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Donor impurity states on structured semiconductor interfaces
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Ground-state energies of shallow states of donor impurities on periodically structured interfaces
formed by two semiconductors, such as GaAs/Ga,_, Al, As and Si/SiO, interfaces, are calculated varia-
tionally with the approximation that interfaces represent infinitely high potential barriers. The results
show that the ground-state energies of the interface impurity states can be strongly affected by interface
structures in GaAs/Ga,_,Al, As lateral surface superlattices produced by molecular-beam-epitaxy
growth of AlAs/GaAs fractional-layer superlattices on [001] vicinal GaAs substrates and on SiO,/Si in-
terfaces for Si with (001) orientation. The effects of the interface defects on the interface impurity states
are negligible for Si/SiO, interfaces when the density of interface defects is less than 10'°/cm?.

I. INTRODUCTION

Shallow states of donor impurities on semiconductor
interfaces have long been the focus of extensive studies by
many authors, for a number of properties of
semiconductor-interface devices are strongly influenced
by these interface impurity states.' ® And in recent
years, impurity states in GaAs/Ga,;_, Al As quantum
wells with impurity ions on or near the
GaAs/Ga;_,Al, As interface have also been extensively
studied.’ ™ !4

Most of these studies assumed that semiconductor in-
terfaces are ideally planar. In realistic devices, however,
it is almost impossible to fabricate ideally planar semi-
conductor interfaces due to environmental fluctuations
and mechanical control inaccuracy in the process of de-
vice manufacturing. Deviations of semiconductor inter-
faces from planar ones will modify results predicating the
energy levels of interface impurity states calculated with
semiconductor interfaces that are assumed to be planar.
Recently, the idea of lateral surface superlattices!® ™22
(LSSL’s) has been put forward where periodic structures
are built artificially on interfaces of two-dimensional elec-
tronic systems, such as GaAs/Ga;_,Al,As quantum
wells and Si/SiO, MOS structures. With the method of
molecular-beam-epitaxy (MBE) growth of AlAs/GaAs
fractional-layer superlattices on [001] vicinal GaAs sub-
strates, LSSL’s with lateral periods as short as 100 A can
be obtained, which are about the same order of magni-
tude as the Bohr radius of interface impurity states on
GaAs/Ga,_,Al, As interfaces. Detectable changes on
the energy levels of interface impurity states are expected
due to periodically structured interfaces.

In this paper, we report the calculation of shallow
states of donor impurities on periodically structured
semiconductor interfaces which deviate slightly from
planes. We intend to study in what way and to what ex-
tent periodically structured interfaces will change the en-
ergy levels of interface impurity states. In the next sec-
tion, we present the theory we used to calculate the
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ground-state energies of interface impurity states. The
numerical results and discussion are given in the final sec-
tion.

II. THEORY

For simplicity, we consider an interface formed by two
semiconductors, such as GaAs/Ga;_, Al As,
GaAs/vacuum, Si/SiO,, and Si/vacuum interfaces, with
a donor impurity ion located on the interface. The struc-
tured interface is assumed to be cosine shaped, given by

z=f(x,y)=h cosicosl . (1
a b

Since by Fourier transformation, any structured inter-
face can be considered to be the superposition of inter-
faces given by Eq. (1) with different a and b, the results of
our calculation will give indications on the effects of
structured interfaces on interface impurity states for gen-
eral interface shapes. For small interface structures, we
must have h <<Z, where Z is the expectation value of the
electron distance from the interface. Furthermore, we as-
sume that the semiconductor interface represents an
infinitely high potential barrier, which confines the elec-
tron within semiconductor I, say within GaAs for
GaAs/Ga;_,Al,As or GaAs/vacuum interfaces and
within Si for Si/SiO, or Si/vacuum interfaces. This ap-
proximation is well satisfied for GaAs/vacuum, Si/SiO,,
and Si/vacuum interfaces and for GaAs/Ga;_, Al As in-
terface with x >0.2. The Hamiltonian for the interface
impurity state reads

m, 3x?

2 m, Ox?

2
m, ox

2 2 2 2
p=-f | L L& 1 &ty

for z> f(x,y) , (2)

where for GaAs m,=m,=m, and for Si with [001]
orientation m,=m,=m, and m,=m,;. The electron
wave function ¥(r) satisfies the boundary condition
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11}(1')lz=f(x,y)+:0 ’ (3)

where we have assumed that the electron is confined
within semiconductor I, which occupies space z > f (x,y)
with z = f (x,y) defining the structured interface [see Eq.
(1)]. The potential ¥ (r) acting upon the electron consists

J

e? e2
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of (i) the direct Coulombic interaction between the elec-
tron and donor impurity ion, (ii) the image potential in-
duced by the ion, and (iii) the image potential induced by
the electron itself. ¥(r) can be obtained by solving the
static Poisson equation.?? Up to the first order in the in-
terface deviation from the planar interfaces, V(r), is
given by**

R (p'—p)+Ryz?

Vir)=—

~ [apfixy)

Elr— T; | 4612 2176

[(pl_p)2+22]3
Ri(p"=p)-(p'—pi)tRyzz;

2
e ’ ’ ’
0 [dp'fixp)

where €, (€,) is the dielectric constant of semiconductor I

(ID, r; =(p;,z;) is the position vector of the donor impuri-

ty on the interface, and
€ te
p=(x,y), &= )

2

(5)

€ ) _ €676
€+e ’ €+e ’ € te

From the variation method,** the ground-state energy
of the impurity state is given by the minimum of the fol-
lowing quantity:

F= f_wmdx dy ff:"xy

dz ¢*(H1)

x[f7 dxdy [*

1
dz v*y ] ,

(6)
where the trial wave function ¢ satisfies the boundary

condition (3). Now we introduce the following coordi-
nate transformation which transforms space r to space T:

X=X*x,- ’

y=y—yi, (7)

/r

X
z—h cos— cosl
a b

Z=

[(P’_P)2+22]3/2[(P’_P,’)2+zi2]3/2 ’

f<x,,y,>]+Q—fdpf<x Y

4)

[

with y=1"m,/m,. In space T, the structured interface
z=f(x,y) is transformed to a planar interface at Z=0.
The quantity F becomes

F=[" dxdy
x [ "dzl7(%,9,2)1* (Hgd)
x [ axdy [ "azli(x,3,2)13*
=f_°°wd5c“ dj:fomd'z‘zz*(HeﬁzZ), ®)

where J(X,¥,Z) is the Jacobian determinant? introduced
into the integration when transforming from coordinate
system (x,y,z) to (X,5,Z). To obtain the last result in Eq.
(8), we notice that for the coordinate transformation (7),
J(x,7,Z )=7/‘1, and we have also required that 1]7 be nor-
malized in space T. In what follows, we remove the tilde
on ¥ and T to simplify the notation. But one must keep in

mind that we are working in the transformed space

-1

Hg=H,+H,, 9)
where
P 2 2
Hy=——"—V———% 40 ¢ (10)

2
Y0x 9z

2

461’}/222

R\(p'—p—p; )+ Ryy?2?
[(p'—p—p;)+7?2?]

# 9’ 9? 3 3
= | 3zt 507 [F Xy tp) = =25 flx+xi,p 4y,
'o2m, | |ax?2 ' gp? Sty y)yaz Zaxf(x-i-x,y—!—y,)
—2—a—f(x+x- +y;) o —fx+x;,y+y,)0
ay Hy y: 'yayaz i’y yi
e’z R
61(P2+'}’222)3/2[ fx+x,p+y)—
—Q——fdpf(x ) Rip"-(p'"—p—pi)+R,yzz;

[(PI_P_P, )2+7’222]3/2(p,2+zi2)3/2

(11)
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with m, =m, for GaAs and m,=m, for Si. H, is a small
perturbation, which is Hermitian and tends to zero as
f(x,y)—0. After the coordinate transformation (7), the
boundary condition [Eq. (3)] becomes

¢|z=0=o .

Since H.; is Hermitian, it is easy to prove?* that F (8)
reaches its minimum, which is the ground-state energy of
the interface impurity state, when 1 is the ground-state
eigenfunction of H 4 subject to the boundary condition
(12).

The ground-state energy of the effective Hamiltonian
H g (9) is obtained by a variational calculation. First we
rewrite H (10) as

(12)
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terfaces are much less than the level spacings between the
ground and first-excited interface impurity states.

III. NUMERICAL RESULTS AND DISCUSSIONS

The numerical results for the ground-state energies of
interface impurity states are carried out for the following
two cases. In case (i), we take a =b in Eq. (1), which
represents structurally defective interfaces with a defect
density equal to N=(27a) 2. And in case (ii), we take
b— o, which represents one-dimensional periodically
structured interfaces, such as those produced by the
molecular-beam-epitaxy  growth  of  AlAs/GaAs
fractional-layer superlattices on [001] vicinal GaAs sub-

_ # _, ae? e? strates. The quantity we calculated is
Ho=~ 2m, \Ce zr o deyz +AaV() (13) 8E,=(E,—E\*)/|E”|(z;/Z) as a function of

h k=V'1/a*+1/b% where E, and E;° are the ground-
wi state energies of the interface impurity states on the
AV(r)= ae’ e? (14) structured interfaces given by Eq. (1) and on planar inter-

€r F\/p2 + '}/22 2
The trial wave function is taken as the ground-state wave
function of H, with AV (r) set equal to zero, that is

5/2
B

-— Z exp

_B \/p2+22
ap

Yy (r,B)=V2/7 = (15)
a

where a,=#%%/m,e? is the Bohr radius of the interface
impurity state and [ is the variational parameter.
Y (r,B) is normalized in the transformed space and
satisfies the boundary condition of (12). The parameter a
in H, (13) is determined by requiring

(4, (r, ) AV ()|, (r,8)) =0 .

The ground-state energy of the interface impurity state
we considered is given by

Eg =min(yy (r,8) Hexl0) [ (5, 8)) .

(16)

(17)

The trial wave function (15) is expected to be a good one,
as long as the energy shifts caused by the structured in-

faces, respectively, and z;=h cos(x; /a)cos(y;/b) is the
position of the impurity ion on the structured interfaces.
For case (i), k =V'2/a, and for case (i), Kk =1/a. The nu-
merical results of SE‘g(k) are found to be nearly the same
for the two cases we considered. The numerical results of
BEg as functions of a /a are given in Fig. 1 for the case
(1) (a =b) for (a) GaAs/vacuum, (b) GaAs/Ga,_ Al As,
(c) Si/vacuum, and (d) Si/SiO, interfaces, respectively.
The experimental parameters used in the calculation are
listed in Table I together with other quantities calculated
from them. The results in Fig. 1 also apply for case (ii)
(b— o), if the unit of the abscissa in Fig. 1 is changed
from a /a, to V'2a /ay.

From Fig. 1, the following points are worth mention-
ing. The effects of the interface structures on the inter-
face impurity states decrease rapidly with increasing
periods of the interface structures. When a/a >4, the
effects of the interface structures are negligible for the in-
terfaces we considered. Physically, this is obvious. The
periods of interface structures are d =2ma, while elec-
trons in the interface impurity states distribute mainly in

TABLE 1. The experimental parameters used in the calculation, where €, and ¢, are the dielectric
constants of semiconductors I and II forming the interface (semiconductor I)/(semiconductor II) [the
dielectric constant of Ga,_,Al,As is taken with composition x >0.3!! to ensure the validity of the
infinitely high potential barrier approximation (see the test)], and m, and m; are the electron band
masses of semiconductor I in the directions parallel and normal to the interface. Eg‘o’ (in meV) is the
ground-state energy, a, =#€/m,e? (in A) is the Bohr radius, and z (in A) is the expectation value of the
electron distance from the interface in an interface impurity state on a planar interface, respectively.

The experimental parameters are taken from Ref. 26.

Interfaces € 6 m, m; EQ a, zZ
GaAs/vacuum 12.35 1.0 0.066 0.066 —3.452 53.52 242.5
GaAs/Ga,_, Al As 12.35 10.29 0.066 0.066 —1.644 90.77 351.4
Si/vacuum 11.8 1.0 0.190 0.916 —18.93 12.11 27.80
Si/Si0, 11.8 3.80 0.190 0.916 —15.12 14.76 31.10
Model Si 11.8 9.83 0.190 0.916 —10.88 20.47 36.66

interface
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a half-sphere with a radius 7= (4, (r)|r|,(r)) =5a, cen-
tered on impurity ions. When a /a, >4, we have d /7> 5.
To an electron in the interface impurity state, the inter-
face is locally planar. The effects of the interface struc-
tures on the interface impurity states become important
when the periods of the interface structures are reduced
tod /F=a/ay<2. In this region, SEg is negative. When
z; >0, that is, with the impurity ions located on parts of
the interfaces embedded in semiconductors I, the
ground-state energies of the interface impurity states are
shifted to a lower level than those with impurity ions lo-
cated on parts of the interfaces protruding from semicon-
ductors 1.

If the impurities are distributed homogeneously on the
interfaces, the energy levels of the interface impurity

DONOR IMPURITY STATES ON STRUCTURED . ..
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interactions among impurities can be neglected, the
widths E, of impurity energy bands are given by
E,/|E{®|=2h|8E,|/z. For Si/Si0, interfaces with a
height of 1nterface defects h =5 A, we have, from Fig. 1
(d), E,/|E{®|=0.5% for a density of interface defects
of N—(zm)‘2—1o‘°/cm E,/E{®|=5% for N=10'/
cm?, and E, /|E{”|=15% for N=10"2/cm®. The actual
broadenings of the impurity energy bands caused by in-
terface defects in Si/SiO, interfaces are expected to be
larger than our estimates, because in our calculation we
considered only cosine-shaped interface defects which are
rather flat defects. Actual Si/SiO, interfaces are expected
to have sharply structured interface defects, which cause
large broadenings of the impurity energy bands. But we
believe when the density of interface defects of a Si/SiO,

states are broadened into impurity energy bands. If the  interface is less than 10'%/cm?, the broadenings of the im-
alao
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FIG. 1. Shifts 8E, =(E, —E")/|E{"|(z;/Z) of the ground-state energies E, of interface impurity states relative to the ground-
state energies E\” of impurity states on planar interfaces, calculated as functions of a/a, for periodically structured interfaces
defined by z=h cos(x /a) cos(y /b), where z; is the position of the impurity ion on the structured interfaces, Z is the expectation value
of the electron distance from the interface, and a, is Bohr radius of the interface impurity state. The results are given with a =b for
(a) the GaAs/vacuum, (b) GaAs/Ga,_,Al, As, (c) Si/vacuum, and (d) Si/SiO, interfaces. The result for a model Si interface is given
(e) where all the parameters are the same as those of the Si/SiO, interface except the dielectric constant €, is given by €,/€,=1.2.

The solid lines correspond to 0=<a /a, <

5, and the dashed lines correspond to 5<a/a, =<

50. The results also apply for the case

where b — oo, if the unit of the abscissa is changed from a /g, to V' 2a/a,.
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purity energy bands E, /|E”| will be less than 1%. For
Si/Si0, interfaces with a high density of interface defects
(N >10%/cm?), the interface condition must be taken
into consideration in order to estimate the energy levels
of the interface impurity states. Recent experiments and
numerical calculations have shown?’~?° that because of
the large lattice mismatch between Si and SiO,, SiO,/Si
interfaces for Si with (001) orientation tend to become
rough during oxidation processes even though the Si sur-
faces are atomically flat at the beginning of oxidation. It
is suggested that SiO,/(001)Si interfaces have Si pro-
trusions delineated by {111} facets or similar shapes with
the average height of the protrusion of 10-20 A.2~2%
The density of interface defects calculated from the {111}
facet Si-protrusion model with a helght of the protrusion
of 10-20 A is N=(1-5)X10'® ¢cm~2, which indicates
that for these SiO,/(001)Si mterfaces, the effects of the in-
terface defects on the interface impurity states, such as
broadenings of impurity energy bands, are strong.
Theoretical analysis of experimental results related with
impurity states on these SiO,/(001)Si interfaces should
take interface qualities into consideration.

To estimate the effect of rough SiO,/(001)Si interfaces
on impurity states by periodically structured interfaces,
we have implicitly made two approximations: (i) We
have assumed that all interface defects are the same; and
(ii) we have assumed that all interface defects arrange
periodically on the interfaces. The first approximation is
the same as that in Ref. 29 where the authors modeled
rough Si0,/(001)Si interfaces by interfaces with equal-
size Si protrusions delineated by {111} facets. The
second approximation may be explained as follows.
Electrons in interface impurity states distribute mainly in
a half-sphere centered on the impurity ions. The radius
of the projected area of this half-sphere on the interface is
given by p=(y,(r Ip|¢g(r ) =15may/16=ma,, which
for the SiO,Si interface is about 50 A. Only defects
within this area affect dominantly the interface impurity
states. Defects outside this area, whether they are
periodically or randomly distributed, have little influence
on the interface impurity states. For a SiO,/Si interface
with a density of interface defects N smaller than 10"
cm ™2, the average diameter of the interface defects is
larger than 30 A. Within this area, to which the electron
of an interface impurity state is mainly confined, there
are only a few neighboring defects. Whether these de-
fects are distributed periodically or randomly will not ap-
preciably change our calculated results. As commented
above, the effect of rough SiO,/(001)Si interfaces on the
binding energies of impurity states obtained in our paper
is expected to be smaller than that in realistic cases where
interface defects, such as Si protrusions delineated by
{111} facets, are much sharper than those cosine-shaped
structures considered here. The results of our previous
work show that a sharper interface defect causes larger
shifts in the impurity state energies than those caused by
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a flat defect.?®

The situation is different for the case of
GaAs/Ga;_,As, As interfaces where the Bohr radius a,
is much bigger than that of Si/SiO, interfaces (see Table
I). Electrons in the interface impurity states will be
affected by the interface structures even for structured
GaAs/Ga,;_, Al As interfaces with large periods. For
GaAs/Ga;_,Al, As lateral surface superlattices pro-
duced by MBE growth of AlAs/GaAs fractional-layer
superlattices on [001] vicinal GaAs substrates with a
period d =100 A, we have V2a/a,=0.25 (notice for
one-dimensional periodically structured interfaces, the
unit of the abscissa in Fig. 1is V2 2a/ap). If the height of
the interface structure is A =35 A, which can be realized
experlmentally,19 20 we have A /z=0.1, which indicates
that our theory is valid. From Fig. 1(b) we have
E,/|E{”|=35%. Interface structures will change
significantly the energy levels of the interface impurity
states on GaAs/Ga,_,Al, As interfaces, which may be
used to design new types of electronic and optical de-
vices.

Comparing the results of the GaAs/vacuum and
GaAs/Ga,_, Al As interfaces in Figs. 1(a) and 1(b) and
Table I, we see that the effects of the interface structures
on the interface impurity states increase as the dielectric
constant €, of semiconductor II approaches €; of semi-
conductor I, as long as the interface can be approximated
by an infinitely high potential barrier that confines the
electron within semiconductor I. This is also true for the
Si interfaces. In Fig. 1(e), we give the results for a model
calculation where all the parameters are the same as
those of the Si/SiO, interface, except the dielectric con-
stant €, of semiconductor II is taken by €,/€,=1.2. As
€, approaches €,, the effects of the interface structures are
increased by the following two factors. (i) SEg increases
for the same a /a,. (ii) The Bohr radius of the interface
impurity states a, increases, which causes the electrons in
the interface impurity states to be more strongly affected
by the interface structures. Though the average electron
distance Zz from the interfaces also increases, which
reduces the width of the impurity energy bands
E, /\E |=2h |8E | /Z caused by the interface structures,
the total effect is an increase of E, /|E,”|. For instance,
if we take d =100 A and h =35 A, from Figs. 1(a) and
1(b) we have E, /|Eé(,0 |=12% for GaAs/vacuum inter-
faces where €,/6,=12, and E,/|E{”|=35% for
GaAs/Ga,;_,Al As interfaces where €,/€,=1.2. Thus,
by adjusting the dielectric constants of the semiconduc-
tors forming the interfaces, the effects of the interface
structures on the interface impurity states can be either
reduced or increased.
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