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Band structure of Al/Si/n-type GaAs with a strained Si interfacial layer
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The band structure of a coherently strained Si lafed5 A) 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 Based on the assumption that the Fermi level is pinned at
the Al/Si interface, and unpinned at the Si/GaAs interface,
Metal-insulator-semiconductor ~ field-effect  transistorsCostaet al® proposed a band-structure model in the frame-

(MISFET's) on GaAs have not been successfully realizedwork of the bulk Si band structure. F|gure 1 shows their
due to the presence of a high density of interface trap state§odel fOF two limiting cases(a) for then™-Si layer, andb)
at the interface between the insulator and GaAs. In recerfer the p*-Si layer. Because most of the experimental data
years, significant progress has been made toward the realiz3te available forn-GaAs, in this paper we only discuss
tion of GaAs MISFET’s:™# The key material responsible for
this progress is the thin strained Si interfacial layd A),

which is sandwiched between the insulator and GaAs. Itis AE,

this interfacial layer that greatly reduces the interface states A AE 7—L/

between the insulator and GaAs. bbsi _L < ) \ E
It is well known that the Fermi level is pinned near the _y % | \ 4 ———— B & ¢

midgap at the surface of GaAs due to the large density of the _f Eq Pos

surface states. By incorporating a thin Si interfacial layer ) A _ __E

between metal and GaAs, it is observed that the Fermi level Si | Gahs si GaAs f

varies over a wide range in the baénd gap, which depends on

the doping level of the thin Si lay@rThis unpinning of the

Fermi level at the interface between metal and GaAs is an ~ ,= Ey — 'x E

indication of the reduced interface states. Therefore, it is im- s Ysi

portant to investigate the Schottky contacts on GaAs with a (a) ©
thin interfacial Si layer. Waldrop and Grantabricated

Schottky contacts om-GaAs using 15—-30-A Si interfacial

layers, which were heavily eitheror p type, and found that

the Schottky barrier varies between 0.45 and 1.1 eV depend-

ing on doping levels, more specificall,|,=0.45 eV for
metalh™-Si/n-GaAs diodes, and ¢y|m=1.1 eV for
metalp*-Si/GaAs diodes. Costat al® fabricated Alh-Si/ o
GaAs and Alp-Si/GaAs diodes with 6—100-A-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 Nathah investigated Al/Sit-GaAs

Schottky diodes with 100-A 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. Cangfeal®
investigated Al/Sii-GaAs with even submonolayer and
monolayer Si. They found thaf,|,,;,=0.3—0.4 eV fom " -Si

interfacial layers, an@y|ma=1.0-1.1 eV forp"-Si interfa- FIG. 1. Band-structure model of Al/SiGaAs with
cial layers. It may be noted that all of the above experiments;=1x10'7 cm2 proposed by Costat al; (a) thick n™-Si layer,
were performed witl{100) GaAs. Therefore, our discussions (b) thick p*-Si layer, (c) very thin n*-Si layer, and(d) very thin
are restricted tm-GaAg100). p*-Si layer.
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Schottky contacts om-GaAs. The usual doping level of ductor layer can be calculated directly using the empirical
n*-Si andp*-Si is about 510'° cm3, and that of GaAs pseudopotential method.
(Ref. 9 is 1x10'" cm 3. The depletion width of Si with the

barrier heighte,(Si)=0.7 eV is calculated to be 40 A, and  THEORETICAL CONSIDERATIONS FOR THE BAND

that of GaAs to be 1000 A with the same barrier height. STRUCTURE CALCULATION OF A STRAINED LAYER

From Fig. 1, it is obvious that for Schottky contacts on the ] ) )
n*-thick Si layer[the thick layer is such that the thickness of "€ band structure is numerically calculated by solving

Si is larger than its depletion width, aigl(Si) can reach the _the Sc;h'r'dinger _equ_atior’t:r"”Thg critical problgm undgrly—
Fermi level, ¢, |- =AE,(Si-GaAs, because the Al-Si inter- "9 this calculation is to determine the potent&lr) which

face is a tunneling barrier; and for Schottky contacts on thd"&Y be expanded in terms of reciprocal lattice vedtay:

p*-Si thick layer, ¢y|ma=Eqy(S)+AE, (Si-GaAs. By o

closely examining this model, we find that there are two V(F)=2, V@meiKm‘f, (@)
aspects of the model which do not agree with the experimen- m

tal results.

(1) According to this model,” AE (Si-GaA9~0.3 eV,
AE,(Si-GaA9~0 eV, andEy(Si)~1.1 eV, thusdy|ma=1.4
eV [see Fig. 1b)]. However, according to the experimental e s ccars svgars
data®=® ¢ | na=1.0—1.1 eV. Thus there is a discrepancy of at Vi = S KV (Kn) FIS(Kn) VA Ko), @

least 0.3 eV between the experimental data and theoretic%heres(}zm) is the structure factok/i(lzm) is the symmetric

results. _ _ _ pseudopotential form factor, and’(K ;) is the antisymmet-

(2) As the Si layer becomes thinner and thinner, the depleyic torm factor.
tion due to ¢,(Si) [~0.7 eV (Ref. 9] extends into GaAs,  The cubic semiconductors of the diamond or zinc-blende
leading to @y|min=by(S))+AE.=1.0 eV as shown in Fig. type have a fcc structure with two atoms per unit cell. The
1(c), and ¢p|max=Pp(S))+AE.=1.0 eV as shown in Fig. origin of the coordinates is taken half way between these two
1(d). This indicates thath, does not depend on the doping atoms, whose positions are denotedrasandr,, so that
level of the Si layer. However, according to Waldrop andr,=a(3,3,5)=r andr,=—7, wherea is the length of the unit
Grant? ¢,=0.4-1.0 eV for 15-30-A Si layers. Cantile cube. In this case,
et al® reported thatp, varies between 0.3 and 0.4 eV and 1.0 _ _
and 1.1 eV for both 1-ML and submonolayer Si. All these SY(K,,) =cog K, 7) (33
indicate that for the very thin Si layerp, 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 laydr; is less than the critical thickness VS(}Z )= Vi(Km) +Va(Kin)
h., the lattice mismatch is accomodated by coherent strain, m 2
whereh,=10-14 A for Si on GaAS$%*When the thickness
of the Si layertg; is larger than the critical thickness, the
mismatch is accommodated by misfit dislocations at the in- - -
terface between Si and GaAs. The crystal structure of the Va(K )= Vi(Km) = Va(Kpn) 4b
strained layer is closer to that of GaAs than of Si, because m 2 '
the in-plane lattice constant of the strained layer remains the
same as that of GaAs. Therefore, it may not be appropriate tyhere
apply the bulk Si band structure to explain the exper'igr\nental 1
results for the very thin strained interfacial layérs15 A). < V- 2\ =Ky T
In this paper, we propose a revised band structure of Al/Si/ VilKm) Qj Va(e e ©
n-GaAs based on the actual calculation of the band structure
of the strained Si interfacial layer<15 A) employing the and
empirical égigudopotential method. Van de Walle and 1
co-workers“*° proposed the model-solid theory employing > © > Ky Ty 7
deformation potentials which can predict the band lineups at Va(Km) = Qj Ve dr. ©
the interface in the presence of strains. Rieger and ¥og|
investigated the electronic-band parameters in the strained Here V,(r) and V,(r) are the pseudopotentials due to
Si,«Geg alloys on Sj_,Ge, substrates. They calculated the single atoms in the lattice, ard is the volume _of the unit
band structure of the bulk materials employing the empiricakell. For the diamond structurey;(K)=V,(K). Thus
pseudopotential method, and determined the band lineups u¥S(K )=V, (K ) =V,(K), andV3K,)=0.1°
ing deformation potentials. We intend to explore an approach The strained Si layer is a tetragonally distorted diamond
by which the overall band structure of a strained semiconstructure with the in-plane lattice constaaf equal to the

wherer is the lattice vector anthis an integer.\/,zm may be
split into symmetric and antisymmetric parts:

and
SA(K ) =sin(K,,- 7). (3b)

In terms of the atomic potentials,

(4a)

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

Material VS(4/3) VS(1/4) VS(1/8) VS(y/11) VA(\/3) VA(\/4) VA(\/8) Va(11) a(A)
Bulk Si# —0.226 0.000 0.057 0.074 0.000 0.000 0.000 0.000 5.43
Strained Si —0.2054 0.0000 0.0518 0.0673 0.0000 0.0000 0.0000 0.0000 5.52

&The 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.

lattice constant of the bulk GaAs? i.e., a=5.65 A. The formation, we may assume thhis equal to the ratio of the
out-of-plane lattice constard#; can be calculated from the volume of the strained unit cell to that of the unstrained unit

following equationt3 cell, i.e.,

a, =a[l1-D(a,/a—1)], (7) Q

. L_ [ : : ) _ — for Q<Q*
where a is the lattice constant of the bulk Si, aridl is a f= Q (13
constant depending on the elastic constants. (B60) Si, O* .
D=0.7761 From Eq.(7), the out-of-plane lattice constant o for >0%.
a, is calculated to be 5.26 A. The reciprocal-lattice vector ) ) .
for the strained100) Si layer may be expressed as Inserting Eq.(11) into Eq. (9), we obtain
* > f N VL BN
Kx=2q 2 T2 M t3) Ve (K’%)=—*f Vi(F)e "mdr. (14
" a ' aa Q% Jox

wherem;, m,, andmg are integers. The band-structure cal- As Q* is slightly larger than() for Si, V,(r) vanishes
culation involveg K 1| with a large number of differer 7, rapidly beyond the unit cell, and if we neglect the influence
vectors. Therefore, use of the average lattice cons#ént of K* on the integral, we obtain
calculated fron(a*)?’z(aﬂ)z(al) should pr’%\duce a reasonably .
roximation, leadin =5.52 he Appen- x> o i s

g&c)).d approximation, leading @ =5.52 A (see the Appe N (K:‘n)mﬁfﬂvl(r)e"’(m"dr. 15

The structure factors of the strained Si layer as expressed
in Egs. (3a) and (3b) are the same as those of the bulk Si, Equation(15) is further reduced to
because any change of the lattice accompanies a correspond-
ing change of the reciprocal lattice, thus canceling each other Vs*(ﬁ*)~(£
in Egs.(3a and(3b). m *

Therefore, in addition to the lattice constant, the majorF lowing th d for the zinc-blend terial
factor which affects the band-structure calculation is the ©'°WINd tN€ Same procedure, for the zinc-blende matenals

5 - ) ) we may obtain
form factor. The form factow*" (K?) of the strained Si layer 4
may be expressed as

FVS(K,p). (16)

V(K ~

Q -

. ﬁ) V(K. 17)

VS*(R;)=V’;(|Z;)=Q—J V(e KmTdi,  (9) . _
This allows the form factors of the strained layer to be

WhereV’l‘(F) is the pseudopotentia| associated with the at_Ca|CU|ated llrom those of the bulk Iflyer. For the Si strained

oms in the strained layer, af@* is the volume of the unit layer,Q<Q”. Thus we haved =0/Q*. The calculated form

cell in the strained layer. factors and the average lattice constant of the strained Si

In the strained layer, the strain energy is induced due tdayer as well as those of the bulk Si are listed in Table I.
the deformation of the crystal structure, which may cause the
increase of the pseudopotential. Therefore, RESULTS AND DISCUSSIONS

V*(F)=V(F)+AV4(T) (10) Carrying out the band-structure calculation numerically
1 1 a(r), . : .

) ) . with the parameters tabulated in Table |, we obtained the
whereVy(r) is the pseudopotential of the bulk Si layer, and pand structure of the strained Si layer as shown in Fig. 2. The
AVy(r)(>0) is the increment of the pseudopotential due topand structure is calculated with momentum frdito X,

the strain energy. Equatiail0) can be further expressed as ang the unit of the momentum is arbitrary because we are

mainly interested in the energy-band gap. The calculated en-

.o -
Vi(r)=Vi(nf (1D ergy includes a reference level. It may be noted that the band
and structure of the strained Si layer in theX direction is very
similar to that of the bulk Si calculated by the same
AV4(T) method!® The major difference between the strained Si and
f=1+ AGR (120 the bulk Si is that the band gap is now decreased. According

to our output data, the minimum of the conduction band is
BecauseV,(r)<0 with respect to the vacuum energy 10.905 eV, and the maximum of the valence band is 10.218
level, we havef <1. Asf is totally caused by strain or de- eV. Thus the energy-band gap-9.7 eV, which is substan-
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FIG. 3. The proposed band-structure model of AHSHaAs
7 with a strained Si interfacial layefa) n*-Si doped with As, andb)
6 : . : R p*-Si doped by a sufficiently high Al flux.
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Momentum Si substrate is 1.01 eV. These results agree very well with the
experimental results obtained by Lare al?® and Noé
FIG. 2. Band structur€l’-X) of the strained Si layef<15 &) €t aI.,lzliL and also close to the theoretical results of Rieger and
calculated by the empirical pseudopotential methBg=0.7 eV). Vogl. _
We now turn our attention to whether the band-structure
tially smaller than that of the bulk S.1 eV). calculation using the empirical pseudopotential method is
Using this band gap and appropriate band offsets, we mastill valid for very thin strained layers. Two key parameters
construct the band structure of the Alf8baAs system. for the band-structure calculation are the structure factor and
However, the band offsetSE, and AE, may not be calcu- the form factor. The structure factor is calculated from Eg.
lated using the empirical pseudopotential method, and mugB), which requires the periodicity of the crystal. Actually,
be determined by experiments. Bratimhal’® measured the lattice of the strained Si may be considered as an exten-
AE,=-0.39 eV for the Si-GaAs structure for which the Si sion of that of the GaAs crystal. If one views the strained Si
layer is strained. Using this measurade,(—0.39 e\) and  together with GaAs as a whole crystal, the periodicity of the
the calculatedE (0.7 eV) we obtain the conduction-band off- Si would be just a part of the GaAs crystal. On the other
set AE.=0.34 eV. According to the model of Cos&t al,  hand, the form factor is calculated from E§) whereV 5 (r)
AE,=0 eV, which has a larger discrepancy with the experi-is localized in one unit cell. Therefore, we believe that, even
mental results. Van de Walle’s model-solid theory employingfor the strained layers, the empirical pseudopotential method
deformation potentials predicts th&E =-0.23 eV and s still valid.
AE;=0.7 eV for the strained Si on Ga&%lt seems that the
results from_ the model-solid theory ha\_/e a smaller _discrep- CONCLUSIONS
ancy, but still do not agree very well with the experimental
results. As stated by Van de Walfféthe model-solid theory The band structure of the strained Si layerl5 A) on
does not work very well for interfaces between a group-IlVGaAs is calculated using the empirical pseudopotential
element and a IlI-V compound, and also not (001) orien-  method. The form factor of the strained Si layer is derived by
tations. considering that the pseudopotential of the strained layer is
In light of the results obtained above, i.AE.=0.34 eV, slightly modified by a factor which is proportional to the
AE,=-0.39 eV, andEy=0.7 eV, with an assumption that volume change of the unit cell. The band-structure calcula-
the Fermi level is unpinned at both Si-GaAs and Al-Si inter-tion indicates that the band gap of the strained Si layer is 0.7
faces, we may now be in a position to propose a revise&V which is substantially smaller than that of the bulk Si. A
model as shown in Fig. 3 for the two limiting casds)  revised band-structure model for Al/&iGaAs based on the
n*-Si and (b) p*-Si. For Alin*-Siln-GaAs, we obtain above calculation is proposed, which conforms to the experi-
dolmin=AE,=0.34 eV, and for Alp"-Siln-GaAs, mental results very well. This model implies that with the
®plmax=Eq(S))+AE;=1.04 eV. Therefore, our model pre- strained Si interfacial layers, the Fermi level is unpinned not
dicts that, is in the range between 0.34 and 1.04 eV, whichonly at the Si-GaAs interface but also at the Al-Si interface.
agrees very well with the experimental resfiffhis result  The striking agreement of our theoretical results with the
also conforms to the experimental results of the thicker Savailable experimental data attests to the utility of this ap-
layers (15-100 A,>~7 suggesting that the thicker layers proach for the calculation of the band structure of a strained

might not be fully relaxed. semiconductor layer.
In order to further test this approach, we calculated the
band structure of the strained,SjGe, on the Si substrate. ACKNOWLEDGMENTS
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P factors From the above discussions, we find ﬁnﬁtls de-

termined byIK*| From Eq.(A2), it can be found thaE (k)

APPENDIX
is determined by a large number of coefficieat$ associ-
The band structure is numerically calculated by solvingated with|[K¥|, i=0,1,2...,n (n>120). ThereforeE(k) is
the following equations which are deduced from the Sehrothe average result of the actions produ_ced by
dinger equation employing Fourier transformation: |[K¥|, i=0,1,2...,n. We can find an average lattice con-
stanta, instead ofa, anda, , so that
2 - -
27 - . e A .
1 AK,+; Vi, -k, Ak, = E(K Ak, A m\2 (my\2 (mg|]¥2 2a
|K:1|:27T ; + a— a— a \/m1+m2+m3
= I I i m
) (1=0,1,...n) ) (A1) (A4)
wherek is the wave vector, an&(k) is the corresponding .
energy.K, andK,, are the reciprocal vectorfy, is the Fou-  Thus we derive
rier coefficient of the Bloch functiom,(r). Vg K, is the
i o i [ . m2+ m2+ m2 12
Fourier coefficient of the potential(r). These equations ar = 1772778
can be further expressed in matrix form as m m\? [mp\? [mg\?|
. N A - q q a
84 Tl AR, J1xn = E(K)AG 1, (A2)
m,,m,,my=0,1,. (A5)
where
The average lattice constant can be obtained by
2 - -
—|k+K? if i=j
= e KEKE =] S at
VK,-k  otherwise . a*t= (A6)

n
Therefore, for a given wave vectr we can determine o ]

the corresponding set of band-structure enerdiék) by wr'm:h' is equal to 5.514 A in our case fn>125. Note that

solving the eigenvalue problem of E@2). Usually,n=120 this is very close to the value obtained frora®

results in a satisfactory output. = (\/afai)l’3=5.517 A. This demonstrates that it is reason-
In order to calculate the band structure of a strained semiable to calculate the effect of the tetragonal distortion on

conductor layer, we may solve the eigenvalue problem in Egband structure using the average lattice consaént

(A2) with the modified coefficientaﬁ due to the tetragonal In order to verify the above point, we calculated the band

distortion: structure without using the average lattice cons&intand

instead directly usingy anda, in |[Ky|. This yielded the

2 . .
same results as using the average lattice constant. Therefore,

[K+K*|2 if i=j

ar—{ 2m* (A3) e can calculate the band structure of a strained semicon-
" * . ductor layer using the program designed for bulk semicon-
Vi, -, otherwise Y g the prog g
* Kk .
K=K ductors.
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