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Abstract. The method of non-equilibrium statistical operators developed by Zubarev has
been extended to study transient hot-electron transport in many-valley semiconductors. A
set of coupled evolution equations with memory effect are derived to determine the time-
dependent drift velocities v,(f), hot-electron temperatures T,(¢) and populations N,(t) of
various valleys under time-dependent electric fields. In the classical approximation these
non-linear differential equations are applied to study the transient transport of GaAs with
a ['-L-X band structure under electric fields with several configurations:

(i) time-step;

(ii) rectangular time pulse;

(iif) high-frequency sinusoid.

Using the same set of parameters, our calculated results for vy(f) = Z N, (Dv(0)/ZNA0)
compare quantitatively with those in Monte Carlo calculations.

1. Introduction

Currentinterest in studying the transport properties of conducting material with an ultra-
small size has been stimulated with the development of submicrometre semiconductor
devices (for a general review, see [1]). The features characterising carrier transport in
semiconductors for a submicrometre scale can be very different from those obtained in
the usual steady-state transport. These new features occur either when the semi-
conductor sample is submitted to a very fast time variation in the electric field or when
the electric field is characterised by a small spatial scale. For an ultra-small sample the
drift velocity v4 is time dependent and the measured current density Nevy(¢) depends on
the distance between the'source and the drain. This transport property is very important
and will govern the behaviour of a device. In the present paper, we shall study the
transient drift velocity of electrons by submitting a GaAs sample to a time step or a time
pulse configuration of electric field, or to a high-frequency sinusoidal electric field
superimposed on an applied steady field.

Although several classical and quantum mechanical formulations for high-field tran-
sient transport have been proposed, in realistic calculation, one has to employ methods
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based on either the phenomenological Boltzmann equation in the relaxation time
approximation [2] or the Monte Carlo simulation [3, 4]. Since an ensemble of electrons
in a strong electric field is far from the equilibrium state, the method of non-equilibrium
statistical operator (Nso) developed in [5] seems to be a useful tool for studying hot-
electron transport in high electric fields. We have generalised this method to the steady-
state hot-electron transport for both simple-band [6] and many-valley [7] semicon-
ductors, as well as to the transient hot-electron transport for a single-valley semi-
conductor [8]. In this paper, we shall extend the NSO method to the study of transient
hot-electron transport of many-valley semiconductors. Considering n-type GaAs with
a I'-L-X valley ordering, we shall derive a set of non-linear time-differential equations
for momenta, energies and populations of various valleys, from which the drift velocities
v (1), the electron temperatures T,(¢) and the populations N (y) (¢ =T, L, X) can be
determined self-consistently as functions of time ¢ and electric field E(¢). Using these
equations, we shall calculate transient current waveform I(t) = Nevy(f) with vy =
SN, (Do, (t)/N in various time-dependent electric fields. We show that the results
obtained are in reasonable agreement with those of the Monte Carlo simulations.

In § 2the Hamiltonian of amany-valley electron—phononsystemin a time-dependent
electric field is described. The Nso for a many-valley system is introduced to perform
statistical averages over the centre-of-mass momenta, Hamiltonians and population
operators in the non-equilibrium state. In § 3 a set of evolution equations with memory
effect are derived to calculate the drift velocities, electron temperatures and populations
of various valleys. In §4 the explicit expressions for these non-linear differential
equations in the classical approximation are given. In § 5, our formulation is applied to
calculate the transient hot-electron transportin GaAs with a I'-L-X valley structure in
several time-dependent electric fields. The results are discussed and compared with
those of the Monte Carlo calculations. The final section, § 6, contains a brief summary.

2. The non-equilibrium statistical operator method

We consider an ensemble of electrons in a semiconductor with an r-valley band structure
in a time-dependent electric field E(¢). The electrons are accelerated by the applied
electric field and scattered by phonons, forming a transient flow of current. The total
Hamiltonian of the system can be written in terms of the centre-of-mass variables and
electron variables in the relative coordinates [9]:

H=H,+ H, + Hy, + H._, (1)

where

=y
>
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He-ph = 21 kzl Ma/y(qa /1) (bql + btql)cz,k+qcy,kan(k’ q) + HC
w,y=1k,q,

with

an(k’ 61) = CXP[(k + q) ‘R, — k’Ry]'

Here H. is the centre-of-mass part of the Hamiltonian. P, and R, are the momentum
and coordinate of the centre of mass respectively, for the ath valley, N, is the population
of electrons for the ath valley and m, is the single-electron effective mass. H,, is the
free-electron Hamiltonian in the relative coordinate of the ath valley, and H,; is the
phonon Hamiltonian. H,_,, stands for the intra-valley (& = y) and inter-valley (& #
y) electron—-phonon interaction terms with M,,(g, 1) as the electron-phonon matrix
elements. The electron-impurity and electron—electron interactions can easily be
included in the present method [7], for simplicity, they are not considered here. The
above Hamiltonian features the separations of H, from H,,. The advantage of such
variable separations is that the current ({P,) # 0) is carried only by the centre of mass,
while electrons in the relative coordinates, which constitute » many-body systems, are
not directly influenced by the electric field and do not carry current (Z{P,;) = 0). Since
our approach depends on the separations of the centre of mass from the relative motions
of electrons, the valleys of electrons must be assumed to be parabolic (isotropic or
anisotropic).

The current density is defined as I(f) = Nevy(t) with vy(r) = Z n,(f)v,(¢), where v,(1)
isthe drift velocity of electrons for the ath valley, and n,(¢) = N(#)/Nisthe corresponding
fraction of electron population. In order to study the transient behaviour of the current,
one needs to investigate the equations of motion for operators P,, He,, N, (@ =
1,2,...,n)and Hy,. According to the formula P = —i[PH], one obtains

Pax = NozeE -1 kE . (kx + Qx)May(qa A)(bq/l + btql)cz,k+qcy,kan(k9 q) + HC
YsK. 4,

Hea = —i E £a,k+qMafy(q’ A’) (bq/l + btql)C;,k+qcy,kan(k> ‘Z) + HC
e @

Naf =—i kz N Ma/y(q’ }')(bq/l + btql)c;,k-#qcy,kEafy(ks Q) + HC
YK.q,
th = 1% k;). QqAMay(q’ A’) (bq). - btql)C;,kﬁ-qcy,kan(k’ CI)

The next step is to take the statistical average of operator Q (Q stands for Pax, Hw,
N, and H,,) with respect to a time-dependent density matrix p(f):

(Q) = Tr[p(HQ]. 3

Following to [5] and [8], we can write the NsoO in the following form:

0
o(f) = exp <—s(t, 0) + f dr exp(et’) s(t + t’,t’)) )
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where

S(t7 0) = (p(t) + 2=:1 ﬁa(t)Ka + ﬁth
; (5)
#@ =0 [Te (2 ~p. 0K, - B |

withK, = [H., — u.(t)N,]. Here H,,, N,and H, are chosen as basis dynamic quantities,
and their thermodynamically conjugate forces are B (), B.(f)u.(f) and B with B,(¢) and
u.(?) as theinverse of temperature and chemical potential for the ath valley, respectively,
and B the inverse of temperature for the phonon system. From equation (5), we find that

(1,0 = BHyn + 2 [Bo(OK o + Ba()(Ku = (K)])] (6)
s(t, ') = exp(iHt') s(t, 0) exp(—iHt') (7)

where (K,); = Tr[K,p;(?)] with p(r) = exp[—s(¢, 0)] as the time-dependent quasi-
equilibriumsstatistical operator corresponding to the isolated carrier distribution without
electron—phonon interaction at the time ¢. It has been shown [5] that p(¢) defined in
equation (4) satisfies Liouville’s equation in the limit of ¢ — 0 and can be used to describe
the non-equilibrium transport process. Since the energy exchange rate between the
electron and phonon systems is generally assumed to be small in hot-electron transport
theory, we shall use the following perturbative expression for p(f) to lowest order in
H,_ . [6, 10}

p(t) = p1(f) [1 + fo de exp(gt')f1 dr (il,b’a(t+t’)f<a(t’,ir) (8)
—» 0 o=
+ BH (¢, ir))]

with
K, (t',it) =exp[—15(1,0)|exp(iHt') [Heo + i o (t+1' )N, Jexp( —iHt' Yexp[Ts(s,0)] 9)
H,(t,it) = exp[—15(1,0)]exp(iH!') Hypexp(—iHt') exp[zs(2,0)]. (10)

In deriving the above perturbative expression for p(f), we have neglected the last term
on the right-hand side of equation (6) which is of the second order of magnitude in
H, ;; [8]. This corresponds to neglecting energy and population fluctuations in many-
electron systems. Substituting the expressions for H,,, N, and H,, into (8), using the
relations :

bql (t” lt) = exp(ﬁrgql) bql(t,)
b1 i7) = exp(~BTS) b (1) (1)
Pay, kq (t’9 l‘L') = exp{_ﬁa(t)r[ga,k-#q(t) - Ey,k(t)]}pay,kq (t')

With 04y kg (1) = €3 k+q(E)cy k(') and &, (£) = €,k — U, (¢) and performing the inte-
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gration over 7 in equation (8), we obtain
0

PO =10 =ip1®) [ dr exp(e) S S Molq HEw (kg)
% a,y k,q,A

(A2 (=40, 1) = 1] kg (Doa©)

Aay(t)
B, (t+1
Bfi#t)t) [exp(_Bay(t) - 1] pay,kq(t,)bg;/l(t,)> (12)
where A,,(1) = Bo(O)[Ea.k+(1) = &y x(0)] — fR, and
Boy(8) = Ba()[Eai+q(t) = &,k (D] + BLQ,. (13)

From equations (3) and (8) the statistical average of a dynamic variable £ at time ¢ can
be written as

(@) = (@ + Tr{Q[p(®) - p1(]}- (14)

In § 3, we shall apply equations (12) and (14) to derive the evolution equations for v ,(¢),
T,(#) and n,(?).

3. The evolution equations

Substituting equation (2) for P, into equation (14) and using the relations

<Pabq/l (t,)pay,kq (t’)>t1 {exp[_Aay(t)] _1} = <[bq)L (t’)pay,kq (t,): Pa]>t1

. . 15
(Pobt g3 (E)Pay,iq ()1 {expl=Boy (D] =1} = ([BZ 2 ()P ay kg (1), Pa Dl )

with [C, D] = CD — DC, we obtain the average value of the time derivative of operator
P, as

(Po) = NyeE(®H) — i; k% (ky +q.) M (g, ) fo dt' E,, (1, ') exple(t’ — 1)]

Aa t’ B - !
x(—ilmwwqjﬁ—ﬁ+4ﬁg

A oy (t) Bafy (t)

where A;,,(k,q, A, t—t'yand Af,,(k,q, A, t — t') are the retarded Green functions
which are respectively defined as

Az?ay(k’ q, /‘{’ t— t,) = _ie(t - tl)<[bqlpay,kq’ b;l(t’ - t)p:,kq(t’ - t)Dtl
Axwy(ka q, A', r— tl) = _ie(t - ﬂ)([btq/lpa'y,kq’ b—q,l(t’ - t)p:);,kq(t’ - t)]>t1
and E,(t, ") is defined as

Al kg, At — t’)) (16)

(17)

E,,(t,t') =exp (i(kx +4q,) f’r vo(s)ds — ik, J',t v,(5) ds). (18)
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Similarly, we can obtain the average values of the time derivations of H, and N,

()= =12 3 trrg Ma(@ DF |88 Ey(t, ) explets = )]
Y sqs —

Ag(t) o B
X <_Aay(t) Ak g, ht—1t) + B..()

(Npy=—=12 2 M, (g, V)P fm dt' E,, (¢, 1) exple(t’ — £)]
v k.g.A —x

Al kg, h t— t’)) (19)

A, () B, ()
X | == A kg, Ayt — 1) + =2

(5@ htea =0+ 325

Equation (16), (19) and (20) are the main formulae in this paper. With the relations
(P,y = Nymo(dv,/d?), (H,,) = Nyc(dT ,/dT) + Toe (dN,/d?) and (N,) = dN,/dt (c. =
$ky is the single-electron specific heat), these equations form a complete set of evolution
equations to determine the transient value of the drift velocities v,, effective tem-
peratures T, and populations N, of electrons for various valleys in a time-dependent
electric field. These evolution equations derived above are non-Boltzmann type and go
beyond the semi-classical approximation because of the memory effectincluded in them.

Al kg, bt — t’)). (20)

4. Non-linear equations in the classical approximation

In equations (16), (19) and (20) the memory effect is included in the factors Az,(¢') and
B,(t")aswellas E,,(¢, t'). It has been shown [8] that for single-valley case the transient
currents obtained by the Langevin-type equations with memory and without memory
are almost identical with each other in electric fields of moderate strengths. This result
means that in such fields the memory effect is not important and can be neglected.
We expect that this conclusion is still valid for many-valley systems. The classical
approximation without a memory effect has been used extensively for studying the
transient behaviour of laser-induced hot electrons in GaAs [11, 12]. Omitting memory
effects from the evolution equations (16), (19) and (20) is equivalent to the following
approximation:

A(t')/A(t) = B(¢')/B(t) =
and
E,, (6, 1) =expli[(k, + g.)v. () — kv, O] (¢ — )]} (21)

Under this approximation the integrals over ¢’ in equations (16), (19) and (20) can easily
be performed. In terms of the standard Green function technique [13], we obtain a set
of classical equations which can easily be employed to calculate the transient hot-electron
transport for a many-valley semiconductor:

Namoz

dov,
? = NyeE(1) + 2 kz (kx +42) |May(q’ A)}zAay(k’ q, %, way)
Y Kq

22(8k+q CeToz) lMay(q’A)'zAay(ka qyka way) (22)

C
0{8 dt »
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dN,
dr

= 2 2 Muy(q, M Ay (K, 4, 4, 04y)
y#*a k,q
where A, (k,q,A, w,,) is the imaginary part of the Fourier transform of
[Argy(k, g, At =t') + Afy, (k, g, A, t — t')]. Its expression [14] is
Am:r(k’ q, A’ wafoz) = 2danafar(k9 q, waa){n(QqA/T) - n[(a)aa + qu)/Ta]} (23)
Aay(ka q, A" a)ay) = Zdady{nay(k: q, Wy — qu)[n(QqA/T)
- n(Ea,k+q/Ta - &yk/Ty)]
+ Hay(kz q, @y + qu)[n(QqA/T) - n(&yk/Ty - ga,k+q/Ta)]} (24)

with
Hay(k7 q, (1)) = _2n[f(§a,k+q/Ta) _f(gyk/Ty)]a(ga,k+q — €y + w) (25)
Ouy = (ky + )00 — K0y + Mm% /2 —m 022 (26)

where (& /T,) = 1/[exp(€a — tha)/Ts) +1]is the Fermi-Dirac distribution function
with &, = €, — Ua and n(x) = 1/[exp(x) —1] is the Bose-Einstein distribution
function. In deriving equations (23)—(26), we have assumed that there are d, equivalent
valleys for the type-« carriers, and d, equivalent valleys for the type-y carriers. For
GaAs with a I'-L-X band structure, the set of equations in (22) is composed of eight
non-linear differential equations (o =T, L, X, with Ny + N + Nx = N). It is well
known that, for many-valley semiconductors, the carriers of various valleys in thermal
equilibrium obey the Maxwell-Boltzmann distribution at room temperature. In such a
Casef(grxk/Ta) = exp[_(eak - /"a)/Tar] and exp(Ua/Ta) = (Na/zda) (2”/mozTa)3/2’ so that
I,,(k, g, w)and A,,(k, ¢, w,,) reduce to the expressions which have already been given
in the Appendix of [14].

It is interesting to compare the evolution equations obtained above with those from
the approximate treatments of the Boltzmann equation. Although the present method
is non-Boltzmann, the results seem to be close to those obtained from the drifted
Maxwellian approximation in solving the Boltzmann equation. A detailed discussion of
this point has been given in [15]. As pointed out in [15], the carrier distribution function
in the present method is not a drifted Maxwellian type and the exact carrier distribution
function is not needed in calculating vy as a function of E.

5. Numerical results

In this section, we apply those equations in (22) obtained above to calculate the drift
velocity of carriers in an n-type GaAs sample in time-dependent electric fields at room
temperature. For an n-type GaAs semiconductor, we consider the complexity of the
conducting band structure by assuming that the system is composed of three parabolic
valleys (one I valley, four equivalent L valleys and three equivalent X valleys). Carriers
in different valleys have different effective masses, drift velocities and electron
temperatures. Scatterings due to acoustic, polar optic and non-polar optic phonons are
considered. For each valley the acoustic electron-phonon interaction matrix element is
taken to be

M. (q, VI* = E%q/2dv,. (27)
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For the I valley the polar optic electron—phonon interaction matrix element is taken to
be

|Mrr (g, M)|* = (€*Quo/2€06%) (1/x = 1/K¢). (27)
For L valleys the non-polar optic electron—phonon matrix element is
|Mi(g, M) = D, /2dQ,. (28)

Between both equivalent and non-equivalent valleys, the non-polar optic electron—
phonon interaction matrix element is

Mo, (g, 1) = D3, /2d<. (30)

The definitions of the parameters which appear in these electron-phonon interaction
matrices are explained in table 1. For comparison, we use the same values for all
parameters in GaAs as those in the Monte Carlo method (see table 8.2 of [1]), except
that the non-parabolicity effect is not considered, in calculating the transient v, (¢), T,(¢)
and N,(¢) for various valleys.

From equation (22), we first calculate the transient drift velocity in an external
electric field with a time step configuration (E = 0for < 0,and E = 5,15,40kV cm™
for ¢t = 0). The drift velocity as a function of time at 7' = 300 K is shown in figure 1. The
time dependences of the mean velocity, temperature and the fraction of carriers in the
T valley at E = 15 kV cm™! are plotted in figure 2. The essential feature of the transient
velocity is the overshoot behaviour. Owing to the inter-valley scattering in a many-valley
system the overshoot effect is stronger than that in single-valley case [8]. As shown in
figure 1, the higher the field is, the stronger the overshoot effect. Our calculated results
for E = 40 kV cm™! after t = 0 is very close to that of the Monte Carlo calculation which
is shown in figure 8.4 of [1]. The overshoot effect can be understood in view of the

Table 1. The parameters of n-type GaAs.

Symbol Parameter (units) Value
d Density (g cm™) 5.36
v, Velocity of sound (cm s™!) 5.24 x 10°
K Static dielectric constant 12.90
Ks Optical dielectric constant 10.92
Qo Longitudinal optical phonon energy (eV) 0.03536
I(000) L(111) X(100)
mg/my Effective mass 0.063 0.222 0.58
€40 Energy band gap (eV) (relative to valence band) 1.439 1.769 1.961
E, Acoustic deformation potential (eV) 7.0 9.2 9.27
Qqp Optical phonon energy (meV) 0.0 343 0.0
Dy, Optical deformation potential (10° eV cm™!) — 0.3 —
D Inter-valley coupling constant (10° eV cm™?)
from T’ 0 1 1
fromL i 1 0.5
from X 1 0.5 0.7
Q Inter-valley phonon energy (meV)
fromT’ 0 27.8 29.9
from L 27.8 29.0 29.3
from X 29.9 29.3 29.9

d, Number of equivalent valleys 1 4 3
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f {ps)

Figure 1. Transient drift velocity v4(f) against time
when a time step of the electric field is applied to
a GaAssample at T = 300 K: curve A, calculated
results for E = 40kV cm™'; curve B, calculated
results for 15 kV em™!; curve C, calculated results

t (ps)

Figure 2. Mean velocity vr(¢) (—), temperature
ratio Tr(¢)/T (—~-) and fraction ny(¢) (- - - - - ) of
carriers in the I valley against time when a time
step of the electric field (E= 15kVem™) is
applied to a GaAs sample at T = 300 K.

for SkV cm™!. Comparison between curve A and
the results obtained in [1] with a Monte Carlo
procedure (@) is shown in the inset.

disparity of the relaxation times for momentum, energy and carrier transfer. Since the
momentum relaxation time is shorter than the energy and population relaxation times,
as shown in figure 2, in the first 0.3 ps after the application of a constant electric field,
while most of the carriers still stay in the I" valley and the carrier temperature increases
slowly, the mean velocity of carriers in the T" valley increases rapidly, causing the
overshoot behaviour. After about 0.3 ps has passed, the inter-valley scattering and hot-
electron effect begin to play a leading role.

(i) Many carriers in the I valley with higher mean velocity transit to the satellite
valleys (L and X) with lower velocities.

(ii) The drift velocities of various valleys decrease with the increase in hot-carrier
temperatures.

Thus, the total drift velocity first decreases rapidly and then gradually reaches its
steady-state value. In small devices with high operating frequencies an interesting
problem is research on the optimum electric field configuration which make electrons
go as fast as possible. By using the simple relation

t
5= f oy(d) i 31)

0
the average distance s travelled by the carriers over a time f can be obtained and is shown
infigure 3. For a GaAsshort channel field-effect transistor (FET), the separation between
source and drain is in the micrometre range; the cold electrons injected at the source
may never reach their steady-state velocity before being collected at the drain but travel
at a overshoot velocity vy(f). From figure 3, it seems that in small-size devices (feature
sizes in the range 0.1-0.5 um) the optimised field for obtaining the maximum distance



416 M Liuetal

of high-velocity propagation depends on the overshoot velocity rather than the steady-
-state velocity.

Next we calculate the transient drift velocity when a time pulse of electric field is
applied to a GaAs sample. The calculated result is shown by the full curve in figure 4,
and that of the Monte Carlo calculation by the dotted curve. Both calculated results of
the two methods are in good agreement with each other except for some discrepancies
near state C and D. Both overshoot and undershoot effects are obtained. To clarify the
reason for producing both overshoot and undershoot phenomena, the fraction of carriers
in the T valley is plotted by the broken curve in figure 4. State A is the transient drift
velocity in a time step of the field (E = 0kVem™! for £ <0ps and E = 2kV cm™ for
2ps>t>0ps). Before t=2ps, it has reached the steady-state value of vy =
1.48 x 107 cm s™1. State B refers to a few tenths of a picosecond after the application of
the high-electric-field pulse (E = 20kV cm™?). The drift velocity increase linearly with
time and has a strong overshoot effect as discussed above. State Crefers to 1 ps after the
application of the pulse; although the electric field remains very high, the transient drift
velocity v4(f) = Z,0,(t)n,(f) decreases quickly because a great number of carriers are
scattered into the L and X valleys from the I valley, and the transient velocity v,(¢) for
various valleys drops quickly and develops the lower steady-state values. State D refers
to a few tenths of a picosecond after the applied electric field Ereturnsto2kV cm ™. At
this moment, while the instantaneous energies of various valleys have not yet been
reduced and the population in the T valley still remains of very small value, the mean
velocities in various valleys decrease quickly owing to the low value of the electric field.
Therefore, there is a drastic decrease in the total drift velocity. Such a phenomenon is
called the undershoot velocity effect. With increasing time, most carriers will return to
the I" valley, Trwill decrease, and the drift velocity vy will increase and tend towards the
steady-state value corresponding to E = 2 kV cm™ . Our calculated values for v4(f) near
state C are higher than those of the Monte Carlo calculation (see figure 8.8 in [1]) where
it is claimed that there is undershoot phenomenon at state C due to the Rees effect. In

T T T T T T 7T 71T
6 b
T I T T; 20
- B N
: 1.
- _ < r 02 4
w f {ps)
_0r < 4 5s-
5§ | 4 2
“ 8 A = 7R -7 T T
02 7] (RS e
L - 7 ez WP
N - "
| L 1 1 L I 1 D T 1 ! 1
0 0.5 1.0 1.5 0 4 8
t (ps) t {ps)
Figure 3. Average distance s travelled by the car- Figure 4. Transient drift velocity v4(f) (—) and
riers over a time ¢ when a time step of the electric fraction np(t) (~—-) of carriers in the ' valley
field is applied to a GaAs sample at 7 = 300 K: against time when a time pulse of electric field is
curve A, E=40kVem™; curve B, E= applied to a GaAs sample at 7= 300K; ----- ,

15kVem ™ curve C, E=5kVem™, Monte Carlo calculation [1].
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our opinion the transient behaviour of the drift velocity near state C before t = 4 psina
time pulse electric field should be same as that in a time step field because different
configurations of the fields after ¢ = 4 ps cannot affect the transient drift velocity before
t = 4ps. Itis inconsistent to assert that the undershoot phenomenon shows up at state C
with a time pulse field (E= 20kV cm™!) from the Monte Carlo calculation in figure 4,
while the transient drift velocity in a time step field with E = 206(f) kV cm™! has no
undershoot effect from both our and Monte Carlo results. Near state D the undershoot
effect in our calculation is slightly weaker than that in the Monte Carlo calculation. The
origin of this discrepancy is not clear. The undershoot phenomenon near state D is called
the Rees effect. This effect was explained in {16, 17].

Finally we study the time responses of the drift velocity for a long sample submitted
to a high-frequency sinusoidal electric field superimposed to an applied steady field:
E = E,+ E, cos(wt) with E;=18kVem™!, E; = 14kVem™?, and f= 100 GHz. The
calculated result for the time-dependent drift velocity waveform is shown by the full
curve in figure 5(a), where a stable pulse current waveform with a time delay has been
obtained. In order to show the transient transport behaviour in a high-frequency field,
the steady-state values of the drift velocities in the same fields are plotted as the broken
curve. It is easily seen that for the first half-period (5 ps > ¢ > 0 ps) the calculated drift
velocities are lower than their corresponding steady-state ones owing to the undershoot
effect in a field whose strength decreases with time, and for the last half-period
(10 ps > ¢t > 5 ps) the overshoot behaviour dominates the drift velocity waveform in
a increasing field with time. Figure 5(b) gives the time-varying mean velocities and
populations of electrons for various valleys. From that both the undershoot and the

_ Figure 5. (a) Drift velocity v,(¢) against time when
auniform electricfield (E = E, + E, cos(wt) with
Ey=18kVem™!, E;=14kVem™ and f=
100 GHz) is applied to a GaAs sample at T =
300 K. -~ steady-state drift velocity for the cor-
responding electric fields; ----- , electric field
strength waveform. (b) Corresponding mean vel-
ocities v,(t) and fractions n,(¢) of carriers, where
a=T,L, X, against time.
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overshoot effects which dominate the current waveform can be understood, the peak of
vq(f) corresponds to a high mean velocity v and a large population n- of electrons at the
I" valley, and the valley of v4(f) near ¢ = 5 ps is due to the minimum mean velocities of
electrons for various valleys.

6. Conclusion

We have studied the transient hot-electron transport in many-valley semiconductors by
employing the method of the NSO. A set of coupled evolution equations with memory
effectare derived to determine the time-dependentdrift velocity. In the classical approxi-
mation, non-linear differential equations for v,(f), T,(¢) and n,(¢) in a numerically
calculable form are obtained. By using the same parameters as those in the Monte
Carlo simulation, the time-dependent drift velocity, hot-electron temperatures and
populations of carriers are calculated from these differential equations when the sample
is put in various time-dependent electric fields. The results obtained are comparable
with those of Monte Carlo calculations, but the mathematical structure of the present
methodis quite simple and the required computational effortis minor, a set of differential
equations being solved on a Micro-VAX II computer. Furthermore, the physical origin
of both overshoot and undershoot behaviours which govern the transient transport in
the small region of semiconductor devices can be understood in terms of the hot-electron
effect and inter-valley scattering in a many-valley system. Using the present method, we
can easily study transient transport property in many-valley semiconductors within any
shape of time-dependent electric field.

Acknowledgments

This work is supported by the Space Vacuum Epitaxy Center through a grant from the
National Aeronautics and Space Administration and the Texas Advanced Technological
Research Program.

References

[1] Reggiani L 1985 Hot-Electron Transport in Semiconductors (Berlin: Springer)
[2] Carnez B, Cappy A, Kaszynski A, Constant E and Salmer G 1980J. Appl. Phys. 51784
[3] Maloney T J and Jeffrey F 1977 J. Appl. Phys. 48781
[4] RuchJ G 1972 IEEE Trans. Electron Devices ED-19 652
[5] Zubarev D N 1974 Nonequilibrium Statistical Thermodynamics (New York: Consultants Bureau)
[6] Xing D Y, Hu P and Ting C S 1987 Phys. Rev. B 35 6379
[7} LiuM, Xing D Y, Ting C S and Xu W T 1988 Phys. Rev. B 37 2997
[8] Xing D Y and Ting C S 1987 Phys. Rev. B 353971
[9] Lei XL, Xing DY, Liu M, Ting CS and Birman J L. 1987 Phys. Rev. B 36 9134
[10] Kalashnikov V P 1970 Physica 48 93
[11] Vasconcellos A R and Luzzi R 1983 Phys. Rev. B 27 3874
Algarte A CS and Luzzi R 1983 Phys. Rev. B 277563
[12] Cai W, Marchetti M C and Lax M 1987 Phys. Rev. B 35 1369
[13] Lei X L and Ting C S 1985 Phys. Rev. B 321112
[14] Xing D Y, Liu M and Ting C S 1988 Phys. Rev. B 37 10283
[15] Lei L X and Ting C S'1987 Phys. Rev. B 36 8162
[16] Fawcett W and Rees H D 1969 Phys. Lett. 39A 578
[17] Boittianx B, Constant E, Reggiani L, Brunetti R and Jacoboni C 1982 Appl. Phys. Lett. 40 407



