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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 ocHoBe MeToRa @ ~ H I E U I I ~  r p m a  HccjIenyeTcFi aHepreTasecmi3 cnemp HocmejIeti 
3apRna B TOHKOIIJIeHOqHOfi reTepOCTpyIEType C YqeTOM IlOBePXHOCTHbIX COCTORHIIfi. BbI- 
YIICJIReTCR KTIOTHOCTb COCTOFIHElfi B pa3JIH’IHbIX XiCTRX reTePOCTpYIETYPb1. nOKa3aH0, ’IT0 
IIX OTHOLLleHIIe MOWeT MeHHTCH B nOBOJIbH0 IIIHPOKMX npeneJraX. 3 T O  MOXeT IlpItBeCTII 
IE B03HHKHOBeHHH) OTpIIUaTentHOfi ~II@@epeHUHaJlbHO~ IIpOBOnIIMOCTl4 B IIpllC~CTBCIll 
npononmoro ~ J I ~ K T ~ M Y ~ C I E O ~ O  n o m .  

1. Introduction 
Investigation of thin heterostructure (TFH) attracts increasing attention a t  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 [l, 23). Thus the 
density of states and the mobility may vary considerably from one part of the T F H  
to  the other. Hence the negative conductivity may be obtained in TFH [3] in high 
enough electric fields, somewhat analogous to  the Gunn effect. I n  connection with this 
i t  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 a t  the interfaces. We treat the inner subsystems as thin ideal 
crystals called further film 1 and film2 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 assuniption 
is correct if the width of the transition region is small enough compared to  dl and d, 
(in the energy region corresponding to  the bands of separate crystals) 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 syrnnietry planes of each crystal. Then for small val- 
ues of a two-dimensional wave vector kl directed along the boundary planes the three- 
dimensional problem may be reduced in a good approximation to the one-dimensional 
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Fig. 1. The scheme of the one-dimensional four-subsystem struc- 
ture 

one [4, 51. Therefore we shall consider the problem in the one-dimensional form. 
Transition 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 parameters kl. 

We assume that the GF's (G&,z'; E ) ,  j = 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 OF). The poles 
of the latter are given by the roots of the equation ( h  = 2m0 = 1) 

(1) D ( E )  = 1 - I,r10r12 - & ~ 2 1 ~ 2 3  - &A2~10r23(I - r,, - r12) = 0 . 
Here the complex reflection amplitudes rij are expressed in terms of the function 
Q, [GI ;  

5 = [Gj(% 20) G,(zo, Z d l  [Gl(Zf, ZJ @&o, z0)l-' * 

The amplitudes rlo and r23 act as the boundary condition, while r,, and rZl describe 
the interaction between the interior subsystems forming the heterostructure. 

Interface or contact states arising a t  the boundary of the two systems in a common 
gap are determined by the poles of the amplitudes rlo, r,,, and r,, (or r21). The positions 
of these levels depend essentially upon the matching conditions [7, 81, 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 [lo]. There- 
fore, one may assume for simplicity that the exterior subsystems are impenetrable for 
the carriers, i.e. complete reflection takes place: r,, = r23 = 1. Then ( I )  takes the 
form 

# (2) 
G; f i ctg kld, - Gi - i ctg k2d, - 

Gl G2 

Z" Z,, 

where 

i dz i dz 
G G X '  

2k,d, = J-- 
21 zo 

d, = zo - z1 = ma,, d, = 2, - zo = na2 , (2%) 
z, and x, are the boundary planes of the TFH, zo is the contact plane of the hetero- 
junction; a, and a, are lattice constants of the films; m and n are integers; Gf = 

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 ix, (x ,  > 0) .  Another analytical continuation k, = ix, 
(x2 > 0)  is needed to consider the states in the common gap of both subsystems. 

= Gj(zo, zo), G; == (a/azo) Gj(zo,zo). 
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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 ,  = xf = 0 
correspond t o  the band edges (Evj, Ecj)  of the 
j-th film. The regions corresponding to the gaps 
are hatched 

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 
i t  is possible to  obtain the qualitative curves of both parts of ( 2 ) ,  which depend upon 
the values of energy and the parameter 2,. To draw the graph of the left-hand side it 
is necessary t o  know the positions of E, in the gap (G,(z,, 2,; E,,) = 0) and of the 
asymptotes in the band k,d, = nn, 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 a t  the three boundaries of the TFH. Then Gj = 0 and we obtain a compact 
formula for the density of states in various films 

Here 0; is the derivative of 

D(E)  = tg + G2 tg  k24 7 (4) 
with respect to the energy for the j-th film, En are the energy levels determined by 
the condition D(E,) = 0. Note that in the different TFH films the coefficients of the 
8-functions, and thus the expressionsfor the density of states, aredifferent. Their ratio a t  
E = En may vary within a broad range. Once the conditions are satisfied for the first 
subband to  be filled and A, > 1,  pz < p, @,.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 A, > 1 (A,  > 1 etc.) is not satisfied, a negative conductivity may 
develop. To make an estimate, consider a simple heterostructure model, where the 
GF’s are calculated near of the band edges as follows: 

im, , 
GI = k, k, = 1/2m,E ; 

__.___ 

k,  = 1/2m,(E - U,) . 
Here m, and m2 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 

(5) 
1 
- tg  x + a(x2 - 5 2 ) - - 1 / 2  tg a(x2 - 52)1/2 = 0 , 
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where 

and t,he ratio of t,he densities of st.ates (3) becomes 

A numerical calculat,ion with U, = 0.4 eV, a = 2.7, d, = 100 A, d2 = 200 A (het'ero- 
structure p-GaSb-n-A1Sb) g' ives now 

El = 0.04 eV , 
A, = 8 7 ,  A,  = 3 4 ,  A,  = 0 . 7 .  

E2 = 0.187 eV ) E3 = 0.46 eV , 

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