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Control of band discontinuities at (100 GaAs/AlAs interfaces by ZnSe insertion layers:
Comparison with Si insertion layers
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We have theoretically analyzed the valence-band discontiduiity at the(100) GaAs/AlAs interfaces with
the (ZnSe, insertion layers (&x=<0.5 ML) by using a self-consistergp®s* tight-binding method. The
(ZnSe), layer inserted on As-terminated GaAs and that inserted on Ga-terminated GaAs are examined. At
=0.5, we obtainedAE,=1.70 eV (—0.82 eV) for As-(Ga-) terminated GaAs, whilAE,=0.51 eV atx
=0.AE, is controlled artificially by the ZnSe-induced dipole. The (ZnSe}ertion has an advantage over the
(Siy)y insertion, because the change XE, at high x is larger for the former than for the latter.
[S0163-182697)05244-3

The band discontinuities at the00) GaAs/AlAs inter-  sj) double layer, becauskV™x (8™ =%, The change in the

faces with group-IV-impurity insertion layer§3e,S) have  pand discontinuity is expected to be larger for the ZnSe in-
been investigated theoretically and experimentally’ in  sertion than for the group-IV insertiofHowever, until now,
order to control the technologically important interfaces. Thetheoretical and experimental investigations for the ZnSe in-
insertion of the Ge double layer at the interface changes thgertions have not been carried out, in spite of the fact that the
band discontinuity by the order of 1 eV as shown by thegrowth of ZnSe on GaAs is possible in the present growth
theoretical calculation%:® Due to the Ge insertion, the inter- technology*°

face atomic arrangement changes frorfrGa-As- In this study, we theoretically analyze the valence-band
Ga-As-Al-As-] to [-Ga-AsGe-Ge-Al-As-]. According to  discontinuityAE, at the(100) GaAs/AlAs interface with the
Harrison’s theoretical alchemy modethe Ge double layer (ZnSe), insertion layers (&x<0.5ML) to clarify how

at the interface can be regarded as arising from the transfqa&rge the insertion layers can contdE, . The theoretical

of protons from theAs layer to the adjacenGa layer  cajculations ofAE, are carried out by using a self-consistent
(Ga—As), and thus inducing th&ze™-Ge™ dipole, by  tight-binding(SC-TB) method*®9 with thesps* basis'?
which the band discontinuity is controllédJsing a similar  Thex dependence ok E, for the (ZnSe) insertion obtained
argument, th_e insertion of th_e Si _dou.ble layer changes thg, tne present study is compared with that for the,)Si
band discontinuity due to th8i"-Si™ dipole, as calculated jnsertion obtained in our previous study by using the same
theoretically in Refs. 5 and 6. The experiments for the Sigc_TB methof to clarify whether the change iAE, is
insertion were carried out by Soreaal.” On the other hand, larger for the former than for the latter as we eXp(UECt. We

isoelectronic-impurity insertion layers, such as(gmoup Il1) off ; "
. ; . evaluates;" for ZnSe, GaAs, and Si, by fitting thedepen-
and P(group V), have little effect on the band discontinuity. dence ofAIE in the MC model to that ?/n thegSC-TB I:esult

Here we propose the “ZnSe double layegroup II-VI) i . . off
as another possible impurity layer that can control the ban@nd discuss how the difference & affects thex depen-

discontinuity. In this case, the interface atomic arrangemerfience ofAE, .
is [-Ga-AsZn-SeAl-As-]. Again according to the Harrison ~ Thesp’s* tight-binding parameters for GaAs, AlAs, and
model® the ZnSe layer at the interface can be regarded agnSe, are taken from the values of Vogl, Hjalmarson, and
arising from the proton transfer from tt@a layer to the Dow.'? The spin-orbit coupling is not included. In the calcu-
adjacentAs layer (Ga—As), and inducing thezn~-Se"  lations of AE, by using the SC-TB methotf;®!! the
dipole. The direction of the proton transfer for the ZnSeatomic-orbital energies are shifted repeatedly according to
double layer is opposite to that for the Gand S) double the changes in the electrostatic potentials induced on the
layer. The band discontinuity is expected to be controlled byatomic planes, as proposed by Mum Saichez-Dehesa, and
theZn -Se' dipole. Flores'! The (GaAsg/(AlAs)s [100] superlattice is used as a

In the microscopic-capacitofMC) model*® a double model of the(100) GaAs/AlAs interface. A lattice strain due
layer inserted at the interface is modeled by a parallel-platgy the (ZnSe) insertion is neglected, because ZnSe is nearly
capacitor. This model gives the dipdleducedby a double  |attice matched to GaAs. Details of the method are described
layer AV as AVI"=27e?/as?" for the (100) interface, in Ref. 6.
where e is the magnitude of the electron chargejs the In Ref. 6, we calculated\E, at the (100 GaAs/AlAs
GaAs lattice constant, anqfo is the effective dielectric con- interface with no insertion layer§.e., x=0) by using the
stant of the inserted semiconducfdr.We can expect above method. Figure(d shows the potential profile at the
(e for ZnSe)< (" for Si)<(ef" for Ge), considering interface forx=0 [adapted from Fig. @) in Ref. 6]. Since
the differences among the bulk dielectric constantsthe anion- and cation-planes are stacked in turn along the
(5.9 for ZnSe<(12.0 for S)<(16.0 for Ge. Accord-  [100Q] direction, the potential oscillates sawtooth-likely. The
ingly, the dipole induced by the ZnSe double layer is ex-dipole AV, which is defined as the average potential in GaAs
pected to be larger than that induced by the groug®é, minus that in AlAs, is 0.27 eVAE, is obtained &
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If the (ZnSe) insertion layer changedV, it changes
() AE, according to Eq(1). By indicating thex-dependence of
AE, andAV explicitly, Eg. (1) can be rewritten adE,(X)
=AE8+AV(X). The dipoleinducedby an insertion layer
AV =0.27 eV AV is defined asAV™(x)=AV(x)—AV(0)=AE,(x)
1 —AE,(0). This equation can be further rewritten as

2t no insertion layers

AE,(x)=AE,(0)+AV"(x), 2

which shows clearly that the induced dipole can control
AE, .

We calculatedAE, [or AE,(x)] at the(100 GaAs/AlAs
interface with the (ZnSg)insertion layers with the thickness
AE, =024V +AV=051eV | 0<x<0.5ML, because most of the experiments for
B i R E E E R E R R the Si insertion concentrated oAE, in this thickness
| GaAs | AlAs | range®” We assume that the (ZnSe)layer is
3 inserted as {-Ga-As{Zn,Ga, ,]-[SgAs, ,]-Al-As-}
(b) and {-As-GafSgAs; _,]-[ZnGa;_,]-As-Al-}, on As-
2} (ZnSe), 5 layer on As-terminated GaAs - terminated and Ga-terminated GaAs, respectl%_l)Ihe
[Zn,Ga;_,]-[SeAs,_«] double layer(on As-terminated
1 AV =0.83 eV ] GaAs and its inverted[SgAs;_,]-[ZnGa;_,] double

\ /\ A /\ /\ /\ layer (on Ga-terminated GaAsare thealloy layers which

A A A consist of the (ZnSg)insertion layerand the (GaAs)_y
VVVVV |
\

Electron Potential (eV)

host layer The (ZnSe) layer arises from the proton transfer
from theGa layer to the adjacerks layer with a fractiorx,

I and induces theZn™-Se"), dipole (As-terminated and the
(Se*-zZn"), dipole (Ga-terminatej] according to Harrison’s
1 model® Since the polarity of the dipole on As-terminated
]

[AE, =024 eV + AV = 1.07 6V GaAs is opposite that on Ga-terminated GaAs, the opposite
effect onAE, is expected between the two.

Figures 1b) and Xc) show the potential profiles at the
(100 GaAs/AlAs interfaces with the (ZnSg)s insertion
layer on As-terminated and Ga-terminated GaAs, respec-
ol (ZnSe), s layer on Ga-terminated GaAs | tively. The dipole_AV is 0.83 eV (As—terminateai and
—0.36 eV(Ga-terminated Using Eq.(1), AE, is calculated
to be 1.07 eV (As-terminatefl and —0.12eV (Ga-
terminated, while AE,=0.51 eV(Ref. 6 at the interface for
x=0. The insertion of the (ZnSg)ayer changedE, sig-
nificantly even forx=0.25 ML.

Figure 2 showsAE, (and AV) at the (100 GaAs/AlAs
interfaces with the (ZnSeg)insertion layer. As shown in the
figure, AE, increasegdecreasesaccording to a linear rela-
2} | tion with x for As- (Ga-) terminated GaAs at very low. The
dashed straight line indicates the linear relation. However,
) AE, changesnorethan the linear relation at higk, deviat-

SOSOOSOOOEL ing from the above straight line with a positivenega-
Sef—GaAs —={Sezn| AlAs 1ZnSe tive) curvature. Forx=0.5, we obtainedAE,=1.70 eV
@Ga ©A  WZn,55Gag 75 (—0.82 eV) for As-(Ga) terminated GaAs, which is larger
SAs DSey 25As0 75 [100] = by 1.19 eV(smaller by 1.33 eYthanAE,=0.51 eV forx
=0. The present result predicts a possibility of the artificial

FIG. 1. Potential profiles at thd00 GaAs/AlAs interfaces with  control of AE, at the (100 GaAs/AlAs interface by the in-
(& no insertion layers(b) the (ZnSey ,5 layer on As-terminated, sertion of the (ZnSg)layer. The sign of the change ikE,
and (c) the (ZnSej s layer on Ga-terminated GaAa\V is the  depends on a terminated plane of GaAs, and the magnitude
dipole. of the change depends on clearly showing that the ZnSe-

=0 induced dipole controlAE, .
AE,=AE,+AV. @ Figure 2 also showdE, (and AV) at the (100 GaAs/
Here, AES (=0.24eV) is the “natural” valence-band AlAs interfaces with the (), insertion layer obtained in
discontinuity'® which is defined as the valence-band discon-our previous study(See Fig. 5 in Ref. 6.Due to the (S},
tinuity when the two semiconductors are separateel, insertion, AE, decreasegincreases according to a linear
AV=0). From Eq.(1), we obtainedAE,=0.51 eV at the relation withx for As- (Ga-) terminated GaAs at very low,
interface forx=0.° like the (ZnSe) insertion. However, unlike the (ZnSgn-

Electron Potential (eV)
L [=]

'
N

Electron Potential (eV)

AV =-0.36eV

[AE,=0.24 eV + AV =-0.12eV]




56 BRIEF REPORTS 14 935

2.0 . . . T . .
(ZnSe)y on (10(\)‘)As ' 15 »ol
15} e
{10 18
1.0F cg&
16 %
105 &7
S 0.5 S e
s ) 14} Y
Ll.|> 1°° > //
Yoo} < w 12} i#5.
Q s g
105 W Ge
05 1or
-—-- linear term 10 .
—— capacitor model fit /‘ ' 8
1.0f Y
(ZnSe)y on (100)Ga s 6 wi
e /|2
1%0 01 o0z 03 04 05 06 07 Al ZnSe
Insertion Layer Thickness x (Molecular Layer)
S : (Si A
o| " 1:(ZnSe)x on (100)As i. 52:2;" g: :188;;1 i
FIG. 2. Valence-band discontinuitiésE, (and dipolesAV) at 2: ZnSe)y on (100)Ga . .~ 2%
. v ) . - 5: (Gep)q on (100)Ga
the (1000 GaAs/AlAs interfaces as a function of the insertion layer 0 L L L 1 . L L L

0 2 4 6 8 10 12 14 16 18

thicknessx. The open and full squares indicateE, for the £oxp

(ZnSe), insertion layer on As- and Ga-terminated GaAs, respec-
tively, calculated by using the SC-TB method in the present study. F|G. 3. Effective dielectric constant of insertion layes¥' vs.
The open and full circles indicat®E, for the (Sh), insertion layer  experimental dielectric constant of bulk semiconducte?¥, for
on As- and Ga-terminated GaAs, respectively, calculated by usingnse. GaAs, Si, and Ge. For labels 14 is obtained by fitting

the SC-TB method in Ref. 6. The solid curves indicate, calcu-  AE, of the MC model to that of the SC-TB method, as shown in
lated by using the MC modtith the adjustedeffective dielectric Fig. 2. For label 52°" is obtained fromAE, calculated in Ref. 4.

constantg:®". The dashed straight lines indicate the linear terms ofrhe values of:®® are taken from Table 4-1 in Ref. 15. The inset

AE, in the MC model. showse® vs theoretical dielectric constant of bulk semiconductors
e The values of=""*°Y are taken from the present study for

sertion,AE, changedessthan the linear relation at higk. ZnSe(see the text and from Ref. 16 for the rest

Consequently, at higk, the change il E, with the (ZnSe)
insertion is significantly larger than that with the £Siin-

sertion(by ~0.3 eV forx=0.5 ML) owing to the differenk g 2me?x 2me’x? (1 1
dependence akE, . The (ZnSe) insertion has an advantage AV | = asﬁﬁ + a oo Eﬁ : ©)
over the (Sj), insertion in that it causes a larger change in '

AE, .

_In Fig. 2, the larger change iAE, with the (ZnSe) |t indicated from Eqgs(2) and(3) thatAE, changes with
insertion is partly due to the larger slope of the linear relat'onaccording to the linear termﬂezx/asﬁff of Eq. (3) at very

compared to the slope with the ¢giinsertion. However, in . .
the MC model(described beloy the slope is defined by the 0V X, and changesore (less than the linear term at high

effective dielectric constant of GaAs independent of inserif & <eh' (e7">¢f"). The relative magnitude off" and
tion layers. The small difference in the slope between they determines howAE, deviates from the linearity. It
two insertion layers in Fig. 2 is mainly related to the accu-should be noted thaiieff andsﬁff (in generale®™) may not be
racy of the SC-TB calculation, but it does not affect theexactly equal to the correspondibglk dielectric constants,
tendency of theAE, change. because the capacitor is too tha4) to be regarded as bulk.

’5 . .
In the MC modef.® a double layer inserted at the inter- Noyi e quantitatively deduce the values&Sf' by fitting

face is modeled by a parallel-plate capacitor. the :
(Zn--Se'), capacitor and $i*-Si-), capacitor in the the AE, curve calculated by the MC model to tieE, val

present study. The distance between the two plates is onueefncéilgu?t?gebgotlgecis;?ir:?jie;gs:EbyC:gSlsa?jg by the
(100 interplanar spacing/4, and the charge on the plates MC model[Egs. (2) and (3)], which are fitted, by adjusting

(before dielectric screeningdepends linearly orx. From p ~
simple electrostatics, the magnitude of the dipole induced b?;e'é%ﬂjr%Ar:Ue giolge?o?bt(r;aoéi;;:n?ﬁg'l;ﬂL‘r?iigl)eg:dogy
- , )y I i

a double layerAV™(x), used in Eq.(2), is expressed by . b 11
Peresset al® as|AV(x)| =2we2x/as§ﬁ(x). Heresgﬁ(x) is  As- and Ga- terminated GaA#A set of e/ andey," is ob-
the effectivedielectric constant of thalloy layer at the in-  tained by fi'gingefProcedureefl;or_omeeEﬁv curve) The obtained
terface which consists of thimsertion layer[(ZnSe), or ~ values ofs™" [¢{"(ZnSe),&"(S), s, (GaAs) are plotted in
(Siy),] and host layer[(GaAs)_,]. £&(x) is given a8  Fig. 3. The dashed straight lines in Fig. 2 indicAtE, cal-
e =(1—x) (8 1+x(e L, wheree£™ (¢ is the  culated by the linear term of E¢3) in the MC model.
effective dielectric constant of the hd@tsertion layer. Us- Figure 3 shows:=®" versus experimental dielectric con-
ing the above equatiohAV"Y(x)| is rewritten agEq. (1) in  stant of bulk semiconductors®®, for ZnSe, GaAs, Si, and
Ref. 5| Ge. For Geg®" is obtained fromAE, at the interface with
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the (Gg), insertion layer on Ga-terminated GaAAE,
=1.86 eV, andAV"Y(1.0)=2me?/as"=1.35 eV, heres:"
=¢M(Ge)], which was calculated by using the SC-TB
method in Ref. 4.

First let us discuss the difference betweéf ande P for
each semiconductor. As shown in Fig. 3, for each sem
conductor except ZnSes®™ is smaller thane®® by a
factor 0.6-0.8, while the relative magnitude o&®*
(ZnSe<GaAs<Si<Ge) is clearly reproduced in that ef'.
The one reason for the differeneg<&®*®, can be related to
the fact that thesp®s* tight-binding theorie$"'®1” usually

underestimate the dielectric constant even for bulk semicon-
ductors. For example, the theoretical dielectric constant of

bulk %Y is calculated ag°Y=7.5 (GaAs, 7.1(Si), 9.1
(Ge) by Duran et al,*® £°V=7.2 (Si) by Graf and Vogf‘’
and £"*°Y=5,03 (ZnSa, 7.65(GaAs by us in the present
study*® which are smaller than the correspondisfif® by a
factor 0.6-0.85. The above values @f"®°Y were obtained
as a long-wavelength limit of dielectric function by using the
sp’s* basis. Some corrections to Vogkp®s* parametriza-
tion, like orbital nonorthogonality, may increase the value
of £M°Y 13 The inset of Fig. 3 shows®™ versusee®Y,
where® shows a better numerical correlation wigf'®°

than with £®**. It should be noted that the comparison be-
tween the ZnSe-induced dipole and the Si-induced dipole i

valid as long as we use the samg’s* parametrization for
both, although the underestimationf" (i.e., underestima-
tion of screeniny leads to the overestimation ¢AV™.

Thus the present calculation mainly gives the tendency fo

the dipole chang&

In Fig. 3, we can also see thaf' for each semiconductor
does not take a single value, but takes slightly different val
ues depending on the interface structures such as a ter
nated plane of GaAs. This fact clearly indicates thdf is
not exactly a bulk quantity, which can be another reason f

rthe difference betwees®™ and £*.

Next let us discuss the difference if between the
semiconductors and the effect on thelependence akE, .
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For the (ZnSe) insertions,e®" of ZnSe is calculated to be
20.0%(18.3% smaller thans®" of GaAs for As-(Ga) ter-
minated GaAgon average, 19.2% smaljeas shown in Fig.
3. In other wordsg®" of the insertion layer is smaller than
that of the host; i.esf"<ef" . This is the source of the result
lin Fig. 2 thatAE, changesmorethan the linear relation at
high x for the (ZnSe) insertion, as already indicated by Egs.
(2) and(3). On the other hand, for the ($ insertion,s®" of
Siis calculated to be 18.2948.4% larger thare®™ of GaAs
for As- (GaJ terminated GaAgon average, 18.3% larger
ie., ef™>gM This is the source of the result thatE,
hangedessthan the linear relation at higkhy again by Egs.
2) and (3). Suchx dependence for the (8} insertion was
already shown by Peressi al> From the above analysis, we
conclude that the larger change &E, at high x for the
(ZnSe), insertion over the ($), insertion is the conse-
quence of smaller ¢* of zZnSe: °®"ofZnSe)

< (& of GaAs)< (£° of Si).

In conclusion, we have theoretically analyz&#, at the
100 GaAs/AlAs interfaces with the (ZnSg)nsertion lay-
ers (0=x=<0.5ML) by using thesp®s* SC-TB method.
AE, increasegdecreasesaccording to a linear relation with
x for As- (Ga) terminated GaAs at very low, and changes
more than the linear relation at higk. At x=0.5, we ob-
tainedAE,=1.70 eV (—0.82 eV) for As-(Ga-) terminated
GaAs, whileAE,=0.51 eV atx=0. AE, is controlled arti-
ficially by the ZnSe-induced dipole®™ of the inserted ZnSe
}s 19.2% smaller than® of GaAs causing the excess change
in AE, over the linearity at highx. The (ZnSe) insertion
has an advantage over the {Siinsertion, because the
change inAE, at highx is larger for the former than for the

matter.
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