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The band structure of strained Si~4–10 ML! on ~001! GaAs, band lineups of the strained
Si/~001!GaAs heterojunction, and confined energy levels of the Si3N4/Si/GaAs quantum well have
been calculated via a pseudopotential method. It has been found that in this technically important
Si3N4/Si/~001!GaAs structure, strained Si has a very narrow band gap~0.34 eV! at theD' point in
the Brillouin zone. For the strained Si/~001!GaAs heterojunction, the conduction band offsets from
theD' for Si to theG valley for GaAs is 0.83 eV, and that from theD' valley for Si to theX valley
for GaAs is 1.21 eV. The valence band offset is 0.25 eV. The lowest confined energy level in the
conduction band of the Si3N4/Si/GaAs quantum well ranging from 4 to 10 monolayers is found to
be 0.22–0.28 eV above the conduction band edge of strained Si, or 0.57–0.61 eV below the
conduction band edge of GaAs, while the first confined energy level in the valence band is barely
above the valence band maximum of GaAs. The accumulation and inversion take place at these
confined energy levels. ©1997 American Institute of Physics.@S0021-8979~97!05213-4#
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I. INTRODUCTION

The critical task in the development of metal-insulato
semiconductor field-effect transistors~MISFETs! employing
GaAs is to obtain a nearly ideal interface between the in
lator and GaAs, which has been unsuccessful for severa
cades. Recently, by incorporating a strained Si interla
~several monolayers! between the insulator and~001!GaAs,
GaAs MIS structures with minimum interface trap densit
in the mid 1010 cm22 eV21 have been achieved.1–3 Realiza-
tion of GaAs MISFETs in the near future appears qu
promising.

However, incorporation of a narrower band gap Si int
layer between GaAs and the insulator leads to the forma
of a quantum well which confines the electrons. Thus,
strained Si interlayer, which improves the interface betwe
the insulator and GaAs may have significant adverse effe
Although many experimental investigations were carried
on Si3N4/Si/~001!GaAs MIS structures, no attempt has be
made to understand the fundamental properties of this
tem, e.g., the band structure. Some investigators4–6explained
the results using the band structure of bulk Si instead
strained Si. This undoubtedly causes misunderstanding
misguidance. Therefore, it is important to investigate
band structure of the strained Si interlayer and quantum w
energy levels, so that we can clearly understand the elect
properties of the MIS system.

Van de Walle and Martin7–9 proposed a first-principle
approach, called the model-solid theory, to calculate the
erojunction band discontinuities at semiconductor interfac
which includes the effects of strain. The model-solid theo
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has two main aspects: first, it generates an accurate b
structure, and second, it aligns this band structure on an ‘
solute’’ energy scale. The first part is accomplished by p
forming density-functional calculations on individual bu
semiconductors. Since the density-functional theory fails
produce the correct band gap, we use the band gap calcu
by the pseudopotential method, and then add it to the vale
band in order to obtain the conduction band position. T
valence band discontinuity of a heterojunction can be ac
rately derived using the Van de Walle and Martin approa
In comparison with other model theories, e.g., Frensle
Kroemer theory10 and Harrison’s theory,11 Van de Walle and
Martin’s model-solid theory yields better predictions.

This article is organized as follows. First, we present
band structure of a coherently strained Si layer calcula
using the real space pseudopotential and considering the
tice distortion in the strained layer. Next, we use the mod
solid theory to derive the valence band discontinuity a
obtain the conduction band offset using the calculated b
gap. Finally, we calculate the energy levels in the quant
well using the pseudopotential method and the effect
mass approximation.

II. BAND STRUCTURE OF COHERENTLY STRAINED
Si ON (001) GaAs

There are several approaches to calculate the band s
tures of semiconductors, e.g., the local-density funct
method and the pseudopotential method. Although the lo
density function method is quite accurate for ground-st
properties and some excitation energies, it does not give
accurate energy gap.12 The pseudopotential method usin
several parameters to fit the experimental data may prod
accurate energy bands. For the empirical pseudopote
method, the pseudopotential parameters in thek space are

e
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Eq
used.13,14For the band structure of coherently strained Si,
use the pseudopotential in real space Gaussian form de
by Kane15 and consider the effect of strain on the crys
structure. In order to obtain the energy gap of 1.12 eV
unstrained Si, the coefficients which form the pseudopot
tial are slightly modified as shown in Table I. The pseud
potential in Gaussian form is given by15

Vtot~r !5(
R

~v11v2ur2Ru2!e2acur2Ru21v3e
2a3ur2Ru2.

~1!

The coefficients are given in Table I.
Using the modified coefficients in Table I, we calculat

the band structure of bulk Si~unstrained! as shown in Fig. 1.
The energy splitting of bulk Si at several symmetry points
thek space is listed in Table II. It can be seen from Table
that, after modification, the energy splitting is still in goo
agreement with the experimental data. The two import
points, i.e.,L1 andD, are more accurate.

For the band structure calculation of a strained Si lay
the distortion of the crystal structure needs to be conside
The detailed results of the atomic structure of strained se
conductors were summarized by Van de Walle.9 For strained
Si on GaAs~001!, the in-plane lattice constantai is the same
as the lattice constant of GaAs, i.e.,ai55.65 Å, and the
out-of plane lattice constanta' can be calculated using th
scheme described in Ref. 9. The out of plane lattice cons
a' is found to be 5.26 Å. Using these lattice constants a
the modified coefficients, we obtained the band structure

FIG. 1. Band structure of bulk Si~unstrained! from G to X calculated using
the modified coefficients listed in Table I.

TABLE I. Coefficients for the pseudopotential in Gaussian form as in
~1! ~in atomic units!.

Coefficients v1 v2 v3 ac a3

From Ref. 15 2.454 21.585 20.934 0.6102 0.3
Modified Si 2.554 21.635 20.954 0.6102 0.3
Ga in GaAs 2.529 21.327 21.932 0.61 0.35
Ga in GaAs 1.562 21.544 20.138 0.61 0.35
276 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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strained Si on~001! GaAs as shown in Fig. 2. The spin-orb
splitting is not considered, because it is only 0.04 eV at thG
point of the valence band.7 Strained Si on~001! GaAs has a
face-centered tetragonal lattice. Consequently, the sixX
points in the Brillouin zone split into fourX points and two
Z points. Correspondingly, there are fourD i and twoD'

points. The fourL points remain equivalent. Therefore, th
strain along@001# induces a splitting of the energy band
from G to X as shown in Fig. 2. FromG to L, there is no
splitting at the same band. However, the degenerate ba
are separated now, e.g.,G152L3 and L382G2582X4 bands
~See Figs. 1 and 2 and Table III!. Let us take a closer look a
the L and D points. The conduction band minimum alon
@001# direction in the Brillouin zone (D') decreases signifi-
cantly ~0.34 eV aboveG258!, while that along@100# direction
(D i) does not change by any appreciable extent~0.97 eV!.
At the L point, those degenerate bands are separated. T
L38 becomesL38a and L38b , and L3 changes toL3a and
L3b . The separation betweenG258a andL1 becomes 1.17 eV
~That of bulk Si is 1.89 eV.! The band gap of strained Si i
0.34 eV, and the separation betweenD i andD' is 0.63 eV.
There are not any direct experimental data supporting th
points. We may compare our results with those from ot
methods. Riegeret al.12 reported the energy gap of straine
Si on ~001! Ge, which is 0.34 eV, calculated by empiric
pseudopotential method. The band structure of strained S
~001! Ge is the same as that on~001! GaAs. Van de Walle
et al.7 calculated the band splitting due to strains using
formation potentials. The separation betweenD i andD' is
about 0.67 eV for strained Si on~001! Ge, which is very
close to our result~0.63 eV! for strained Si on~001! GaAs.

III. BAND LINE UPS FOR THE STRAINED Si/(001)
GaAs HETEROJUNCTION

The band lineups can be accomplished using Van
Walle’s model-solid theory.9 According to the model-solid
theory, the absolute energy level of the valence band ca
derived using the data provided in Ref. 9. The first step is
calculate the average position of valence bands using9

Ev,av5Ev,av
0 1av

DV

V
, ~2!

whereEv,av
0 is the average of valence bands without stra

The fractional volume changeDV/V5Tr(«J)5(«xx1«yy

1«zz), where «xx , «yy , and «zz are strains. The energ

shifts with respect toEv,av
0 are given by8

DEv,25
1
3 D02

1
2 dE001, ~3!

DEv,152 1
6 D01

1
4 dE0011

1
2 @D0

21D0dE001

1 9
4 ~dE001!

2#1/2, ~4!

.
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TABLE II. Comparison of energy splitting~in eV! of bulk Si calculated using the modified coefficients wi
those from the experiments and from the empirical pseudopotential method.

G2582G28 G2582G15
G2582L1 G2582D1 L382L1 L382L3 X42X1

The present work 3.6 3.3 1.89 1.12 3.17 5.42 4.25
Cohenet al. ~Ref. 13! 3.8 3.4 1.9 0.8 3.1 5.2 4.0
Experimental~Ref. 13! 3.4 1.9 1.12 3.2 5.3 4.1
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DEv,352
1

6
D01

1

4
dE0012

1

2 FD0
21D0dE001

1
9

4
~dE001!

2G1/2, ~5!

whereD0 is the spin-orbit splitting, which is negligible fo
Si, anddE00152b(«zz2«xx). b is given in Ref. 9. Using this
scheme, we obtained the absolute valence band energy l
at G, i.e., Ev156.55 eV, andEv25Ev3527.06 eV. This
means that one valence band is degenerated atG and another
one is 0.51 eV above the degenerated band atG. This is in
good agreement with the results from the pseudopoten
calculation ~See Fig. 2!, where the separation betwee
G258a andG258b is 0.6 eV ~See Table III!. The absolute va-
lence band energy for bulk GaAs is given by9

Ev5Ev,av1
D0

3
, ~6!

and we obtainEv526.81 eV. Using these absolute ener
levels and the energy gap calculated in Sec. I, we obtain
band lineups for the heterojunction of strained Si/~001! GaAs
as shown in Fig. 3. Bratinaet al.16 reported the valence ban
offsets for strained Si/~001! GaAs using x-ray photospectros
copy ~XPS! measurements. They obtained the valence b
offset of 0.3960.1 eV. However, their results were co
rected using some theoretical results, and this can no
regarded as direct experimental measurements. Costaet al.17

measured the Schottky barrier of the diode, Al/6 Å

FIG. 2. Band structure of strained Si on~001! GaAs using the same modi
fied pseudopotential as that for bulk Si and the@001#-strained crystal struc-
ture.
82, No. 1, 1 July 1997
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Si/p-GaAs(001), and found that the barrier height is on
0.28 eV. This result indicates that the valence band disc
tinuity of strained Si/~001! GaAs should be smaller than o
equal to 0.28 eV. This result agrees with our results~0.25
eV!. In addition, the band discontinuity betweenD' for Si
andX for GaAs is also presented, which is useful for calc
lations of energy levels in the quantum well in the followin
section.

IV. CONFINED ENERGY LEVELS OF THE
Si3N4 /Si/(001)GaAs SYSTEM

Based on the above calculations, the band alignmen
the Si3N4/Si/GaAs system is constructed as shown in Fig.
In this section, we present theoretical calculations of ene
levels of the quantum well of Si3N4/Si/GaAs based on both
the pseudopotential and the effective-mass methods. It is
convenient to carry out the full calculation based on t
pseudopotential method every time. If the results from
simple effective mass method do not completely devi
from the more reliable pseudopotential calculation, we m
gain qualitative understanding by performing the simple
fective mass calculation.

One of the major problems is the thickness of the
interlayer. The initial thickness of the Si interlayer
;10 Å ~8 ML!. After the deposition of Si3N4, a part of the
Si interlayer is consumed by nitridation. The actual thickne
of the Si interlayer is less than 10 Å. Zhenget al.18 reported
that the optimal thickness of the Si interlayer is;4 Å ~3
ML ! determined by transmission electron microsco
~TEM!. Our recent XPS and TEM measurements19 suggest
that the thickness of the Si interlayer may be 2–6 monol
ers, which depends on the process parameters, or 2.6–7
considering a'55.26 Å. Here we consider Si quantum
wells ranging from 2 to 10 ML.

In the pseudopotential calculation, we consid
~Si!1~GaAs!8, ~Si!2~GaAs!8, and (Si)x(GaAs)7 ~001! super-
lattices (x53–5). Here the subscript indicates the numb
of diatomic layers in each period. The parameters for Ga
empirical pseudopotentials are listed in Table I. The para
eters are adjusted to give both the correct band gaps for
GaAs and, at the same time, a valence-band offset with
spect to strained Si as close as possible to that given in
3. We obtain a value of 0.267 eV~0.25 eV! when the energy
cut off used is 8 Ry~18 Ry!. For the superlattice calculation
we used the 8 Ry energy cut off to reduce the comput
time. The details of the method for calculating superlatt
band structures with real-space pseudopotentials can
found in Ref. 20. The dispersion curves so obtained fo
~Si!3~GaAs!7 superlattice~6 ML Si interlayer! are shown in
277Chen et al.
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TABLE III. Energy splitting ~in eV! of strained Si on~001! GaAs.

G258a2G28 G258a2G15 G258a2L1 G258a2D' G258a2D i G258a2G258b L38a2L1

2.93 2.56 1.17 0.34 0.97 0.6 2.43

L382L38b L12L3b L3b2L3a X1'
2X4i

X4i
2X4'

X1'
2X1i

0.7 2.26 0.74 3.58 0.59 0.53
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Fig. 5. ~The dispersion curves for the other superlattices
similar to those in Fig. 5.! Note that the first conduction ban
is nearly dispersionless, indicating good confinement. T
energy zero is set at the valence-band maximum~VBM ! of
bulk GaAs. We found that this Si quantum well level is n
sensitive to the thickness of GaAs, provided it is sufficien
thick. The valence band, however, has substantial disper
due to weak confinement. In the limit of very thick barrie
the first confined electron level should be close to the av
age position of the first conduction band in Fig. 5, which is
0.88 eV. Comparing with the conduction band minimum
strained Si~also obtained by the same energy cut off!, the
confinement energy for electron is found to be 0.29 eV.

In the effective mass calculation, the Schro¨dinger-like
equation is solved for a band-edge discontinuity between
D' valley for Si and theX valley for GaAs~not theG val-
ley!. The detailed calculation can be found in the Append

The detailed results for 2–10 ML calculated from bo
the pseudopotential method and the effective mass me
are summarized in Table IV and Fig. 6. It can be found t
for the quantum wells with large thickness~more than 6
ML !, with decrease in thickness of the Si interlayer, the c
finement energy level in the conduction band increases~we
do find the same trend as the effective-mass theory as sh
in Fig. 6!. However, for quantum wells with thicknes
smaller than 6 ML, the confinement energy decrease
counter-intuitive result when compared with the effectiv
mass theory. So, the anomalous behavior only occurs
quantum wells with widths thinner than 6 ML. Simila
anomalous behavior was found in previous pseudopote
calculations for short-period SiGe superlattices.21 Therefore,
for Si interlayers thicker than 6 ML, the results from th
effective mass method are very close to those from

FIG. 3. Band lineups of the heterojunction of strained Si/~001! GaAs using
the deformation potentials and the calculated band structure.
hys., Vol. 82, No. 1, 1 July 1997
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pseudopotential calculation. For the Si interlayers thin
than 6 ML, the effective mass method is no longer val
From the pseudopotential calculation, it can be found t
electrons are still strongly confined for Si interlayers ev
thinner than 6 ML. It should be noted that the result from t
two monolayer Si is not very reliable because the crys
structure of the two monolayer Si might not be real Si~Si
atoms are not surrounded by four other Si atoms!. However,
the tendency that it shows is reasonable.

With these confined energy levels in both the conduct
band and the valence band determined by the pseudopo
tial calculation and with the use of the correct valence-ba
offset, the complete band structure is constructed and sh
in Fig. 4. The separation between the two closest ene
levels is 0.81–0.88 eV for 4–10 ML Si. If the Fermi level
completely unpinned, the maximum range in which t
Fermi level can reach is from the valence band to the fi
confinement level in the conduction band. In our previo
experimental work,3 we measured theC–V characteristics of
Al/Si3N4/Si/p-GaAs MIS capacitors, and found that the tot
band bending of this structure is 0.84 eV, which is in go
agreement with the result obtained by the pseudopoten
method. Considering that usually higher interface trap d
sity appears at the band edge, this band bending can be
explained using the above theoretical band structure. In
dition, Mui et al.22 measured theC–V characteristics of
Al/Si3N4/Si/n-GaAs, and found that the band bendin
ranges from 0.75 to 0.89 eV, all in reasonable agreem
with our calculations. In an earlier investigation, we pr
posed that the band gap of the strained Si layer might be
eV, based on the experimental results of the heterojunc
and empirical pseudopotential calculation.23 Using the band

FIG. 4. The complete band structure of the Si3N4 /Si/GaAs system which
includes a quantum well~4–10 ML! and confined energy levels.
Chen et al.
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gap of 0.7 eV, and the band-edge discontinuities propose
Ref. 23, the separation between the two energy levels is
eV, which seems to be too large compared to the band b
ing experimental data. In that investigation, the experime
data were treated with partially relaxed Si layer, and in
theoretical calculation, we considered only the average ef
of strain. This is probably the reason why we could not o
tain reasonable quantum energy levels using that band s
ture.

In Fig. 4, it is shown that the lowest confined ener
level in the conduction band~obtained by the pseudopoten
tial method! is 0.22–0.28 eV above the conduction ba
edge of strained Si or 0.57–0.61 eV below the conduct
band edge of GaAs. The confined energy level in the vale
band is barely above that of GaAs. For the Al/Si3N4/
Si~001!GaAs MIS structure, in accumulation and inversio
electrons should thus be completely confined in the strai
Si layer and the Fermi level would not reach the GaAs c
duction band edge.

FIG. 5. Band structures of a~Si!3~GaAs!7 superlattice~6 ML Si! obtained by
a real-space pseudopotential method.

TABLE IV. Energy levels~in eV! of quantum wells in the conduction ban
with various Si interlayers from 2 to 10 ML calculated by both the pseu
potential method and the effective mass approach.

Si thickness
~Å!

Pseudopotential calculation Effective mass calculat

Ec12

Ev (GaAs)
Ec12

Ec (Si)
Ec12

Ev (GaAs)
Ec12

Ec (Si)

2.63 ~2 mono! 0.59 0 N/A N/A
5.26 ~4 mono! 0.85 0.26 1.29 0.7
7.89 ~6 mono! 0.88 0.29 0.98 0.39
10.52~8 mono! 0.82 0.23 0.84 0.25
13.15~10 mono! 0.80 0.21 0.76 0.17

Note: the energy in the valence band is not shown due to the almost un
finement of holes.
J. Appl. Phys., Vol. 82, No. 1, 1 July 1997
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V. CONCLUSIONS

We have theoretically investigated the band structure
strained Si on~001! GaAs, band lineups of the heterojun
tion of strained Si/~001! GaAs, and confined energy levels o
the Si3N4/Si/GaAs quantum well. We found that in this im
portant structure, strained Si has a very narrow band
~0.34 eV! at D' point in the Brillouin zone. For the hetero
junction of strained Si/~001! GaAs, the conduction band off
set fromD' valley for Si toG valley for GaAs is 0.83 eV and
that fromD' valley for Si toX valley for GaAs is 1.21 eV,
and the valence band offset is 0.25 eV. The 4–10-ML-th
Si, together with Si3N4 and GaAs, forms a quantum wel
The first confined energy level is 0.22–0.28 eV above
conduction band edge of strained Si or 0.57–0.61 eV be
the conduction band edge of GaAs. The confined ene
level in the valence band is barely above the valence ban
GaAs. Thus the accumulation and inversion all happen
these confined energy levels in the Al/Si3N4/Si/GaAs metal-
insulator-semiconductor structure.
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APPENDIX

In the effective-mass calculation, we assume that the
tential barrier with respect to Si3N4 is infinite, which is rea-
sonable considering the relatively large band gap of Si3N4

FIG. 6. Energy levels of quantum wells ranging from 2 to 10 ML calculat
by both the pseudopotential method and the effective mass calculation

-

n-
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compared with the band edge discontinuities between Si
GaAs. In the framework of the envelope-functio
approximation,24

C5(
A,B

eik'r'uck
A,B~r !x~z!, ~A1!

wherez is the growth direction.k'5(kx ,ky)5(0,0) in this
case, which is the transverse electron wave vector.uck(r ) is
the Bloch wave function in theA,B materials, andx(z) is
the envelope wave function determined to a good appr
mation by the Schro¨dinger-like equation,24

F2
\2

2m* ~z!

]2

]z2
1Vc~z!Gx~z!5Ex~z!,

Vc~z!5H 0 for 0,z,a

DEc for z.a
, ~A2!

wherem* (z) is the electron effective mass of theA or B
material,Vc(z) is the potential, andE is the confinement
energy of electrons;a55.3–13.2 Å. On considering th
symmetry characteristics of the Bloch function,DEc is the
band edge discontinuity between theD' valley for Si and the
X valley for GaAs ~not theG valley!. DEc is 1.21 eV as
shown in Figs. 3 and 4.

The continuity conditions at the interfaces are th
x(z) and 1/m* (z) ]x(z)/]z should be continuous,24 rather
than the more common continuity condition of the derivat
of the wave function.

Due to the assumption that the potential atz50 is infi-
nite, the solution to Eq.~A2! is

x~z!5HA sin~kz! for 0,z,a

De2k8z for z.a
, ~A3!

where k5A2mSi*E

\2 and k85A2mGaAs* ~DEc2E!

\2

~A4!

and we obtain the transcendental relation

cot~ka!52
1

b
AS k0aka D 221, ~A5!

where

k05A2mSi*DEc

\2 and b25
mGaAs*

mSi*
. ~A6!

ka is in the II or the IV quadrant. Equation~A5! can be
numerically or graphically solved to obtaink. Further, from
Eqs.~A4! and ~A6!, we have

E5S kak0aD
2

DEc . ~A7!

The number of the confined energy levels would thus dep
on the number of the solutions of Eq.~A5!.

In order to calculate the confined energy levels, the
fective mass of electrons in strained Si and that of electr
at theX valley for GaAs need to be considered. The effect
mass of the electrons in a strained layer is slightly differ
from that in its bulk counterpart. The crystal structure
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strained Si on GaAs is the same as that of strained Si on
Rieger et al.12 investigated the effective mass of strain
Si12xGex alloys on Si12xGex substrates~001!. The perpen-
dicular effective massmSi* of electrons atD' in strained Si
on Ge was found to be 0.854m0 from their formula. The
effective mass of electrons at theX valley for GaAs is
1.9m0 .

25 Using thatmSi*50.854m0 , mGaAs* 51.9m0 , and
DEc51.21 eV, we obtained one confined energy level. T
detailed results are shown in Table IV and Fig. 6.

For the calculation of the confined energy level in t
valence band, we may follow the same approach. From
band structure in Fig. 2, it can be found that the effect
mass of holes atG258a is the heavy hole, and that atG258b has
both heavy holes and light holes. For the present case,
heavy holes should be available at the valence band m
mum. For our calculations, we use the heavy-hole effec
mass in the valence band of bulk-Si, because the value
strained Si is not available. For GaAs, there are two effec
masses, i.e., 0.35m0 for the heavy hole and 0.10m0 for the
light hole which are related to the Luttinger parameters
mhh* 5m0 /(g122g2) and mlh*5m0 /(g11g2). Using that
mSi*50.29m0 , mGaAs* 50.35m0 , and DEv50.25 eV, we
obtain the confined heavy-hole energy level,Ev1
50.24–0.25 eV, which is almost unconfined. This is simi
to the pseudopotential result, i.e., the unconfinement
holes.
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