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Experimental study of the GaP-Si interface
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The interface formation between cleaved GaP(110) substrates and Si overlayers was studied with
synchrotron-radiation photoemission techniques. The experimental information included measure-
ments of the valence- and conduction-band discontinuities and of the substrate band bending. In
particular, we searched for possible overlayer-ordering effects on the discontinuities in annealed in-

terfaces. No annealing-induced discontinuity changes were found within the experimental uncer-

tainty of 0.1 eV. On the contrary, the substrate band bending was drastically changed by the anneal-

ing process.

I. INTRODUCTION

The advent of surface-sensitive experimental techniques
has enhanced, in recent years, the fundamental and practi-
cal interest in heterojunction interfaces. Research per-
formed at Xerox, Frascati, ' Berkeley, ' Rockwell In-
ternational, ' ' Duisburg, ' '6 and in Wisconsin '7'
clearly demonstrated, for example, that photoemission
methods can be used to provide lac~i measurements of the
valence-band discontinuity b.E„. This is an interface pa-
rameter of crucial importance in determining the physical
properties of heterojunction devices. Extensive photo-
emission measurements of b,E, performed in recent
years ' provided for the first time a solid basis of data
to test discontinuity theories. ' The result of these
tests was that no current theory is able to predict the
discontinuities with an accuracy acceptable for device
research ( &0.05 eV). Likewise, surface-sensitive experi-
ments on the band bending' ' provided the data basis for
the theoretical treatment of the interface Fermi-level pin-
ning. , Once again, the theoretical accuracy is far from
being acceptable in predicting the pinning position—
which is linked to the heterojunction built-in potential,
another crucial parameter in heterojunction physics.

There is at present a clear need for more sophisticated
theoretical descriptions of the heterojunction interface
properties. * These descriptions must include local ef-
fects influencing the heterojunction parameters, which are
ignored by most current theories. ' Unfortunately,
there are many local factors which a priori could be
important —interface ordering, substrate orientation, local
roughness, microscopic diffusion, different kinds of de-
fects, etc. A theoretical treatment of all these effects
would be prohibitively complicated and expensive. There-
fore, it is necessary to perform experiments which sort out
the most important among the above local factors.

Even from an experimental point of view, however, an
indiscriminate study of all local effects cannot be per-
formed for a large number of interfaces. Systematic

photoemission measurements of b,E„ for amorphous Si
and Ge overlayers on group IV, III-V, and II-VI semicon-
ductors required almost three years of experiments. ' '
Clearly, more detailed studies must be concentrated to a
small number of particularly important interfaces. These
are determined by the good lattice and/or chemical
matching of the component semiconductors, and by their
potential applications in heterojunction technology. Ex-
amples are GaAs-Ge, ZnSe-Ge, GaAs-Gal „Al„As,
CdS-InP, and GaP-Si.

While many studies have been dedicated to the GaAs-
Ge system, very few experiments have dealt with the other
interfaces in the above list. Our present study is dedicated
to the GaP-Si system. The heterojunction GaP-Si is im-
portant because of its small lattice mismatch and potential
use, e.g., in integrated optics or in heterojunction transis-
tors. Preliminary experiments were successful in
increasing the reliability of the photoemission-band—
discontinuity measurements by reducing the uncertainty
in estimating band-bending changes during the interface
formation. This was achieved by estimating independent-
ly both AE, and the conduction-band discontinuity AE,
with different photoemission techniques. We present here
the results of an extensive study of the establishment of
the GaP-Si interface parameters during the interface-
formation process. In particular, we investigated the ef-
fects of the interface ordering, one of the possible local
factors in determining the heterojunction parameter. "
This goal was achieved by studying as-grown and an-
nealed interfaces both with photoemission and with low-
energy electron diffraction (LEED). The results clearly
demonstrated that ordering effects do not change the band
discontinuities, within the experimental uncertainty of 0.1

eV, but they do inAuence the Fermi-level pinning and
therefore the built-in potential. This explains, in particu-
lar, why discontinuity models not including microscopic
interface effects have been reasonably successful in es-
timating AE„. The accuracy given by these calcula-
tions is certainly not satisfactory for practical applica-
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tions. However, it is good enough to conclude that those

simple thawetical models give a good first-order under-

standing of the nature of the heterojunction discontinui-

t1CS.

In Sec. II we describe our experiHlcntal procedure. In
Scc. III wc discuss t4c cxpcr1Hlcntal spectra and the1r
relevance to the band discontinuities and to the interface
FcImi-level plnn1ng. Thc Hlain conclUs1oIls will bc sum-

marized i.n Sec. IV.

These experiments were performed both ai the
synchrotron-radiation facility of the Frascati National
Laboratory, Frascati, Italy, and at the Umversity of
%'isconsin Synchrotron Radiation Center, Stoughton.
Photoemission experiments were performed with mono-
chromatized radiation emitted by the storage rings
ADONE (Italy) and Tantalus (Wisconsin), at photon ener-

gies in the range IO—100 cV. Clean Gap substrates with

(110) orientation were obtained by in situ cleaving n-type
(n =2.3X10' cm ) single crystals. Angle-integrated
photoemission spectra were taken on the clean substrate
and then on the same substrate covered by a Si film of in-

cI'cas1ng th1ckness. Thc S1 soU1 cc wRs a hoQlc-Hlade,

Hllniatur1zcd electron-boIDbardHlcnt soUrcc Hlountcd on a
2.75-in. Conflat flange. The tip of a Si single crystal was

bombarded by electrons emitted by a loop W filament and
accelerated to 3500 eV. A W-foil sheet focused the elec-

trons on thc target RQ«I Rt thc same t1Hlc shielded thc sUb-

strate from the source filament. The typical deposition
rate was a few tenths of an angstrom per minute. The
eqmvalent overlayer th1ckness was measured by a water-

cooled qURrtz mlcrobalancc.
The annealing studies were performed by electron bom-

barding the back of the substrate. The substrate tempera-

ture was measured with a Chromel-Alumel thermocouple

touching the substrate surface. The annealing tempera-

tures and t1mes were 1Q the ranges 200—450'C and

0.5—20 min. The effects of the annealing were routinely

tested by observing the LEED signal of the interface. The
experiments were performed under ultrahigh-vacuum con-

ditions, at pressures in the 10 "-Torr range (rising to no

Hlorc than SX10 TorI during S1 dcpos1tion and RQ-

nealing). The cleanliness of the interface was prohAI with

the photoemission spectra themselves, and the interaction

time with the LEED electron beam was minimized. The

photoemission spectra werc taken with double-pass

cyhndrical mirror analyzers under computer control. The

overall energy resolution determined by the photon mono-

chromators and by the analyzers was 0.25—0.45 eV (full

width at half maximum of the equivalent Gaussian
response function).

A. Measurements of hE„

The photoemission approach to measure the valence-

band discontinuity can be understood by using the inter-

face band diagram of Fig. 1. The conventional photo-

FIG. I. Energy-band diagram for the GaP-Si. heterojunction
interface. The region shovpn here is suffliciently close to the in-

terface to neglect the band bendings. Also shogun is the bulk

distance in energy between the Ga 3d doublet and the top of the
GaP valence band, de«Iuced from photoemission data.

emission spectra or energy-distribution curves (EDC s) ap-
proximately reproduce the features of the density of occu-
pied states, shifted by h v, the photon energy. When no Si
is present, the upper edge of the clean GaP substrate cor-
responds to the top of the GaP valence band, Eo' . The
dlstancc 1Q cncrgy bctwccn E~ an«I Ep» the FcrID1 lcvcl»

can be estimated by hnear extrapolation of' the GaP EDC
edge and by linear interpolation of the EDC edge for a
thick, freshly evaporated metal film (Au in our case).
This distance can be expected, in general, to change dur-

ing the GaP-Si interface formation, since EF is pinned at
a different position in the substrate gap by new, localized
electronic states. After Si deposition and as long as the
overlayer is reasonably thin, the EDC'S reflect the elec-
tronic states of both Si and GaP. In a few heterojunction
interfaces, e.g., ZnSe-Ge, the discontinuity KE„ is so large
that two different edges can be seen in the EDC's corre-
sponding to the valance bands of the two components.
In those few cases, hE, can be measured directly from the
distance in energy of the two edges. '9 Unfortunately, in
GaP-Si b.E„does not give two separated edges. There-
fore, estimating b,E„ from the EDC's becomes slightly
morc COHlpbcated.

It is, of course, possible to measure the position qf E„'
as explained above, and that of E„' after the interface for-
mation, by linear extrapolation of the EDC edge for Si-
covered GRP. However, the distance between these two
cncx'gy posltloIls 1s Plot, 1Q gcncral, cqUivalcnt to AE„, sillce
the substrate band bending, and therefore the dis(ance
EF E„', can change —during the interface formation. '

Th1s possible change Hlust bc cst1Hlatc«I to correct
Ep —E~ and obtain AE~ . Thc band "bcnd1ng changes
are often estimated-by observing the shift in energy of
core-level photocD11ssion peaks. This 1s a dcllcRtc po1nt,
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since the core levels are affected by local chemical shifts
in addition to the band bending. The deconvolution of the
two effects is by no means trivial, and affects the reliabili-
ty of the measurement of hE„. In many cases, ' a correla-
tion was observed between the substrate-cation core-level
shifts and the band-bending changes. As we shall see,
however, this rule is broken in the case of GaP-Si.

For our present experiment we solved the problem of
estimating band-bending changes by carefully selecting he
in order to enhance the substrate valence-band features in
the Si-covered GaP EDC's. For example, the hv=17 eV
EDC's of Fig. 2 clearly exhibit the clean GaP peaks -4.5
and 7—8.5 eV below EF, even after Si coverage. We see
from these spectra that the clean GaP features do not
change their positions during the interface formation.
Therefore, we conclude that the substrate band bending is
not changed in this case by the Si adatoms. This breaks
the rule' that the band-bending changes are reflected by
the substrate-cation core-level shifts. In fact, the data of
Fig. 3 (taken from Ref. 19) show that the Ga 3d peak
shifts in energy during the interface formation —while the
P 2p peak does not.

The invariance of the substrate band bendin~ implies
that AE„ is in this case simply given by E„'—E, ',
without further correction. One interesting point ob-
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FIG. 3. Shifts in energy of the Ga 3d, P 2p, and Si 2p core
levels during the formation of the GaP-Si interface. The experi-
mental points were taken from Ref, 19. The positions shown
here are deduced from the median energy of each peak. How-
ever, we shall see in the discussion of Fig. 5 that the Ga 3d peak
actually consists of two different components. The Ga 3d shift
shown here is determined by the behavior of both components,
which depend on both band-bending and chemical-shift changes.
The energy scale for Ga 3d and P 2p is referred to the clean-
surface position of these peaks, and that for Si 2p to its thick-
overlayer position.
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FIG. 2. Valence-band photoemission spectra taken at a pho-
ton energy of 17 eV on clean, cleaved GaP, and then on Si-
covered GaP. The energy-position in variance of the GaP
valence-band features at 4—4.5 and 7.6—8.2 eV below E~
demonstrates that the GaP band bending docs not change dur-

ing the formation of this interface. Therefore, the valence-band
discontinuity AE„ is directly given by the distance in energy be-
tween the spectral edges of the clean and Si-covered GaP sur-
faces. Vfe estimate AE„=0.8 eV.

served in Fig. 2 is that the EDC edge keeps shifting up to
Si coverages of the order of 10 A. Therefore, b,E, is not
co111plctcly cstaMlshcd llntll tllosc covc1agcs (whllc a fcw
angstroms were sufficient for most other interfaces' }.
The final value of b,E„deduced from the data of Fig. 2 is
0.8 eV. The experimental uncertainty primarily arises
from the linear extrapolation of the spectral edges, and we
estimate it to be +0. 1 eV (a better accuracy would require
full theoretical calculations of the near-edge density of
states' ). The value bE„=0.8 CV is 0.15 eV smaller than
that given in Ref. 19, where the band-bending changes
were estimated from the cation core-level shift. This also
implies a small revision of the empirical valence-band
edge of GaP in the Katnani-Margaritondo table, 's from
—0.96 to —0.88 eV. The experimental value AE„=0.8
eV is close to the theoretical prediction by Frensley and
Kroemer, AE, =0.96 eV, while Harrison's prediction,
0.5 eV, and that of the electron-affinity rule, ' 0.33 eV,
are less accurate.

The reliability of our estimates of hE, was enhanced by
the parallel measurements of hE, and AE, described in
Ref. 34. b,E, was deduced from the evolution of the Ga
3d and Si 2p local optical-absorption edges measured with
the partial-yield photoemission technique during the
interface-formation process. The measured values of b,E„
and AE, were cross tested by verifying that their sum

'd d 'th' th p
' t l rt

'
ty, w'th the

difference between the optical gaps of the two semicon-
ductors.
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The fact that the EDC-edge shift in Fig. 2 does not sat-
urate until rather high Si coverages could be attributed to
a still-evolving overlayer valence-band density of states.
HO%'ever, many pI'cvlous cxpcriITlcnts ' have dcIHon-

strated that the essential valence-band features, including
the edge, are established at smaller coverages (this general
result is reasonable if one considers the small number of
atoms required to reproduce thc csscIlt181 vRlcncc-band
features in cluster calculations). One more likely explana-
tion for the above effect is the establishment of interface
dipoles due to diffusion processes or to surface chemical
reactions or to both. The shift of the Ga 3d level found
in Fig. 3, which we have seen not be correlated with the
band-bending changes, gives additional evidence for the
occurrence of processes of this kind.

B. AIlncallng effects

Experiments performed on the GaAs-Ge system had
suggcstcd thRt the valcncc"band d1scontlnulty coUld bc
strongly affected by the ordering of the overlayer. This
is not a general property of all heterojunctions. In fact,
direct measurements of b,z„ for the ZnSe-Ge system did
Ilot show Rlly 111casul ablc chaIlgc during RIillcRlillg pi o-
ccsscs which Icstorcd 8 1 + I LEED pattcIQ. Therefore 1t

Rppcais necessary to test cac11 ollc of tllc IIlost inlportRIlt,

heterojunction interfaces and assess the magnitude of the
annealing effects, if any. In our present study we found
no detectable change in AE„but wc did obseI've a dramat-
1c change 1Q thc substrate band bending upon RQQcallng.

Thc RQQca11ng-1nduccd changes 1Il band bending are cv1-

dent from a parallel analysis of Figs. 4 and 5. Figure 4
shows the valence-band spectra of clean GRP and of as-

grown and annealed GaP covered by 4 A of Si, in the re-

gion 3.5—IO CV below E~. In this region two GaP
valence-band peaks are clearly visible. The deposition of
4 A of Si on the room-temperature substrate did not

change the position in energy of' these features. Therefore,
there was no change-I band bend1ng, as we already de-
duced from the spectra of Fig. 2. The Si overlayer com-
pletely removed the LEED pattern, due to its amorphous
character. A 5-min annealing at 350'C restored a I BED
pattern, but the intensity of its spots was much weaker
than for the clean substrate. Annealings at lower tem-
peratures did Qot restore any I.EED pattern. Annealings
at h1ghcI' temperatures, Up to 450 C, gave thc sa1Tic pat, -
tern as the 350'C annealing. The strength of the Si signal
at the valence-band edge also suggested some Si depletion
Upon RQQca11Qg. This dcplct1OQ, ho%'ever-, was much less
pronounced than the strong Ge depletion induced by an-
nealing of the ZnSC-Ge system. s Annealings for times
longer than 5 min did not change these experimental re-
SultS.

It is evident from Fig. 4 that the 350'C annealing
changes the position of the GaP valence-band features by
0.1(2) eV. The cause of this shift is a change in the sub-
strate band bending, as confirmed by the spectra of Fig. 5.
Shown in Fig. 5 are the Ga 3d spectra of the clean sub-
strate and of the as-grown and annealed GaP-Si interface.
The Si deposition causes a shift of the Ga 3d peak, as al-
ready shown in Fig. 3. We have seen that this shift is not
due to a change in band bending, but to a change in the
local chemical environment of the Ga atoms. The line
shape of the middle spectrum in Fig. 5 suggests that there
are two Ga 3d components for the as-grown GaP-Si inter-
face. The position of one of these components coincides
with that of the clean GaP Ga 3d peak. Therefore, this
component can be attributed to Ga atoms in 8 chemical
environment similar to that of the GaP surface, and its
pos1t1OQ 1s coQs1stcIlt %'1th tllc alI'cRdy dcduccd 4RIld-

bending invariance during Si deposition. After annealing
there is no longer any clear evidence for a second com-
ponent, and the Ga 3d position is shifted by 0.1(2) eV
with respect to the clean surface. This shift is the same as
that observed in Fig. 4 for the GaP valence-band features.
This indicates that the shift between the clean-surface and

Ga P&)10)+Si
h~=
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FIG. 4. GaP, bulklike valence-band photoemission features.

A, clean GaP; 8, GaP with 4 A of Si, deposited with the sub-

strate at I'oo1Tl teIllpcraturc as"g1own' C saHlc as 8, after 5 Inln

annealing at 350 C; D, GaP with 4 A of Si, deposited with the
substrate at 250'C, as grown.

0

FIG. 5. Ga 3d spectra. A, clean Gap; 8, GaP with 4 A of
S1, dcposltcd with thc substI'atc at rooIn temperature, as-glown;
C, same as 8, after 5 min annealing at 350'C. Curve 8 shows
cv1dcncc of a f1nc structure cons1st1Qg of two components whose

possible nature is discussed in the text.
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annealed-interface positions of the Ga 3d spectrum is due
to a change in band bending, while the as-grown interface
spectrum is also affected by a change in the chemical en-
vironment of part of the Ga atoms.

From the above results the following picture emerges as
far as the interface Fermi-level pinning is concerned. On
the clean GaP surface, EF is pinned (1.5+0.1) eV above
E, ' . Partial-yield spectra (see discussion below) re-
vealed a band of unoccupied surface states extending in
the gap of GaP, as theoretically predicted by Calandra
et al. The bottom edge of this surface-state band, de-
duced from partial-yield spectra after correction for sur-
face core-level shifts and for core excitonic effects, is
1.4—1.6 eV above E, ', i.e., it is correlated with the
above pinning position of the Fermi level. The same
correlation is found with the theoretical surface-
state —band edge, pr'edicted to be 1.53 eV above E, ' .
Therefore we concur with the conclusion by Norman
et al. that the surface-state band is responsible for the
Fermi-level pinning on clean Gap. ,

The invariance of the band bending upon Si coverage
also implies the invariance of the Fermi-level —pinning
position. This could be interpreted either as an invariance
of the pinning mechanism or as a coincidence of the re-
sults of two different pinning mechanisms. The first hy-
pothesis is ruled out by the partial-yield spectra (see
below), which show that the surface-state band of clean
Gap is removed by the Si adatoms. The second hy-
pothesis requires new, Si-induced localized states to pin
the Fermi level. For III-V substrates these states are gen-
erally identified with native defect states, ' 'extending to
heterojunction interfaces the Spicer's defect model for
metal-semiconductor interfaces. For example, Allen and
Dow theoretically predicted the surface-antisite-defect
pinning levels for n-type GaP to be 1.4 eV (P on Ga site)
and 1.25 eV (Ga on P site) above E„' . The first value is
close to our experimental pinning position. The antisite-
defect hypothesis would also explain the qualitative
differences between the heterojunction-interface pinning
positions for GaAs and GaP substrates. '

The annealing-induced changes in band bending, ob-
served in Figs. 4 and 5, require yet another change in the
EF-pinning mechanism. Notice that the difference in en-
ergy between the pinning positions for the as-grown and
annealed interfaces, 0, 1(2) eV, is close to the difference in
energy between the above two surface-antisite-defect lev-
els, 0.15 eV.

The possible changes in AE, due to annealing have been
explored by analyzing the near-edge EDC's. Figure 6
shows a series of these curves, taken on as-grown and an-
nealed interfaces. These curves have been shifted in ener-
gy to compensate for the changes in band bending due to
annealing, so that the GaP peak on the right-hand side is
in the same position for different spectra. The values of
b,E„estimated from these curves are 0.6(6) eV for the as-
grown surface (the Si coverage is still below the saturation
value for bE„), and 0.6(0) and 0.6(2) eV for the interfaces
annealed at 350 and 450 C, respectively. All these values
coincide within the experimental uncertainty of 0.1 eV.
The same conclusion is valid for all our annealing studies.

The above results qualitatively coincide with those we

I

0.66eV
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FIG. 6. Valence-band spectra taken on GaP with 4 A of Si.
3, Si deposited on room-temperature GaP, as-grown interface;
8, same as A, after S min annealing at 3SO'C; C, same as 8,
after further annealing, S min at 4SO'C; D, Si deposited on GaP
kept at 2SO'C, as-grown interface. The dashed line on the left-
hand side shows the position of the valence-band edge of clean
GaP, deduced from Fig. 2. Curves B, C, and D were shifted in
energy to compensate the band-bending. changes with respect to
the clean GaP surface, as emphasized by the alignment of the
bulk-GaP feature at 4—4.S eV below E~. Also shown are the
valence-band discontinuities deduced from each curve. All these
values coincide with each other within the experimental uncer-
tainty.

obtained for interfaces prepared by depositing Si on a hot
Gap substrate. %hen the substr'ate was dept at 250 C
during deposition, the resulting interface exhibited LEED
features roughly equivalent to those obtained after deposi-
tion on a room-temperature substrate and annealing at
350'C or more. Figure 6 shows that the resulting AE„
0.6(6) eV, again coincides with the value obtained upon
deposition on a room-temperature substrate. Instead, the
Fermi-level —pinning position is different. In fact, the po-
sition is different even from that obtained after deposition
on a room-temperature substrate and annealing. This is
shown by the results of Fig. 4. The pinning position of
EF for the hot-substrate Si deposition is 1.7(8) eV above
E„' . This result could again be explained in the frame-
work of the defect model, with an interplay of different
kinds of defects.

The fact that the Ez-pinning position changes depend-
ing on the details of the interface-preparation process has
interesting implications in the general problem of inter-
face barriers for both heterojunctions and Schottky
diodes. Systematic studies by Brillson and co-workers
have revealed the dependence of the interface barriers on
the chemical properties of the interface. This result has
been sometimes considered in contrast to the defect
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model. Results by Williams and co-, workers on InP-
metal interfaces suggested a way to reconcile the two
points of view, assuming that there is a relation between
chemical properties and the kinds of defects formed dur-

ing overlayer deposition. Gur present results generally
suppol't tllRt 1dca. II1 fRct, wc scc tllat Ep ls p1nncd 111 po-
sitions which could be explained by surface defect levels.
In addition, the pinning involves a small density of local-
ized states not directly visible in our photoemission spec-
tra, as in the defect model. However, we obtain different
pllllllllg posltlolls depending 011 thc lntclfacc pl'cpalRtloll.
Once again, therefore, the specific kind of defects respon-
sible for the Fermi-level pinning appears to depend on the
local chemical processes. '

IV. CONCLUSIONS

We studied the formation of the GaP(110)-Si interface
with different photoemission techruques and with I.EED.
The main results of our investigation are the following.
The band discontinuities reach their saturation value only
after Si coverages of the GaP substrate of about 10 A.
The saturation value of EE„ is 0.8 eV. The value of hE,
is not changed by annealing processes which give a partial
reordering of the Si overlayer.

We confirm that for the clean GaP surface the Fermi
lcvcl ls plIlllcd by a sllrfacc-state band cxtcndlng 1I1'to tllc
forbidden gap, and the pinning position is 1.S eV above
the top of the GaP valence band, E„' The pin. ning posi-
tion stays the same when Si is deposited on room-
temperature GaP. However, the clean-surface states are
removed, and therefore the pinning mechanism must
change. Upon annealing, the pinning position shifts away
from the valence-band edge by 0.1(2) eV. The pinning po-
sitions for as-grown and annealed interfaces are consistent
with the theoretical Fermi-level —pinning energy levels

produced by different kinds of surface antisite defects .
Qualitatively similar conclusions can be drawn from

data taken on Si overlayers deposited on hot GaP sub-
strates. From all these results we conclude that the details
of the interface-preparation process do not detectably in-
fluence the band discontinuities, which, together with the
built-in potential, are the most important heterojunction
parameters. This is reasonable since the systematic
work by Katnani and Margaritondo' ' demonstrated
that the first-order contributions to these parameters are
essentially bulklike —but we emphasize that local effects
cannot be ruled out, in general, on the basis of our present
data, which only concern the effects of annealing in a par-
ticular heterojunction.

The interface-preparation process does influence the
Fermi-level —pinning position, and therefore the interface
barriers, i.c., thc built-in potential. ' ' This result has
interesting fundamental implications on the relative role
of interface chemistry and of native defects in establishing
the built-in potential. Furthermore, it has practical in-
terest since it introduces a degree of freedom in preparing
heterojunction devices with the desired characteristics.
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