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Abstract. We have extended the balance equations to account for conduction-valence interband impact
ionization (II) process induced by an intense terahertz (THz) electromagnetic irradiation in semiconduc-
tors, and applied them to study the II effect on electron transport and electron-hole pair generation-
recombination rate in THz-driven InAs/AlSb heterojunctions (HJ). As many as needed multiphoton chan-
nels are self-consistently taken into account for yielding a given accuracy. The time evolution of transport
state including THz-radiation-induced II process are monitored in details by an extensive time-dependent
analysis. Two different physical stages, the quasi-steady state and the complete steady-state, are clearly
identified from the present calculations. Intersubband electron transfer rate and net electron-hole gener-
ation rate are derived as functions of the THz radiation strength F,. for various radiation frequencies
from fac = 0.42 to 6 THz at lattice temperatures T' = 6 K. It’s indicated that the THz radiation with a
larger Fac or a lower fac, has a stronger effect on electron transport and II process. Qualitative agreement
is obtained between the calculated electron-hole generation rate and the available experimental data for
InAs/AlISb HJ’s at T = 6 K.

PACS. 73.50.Fq High-field and nonlinear effects — 72.10.-d Theory of electronic transport; scattering

mechanisms — 72.20.-i Conductivity phenomena in semiconductors and insulators

1 Introduction

Due to the development of the terahertz (THz) free-
electron laser, nonlinear dynamics involving electron
transport in low-dimensional semiconductors driven by
an intense THz electromagnetic radiation has become
a central focus of many experimental and theoretical
studies [1-12]. Under the influence of THz radiation,
low-dimensional electron gas exhibits many interesting
phenomena, such as THz-radiation-induced dc current
suppression [1], multiphoton-assisted resonant tunnel-
ing [2], negative absolute resistance [3], and Shapiro
steps on dc current-voltage curve [4]. Recently, Markelz
et al. [5] used far-infrared transmissions, reflections, and
dc photoconductivity measurements to study impact ion-
ization caused by THz radiations in InAs/AlISb hetero-
junctions (HJ), and demonstrated that the carrier mul-
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tiplication occurs in InAs/AlSb HJ’s driven by THz
fields. These experimental advances motivated new the-
oretical interests in THz optic-electronics [6-12]. One of
the authors recently developed a new balance-equation
approach [6-8] to electron transport in semiconductors
driven by an intense THz radiation field. In this set
of momentum and energy balance equations [6-8] the
slowly varying part of the center-of-mass is distinguished
from the rapid oscillating part of it, and all the mul-
tiphoton process due to the intense THz radiation are
included. This set of equations, which allow one to inves-
tigate experimentally measured quantities during a THz-
driven transport without following the rapidly-oscillating
time-dependent driving field, has been successfully used
to study the effect of an intense THz radiation on elec-
tron transport in quasi-two-dimensional systems [6,7] and
in superlattice minibands [8]. Study of THz-radiation-
induced II process is, however, still lacking up to now.
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Impact ionization and Auger recombination processes,
as basic mechanisms for carrier generation and recombi-
nation, can affect properties of devices essentially. The
theory describing the processes, therefore, becomes an
important subject for both semiconductor physics and de-
vice applications. The recent development of InAs-based
devices [15-18], such as infrared electro-optic modula-
tors [15], far-infrared optical mixers [16], giant third har-
monic generations [17], and interband cascade light emit-
ting diodes [18], requires an understanding of high-field
electron transport and II process at the operation frequen-
cies in the THz range.

The purpose of this work is to extend the balance equa-
tion approach [6-8] to include II process [19,20] induced
by an intense THz radiation in two-dimensional (2D) semi-
conductor systems, and apply them to study the II effect
on electron transport and electron-hole generation rate in
InAs/AlSb HJ’s driven by THz radiations having various
frequency and strength. In the present approach, II and
Auger process are treated as a kind of scattering mech-
anisms. Time-dependent electron velocity, electron tem-
perature, electron-hole generation rate, and the order of
multiple photon channel are calculated by directly solving
the set of balance equations. We present in some details
the dependence of transport characteristics on THz radia-
tion fields with and without accounting for the II process,
and compare the calculated electron-hole generation rates
with the available experiments [5] for InAs/AlSb 2D HJ at
lattice temperature T'= 6 K.

The remainders of the article are organized as follows.
In Section 2 we present the acceleration-, energy-, and
carrier-number-balance equations including II process un-
der the influence of a uniform dc field and a THz electric
field. In Section 3, these equations are applied to investi-
gate transport characteristics, such as electron drift veloc-
ity, electron temperature, intersubband electron transfer,
and multiple photon process in InAs/AlSb HJ’s driven by
THz radiations having different strength and frequency in
the range 0f 0.42 ~ 6 THz at T' = 6 K. Finally, in Section 4
we draw the main conclusions.

2 Balance equations including Il process
driven by an intense THz radiation

We consider a semiconductor HJ with a 2D energy-
wavevector relation e, (k| ), where s is the subband index
and k| = (kg, ky) is the 2D wave vector. When a uniform
de (or slowly varying) electric field Eq and a uniform
sinusoidal radiation field with the frequency f,. and the
amplitude F,.,

E(t) = Eg + Eqc sin(27 fact), (1)
are applied in the direction parallel to HJ interface,
the transport quantities will undergo both the rapid
oscillation (due to high-frequency radiation field) and
the slow variation (due to Ep and intrinsic relaxation
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times of the system). If we measure all the quantities as
the average over a time interval much longer than the
period of the radiation field, the carrier conduction can
be described by the following equations for the force,
the energy, and the carrier number balance [6-8,19,20]
(h =1 = kg throughout the paper)

d
d—Z:eE0~IC+Aei+Aep+A1rgv, (2)
dh,
a = GE()'V*Wep - WII - ghe + Sp + SH; (3)
AN
— =gN. 4
a7 =9 (4)

The above equations are the extension of the recently-
developed balance equations [6-8] to include II pro-
cess [19,20] in semiconductors driven by a THz electric
field. The transport state of electrons is described by the
effective momentum shift pgy, electron temperature T,
and electron chemical potential 1 determined by electron
sheet density

N =2 f[(es(k)) — ) /T.],

s,k

(5)

with f(z) = 1/ [exp (z) + 1] the Fermi distribution func-
tion. On the other hand, since the effective hole mass
is usually much larger than that of the electron, the
drift movement and heating of hole gas are negligible
in comparison with those of the electron gas, thus the
hole gas can be described by the lattice temperature T
and hole chemical potential u". In equations (2-4), e is
the carrier charge, g is the net electron-hole genera-
tion rate by balancing impact ionization generation and
Auger recombination. The average velocity v, average
energy h., and the ensemble-averaged inverse effective
mass tensor K of electrons are defined respectively by
v = (Ves (ky)), he = (e (k) , and K = (VVe, (Kk))),
in which (---) stands for the weighted integral: (---) =
1/ (20°N) S [ [ dkadky f (2o (k) — 1) /T2) ... wit

Es (k”) = g4 (k”—pd). A, Acp, and Ay are the fric-
tional accelerations respectively due to electron-impurity
scattering, electron-phonon scattering, and conduction-
valence interband II process. Wy, and Wi are the
energy-loss rates respectively due to electron-phonon
scattering and conduction-valence interband II process.
Sp and Sy are the energy-gain rates of the electron system
from the radiation field through the multiphoton process
(n = £1,42,...) in association with electron-phonon in-
teraction and II process, respectively. For the parabolic
energy band e, (k)) = €5 + kﬁ/(2m) with €, the energy of
the bottom of sth subband and m the effective electron
mass, the expressions of Agi, Acp, and We; are found in ref-
erence [21]. The electron-hole generation rate g, II-induced
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acceleration Ay, and Il-induced energy-loss rate Wiy are

respectively expressed by

) . 2
g=% > M (a)| 16 s kpa). (©)

2 ~ 2 ky
An=5 D MY (ay)| L s k) (D)

—~ 2
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with
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(52) (22
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X

C)

r, = (10)
in which w = 27 f, is the angular frequency, q = (qy, ¢-)
is the three-dimensional phonon wave vector with q =
(¢, qy), w1 = ka0, w2 = w1 +m02/2+€ﬁu Fesk—ays &k =
€s.k; — K EQH = Eﬁu —ul, eﬁu =K, +kﬁ/(2mh) is the hole
dispersion with my, the effective hole mass, and E is the
band gap between the bottom of conduction band and the
top of valence band. IT5(s', 5, q|, §2) is the imaginary part
of electron-electron correlation functions, which shares the
same expression with that given in reference [21]. J,(x) is
the nth-order Bessel function, and n(x) = 1/[exp(z) — 1]
is the Bose function. The energy-gain rates of the electron
system, S, and Sy, from the radiation field through the
multiphoton process (n = +1,+2,...) are respectively,

1 ~ 2
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and

SH:3 ‘MI’I (a )‘2
N ECT]
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in which ﬁszs(qn) and M s(q, A) are the matrix elements
of electron-impurity interaction and electron-phonon in-
teraction, respectively. {24y is the phonon frequency of
wave vector q and the branch index X. M/ (qy) is the
Fourier representations of the band-band Coulomb in-
teraction matrix element for II and Auger processes in
2D semiconductor system given by [21,22]

62

2er (q1,0) q

=

Mi/{s (q||) = Is’,s(qn)Ichcv
2

e
17—, (13)
2e (g),0) g

where I.. and I., are overlap integrals of conduction-
conduction bands and conduction-valence bands, respec-
tively. € is the dielectric constant of semiconductor.
Iy s(q)) is the form factor, and x (q”,O) is the screening

factor (see Eq. (39) and (70-75) in Ref. [21]). & (q,0)

makes interband matrix element Mg/{ R (q”) be the short
range, i.e., it is finite at ¢ = 0. For the sake of simplicity,
we set Crr = Iy s(q)) eclev in equation (13) as the only
adjustable parameter in the following calculations, which
is determined by fitting to experiments.

3 Effect of an THz radiation on electron
transport and Il in InAs/AISb HJ

Applying the above balance equations (2-4), we have per-
formed a large number of numerical calculations of trans-
port characteristics and II processes in InAs/AlSb HJ’s,
subjected to a small dc field and a THz electromagnetic
radiation having various frequencies and amplitudes in
the form of equation (1), E(t) = Egp + Facsin(27 fact).
We consider the electron-acoustic-phonon scattering (via
the deformation potential and the piezoelectric couplings),
electron-polar-optical-phonon scattering (via the Frohlich
coupling), and elastic scattering both from the remote
charged impurities and from the background impurities.
Kane-type nonparabolic dispersion,

55(k|)65+%<\/1+$1>, (14)
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Table 1. The material parameters for the InAs/AlSb HJ used in the calculations.

Parameter Value Unit Ref.
Effective electron mass of InAs m 0.038 mo [5]

Effective hole mass of AISb my, 0.94 mo [23]
Band gap Ey 0.22 eV [23]
Low-frequency dielectric constant x 15.54 1 [24]
Optical dielectric Koo 11.74 1 [24]
Nonparabolicity of InAs « 2.73 eV~! [24]
Material density of InAs d 5.667 gem™3  [25]
Longitudinal sound velocity vs; 4.2 x 103 ms™t [25]
Transverse sound velocity vs: 2.3 x 10® ms [25]
Acoustic deformation potential E 5.8 eV [26]
Piezoelectric constant ei4 426 x 105  V/m [26]
Longitudinal optic phonon energy 2o  29.5 meV [26]

is assumed in calculating the inverse effective mass ten-
sor K in equation (2), in which « is the nonparabolic fac-
tor. The role of the two lowest subbands (s = 0, 1) is taken
into account. The energy separation between the bottoms
of the zeroth and the first subbands, €19 = &1 — &g, is
taken to be 35 meV. We set the sheet density of InAs
well Ny = 5 x 10" ¢cm™2, depletion layer charge den-
sity Naep = 5 x 1019 em™2, background impurity ny
6.86 x 10" cm™3, and remote impurities in AISb barrier
Ny =1.63 x 10" cm~2 located at a distance of { = 10 nm
from the interface of the HJ. In the whole paper, the lat-
tice temperature is set to be T' = 6 K, and the small dc
field is assumed to be Ey = 1.5 V/m, same as that used
in the experiments [5]. The very small dc component of
the electric field Ey almost doesn’t play a role on the in-
tense THz-induced transport and II process. One will get
essentially identical electron temperature and the carrier
density for Fy = 0. The use of the small Fy in the ex-
periments [5] is just for getting a non-zero electron drift
velocity and measuring the current in the circuit. The only
adjustable parameter C1y appearing in equation (13) main-
tains unchanged Ctr = 0.114 in the calculations, which is
determined by fitting to experiments. We have included
contributions from as many optical channels as needed for
reaching at a given integral accuracy of 1074, i.e., the or-
ders of the Bessel functions, n, in equations (9-12) are
set to be large enough so that the integrals are conver-
gent within the accuracy. The maximum of multiple pho-
ton channels has self-consistently been determined in the
computing program. The larger the amplitude E,. or the
lower the frequency f,. of the radiation field, the more
optical channels have to be included for a given accuracy.
The material parameters used here for InAs/AlSb HJ’s
are listed in Table 1.

When a small dc electric field Ey and an intense
THz field in the form of equation (1), E(¢) Ey +
E,.sin(27 fact), are applied to the direction parallel to the
interface of InAs/AlSb HJ, the time evolution of electron
velocity v(t), electron temperature T¢(t), and sheet den-

sity N(t) have been monitored by directly solving equa-
tions (2-4). The II process is treated as a kind of scat-
tering mechanism, and is included by accounting for the
II-induced frictional acceleration Apy, IlI-induced energy
loss-rate Wir, II-induced energy-gain rate Sy from the ra-
diation field, and the electron-hole generation rate g. In
Figures la-d we have respectively shown the calculated
electron velocity v(t), electron temperature T,(t), sheet
density N(t), and the net carrier generation rate g(t) as
functions of time for three radiation strengths E,. = 35,
38, and 40 kV/cm with the same frequency fa. = 4 THz.
The corresponding locally-enlarged figures in the initial
60 ps are respectively plotted as the insets of Figures la—d.
During the time evolution of the transport state two no-
ticeable physical stages can be seen clearly, the quasi-
steady state (QSS) and complete steady state (SS). As
indicated by the insets of Figures 1la—d, after a rapid tran-
sient process of order of a few ps time delay from applying
the THz electric field, the system arrives at a quasi-steady
state, in which the carrier velocity, the electron tempera-
ture, and the electron-hole generation rate keep almost no
change, while the total number of carriers increases with
constant rate g(= dN/dt) due to the I process with time
evolution up to a time delay of order of 102 ps. The total
number of carriers N in the QSS is apparently not too
far from the initial carrier number Ny. QSS in the II pro-
cess is important, since many experimental measurements
of Il-related transport, e.g., the electron-hole generation
rate, are taken during the QSS [5]. One may calculate the
carrier velocity and the electron temperature of the QSS
by setting the left-hand sides of equations (2, 3) to be
zero (dv/dt = 0 and dh./dt = 0). The carrier generation
rate g is then obtained from equation (6). Since g is almost
a constant within QSS, at a time delay 7, in QSS one has
AN/Ny = (N — No)/No = [Noexp(gr,) — No]/No =~ g7,,
thus AN/Ny is qualitatively comparable with g. In Fig-
ure 2a we have shown the calculated electron-hole gen-
eration rates g as a function of 1/E2, at two radiation
frequencies f,c = 0.42 and 0.66 THz, respectively, at
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Fig. 1. (a) Calculated electron drift velocity v(t), (b) electron
temperature T.(t), (c) electron number N (t), and (d) electron-
hole generation rate g(t) as functions of time in InAs/AlSb
heterojunctions (HJ) driven by THz radiations having different
for three THz radiation strengths E.. = 35, 38, and 40 kV /cm
with the same frequency fac = 4 THz at lattice temperature
T = 6 K. The corresponding locally-enlarged figures in the
initial 60 ps are respectively plotted as their insets.

T = 6 K. A qualitative agreement is observed between the
calculated electron-hole generation rates g and the exper-
imental results of AN/Ny (Fig. 2b) [5]. In order to have a
deep insight into the dependence of the generation rates g
on the radiation frequency f,., we have shown in Figure 3
the calculated g versus fac in the QSS case at five different
radiation strengths: E,. = 12, 16, 20, 27, and 35 kV/cm,
respectively. It can be seen that, larger radiation strength
and lower radiation frequency lead to a larger electron-
hole generation rate g. It means that the role of THz ra-
diation field on carrier transport and II process increases
with increasing the factor r,, = eEa./(mw?).

In the following, we turn our attention to the complete
steady-state case. We look back at Figures la—d, and find
that, the QSS breaks up with the further evolution of time.
The number of carriers increases more and more up to the
complete SS with N/Ny = 2.87, 4.02, and 5.2 respectively
for Ea. = 35, 38, and 40 kV/cm (see Fig. 1c). The elec-
tron velocity and electron temperature also increase with
the time evolution, and finally approach their SS at about
t > 2 ns. At the complete SS case, electron-hole generation
rate and recombination rate are equal, leading a zero net
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Fig. 2. (a) Calculated electron-hole generation rates g and
(b) the experimental results of AN/Ny in InAs/AlSb HJ driven

by THz radiations with two radiation frequencies f,c = 0.42
and 0.66 THz, respectively, at T'= 6 K.
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Fig. 3. Calculated electron-hole generation rate g versus the
THz-radiation frequency fac in the quasi-steady-state (QSS)
case at five different radiation strengths: F,. = 12, 16, 20, 27,
and 35 kV /cm, respectively, at T = 6 K.

generation rate (¢ = 0) at all the radiation frequencies,
as shown in Figure 1d. In the SS case, all the transport
qualities become constants. To have a better insight into
the SS case, we have performed much more SS calcula-
tions by setting the rights of equations (2-4) to be zero.
In Figure 4a we have shown the carrier numbers N/Ny
in the SS case as a function of the radiation strength F,.
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Fig. 4. (a) Steady-state carrier number N/Ny as a function
of the THz-radiation strength F,. at T = 6 K and five dif-
ferent radiation frequencies f,. = 0.42, 0.66, 1, 2, and 4 THz,
respectively. (b) Fraction of the number of electrons accommo-
dating the first and second subbands versus the THz-radiation
strength without including the II process. The solid lines
Nsubo/No are for the lowest subband s = 0, and the dashed
lines Ngub1/No are for the second subband s = 1. (¢) Compar-
ison of electron accommodating numbers in the two subband
with and without the II process at T =6 K and fac = 4 THz.

at five different radiation frequencies f,. = 0.42, 0.66, 1,
2, and 4 THz, respectively. For each frequency the car-
rier number increases with increasing F,.. For the lower
frequency the carrier number increases quicker. For com-
parison, in Figures 4b and ¢ we have shown the fraction
of the number of electrons accommodating the first and
second subbands wversus the radiation fields with includ-
ing and excluding the II process. In Figure 4b the solids
lines, Ngubo/No, are for the lowest subband s = 0, and
the dashed lines, Ngub1/No, are for the second subband
s = 1, where N = Ngupo + Nsub1 = Np since we exclude
the II process for Figure 4b. The electrons gain energy
from the radiation field and gradually transfer into the
second subband. The rates accommodating different sub-
bands strongly depend on the driving frequency fac. At
the lower driving frequency f,. = 0.42 THz, the accom-
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Fig. 5. The orders of the multiple-photon channels, npci,
Np,eph, and np 11, respectively related to electron-impurity scat-
tering, electron-phonon scattering, and II process in InAs/AlSb
HJ at T =6 K and fac = 1, 2, and 4 THz, respectively. They
are self-consistently yielded by the computing program.

modation in the lowest subband decreases rapidly with
increasing the radiation strength. In Figure 4c we have
compared the electron numbers accommodating different
subbands at f,. = 4 THz with and without II process. It’s
seen that after F,. &~ 22 kV /cm the II process begins to
contribute the electron accommodations when compared
to the case without II process. Finally, in Figure 5 we have
shown the orders of the multiple-photon channels, n i,
Ny eph, ad 1y 11, respectively related to electron-impurity
scattering, electron-phonon scattering, and II process at
three radiation frequencies f,c = 1, 2, and 4 THz. They
are self-consistently yielded by the computing program
for reaching given accuracy of 10~%. It’s indicated that
the order of Il-related multiple-photon channels is usu-
ally larger than those related to electron-impurity scat-
tering and electron-phonon scattering, and more multiple-
photon channels are needed to be taken into account for
larger radiation strength and lower radiation frequency.

4 Conclusions

In conclusion, we have extended the balance equations
to include the impact ionization process induced by an
intense THz radiation in two-dimensional semiconductor
systems, and apply them to study the impact ionization
effect on electron transport and electron-hole generation
rate in InAs/AlISb HJ’s induced by THz radiations hav-
ing various frequency and strength. In the calculations,
we considered the electron-acoustic-phonon scattering (via
the deformation potential and the piezoelectric couplings),
electron-polar-optical-phonon scattering (via the Frohlich
coupling), and elastic scattering both from the remote
charged impurities and from the background impurities.
As many as needed multiphoton channels are taken into
account for yielding a given accuracy. By following the
detailed time evolution we have been able to identify the
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two different physical stages, the quasi-steady state and
the complete steady state, of the THz-driven transport
with the II process. Nonlinear transport characteristics,
such as intersubband electron transfer rate and electron-
hole generation rate, are calculated as functions of the
THz radiation strength for various radiation frequencies.
It is indicated that, the role of THz radiation field on car-
rier transport and II process increases with increasing the
THz radiation strength or decreasing the THz radiation
frequency. More multiple-photon channels are needed to
be included for larger radiation strength and lower radia-
tion frequency. Electron-hole generation rates are reason-
ably reproduced by the present calculations, and qualita-
tively compared to available experiments.
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