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Tuning band offsets at semiconductor interfaces by intralayer deposition
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Band oR'sets can be modified at semiconductor heterojunctions or created at homojunctions
by depositing thin intralayers of group-IV atoms at III-V/III-V polar interfaces. We present
here a theoretical study of Si and Ge intralayers deposited along (001) at GaAs and AIAs

homojunctions, and at GaAs/AIAs heterojunctions. Our results show that the offset is very
sensitive to the coverage and abruptness of the intralayer. A comparison with recent experinlents
for Si in GaAs/AIAs suggests that Si atoms are confined over two atomic planes for coverages
lower than about 0.5 monolayers, whereas for higher coverages Si difFusion occurs.

Band offsets at semiconductor heterojunctions are fun-
damental parameters which govern the transport prop-
erties of microelectronic devices. Tuning them is there-
fore a great scientific and technological challenge. Ex-
isting experimental data suggest and recent theoretical
work confirms that —at isovalent heterojunctions —the
band offsets depend only on the bulk properties of the
two constituents. ~ 4 In particular, they are independent
of the orientation and of the quality of the interface.
At polar interfaces between heterovalent semiconductors
the offsets depend instead on the microscopic details of
the interface. These systems are therefore ideal can-
didates as tunable heterojunctions. 4 s Controlling and
modifying the band discontinuities even at isovalent het-
erojunctions such as GaAs/A1As would be of great prac-
tical interest and would open up broad perspectives in
the field of band-gap engineering. One of the possible
ways of modifying the intrinsic interface dipole at an iso-
valent interface is to introduce a double layer of atoms
with different chemical valence, which would then act
as a microscopic capacitor. We indicate this kind of
extremely localized 6 doping by the term "6' doping. "
6' doping is an evolution of the doping interface dipole
(DID) introduced by Capasso and co-workers, o in that
it corresponds to higher doping concentrations, and a
length scale down to the extreme atomic limit. According
to Harrison's model, 5 a double layer of (say) Ge in GaAs
can be thought of as arising from the transfer of protons
from an As layer to an adjacent Ga layer, thus producing
a dipole sheet in bulk GaAs, whose magnitude is then
reduced by electronic screening. More recently, a general
theory of band offsets —based on linear-response-theory
(LRT) concepts —has been proposed, ~ which puts Harri-
son's model on a firm theoretical basis. Self-consistent-
field (SCF) calculations have quantitatively confirmed

the possibility of creating a potential drop across a 6 bi-
layer in an otherwise perfect semiconductor. The actual
realization of 6 doping has long been considered unfeasi-
ble, due to atomic interdiffusion which would hinder the
sharp localization of dopants. Only very recently, it has
been demonstrated that in the case of Ge/GaAs/Ge (111)
(Ref. 11) and GaAs/Si/A1As (001) (Ref. 12) 6' doping
can indeed be realized, and the corresponding modifica-
tions of the band offsets have been measured.

In the present work we study the effects of Ge and Si
(001) intralayers inserted in bulk GaAs and A1As crystals
(intralayers at homojunctions), and at GaAs/A1As het-
erojunctions. We start with a brief discussion of our the-
oretical techniques (supercell SCF calculations. and LRT
approach); we then present our results for Ge intralayers
at GaAs and A1As homojunctions, and at GaAs/A1As
heterojunctions; finally, we discuss our results for Si in-
tralayers at GaAs/A1As heterojunctions in conjunction
with recent experimental data.

As usual, we split the valence-band offset (VBO) into
an electrostatic contribution —the potential lineup AV—
and a band contribution, AE, . We focus here our at-
tention on the former, because the latter is by definition
a bulk property of the two constituents, which cannot
therefore depend on any structural detail of the inter-
face: in particular, it vanishes in the case of homojunc-
tions. The potential lineup can be obtained from SCF
calculations, or through the LRT approach of Ref. 4.

SCF calculations are performed within density-
functional theory, using the local-density approximation
(LDA), norm-conserving pseudopotentials, and plane-
wave (PW) basis sets up to a kinetic-energy cutoff of 8

Ry. Isolated interfaces have been simulated using period-
ically repeated supercells containing 16 atoms; Brillouin-
zone (BZ) integrations have been performed using a set
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of special points which corresponds to 10 points in the
irreducible wedge of the zinc-blende BZ.

We recall now the main points of our LRT approach4
which are relevant to the present situation. The interface
A/B between two semiconductors, A and B, is treated
as a perturbation with respect to a properly chosen peri-
odic reference (virtual) crystal (AB): the bare potential
describing such a perturbation is the sum of localized po-
tentials which transform the virtual ions into real ones.
The electrostatic-potential lineup across the interface is
obtained to linear order from the charge-density response
to these localized perturbations. It can be shown that
for isovalent interfaces such as GaAs/A1As —where such
perturbations are neutral —the band offset is to linear or-
der a bulk property of the two constituents, independent
of the structural details of the interface. In the case of
heterovalent heterojunctions such as Ge/GaAs, the lo-

calized bare perturbations are no longer neutral, and the
response can be split into two contributions: the first,
which we call b, Vf ), is similar to the isovalent case, and
it is therefore independent of interface details; the sec-
ond contribution (EVfo)) depends instead on such de-
tails, but, to linear order in the perturbation, it can be
easily calculated once these are known. In fact, AV(o& is
equal to the electrostatic-potential lineup generated by
an assembly of classical point charges AZ;/e, where
LZ; is the bare charge carried by the perturbation at
the ith site, and e~ is the static dielectric constant of
the virtual crystal.

In order to display the mechanism which allows one
to tune the band offset at polar interfaces, let us con-
sider the case of Ge/GaAs (001). Two inequivalent cases
are possible, according to whether GaAs is Ga- or As-
terminated. The LVt~~ terms are the same in the two
cases, whereas the DV( )'s have opposite signs, thus giv-
ing rise to different total lineups. Heterovalent intralay-
ers at polar III-V interfaces can be treated along sim-
ilar lines. Consider, e.g. , the case of GaAs, where a
full (001) bilayer is substituted with Ge: we thus get
a GaAs/Ge/GaAs (001) homojunction. This system can
be thought of as built in two steps: we construct first a
GaAs/Ge interface, and then a second Ge/GaAs inter-
face shifted by two layers with respect to the first. The
VBO across the Ge bilayer is then the difference between
the hneups of the two (inequivalent) interfaces.

We have performed SCF calculations for this homo-
junction at different dopant coverages, z (x=2 corre-
sponds to the bilayer considered above). In order to
ensure local charge neutrality —which is required by ther-
modynamical stability —Ge atoms have to be spread over
at least two atomic layers, even at coverages @&2. In the
absence of any information about the actual atomic ar-
rangement of dopants, we assume that Ge dopants are
uniformly distributed over two consecutive atomic lay-
ers, for any coverage; virtual ions (Gaq ~~2Ge ~2) and
(Ast ~~2Ge ~2) are used to describe the b' bilayer for
A/2. Lattice relaxation possibly occurring at the in-
terface is neglected for the time being. In Fig. 1 we
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FIG. 1. Macroscopic averages of the electronic (dashed
lines) and nuclear (dotted lines) charge densities and e1ectro-
static potentials of a Ge bilayer in GaAs. In the latter case,
the scale refers to the total potentia. l (solid line), whereas the
electronic and nuclear contributions are scaled by a factor 10.

display the macroscopic averages of the nuclear- and
electronic-charge-density distributions and electrostatic
potentials, corresponding to @=2. For a general cov-
erage, the nuclear contribution to the lineup is easily
calculated to be AV"=(me~/a)z, where a is the equi-
librium lattice constant of GaAs; at x=2 this gives
b, V"=+16.09 ev. SCF calculations provide the elec-
tronic contribution LVS'c& ———14.87 eV, which has an op-
posite sign and a similar magnitude: the resulting offset
is LVS~F——LVs'&F+ AV" =+1.22 eV, the As-terminated
portion of GaAs being lower in energy. We note that only
the electronic contribution is subject to numerical inac-
curacies; however, due to substantial cancellation, the
total lineup is rather sensitive to these inaccuracies. We
estimate the absolute accuracy of AVS'cF to be of the or-
der of 0.1 ev (due to the incompleteness of our PW basis
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FIG. 2. VBO at GaAs and AlAs homojunctions as func-
tions of the coverage of a Ge or Si intralayer. SCF results are
indicated by circles; the solid lines correspond to the predic-
tions of Eq. (1); the dashed lines indicate the linear behavior
predicted by Eq. (1) at small coverages.
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sets, approximate BZ sampling, and so on), resulting in
a relative accuracy of 10'Fo in the final result.

In the upper panel of Fig. 2 we report the VBO for
GaAs/Ge/GaAs and for AIAs/Ge/AIAs, as provided by
several SCF calculations at diferent coverages (circles).
The z dependence of the ofI'set shows a substantial bow-
ing, while the LRT of Ref. 4 would predict the simple
linear behavior EV —(ere /ac~)z —where e is the host
dielectric constant —when the host is treated as the refer-
ence (unperturbed) system. Inspection of the data shows
indeed that the linear behavior (dashed lines) is closely
obeyed at low coverages.

The deviation from linearity can be understood in
terms of elementary electrostatics. The 6' bilayer acts
as a microscopic capacitor whose plates are one interpla-
nar spacing apart, and whose charge and capacitance are
determined —through macroscopic electrostatics —by the
concentration of dopants. In this capacitor, the eAective
inverse dielectric constant is that of an hypothetical bulk
alloy, with the same composition as the doped bilayer:

(z) = (1 —z/2)e& + (z/2)c, , where eh (e;) is the
host (dopant) dielectric constant. The final result reads

Equation (1) can be derived from I RT by considering
the alloy as the (unperturbed) reference system, and the
de'erence between the real system and this alloy as the
perturbation. As the electric field responsible for the po-
tential lineup practically vanishes one atomic plane apart
from the doped bilayer (see Fig. 1), this choice for the
(arbitrary) reference system results to be optimal.

According to Eq. (1), the linear behavior of the VBO
corresponding to small concentrations of Ge is diA'erent
for GaAs and AIAs homojunctions, because of the dif-
ferent dielectric constants of the two hosts, whereas the
VBO is the same for z=2. Following Eq. (1) again for Si
intralayers (lower panel of Fig. 2), the linear behavior of
the VBO corresponding to small doping is the same as
for Ge intralayers, being dominated by the electrostatic
screening of the hosts. At high coverage, and in particu-
lar for z=2, the VBO induced by Si is higher than that
induced by Ge, because of the lower dielectric constant
of Si, and again equal in the two homojunctions. The ex-
cellent agreement between the predictions of Eq. (1) and
SCF calculations confirms the soundness of the physical
picture underlying it.

We then studied some cases where the dopants are not
confined within a bilayer. When the dopant concentra-
tion does not vary over pairs of adjacent cationic and
anionic planes (i.e. , when the situation can be described
by a series of microscopic capacitors), Eq. (1) can be eas-
ily generalized and predicts an increasing magnitude of
the VBO whenever the dopant concentration decreases
from the first two layers on. Sample SCF calculations
confirm the validity of this generalization.

We come now to the case where a Ge or Si in-
tralayer is deposited at a (001) interface between
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FIG. 3. VBO at GaAs/AIAs heterojunctions as a func-
tion of the coverage of a Si intralayer. Circles: supercell SCF
results for the ideal unrelaxed structures. Triangles: super-
cell SCF results including microscopic relaxation. Squares:
experimental data from Ref. 12. Solid lines: present theory
predictions of Eq. (1).

GaAs and AlAs. We have to distinguish two in-
equivalent situations, according to whether GaAs is
cation- or anion-terminated. Due to the larger sta-
bility of As-terminated (001) surfaces, the two situa-
tions correspond to AIAs/X/GaAs and GaAs/X/AlAs
growth sequences respectively (X =Ge,Si). The to-
tal band offset is the sum of the intrinsic VBO at
the GaAs/AlAs interface (which of course changes its
sign by inverting the growth sequence), plus the local
dipole induced by the intralayer: VBO(GaAs/X/AlAs)
VBO(GaAs /AIAs)+XV;„t, and VBO(AlAs/X/GaAs)-
—VBO(GaAs/AlAs)+XV;„t, . In Fig. 3 we report the
VBO at the GaAs/AlAs (001) interface, as a function
of the coverage of a Si intralayer (circles), calculated
neglecting lattice relaxation (i.e. , assuming that all the
atoms stay at their ideal zinc-blende lattice sites). Also
in this case, Eq. (1) accurately predicts the results of
SCF calculations.

Our results compare rather well with experiments~
(squares) up to a coverage z 0.5, whereas a substan-
tial discrepancy appears for higher coverages. To assess
whether this discrepancy is due to neglecting lattice re-
laxation at the interface, we have undertaken a, series of
SCF calculations aimed at optimizing the atomic posi-
tions in our supercell and estimating the efI'ect on the
VBO. We assume that the in-plane lattice constant aII
is that of perfect GaAs or AlAs crystals, and optimize
the total energy of the supercell as a function of c/a and
of the individual atomic positions. Relaxation is studied
for Si in GaAs, at @=0.5, 1, and 2; in all the above cases
the microscopic strain is confined between the two doped
planes and between these and the nearest neighbors. The
microscopic strain is proportional to the Si coverage z
within 1'%%uo, which is the uncertainty in the determina-
tion of the equilibrium interplanar distances. Linear in-
terpolation of our results gives us; A, (z) +0.004az,
us; G (z) ——0.004az, and us; s;(z) —0.012az, where
u is the variation of the interplanar spacing. Test calcu-
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lations performed for A1As /Si/A1As, GaAs /Si/A1As, and
A1As /Si/GaAs at @=2 show that similar results hold for
all these cases. By studying separately Si-As, Si-Ga, and
Si-Si strains we have estimated that their effects on the
VBO, AVt, ,„, are separately smaller than 0.06 eV, and
that the first two tend to cancel each other; the final es-
timate of AVst- j„when full relaxation is considered is
smaller than 0.1 eV at x=2 (see Fig. 3). Microscopic
strain tends to increase rather than to reduce the VBO,
and its eA'ects are anyhow much smaller than the dis-
agreement between theory and experiments.

In our opinion the comparison between experimental
results and theoretical predictions suggests that in real
samples Si dopants stay indeed confined in one bilayer
for coverages z ( 0.5, and that the departure of the mea-
sured VBO from theoretical predictions at higher cover-
ages can be attributed to Si difFusion.

Due to the greater stability of As-terminated (001) sur-
faces, it is reasonable to assume that the first-deposited Si
atoms stick at cationic sites. For the same reason, dopant
diAusion should preferably aA'ect planes grown after the
Si deposition. As we have seen before, Si diAusion tends
to increase the magnitude of the intralayer contribution
to the VBO, when the dopant concentration does not
vary over pairs of adjacent atomic planes. Equation (1)
cannot be easily extended to an arbitrary density profile
because, in the general case, it may be diFicult to find
an optimal reference system for LRT. However, starting
from any reasonable reference system, LRT suggests-
and sample SCF calculations confirm —that the above
conclusions on the increase of the lineup can be general-
ized to those cases where the dopant concentration de-

creases in the first deposited layers, provided no antisites
are produced. We conclude that only the presence of anti-
sites can determine the decrease of the oA'set observed for
z&0.5. Assuming our hypothesis that at lower coverages
Si atoms stay confined on two layers, the findings seem
to indicate that around a critical alloy concentration—
namely (GaAs)p 7s(Si2)p zs—the zinc-blende order tends
to be lost during epitaxial growth. This fact suggests
a relation (which may be accidental) with the critical
composition at which III-V—IV alloys undergo an order-
disorder transition from the zinc-blende to the diamond
structure.

According to our previous analysis, the calculated
VBO's crucially depend on the values of the dielectric
constant used. We observe that LDA tends to overesti-
mate the dielectric constants by 10', while our rather
small PW basis set tends to reduce them. The two ef-
fects partially cancel each other, the resulting values of
e being smaller than experiment. In order to check Eq.
(1) against benchmark SCF calculations, such theoretical
values have been consistently used here. Once the sound-
ness of the physical picture underlying Eq. (1) has been
so assessed, Eq. (1) should be better if used with exper-
imental dielectric constants, but this would not alter the
conclusions of the present paper.
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