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LETTER TO THE EDITOR

The negative differential effect in a semiconductor
superlattice in the presence of an external electric field

S Y Mensah
Department of Physics, University of Cape Coast, Cape Coast, Ghana

Received 13 April 1992

Abstract. Boltzmmann's equation is solved for an electron in the lowest miniband of a
superlattice semiconductor under the influence of an external electric field F(t). The
current-density electric field characteristic shows a negative differential conductivity when
wt 4 1 (quasi-static case). This occurs in the neighbourhood where the constant electric
field Ep is equal fo the amplitude of the Ac eleciric field &) and the peak decreases
with increasing E;.

With the development of computer-controlled molecular beam epitaxy it has become
possible to grow semiconductor superlattices (SL) having a period of the order of
10> A. This large lattice constant and the resultant splitting of bands into narrow
minibands made it possible to observe a number of novel high-field non-ohmic be-
haviours which can be attributed to the interaction of electrons with optical phonons
or to inter-valley scattering such as in the Gunn effect; the effect in question arises
from the relatively large number of electrons near the edge of the miniband bound-
ary. As electrons come closer to the miniband edge, their velocity decreases, and it i5
this decrease in velocity that accounts for the negative differential conductivity (NDC).

NDC has been observed under various conditions in $L, e.g. when the Bloch
frequency wy = eEd (h = 1) exceeds the increased carrier relaxation time 71
[1,2] or when eEd > A [3] (A is the superlattice bandwidth). As indicated [3], the
mechanism of NDC is based on the fact that the potential drop eEd over a lattice
period may exceed the bandwidth of the miniband, and under this condition the
current is dominated by the transition between localized states of adjacent wells. The
current then decreases because of a decrease of the probability for these transitions,
whether phonon or impurity induced. Another NDC mechanism in SL was proposed [4]
that relied on a transition between Bloch miniband transport and hopping transport
between Wannier-Stark quantized levels [5].

Recent work by Sibille er @l [6,7] has indicated that Bloch electron conduction
through the superlattice miniband is responsible for this NDC over a large range of
superlattice parameters. Their results excluded the mechanism of hopping transport
between Wannier-Stark quantized levels [4, 5]. There have also been several Monte
Carlo calculations [8-10] on the transport properties of SL. Lei et a! [11] have also
calculated the NDC using a more sophisticated theory.

In this letter we consider the same situation as in [1,2] but with the field E; +
E, cos wt, Le. the sample is placed in DC and AC electric fields. The problem will be
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tackled in the quasi-classical case; thus 2A 3» 771, eEyd, eE,d (w is the frequency
of the field,  is the relaxation time of the electrons, e is the electron charge). These
conditions are necessary to confine the electrons in the lowest miniband and also
to allow us to use the kinetic Boltzmann equation, while bearing in mind that the
electron energy is rather a complicated function of the quasi-momentum because of
the periodicity of the potential seen by the electrons.

The distribution function of the electron in the lowest miniband of the sL, after
solving Boltzmann’s equation, with constant relaxation time, is given [12,13] as

g t
f(p, )= 1-"1/ et/ av fg(p—ef (Ey + E; cos wt") dt"). (D
0 :

-1

With the help of (1) we define the current density along the SL axis as

i(ty=e>_ V(p)f(p, 1). )
P
Substituting (1) into (2), the following expression is found for the current density:
L] ) i
j(t) = er~! Z Vz(P)/ e~t/m d¢ §, (p - e/ (Ey + E| cos wt”) dt”). 3
S 0 1!

Taking the energy £(p) of electrons in SL in the lowest miniband as

E(p) = pl/2m+ A(1 - cos p,d) @
it follows that

V.(p) = Ad sin p,d. ©)

Substituting (5) into (3) and performing the following transformation:

F
p—p— e[ (Ey + E; cos wt") dt”
-t/

the current density assumes the form

j(ty=ed AT™! qu(p)/ e”"/7 dt' sin (pz—ef
> [ t

t
(Ey+ E, cos wt”) dt")_

-t

©)

j(t)=ed Ar~! (Z fo(p) cos p,cg -

I Y

which further simplifies {14-16] to

o0 "
LR TenEmI g / e~ ¥/ gin (edf (Ey + E; cos wt”) dt”) dt’ 7
0 t1!



Letter to the Editor 1327

05
[
ekt WIT 2g5;@ x2
—ae WT o504
03l G WT +¢'5 ;018
S
~
M
=
02F
01k
0 L r — 4
0 2 4 é 3 0 e
I

Figure 1. Expression (8); jz/cq is plotied against Z. for' (x —x) wr =05, a = %
(O-—@)wr =05 a =4 (O—O)wr =05 a =8

where fy(p) is the equilibrium distribution function.
Solving equation (7) for a non-degenerate electron gas and averaging over the AC
electric field we get

= a)(k6 + Z
o 3o L ) )

Wi 14 (k0 + 2,)°
where: oy, = en Ad L(A/KT)/(A/KT); a = eE\dfw; Z, = eEyd; 8 = wr;

Ji(x) is the Bessel function; 7, () is the modified Bessel function.
Eqguation (B) (see figure 1} can be expressed as

®

el e ) o
When E, = 0, Jy(a) — 1, Jy(a) — 0 and from (9) we get [1,2]

§e =00 Z/ (1 + 22). (10)
This can be expressed as

ie = 0oBo/ E/ 1 + (Eo/ E.)’) (11

where E, = 1/edr is the critical field of the NDC effect, 8j,/8F,. Note that j,
approaches its peak value j, at E, = E_:

Jn =€ Ad nl,(AJET)[21,(A}kT). ‘ (12)

To justify the method used, we compare our work with the experimental work of
Sibille et al [6, 7] and the results of simulations by the Monte Carlo method [8] as
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Figore 2 Expression (14); jz foo is plotted against Z; for (x—x} 8 = I; (@—@)
g=2%@O—0)8 =4

presented by Ignatov et @l [17). To do this we transform j, to V,, (the maximum
drift velocity) and replace A by A /2. The following expression is obtained:

V, = Ad I,(A/2kT) J4I,(A [2kT). (13)

As indicated [17], our results agree favourably with the experimental results and
Monte Carlo simulations,

We are mainly concerned with the quasi-static case (6 < 1). Therefore we
transform expression (8) to

& ad {a)Jd a Rt . %0 .
Z kli;;-v( )_:/ﬁ (e sin Zc:c) Z Ji(a)Jy i (a) cos kfz dx

k=—o0 k=m=o00 .

(14)

where v = 0; o« = k8 + Z,_ (see figure 2). The expression under the summation,
after manipulation, becomes

i Ji(a)Jyy, (a) cos k@x = Jy(2a sin 8z/2). (15)

k=—0o0

Substituting (15) into (14) we get
oo
i, = JU_/ e " sin Z.x Jy(2a sin 8z/2). (16)
0
For @ <« 1, equation (16) gives

(2481 + 1+ (2, - 8 -ﬁi:}.)‘”
(14 (Z.+B8)°][1 + (2.~ 8)"]

(17)
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where 8 = eE, d.

As can be seen from (17), 7, assumes jts maximum value in the vicinity of Z, ~ 3
for any given value of 3, as indicated in figure 2. Thus NDC is observed where the
constant field E, is approximately equal to the amplitude of the Ac electric field E,.
Expressions (8) and (17) were computerized and the graph of j, /o, against Z_ was
plotted as indicated in figures 1 and 2. Expression (17) coincides with expression (8),
to a very high degree of accuracy, for wr < 1. It is worth noting that for any given
value of a, 8 = awr; thus for wr « 1, figure 1 can easily be compared with figure 2.
It is observed that for 8 = 1, 2 and 4 the two graphs coincide and that the peak of
the curves decreases with increase in E,.

As established by Pamplin [18], semiconductors with n-type current-voltage char-
acteristics reveal various instabilities which can be utilized for the amplification and
generation of electromagnetic oscillations. There have been several experimental
investigations in which n-type current-voltage characteristics have been observed in
semiconductor SL [1, 4, 6].

We believe that the setting up and extending of such experiments could throw
more light on the development of this effect.
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