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Structural and electronic properties of ZnSeÕAlAs heterostructures
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Pseudomorphic ZnSe/AlAs~001! heterostructures were fabricated by molecular beam epitaxy on GaAs wa-
fers. Intrinsic stacking faults on$111% planes originating at the II-VI/III-V interface and propagating throughout
the II-VI overlayer were the main type of native defects observed. The interface termination was varied by
adsorption of Zn or Se onto the AlAs(001)331 surface prior to ZnSe growth. The resulting large changes in
interface composition and band discontinuities mirror those obtained by employing Zn- or Se-rich growth
conditions in the early stages of heterojunction fabrication. Band offsets calculated from first principles for
ZnSe/GaAs, when rescaled by the different magnitude of the electrostatic interface dipole, yield a range of
predictions in good agreement with experiment for ZnSe/AlAs.
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I. INTRODUCTION

Semiconductor heterojunctions remain challenging s
tems, as they continue to test our theoretical understan
of the physics of interfaces, and limit the performance o
variety of solid-state devices. The possibility of controllin
the electronic properties of semiconductor heterojuncti
through modifications of the local interface environment h
attracted attention since the very inception of modern in
face science.1–3

Until very recently, the largest success in this area was
reported tunability of the ZnSe/GaAs~001! valence-band off-
set in the 0.6–1.2 eV range as a result of changes in the l
interface composition.4,5 Such changes were most
implemented4–7 by employing Se-rich or Zn-rich growth
conditions during the early stages of interface fabrication
molecular beam epitaxy~MBE!. Early photoemission spec
troscopy results obtainedin situ on thin-overlayer samples4–7

were later systematically confirmed in fully functional he
erojunction diodes by internal photoemission8 and low-
temperature transport measurements.9,10

These early experimental investigations were guidea
priori and put into perspectivea posteriori by the parallel
development of a whole new theoretical framework for se
conductor heterojunctions. The convergence of different t
oretical models, including first-principles calculations, t
theoretical alchemy approach,11 and linear response theor
~LRT! results,12,13yielded a unified picture of semiconducto
heterojunctions.3,14 For isovalent heterojunctions, and fo
heterovalent heterojunctions with nonpolar orientation,
band alignment would be expected to be, to the first orde
bulk property of the two semiconductor constituents. F
such systems charge neutrality is compatible with idea
abrupt interfaces, so that there is little or no enthalpic driv
force toward atomic mixing. The bulk-related nature of t
band alignment, however, would hold even if mixing were
0163-1829/2001/63~15!/155312~12!/$20.00 63 1553
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take place, provided that no cation-anion swaps occur ac
the interface.

Conversely, ideally abrupt, unreconstructed heterova
interfaces with a polar orientation would be charged, so t
there is a strong, enthalpic driving force toward atomic
termixing. Neutral interfaces can form, lowering the to
energy of the system, through a variety of different atom
scale reconstructions at the interface. Consequently, the e
tronic structure depends on the details of the local ato
structure, and a whole range of band alignments might
possible, depending on the interface configurations ach
able in practice. For ZnSe/GaAs~001!, for example, valence-
band offsets in the 0.6–1.6 eV range were predicted base
LRT and self-consistent calculations.4,15

The remarkable success achieved by theory in identify
heterovalent heterojunctions as the most promising tuna
interface systems, and providing a microscopic rationale
the observed tunability of the offsets, overshadowed the
that the useful systematics was—and still is—exceedin
scarce. Few correlated experimental and theoretical inve
gations on the same epitaxial interface system have b
performed and often no parallel compositional and structu
analysis of the interface was available. More recent res
do not always support the conceptual framework descri
above.

For example, ZnSe/GaAs~001! heterojunctions fabricated
by metalorganic chemical vapor deposition~MOCVD!, pre-
dosing the surface with a Se or Zn precursor prior to Zn
growth, did yield valence-band offsets tunable through
the 0.6–1.1 eV range,16 but for reported interface compos
tions that have little to do with those observed in the MB
studies.4,5,7 Also, experimental valence-band discontinuiti
of 0.46 and 1.26 eV have been reported for device-gr
BeTe/ZnSe heterostructures fabricated by MBE on Z
stabilized ZnSe(001)c(232) and Se-terminated
ZnSe(001)231 surfaces, respectively.17,18 This wide offset
©2001 The American Physical Society12-1
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tunability, among the largest reported to date,19 is to be con-
sidered largely unexpected for anisovalent, as opposed to a
heterovalentheterojunction.

In view of the above considerations, we deemed it nec
sary and timely to expand the available systematics rela
growth parameters, interface composition, experimental b
alignment, and theoretical predictions for heterovalent h
erojunctions. We elected to focus on ZnSe/AlAs~001! het-
erojunctions mostly in view of the many useful similaritie
and important differences of this interface system as co
pared to ZnSe/GaAs~001!.

For example, the lattice mismatch between ZnSe
AlAs ~0.10%! is even smaller than that which exists betwe
ZnSe and GaAs~0.27%!, minimizing the expected influenc
of residual strain and lattice relaxation on the results. T
chemical similarity between AlAs and GaAs enabled us
simply derive theoretical predictions for ZnSe/AlAs from th
self-consistent results for ZnSe/GaAs through LRT ar
ments.

On the other hand, the stability of the Al-As bonds
enhanced relative to Ga-As bonds and correspondingly
bandgap increases substantially. This allowed us to inve
gate if interface chemistry is modified by substrate stabil
ascertain how the increased bandgap difference is partitio
between valence and conduction bands, and probe the
sitivity of the band offsets.

Last but not least, it has been shown that ZnSe epilay
can be fabricated by MBE on AlAs buffer layers an
GaAs~001! wafers at growth temperature and for grow
rates similar to those normally employed during Zn
growth on GaAs~001!.20,21 Entropic driving forces should
therefore play a similar role, if any, for the two interfaces

II. EXPERIMENTAL DETAILS

All epilayers were fabricated by solid-source MBE o
GaAs~001! wafers in a ultrahigh-vacuum facility that in
cludes chambers for III-V and II-VI semiconductor epitax
an analysis chamber forin situ monochromatic x-ray photo
emission spectroscopy~XPS!, and a metallization chambe
for in situ contact fabrication.

Following thermal desorption of the native oxide, 0.
mm-thick GaAs buffer layers were grown at 600 °C, with
typical As beam equivalent pressure in the 731026 Torr
range, as determined by means of an ion gauge positione
the sample location, and a Ga to As beam equivalent p
sure ratio~BPR! of 1 to 15–20. Such growth conditions re
sulted in an As-stabilized 234 reconstruction during
growth, as determined by reflection high energy electron
fraction ~RHEED! and growth rates in the 1mm/h range.

AlAs epilayers were then grown on thin Al0.3Ga0.7As
buffer layers at 600 °C, with a typical As beam equivale
pressure in the 731026 Torr range and Al:As BPR of 1:70
resulting in As-stabilized 331 or 332 reconstructions,22

and growth rates in the 0.4mm/h range. As a rule, the AlAs
epilayers were protected with an amorphous As cap la
which was thermally desorbed in the II-VI growth chamb
to yield AlAs~001!331 surfaces immediately prior to ZnS
deposition.
15531
s-
g
d

t-

-

d

e
o

-

e
ti-
,
ed
n-

rs

at
s-

f-

t

r,
r

ZnSe epilayers were grown at 290 °C on the III-V su
strates, using elemental Zn and Se diffusion cells, with in
vidual beam equivalent pressures in the 0.6– 631026 Torr
range, and selecting different Zn:Se BPR’s throughout
0.1–10 range. Typical growth rates were between 0.2 and
mm/h.

For the III-V side of the heterostructure we explored d
ferent types of doping namely,n-type ~Si-doped, n
;1018cm23!, p-type ~Be-doped,p;1016– 1018cm23!, and
nominally undoped~background doping,p;1015cm23!. All
ZnSe epilayers were nominally undoped~background dop-
ing, n;1015cm23!.

To modify the composition of the interface, we employ
two different methods. The first method used high or lo
BPR for the fabrication of the first 2 nm of the II-VI over
layer. Epilayers grown with BPR>1 displayed ac(232)
RHEED pattern, while for PBR,1 a 231 reconstruction
was observed.23,24 For photoemission determinations of th
offset the whole II-VI overlayer was;2 nm thick, and there-
fore grown entirely in nonstoichiometric growth condition
When thicker overlayers were produced, such as for str
tural characterization, the rest of the ZnSe was fabrica
with BPR;1. The goal was to implement the type o
composition-control interface layer that has proven succe
ful in controlling the band offsets in ZnSe/GaAs heterostru
tures and allowing independent optimization of the structu
and optical properties.5,25–27

The second method employed to vary the interface co
position involved predosing the AlAs surface with an e
emental Se or Zn flux prior to growth of the ZnSe overlay
with BPR;1. This procedure was performed at the Zn
growth temperature~GT! of 290 °C or at room temperatur
~RT!, with substantially different results. The Zn and S
beam equivalent pressure used for predosing the surfac
well as for the subsequent ZnSe growth with BPR;1 was
1.631026 Torr.

In general, GT predosing resulted in lower elemental
or Se condensation and more ordered surfaces as comp
to RT predosing. Exposure of the clean AlAs surface to a
flux at 290 °C resulted in the gradual removal of the the
3periodicity, and convergence to a streaky 131 RHEED
pattern for exposure times longer than 400 s. ZnSe ov
growth at 290 °C with BPR51 resulted in a streakyc(2
32) RHEED pattern. During exposure of the AlAs(331)
surface to Se at 290 °C the RHEED pattern changed in a
seconds to a 231 reconstruction. No other changes we
observed for exposures as long as 600 s. ZnSe growth on
Se-dosed surface was characterized by a spotty RHEED
tern, indicative of tridimensional~3D! growth.

Conversely, RT predosing resulted in higher Zn or
condensation and loss of long-range order, that could be
covered in part through postgrowth annealing. Multilayer
and Se adsorption yielded RHEED patterns involving a
perposition of lines and circles, indicative of a partly pol
crystalline growth. The Zn and Se coverage was determi
through XPS, as described in the next section. Polycrys
line ZnSe layers~;2 nm thick! were deposited at RT on
AlAs surfaces with one monolayer~ML, in terms of ZnSe
density and lattice parameter, 1 ML56.22 at/cm250.142 nm!
2-2
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STRUCTURAL AND ELECTRONIC PROPERTIES OF . . . PHYSICAL REVIEW B 63 155312
of adsorbed Zn or 1–2 ML of adsorbed Se. A postgrow
anneal of 600 s at 290 °C was performed to improve crys
linity and achieve a well-defined, but somewhat spotty
31 RHEED pattern.

XPS measurements were performedin situ using AlKa
~1486.6 eV! radiation monochromatized and focused by
bent crystal monochromator, and a hemispherical elec
static electron energy analyzer with an overall energy re
lution ~electrons plus photons! of 0.8 eV. The effective es
cape depth was 1.5 nm.28

Structural characterization was performed through x-
diffraction ~XRD! and transmission electron microscop
~TEM! analyses of selected heterostructures. Rocking cu
and reciprocal-space maps were recorded using a h
resolution diffractometer equipped with a Cu radiati
source and a Bartels 1-crystal Ge~220! monochromator—
providing CuKa1, radiation (l50.154 056 nm) with a 12
arc sec angular divergence—and a channel-cut two-cry
Ge~220! analyzer.29 Cross-sectional TEM studies were pe
formed using a Philips CM30-T microscope operated at 3
kV and equipped with a Gatan 794 MSC camera. Specim
were cut and prepared by conventional ion thinning.

III. RESULTS AND DISCUSSION

A. Structure

An illustration of the main elements of the type of heter
structures employed can be found in the cross-sectional T
micrograph in Fig. 1. In the bright-field image, markers sh
the boundaries of the bottom GaAs epilayer, th
Al0.3Ga0.7As buffer ~nominal thickness 10 nm vs an expe
mental value of 1161 nm in Fig. 1!, AlAs epilayer ~50 nm
vs 4963 nm!, and ZnSe overlayer~100 nm vs 9967 nm!.
No extended defects were observed in the heterostruc
but for the stacking faults on$111% planes of the II-VI epil-
ayer, giving rise to the characteristic V-shaped contrast in
rightmost section of Fig. 1.

FIG. 1. Bright-field transmission electron microscopy~TEM!
cross section of a ZnSe/AlAs/AlxGa12xAs/GaAs heterostructure
The characteristic V-shaped contrast in the rightmost section o
figure reflects the presence of stacking faults on$111% planes.
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In Figs. 2~a! and 2~b! we show ^110& high-resolution
TEM images of regions of the heterostructure near the Zn
AlAs interface and near one of the$111% stacking fault
planes, respectively. Interatomic channels correspond to
bright regions in the lattice fringes of Fig. 2. The avera
position of the interface, marked by an arrowed line in F
2~a!, has been determined through a vertical intensity l
profile averaged over the image width. Finer details of
interface structure are not resolved, for this system, in
crystallographic projection. However, no evidence of mis
dislocations or second phases was found in any of
samples examined.

The stacking faults in Figs. 1 and 2~b! originate at the
II-VI/III-V interface and propagate throughout the II-VI ep
ilayers. To our knowledge, such defects have never b
reported for the ZnSe/AlAs system, although stacking fau
with similar apparent characteristics are observed in Zn
GaAs heterostructures, and in all II-VI blue-green optoel
tronic devices grown to date on GaAs wafers.30 Such defects
are neither affected by strain, nor do they contribute e
ciently to strain relaxation, but play an important role
II-VI-device degradation,30 so that they have been attractin
substantial interest in recent years.

From Fig. 2~b!, it is possible to determine the intrinsic o
extrinsic nature of the fault. An enlarged view of a defe
portion is shown in the inset of Fig. 2~b!. The stacking of
double$111% planes, ...ABC..., typical of the perfect crystal is
seen to change to ...ABA... at the fault location. The latte

e

FIG. 2. ~a! High-resolution TEM image of a region of the ZnS
AlAs interface.~b! High-resolution TEM image recorded near on
of the $111% stacking fault planes. In the inset, we show an enlarg
view with a superimposed schematic of the defect structure.
2-3
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stacking sequence is characteristic of intrinsic stack
faults. In the inset, to the enlarged view of the defect we h
also superimposed a schematic drawing of the stacking f
structure where the so-called twin unitsT are marked. From
our TEM observations, intrinsic stacking faults appear as
dominant type of defects. This finding is at variance with t
results of previous TEM investigations of the ZnSe/Ga
heterostructures where extrinsic stacking faults were de
mined to be the dominant type of defects.31 At present, the
origin of this difference between ZnSe/AlAs and ZnSe/Ga
heterostructures is unclear, but its potential impact on de
degradation will need to be evaluated.

Although the microscopic mechanism leading to stack
fault nucleation at the II-VI/III-V interface is still
controversial,32,33 at least some of the models propo
strain34,35or the formation of interface reaction products36 as
major culprits. In view of our TEM results, neither th
change in strain nor the change in local chemistry brou
about by the replacement of GaAs with AlAs show prom
of eliminating the stacking faults issue.

The absence of misfit dislocations in Figs. 1–3 sugge
that the whole structure grows pseudomorphically on
GaAs substrate. To gain further insight into the strain sta
of the different epilayers,37 we performed XRD measure
ments on samples qualitatively similar to those depicted
Fig. 1.38

Figures 3 and 4 show, for example, rocking curves a
reciprocal space maps, respectively, near the symm
~004! and the asymmetric~224! and ~335! reflections from
ZnSe and AlAs. Rocking-curve simulations were also p
formed using x-ray dynamical diffraction theory.39–41 Good
agreement between the experimental and theoretical roc
curves~thin line in Fig. 3! could be achieved assuming th
the ZnSe and AlAs layers grow pseudomorphically on Ga
substrate, i.e., for a parallel mismatchf i50 for ZnSe and
AlAs and perpendicular mismatchf'55.931023 and 2.8
31023 for ZnSe and AlAs, respectively.

This is confirmed by the reciprocal-space maps shown
Fig. 4, where the peaks originating from the GaAs substr
and from the ZnSe and the AlAs layers are all located at
sameqx value within our experimental resolution. In the
maps, both the ZnSe and AlAs diffraction peaks are v
narrow along theqx direction, with a full width at half maxi-

FIG. 3. Experimental rocking curves near the~004! and ~224!
Bragg reflections@~a! and ~b!, respectively# are compared with dy-
namical simulations that assume ideal pseudomorphic growth
ZnSe and AlAs.
15531
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mum~FWHM! of about 731025 Å 21. This value is close to
the resolution of our diffractometer (431025 Å 21), and
thus reflects the high quality of both the AlAs and ZnS
layers.

Changes in interface composition did not affect the str
tural results discussed in this section. However, such chan
do affect the stacking faultconcentration, as also shown by
previous studies of ZnSe/GaAs heterostructures.27,32 A dis-
cussion of the systematic relation between interface com
sition and stacking fault density is, however, beyond
scope of this paper.

B. Interface composition

Information on the early stages of interface formation a
the local interface composition was derived from XPSin
situ. In particular, we systematically examined the integra
intensity and line shape of the photoelectron emission fr
the Al 2p, As 3d, Zn 3d, and Se 3d core levels as a func
tion of the ZnSe coverageq. The latter was calculated on th
basis of growth rate calibrations.

In Fig. 5~a! we summarize, for example, results for th
emission intensity from the Al 2p and Zn 3d doublets in the
early stages of heterostructure fabrication with BPR510
~Zn-rich growth conditions, circles!, and BPR50.1 ~Se-rich
growth conditions, squares!. In the plot we show in a loga-
rithmic scale I Al(q)/I Al

0 ~solid symbols! and 1
2@ I Zn(q)/I Zn

` # ~open symbols!, where I denotes the inte-
grated emission intensity after background subtraction
the subscript specifies the core level under considerat
The superscript denotes the initial emission intensity fr
the uncovered substrate or the emission intensity expe
for an overlayer of infinite thickness.

In the absence of interdiffusion and reaction, and in
presence of layer-by-layer growth of the ZnSe overlayer,
functional dependence expected for the two data sets is i
tical:

lnF I Al~q!

I Al
0 G 52

q

l
5 lnF12

I Zn~q!

I Zn
` G , ~1!

where to the photoelectron escape depthl is the effective
photoelectron escape depth. The four data sets in Fig.~a!

of

FIG. 4. Reciprocal space maps near the asymmetric~224! and
~335! reflections for a heterostructure incorporating a 48-nm-th
ZnSe overlayer, a 36-nm-thick AlAs layer, and a 9-nm-thi
Al0.3Ga0.7As buffer ~Ref. 38!. The contour levels are in steps of 0
in a logarithmic scale.
2-4
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are consistent with each other, within experimental unc
tainty, and do follow the functional dependence described
Eq. ~1!. A least-squares fit of the data to Eq.~1! yields an
experimental value ofl of 1.460.1 nm, also in good agree
ment with the expected photoelectron escape depth.28 The
implication of the results of Fig. 5~a! is that, within the XPS
experimental uncertainty, ZnSe grows layer by layer
AlAs with no evidence of atomic interdiffusion across th
interface in growth conditions examined, for high as well
low BPR’s.

Using the integrated emission intensity from the Znd
and Se 3d doublets after background subtraction, we calc
lated the XPS-derived Zn/Se ratio as a function of Zn
coverage, normalized to the value observed in all ZnSe b
standards irrespective of the BPR:

FIG. 5. ~a! Emission intensity from the Al2p and Zn3d core
doublets in the early stages of ZnSe/AlAs heterostructure fabr
tion with Zn/Se beam pressure ratio~BPR! of 10 ~circles! and 0.1
~squares!. In the plot we showI Al(q)/I Al

0 ~solid symbols! and 1
2@ I Zn(q)/I Zn

` # ~open symbols!, where I denotes the integrate
emission intensity after background subtraction and the subs
specifies the core level under consideration.~b! Normalized Zn to
Se photoemission intensity ratioRZnSe as a function of the ZnSe
thickness during interface fabrication with BPR510 ~open circles!,
and BPR50.1 ~open squares!. ~c! Zn 3d–Al 2p core-level separa-
tion as a function of ZnSe thickness, for BPR510 ~solid circles!,
and BPR50.1 ~solid squares!.
15531
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I Zn~q!/I Se~q!
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` /I Se

` . ~2!

In Fig. 5~b! we show the results obtained during interfa
fabrication with BPR510 ~circles!, and BPR50.1 ~squares!.
Relatively large deviations ofRZnSe from unity are observed
in the early growth stages. High Zn~Se! overpressure corre
sponds to Zn-rich~Se-rich! values of RZnSe in the early
growth stage. The trend is compellingly similar to that o
served earlier for ZnSe/GaAs~001! heterostructures as
function of Zn/Se BPR throughout the 0.1–10 range.4

We emphasize that any difference in the reconstructi
related surface stoichiometry isper sequantitatively insuffi-
cient to explain the different coverage dependence ofRZnSe
for the different BPR’s. The 231 surface reconstruction ob
served during ZnSe growth with BPR50.1 is believed to
correspond to a surface terminated by a fully dimeriz
monolayer of Se,42 while the c(232) reconstruction ob-
served during ZnSe growth with BPR510 is believed to cor-
respond to a surface terminated by half an ML of Zn ato
on a complete ML of Se, i.e., to an ordered array of
vacancies within an outermost layer of Zn atoms.42–44 The
different reconstructions would therefore also tend to g
deviations ofRZnSe from unity at low coverages.

The magnitude of such deviations can be roughly e
mated along the lines proposed by Lazzarinoet al.45 using
the atomistic models just described for thec(232) and 2
31 reconstructions,42–44given the Zn 3d emission intensity
from a single~001! plane of Zn atomsi Zn , the Se 3d emis-
sion intensity from a single~001! plane of Se atomsi Se, and
using 1 ML50.1417 nm5d as the interplanar spacing i
bulk ZnSe.45 For a 2N-monolayer-thick ZnSe layer, the ex
pected Zn/Se photoemission intensity ratio is given
I Zn /I Se5( i Zn / i Se)e

2d/l ~i.e., independent ofN! for a 231
reconstructed surface, and by

I Zn

I Se
~2N!5

i Zn

i Se

(
j 50

2N

e2 jd/l

(
j 50

2N21

e2 jd/l

for a c(232) reconstructed surface. From these expressio
and their high coverage limitI Zn

` /I Se
` , one can evaluate46 the

expected value ofRZnSe in Eq. ~2!.
The calculated values ofRZnSe at different nominal ZnSe

coverages~2, 4, 8 ML and in the thick-overlayer limit! are
summarized in Table I. We conclude that no more than 2
of the deviation from stoichiometry depicted in Fig. 5~b! can
be explained by the different reconstruction-related surf
stoichiometry. Therefore, a substantial Zn- or Se-enrichm
of the interface region must result from employing Zn-rich
Se-rich growth conditions in the early stages of interfa
fabrication.

Information on the Al and As concentration in the inte
face region is more difficult to obtain. At XPS energies on
minimal variations in the Al/As ratio could be detected b
tween interfaces fabricated with different BPR. This is n
surprising, since the small interface contribution to the

a-
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and As core emission is superimposed in all cases to
much larger signal from the underlying AlAs bulk.4

Recently Funatoet al. have proposed a method to obta
from XPS data information on the Ga/As ratio near ZnS
GaAs interfaces.16 Starting from II-VI overlayers 3–5 nm
thick, the authors monitored the core-level intensity rat
while the ZnSe layer thickness was reduced to subnanom
values by Ar1 bombardment. The apparent changes in
depth dependence of the Ga/As ratio from sample to sam
were associated with differences in the III-V first-layer co
position within abrupt II-VI/III-V interfaces. The author’s
argument was based on the assumption that the XPS
pling depth being finite, results for thick~.3 nm! ZnSe over-
layers should be more sensitive to the interface region t
results for thin ZnSe overlayers.16

Unfortunately, the above argument is incorrect. For
abrupt interface, in the presence of an exponential atten
tion of the photoelectron emission as a function of depth,
core-level emission from the first III-V layer and from th
residual III-V bulk will be attenuated in equalproportionsby
the II-VI overlayer. Consequently, therelative interface con-
tribution to the overall III-V signal will remain constan
while the II-VI thickness decreases. No change in the se
tivity to the interface composition is expected.

Therefore the reported changes in Ga/As ratio in hete
junctions grown in different MOCVD conditions16 cannot be
explained by differences in the III-V first-layer compositio
within abrupt II-VI/III-V interfaces. It is more likely that the
data reflect a different degree of Ga outdiffusion into t
ZnSe overlayer. Depth profiling, in the absence of prefer
tial sputtering artifacts, can provide information on atom
intermixing. Atomic intermixing might be enhanced by th
relatively high growth temperatures employed in MOCV
~450 °C!. When ZnSe/GaAs heterojunctions grown by MB
at 290 °C are subsequently annealed above 400 °C, inte
fusion leads to the formation of defect centers involving s
stitutional Ga atoms on Zn sites and Zn vacancies.47,48

We also changed the interface composition by dosing
AlAs~001!331 surface with Zn or Se prior to ZnSe growt
Following GT predosing, XPS analysis of the Al 2p, As 3d,
Zn 3d, and Se 3d core-level intensity and comparison wit
the predictions of Eq.~1! revealed that only a relatively low
saturation coverage could be obtained~0.08–0.1 nm for Zn
and about 0.15 nm for Se!. Such coverages were not suffi
cient to induce large band offset modifications.

By lowering the substrate temperature down to RT

TABLE I. Calculated value of the Zn/Se core photoemissi
intensity ratioRZn/Se expected from a ZnSe epilayer withc(232)
or 231 surface reconstruction at selected nominal coverages~Ref.
46!. The values were calculated along the lines employed by L
zarino et al. in Ref. 45, using the atomistic models for thec(2
32) and 231 reconstructions put forth by other authors in Re
42–44.

Reconstruction 2 ML 4 ML 8 ML `

c(232) 1.57 1.32 1.19 1.10
231 1 1 1 1
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were able to deposit arbitrarily thick Zn or Se layers
AlAs. For our studies of the band offsets, we employed
coverages of 1–3 ML and Zn coverages of 1 ML. Predos
was followed by ZnSe growth at RT with BPR51, i.e., with
the same reconstruction and surface stoichiometry, on
dosed and Se-dosed substrates. Information on the inter
composition was also obtained from the normalized Zn
photoemission intensity ratioRZnSe. Values ofRZnSeranging
between 1 and 0.7 were observed for Se-dosed surface w
RZnSe values as high as 2.1 were obtained for the Zn-do
substrates.49 Such values, when compared with those in F
5~b!, suggest that the two heterojunction fabrication metho
both give rise to a substantial enhancement in the Zn or
concentration near the interface. We caution the reader, h
ever, that any similarity in theRZnSe values cannot rule ou
per sethat the different fabrication procedures might lead
different composition profiles.

C. Core-level positions and line shapes

The chemical state of the excess Zn or Se near the in
face is more difficult to probe by XPS, in view of the supe
position of interface- and overlayer-related Zn and Se co
level features and because of the limited experimen
resolution available. The line shapes of both overlayer a
substrate core levels was monitored as a function of ov
layer thickness in the coverage range~1.5–2.5 nm! custom-
arily employed for XPS determination of the band discon
nuities. A constant line shape was observed for each c
doublet throughout the above coverage range, irrespectiv
BPR and predosing.

In the same coverage range the Zn 3d– Al 2p core level
separation@Fig. 5~c!# as well as the Se 3d– Al 3d core-level
separation~not shown! were found to be independent o
overlayer thickness, ruling out the presence of ma
chemically-shifted or surface-shifted contributions. Only
the case of ZnSe/AlAs heterostructures fabricated on
doped,n1-type AlAs substrates, increased broadening of
Al 2 p and As 3d core line shapes suggested the presenc
relevant band-bending-related effects within the photoem
sion sampling depth.

In the leftmost section of Fig. 6 we show the line shape
the Al 2p doublet for a clean, nominally undoped AlAs su
face ~a! and two ZnSe/AlAs heterojunctions also fabricat
on nominally undoped AlAs epilayers~b! and ~c!. The zero
of the energy scale was taken at the position of the cent
of the Al 2p emission from each interface.50 The three Al 2p
line shapes are identical, with an FWHM of 0.95 eV in ea
case. The corresponding result for a ZnSe/AlAs heteroju
tion fabricated on ann1-type AlAs substrate with nomina
doping of 1.531018cm23 is shown in Fig. 7~solid circles!.
A more asymmetric line shape with a FWHM of 1.15 eV
observed. An analogous broadening was observed for
As 3d doublet~not shown!.

The broadened Al 2p line shape in Fig. 7 could be repro
duced by a superposition of individual contributions derivi
from the individual atomic layers within the sampling dept
A least-squares fit to the data~solid line! was performed by

z-

.
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FIG. 6. Inset: Valence-band photoemission spectra from A
and ZnSe standards.~a! Al 2p and Zn3d core level emission from
the same standards. The binding energy of each centroid was
sured relative to the valence-band maximum of each material.
separation between the core levels is therefore that expected
an hypothetical heterojunction with zero valence-band offset.~b!
Core photoemission from a ZnSe/AlAs~001! heterojunction fabri-
cated with BPR510. The ZnSe thickness was 2 nm.~c! Core emis-
sion from a ZnSe/AlAs~001! heterojunction fabricated with BPR
50.4. The ZnSe thickness was 2 nm. The zero of the energy s
was taken at the position of the centroid of the Al2p doublet for
each heterojunction~leftmost solid vertical line!. The difference
between the actual Zn3d position in ~b! and ~c! relative to ~a!
reflects valence-band offsets of 0.9960.07 and 0.4060.07 eV, re-
spectively.

FIG. 7. Al 2p core emission from an1-type AlAs epilayer
~solid circles!. The zero of the energy scale is taken at the posit
of the Fermi level of the sample. The broadened Al 2p line shape
could be reproduced by a superposition of individual contributio
deriving from the individual atomic layers reflecting band bend
within the sampling depth~solid line!. The individual contributions
from the ten topmost atomic layers are also shown~thin solid line!.
The measured Debye length indicates substantial Si segregati
the surface region.
15531
associating with each individual layer a phenomenologi
Al 2 p line shape of the type depicted in Fig. 6, with intens
attenuated by an escape-depth-determined exponential f
~thin solid line!. A parabolic band-bending profile was po
tulated within the sampling depth, so that the only fittin
parameters remaining were the Debye length within the X
sampling depth, i.e., the dopant concentration in the ne
surface region~731018cm23 in Fig. 7!, and the interface
position of the Fermi level~2.0 eV above the AlAs valence
band maximum in Fig. 7!.

Because of band bending, the apparent position of
centroid of the experimental Al 2p doublet in Fig. 7~vertical
solid line! is 0.26 eV below the position of the interface
related Al 2p doublet~vertical dashed line!. The value of the
surface Debye length obtained from the fit in Fig. 6 indica
strong Si segregation during AlAs growth. Typically, Si co
centrations at the surface were found to be 3–4 times hig
than the nominal concentration for bulk doping levels in t
low 1018 range and growth temperatures near 600 °C. T
type of surface segregation, or surface riding, has been
ported earlier for GaAs and AlxGa12xAs,51 but we are not
aware of any previous quantitative work on AlAs. The r
sults of Fig. 7 were used to compensate for band-bend
effects during band-offset measurements on highly do
substrates.

D. Experimental band alignment

The valence band discontinuities corresponding to the
ferent interface compositions were determinedin situ by
XPS from the Al 2p and Zn 3d core-level energy separatio
in the 1.5–2.5 nm ZnSe coverage range. Identical res
were obtained using the As 3d and Se 3d core separation,
ruling out artifacts due to chemical shifts. Because of
small lattice mismatch between the different materials,
effect of pseudomorphic strain on the XPS determination
the offset can be neglected.

The procedure is illustrated in Fig. 6. In the inset we sh
valence-band spectra for an AlAs epitaxial substrate~bot-
tom! and a 500-nm-thick ZnSe overlayer~top!. The binding
energy scale is referenced to the valence-band maximumEn

as derived from a least-squares linear fit of the lead
valence-band edge.52,53Spectra for the Al 2p and Zn 3d core
emission from these two samples are shown directly be
the inset@Fig. 6~a!#. The core binding energies were me
sured relative toEn for each sample, and the zero of th
energy scale was taken at the position of the Al 2p centroid
in AlAs. The corresponding core binding energy differenc
DEb563.7060.04 eV, is therefore that expected from a h
pothetical heterojunction with zero valence-band offset.

Representative results for the core emission from Zn
AlAs interfaces fabricated with BPR510 and 0.4 are shown
in Figs. 6~b! and 6~c!, respectively. The ZnSe coverage w
2 nm in both cases. The zero of the energy scale was take
the position of the Al 2p centroid for each heterojunction
The corresponding interface core-level separation w
62.7160.04 and 63.3060.04 eV for heterojunctions fabri
cated in Zn-rich and Se-rich growth conditions, respective
and was independent of overlayer thickness in the cover
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S. RUBINI et al. PHYSICAL REVIEW B 63 155312
range of interest. The variation in the core-level separa
relative to Fig. 5~a! gives directly the valence-band discon
nuity. For the two interfaces in Fig. 6 we foundDEn50.99
60.07 and 0.4060.07 eV, respectively, with the valence
band maximum of AlAs lying above that of ZnSe in bo
cases.

The same method of band offset determination was
plied to heterostructures in which the interface composit
was controlled through Zn or Se predosing. In Fig. 8
show representative results for the core emission from Zn
AlAs heterojunctions fabricated after absorption of 1 ML
Zn ~a! and 2 ML of Se~b! onto the AlAs~001! surface. The
ZnSe coverage was 2 nm in both cases. The core line sh
for heterojunctions fabricated through Se/Zn predosing~Fig.
8! and low/high BPR~Fig. 6! are quantitatively consisten
with one another. As in Fig. 6, in Fig. 8 the zero of th
energy scale was taken at the position of the centroid of
Al 2 p doublet for each heterojunction~leftmost solid vertical
line!. The position of the Zn 3d centroid expected from a
hypothetical heterojunction with zero valence-band offse
shown by the rightmost vertical line. For the two interfac
in Fig. 8 we foundDEn51.0760.07 and 0.5660.07 eV, re-
spectively, with the valence-band maximum of AlAs lyin
above that of ZnSe in both cases.54

The qualitative trend relating the band offsets to the loc
interface composition is therefore essentially the same
heterojunctions fabricated through Zn/Se predosing
high/low BPR. Zn-rich interface compositions correspond
relatively high values of the valence-band offset, while S
rich interfaces exhibit substantially lower values of t
valence-band discontinuity. A summary of all available e

FIG. 8. Al 2p and Zn3d core emission from ZnSe/AlAs~001!
heterojunctions fabricated after absorption of 1 ML of Zn~a! and 2
ML of Se ~b! onto AlAs~001! surfaces at room temperature. Th
ZnSe coverage was 2 nm in both cases. The zero of the energy
was taken at the position of the centroid of the Al2p doublet for
each heterojunction~leftmost solid vertical line!. The position of the
Zn 3d centroid expected from a hypothetical heterojunction w
zero valence-band offset is also shown~rightmost vertical line!. For
the two interfaces, we foundDEv51.0760.07 and 0.56
60.07 eV.
15531
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perimental data is shown in Fig. 9. Different solid symbo
denote results obtained for different doping levels and d
ing types. Open symbols correspond to results for hete
junctions fabricated through Zn or Se predosing at RT a
postgrowth annealing.

The valence-band offsets in Fig. 9~leftmost vertical scale!
were determined for overlayer coverages at which the Z
film appeared stoichiometric~2–3 nm!, but are plotted versus
the experimental value of the Zn/Se ratioRZnSeobserved for
each interface in the early growth stage, i.e., at an arbitr
ZnSe coverage of 0.3 nm. Maximum valence-band offset
the 1.1-eV range are observed for interfaces grown with
highest BPR’s explored~Zn-rich case!, or for interfaces fab-
ricated with BPR51 after Zn predosing. Much lower offset
~as low as 0.3–0.4 eV! were observed for the Se-rich case,
following Se predosing. The results in Fig. 9 indicate that
band alignment can be continuously tuned in a wide rang
values, and thatRZnSe can be used surprisingly well to pa
rametrize the band-offset variation. Presumably, this is
causeRZnSe roughly gauges the local interface compositio
that is fixed by the growth conditions employed in the ea
growth stages and which, in turns, determines the band
continuities.

For comparison, we also show in Fig. 9 the correspond
results for ZnSe/GaAs~001! heterojunctions~small symbols,
rightmost vertical scale!, also determined by XPS for inter
faces grown with high/low Zn/Se BPR.4 The zeros of the left
and right vertical scales in Fig. 9 have been shifted relat
to each other by 0.44 eV, i.e., by the average AlA
GaAs~001! valence-band offset.55 Such a shift brings the
data sets for the two heterojunction systems in Fig. 9
approximate superposition with each other. The implicat
is that, if similar values of theRZnSe parameter are consid
ered for the two heterojunctions, the transitivity rule.1–3 is
approximately verified.

ale

FIG. 9. Valence-band discontinuity~leftmost vertical scale! for
ZnSe/AlAs~001! heterojunctions~large symbols! as a function of
the value ofRZnSeobserved for each interface at a ZnSe coverage
0.3 nm. Different types of symbols denote results obtained for
ferent AlAs doping levels and doping types~solid circles, n
;1018 cm23; triangles, p;1016– 1018 cm23, squares, undoped!.
Results for heterojunctions obtained through RT Se or Zn predo
and postgrowth annealing are also included~open circles!. Earlier
results for ZnSe/GaAs heterojunctions~Ref. 4! are also shown for
comparison~small symbols, rightmost vertical scale!.
2-8
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STRUCTURAL AND ELECTRONIC PROPERTIES OF . . . PHYSICAL REVIEW B 63 155312
The predictions of the commutativity and transitivity rul
for the band offsets have been calculated theoretically
found experimentally to hold for most isovale
heterojunctions.1–3 Deviations from such predictions are po
sible for heterovalent heterojunctions with polar orientatio
though, since any of a number of inequivalent atomic c
figurations may be thermodynamically favored depending
the growth conditions.3 The wide offset tunability in Fig. 9,
together with the verification of the prediction of the tran
tivity rule suggest that similar values ofRZnSefor ZnSe/AlAs
and ZnSe/GaAs must correspond to qualitatively similar
terface configurations.

E. Theoretical predictions

Predictions of the band offsets presently require an
sumption about which of the possible atomic configuratio
leading to neutral interfaces will actually form. Most autho
have limited themselves to considering in their calculatio
some of the simplest configurations,3,4,14,15,56–58with atomic
mixing limited to one or two atomic planes.11,59,60

Four such configurations are schematically illustrated
Fig. 10 for ZnSe-AlAs~001!, viewed in the (1̄10) plane.
ConfigurationsA and B correspond to mixed Se-As an
Zn-Al planes, respectively, with 50-50 composition at t
interface. ConfigurationC includes two mixed planes in se
quence with Se-As 25-75 and Zn-Al 75-25 compositio
respectively, between the Al-terminated AlAs substrate a

FIG. 10. Some of the simplest atomic configurations, for atom
intermixing on one or two atomic planes, that would give rise
neutral ZnSe-AlAs~001! interfaces. Below each configuration, w
show the calculated value of the corresponding valence-band o
15531
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the Se-terminated ZnSe overlayer. ConfigurationD is the
complementary configuration, with Zn-Al 25-75 and Se-A
75-25 mixed planes between the As-terminated AlAs s
strate and the Zn-terminated ZnSe overlayer.

ConfigurationsA and B are expected to correspond
minimum and maximum values for the band offsets, resp
tively. This reflects ionic dipoles of equal, maximu
magnitude—for the type of intermixing envisioned—and o
posite orientation. ConfigurationsC andD correspond to no
ionic dipole, as would be the case for abrupt, nonpolar~110!
interfaces. First-principles calculations of the band offsets
ZnSe/GaAs heterojunctions with configurations of the ty
depicted in Fig. 10 have produced results in good agreem
with LRT predictions.4,14,15

We derived new predictions for the band discontinuit
in ZnSe/AlAs~001! heterojunctions using LRT argumen
and the available first-principles results for ZnSe/GaAs
has been shown that the valence-band offset can be
pressed as the sum of two terms,

DEn5DEn
BS1DV, ~3!

whereDEn
BS, the band structure term, is the difference b

tween the two valence-band maxima measured relative to
average electrostatic potential of each of the two semic
ductors, andDV is the electrostatic potential energy lineu
across the interface. The first term is a property of the b
materials, and will satisfy the predictions of the transitivi
rule, while the second term may depend on the charge
tribution across the interface.12,14,58

The termDV depends on the relatively small differenc
between the charge distributions of the two bulks and can
calculated using perturbation theory. In the LRT framewo
the interface can be viewed as a perturbation that change
virtual ions of a periodic, zincblende virtual crystal into th
real ions. The sum of the localized responses to such i
vidual perturbations determines the potential energy line
through Poisson’s equation.58 At heterovalent interfacesDV
can be expressed as the sum of two terms,

DV5DViso1DVhet, ~4!

where the first term comes from the neutral part of the p
turbation, and the second term from the charged part.
first term is also independent of the details of the interfa
while the second term is equivalent to the potential line
generated by an assembly ofpoint chargesof absolute value
DZueu/2^«&, whereDZ is the charge of the localized pertu
bation and̂ «& the average dielectric constant of materials
and 2 comprising the junction, expressed by12

^«&52S 1

«1
1

1

«2
D 21

. ~5!

We determined the overall bulk-related contributio
DEn

Bulk5DEn
BS1DViso, which is intrinsically transitive,

from the available LRT results for ZnSe/GaAs~1.11 eV, Ref.
4! and GaAs/AlAs ~20.45 eV, Ref. 12!, and obtained
DEn

Bulk50.66 eV for ZnSe/AlAs. Within LRT this is the
valence-band discontinuity expected for configurationsC

c

et.
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S. RUBINI et al. PHYSICAL REVIEW B 63 155312
andD, which have no ionic dipole, as well as for the abru
nonpolar~110!-oriented interface.3,4

We calculated the interface-specificDVhet terms for con-
figurationsA andB using Eq.~5! to rescale the earlier self
consistent results for ZnSe/GaAs~001!. In Ref. 4 we found
DVhet520.49 and10.48 eV for configurationsA and B,
respectively. Using the appropriate dielectric screening
ZnSe/AlAs~Ref. 61! we foundDVhet520.52 and10.54 eV
for the two homologous configurations. For the over
valence-band offset we therefore obtainedDEn5DEn

Bulk

1DVhet510.11 and11.20 eV for the Se-As and Zn-A
mixed interface configurationsA and B, respectively. The
numerical results obtained for each of the four model int
face configurations have been included in Fig. 10.

We emphasize that the configurations in Fig. 10 cor
spond to only four of the simplest possible interface term
nations that may lead to neutral interface. Nevertheless,
corresponding theoretical predictions seem to capture a n
ber of important trends observed in the experimental syst
atics. Theory clearly indicates that a number of possible b
discontinuities should exist, and that the offset tunabi
range should be wider for ZnSe/AlAs than for ZnSe/GaA
because of the reduced dielectric screening of the inter
dipole. Both trends are observed in Fig. 10.

Predictions that a Se-As mixed interface should exhib
low valence-band discontinuity, and a Zn-Al interface
comparatively high offset are also suggestive, in view of
experimental fact that Se-rich interface terminations lead
lower valence-band offsets as compared to Zn-rich in
faces. Unfortunately, in the absence of reliable informat
about the Ga/As ratio at the interface, we cannot probe
analogy any farther.

Finally, the experimental trend in Fig. 9 supporting t
transitivity of the band offsets when heterojunctions w
similar RZnSe(q) values are compared, finds a natural exp
nation in the LRT arguments that we used to extract
theoretical results in Fig. 10. Transitivity of the band offse
is expected even for heterovalent heterojunctions if thesame
typesof interface configurations are considered, when str
and lattice relaxation play a negligible role, as in the pres
case.

IV. CONCLUSIONS

We performed experimental and theoretical investigati
of ZnSe/AlAs heterostructures with~001! orientation. The
goal was to probe the systematic relations between gro
parameters, interface composition, and experimental b
,
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discontinuities as compared to the current theoretical pre
tions for the band alignment in heterovalent heterojunctio

Epitaxial heterostructures of high crystalline quality we
fabricated by MBE on AlAs/AlxGa12xAs buffer layers and
GaAs wafers. Throughout the pseudomorphic thickn
range the only type of native extended defects observe
the heterostructures were stacking faults on$111% planes,
nucleating at the II-VI/III-V interface and propagating to th
free surface of the II-VI overlayer.

The local interface composition was varied by adsorb
Zn or Se onto the AlAs~001! surface prior to ZnSe growth in
stoichiometric growth conditions, or by employing Zn-ric
or Se-rich growth conditions during the early stages of int
face formation. The two methods yielded similar variatio
in the local Zn/Se ratio at the interface, as determined
XPS.

The local Zn/Se ratio was found to control the band alig
ment. Heterojunctions synthesized after Se adsorption o
Se-rich growth conditions exhibited comparatively lo
valence-band offsets~as low as 0.3–0.4 eV!, while interfaces
fabricated following Zn adsorption or in Zn-rich growth con
ditions showed relatively high valence-band discontinuit
~as high as 1.1 eV!.

Furthermore, if results for ZnSe/AlAs~001! heterojunc-
tions are compared with those obtained from ZnS
GaAs~001! interfaces with similar values of the local Zn/S
ratio, the predictions of the transitivity rule are approx
mately verified.

Theoretical predictions for model interface configuratio
capture most of the essential experimental trends. In part
lar, they indicate that a number of possible band discontin
ties may exist and that Zn- and Se-rich interface compo
tions might yield different offsets. The wider offset tunabili
range for ZnSe/AlAs relative to ZnSe/GaAs is also predict
because of the reduced dielectric screening of the inter
dipole. Finally, transitivity of the band offsets is expect
even for heterovalent heterojunctions with polar orientat
if the same types of interface configurations are conside
and if strain and lattice relaxation play a negligible role.
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