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Ge growth on GaAs„001… surfaces studied by reflectance anisotropy spectroscopy
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Surface modifications induced by germanium deposition onto clean GaAs~001! substrates have been moni-
tored by reflectance anisotropy spectroscopy~RAS! and low energy electron diffraction~LEED!. The clean
GaAs~001! surfaces onto which Ge has been evaporated werec(434), (234), and (431) reconstructed.
Regardless of the initial surface reconstruction, after deposition of 0.5 monolayers of Ge and further annealing
at 850 K, we havealwaysobserved a (132) LEED pattern and the same characteristic RAS spectrum. On the
contrary, overlayer structures obtained at intermediate stages between the clean surface and this (132) phase
depend upon the initial surface reconstruction. Modifying the (132) reconstructed surface by deposition of
additional monolayers of Ge or exposure to atmosphere, we have separated the surface, interface, and bulk
contributions to the RAS spectra. Finally, monitoring the characteristic linear-electro-optical feature appearing
at E1 andE11D1 bulk critical points, we discuss how its change in amplitude and sign could be connected to
a variation of the substrate doping induced by annealing.

DOI: 10.1103/PhysRevB.66.085305 PACS number~s!: 68.35.2p, 73.20.2r, 78.40.Fy, 78.68.1m
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I. INTRODUCTION

Among the very first heterojunctions studied,1–9 Ge/GaAs
interface has deserved attention for the good lattice-ma
existing between the substrate and the growing overla
~,50.1%!. Thus, Ge/GaAs has become a prototypical s
tem to investigate the heterojunction evolution and the ba
offset. Several papers were dedicated to the comprehen
of the factors determining the interface evolution and
properties, investigating the role of either local microsco
features of the interface~morphology of the overlayer, sur
face orientation, electronic properties of the starting surfa!
or different preparation methodologies. For this reason, a
of the initial studies were mainly focused onto Molecu
Beam Epitaxy~MBE! grown samples, providing differen
surface reconstructions of the starting GaAs~001! surface,
useful to understand the role of the substrate stoichiome
As a result, some well defined surface reconstructions w
identified by Low-Energy-Electron-Diffraction~LEED! at
the early stages of Ge/GaAs interface formation, but deta
models for the surface structure were not known.

More recently, the Ge/GaAs interface has been exami
using spectroscopies highly sensitive to local morphology
Scanning Tunnelling Microscopy~STM!10,11 and Medium-
Energy-Ion-Scattering~MEIS!.12 The results have confirme
that the early stages of the interface formation are charac
ized by different phases with definite LEED patterns~132
and 231!, interpreted as built by Ge-As and Ge-Ga dime
respectively. The existence of such reconstructions was
0163-1829/2002/66~8!/085305~7!/$20.00 66 0853
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lated to the temperature of the substrate during and after
deposition.

A first attempt to explain the experimental results on t
base of first principles pseudopotential calculations has b
reported by Srivastava and Jenkins,13 who have obtained
atomic geometry, electronic states and bonding structures
both (132) and (231) superstructures, respectively bu
up with Ge-As dimers and Ge-Ga dimers.

Also optical techniques, in particular Reflectance Anis
ropy Spectroscopy ~RAS!, have been applied to
Ge/GaAs~001!.14,15 The possibility of having different
dimers on the same GaAs substrate has suggested tha
system could be an ideal case to investigate the origin of
anisotropic signal measured with RAS. Although the pote
tial of RAS to study fundamental aspects of surfaces a
interfaces has been clearly demonstrated,16–20 important
questions, mainly regarding its theoretical interpretations,
still under debate. In fact, while—at the beginning of
development—explanation of spectral features was norm
limited to symmetry-based arguments, it has been more
cently shown that experimental spectra can be well in
preted on the base of accurate calculations.21–24Thus precise
correlations between theoretical results and optical featu
are obtained if the assumed atomic structure is realistic.

Following this approach, in our previous paper we ha
both experimentally and theoretically investigated the str
ture of the Ge/GaAs interface resulting after submonola
deposition of Germanium onto the (234) reconstructed
GaAs~001! surface and subsequent annealing.15 We have ob-
©2002 The American Physical Society05-1
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tained a well ordered and stable (132) phase, passing
through a disordered (234) phase, and ruling out the prev
ously proposed intermediate (231) structure.

In this paper, we have extended our RAS and LEED
vestigation to deposition of Germanium ontoc(434) and
(431) reconstructed GaAs~001! surfaces, that are respe
tively the more As-rich phase and a case of Ga-rich rec
struction. We present also the evolution of the optical pr
erties of the (132) phase at higher Ge coverage. Finally,
order to clarify the origin of different contributions to RA
spectra for the (132) surface phase, we have modified t
sample surface either depositing additional Ge layers or
posing it to air. The different behavior of the various spect
features identified with this procedure are consequently
cussed and interpreted.

The paper is organized as follows. In Sec. II we descr
the samples and the experimental set-up. Experimenta
sults are presented in Sec. III and discussed in Sec. IV
Sec. V conclusions are drawn.

II. EXPERIMENTAL

The samples were epitaxial,n-doped GaAs layers, grown
by MBE on GaAs~001! substrates and capped with an am
phous As protective layer. Two different doping concent
tions were used:n5131016 cm23 and n5131018 cm23,
hereafter indicated as LD~Low Doping! and HD~High Dop-
ing!, respectively.

After transfer from the growth chamber through air, t
samples were investigated in an Ultra-High-Vacuum~UHV!
chamber equipped with a four-grid reverse view LEED op
The RAS set-up~described elsewhere25! was placed in front
of a strain-free quartz window of the UHV chamber. T
samples were decapped at 620 K, yieldingc(434). Further
annealing to 670 K and 820 K yielded (234) and (431)
surfaces, respectively. Ge evaporation was performed usi
calibrated MBE cell. During deposition, the pressure in
chamber~normally in 10211 mbar range! was better than 2
31028 mbar. The substrate was kept at 600 K and 700
during submonolayer and higher coverage Ge deposition
spectively.

RAS spectra are commonly reported in terms ofDr /r
5Dr/r 1 iDu, where r 5r exp(iu) is the complex reflec-
tance, andDr is defined asDr 5r 1̄102r 110. The subscript
denotes the polarization of light at normal incidence w
respect to directions on the sample surface. In the follow
we will show only spectra of Re(Dr/r), that is the real part of
RAS signal, always recorded after samples were coole
room temperature~RT!. On clean GaAs~001! surfaces (2
34) @(431)# reconstructed, As-As~Ga-Ga! dimer bonds
are aligned along@1̄10# ~@110#!.

III. RESULTS

A. Ge on „2Ã4…

As-rich (234) surfaces were prepared from HD~Fig. 1,
curve a! and LD ~Fig. 2, curve a! samples. In both RAS
spectra, superimposed on the anisotropies at 2.9 eV and
eV typical of (234) reconstruction,17,24,26there are bulk re-
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lated structures atE1 ~2.9 eV!, E11D1 ~3.1 eV!, andE08 ~4.3
eV! critical points, still evident after exposure to air~Fig. 1,
curve d!. The different amplitudes of oscillations in curve
1a and 2a~due to the Linear Electro Optical effect, LEO27!
are consequence of the different doping concentrations.

0.5 ML of Ge were deposited on HD and LD substrat
kept at 600 K. RAS spectra are shown in Fig. 1~curve b! and
Fig. 2 ~curve b!, respectively. After deposition, a strong re
duction of the peak intensity at 2.9 eV is apparent as well
development of a negative contribution below 2.6 eV. T
broad positive structure centered at about 4 eV seems
affected by coverage. LEED exhibits a weak (231) for
sample HD, and a weak (131) for sample LD.

After annealing~850 K, 5 min! the LEED pattern be-
comes (132). RAS spectra undergo a variation in the lo
energy side~Fig. 1, curve c and Fig. 2, curve c! with two
negative structures that are now visible at about 1.8 and
eV. However, the 4 eV peak is evidently predominant.

Passing from clean (234) to the Ge-covered (132) sur-
face, the LEO oscillation decreases. For sample LD, it
most vanishes after 0.5 ML, being again visible—with oppo-
site sign—after annealing at 850 K.

Figure 3 displays RAS spectra after deposition of 2 M
~HD sample,Tsub5700 K!. The LEED pattern is (232),

FIG. 1. Re(Dr/r) spectra of a GaAs(001)-(234) surface cov-
ered with Ge overlayers. The doping concentration of the Ga
sample ~indicated as sample HD! was n5131018 cm23. RAS
spectra were measured at:~a! clean (234); ~b! 0.5 ML of Germa-
nium; ~c! after annealing @850 K;~d! after the clean surface wa
exposed to air. Each curve has its own zero line. The LEED pat
corresponding to each surface phase is also indicated.
5-2
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Ge GROWTH ON GaAs~001! SURFACES STUDIED BY . . . PHYSICAL REVIEW B66, 085305 ~2002!
with sharp spots, then again (132) after annealing at 850 K
This reconstruction does not change after ten additional
of Ge (Tsub5700 K). Further annealing at 850 K has n
effect. After exposure to air, the negative signal below 2.6
is still present~Fig. 3, curve e!. Other structures are visible a
3.6 eV and 4.2 eV.

To monitor the interface evolution at higher Ge covera
regime, 21 ML were deposited on the (132) phase~LD,
Tsub5700 K! ~Fig. 4, curve a!. The sample was then an
nealed at 850 K~Fig. 4, curve b!. Negative minima at 1.8
and 2.4 eV are detected. A residual LEO oscillation is pres
at 2.9 eV. The LEED pattern was (232), weak after Ge
deposition and clear after annealing. The RAS spectr
measured for the same samples stored in air for few day
almost identical~Fig. 4, curve c!.

B. Ge onc„4Ã4…

The RAS spectrum of clean As-richc(434) surface is
characterized by a minimum at about 2.8 eV plus LEO
cillation at 2.9–3.15 eV, as already reported28 ~Fig. 5, curve
a!. An additional weak structure is detectable at about 2.3
as in Ref. 28.

After deposition of 0.5 ML of Ge (Tsub5600 K), we ob-
served a faint (132) LEED pattern. The corresponding RA

FIG. 2. Re(Dr/r) spectra of a GaAs(001)-(234) surface cov-
ered with Ge overlayers. The doping concentration of the Ga
sample ~indicated as sample LD! was n5131016 cm23. RAS
spectra were measured at:~a! clean (234); ~b! 0.5 ML of germa-
nium; ~c! after annealing @850 K. Each curve has its own zero li
The LEED pattern corresponding to each surface phase is als
dicated.
08530
L

V

e

nt

m
is

-

V,

spectrum is reported in Fig. 5, curve b. The minimum at
eV is reduced, and the weak feature at 2.3 eV disappear

After the sample was annealed at 700 K for 5 min, t
LEED pattern became a weak (233). The corresponding
RAS spectrum~Fig. 5, curve c! mimics the 234 case: a
dominant peak at 2.9 eV, plus ancillary features at 3.4 a
4.3 eV. After a new annealing at 850 K the LEED patte
changes, becoming (132). The RAS spectrum has now th
same line shape as obtained when identical treatment
been applied to (234) surface, with two minima around 1.
and 2.4 eV, plus a broad maximum at about 4 eV.

C. Ge on „4Ã1…

Finally, we studied the effect of Ge deposition onto a
31) Ga-rich surface. RAS line shape for the clean surfa
~Fig. 6, curve a! is characterized by the large, negative pe
at 2.2 eV typical of Ga-termination, and the LEO oscillatio
at 2.9–3.15 eV.17,24

When 0.5 ML of Ge are deposited on this surface (Tsub
5600 K), LEED detects a rather good (132) order. In RAS
spectrum~Fig. 6, curve b! the two negative features at 1.8 e
and 2.4 eV appear. (132) order is still present after annea
ing at 850 K~Fig. 6, curve c!. RAS spectra do not show an
particular difference with respect to other GaAs~001! sur-
faces similarly treated.

s

.
in-

FIG. 3. Re(Dr/r) spectra of a GaAs(001)-(234) surface cov-
ered with Ge overlayers. The spectra were measured at:~a! 2 ML of
Ge; ~b! after annealing @850 K;~c! after additional 10 ML of Ge
~total coverage: 12 ML!; ~d! after annealing @850 K;~e! after
exposure to air. Each curve has its own zero line. The LEED pat
corresponding to each surface phase is also indicated.
5-3
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V. EMILIANI et al. PHYSICAL REVIEW B 66, 085305 ~2002!
After additional deposition of 2 ML (Tsub5700 K) and
subsequent annealing~Tsub5850 K, 5 mins!, the surface
showed a (132) order.

IV. DISCUSSION

A. Surface and interface structure

Considering the Ge/GaAs interfaces that we have p
pared on various~001! surface phases, the present expe
mental data allow to extract some general conclusion.

(1) For all GaAs(001) surfaces, the(132) phase always
occurs after 0.5 ML of germanium are deposited and
sample is annealed at 850 K. The corresponding RAS spec
tra have a well defined and characteristic line shape:
negative peaks at about 1.8 eV and 2.4 eV, plus a br
positive feature centered around 4 eV. This RAS spectrum
characteristic of the Ge-Ga dimer structure.10,11,15

(2) On the contrary, the intermediate state between the cl
surface and the ordered(132) phase depends on the star
ing surface.

We have already shown that, in sample HD, after dep
tion and annealing of 0.5 ML of Ge, the (234) surface
changes to (132), passing through a disordered (234)
phase.15 For sample LD~this work! the intermediate phas

FIG. 4. Re(Dr/r) spectra of a GaAs(001)-(234) surface cov-
ered with Ge overlayers. The spectra were measured at:~a! 21 ML
of Ge; ~b! after annealing @850 K;~c! after exposure to air. Each
curve has its own zero line. The LEED pattern corresponding
each surface phase is also indicated.
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has a (131) LEED pattern. We never observed the pre
ously proposed intermediate (231) phase.10

When a cleanc(434) surface is covered with 0.5 ML o
Ge (Tsub5600 K), we have measured a weak (132) LEED
pattern and RAS spectra without the typical features
Ge-Ga dimers@on clean GaAs~001! the transition tempera
ture for c(434)→(234) is in the range 400–450 °C#. In
this case, (132) order originates from a disorderedc(4
34) produced by deposition, and must be distinguish
from the (132) phase due to Ge-Ga dimers formation. Th
new phase could consist of a Ge-As mixture~1.5 ML of As
and 0.5 ML of Ge!, producing mixed Ge-As dimers at th
surface, directed along the@1̄10# direction. When this surface
is annealed~Fig. 5, curve c!, the (233) LEED pattern indi-
cates the formation of a structure similar to the one alre
reported as intermediate betweenc(434) and (234) on a
clean ~001! surface.29 The (132) originated from Ge-Ga
dimers would be not affected by a 700 K annealing, sin
this temperature is too low to produce an effective variat
of stoichiometry for this structure. Only at the higher anne
ing temperature of 850 K, Ge-Ga dimers are formed, and
RAS spectra exhibit the typical line shape of the (132)
Ge-Ga terminated surface.

A (132) LEED pattern is also observed after depositi

o

FIG. 5. Re(Dr/r) spectra of a GaAs(001)c(434) surface cov-
ered with Ge overlayers. The spectra were measured at:~a! clean
surface;~b! after deposition of 0.5 ML of Ge;~c! after annealing
@700 K; ~d! after annealing @850 K. Each curve has its own ze
line. The LEED pattern corresponding to each surface phase is
indicated.
5-4
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and annealing of 0.5 ML of Ge onto the clean (431) Ga-
rich surface: in this case it originates from Ge-Ga dim
formed at the surface as the overlayer is grown, consiste
with the Ga-richness of the (431) surface. No As desorp
tion and consequent intermediate phase must occur be
Ge-Ga bonds are formed.

We conclude thatonly the intermediate phasebetween the
clean surface structure and the (132) Ge-Ga dimer structure
~characteristic of the Ge/GaAs interface! depends upon the
starting surface reconstruction. For As-rich clean surfaces
during desorption of excess As, an intermediate phase oc
before the (132) surface is formed. On the contrary, fo
Ga-rich surfaces the (132) phase is formed directly upo
Ge deposition at 600 K.

The anisotropy spectrum measured at the (132) Ge/
GaAs~001! interface is well accounted by calculations:15 on
this basis, we attributed two negative features~at 1.8 and 2.4
eV! to back-bonds of the surface Ge-Ga dimers. This a
bution agrees with the observation that:~i! such structures
are visiblejust after depositionwhen Ge/GaAs interface de
velops onto a Ga terminated layer;~ii ! such structures sur
vive after the sample is exposed to air, as they come fr
buried interface states of the Ge overlayer.

The broad peak at about 4.1 eV—significantly reduc
after surface contamination—deserves a closer analysis.

FIG. 6. Re(Dr/r) spectra of a GaAs(001)-(431) surface cov-
ered with Ge overlayers. The spectra were measured at:~a! clean
surface;~b! after deposition of 0.5 ML of Ge;~c! after annealing
@850 K;~d! after additional 2 ML of Ge~total coverage: 2.5 ML!;
~e! after annealing @850 K. Each curve has its own zero line.
LEED pattern corresponding to each surface phase is also indic
08530
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Within the three-layer model,30 the complex RAS signa
is expressed by:

Dr

r
5

4p id

l

D«s

«b21
, ~1!

where D«s5D«s82 iD«s95«s
@ 1̄10#2«s

@110# is the anisotropy
of the surface~or overlayer! dielectric function between
@1̄10# and @110# directions,«b the complex bulk dielectric
function,d the thickness of the layer, andl the photon wave-
length. In general, in order to obtainD«s8 and D«s9 from
experimental Re(Dr/r) we need an additional Kramers
Kroenig ~KK ! relation.31,32

The resultingD«s9 curve computed from the RAS spec
trum of Fig. 1, curve c, is displayed in Fig. 7, curve b. For
comparison, we have also reportedD«s9 for the clean (2
34) phase, extracted from spectrum a of Fig. 1. The pea
2.9 eV, characteristic of the (234) reconstruction, has bee
cut down by Ge deposition and annealing, while the struct
at E08 bulk critical point is only slightly affected. Besides th
already discussed negative peaks at 1.8 and 2.4 eV, a
feature has now appeared at about 3.3 eV. We attribute
structure to the Ge overlayer, as also tested by its evid
sensitivity to contamination.

For higher Ge coverage, our experiments were limited
GaAs(001)(234) surfaces~Fig. 3, curve c, and Fig. 4!. The
spectral line shape changes in the high-energy range, wh
broad structure evolves at about 3.4 eV. Below 3 eV,
spectrum is essentially unaffected, as one expects
interface-related anisotropies~see discussion above!. The oc-
currence of a (232) LEED pattern comes probably from
superposition of (132) and (231) domains on the surfac
of the Ge epilayer: the surface most likely has the sa
structure as Ge~001!, locally dimerized with (132) or (2
31) superstructure.33 On a single domain surface, the RA
spectra should be similar to the ones measured for Ge~001!
surfaces;34 but any eventual anisotropy contribution o

e
ed.

FIG. 7. D«s9 computed by KK analysis from Re(Dr/r) spectra of
GaAs(001)-(234) surfaces covered with increasing Ge overla
ers: ~a! ~full line! clean surface@corresponding RAS spectrum
curve a, Fig. 1#; ~b! ~dotted line! after 0.5 ML of Ge and annealing
@850 K@RAS spectrum: curve c, Fig. 1#; ~c! ~dashed line! after 21
ML @RAS spectrum: curve d, Fig. 4#.
5-5
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Ge-Ge dimers cancels out for the presence of differently
ented domains. Also the behavior versus gas contamina
is different: no modification is evident after exposure to a

Computing by KK analysis the overlayer dielectric fun
tion from RAS data, we have obtained the curve c of Fig
The difference between experimental Re(Dr/r) and computed
D«s9 is large: the peak at 3.4 eV, prominent in the RAS sp
tra of Fig. 4, does not exist in theD«s9 curve. It is an artifact
of the dependence of Re(Dr/r) upon the substrate and ove
layer dielectric functions. The resulting line shape—with tw
structures atE1 andE08 critical points—is evidently a relic of
the GaAs substrate, related to modifications of the effect
surface termination has on bulk wave functions,35,36 without
any particular surface or interface contribution. Furthermo
we cannot exclude that strain effects in GaAs produced
the Ge overlayer provide an important contribution to t
measured anisotropy.37

In conclusion, in the high coverage regime RAS spec
areinterface, overlayer, and substrate-related, while true sur-
face terms have vanished.

Finally, we want to comment briefly about the zero lin
that have been reported in figures for each experime
Re(Dr/r) curve. In fact, from Eq.~1! it is possible to show
that shifts of the baselinewithin the experimental energ
range could be the consequence of anisotropic absorp
out of the experimental energy range, that introduces detect
able effects in Re(Dr/r) through the real partD«s8 of the
overlayer dielectric function anisotropy, weighted by a co
ficient related to bulk absorption~see, for example, discus
sion in Refs. 31 and 32!. In our data, however, such baselin
shifts seem to be negligible.

B. Linear-electro-optical effect and doping

It is well known that in RAS spectra characteristic fe
tures appear in coincidence with bulk critical points, due
the linear-electro-optical effect~LEO!. LEO is a modification
of the bulk optical properties induced by the electric fie
consequence of band-bending at the surface.27,38 In RAS
spectra it induces oscillations at bulk critical points, detec
at well-defined photon energies. The amplitude of LEO
cillation depends upon the static dielectric function« of the
crystal, the carrier concentrationN and the surface ban
bendingVbb . Since LEO is linear with respect to the spac
charge electric field, LEO structures invert upon going fro
n- to p-type material.38

In Sec. III we commented that LEO oscillation—clear
visible for the clean surface atE1 andE11D1 bulk critical
points—reduces strongly in amplitude and even change
sign after Ge have been deposited onto the clean surface
then annealed. This variation could be the consequence
change either in doping concentration~N! or in band bending
(Vbb). In our experiment, the former effect could origina
from diffusion, during annealing, of Ge atoms from the ou
layers into GaAs substrate, with consequent modification
local doping. The latter could be due to a change in
electronic states distribution at the interface induced by
mation of Ge-Ga dimers, moving the Fermi level.
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The possibility to distinguish between alternative interp
tations comes from the mentioned experimental finding t
LEO sign inverts in sample LD after 0.5 Ge ML have be
annealed at 850 K~Fig. 2, curve c!. On the contrary, no
inversion of sign occurs in similar conditions for HD
samples~Fig. 1, curve c!.

This effect is likely produced by Ge in-diffusion leadin
to p-doping of the substrate: Ge atoms, in a GaAs matrix,
behave as acceptor atoms.39 The highly n-doped sample
~HD! is only partially compensated, while the lightl
n-doped sample~LD! is overcompensated, thus becomin
p-doped. Given the doping level of our samples, we estim
that a low number of Ge atoms~less than 1 for 1000 atom
deposited onto GaAs! is necessary to produce the local do
ing variation, diffusing into the substrate for a depth comp
rable to the penetration length of light at theE1 and E1
1D1 critical points. These values are below the detect
limit of spectroscopies used to monitor interdiffusion at t
Ge/GaAs interface.40,41

Alternatively, the diminishing/reversal of LEO could b
explained in terms of the final Fermi-level position (EF)
when the interface has evolved to (132) structure. This po-
sition should be intermediate between the ones typical of
clean (234) surfaces of HD and LD samples. In the form
case band bending would decrease, in the latter an accu
lation layer would form, reversing the surface field and LE
sign. From photoemission data we estimate that after de
sition of 0.5 ML EF is only slightly moved from its initial
value.8 Since we knowEF due to the doping level in ou
samples, this little variation is not enough to explain t
observed behavior of LEO. However, the temperature
which the Ge/GaAs interface was formed in Ref. 8 w
lower than the one used in our experiment. This sugge
that, although movement of Fermi level seems to be l
likely than doping modification, it cannot be completely r
fused.

V. CONCLUSIONS

We have presented the optical anisotropy measured at
GaAs interfaces formed on different phases of GaAs~001!
surface. We have determined that, although the stable s
ture of the interface isalways represented by the (132)
Ge-Ga dimer structure, regardless of the starting condit
the intermediate phases depend upon the stoichiometry o
surface onto which Ge is deposited. The role of annea
has been investigated to define either the structure of
overlayer and the doping of the substrate, more likely mo
fied by in-diffusion of Ge atoms caused by temperature.
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