)5kl'k+q

xE J2(A)

XS En(K")—EnK) Flhw o—Miw], (7Th)
where the sign + (—) refers to absorption (emission) of a LO
phonon with an energy %w o, No=(e"“L0’keT—1)"1 is the
LO-phonon occupation number, Q=(q,q,)=(qy,qy,d,) the
phonon wave vector, « the electron—LO-phonon cou-
pling constant, Lo,=(A/2m*w o)¥? the polaron radius,
Xnn(Q) :fOjoodqz|Gn’n(qz)|2/(q2+q§) with  Gprn(ay)
=(n’|€e'%4n) being the form factor for electron-phonon in-
teraction, and J,(x) is the Bessel function. Further,
A=(eEy/m*w?)u-q, where u is the polarization vector of
the radiation. Here, only the process of optical absorption is
included, and the scattering induced by direct electron-
photon interactions has been ignored (because the radiation
field is polarized along the 2D plane).

From Eq. (7), we see that the coupled electron-photon-
phonon interactions come from the higher-order contribu-
tions, i.e., from m=1 (corresponding to the m-photon ab-
sorptions). From the fact that in polar semiconductors such
as GaAs the electrons interact much more strongly with
phonons than with photons, the contribution to the conduc-
tivity from the electron-photon-phonon interactions is much
smaller than that from the electron-phonon interactions (i.e.,
the term depends on m=0). The main physical reason behind
this is that in polar semiconductors, there exists a very strong
polar electric field Fy=w o(2M*%w_o)*?/e, for example, for
GaAs Fq is about 100 kV/cm. Moreover, under the high-
frequency electromagnetic radiations (e.g., THz or far infra-
red) and for electron interactions with long-wavelength pho-
non modes such as LO phonons, A~E,qw > may be small
even at strong radiation fields. In the present study, we ig-
nore the higher-order interactions (i.e., taking only m=0)
and use the high-frequency (large w) and long-wavelength
phonon (small g,) approximations to the interactions [i.e.,
Jo(A—0)=1]. Thus the electronic transition rate is isotropic
so that the conductivity becomes isotropic: o= o, =0 and
oy =0y=0. For semiconductor materials such as Si in
which the electron-phonon interactions are relatively weak,
an anisotropic conductivity has been predicted recently® at
low-frequency (microwave) irradiations.

For studying optical and transport properties of a device
driven by an electromagnetic field, two quantities, the real
parts of the conductivity and the electron-energy-loss rate
(EELR), are connected to the optical absorption coefficient
and the conductivity (or mobility) measured experimentally.
Introducing the transition rate for electron—LO-phonon scat-
tering under the leading-order and high-frequency approxi-
mations into the momentum-balance equation, we have

. ne’ 7 o
© O W T (o) (8

where the momentum relaxation time is given by 1/7
=1/7"+1/7 and
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2 *2 © .
L_ alyoiom [ No }EJ d_ye—An_,n(y)/kBTe

T _Wﬁ3ne\/77kBTe No+1 n’,n J0 \/y
2m~ky 12
X(En/_En:fLwLo"‘y)Xn/n 7) } (Bb)

with A, (Y)=€n+ (€ — enFhw o+Y)?/4y. Noting that
the EELR is defined by P=Re ¢E3, the EELR induced by
electron—LO-phonon interactions in a 2DEG can be obtained
from the energy-balance equation

2algwdom*? =dy
Re 0E2=—— 25— \kaTo > f d
0 ’7T3 2ﬁz e = Jo \/y

2m*y\ 12 )
XXn’n[<_hry) }[(NO—F l)eiAn'n(y)/kBTe

"
_ Noe’An'n(y)/kBTe]. 9)

Equation (9) reflects the fact that the net energy transfer rate
is the difference between phonon emission and absorption by
heated electrons in the structure and that only inelastic scat-
tering processes contribute to electron-energy loss and to the
heating of the electrons.

Using the momentum- and energy-balance equations, we
can obtain the momentum relaxation time = and electron
temperature T, for a given ac driving field with strength E,
and frequency w, and from them obtain the conductivity and
the EELR. To proceed, we must specify the form factor and
electronic subband energy, which specify the particular
2DEG structure. In this paper, we discuss the case of an
Al,Ga, _,As/GaAs heterojunction.

C. For the case of an Al,Ga; _,AsGaAs heterojunction

For a high-mobility Al,3Ga,;As/GaAs heterojunction,
only the lowest electronic subband is occupied by electrons
when the total electron density is less than 6x10™ m~2, and
the energy spacing between the ground state and the first
excited state is rather large (normally, € —e,>50 meV).'®
The effect of thermal occupation of electrons in the higher
subbands is very small because of the relatively low electron
density and large energy separation between subbands.
Hence we can consider the one-subband case in our calcula-
tion. In the present study we apply the usual triangular well
approximation to the model the confining potential normal to
the interface of the Al,Ga;_,As/GaAs heterojunction and
use the corresponding variational wave function of the
ground state,® which results in

m 8+9x+3x?

Xoo(d) = 80 x(1+%)° (10

where x=q/b and b= [(487m*e?/ k#%) (Ngep+11n/32)T*
defines the thickness (~ 3/b) of the triangular well with « the
dielectric constant and N, being the depletion charge den-
sity. After taking into consideration the above remarks and
measuring the energy from the lowest subband, i.e., taking
=0, the momentum- and energy-balance equations for
Al,Ga; _,As/GaAs heterojunctions are obtained, respec-
tively, by

1 aa)LONOeBe/Z Be 1/2 (
—= — Bo—Be)
T30l {707 P[Ro(Be) + Ru(Be)]
+[R0(ﬂe)_R1(IBe)]}, (11)
and
@LoT EO)Z aNoe ’R; (Be) (Bo~
5| =—| =———F—F—= €70 Be—117.
1+ (07) (Fo 32neL2\/7Be ; ]
(12)
Here, BozﬁwLO/kBT; Be:thO/kBTe , F0:

w_o(2M* fiw o) /e is the polar-electric-field strength, and

, (13)

= dy 84+9z+37°
Rj(x)zf exp

o Yl (1+2)?

N 1

4 y y

with z=\ly/bL,. From the energy-balance equation [Eq.

(12)], we note that the EELR is zero when T,—T. Now we

have obtained the simple formulas to calculate rand T, as a

function of Ey and w in 2DSS’s such as Al,Ga; _,As/GaAs
heterojunctions.

1. RESULTS AND DISCUSSIONS

The numerical results of this paper pertain to
Al,Ga; _, As/GaAs heterojunctions and the material param-
eters for GaAs are taken as (1) effective-electron-mass ratio
m*/m,=0.0665 with m, the electron rest mass; (2) static
dielectric constant x=12.9; (3) electron—LO-phonon cou-
pling constant «=0.068; and (4) LO-phonon energy
hw o=36.6 meV. In the calculations, we use a typical elec-
tron density n,=2x10" m~2 and a typical depletion charge
density Nyey=5x10" m~2 for an Al,Ga; _,As/GaAs hetero-
structure.

The electron temperature T, inverse of the momentum
relaxation time 7 %, and real part of the conductivity Re o as
a function of radiation intensity (i.e.,, ac electric field
strength, E,) are shown in Fig. 1 for different radiation fre-
quencies (i.e., ac electric field frequencies, »’s) at a fixed
sample temperature T. At lower driving fields, the electron
temperature (the momentum relaxation time) is very close to
sample temperature (to its value at zero frequency) and a
linear response is evident [see Fig. 1(c)]. The influence of the
radiation frequency is very weak on T, and 7 when E; is
small, in contrast to a strong dependence of conductivity on
the frequency. With increasing radiation intensity E,, (1) the
electrons are heated and the electron temperature increases
rapidly; (2) T,>T can be seen for all frequencies; (3) the
inverse of the relaxation time, which corresponds to the scat-
tering rate, increases due to the rise of T,; and (4) the con-
ductivity first increases and then decreases when w+0. The
radiation frequency plays an important role in observing
these phenomena. The higher the frequency is, the stronger
the driving field required to heat the electrons and to enhance
the scattering rate. The conductivity (or mobility) decreases
with increasing w at a fixed E,. However, when the driving
field is large enough (Ey>50 kV/cm at T=77 K), a rather
weak effect of w on T, 7, and Re o can be found. From the
results shown in Fig. 1(b), we note that under the intense
THz driving, the scattering rate (or inverse of the relaxation
time 7 ) induced by electron—LO-phonon interactions may
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FIG. 1. Dependence of (a) electron temperature T, (b) inverse
of momentum relaxation time 7%, and (c) real part of conductivity
Re o for an Al,Ga; _,As/GaAs heterojunction on radiation intensity
E, for different radiation frequencies w at a fixed sample tempera-
ture T. =0 corresponds to a dc electric field.

be on the scale of the radiation frequency so that the radia-
tion may modify strongly the process of momentum and en-
ergy relaxation of the excited electrons in the structure. This
is the main physical reason why the interesting features of
nonlinear transport and optical phenomena can be observed
in an Al,Ga; _,As/GaAs-based 2DSS driven by intense THz
electromagnetic fields. In our calculations, we have taken the
strength and frequency of the THz electromagnetic field as
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FIG. 2. Electron temperature T, in an Al,Ga;_,As/GaAs het-
erojunction as a function of radiation intensity E at a fixed sample
temperature T=10 K for different radiation frequencies.

those used in the experimental studies in Ref. 4.

The results obtained from our model calculation and
shown in Fig. 1 indicate that a THz-frequency-modified non-
linear effect is not pronounced at very high driving fields.
When E, is very large, T.>T which leads to 7 '>w and
w7<1 s0 that the effect of w is suppressed. We would like to
point out that in our model we did not include effects such as
electron-electron interactions, hot-phonon effects, nonpara-
bolicity of the conduction-band structure, etc. These effects
are very important in studying the transport and optical prop-
erties at very high fields.

In Fig. 2 we plot the electron temperature as a function of
radiation intensity at a fixed sample temperature T=10 K for
different radiation frequencies: w/277=0, 0.25, 0.68, and 1.51
THz. These are the conditions for the measurements con-
ducted in Ref. 4. Now, we compare the results obtained from
this simple model calculation with the experimental data
shown in Fig. 4 of Ref. 4. The results shown in Fig. 2 indi-
cate that (i) at a fixed ac field strength, electron temperature
decreases with increasing frequency. This agrees with the
data shown in Figs. 4(b) and 4(c) of Ref. 4 over a field range
0<Ey<15 kV/cm. (ii) Generally, T, does not increase lin-
early with E,. It implies that the theoretical results are closer
to the data obtained from PL measurements in Ref. 4, espe-
cially for relatively high driving fields and high frequencies
(e.g., at 1.51 THz and E,>6 kV/cm) where a dispersion can
be found for the data obtained from PL and transport mea-
surements. (iii) At relatively low fields and low frequencies,
for example when Ey<0.6 kV/cm at w/27r=0.25 THz, a
roughly linear increase in T, with E; may be drawn. This is
in line with experiments. (iv) Quantitatively, our results
agree with the experimental data, especially with those ob-
tained from PL measurements. From Fig. 2 shown here and
Fig. 4 shown in Ref. 4 we see that at T=10 K, T, varies
from 10 to about 100 K (300 K, 200 K) when E is increased
from 0 to about 0.6 kV/cm (15 kV/cm) at w/27=0.25 THz
(0.68 THz, 1.51 THz). The theoretical results presented in
this paper confirm the main conclusions drawn from the ex-
perimental measurements in Ref. 4, that is, (1) the electron-
energy distribution can be characterized by a statistical dis-
tribution function with an effective electron temperature; (2)



5264 W. XU AND C. ZHANG 55

320

-
-

240

160

w/27=0.68 THz
2

80 "
n=2x10"" m

Electron Temperature T, (K)

0 5 10 15
Radiation Intensity Eq (kV/cm)
FIG. 3. Electron temperature as a function of radiation intensity
at a fixed radiation frequency for different sample temperatures.

under intense THz drive, the electron—LO-phonon scattering
dominates both momentum and energy relaxation for excited
electrons in Al,Ga; _,As/GaAs-based 2DSS’s. This occurs
even at relatively low sample temperatures, e.g., at T=10 K;
and (3) over a driving field range 0<E <15 kV/cm, the
electron distribution maintains a heated thermal form and the
hot-phonon effects may be negligible.

The influence of sample temperature on the heating of
electrons can be seen from Fig. 3. Under the action of the
driving ac and/or dc fields, the electrons in the system can
gain the energy from the field applied and from the phonon
absorption scattering process and lose the energy through
emitting phonons. This process has been reflected by the
energy-balance equation. At a low T, for example at T=10
K, a changeover from linear response (i.e., T¢~T) to nonlin-
ear response (i.e., T.>T) with increasing field can be more
clearly seen. At a sufficiently low sample temperature, the
electrons gain energy mainly from the applied field because
of the small LO-phonon occupation number so that the effect
of LO-phonon absorption is very weak. At sufficiently low
fields, the relaxation time for electrons is rather long [see
Fig. 1(b)] so that an electron has enough time to get the
energy E~#w o from the field and then lose it by LO-
phonon emission. This two-step process is analogous to elas-
tic scattering which will not result in energy loss and, con-
sequently, in the heating of the electrons. At sufficiently high
fields, an electron can be accelerated quickly to reach an
energy level E=fiw . When the time of this process re-
quired is shorter than the relaxation time, electrons will be
heated by the electric field and will enter the nonlinear re-
sponse regime. The electrons can be heated more efficiently
at a lower sample temperature than at a higher sample tem-
perature, due to weaker LO-phonon absorption scattering at a
lower T. It implies an enhancement of the net energy transfer
rate at low T’s. With increasing sample temperature, the in-
crease in LO-phonon absorption scattering will lead to a
smear on these processes, and so (1) the demarcation be-
tween a linear and nonlinear response cannot be clearly dis-
tinguished; and (2) the electrons are less efficiently heated at
high fields.

IV. SUMMARY

In this paper we have studied theoretically the nonlinear
electron transport in two-dimensional semiconductor systems
in intense THz electromagnetic fields. The prime motivation
of this study is recent experiments* carried out using the
free-electron lasers. We have developed a model which can
be applied to the study of nonlinear transport and optical
properties in THz-driven 2DEG’s. To understand the most
important physical mechanism responsible for the experi-
mental findings, we considered a simple case where only the
electron—LO-phonon interactions are taken into account un-
der the lowest-order approximation and effects such as
electron-electron interactions, direct electron-photon interac-
tions, higher-order electron-photon-phonon interactions, hot-
phonon effects, etc. are not included in our model. We also
made our model calculation rather simple, through (i) apply-
ing the balance equation approach to the steady-state Boltz-
mann equation; (ii) using a drifted Maxwellian as the elec-
tron distribution function, where an electron temperature T,
is introduced to describe the thermal term of the EDF; (iii)
neglecting the contributions from higher orders of electron
velocity, where we assume fivk,<kgTe; and (iv) consider-
ing only the momentum- and energy-balance equations. Fur-
ther, a situation in conjunction with experiments in Ref. 4
has been taken into account, that is, (1) the strength of the ac
electric field provided by a FEL is much larger than that of
the dc field used in the transport measurements; and (2) the
THz electromagnetic radiations are polarized along the 2D
plane of a 2DSS. Using the momentum- and energy-balance
equations developed in this paper, one can determine the
electron temperature and momentum relaxation time for a
given ac driving field with a strength E, and frequency o,
and from them obtain quantities such as conductivity and
electron-energy-loss rate.

For the case of an Al,Ga,_,As/GaAs heterostructure, we
have studied the dependence of the electron temperature,
momentum relaxation time, and real part of the conductivity
on the THz drive amplitude for different THz frequencies
and sample temperatures. The results obtained from this
study were found to be in line with those reported in Ref. 4.
We also presented a detailed discussion and analysis of the
nonlinear transport phenomena observed from this study.
The most significant conclusion we draw from our study is
that under the intense THz electromagnetic radiation, the
scattering rate or inverse of the relaxation time induced by
electron—LO-phonon interactions in an Al,Ga, _,As/ GaAs-
based 2DSS may be on the scale of the radiation frequency
so that the radiation may modify strongly the processes of
momentum and energy relaxation of the excited electrons in
the structure. This is the main physical reason some interest-
ing features of nonlinear transport and optical phenomena
can be observed in such systems in strong THz electromag-
netic fields. Our results indicated that the frequency and in-
tensity of THz radiations used in the measurements con-
ducted in Ref. 4 were located in a regime where the strongest
nonlinear effects can be observed for the chosen sample tem-
peratures.

Finally, some of the approximations we made in the
present model calculation were based only on current experi-
mental results and experimental conditions. The investiga-
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tion of transport and optical properties in THz-driven
2DEG’s is a fast-growing research field which is very rich in
physics. By going beyond these approximations, one may
predicate some new phenomena theoretically, such as an an-
isotropic conductivity induced by an anisotropic electronic
transition rate, nonequilibrium behaviours induced by the
electron occupation to the excited states, phonon-assisted

multiphoton absorptions, etc. These effects need experimen-
tal verification.
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