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The band structure of a coherently strained Si layer~,15 Å! on GaAs has been calculated using the
empirical pseudopotential method. The pseudopotential form factor of the strained Si layer is derived by
considering that the pseudopotential of the strained layer is slightly modified by a factor which is proportional
to the volume change of the unit cell. The band-structure calculation indicates that the band gap of the strained
Si layer is 0.7 eV, which is substantially smaller than that of the bulk Si. A revised band-structure model for
Al/Si/n-type GaAs based on the above calculation is proposed, which agrees very well with the experimental
results. This model implies that for the coherently strained Si interfacial layer, the Fermi level is unpinned not
only at the Si-GaAs interface but also at the Al-Si interface.

INTRODUCTION

Metal-insulator-semiconductor field-effect transistors
~MISFET’s! on GaAs have not been successfully realized
due to the presence of a high density of interface trap states
at the interface between the insulator and GaAs. In recent
years, significant progress has been made toward the realiza-
tion of GaAs MISFET’s.1–4 The key material responsible for
this progress is the thin strained Si interfacial layer~10 Å!,
which is sandwiched between the insulator and GaAs. It is
this interfacial layer that greatly reduces the interface states
between the insulator and GaAs.

It is well known that the Fermi level is pinned near the
midgap at the surface of GaAs due to the large density of the
surface states. By incorporating a thin Si interfacial layer
between metal and GaAs, it is observed that the Fermi level
varies over a wide range in the band gap, which depends on
the doping level of the thin Si layer.5 This unpinning of the
Fermi level at the interface between metal and GaAs is an
indication of the reduced interface states. Therefore, it is im-
portant to investigate the Schottky contacts on GaAs with a
thin interfacial Si layer. Waldrop and Grant5 fabricated
Schottky contacts onn-GaAs using 15–30-Å Si interfacial
layers, which were heavily eithern or p type, and found that
the Schottky barrier varies between 0.45 and 1.1 eV depend-
ing on doping levels, more specifically,fbumin50.45 eV for
metal/n1-Si/n-GaAs diodes, and fbumax51.1 eV for
metal/p1-Si/GaAs diodes. Costaet al.6 fabricated Al/n-Si/
GaAs and Al/p-Si/GaAs diodes with 6–100-Å-thick Si lay-
ers, and found that the barrier height is in the range of 0.3–
1.04 eV forn-GaAs and in the range of 0.28–1.01 eV for
p-GaAs. Miller and Nathan7 investigated Al/Si/n-GaAs
Schottky diodes with 100-Å Si layers, and found that the
Schottky-barrier height varies between 0.34 and 1.07 eV, de-
pending on the doping level of the Si layer. Cantileet al.8

investigated Al/Si/n-GaAs with even submonolayer and
monolayer Si. They found thatfbumin50.3–0.4 eV forn1-Si
interfacial layers, andfbumax51.0–1.1 eV forp1-Si interfa-
cial layers. It may be noted that all of the above experiments
were performed with~100! GaAs. Therefore, our discussions
are restricted ton-GaAs~100!.

Based on the assumption that the Fermi level is pinned at
the Al/Si interface, and unpinned at the Si/GaAs interface,
Costaet al.9 proposed a band-structure model in the frame-
work of the bulk Si band structure. Figure 1 shows their
model for two limiting cases:~a! for then1-Si layer, and~b!
for the p1-Si layer. Because most of the experimental data
are available forn-GaAs, in this paper we only discuss

FIG. 1. Band-structure model of Al/Si/n-GaAs with
Nd5131017 cm23 proposed by Costaet al.; ~a! thick n1-Si layer,
~b! thick p1-Si layer, ~c! very thin n1-Si layer, and~d! very thin
p1-Si layer.
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Schottky contacts onn-GaAs. The usual doping level of
n1-Si andp1-Si is about 531019 cm23, and that of GaAs
~Ref. 9! is 131017 cm23. The depletion width of Si with the
barrier heightfb~Si!50.7 eV is calculated to be 40 Å, and
that of GaAs to be 1000 Å with the same barrier height.
From Fig. 1, it is obvious that for Schottky contacts on the
n1-thick Si layer@the thick layer is such that the thickness of
Si is larger than its depletion width, andEc~Si! can reach the
Fermi level#, fbumin5DEc~Si-GaAs!, because the Al-Si inter-
face is a tunneling barrier; and for Schottky contacts on the
p1-Si thick layer, fbumax5Eg~Si!1DEc ~Si-GaAs!. By
closely examining this model, we find that there are two
aspects of the model which do not agree with the experimen-
tal results.

~1! According to this model,9,7 DEc~Si-GaAs!'0.3 eV,
DEv~Si-GaAs!'0 eV, andEg~Si!'1.1 eV, thusfbumax'1.4
eV @see Fig. 1~b!#. However, according to the experimental
data,5–8fbumax51.0–1.1 eV. Thus there is a discrepancy of at
least 0.3 eV between the experimental data and theoretical
results.

~2! As the Si layer becomes thinner and thinner, the deple-
tion due tofb~Si! @;0.7 eV ~Ref. 9!# extends into GaAs,
leading tofbumin5fb~Si!1DEc51.0 eV as shown in Fig.
1~c!, and fbumax5fb~Si!1DEc51.0 eV as shown in Fig.
1~d!. This indicates thatfb does not depend on the doping
level of the Si layer. However, according to Waldrop and
Grant,5 fb50.4–1.0 eV for 15–30-Å Si layers. Cantile
et al.8 reported thatfb varies between 0.3 and 0.4 eV and 1.0
and 1.1 eV for both 1-ML and submonolayer Si. All these
indicate that for the very thin Si layer,fb still depends
heavily on the doping level of the Si.

From the above discussions, it is obvious that the above
simple band-structure model does not adequately explain the
experimental results at least for a very thin interfacial layer.
In an effort to shed some light on this discrepancy, let us first
examine the structure of the Si interfacial layer. When the
thickness of the Si layertSi is less than the critical thickness
hc , the lattice mismatch is accomodated by coherent strain,
wherehc510–14 Å for Si on GaAs.10,11When the thickness
of the Si layertSi is larger than the critical thicknesshc , the
mismatch is accommodated by misfit dislocations at the in-
terface between Si and GaAs. The crystal structure of the
strained layer is closer to that of GaAs than of Si, because
the in-plane lattice constant of the strained layer remains the
same as that of GaAs. Therefore, it may not be appropriate to
apply the bulk Si band structure to explain the experimental
results for the very thin strained interfacial layers~,15 Å!.
In this paper, we propose a revised band structure of Al/Si/
n-GaAs based on the actual calculation of the band structure
of the strained Si interfacial layer~,15 Å! employing the
empirical pseudopotential method. Van de Walle and
co-workers12,13 proposed the model-solid theory employing
deformation potentials which can predict the band lineups at
the interface in the presence of strains. Rieger and Vogl14

investigated the electronic-band parameters in the strained
Si12xGex alloys on Si12yGey substrates. They calculated the
band structure of the bulk materials employing the empirical
pseudopotential method, and determined the band lineups us-
ing deformation potentials. We intend to explore an approach
by which the overall band structure of a strained semicon-

ductor layer can be calculated directly using the empirical
pseudopotential method.

THEORETICAL CONSIDERATIONS FOR THE BAND
STRUCTURE CALCULATION OF A STRAINED LAYER

The band structure is numerically calculated by solving
the Schro¨dinger equation.15–17The critical problem underly-
ing this calculation is to determine the potentialV(rW) which
may be expanded in terms of reciprocal lattice vectorKW m :

V~rW !5(
m

VKW m
eiK

W
m•rW, ~1!

whererW is the lattice vector andm is an integer.VKY m
may be

split into symmetric and antisymmetric parts:

VKW m
5Ss~KW m!Vs~KW m!1 iSa~KW m!Va~KW m!, ~2!

whereS(KW m! is the structure factor,Vs(KW m! is the symmetric
pseudopotential form factor, andVa(KW m! is the antisymmet-
ric form factor.

The cubic semiconductors of the diamond or zinc-blende
type have a fcc structure with two atoms per unit cell. The
origin of the coordinates is taken half way between these two
atoms, whose positions are denoted asrW1 and rW2 , so that
rW15a~ 18,

1
8,
1
8!5tW andrW252tW , wherea is the length of the unit

cube. In this case,

Ss~KW m!5cos~KT m•tW ! ~3a!

and

Sa~KW m!5sin~KW m•tW !. ~3b!

In terms of the atomic potentials,

Vs~KW m!5
V1~KW m!1V2~KW m!

2
~4a!

and

Va~KW m!5
V1~KW m!2V2~KW m!

2
, ~4b!

where

V1~KW m!5
1

VE V1~rW !e2 iKW m•rWdrW ~5!

and

V2~KW m!5
1

VE V2~rW !e2 iKW m•rWdrW. ~6!

Here V1(rW) and V2(rW) are the pseudopotentials due to
single atoms in the lattice, andV is the volume of the unit
cell. For the diamond structure,V1(KW m!5V2(KW m!. Thus
Vs~KW m!5V1~KW m!5V2~KW m!, andVa~KW m!50.15

The strained Si layer is a tetragonally distorted diamond
structure with the in-plane lattice constantai equal to the
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lattice constanta of the bulk GaAs,18 i.e., ai55.65 Å. The
out-of-plane lattice constanta' can be calculated from the
following equation:13

a'5a@12D~ai /a21!#, ~7!

wherea is the lattice constant of the bulk Si, andD is a
constant depending on the elastic constants. For~100! Si,
D50.776.13 From Eq.~7!, the out-of-plane lattice constant
a' is calculated to be 5.26 Å. The reciprocal-lattice vector
for the strained~100! Si layer may be expressed as

KW m*52pSm1

ai
,
m2

ai
,
m3

a'
D , ~8!

wherem1 , m2 , andm3 are integers. The band-structure cal-
culation involvesuKW m* u with a large number of differentKW m*
vectors. Therefore, use of the average lattice constanta*
calculated from~a* !35~ai!

2~a'! should produce a reasonably
good approximation, leading toa*55.52 Å ~see the Appen-
dix!.

The structure factors of the strained Si layer as expressed
in Eqs. ~3a! and ~3b! are the same as those of the bulk Si,
because any change of the lattice accompanies a correspond-
ing change of the reciprocal lattice, thus canceling each other
in Eqs.~3a! and ~3b!.

Therefore, in addition to the lattice constant, the major
factor which affects the band-structure calculation is the
form factor. The form factorVs* (KW m* ) of the strained Si layer
may be expressed as

Vs* ~KW m* !5V1* ~KW m* !5
1

V* E V1* ~rW !e2 iKW m* •rdrW, ~9!

whereV 1* (rW) is the pseudopotential associated with the at-
oms in the strained layer, andV* is the volume of the unit
cell in the strained layer.

In the strained layer, the strain energy is induced due to
the deformation of the crystal structure, which may cause the
increase of the pseudopotential. Therefore,

V1* ~rW !5V1~rW !1DV1~rW !, ~10!

whereV1(rW) is the pseudopotential of the bulk Si layer, and
DV1(rW)(.0) is the increment of the pseudopotential due to
the strain energy. Equation~10! can be further expressed as

V1* ~rW !5V1~rW ! f ~11!

and

f511
DV1~rW !

V1~rW !
. ~12!

BecauseV1(rW),0 with respect to the vacuum energy
level, we havef,1. As f is totally caused by strain or de-

formation, we may assume thatf is equal to the ratio of the
volume of the strained unit cell to that of the unstrained unit
cell, i.e.,

f5H V

V*
for V,V*

V*

V
for V.V* .

~13!

Inserting Eq.~11! into Eq. ~9!, we obtain

Vs* ~KW m* !5
f

V* EV*
V1~rW !e2 iKW m* •rWdrW. ~14!

As V* is slightly larger thanV for Si, V1(rW) vanishes
rapidly beyond the unit cell, and if we neglect the influence
of KW m* on the integral, we obtain

Vs* ~KW m* !'
f

V* EV
V1~rW !e2 iKW m•rWdrW. ~15!

Equation~15! is further reduced to

Vs* ~KW m* !'S V

V* D fVs~KW m!. ~16!

Following the same procedure, for the zinc-blende materials
we may obtain

Va* ~KW m* !'S V

V* D fVa~KW m!. ~17!

This allows the form factors of the strained layer to be
calculated from those of the bulk layer. For the Si strained
layer,V,V* . Thus we havef5V/V* . The calculated form
factors and the average lattice constant of the strained Si
layer as well as those of the bulk Si are listed in Table I.

RESULTS AND DISCUSSIONS

Carrying out the band-structure calculation numerically
with the parameters tabulated in Table I, we obtained the
band structure of the strained Si layer as shown in Fig. 2. The
band structure is calculated with momentum fromG to X,
and the unit of the momentum is arbitrary because we are
mainly interested in the energy-band gap. The calculated en-
ergy includes a reference level. It may be noted that the band
structure of the strained Si layer in theG-X direction is very
similar to that of the bulk Si calculated by the same
method.15 The major difference between the strained Si and
the bulk Si is that the band gap is now decreased. According
to our output data, the minimum of the conduction band is
10.905 eV, and the maximum of the valence band is 10.218
eV. Thus the energy-band gap is;0.7 eV, which is substan-

TABLE I. Pseudopotential form factors and lattice constants of the bulk Si and the strained Si.

Material Vs~A3! Vs~A4! Vs~A8! Vs~A11! Va~A3! Va~A4! Va~A8! Va~A11! a ~Å!

Bulk Sia 20.226 0.000 0.057 0.074 0.000 0.000 0.000 0.000 5.43
Strained Si 20.2054 0.0000 0.0518 0.0673 0.0000 0.0000 0.0000 0.0000 5.52

aThe form factors of the bulk Si are slightly adjusted in view of those in Ref. 17 to obtain the band gap of 1.15 eV.
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tially smaller than that of the bulk Si~1.1 eV!.
Using this band gap and appropriate band offsets, we may

construct the band structure of the Al/Si/n-GaAs system.
However, the band offsetsDEc andDEv may not be calcu-
lated using the empirical pseudopotential method, and must
be determined by experiments. Bratinaet al.19 measured
DEv520.39 eV for the Si-GaAs structure for which the Si
layer is strained. Using this measuredDEv~20.39 eV! and
the calculatedEg~0.7 eV! we obtain the conduction-band off-
setDEc50.34 eV. According to the model of Costaet al.,
DEv50 eV, which has a larger discrepancy with the experi-
mental results. Van de Walle’s model-solid theory employing
deformation potentials predicts thatDEv520.23 eV and
DEc50.7 eV for the strained Si on GaAs.13 It seems that the
results from the model-solid theory have a smaller discrep-
ancy, but still do not agree very well with the experimental
results. As stated by Van de Walle,13 the model-solid theory
does not work very well for interfaces between a group-IV
element and a III-V compound, and also not for~001! orien-
tations.

In light of the results obtained above, i.e.,DEc50.34 eV,
DEv520.39 eV, andEg50.7 eV, with an assumption that
the Fermi level is unpinned at both Si-GaAs and Al-Si inter-
faces, we may now be in a position to propose a revised
model as shown in Fig. 3 for the two limiting cases:~a!
n1-Si and ~b! p1-Si. For Al/n1-Si/n-GaAs, we obtain
fbumin5DEc50.34 eV, and for Al/p1-Si/n-GaAs,
fbumax5Eg~Si!1DEc51.04 eV. Therefore, our model pre-
dicts thatfb is in the range between 0.34 and 1.04 eV, which
agrees very well with the experimental results.8 This result
also conforms to the experimental results of the thicker Si
layers ~15–100 Å!,5–7 suggesting that the thicker layers
might not be fully relaxed.

In order to further test this approach, we calculated the
band structure of the strained Si12xGex on the Si substrate.
Some of the preliminary results are presented here. The band
gap of the strained Ge (x51) on the Si substrate is 0.533 eV,
that of the strained Si0.4Ge0.6 (x50.6) on the Si substrate is
0.742 eV, and that of the strained Si0.2Ge0.8 (x50.2) on the

Si substrate is 1.01 eV. These results agree very well with the
experimental results obtained by Langet al.20 and Noël
et al.,21 and also close to the theoretical results of Rieger and
Vogl.14

We now turn our attention to whether the band-structure
calculation using the empirical pseudopotential method is
still valid for very thin strained layers. Two key parameters
for the band-structure calculation are the structure factor and
the form factor. The structure factor is calculated from Eq.
~3!, which requires the periodicity of the crystal. Actually,
the lattice of the strained Si may be considered as an exten-
sion of that of the GaAs crystal. If one views the strained Si
together with GaAs as a whole crystal, the periodicity of the
Si would be just a part of the GaAs crystal. On the other
hand, the form factor is calculated from Eq.~9! whereV 1* (rW)
is localized in one unit cell. Therefore, we believe that, even
for the strained layers, the empirical pseudopotential method
is still valid.

CONCLUSIONS

The band structure of the strained Si layer~,15 Å! on
GaAs is calculated using the empirical pseudopotential
method. The form factor of the strained Si layer is derived by
considering that the pseudopotential of the strained layer is
slightly modified by a factor which is proportional to the
volume change of the unit cell. The band-structure calcula-
tion indicates that the band gap of the strained Si layer is 0.7
eV which is substantially smaller than that of the bulk Si. A
revised band-structure model for Al/Si/n-GaAs based on the
above calculation is proposed, which conforms to the experi-
mental results very well. This model implies that with the
strained Si interfacial layers, the Fermi level is unpinned not
only at the Si-GaAs interface but also at the Al-Si interface.
The striking agreement of our theoretical results with the
available experimental data attests to the utility of this ap-
proach for the calculation of the band structure of a strained
semiconductor layer.
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APPENDIX

The band structure is numerically calculated by solving
the following equations which are deduced from the Schro¨-
dinger equation employing Fourier transformation:

\2

2m*
ukW1KW l u2AKW l

1(
h

VKW l2KW h
AKW h

5E~kW !AKW l

~ l50,1,...,n! ~A1!

wherekW is the wave vector, andE(kW ) is the corresponding
energy.KW l andKW h are the reciprocal vectors.AKW l

is the Fou-

rier coefficient of the Bloch functionuk(rW). VKW l2KW h
is the

Fourier coefficient of the potentialV(rW). These equations
can be further expressed in matrix form as

@ai j #n3n@AKW i
#13n5E~kW !@AKW i

#13n , ~A2!

where

ai j5H \2

2m*
ukW1KW i u2 if i5 j

VKW i2KW j
otherwise .

Therefore, for a given wave vectorkW , we can determine
the corresponding set of band-structure energiesE(kW ) by
solving the eigenvalue problem of Eq.~A2!. Usually,n5120
results in a satisfactory output.

In order to calculate the band structure of a strained semi-
conductor layer, we may solve the eigenvalue problem in Eq.
~A2! with the modified coefficientsa i j* due to the tetragonal
distortion:

ai j*5H \2

2m*
ukW1KW i* u2 if i5 j

V
KW
i*2KW

j*
* otherwise.

~A3!

In the above expression,ukW1KW i* u2 can be expressed as
ukW u212ukW uuKW i* ucosu*1uKW i* u2, where u* is the angle be-
tweenkW andKW i* . u*>u due to the small change of the crys-
tal structure, whereu is the angle between kW and KW i .
V
KW
i*2KW

j*
* is determined by the structure factors and the form

factors. From the above discussions, we find thata i j* is de-
termined byuKW i* u. From Eq.~A2!, it can be found thatE(kW )
is determined by a large number of coefficientsa i j* associ-
ated withuKW i* u, i50,1,2,...,n (n.120). Therefore,E(kW ) is
the average result of the actions produced by
uKW i* u , i50,1,2,...,n. We can find an average lattice con-
stantam* instead ofai anda' , so that

uKW m* u52pF Sm1

ai
D 21Sm2

ai
D 21Sm3

a'
D G1/252p

am*
Am1

21m2
21m3

2.

~A4!

Thus we derive

am*5S m1
21m2

21m3
2

Sm1

ai
D 21Sm2

ai
D 21Sm3

a'
D 2D

1/2

,

m1 ,m2 ,m350,1,...,n. ~A5!

The average lattice constant can be obtained by

a*5

(
m

am*

n
~A6!

which is equal to 5.514 Å in our case forn.125. Note that
this is very close to the value obtained froma*
5(Aai

2a')
1/355.517 Å. This demonstrates that it is reason-

able to calculate the effect of the tetragonal distortion on
band structure using the average lattice constanta* .

In order to verify the above point, we calculated the band
structure without using the average lattice constanta* , and
instead directly usingai and a' in uKW m* u. This yielded the
same results as using the average lattice constant. Therefore,
we can calculate the band structure of a strained semicon-
ductor layer using the program designed for bulk semicon-
ductors.
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Morkoç, Appl. Phys. Lett.60, 2511~1992!.

3G. G. Fountain, S. V. Hattangady, D. J. Vitkavage, R. A. Rudder,
and R. J. Markunas, Electron. Lett.24, 1134~1988!.

4S. Tiwari, S. L. Wright, and J. Batey, IEEE Electron. Device Lett.
9, 488 ~1988!.

5J. R. Waldrop and R. W. Grant, J. Vac. Sci. Technol. B6, 1432
~1988!.

6J. C. Costa, F. Williamson, T. J. Miller, K. Beyzari, M. I. Nathan,
D. S. L. Mui, S. Strite, and H. Morkoc¸, Appl. Phys. Lett.58, 382
~1991!.

7T. J. Miller and M. I. Nathan, J. Appl. Phys.76, 371 ~1994!.
8M. Cantile, L. Sorba, S. Yildirim, P. Faraci, G. Biasiol, A. Fran-
ciosi, T. J. Miller, and M. I. Nathan, Appl. Phys. Lett.64, 988
~1994!.

9J. C. Costa, T. J. Miller, F. Williamson, and M. I. Nathan, J. Appl.
Phys.70, 2173~1991!.

53 3883BAND STRUCTURE OF Al/Si/n-TYPE GaAs WITH A STRAINED . . .



10P. C. Zalm, P. M. Maree, and R. I. J. Oltholf, Appl. Phys. Lett.46,
597 ~1985!.

11K. Adomi, S. Strite, and H. Morkoc¸, Appl. Phys. Lett.56, 469
~1990!.

12C. G. Van de Walle and R. M. Martin, Phys. Rev. B34, 5621
~1986!.

13C. G. Van de Walle, Phys. Rev. B39, 1871~1989!.
14M. M. Rieger and P. Vogl, Phys. Rev. B48, 14 276~1993!.
15M. L. Cohen and T. K. Bergstresser, Phys. Rev.141, B789~1966!.
16K. Hess, Advanced Theory of Semiconductors~Prentice-Hall,

Englewood Cliffs, NJ, 1989!.
17J. R. Chelikowsky and M. L. Cohen, Phys. Rev. B14, 556~1976!.
18K. N. Tu, J. W. Mayer, and L. C. Feldman,Electronic Thin Film-

Science~Macmillan, New York, 1992!.
19G. Bratina, L. Sorba, A. Antonini, L. Vanzetti, and A. Franciosi, J.

Vac. Sci. Technol. B9, 2225~1991!.
20D. V. Lang, R. People, J. C. Bean, and A. M. Sergent, Appl. Phys.

Lett. 47, 1333~1985!.
21J.-P. Noe¨l, N. L. Rowell, D. C. Houghton, and D. D. Perovic,

Appl. Phys. Lett.57, 1037~1990!.

3884 53Z. CHEN, S. N. MOHAMMAD, AND H. MORKÇ


