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Pseudomorphic ZnSe/AlAB01) heterostructures were fabricated by molecular beam epitaxy on GaAs wa-
fers. Intrinsic stacking faults ofi 11} planes originating at the 1I-VI/I1I-V interface and propagating throughout
the [I-VI overlayer were the main type of native defects observed. The interface termination was varied by
adsorption of Zn or Se onto the AIAS(00LX3 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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[. INTRODUCTION take place, provided that no cation-anion swaps occur across
the interface.

Semiconductor heterojunctions remain challenging sys- Conversely, ideally abrupt, unreconstructed heterovalent
tems, as they continue to test our theoretical understandinigterfaces with a polar orientation would be charged, so that
of the physics of interfaces, and limit the performance of athere is a strong, enthalpic driving force toward atomic in-
variety of solid-state devices. The possibility of controlling termixing. Neutral interfaces can form, lowering the total
the electronic properties of semiconductor heterojunctiongnergy of the system, through a variety of different atomic-
through modifications of the local interface environment hasscale reconstructions at the interface. Consequently, the elec-
attracted attention since the very inception of modern intertronic structure depends on the details of the local atomic
face sciencé® structure, and a whole range of band alignments might be

Until very recently, the largest success in this area was thpossible, depending on the interface configurations achiev-
reported tunability of the ZnSe/Gaf91) valence-band off- able in practice. For ZnSe/Ga@91), for example, valence-
setin the 0.6—1.2 eV range as a result of changes in the lochand offsets in the 0.6—1.6 eV range were predicted based on
interface  compositiof® Such changes were mostly LRT and self-consistent calculatioh$?
implemented’ by employing Se-rich or Zn-rich growth The remarkable success achieved by theory in identifying
conditions during the early stages of interface fabrication byheterovalent heterojunctions as the most promising tunable
molecular beam epitaxyMBE). Early photoemission spec- interface systems, and providing a microscopic rationale for
troscopy results obtained situ on thin-overlayer samplés’  the observed tunability of the offsets, overshadowed the fact
were later systematically confirmed in fully functional het- that the useful systematics was—and still is—exceedingly
erojunction diodes by internal photoemisfloand low- scarce. Few correlated experimental and theoretical investi-
temperature transport measuremerts. gations on the same epitaxial interface system have been

These early experimental investigations were guided performed and often no parallel compositional and structural
priori and put into perspectiva posteriori by the parallel analysis of the interface was available. More recent results
development of a whole new theoretical framework for semi-do not always support the conceptual framework described
conductor heterojunctions. The convergence of different theabove.
oretical models, including first-principles calculations, the For example, ZnSe/Gaf801) heterojunctions fabricated
theoretical alchemy approa¢hand linear response theory by metalorganic chemical vapor depositiddOCVD), pre-
(LRT) results'**yielded a unified picture of semiconductor dosing the surface with a Se or Zn precursor prior to ZnSe
heterojunctions:}* For isovalent heterojunctions, and for growth, did yield valence-band offsets tunable throughout
heterovalent heterojunctions with nonpolar orientation, thehe 0.6—1.1 eV rang¥, but for reported interface composi-
band alignment would be expected to be, to the first order, tions that have little to do with those observed in the MBE
bulk property of the two semiconductor constituents. Forstudies®®’ Also, experimental valence-band discontinuities
such systems charge neutrality is compatible with ideallyof 0.46 and 1.26 eV have been reported for device-grade
abrupt interfaces, so that there is little or no enthalpic drivingBeTe/ZnSe heterostructures fabricated by MBE on Zn-
force toward atomic mixing. The bulk-related nature of thestabilized ZnSe(00L) 2% 2) and Se-terminated
band alignment, however, would hold even if mixing were toZnSe(001) X 1 surfaces, respectively:'® This wide offset
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tunability, among the largest reported to d&tés to be con- ZnSe epilayers were grown at 290 °C on the 1lI-V sub-
sidered largely unexpected for &ovalent as opposed to a strates, using elemental Zn and Se diffusion cells, with indi-
heterovalenheterojunction. vidual beam equivalent pressures in the 0.64® ° Torr

In view of the above considerations, we deemed it necesrange, and selecting different Zn:Se BPR'’s throughout the
sary and timely to expand the available systematics relating.1—-10 range. Typical growth rates were between 0.2 and 0.3
growth parameters, interface composition, experimental bangm/h.
alignment, and theoretical predictions for heterovalent het- For the Ill-V side of the heterostructure we explored dif-
erojunctions. We elected to focus on ZnSe/Al@&l) het-  ferent types of doping namelyn-type (Si-doped, n
erojunctions mostly in view of the many useful similarities ~10'8cm™3), p-type (Be-doped,p~10t°-10¥cm3), and
and important differences of this interface system as comnominally undopedbackground dopingp~10*5cm™3). All
pared to ZnSe/GaA801). ZnSe epilayers were nominally undopéahackground dop-

For example, the lattice mismatch between ZnSe anqhg, n~10®cm3).

AlAs (0.10% is even smaller than that which exists between  To modify the composition of the interface, we employed
ZnSe and GaA$0.27%9, minimizing the expected influence two different methods. The first method used high or low
of residual strain and lattice relaxation on the results. ThaBPR for the fabrication of the first 2 nm of the 11-VI over-
chemical similarity between AlAs and GaAs enabled us toayer. Epilayers grown with BPR1 displayed ac(2x2)
simply derive theoretical predictions for ZnSe/AlAs from the RHEED pattern, while for PBR1 a 2x 1 reconstruction
self-consistent results for ZnSe/GaAs through LRT arguwas observed®?* For photoemission determinations of the
ments. offset the whole II-VI overlayer was-2 nm thick, and there-

On the other hand, the stability of the Al-As bonds is fore grown entirely in nonstoichiometric growth conditions.
enhanced relative to Ga-As bonds and correspondingly theyhen thicker overlayers were produced, such as for struc-
bandgap increases substantially. This allowed us to investiyral characterization, the rest of the ZnSe was fabricated
gate if interface chemistry is modified by substrate stability,wjth BPR~1. The goal was to implement the type of
ascertain how the increased bandgap difference is partitionetbmposition-control interface layer that has proven success-
between valence and conduction bands, and probe the trafiff in controlling the band offsets in ZnSe/GaAs heterostruc-
sitivity of the band offsets. tures and allowing independent optimization of the structural

Last but not least, it has been shown that ZnSe epilayergng optical propertie$?°~2’
can be fabricated by MBE on AlAs buffer layers and  The second method employed to vary the interface com-
GaAg001) wafers at growth temperature and for growth position involved predosing the AlAs surface with an el-
rates similar to those normally employed during ZnSeemental Se or Zn flux prior to growth of the ZnSe overlayer
growth on GaA#01).°>* Entropic driving forces should jith BPR~1. This procedure was performed at the ZnSe
therefore play a similar role, if any, for the two interfaces. growth temperaturéGT) of 290 °C or at room temperature
(RT), with substantially different results. The Zn and Se
beam equivalent pressure used for predosing the surface, as
well as for the subsequent ZnSe growth with BPR was

All epilayers were fabricated by solid-source MBE on 1.6x 10 © Torr.

GaAg001) wafers in a ultrahigh-vacuum facility that in- In general, GT predosing resulted in lower elemental Zn
cludes chambers for IlI-V and 1I-VI semiconductor epitaxy, or Se condensation and more ordered surfaces as compared
an analysis chamber fan situ monochromatic x-ray photo- to RT predosing. Exposure of the clean AlAs surface to a Zn
emission spectroscopyXPS), and a metallization chamber flux at 290 °C resulted in the gradual removal of the the 3
for in situ contact fabrication. X periodicity, and convergence to a streakx 1 RHEED

Following thermal desorption of the native oxide, 0.5- pattern for exposure times longer than 400 s. ZnSe over-
pm-thick GaAs buffer layers were grown at 600 °C, with a growth at 290 °C with BPR 1 resulted in a streakg(2
typical As beam equivalent pressure in th« 70 ®Torr X 2) RHEED pattern. During exposure of the AlAs(3)
range, as determined by means of an ion gauge positioned stirface to Se at 290 °C the RHEED pattern changed in a few
the sample location, and a Ga to As beam equivalent preseconds to a 21 reconstruction. No other changes were
sure ratio(BPR) of 1 to 15—-20. Such growth conditions re- observed for exposures as long as 600 s. ZnSe growth on the
sulted in an As-stabilized 24 reconstruction during Se-dosed surface was characterized by a spotty RHEED pat-
growth, as determined by reflection high energy electron diftern, indicative of tridimensiond3D) growth.
fraction (RHEED) and growth rates in the &m/h range. Conversely, RT predosing resulted in higher Zn or Se

AlAs epilayers were then grown on thin AGa-As  condensation and loss of long-range order, that could be re-
buffer layers at 600 °C, with a typical As beam equivalentcovered in part through postgrowth annealing. Multilayer Zn
pressure in the X 10" 6 Torr range and Al:As BPR of 1:70, and Se adsorption yielded RHEED patterns involving a su-
resulting in As-stabilized 1 or 3x2 reconstruction$>  perposition of lines and circles, indicative of a partly poly-
and growth rates in the 0. 4m/h range. As a rule, the AlAs crystalline growth. The Zn and Se coverage was determined
epilayers were protected with an amorphous As cap layethrough XPS, as described in the next section. Polycrystal-
which was thermally desorbed in the 1I-VI growth chamberline ZnSe layers~2 nm thick were deposited at RT on
to yield AIAs(001)3X 1 surfaces immediately prior to ZnSe AlAs surfaces with one monolayéML, in terms of ZnSe
deposition. density and lattice parameter, 1 Mi6.22 at/crd=0.142 nm

Il. EXPERIMENTAL DETAILS

155312-2



STRUCTURAL AND ELECTRONIC PROPERTIES . .. PHYSICAL REVIEW B 63 155312

FIG. 1. Bright-field transmission electron microscofyEM)
cross section of a ZnSe/AlAs/Aba, _,As/GaAs heterostructure.
The characteristic V-shaped contrast in the rightmost section of the
figure reflects the presence of stacking faults{bhl} planes.

of adsorbed Zn or 1-2 ML of adsorbed Se. A postgrowth
anneal of 600 s at 290 °C was performed to improve crystal-
linity and achieve a well-defined, but somewhat spotty 1
X1 RHEED pattern.

XPS measurements were performadsitu using AlK «
(1486.6 eV radiation monochromatized and focused by a FiG. 2. (a) High-resolution TEM image of a region of the ZnSe/
bent crystal monochromator, and a hemispherical electroalas interface.(b) High-resolution TEM image recorded near one
static electron energy analyzer with an overall energy resoof the {111} stacking fault planes. In the inset, we show an enlarged
lution (electrons plus photon®f 0.8 eV. The effective es- view with a superimposed schematic of the defect structure.
cape depth was 1.5 nffi.

Structural characterization was performed through x-ray |n Figs. 2a) and 2Zb) we show (110 high-resolution
diffraction (XRD) and transmission electron microscopy TEM images of regions of the heterostructure near the ZnSe/
(TEM) analyses of selected heterostructures. Rocking curves|As interface and near one of thfl11} stacking fault
and reciprocal-space maps were recorded using a highyanes, respectively. Interatomic channels correspond to the
resolution diffractometer equipped with a Cu radiationpright regions in the lattice fringes of Fig. 2. The average
source and a Bartels 1-crystal G20 monochromator— position of the interface, marked by an arrowed line in Fig.
providing CuKe;, radiation §=0.154 056 nm) with a 12 2(a), has been determined through a vertical intensity line
arcsec angular divergence—and a channel-cut two-cryst@rofile averaged over the image width. Finer details of the
Ge(220) analyzer?’ Cross-sectional TEM studies were per- interface structure are not resolved, for this system, in this
formed using a Philips CM30-T microscope operated at 30@rystallographic projection. However, no evidence of misfit
kV and equipped with a Gatan 794 MSC camera. Specimengislocations or second phases was found in any of the
were cut and prepared by conventional ion thinning. samples examined.

The stacking faults in Figs. 1 andl® originate at the
11-VI/II-V interface and propagate throughout the 1I-VI ep-
Ill. RESULTS AND DISCUSSION ilayers. To our knowledge, such defects have never been
reported for the ZnSe/AlAs system, although stacking faults
with similar apparent characteristics are observed in ZnSe/
An illustration of the main elements of the type of hetero-GaAs heterostructures, and in all II-VI blue-green optoelec-
structures employed can be found in the cross-sectional TENMonic devices grown to date on GaAs wafétSuch defects
micrograph in Fig. 1. In the bright-field image, markers showare neither affected by strain, nor do they contribute effi-
the boundaries of the bottom GaAs epilayer, thinciently to strain relaxation, but play an important role in
Al, {Ga, ,As buffer (nominal thickness 10 nm vs an experi- 1I-VI-device degradatiori® so that they have been attracting
mental value of 1+ 1 nm in Fig. 3, AlAs epilayer(50 nm  substantial interest in recent years.
vs 49+ 3 nm), and ZnSe overlayefl00 nm vs 997 nm). From Fig. Zb), it is possible to determine the intrinsic or
No extended defects were observed in the heterostructurextrinsic nature of the fault. An enlarged view of a defect
but for the stacking faults ofi11} planes of the II-VI epil-  portion is shown in the inset of Fig.(l2. The stacking of
ayer, giving rise to the characteristic V-shaped contrast in thelouble{111} planes, .ABC..., typical of the perfect crystal is
rightmost section of Fig. 1. seen to change to ABA.. at the fault location. The latter

A. Structure
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FIG. 4. Reciprocal space maps near the asymme2@d) and
(335 reflections for a heterostructure incorporating a 48-nm-thick
nSe overlayer, a 36-nm-thick AlAs layer, and a 9-nm-thick
l0.4G& 7As buffer (Ref. 38. The contour levels are in steps of 0.3
in a logarithmic scale.

stacking sequence is characteristic of intrinsic StaCkinQnum(FWHM) of about 7X 105 A 1. This value is close to
faults. In the inset, to the enlarged view of the defect we havThe resolution of our diffractometer (410 5A~1), and

also superimposed a schematic drawing of the stacking faul}, s reflects the high quality of both the AlAs and ZnSe
structure where the so-called twin unitsare marked. From ers.
our TEM observations, intrinsic stacking faults appear as the Changes in interface composition did not affect the struc-

dominant type of defects. This finding is at variance with they 5| resylts discussed in this section. However, such changes
results of previous TEM investigations of the ZnSe/GaAsy, affect the stacking faultoncentration as also shown by
he_terostructures Whe_re extrinsic stacking faults were dEterﬁrevious studies of ZnSe/GaAs heterostructdfé@ A dis-
mined to be the dominant type of defectsAt present, the ¢ ssion of the systematic relation between interface compo-
origin of this difference between ZnSe/AlAs and ZnSe/GaASgjinn and stacking fault density is, however, beyond the
heterostructures is unclear, but its potential impact on dewcgcope of this paper.

degradation will need to be evaluated.

Although the microscopic mechanism leading to stacking
fault nucleation at the II-VI/III-V interface is still
controversiaf?3® at least some of the models propose Information on the early stages of interface formation and
strairt*3° or the formation of interface reaction produttas  the local interface composition was derived from XRS
major culprits. In view of our TEM results, neither the situ. In particular, we systematically examined the integrated
change in strain nor the change in local chemistry broughintensity and line shape of the photoelectron emission from
about by the replacement of GaAs with AlAs show promisethe Al 2p, As 3d, Zn 3d, and Se 8 core levels as a func-
of eliminating the stacking faults issue. tion of the ZnSe coveragé. The latter was calculated on the

The absence of misfit dislocations in Figs. 1-3 suggestbasis of growth rate calibrations.
that the whole structure grows pseudomorphically on the In Fig. 5a we summarize, for example, results for the
GaAs substrate. To gain further insight into the strain statugmission intensity from the Alj2 and Zn 3 doublets in the
of the different epilayerd’ we performed XRD measure- early stages of heterostructure fabrication with BPED
ments on samples qualitatively similar to those depicted irZn-rich growth conditions, circlesand BPR=0.1 (Se-rich
Fig. 138 growth conditions, squargsin the plot we show in a loga-

Figures 3 and 4 show, for example, rocking curves andithmic  scale 1,(9)/13, (solid symboly and 1
reciprocal space maps, respectively, near the symmetric[|2n(,9)/|§n] (open symbols where| denotes the inte-
(004 and the asymmetri€224) and (339 reflections from  grated emission intensity after background subtraction and
ZnSe and AlAs. Rocking-curve simulations were also perthe subscript specifies the core level under consideration.
formed using x-ray dynamical diffraction theoiy.** Good  The superscript denotes the initial emission intensity from
agreement between the experimental and theoretical rockinge uncovered substrate or the emission intensity expected
curves(thin line in Fig. 3 could be achieved assuming that for an overlayer of infinite thickness.
the ZnSe and AlAs layers grow pseudomorphically on GaAs | the absence of interdiffusion and reaction, and in the
substrate, i.e., for a parallel mismatéh=0 for ZnSe and  presence of layer-by-layer growth of the ZnSe overlayer, the
AlAs and perpendicular mismatch =5.9x107° and 2.8 functional dependence expected for the two data sets is iden-
% 102 for ZnSe and AlAs, respectively. tical:

This is confirmed by the reciprocal-space maps shown in
Fig. 4, where the peaks originating from the GaAs substrate,
and from the ZnSe and the AlAs layers are all located at the In
sameq, value within our experimental resolution. In these
maps, both the ZnSe and AlAs diffraction peaks are verywhere to the photoelectron escape deptis the effective
narrow along thej, direction, with a full width at half maxi- photoelectron escape depth. The four data sets in K&. 5

FIG. 3. Experimental rocking curves near tf@4) and (224
Bragg reflectiong(a) and (b), respectively are compared with dy-
namical simulations that assume ideal pseudomorphic growth o
ZnSe and AlAs.

B. Interface composition
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u ° In Fig. 5(b) we show the results obtained during interface
n ¢ $ fabrication with BPR=10 (circles, and BPR=0.1 (squares
o Relatively large deviations dRz,s. from unity are observed
in the early growth stages. High Z8e overpressure corre-
sponds to Zn-rich(Se-rich values of Rz, in the early
growth stage. The trend is compellingly similar to that ob-
served earlier for ZnSe/Gaf¥)1) heterostructures as a
function of Zn/Se BPR throughout the 0.1-10 rafige.
1.2 L i We emphasize that any difference in the reconstruction-
5O o ¢ related surface stoichiometry fer sequantitatively insuffi-
& 0.8 L 5 O = , cient to explain the different coverage dependenc®gk,
= for the different BPR’s. The 1 surface reconstruction ob-
0.4 | o , served during ZnSe growth with BRRD.1 is believed to
: correspond to a surface terminated by a fully dimerized
O |-+ monolayer of S&? while the c(2x2) reconstruction ob-
I | () | served during ZnSe growth with BRRLO is believed to cor-
63.4 . . . = i respond to a surface terminated by half an ML of Zn atoms
’ on a complete ML of Se, i.e., to an ordered array of Zn
- e . vacancies within an outermost layer of Zn atcthg The
63.2 | - different reconstructions would therefore also tend to give
° deviations ofR;,5c from unity at low coverages.
63.0 * @ o | The magnitude of such deviations can be roughly esti-
M ° 9 mated along the lines proposed by Lazzaretal*® using
0 577700 15 20 25 30 35 the atomistic mod§§4£1u§t described for tb_(aQ_x 2)_ and _2
9 (A) X1 reco.nstructlon ;" "given the Zn _31 emission |nten§|ty
ZnSe from a single(001) plane of Zn atom$,,,, the Se & emis-
sion intensity from a singl€001) plane of Se atomss,, and
using 1 ML=0.1417nm=d as the interplanar spacing in
%ulk ZnSe’ For a N-monolayer-thick ZnSe layer, the ex-
pected Zn/Se photoemission intensity ratio is given by
I 0/l se=(iznlisge™ 9" (i.e., independent oN) for a 2x1
Fﬁeconstructed surface, and by
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FIG. 5. (a) Emission intensity from the ARp and Zn3d core
doublets in the early stages of ZnSe/AlAs heterostructure fabric
tion with Zn/Se beam pressure ratiBPR) of 10 (circles and 0.1
(squares In the plot we showl A|(19)/I2| (solid symbol$ and 1
—[1z2()/1Z,] (open symbols where | denotes the integrated
emission intensity after background subtraction and the subscri
specifies the core level under considerati@). Normalized Zn to

Se photoemission intensity rati®,,s. as a function of the ZnSe § “jdi
thickness during interface fabrication with BRRO (open circleg | i b e
and BPR=0.1 (open squargs(c) Zn 3d-Al 2p core-level separa- ﬂ‘(zN) = ﬂ T
tion as a function of ZnSe thickness, for BRRO (solid circles, I'se I'se “jdin
and BPR=0.1 (solid squares 120 €

for ac(2Xx2) reconstructed surface. From these expressions,
and their high coverage limit, /1., one can evaluat@the

are consistent with each other, within experimental unce_réxpected value oRyps.in Eq. (2).

tainty, and do follow the fl_mctional dependence Qescribed N The calculated values .. at different nominal ZnSe
Eq. (1). A least-squares fit of the data to BG) yields an ¢, erageq2, 4, 8 ML and in the thick-overlayer linjitare
experimental value ok of 1.4+0.1nm, also in good agree- gymmarized in Table I. We conclude that no more than 20%
ment with the expected photoelectron escape d€plihe  of the deviation from stoichiometry depicted in FigbBcan
implication of the results of Fig.(8) is that, within the XPS  pe explained by the different reconstruction-related surface
experimental uncertainty, ZnSe grows layer by layer onstoichiometry. Therefore, a substantial Zn- or Se-enrichment
AlAs with no evidence of atomic interdiffusion across the of the interface region must result from employing Zn-rich or
interface in growth conditions examined, for high as well asSe-rich growth conditions in the early stages of interface
low BPR’s. fabrication.

Using the integrated emission intensity from the Za 3 Information on the Al and As concentration in the inter-
and Se 8 doublets after background subtraction, we calcu-face region is more difficult to obtain. At XPS energies only
lated the XPS-derived Zn/Se ratio as a function of ZnSeminimal variations in the Al/As ratio could be detected be-
coverage, normalized to the value observed in all ZnSe bulkween interfaces fabricated with different BPR. This is not
standards irrespective of the BPR: surprising, since the small interface contribution to the Al
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TABLE I. Calculated value of the Zn/Se core photoemissionwere able to deposit arbitrarily thick Zn or Se layers on
intensity ratioRzyse expected from a ZnSe epilayer witt{2x2)  AJAs. For our studies of the band offsets, we employed Se
or 2X 1 surface reconstruction at selected nominal coveréiget coverages of 1-3 ML and Zn coverages of 1 ML. Predosing
46). The values were calculated along the lines employed by Laz\'/vas followed by ZnSe growth at RT with BRRL, i.e., with
zarino et al. in Ref. 45, using the atomistic models for t.héz the same reconstruction and surface stoichiometry, on Zn-
x2) and 2<1 reconstructions put forth by other authors in Refs. dosed and Se-dosed substrates. Information on the interface

a2-4d. composition was also obtained from the normalized Zn/Se
Reconstruction 2 ML 4 ML 8 ML o photoemission intensity ratiBz,s.. Values ofRz,seranging
between 1 and 0.7 were observed for Se-dosed surface while
c¢(2x2) 1.57 1.32 1.19 110 R, s.values as high as 2.1 were obtained for the Zn-dosed
2x1 1 1 1 1 substrateé® Such values, when compared with those in Fig.

5(b), suggest that the two heterojunction fabrication methods
S ) ) both give rise to a substantial enhancement in the Zn or Se
and As core emission is superimposed in all cases t0 theyncentration near the interface. We caution the reader, how-
much larger signal from the underlying AlAs buflk. ever, that any similarity in th&®;,s. values cannot rule out

Recently Fungtcet al. have proposed a method to Obtam/per sethat the different fabrication procedures might lead to
from XPS data information on the Ga/As ratio near ZnSe/. " )
different composition profiles.

GaAs interfaces® Starting from 1I-VI overlayers 3-5 nm
thick, the authors monitored the core-level intensity ratios
while the ZnSe layer thickness was reduced to subnanometer
values by A bombardment. The apparent changes in the
depth dependence of the Ga/As ratio from sample to sample The chemical state of the excess Zn or Se near the inter-
were associated with differences in the 1II-V first-layer com-face is more difficult to probe by XPS, in view of the super-
position within abrupt II-VI/III-V interfaces. The author's position of interface- and overlayer-related Zn and Se core-
argument was based on the assumption that the XPS sarevel features and because of the limited experimental
pling depth being finite, results for thi¢k-3 nm) ZnSe over-  resolution available. The line shapes of both overlayer and
layers should be more sensitive to the interface region thagubstrate core levels was monitored as a function of over-
results for thin ZnSe overlayet$. layer thickness in the coverage range5-2.5 nm custom-
Unfortunately, the above argument is incorrect. For ararily employed for XPS determination of the band disconti-
abrupt interface, in the presence of an exponential attenuawuities. A constant line shape was observed for each core
tion of the photoelectron emission as a function of depth, theloublet throughout the above coverage range, irrespective of
core-level emission from the first 1lI-V layer and from the BPR and predosing.
residual 111-V bulk will be attenuated in equptoportionsby In the same coverage range the Zh-3Al2p core level
the 11-VI overlayer. Consequently, thelativeinterface con-  separatiorfFig. 5(c)] as well as the Se®B-Al3d core-level
tribution to the overall 1lI-V signal will remain constant separation(not shown were found to be independent of
while the II-VI thickness decreases. No change in the sensieverlayer thickness, ruling out the presence of major
tivity to the interface composition is expected. chemically-shifted or surface-shifted contributions. Only in
Therefore the reported changes in Ga/As ratio in heterothe case of ZnSe/AlAs heterostructures fabricated on Si-
junctions grown in different MOCVD condition&cannot be  doped,n™-type AlAs substrates, increased broadening of the
explained by differences in the IlI-V first-layer composition Al 2p and As 31 core line shapes suggested the presence of
within abrupt II-VI/III-V interfaces. It is more likely that the relevant band-bending-related effects within the photoemis-
data reflect a different degree of Ga outdiffusion into thesion sampling depth.
ZnSe overlayer. Depth profiling, in the absence of preferen- In the leftmost section of Fig. 6 we show the line shape of
tial sputtering artifacts, can provide information on atomicthe Al 2p doublet for a clean, nominally undoped AlAs sur-
intermixing. Atomic intermixing might be enhanced by the face (a) and two ZnSe/AlAs heterojunctions also fabricated
relatively high growth temperatures employed in MOCVD on nominally undoped AlAs epilayei®) and(c). The zero
(450°Q. When ZnSe/GaAs heterojunctions grown by MBE of the energy scale was taken at the position of the centroid
at 290 °C are subsequently annealed above 400 °C, interdiéf the Al 2p emission from each interfac@ The three Al D
fusion leads to the formation of defect centers involving subiine shapes are identical, with an FWHM of 0.95 eV in each
stitutional Ga atoms on Zn sites and Zn vacant¢{és. case. The corresponding result for a ZnSe/AlAs heterojunc-
We also changed the interface composition by dosing théion fabricated on am™-type AlAs substrate with nominal
AlAs(001)3% 1 surface with Zn or Se prior to ZnSe growth. doping of 1.5< 10¥cm™2 is shown in Fig. 7(solid circles.
Following GT predosing, XPS analysis of the Ab2As 3d, A more asymmetric line shape with a FWHM of 1.15 eV is
Zn 3d, and Se 8 core-level intensity and comparison with observed. An analogous broadening was observed for the
the predictions of Eq(l) revealed that only a relatively low As 3d doublet(not shown.

C. Core-level positions and line shapes

saturation coverage could be obtain@08-0.1 nm for Zn The broadened Al line shape in Fig. 7 could be repro-
and about 0.15 nm for $eSuch coverages were not suffi- duced by a superposition of individual contributions deriving
cient to induce large band offset modifications. from the individual atomic layers within the sampling depth.

By lowering the substrate temperature down to RT weA least-squares fit to the daaolid line) was performed by
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associating with each individual layer a phenomenological

ZnSe/AlAs(001) /M\Z“Se“’”” Al 2p line shape of the type depicted in Fig. 6, with intensity
hv = 1486.6 eV - L attenuated by an escape-depth-determined exponential factor
Aoy (thin solid line. A parabolic band-bending profile was pos-
Y N tulated within the sampling depth, so that the only fitting
Al ed parameters remaining were the Debye length within the XPS
Al 2p 7n 3d sampling depth, i.e., the dopant concentration in the near-
L @ surface region(7x10®¥cm 2 in Fig. 7), and the interface
L N position of the Fermi leve(2.0 eV above the AlAs valence-

‘ band maximum in Fig. )/
& Because of band bending, the apparent position of the
/v (b) / centroid of the experimental Al2doublet in Fig. 7(vertical
1 solid line) is 0.26 eV below the position of the interface-
related Al 20 doublet(vertical dashed line The value of the
/ \¥ (c) / & surface Debye length obtained from the fit in Fig. 6 indicates
‘ strong Si segregation during AlAs growth. Typically, Si con-
T 2 centrations at the surface were found to be 3—4 times higher
2 0 2 -62 -64 -66 than the nominal concentration for bulk doping levels in the

o low 10'8 range and growth temperatures near 600 °C. This
Binding Energy (eV) type of surface segregation, or surface riding, has been re-

. ported earlier for GaAs and ABa,_,As,*! but we are not

FIG. 6. Inset: Valence-band photoemission spec_trg from AlASaware of any previous quantitative work on AlAs. The re-
and ZnSe standarde) Al 29 ar.'d Zn3d core level emission from sults of Fig. 7 were used to compensate for band-bending
the same standards. The binding energy of each centroid was mea; . -
sured relative to the valence-band maximum of each material. Thgffects during band-offset measurements on highly doped
separation between the core levels is therefore that expected fro%UbStrateS'
an hypothetical heterojunction with zero valence-band offg®t.
Core photoemission from a ZnSe/Al@91) heterojunction fabri-
cated with BPR=10. The ZnSe thickness was 2 nf) Core emis-
sion from a ZnSe/AIAEQ01) heterojunction fabricated with BPR The valence band discontinuities corresponding to the dif-
=0.4. The ZnSe thickness was 2 nm. The zero of the energy scakerent interface compositions were determinedsitu by
was taken at the position of the centroid of the 2d doublet for ~ XPS from the Al 2 and Zn 31 core-level energy separation
each heterojunctiorfleftmost solid vertical ling The difference in the 1.5-2.5 nm ZnSe coverage range. ldentical results
between the actual ZB8d position in (b) and (c) relative to (a) were obtained using the Agl3and Se 8 core separation,
reflects valence-band offsets of 0:90.07 and 0.4&0.07 eV, re-  ruling out artifacts due to chemical shifts. Because of the
spectively. small lattice mismatch between the different materials, the
effect of pseudomorphic strain on the XPS determination of
the offset can be neglected.

The procedure is illustrated in Fig. 6. In the inset we show
valence-band spectra for an AlAs epitaxial substrdet-
tom) and a 500-nm-thick ZnSe overlayéop). The binding
energy scale is referenced to the valence-band maxi@pm
as derived from a least-squares linear fit of the leading
valence-band edg¥:>®Spectra for the Alp and Zn 31 core
emission from these two samples are shown directly below
the inset[Fig. 6(@]. The core binding energies were mea-
sured relative toE, for each sample, and the zero of the
! energy scale was taken at the position of the pl&ntroid

T in AlAs. The corresponding core binding energy difference,
76 75 74 73 72 71 AE,=63.70-0.04 eV, is therefore that expected from a hy-
Binding Energy (eV) pothetical heterojunction with zero valence-band offset.
Representative results for the core emission from ZnSe/
(solid circleg. The zero of the energy scale is taken at the positiorf_A‘IAS_ interfaces fabricated W'Fh BPR10 and 0.4 are shown
of the Fermi level of the sample. The broadened Al llhe shape In F|g_s. 8b) and @c), respectively. The ZnSe coverage was
could be reproduced by a superposition of individual contributions2 "M in both cases. The zero of the energy scale was taken at
deriving from the individual atomic layers reflecting band bendingthe position of the Al® centroid for each heterojunction.

within the sampling deptisolid line). The individual contributions ~ The corresponding interface core-level separation was
from the ten topmost atomic layers are also shéthin solid ling.  62.71+0.04 and 63.380.04eV for heterojunctions fabri-

The measured Debye length indicates substantial Si segregation §ated in Zn-rich and Se-rich growth conditions, respectively,
the surface region. and was independent of overlayer thickness in the coverage

Photoemission Intensity (arb.units)

D. Experimental band alignment

(arb. units)

Photoemission Intensity

FIG. 7. Al 2p core emission from an"-type AlAs epilayer
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4 2 0 -2 -60 -62 -64 -66 FIG. 9. Valence-band discontinuitjeftmost vertical scalefor
o ZnSe/AlIA4001) heterojunctiondlarge symbols as a function of
Bmdmg Energy (eV) the value oR,,gc0bserved for each interface at a ZnSe coverage of

0.3 nm. Different types of symbols denote results obtained for dif-

FIG. 8. Al 2p and Zn3d core emission from ZnSe/AlIA801) ferent AlAs doping levels and doping typesolid circles, n
heterojunctions fabricated after absorption of 1 ML of@hand 2~ ~10'%cm™3; triangles, p~10®~10"*cm™3, squares, undopgd
ML of Se (b) onto AlAS(00]) surfaces at room temperature. The Results for heterojunctions obtained through RT Se or Zn predosing
ZnSe coverage was 2 nm in both cases. The zero of the energy scalad postgrowth annealing are also includegen circles Earlier
was taken at the position of the centroid of the 2 doublet for  results for ZnSe/GaAs heterojunctio(Ref. 4 are also shown for
each heterojunctiofieftmost solid vertical ling The position of the  comparisonsmall symbols, rightmost vertical scale
Zn 3d centroid expected from a hypothetical heterojunction with
zero valence-band offset is also shoightmost vertical ling For
the two interfaces, we foundAE,=1.07£0.07 and 0.56
+0.07eV.

perimental data is shown in Fig. 9. Different solid symbols
denote results obtained for different doping levels and dop-
ing types. Open symbols correspond to results for hetero-
junctions fabricated through Zn or Se predosing at RT and
range of interest. The variation in the core-level separatiopostgrowth annealing.
relative to Fig. %a) gives directly the valence-band disconti-  The valence-band offsets in Fig(/@ftmost vertical scale
nuity. For the two interfaces in Fig. 6 we fourdtE,=0.99  were determined for overlayer coverages at which the ZnSe
+0.07 and 0.48:0.07 eV, respectively, with the valence- film appeared stoichiometri@—3 nmj, but are plotted versus
band maximum of AlAs lying above that of ZnSe in both the experimental value of the Zn/Se raRg,s. 0Observed for
cases. each interface in the early growth stage, i.e., at an arbitrary
The same method of band offset determination was apZnSe coverage of 0.3 nm. Maximum valence-band offsets in
plied to heterostructures in which the interface compositiorthe 1.1-eV range are observed for interfaces grown with the
was controlled through Zn or Se predosing. In Fig. 8 wehighest BPR’s explore@n-rich casg or for interfaces fab-
show representative results for the core emission from ZnSeicated with BPR=1 after Zn predosing. Much lower offsets
AlAs heterojunctions fabricated after absorption of 1 ML of (as low as 0.3—0.4 eMvere observed for the Se-rich case, or
Zn (a) and 2 ML of Se(b) onto the AIAZ001) surface. The following Se predosing. The results in Fig. 9 indicate that the
ZnSe coverage was 2 nm in both cases. The core line shapband alignment can be continuously tuned in a wide range of
for heterojunctions fabricated through Se/Zn predoskig.  values, and thaR,,se can be used surprisingly well to pa-
8) and low/high BPR(Fig. 6) are quantitatively consistent rametrize the band-offset variation. Presumably, this is be-
with one another. As in Fig. 6, in Fig. 8 the zero of the causeR,s.roughly gauges the local interface composition,
energy scale was taken at the position of the centroid of théhat is fixed by the growth conditions employed in the early
Al 2 p doublet for each heterojunctigteftmost solid vertical growth stages and which, in turns, determines the band dis-
line). The position of the Zn@8 centroid expected from a continuities.
hypothetical heterojunction with zero valence-band offset is For comparison, we also show in Fig. 9 the corresponding
shown by the rightmost vertical line. For the two interfacesresults for ZnSe/GaA801) heterojunctiongsmall symbols,
in Fig. 8 we foundAE,=1.07-0.07 and 0.560.07 eV, re- rightmost vertical sca)e also determined by XPS for inter-
spectively, with the valence-band maximum of AlAs lying faces grown with high/low Zn/Se BPRThe zeros of the left
above that of ZnSe in both cas¥s. and right vertical scales in Fig. 9 have been shifted relative
The qualitative trend relating the band offsets to the localto each other by 0.44 eV, i.e., by the average AlAs/
interface composition is therefore essentially the same foGaAq001) valence-band offséP. Such a shift brings the
heterojunctions fabricated through Zn/Se predosing andata sets for the two heterojunction systems in Fig. 9 in
high/low BPR. Zn-rich interface compositions correspond toapproximate superposition with each other. The implication
relatively high values of the valence-band offset, while Se-s that, if similar values of th&,,s. parameter are consid-
rich interfaces exhibit substantially lower values of theered for the two heterojunctions, the transitivity riifé.is
valence-band discontinuity. A summary of all available ex-approximately verified.
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A B the Se-terminated ZnSe overlayer. Configurations the
complementary configuration, with Zn-Al 25-75 and Se-As
75-25 mixed planes between the As-terminated AlAs sub-
strate and the Zn-terminated ZnSe overlayer.
ConfigurationsA and B are expected to correspond to
minimum and maximum values for the band offsets, respec-
tively. This reflects ionic dipoles of equal, maximum
magnitude—for the type of intermixing envisioned—and op-

ZnSe-AlAs (+0.11 eV) ZuSe-AlAs (+1.20 eV) posite orientation. Configuratior® andD correspond to no
ionic dipole, as would be the case for abrupt, nonp{lan
interfaces. First-principles calculations of the band offsets for

G - ZnSe/GaAs heterojunctions with configurations of the type

depicted in Fig. 10 have produced results in good agreement
with LRT predictions®'#1°

We derived new predictions for the band discontinuities
in ZnSe/AIAS001) heterojunctions using LRT arguments
and the available first-principles results for ZnSe/GaAs. It
has been shown that the valence-band offset can be ex-
pressed as the sum of two terms,

ZnSe-AlAs (+0.66 V) ZnSe-AlAs (+0.66 eV) BS
AE,=AEJ +AV, 3
where AE®| the band structure term, is the difference be-
o o o tween the two valence-band maxima measured relative to the
I Cations Anions average electrostatic potential of each of the two semicon-
® — . ductors, andAV is the electrostatic potential energy lineup

across the interface. The first term is a property of the bulk
FIG. 10. Some of the simplest atomic configurations, for atomicmaterials, and will satisfy the predictions of the transitivity
intermixing on one or two atomic planes, that would give rise torule, while the second term may depend on the charge dis-
neutral ZnSe-AlA&O01) interfaces. Below each configuration, we tribution across the interfadé*>8
show the calculated value of the corresponding valence-band offset. The termAV depends on the relatively small difference
between the charge distributions of the two bulks and can be
The predictions of the commutativity and transitivity rules calculated using perturbation theory. In the LRT framework,
for the band offsets have been calculated theoretically anthe interface can be viewed as a perturbation that changes the
found experimentally to hold for most isovalent virtual ions of a periodic, zincblende virtual crystal into the
heterojunctions: Deviations from such predictions are pos- real ions. The sum of the localized responses to such indi-
sible for heterovalent heterojunctions with polar orientation,vidual perturbations determines the potential energy lineup
though, since any of a number of inequivalent atomic conthrough Poisson’s equatiofi.At heterovalent interfacedV
figurations may be thermodynamically favored depending ortan be expressed as the sum of two terms,
the growth conditiond.The wide offset tunability in Fig. 9,
together with the verification of the prediction of the transi- AV=AVisst+ AVier 4
tivity rule suggest that similar values Bf,,s.for ZnSe/AlAs
and ZnSe/GaAs must correspond to qualitatively similar in
terface configurations.

‘where the first term comes from the neutral part of the per-

turbation, and the second term from the charged part. The

first term is also independent of the details of the interface,

while the second term is equivalent to the potential lineup

generated by an assemblymdint chargesof absolute value
Predictions of the band offsets presently require an asAZ|e|/2(e), whereAZ is the charge of the localized pertur-

sumption about which of the possible atomic configurationdation and(e) the average dielectric constant of materials 1

leading to neutral interfaces will actually form. Most authorsand 2 comprising the junction, expressed®y

have limited themselves to considering in their calculations

some of the simplest configuration&1*1>%6-5&yith atomic

mixing limited to one or two atomic plané$>%-° (e)=2
Four such configurations are schematically illustrated in

Fig. 10 for ZnSe-AlA§001), viewed in the ao) plane. We determined the overall bulk-related contribution
ConfigurationsA and B correspond to mixed Se-As and AES"®=AEZS+AV,,, which is intrinsically transitive,
Zn-Al planes, respectively, with 50-50 composition at thefrom the available LRT results for ZnSe/Gafs11 eV, Ref.
interface. Configuratiol€ includes two mixed planes in se- 4) and GaAs/AlAs (—0.45 eV, Ref. 12 and obtained
quence with Se-As 25-75 and Zn-Al 75-25 compositions, AEE"¥=0.66eV for ZnSe/AlAs. Within LRT this is the
respectively, between the Al-terminated AlAs substrate and/alence-band discontinuity expected for configuratidhs

E. Theoretical predictions

1 1\°1

_+_
€1 &2

®
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andD, which have no ionic dipole, as well as for the abrupt, discontinuities as compared to the current theoretical predic-
nonpolar(110-oriented interfacé? tions for the band alignment in heterovalent heterojunctions.
We calculated the interface-specifid/,,, terms for con- Epitaxial heterostructures of high crystalline quality were
figurationsA and B using Eq.(5) to rescale the earlier self- fabricated by MBE on AlAs/AlGa, _,As buffer layers and
consistent results for ZnSe/Ga@81). In Ref. 4 we found GaAs wafers. Throughout the pseudomorphic thickness
AVpe=—0.49 and+0.48 eV for configuration®A and B,  range the only type of native extended defects observed in
respectively. Using the appropriate dielectric screening fothe heterostructures were stacking faults {dd1} planes,
ZnSe/AlAs(Ref. 61 we foundAV,.=—0.52 and+0.54 eV  nucleating at the 1I-VI/IlI-V interface and propagating to the
for the two homologous configurations. For the overallfree surface of the II-VI overlayer.
valence-band offset we therefore obtainA(EV:AEfj“”‘ The local interface composition was varied by adsorbing
+AVpe=+0.11 and+1.20 eV for the Se-As and Zn-Al Zn or Se onto the AIA®01) surface prior to ZnSe growth in
mixed interface configurationd and B, respectively. The stoichiometric growth conditions, or by employing Zn-rich
numerical results obtained for each of the four model interor Se-rich growth conditions during the early stages of inter-
face configurations have been included in Fig. 10. face formation. The two methods yielded similar variations
We emphasize that the configurations in Fig. 10 correin the local Zn/Se ratio at the interface, as determined by
spond to only four of the simplest possible interface termi-XPS.
nations that may lead to neutral interface. Nevertheless, the The local Zn/Se ratio was found to control the band align-
corresponding theoretical predictions seem to capture a nunfaent. Heterojunctions synthesized after Se adsorption or in
ber of important trends observed in the experimental systemSe-rich growth conditions exhibited comparatively low
atics. Theory clearly indicates that a number of possible bandalence-band offse@s low as 0.3-0.4 elywhile interfaces
discontinuities should exist, and that the offset tunabilityfabricated following Zn adsorption or in Zn-rich growth con-
range should be wider for ZnSe/AlAs than for ZnSe/GaAs ditions showed relatively high valence-band discontinuities
because of the reduced dielectric screening of the interface@s high as 1.1 eV
dipole. Both trends are observed in Fig. 10. Furthermore, if results for ZnSe/AlAB01) heterojunc-
Predictions that a Se-As mixed interface should exhibit &ions are compared with those obtained from ZnSe/
low valence-band discontinuity, and a Zn-Al interface aGaAg00)) interfaces with similar values of the local Zn/Se
comparatively high offset are also suggestive, in view of thgatio, the predictions of the transitivity rule are approxi-
experimental fact that Se-rich interface terminations lead tdnately verified.
lower valence-band offsets as compared to Zn-rich inter- Theoretical predictions for model interface configurations
faces. Unfortunately, in the absence of reliable informatiorcapture most of the essential experimental trends. In particu-
about the Ga/As ratio at the interface, we cannot probe th&r, they indicate that a number of possible band discontinui-
analogy any farther. ties may exist and that Zn- and Se-rich interface composi-
Finally, the experimental trend in Fig. 9 supporting thetions might yield different offsets. The wider offset tunability
transitivity of the band offsets when heterojunctions withrange for ZnSe/AlAs relative to ZnSe/GaAs is also predicted,
similar Rz, 9) values are compared, finds a natural expla-because of the reduced dielectric screening of the interface
nation in the LRT arguments that we used to extract thalipole. Finally, transitivity of the band offsets is expected
theoretical results in Fig. 10. Transitivity of the band offsetse€ven for heterovalent heterojunctions with polar orientation
is expected even for heterovalent heterojunctions ifstime  if the same types of interface configurations are considered,
typesof interface configurations are considered, when strai@nd if strain and lattice relaxation play a negligible role.
and lattice relaxation play a negligible role, as in the present
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