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ABSTRACT

Theoretical study of the transport properties of semiconductor superlattice (SL)
in the presence of external electric field E{t) has been investigated with the help of Boltz-
mann's equation. The model adopted agrees fairly well with experimental work as well
as Monte Carlo simulation. Among the phenomena observed are the induced self trans-
parency, absolute negative conductivity and the negative differential conductivity. In the
case of negative differential conductivity (NDC) it is observed that it does also occur under
the a.c and d.c electric field but appears only when U T < 1 . It does appear in the vicinity
where the d.c field Eo is equal to the amplitude of the a.c field E\ and the peak decreases
with an increase in E\.
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1. INTRODUCTION

Since the pioneering work of Esaki [1] transport properties of SL has been investi-
gated several times. This may be due to their interesting properties like negative differential
conductivity (NDC) [1-7], absolute differential conductivity and total self-induced trans-
parency [9]. Among the above mentioned phenomena NDC happens to be more studied
and continues to be the centre of attention.

Recently, Sibille et al. [10, 11] performing systematic measurements and analysis
on series of small-period superlattice samples were able to show that for perpendicular
(NDC), Bloch electron conduction is responsible over a large range of SL parameters and
not hopping transport mechanism between Wannier-Stark quantized levels (WSL) [12,
13]. However, they argued that (WSL) may dominate the transport properties in SL with
narrow miniband. There have also been several Monte Carlo calculations [14-16] and most
recently Lei et al. [17] have calculated the NDC using a more sophisticated theory.

Up till now, this phenomenon has been observed only in a d.c electric field. We
shall, in our paper, show that this phenomenon is also possible in a d.c and a.c electric
field. In view of the fact that other interesting phenomena like the total self-induced
transparency and absolute negative conductivity are associated with an SL placed in such
a field. We shall consider two situations:

1) When the SL is placed only in an a.c electric field E(t) = E\ cosut.

2) When the SL is placed in an a.c and d.c electric field E(t) — Eo + E\ coswi.

It is interesting to note that in Case 2) when u/r < 1 we observe a negative
differential conductivity. It appears in the vicinity where the d.c field Eo is equal to the
amplitude of the a.c field E\.

The problem will be tackled in the quasiclassical case; thus 2A >> r~1,eEod, eE, d.
(a? is the frequency of the field; d is the SL period, 2A is the width of the lowest energy
miniband, e is the electron charge and r is the relaxation time of electrons.) These condi-
tions are necessary to confine the electrons in the lowest miniband and also to allow the use
of kinetic Boltzmann equation where the collision integral is taken in the r-approximation.
Further we suppose r to be constant.

It is worth noting, that the model used agrees fairly well with experimental results
and Monte Carlo simulation [18].

Theory Taking a superlattice (SL) with energy e(p) given by

| ^ coSp,<f) (1)

where m is the transverse effective mass and h = 1.



We determine the current density along the SL axis which is given by

Vz(p)f(p,t) (2)

by finding the distribution function /(p, t) of the electrons in the lowest miniband. This
is done by solving the Boltzmann equation

| cE(t) a / ( i M ) - iflP'*> - ^ 1 (3)

" t ' / r dt> f°(p-eJ [Eo + E1cosu;t"]dt'') . (4)

| cE(t)

The solution of this problem is given as

The velocity of the electrons along the SL axis Vz(p) = -—&• is defined as

Vz(p) = Adsinpxd . (5)

Substituting (4) and (5) into (2) and performing the transformation

p-+ p-e I [EQ + £q cosutt"]dt"
Jt-t<

we obtain after further simplifications [19]

j(t) = edAr" 1 f ̂  /0(p) cospzd J x

x / e-*' / (sin (ed I [Eo + Ei cosu>*"] dt\ dt1 (6)

where the fo(p) is the equilibrium distribution function.

2. RESULT AND DISCUSSION

For non degenerate electron gas we shall consider the first case EQ = 0. The
solution of (6) becomes

>W=-%t S Wsintasinc^e-^l-m^r1 (7)
n= — oo

where <TQ = e2nArd2Ii (i^f) h {iTr) j a — e 1 ; Jn{
x) is the Bessel function; In(x) is the

modified Bessel function.



Taking the n — 0, Eq.(7) becomes

j(t) = —j- Jo(a) sin(asinwi) . (8)
ear

From Eq.(8) it is observed that when a is equal to the roots of the zeroth order Bessel
function (a = 2,40; 5,52; 8,65;...) j(t) becomes zero, i.e. there is no conduction, the
semiconductor SL behaves as an insulator. This phenomenon is called total self induced
transparency first observed by Ignatov et al. [9]. This phenomenon can be explained by
the fact that under total self induced transparency conditions the mean electron energy
corresponds to the energy level in the centre of the band. This can be observed from the
expression of the mean electron energy which is given as

1 - sK&\ Jo(a) • cos(asmut)

Another important result can be obtained from Eq.(7) if we write it in the form

T T J"(Q) Jn+k{a) e'*** + c.c . (9)
^ , ^ > l-inu>T V '

k
n = —oo k= — oo

Then for the first harmonic if we take the dissipative part of Eq.(9) j(t) becomes

. . . 2,CTQU y~—\ Jni11) Jn+l(a)
j(t) = — > —Z— -• \ COS Uit

ed f—' 1 + {nuT)1

= cr{(*)) Ei costuf (10)

where
n Jn(a) Jn+i(a)

n= — oo

For w r > l

and for weak field ( « < 1) the terms in the square bracket become equal to one and we

obtain Drude's formula where conductivity is inversely proportional to the square of the

frequency. This result was first obtained by Pavlovich et at. [20].

For the second situation when EQ ^ 0 we solve Eq.(6) and average the solution
over the period of the a.c field, this gives

oo
<70

where Zc = eEod; 9 — wr.

n~~ oo



This result can be expressed as

<70 [ J^(a)
(12)

when J5i = 0; J0(a) -» 1, JB(a) -» 0 and (12) gives [2, 3]

where Ec = ^ is the critical field of the NDC effect,
peak value j m at Eo = Ec.

Thus

i m = c A d B J 1 ( A / i ^ T ) / 2 J

Therefore, the maximum drift velocity Vm becomes

Vm = A^ h(A/KT)/2 I0(A/KT) .

(13)

Note that j t approaches its

(14)

(15)

Eq.(15) coincides with that of Ignatov et al. [IS] and from [18] we could infer that the
model used agrees favourably with experimental results and Monte Carlo simulation.

If we put n9 ;§> Zc and UT > 1 we obtain from Eq.(12)

j z — (TQ
JS(a)

CO ..

y J2(«) -
*—* n2

(16)

It is obvious that the second term in the bracket of this equation is less than the first
term; however when again a coincides with the roots of the zeroth order Bessel function
(a = 2,40; 5,52; 8, 64;...) the first term disappears and the current becomes negative, i.e. it
flows against the applied d.c field. This phenomenon called absolute negative conductivity
was first observed by Kryuchkov et al. [8].

Lastly, for
result. j z becomes

after rigorous transformation Eq.(ll) gives a very interesting

Jz =
(To

edr

i {[i + (zc + pf]1/2 + [I + (ze -
1 / 2 } 2

- p2 - I
1/2

(17)

where /3 = eE\d.

It is observed from Eq.(17) that negative differential conductivity can even occur
in the presence of d.c and a.c electric field but for this to occur wr -C 1. The current j z



assumes its maximum value in the vicinity of Zc ^ & for any given value of j3 with the
increase of /? the peak of the current decreases. This is indicated in Pig.l.

3. CONCLUSION

We have theoretically studied the effect of a.c and d.c electric field on the trans-
port properties of SL. It is noted that, in the presence of these fields, phenomena like total
self induced transparency, absolute negative conductivity and even negative differential
conductivity which is usually associated with d.c field are observable.
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Fig.l Expression (17); jjao is plotted against Zc for 1) P = 1; 2) p = 2; 3) p = 4.
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