Band structure and confined energy levels of the Si 3N4/Si/GaAs system
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The band structure of strained $-10 ML) on (001 GaAs, band lineups of the strained
Si/(00)GaAs heterojunction, and confined energy levels of thdl 35i/GaAs quantum well have

been calculated via a pseudopotential method. It has been found that in this technically important
SisN,/Si/(001)GaAs structure, strained Si has a very narrow band(@&# e\ at theA | point in

the Brillouin zone. For the strained §01)GaAs heterojunction, the conduction band offsets from
theA, for Sito thel valley for GaAs is 0.83 eV, and that from the 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 §l,/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. @997 American Institute of Physid$$0021-897807)05213-4

I. INTRODUCTION has two main aspects: first, it generates an accurate band
structure, and second, it aligns this band structure on an “ab-

The g”t'fal ft_als(I; ||]2fth;atdeve_I(iprrlgltlagft:grmetal—llnsglator-Solute,, energy scale. The first part is accomplished by per-
semiconductor Tield-efiec Ta”S'S.O( S emp oying forming density-functional calculations on individual bulk
GaAs is to obtain a nearly ideal interface between the insu-

lat d GaAs. which has b ful f Idsemiconductors. Since the density-functional theory fails to
a gr anR ‘:fl’ Wb'c ' has eer:. unsuc<:tes§ ud oSr.s.e\:erla roduce the correct band gap, we use the band gap calculated
cades. wecenty, by Incorporating a strained Si interiaye y the pseudopotential method, and then add it to the valence
(several monolayeyshetween the insulator an@01)GaAs,

GaAs MIS structures with minimum interface trap densitiesband in order to obtain the conduction band position. The
) . . ; valence band discontinuity of a heterojunction can be accu-
in the mid 18° cm 2eV~! have been achievéd® Realiza- y )

. . __rately derived using the Van de Walle and Martin approach.
g(r)gm(i);in(;aAs MISFETs in the near future appears quite;, comparison with other model theories, e.g., Frensley—

. . . Kroemer theor}® and Harrison’s theory! Van de Walle and
However, incorporation of a narrower band gap Si inter-

| bet GaA d the insulator leads to the f i Martin’s model-solid theory yields better predictions.
ayer between S and the insulator feads 1o the formalion = ;¢ 4 icle js organized as follows. First, we present the

OI a ql:jagt.u.n}[ Vﬁe” Wh'cr?. (;]o_nfmes thetr:ale.cttro?s. Tguts’ theband structure of a coherently strained Si layer calculated
straned St interiayer, which Improves the ntertace be Weerﬂjsing the real space pseudopotential and considering the lat-
the insulator and GaAs may have significant adverse effect

Althouah ) tal i tigati ied Yice distortion in the strained layer. Next, we use the model-
ough many experimental investigations were carried out theory to derive the valence band discontinuity and

on SgN,/Sif(00])GaAs MIS structures, no attempt has beenobtain the conduction band offset using the calculated band

made to understand the fundamental properties of this Sy%jap. Finally, we calculate the energy levels in the quantum

:ﬁmae-g-lltthe b_andtrs],trutc):tur(;e. Stomte |nvefst|t?élfk8|ess_<plant1ed 4 olvell using the pseudopotential method and the effective
e results using the band structure of bulk Si instea O%ass approximation.

strained Si. This undoubtedly causes misunderstanding an
misguidance. Therefore,.|t is important to investigate thel_ BAND STRUCTURE OF COHERENTLY STRAINED
band structure of the strained Si interlayer and quantum welL:
._Si ON (001) GaAs

energy levels, so that we can clearly understand the electrica
properties of the MIS system. There are several approaches to calculate the band struc-

Van de Walle and Martifr® proposed a first-principle tures of semiconductors, e.g., the local-density function
approach, called the model-solid theory, to calculate the hetnethod and the pseudopotential method. Although the local
erojunction band discontinuities at semiconductor interfacesgjensity function method is quite accurate for ground-state
which includes the effects of strain. The model-solid theoryproperties and some excitation energies, it does not give an

accurate energy gap.The pseudopotential method using

d0n sabbatical leave at Wright Laboratory, Wright Patterson Air Forceseveral parameters 1o fit the experimental data may produce

Base, OH 45433 under a URRP program funded by AFOSR; Electroni@Ccurate energy bands. EOI’ the empiricgl pseudopotential
mail: z-chen4@uiuc.edu method, the pseudopotential parameters in khgpace are

J. Appl. Phys. 82 (1), 1 July 1997 0021-8979/97/82(1)/275/6/$10.00 © 1997 American Institute of Physics 275

Downloaded-24-Sep-2007-t0-128.163.42.30.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



TABLE |. Coefficients for the pseudopotential in Gaussian form as in Eq.strained Si or{001) GaAs as shown in Fig. 2. The spin-orbit
(1) (in atomic unit3. splitting is not considered, because it is only 0.04 eV afithe
point of the valence bandStrained Si o(001) GaAs has a

Coefficients v vy v3 a; ag . ’
face-centered tetragonal lattice. Consequently, the X6ix

From Ref. 15 2454 —-1585  -0934 06102 03 points in the Brillouin zone split into fouX points and two

Modified Si 2554 —1.635 -0.954 0.6102 0.3 ; :

Ga in GaAs 2520 —1327 —1032 061 0.35 Z points. Correspondingly, there are folj and two A,

Ga in GaAs 1562 —1544 —0.138 061 0.35 points. The fourL points remain equivalent. Therefore, the

strain along[001] induces a splitting of the energy bands
from I" to X as shown in Fig. 2. Fronh' to L, there is no

1314 ) ~ splitting at the same band. However, the degenerate bands
used.™ " For the band structure of coherently strained Si, wegre separated now, e.dlg5—Ls and L —I'ps — X, bands

use the pseudopotential in real space Gaussian form derivgdee Figs. 1 and 2 and Table)liLet us take a closer look at
by Kané® and consider the effect of strain on the crystalihe | and A points. The conduction band minimum along
structure. In order to obtain the energy gap of 1.12 eV forgo1] direction in the Brillouin zone &, ) decreases signifi-

unstrained Si, the coefficients which form the pseudopotencantly (0.34 eV abovd’,s ), while that alond 100] direction

potential in Gaussian form is given by At the L point, those degenerate bands are separated. Thus
) ) Ls» becomesLs, and Ly, and Lz changes toLz, and
Vtot(r):; (vi+vo|r—R[?)e %l R4y emaalRE | The separation betwedtys , andL, becomes 1.17 eV.

(1) (That of bulk Si is 1.89 eV.The band gap of strained Si is
0.34 eV, and the separation betwepandA, is 0.63 eV.
The coefficients are given in Table I. There are not any direct experimental data supporting these
Using the modified coefficients in Table I, we calculated points. We may compare our results with those from other
the band structure of bulk Sunstrainetas shown in Fig. 1. methods. Riegeet all? reported the energy gap of strained
The energy splitting of bulk Si at several symmetry points insj on (001) Ge, which is 0.34 eV, calculated by empirical
thek space is listed in Table Il. It can be seen from Table Ilpseudopotential method. The band structure of strained Si on
that, after modification, the energy splitting is still in good (001) Ge is the same as that ¢801) GaAs. Van de Walle
agreement with the experimental data. The two importangt a|7 calculated the band splitting due to strains using de-
points, i.e..L; andA, are more accurate. formation potentials. The separation betwegnand A, is
For the band structure calculation of a strained Si layergpout 0.67 eV for strained Si of001) Ge, which is very

the distortion of the crystal structure needs to be considere@jose to our resulf0.63 eV) for strained Si or(001) GaAs.
The detailed results of the atomic structure of strained semi-

conductors were summarized by Van de Walkor strained

Si on GaAs(001), the in-plane lattice constan} is the same

as the lattice constant of GaAs, i.@;=5.65 A, and the

out-of plane lattice constart; can be calculated using the |jj. BAND LINE UPS FOR THE STRAINED Si/(001)

scheme described in Ref. 9. The out of plane lattice constartaAs HETEROJUNCTION

a, is found to be 5.26 A. Using these lattice constants and

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

AQ
E,a= Ez(;),av+ a, K 2

E (eV)

where Esva\, is the average of valence bands without strain.
The fractional volume chang&Q/Q=Tr(g)= (e 4+ Eyy

+&,7), Wheree,,, &y, ande,, are strains. The energy

shifts with respect t(ESva\, are given b§

AE, =3 Ag— 3 SEqos, 3

__ 1 1 1 2
AE, 1= — 5 Aot 7 6Ego1t z [Ag+ AgSEqns
FIG. 1. Band structure of bulk Sunstraineglfrom I" to X calculated using 0 /
the modified coefficients listed in Table I. + 2 (8Eqgp)?]Y2, (4)
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TABLE II. Comparison of energy splittingin eV) of bulk Si calculated using the modified coefficients with
those from the experiments and from the empirical pseudopotential method.

Toy—To Tosr, Tog—Li Tog—Ay Ly—Ly La—Lz Xg=X;

The present work 3.6 3.3 1.89 1.12 3.17 5.42 4.25
Cohenet al. (Ref. 13 3.8 34 1.9 0.8 3.1 5.2 4.0
ExperimentalRef. 13 3.4 1.9 1.12 3.2 5.3 4.1

1 1 1), Si/p-GaAs(001), and found that the barrier height is only
AE, 5=~ 6 Aot 4 9001~ 2 Ag+A00Eo0 0.28 eV. This result indicates that the valence band discon-
" tinuity of strained Si001) GaAs should be smaller than or
+ g (8Eopy)? ) equal to 0.28 eV. This result agrees with our resylt5
4 7m0 ’ eV). In addition, the band discontinuity betwedn for Si

andX for GaAs is also presented, which is useful for calcu-
lations of energy levels in the quantum well in the following
gction.

where A, is the spin-orbit splitting, which is negligible for
Si, andSE 1= 2b(e,,— £4y) . b is given in Ref. 9. Using this
scheme, we obtained the absolute valence band energy level
atT, i.e, E,;=6.55 eV, andE,,=E ;=—7.06 eV. This
means that one valence band is degenerat&daad another |\ cONFINED ENERGY LEVELS OF THE

one is 0.51 eV above the degenerated banb. afhis is in  s;j,N, /Si/(001)GaAs SYSTEM

good agreement with the results from the pseudopotential

calculation (See F|g 2’ where the Separation between Based on the above Calculations, the band alignment of
[y, andTogp is 0.6 eV (See Table 1ll. The absolute va- the SgN,/Si/GaAs system is constructed as shown in Fig. 4.

lence band energy for bulk GaAs is given’by In this section, we present theoretical calculations of energy
levels of the quantum well of §W,/Si/GaAs based on both
E,=E, o+ ﬂ , (6) the pseudopotential and the effective-mass methods. It is not
v 3 convenient to carry out the full calculation based on the

and we obtairE, = —6.81 eV. Using these absolute energy pseudopotential method every time. If the results from the
. . . : : .
levels and the energy gap calculated in Sec. |, we obtain theimPl€ effective mass method do not completely deviate
band lineups for the heterojunction of strained®JA) GaAs fro_m the more reliable psegdopotentlal ca_lculatlon,_ we may
as shown in Fig. 3. Bratinet al reported the valence band 9@in qualitative understanding by performing the simple ef-
offsets for strained Si001) GaAs using x-ray photospectros- '€Ctive mass calculation. _ _ _
copy (XPS) measurements. They obtained the valence band ©n€ Of the major problems is the thickness of the Si
offset of 0.39-0.1 eV. However, their results were cor- interlayer. The initial thickness of the Si interlayer is
rected using some theoretical results, and this can not bg 10 A (8 ML). After the deposition of $N,, a part of the
regarded as direct experimental measurements. @ostid” Siinterlayer is consumed by nitridation. The actual thickness

measured the Schottky barrier of the diode, Al/6 A- of the Si interlayer is less than 10 A. Zheagal® reported
’ that the optimal thickness of the Si interlayer-is4 A (3

ML) determined by transmission electron microscopy
(TEM). Our recent XPS and TEM measureménsuggest
that the thickness of the Si interlayer may be 2—6 monolay-
ers, which depends on the process parameters, or 2.6—-7.9 A,
consideringa, =5.26 A. Here we consider Si quantum
wells ranging from 2 to 10 ML.

In the pseudopotential calculation, we consider
(Si)1(GaAsgg, (Si),(GaAgg, and (Si)(GaAs), (001) super-
lattices k=3-5). Here the subscript indicates the number
of diatomic layers in each period. The parameters for GaAs
empirical pseudopotentials are listed in Table I. The param-
eters are adjusted to give both the correct band gaps for bulk
GaAs and, at the same time, a valence-band offset with re-
spect to strained Si as close as possible to that given in Fig.
3. We obtain a value of 0.267 eld.25 e\j when the energy
cut off used is 8 Ry(18 Ry). For the superlattice calculation,

K we used the 8 Ry energy cut off to reduce the computing
time. The details of the method for calculating superlattice
FIG. 2. Band structure of strained Si ¢901) GaAs using the same modi- band _StrUCtureS with re.aI-SpE.lce pSEUdOPOtentIaIS can be
fied pseudopotential as that for bulk Si and [B81]-strained crystal struc-  found in Ref. 20. The dispersion curves so obtained for a
ture. (Si)3(GaAsg; superlattice(6 ML Si interlaye) are shown in

E (eV)
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TABLE Ill. Energy splitting (in eV) of strained Si o001 GaAs.

1“25’&1_1—‘2’ l_‘25’61_F15 1“25’&1_ I-1 1—‘25’1-,\_AL r25’a_A\\ 1“25’&1_1—‘25’b L3’a_ I-1
2.93 2.56 1.17 0.34 0.97 0.6 2.43
Lo=Low  Litlay  La-lea Xy =Xe X=Xy XX
0.7 2.26 0.74 3.58 0.59 0.53

Fig. 5. (The dispersion curves for the other superlattices ar@seudopotential calculation. For the Si interlayers thinner
similar to those in Fig. 9.Note that the first conduction band than 6 ML, the effective mass method is no longer valid.
is nearly dispersionless, indicating good confinement. Thé&rom the pseudopotential calculation, it can be found that
energy zero is set at the valence-band maxinfMBM) of  electrons are still strongly confined for Si interlayers even
bulk GaAs. We found that this Si quantum well level is not thinner than 6 ML. It should be noted that the result from the
sensitive to the thickness of GaAs, provided it is sufficientlytwo monolayer Si is not very reliable because the crystal
thick. The valence band, however, has substantial dispersicstructure of the two monolayer Si might not be real(Si
due to weak confinement. In the limit of very thick barrier, atoms are not surrounded by four other Si atpriawever,
the first confined electron level should be close to the averthe tendency that it shows is reasonable.
age position of the first conduction band in Fig. 5, whichisat ~ With these confined energy levels in both the conduction
0.88 eV. Comparing with the conduction band minimum ofband and the valence band determined by the pseudopoten-
strained Si(also obtained by the same energy cut),ofhe tial calculation and with the use of the correct valence-band
confinement energy for electron is found to be 0.29 eV. offset, the complete band structure is constructed and shown
In the effective mass calculation, the Safirger-like in Fig. 4. The separation between the two closest energy
equation is solved for a band-edge discontinuity between thkevels is 0.81-0.88 eV for 4—10 ML Si. If the Fermi level is
A, valley for Si and theX valley for GaAs(not thel” val-  completely unpinned, the maximum range in which the
ley). The detailed calculation can be found in the Appendix.Fermi level can reach is from the valence band to the first
The detailed results for 2—10 ML calculated from both confinement level in the conduction band. In our previous
the pseudopotential method and the effective mass methaekperimental work,we measured th€ -V characteristics of
are summarized in Table IV and Fig. 6. It can be found thatAl/Si3N,/Si/p-GaAs MIS capacitors, and found that the total
for the quantum wells with large thicknegmore than 6 band bending of this structure is 0.84 eV, which is in good
ML), with decrease in thickness of the Si interlayer, the conagreement with the result obtained by the pseudopotential
finement energy level in the conduction band incredses method. Considering that usually higher interface trap den-
do find the same trend as the effective-mass theory as shovaity appears at the band edge, this band bending can be well
in Fig. 6. However, for quantum wells with thickness explained using the above theoretical band structure. In ad-
smaller than 6 ML, the confinement energy decreases, dition, Mui et al?> measured theC—V characteristics of
counter-intuitive result when compared with the effective-Al/SisN,/Si/n-GaAs, and found that the band bending
mass theory. So, the anomalous behavior only occurs faranges from 0.75 to 0.89 eV, all in reasonable agreement
guantum wells with widths thinner than 6 ML. Similar with our calculations. In an earlier investigation, we pro-
anomalous behavior was found in previous pseudopotentiglosed that the band gap of the strained Si layer might be 0.7
calculations for short-period SiGe superlattiétTherefore, eV, based on the experimental results of the heterojunction
for Si interlayers thicker than 6 ML, the results from the and empirical pseudopotential calculatfdrising the band
effective mass method are very close to those from the

/] X
7 - |
- % —*__.g_ Ec (GaAs)
-———-- r
r E. Fer % ¥ 0.83 eV taey
& = £ L21ev % 0.220.28 ‘ i
0.63 eV o8y ! 034
% L !
A —L E, / 0.25 eV E, (GaAs)
. 034 eV | _v_ % A
o 00eV ‘ 025V Ev % Si GaAs
gy = = === / ! -
(1} a X
Si (strained) GaAs (cubic)

FIG. 3. Band lineups of the heterojunction of strained(8il) GaAs using FIG. 4. The complete band structure of thgNGi/Si/GaAs system which
the deformation potentials and the calculated band structure. includes a quantum we(#—10 ML) and confined energy levels.
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FIG. 5. Band structures of @®i);(GaAs- superlattic§6 ML Si) obtained by EIGB G'h Elf]\ergy Ieé/els B qg?ntumhwslls Llanr?ingﬁfron_w 21010 MLlcallchated
a real-space pseudopotential method. y both the pseudopotential method and the effective mass calculation.

V. CONCLUSIONS

gap of 0.7 eV, and the band-edge discontinuities proposed in We have theoretically investigated the band structure of
Ref. 23, the separation between the two energy levels is 1.26trained Si on(001) GaAs, band lineups of the heterojunc-
eV, which seems to be too large compared to the band bendion of strained Si001) GaAs, and confined energy levels of
ing experimental data. In that investigation, the experimentathe SgN,/Si/GaAs quantum well. We found that in this im-
data were treated with partially relaxed Si layer, and in theportant structure, strained Si has a very narrow band gap
theoretical calculation, we considered only the average effedD.34 e\j at A, point in the Brillouin zone. For the hetero-

of strain. This is probably the reason why we could not ob-junction of strained S{001) GaAs, the conduction band off-
tain reasonable quantum energy levels using that band struset fromA valley for Si toI valley for GaAs is 0.83 eV and
ture. that fromA , valley for Si toX valley for GaAs is 1.21 eV,

In Fig. 4, it is shown that the lowest confined energyand the valence band offset is 0.25 eV. The 4-10-ML-thick
level in the conduction ban¢bbtained by the pseudopoten- Si, together with SN, and GaAs, forms a quantum well.
tial method is 0.22-0.28 eV above the conduction bandThe first confined energy level is 0.22—-0.28 eV above the
edge of strained Si or 0.57-0.61 eV below the conductiorconduction band edge of strained Si or 0.57-0.61 eV below
band edge of GaAs. The confined energy level in the valencthe conduction band edge of GaAs. The confined energy
band is barely above that of GaAs. For the A&/ levelin the valence band is barely above the valence band of
Si(00)GaAs MIS structure, in accumulation and inversion, GaAs. Thus the accumulation and inversion all happen in
electrons should thus be completely confined in the strainethese confined energy levels in the AYS}/Si/GaAs metal-

Si layer and the Fermi level would not reach the GaAs coninsulator-semiconductor structure.
duction band edge.
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2.63(2 mong 0.59 0 N/A N/A

5.26 (4 mong 0.85 0.26 1.29 0.7

7.89(6 mong 0.88 0.29 0.98 0.39

10.52(8 mong 0.82 0.23 0.84 0.25 APPENDIX

13.15(10 mong . 0.21 0.76 0.17 In the effective-mass calculation, we assume that the po-

Note: the energy in the valence band is not shown due to the almost uncorii-entlal bamer_w'th respect to 3_N4 is infinite, which is rea-.

finement of holes. sonable considering the relatively large band gap gNgi
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compared with the band edge discontinuities between Si anstrained Si on GaAs is the same as that of strained Si on Ge.

GaAs. In
approximatior?t

W=, e hugfnx(), (A1)
wherez is the growth directionk, = (k,,k,)=(0,0) in this

case, which is the transverse electron wave vecigfr) is
the Bloch wave function in thé,B materials, andy(z) is

the envelope wave function determined to a good approxi-

mation by the Schidinger-like equatiof?

) 72 V(2

Xx(2)=Ex(2),

0 for O<z<a
AE.

wherem* (z) is the electron effective mass of tife or B
material, V(z) is the potential, ancE is the confinement
energy of electronspa=5.3—-13.2 A. On considering the
symmetry characteristics of the Bloch functiakE, is the
band edge discontinuity between the valley for Si and the
X valley for GaAs(not theT valley). AE; is 1.21 eV as
shown in Figs. 3 and 4.

A2
for z>a’ (A2)

VC(Z):{

the framework of the envelope-function Rieger et all? investigated the effective mass of strained

Si;_,Ge, alloys on Sj_,Ge, substrate§001). The perpen-
dicular effective massng; of electrons atA| in strained Si

on Ge was found to be 0.854, from their formula. The
effective mass of electrons at th¢ valley for GaAs is

1.9 my.% Using thatm%=0.854my, m&,=1.9my, and
AE.=1.21 eV, we obtained one confined energy level. The
detailed results are shown in Table IV and Fig. 6.

For the calculation of the confined energy level in the
valence band, we may follow the same approach. From the
band structure in Fig. 2, it can be found that the effective
mass of holes df »5 , is the heavy hole, and that B, has
both heavy holes and light holes. For the present case, only
heavy holes should be available at the valence band maxi-
mum. For our calculations, we use the heavy-hole effective
mass in the valence band of bulk-Si, because the value for
strained Si is not available. For GaAs, there are two effective
masses, i.e., 0.3/, for the heavy hole and 0.1®, for the

light hole which are related to the Luttinger parameters via
my,=mo/(y1—27,) and mj=mg/(y,+7y,). Using that
m&=0.29mg, mg,a=0.35my, and AE,=0.25 eV, we
obtain the confined heavy-hole energy levek,,
=0.24-0.25 eV, which is almost unconfined. This is similar

The Continuity conditions at the interfaces are tha‘[to the pseudopotentia| result, i.e., the unconfinement of

x(2) and 1Mm*(z) dx(z)/9z should be continuou®, rather

than the more common continuity condition of the derivative

of the wave function.
Due to the assumption that the potentiakatO is infi-
nite, the solution to Eq(A2) is

A sinkz) for 0<z<a
Z)= , A3
X2 De X? for z>a (A3)
2mLE 2mi A {AE.—E)
where k= 1/ ﬁi' and k'= \/ GaAs(ﬁz -
(A4)
and we obtain the transcendental relation
kay=— = /[ X i 1 A5
cotka)= B a : (A5)
where
2mgiAEc méaAs
ko=\/—>— and BP=—" (AB)
° h? ms;

ka is in the Il or the IV quadrant. EquatiofA5) can be
numerically or graphically solved to obtaka Further, from
Egs.(A4) and (A6), we have
2

AE;.

ka

== lkea

(A7)

The number of the confined energy levels would thus depen

on the number of the solutions of EGAS).

holes.
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