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Using the Green’s function method the charge carrier energy spectrum in a thin film heterostruc-
ture is studied taking account of the surface states. The density of states in various parts of the
heterostructure is calculated. It is shown that their ratio may vary within large limits. This may
lead to the appearance of a negative conductivity in presence of a longitudinal electric field.

Ha ocnoBe Meroga ¢yHknum I'puHa uccleqyeTcA 9HepreTHYeCKHil CHeKTp HocHTemeit
3apAda B TOHKOIIJIEHOYHOIl TeTEPOCTPYKTYPE ¢ YUeTOM 110BEePXHOCTHBIX COCTOAHUIT. BrI-
YNCJAETCA MIOTHOCTD COCTOSHUIL B PA3JIMYHBIX YACTAX TeTePOCTPYKTYPH. Ilokasano, uto
UX OTHOLIEHHe MO;KeT MEeHATCS B HOBOJILHO IUMPOKUX Npefelax. JTO MoO:KeT HPHBECTH
K BO3HMKHOBEHMIO OTPHUUATENBHONH IuddepeHnansHol OPOBOINMMOCTY B IPUCYCTBUH
NIPOZOJBHOTO JIEKTPUYECKOro M0JIA.

1. Introduction

Investigation of thin heterostructure (TFH) attracts increasing attention at present.
The study of the energy spectrum of the charge carriers with account taken of the film
or surface states is of great interest, since the states may notably influence the electric,
photoelectric, and other properties of the system (see, for example [1, 2]). Thus the
density of states and the mobility may vary considerably from one part of the TFH
to the other. Hence the negative conductivity may be obtained in TFH [3] in high
enough electric fields, somewhat analogous to the Gunn effect. In connection with this
it is interesting to study the density of states in various parts of the TFH taking
account of the quantum size effect.

2. Results and Discussion

Generally the TFH may be viewed as a four-subsystem structure (see Fig. 1). The
microscopic characteristics of the exterior subsystems depend essentially upon the
boundary conditions at the interfaces. We treat the inner subsystems as thin ideal
crystals called further film 1 and film 2 of width d, and d,, respectively; there is
generally a transition region between them. For simplicity we assume the hetero-
junction to be sharp and neglect the width of the transition region. This assumption
is correct if the width of the transition region is small enough compared to d, and d,
(in the energy region corresponding to the bands of separate erystals) and to the
localization radii of the interface states (within the gap).

Let the TFH have two-dimensional translation invariance and let the boundary
surfaces of the TFH represent the symmetry planes of each crystal. Then for small val-
ues of a two-dimensional wave vector k| directed along the boundary planes the three-
dimensional problem may be reduced in a good approximation to the one-dimensional

1) Ashtarak, Armenian SSR, USSR.
2) Erevan, Armenian SSR, USSR.

28*



436 V.M. GasparYAN and Z. A. KASAMANYAN

Fig. 1. The scheme of the one-dimensional four-subsystem struc-
ture
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one [4, 5]. Therefore we shall consider the problem in the one-dimensional form.
Trausition to the three-dimensional case may be made by replacing the one-dimen-
sional Green’s function (GF) by a surface GF, which depends upon the parametersk | .

We assume that the GF’s (G,(z, 3 B), 1=0,1,2, 3) for both subsystems are
known. The density of states and the energy levels for such a structure are determined
by the GF of the four interacting subsystems (i.e. by a three-junction GF). The poles
of the latter are given by the roots of the equation (% = 2m; = 1)

D(E) = 1 — Qyrygryy — AgfonTos — AidaTroTes(l — 73y — 135) = 0. 1)

Here the complex reflection amplitudes r; are expressed in terms of the function
G, [6];
Ay = [Gy(zy, 29) Gilz, 29)] (Gl 29) G20, 217"

The amplitudes r,, and 7,5 act as the boundary condition, while 7, and 7y, describe
the interaction between the interior subsystems forming the heterostructure.

Interface or contact states arising at the boundary of the two systems in a common
gap are determined by the poles of the amplitudes ry, 7,3, and 7y, (or 7). The positions
of these levels depend essentially upon the matching conditions [7, 8], therefore, in
a real crystal the states should be distributed over the gap [9]. If the width of each
film of the TFH is assumed to be sufficiently larger than the localization radius of
the states, then the latter may be considered as independent, i.e. they may be obtained
from the solution of the one-junction problem. The position of the film levels within
the bands of both films depends but weakly on the boundary conditions [10]. There-
fore, one may assume for simplicity that the exterior subsystems are impenetrable for
the carriers, i.e. complete reflection takes place: r;, = 753 = 1. Then (1) takes the
form

Gy + ictghkd, Gy — ictgkyd,

) G, 2)
where
2a N d 22 . d
v az v Az
2hydy = | e, ooy = [ e,
B f Gy(z, 2) e f Gy(z, 2)
zy EN

d, = 2 — 2, = ma,, dy = 2, — 2y = Ny , (2a)

7, and 2, are the boundary planes of the TFH, z, is the contact plane of the hetero-
junction; a, and a, are lattice constants of the films; m and » are integers; G; =
= G2, %), G = (8/829) Gy(2g; 2o)-

Equation (2) is written for the case when the energy takes on values from the com-
mon gap of the two subsystems. The quantities k; (j = 1, 2) are the electron wave
numbers in the corresponding subsystems, given by (2a). In the energy region which
is forbidden in one of the films (say, the first) the energy spectrum is obtained from
(2) where k, is to be replaced by %, (%, > 0). Another analytical continuation k, = ix,
(%5 > 0) is needed to consider the states in the common gap of both subsystems.
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Fig. 2. Qualitative curves of the left-hand side
(full curves) and the right-hand side (broken
curves) of equation (2). The values k; = 2; =10
correspond to the band edges (Eyj, E¢;j) of the
j-th film. The regions corresponding to the gaps
are hatched
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Thus the problem of calculating the energy of the surface and film states is reduced
to obtaining the graphical solutions of equation (2). For an arbitrary periodic potential
it is possible to obtain the qualitative curves of both parts of (2), which depend upon
the values of energy and the parameter z,. To draw the graph of the left-hand side it
is necessary to know the positions of E, in the gap (G4(2, % Bo) = 0) and of the
asymptotes in the band kyd, = nm, n =1, 2,3, ... (see Fig. 2, full line). The inter-
section of these curves with the corresponding right-hand side curves (the broken
line) gives the energy levels required. The parameters of both subsystems being known
the energy levels may be obtained in the whole region of interest. For the sake of
simplicity we consider the case when the periodic potentials of the crystals reach their
extrema at the three boundaries of the TFH. Then G} = 0 and we obtain a compact
formula for the density of states in various films

1 D 1 D;
oB) = 5 =7 3 8(E — Ea), o(B) = — =7 X 8B — En) . (3)
dl D n dz n
Here Dj is the derivative of
D(B) = G, tg kydy + Gy tg bod, (4)

with respect to the energy for the j-th film, £, are the energy levels determined by
the condition D(¥,) = 0. Note that in the different TFH films the coefficients of the
d-functions, and thusthe expressionsfor the density of states, are different. Their ratio at
E = E, may vary within a broad range. Once the conditions are satisfied for the first
subband to be filled and 4, > 1, u, <€ y; (g is the mobility of the corresponding film),
the carriers are to be found mainly in the first film. Then the conductivity in a weak
longitudinal electric field is determined by the first film. But if the electric field is
high enough for some carriers to pass into the second (third, etc.) subband where
the condition 4,1 (43> 1 ete.) is not satisfied, a negative conductivity may
develop. To make an estimate, consider a simple heterostructure model, where the
GE’s are calculated near of the band edges as follows:
G =" =V2mE; g =52, k= 2m(E — Uy).
ky ky

Here m; and m, are the electron effective masses in the relevant crystals and U, is the
energy difference between the edges of the conduction bands. Then (4) takes the
form

Lige +ale? — )W tgaer — ey — 0, (5)
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where
— Ry — my dy
x = |2mEd,, £ =VomU,d, , a:l——’ a=a —
my d

and the ratio of the densities of states (3) becomes
x? — &2 1 4+ tg2e —altge
szt 1+ tg?a(a? — B2 — g l(a? — £2)~ 12 tg a(a? — £2)12

A= (6)

A numerical calculation with U, =~ 0.4 eV, a = 2.7, d; = 100 A, d, = 200 A (hetero-
structure p-GaSh-n-AlSb) gives now

E,=004eV, E,=0187eV, E,=046eV,
A, =87, Ay=34, A,—=0.7.

Finally for the negative differential conductivity to appear the longitudinal electric
field must exceed ¢ = 4 kV/cm.
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