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Surface modifications induced by germanium deposition onto clean @@Bssubstrates have been moni-
tored by reflectance anisotropy spectroscORAS) and low energy electron diffractioLEED). The clean
GaAg001) surfaces onto which Ge has been evaporated wgte 4), (2x4), and (4x1) reconstructed.
Regardless of the initial surface reconstruction, after deposition of 0.5 monolayers of Ge and further annealing
at 850 K, we havalwaysobserved a (X 2) LEED pattern and the same characteristic RAS spectrum. On the
contrary, overlayer structures obtained at intermediate stages between the clean surface and2bhjshéke
depend upon the initial surface reconstruction. Modifying th& 2} 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
atE; andE,+ A, 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.
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[. INTRODUCTION lated to the temperature of the substrate during and after Ge
deposition.
Among the very first heterojunctions studied,Ge/GaAs A first attempt to explain the experimental results on the

interface has deserved attention for the good lattice-matchase of first principles pseudopotential calculations has been
existing between the substrate and the growing overlayereported by Srivastava and Jenkiiswho have obtained
(<=0.1%. Thus, Ge/GaAs has become a prototypical sysatomic geometry, electronic states and bonding structures for
tem to investigate the heterojunction evolution and the bandboth (1x2) and (2<1) superstructures, respectively built
offset. Several papers were dedicated to the comprehensiap with Ge-As dimers and Ge-Ga dimers.
of the factors determining the interface evolution and its Also optical techniques, in particular Reflectance Anisot-
properties, investigating the role of either local microscopicropy Spectroscopy (RAS), have been applied to
features of the interfacémorphology of the overlayer, sur- Ge/GaA$001).14'®> The possibility of having different
face orientation, electronic properties of the starting sujfacedimers on the same GaAs substrate has suggested that this
or different preparation methodologies. For this reason, a fewystem could be an ideal case to investigate the origin of the
of the initial studies were mainly focused onto Molecular anisotropic signal measured with RAS. Although the poten-
Beam Epitaxy(MBE) grown samples, providing different tial of RAS to study fundamental aspects of surfaces and
surface reconstructions of the starting G&O%) surface, interfaces has been clearly demonstrdfed® important
useful to understand the role of the substrate stoichiometryjuestions, mainly regarding its theoretical interpretations, are
As a result, some well defined surface reconstructions werstill under debate. In fact, while—at the beginning of its
identified by Low-Energy-Electron-DiffractiofLEED) at  development—explanation of spectral features was normally
the early stages of Ge/GaAs interface formation, but detailetimited to symmetry-based arguments, it has been more re-
models for the surface structure were not known. cently shown that experimental spectra can be well inter-
More recently, the Ge/GaAs interface has been examinegreted on the base of accurate calculatiné* Thus precise
using spectroscopies highly sensitive to local morphology, asorrelations between theoretical results and optical features
Scanning Tunnelling MicroscopySTM)!%! and Medium-  are obtained if the assumed atomic structure is realistic.
Energy-lon-ScatteringMEIS).'? The results have confirmed Following this approach, in our previous paper we have
that the early stages of the interface formation are characteboth experimentally and theoretically investigated the struc-
ized by different phases with definite LEED pattefisk2  ture of the Ge/GaAs interface resulting after submonolayer
and 2x 1), interpreted as built by Ge-As and Ge-Ga dimers,deposition of Germanium onto the ¥2) reconstructed
respectively. The existence of such reconstructions was ré&5aAg001) surface and subsequent annealing/e have ob-
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tained a well ordered and stable X2) phase, passing LEED
through a disord.ered (>24.) phase, and ruling out the previ- Ge on (2x4) HD sample
ously proposed intermediate ¥2L) structure.

In this paper, we have extended our RAS and LEED in-
vestigation to deposition of Germanium ont¢4x4) and 2
(4% 1) reconstructed GaAB0l) surfaces, that are respec-
tively the more As-rich phase and a case of Ga-rich recon-
struction. We present also the evolution of the optical prop-
erties of the (X 2) phase at higher Ge coverage. Finally, in
order to clarify the origin of different contributions to RAS
spectra for the (X 2) surface phase, we have modified the wg
sample surface either depositing additional Ge layers or ex- v~
posing it to air. The different behavior of the various spectral a3
features identified with this procedure are consequently dis- =
cussed and interpreted. -

The paper is organized as follows. In Sec. Il we describe &
the samples and the experimental set-up. Experimental re @
sults are presented in Sec. lll and discussed in Sec. IV. In
Sec. V conclusions are drawn.

d) after the clean surface
was exposed to air

¢) after annealing
@850 K
(1x2)

(2x1)

a) clean surface

Il. EXPERIMENTAL (/W (2x4)

The samples were epitaxial;doped GaAs layers, grown
by MBE on GaA$001) substrates and capped with an amor- T T T
phous As protective Iayer.GTwo giﬁerent doping8conc3entra- 2 3 4 5
tions were usedn=1x10%cm 2 and n=1x10*® cm™3,
hereafter indicated as LD ow Doping and HD(High Dop- Energy (eV)
ing), respectively. _ FIG. 1. Refr/r) spectra of a GaAs(004(2x 4) surface cov-

After transfer from the growth chamber through air, theered with Ge overlayers. The doping concentration of the GaAs
samples were investigated in an Ultra-High-VaculuiV)  sample (indicated as sample HDwas n=1x10%cm 3. RAS
chamber equipped with a four-grid reverse view LEED optic.spectra were measured &) clean (2x4); (b) 0.5 ML of Germa-
The RAS set-ugdescribed elsewhe?® was placed in front  nium; (c) after annealing @850 K(d) after the clean surface was
of a strain-free quartz window of the UHV chamber. The exposed to air. Each curve has its own zero line. The LEED pattern
samples were decapped at 620 K, yielda{g < 4). Further  corresponding to each surface phase is also indicated.
annealing to 670 K and 820 K yielded X2) and (4x1)

surfaces, respectively. Ge evaporation was performed using|gted structures &, (2.9eV), E;+A; (3.1eV), andE (4.3
calibrated MBE ce!l. During deposition, the pressure in theev) critical points, still evident after exposure to &fig. 1,
chamber(normally in 10"+ mbar ranggwas better than 2 cne g. The different amplitudes of oscillations in curves
X10"" mbar. The substrate was kept at 600 K and 700 K14 and 2due to the Linear Electro Optical effect, LED
during submonolayer and higher coverage Ge deposition, rege consequence of the different doping concentrations.
spectively. ) 0.5 ML of Ge were deposited on HD and LD substrates
RAS spectra are commonly reported in termsZafir  1ept at 600 K. RAS spectra are shown in Figclirve b and
=Aplp +iA6, wherer=pexp(¢) is the complex reflec- Fig. 2 (curve b, respectively. After deposition, a strong re-
tance, andAr is defined asAr=ry0—rq10. The subscript qyction of the peak intensity at 2.9 eV is apparent as well the
denotes the polarization of light at normal incidence withgevelopment of a negative contribution below 2.6 eV. The
respect to directions on the sample surface. In the followingyroad positive structure centered at about 4 eV seems less
we will show only spectra of RAf/r), that is the real part of sffected by coverage. LEED exhibits a weakx(2) for
RAS signal, always recorded after samples were cooled afample HD, and a weak (41) for sample LD.
room temperaturgRT). On clean GaA®0) surfaces (2 After annealing(850 K, 5 min the LEED pattern be-
X4) [(4X1)] reconstructed, As-A%Ga-Ga dimer bonds  comes (1x2). RAS spectra undergo a variation in the low

are aligned along110] ([110)). energy side(Fig. 1, curve ¢ and Fig. 2, curve evith two
negative structures that are now visible at about 1.8 and 2.4
Ill. RESULTS eV. However, the 4 eV peak is evidently predominant.

Passing from clean (24) to the Ge-covered (12) sur-
face, the LEO oscillation decreases. For sample LD, it al-
As-rich (2X4) surfaces were prepared from HBig. 1, most vanishes after 0.5 ML, being again visible4th oppo-

curve a and LD (Fig. 2, curve a samples. In both RAS site sigr—after annealing at 850 K.
spectra, superimposed on the anisotropies at 2.9 eV and 4.4 Figure 3 displays RAS spectra after deposition of 2 ML
eV typical of (2x4) reconstructiort!**?°there are bulk re- (HD sample, T¢,;=700 K). The LEED pattern is (2),

A. Ge on(2X4)
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FIG. 2. Re{r/r) spectra of a GaAs(001(2x4) surface cov- FIG. 3. ReQr/r) spectra of a GaAs(004(2x 4) surface cov-

ered with Ge overlayers. The doping concentration of the GaAgy ed with Ge overlayers. The spectra were measured)a:ML of
sample (indicated as sample UDwas n=1x10°cm °. RAS  Ge: (b) after annealing @850 K(c) after additional 10 ML of Ge
spectra were measured &b clean (2<4); (b) 0.5 ML of germa-  (i5ta coverage: 12 MY (d) after annealing @850 K(e) after
nium; (c) after annealing @850 K. Each curve has its own zero line gy posure to air. Each curve has its own zero line. The LEED pattern
g_hetLEED pattern corresponding to each surface phase is also iRorresponding to each surface phase is also indicated.
Icated.

spectrum is reported in Fig. 5, curve b. The minimum at 2.8
with sharp spots, then again X2) after annealing at 850 K. eV is reduced, and the weak feature at 2.3 eV disappeared.
This reconstruction does not change after ten additional ML  After the sample was annealed at 700 K for 5 min, the
of Ge (Tsu=700K). Further annealing at 850 K has no LEED pattern became a weak %X3). The corresponding
effect. After exposure to air, the negative signal below 2.6 e\RAS spectrum(Fig. 5, curve ¢ mimics the 2<4 case: a
is still present(Fig. 3, curve ¢ Other structures are visible at dominant peak at 2.9 eV, plus ancillary features at 3.4 and
3.6 eVand42eV. 4.3 eV. After a new annealing at 850 K the LEED pattern

To monitor the interface evolution at higher Ge coveragechanges, becoming (42). The RAS spectrum has now the

regime, 21 ML were deposited on the X2) phase(LD,  same line shape as obtained when identical treatment has
Tsuy=700K) (Fig. 4, curve & The sample was then an- peen applied to (2 4) surface, with two minima around 1.8
nealed at 850 KFig. 4, curve b. Negative minima at 1.8 gnd 2.4 eV, plus a broad maximum at about 4 eV,
and 2.4 eV are detected. A residual LEO oscillation is present
at 2.9 eV. The LEED pattern was ¥2), weak after Ge C. Ge on(4X1)
deposition and clear after annealing. The RAS spectrum
measured for the same samples stored in air for few days i
almost identicalFig. 4, curve ¢.

< Finally, we studied the effect of Ge deposition onto a (4
X 1) Ga-rich surface. RAS line shape for the clean surface
(Fig. 6, curve ais characterized by the large, negative peak
B.G A4 at 2.2 eV typical of Ga-termination, and the LEO oscillation
- Ge onc(4x4) at 2.9-3.15 eV

The RAS spectrum of clean As-riot{4x4) surface is When 0.5 ML of Ge are deposited on this surfadg,(
characterized by a minimum at about 2.8 eV plus LEO 0s=600 K), LEED detects a rather goodX2) order. In RAS
cillation at 2.9-3.15 eV, as already report&dFig. 5, curve  spectrum(Fig. 6, curve bthe two negative features at 1.8 eV
a). An additional weak structure is detectable at about 2.3 eVand 2.4 eV appear. (42) order is still present after anneal-
as in Ref. 28. ing at 850 K(Fig. 6, curve ¢. RAS spectra do not show any

After deposition of 0.5 ML of Ge T,;= 600 K), we ob-  particular difference with respect to other G&@@1) sur-
served a faint (X 2) LEED pattern. The corresponding RAS faces similarly treated.
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FIG. 4. Refr/r) spectra of a GaAs(004(2x4) surface cov- FIG. 5. ReQr/r) spectra of a GaAs(00&f4x 4) surface cov-

ered with Ge overlayers. The spectra were measure@a?l ML gred with Ge overlayers. The spectra were measurethatlean
of Ge; (b) after annealing @850 Kic) after exposure to air. Each  gyrface;(b) after deposition of 0.5 ML of Ge(c) after annealing
curve has its own zero line. The LEED pattern corresponding ta@700 K; (d) after annealing @850 K. Each curve has its own zero
each surface phase is also indicated. line. The LEED pattern corresponding to each surface phase is also
indicated.
After additional deposition of 2 ML T,,= 700 K) and

subsequent annealin@ls,;=850 K, 5 ming, the surface has a (1x1) LEED pattern. We never observed the previ-
showed a (X 2) order. ously proposed intermediate ¥2L) phase?
When a clearc(4X4) surface is covered with 0.5 ML of
Ge (T¢u= 600 K), we have measured a weak{2) LEED
IV. DISCUSSION pattern and RAS spectra without the typical features of
A. Surface and interface structure Ge-Ga dimerdon clean GaA®O01) the transition tempera-

o ) ture for c(4xX4)—(2x4) is in the range 400-450 iCIn
Considering the Ge/GaAs interfaces that we have premis case, (k2) order originates from a disorderex{4

pared on varioug001) surface phases, the present experi-x4) produced by deposition, and must be distinguished
mental data allow to extract some general conclusion. from the (1x2) phase due to Ge-Ga dimers formation. This
(1) For all GaAs(001) surfaces, thElx2) phase always new phase could consist of a Ge-As mixtte5 ML of As
occurs after 0.5 ML of germanium are deposited and theand 0.5 ML of Ge, producing mixed Ge-As dimers at the
sample is annealed at 850. Khe corresponding RAS spec- surface, directed along th#&10] direction. When this surface
tra have a well defined and characteristic line shape: twds annealedFig. 5, curve ¢, the (2<3) LEED pattern indi-
negative peaks at about 1.8 eV and 2.4 eV, plus a broadates the formation of a structure similar to the one already
positive feature centered around 4 eV. This RAS spectrum iseported as intermediate betweef4x4) and (2<4) on a
characteristic of the Ge-Ga dimer structtffél1° clean (001) surfac€”® The (1x2) originated from Ge-Ga
(2) On the contrary, the intermediate state between the cleadimers would be not affected by a 700 K annealing, since
surface and the orderefll X 2) phase depends on the start- this temperature is too low to produce an effective variation
ing surface of stoichiometry for this structure. Only at the higher anneal-
We have already shown that, in sample HD, after deposiing temperature of 850 K, Ge-Ga dimers are formed, and the
tion and annealing of 0.5 ML of Ge, the ¥4) surface RAS spectra exhibit the typical line shape of thex(2)
changes to (X2), passing through a disordered X2) Ge-Ga terminated surface.
phase'® For sample LD(this work) the intermediate phase A (1X2) LEED pattern is also observed after deposition
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ered with Ge overlayers. The spectra were measurethjatlean
surface;(b) after deposition of 0.5 ML of Ge{c) after annealing
@850 K; (d) after additional 2 ML of Getotal coverage: 2.5 ML,
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a) 2x4\

. b) 0.5ML of Ge and annealing
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FIG. 7. Ae computed by KK analysis from R&(/r) spectra of
GaAs(001)-(24) surfaces covered with increasing Ge overlay-
ers: (@) (full line) clean surfacgcorresponding RAS spectrum:
curve a, Fig. 1; (b) (dotted ling after 0.5 ML of Ge and annealing
@850 K[RAS spectrum: curve c, Fig]1(c) (dashed lingafter 21
ML [RAS spectrum: curve d, Fig.]4

Within the three-layer modéP the complex RAS signal
is expressed by:

r A

Ar  4mid Aeg
= 7 &Y
€p
where Aeg=Ae.—iAel=e 20— ¢ is the anisotropy
of the surface(or overlayey dielectric function between
[110] and[110] directions, e, the complex bulk dielectric

(e) after annealing @850 K. Each curve has its own zero line. Thdunction,d the thickness of the layer, andthe photon wave-
LEED pattern corresponding to each surface phase is also indicateféngth. In general, in order to obtaifie, and A&, from

and annealing of 0.5 ML of Ge onto the cleanX4) Ga-

experimental Rer/r) we need an additional Kramers—

Kroenig (KK) relation3%%2

rich surface: in this case it originates from Ge-Ga dimers The resultingAeg curve computed from the RAS spec-
formed at the surface as the overlayer is grown, consistentl{ffum of Fig. 1, curve c, is displayed in Fig. 7, curve b. For a

with the Ga-richness of the ¢41) surface. No As desorp-

comparison, we have also reportdd for the clean (2

tion and consequent intermediate phase must occur befopg4) phase, extracted from spectrum a of Fig. 1. The peak at

Ge-Ga bonds are formed.

We conclude thabnly theintermediate phasbetween the
clean surface structure and thex(2) Ge-Ga dimer structure
(characteristic of the Ge/GaAs interfacgepends upon the
starting surface reconstructiorFor As-rich clean surfaces,

2.9 eV, characteristic of the ¢24) reconstruction, has been
cut down by Ge deposition and annealing, while the structure
at E{ bulk critical point is only slightly affected. Besides the
already discussed negative peaks at 1.8 and 2.4 eV, a new
feature has now appeared at about 3.3 eV. We attribute this

during desorption of excess As, an intermediate phase occussructure to the Ge overlayer, as also tested by its evident
before the (X 2) surface is formed. On the contrary, for sensitivity to contamination.

Ga-rich surfaces the (42) phase is formed directly upon
Ge deposition at 600 K.

The anisotropy spectrum measured at thex@) Ge/
GaAg001) interface is well accounted by calculatiofson
this basis, we attributed two negative featuf@sl.8 and 2.4

For higher Ge coverage, our experiments were limited to
GaAs(001)(2<4) surfacegFig. 3, curve ¢, and Fig.)4The
spectral line shape changes in the high-energy range, where a
broad structure evolves at about 3.4 eV. Below 3 eV, the
spectrum is essentially unaffected, as one expects for

eV) to back-bonds of the surface Ge-Ga dimers. This attriinterface-related anisotropiésee discussion abokerhe oc-

bution agrees with the observation théi: such structures
are visiblejust after depositiorwhen Ge/GaAs interface de-
velops onto a Ga terminated laydii;) such structures sur-

currence of a (X2) LEED pattern comes probably from
superposition of (X2) and (2<1) domains on the surface
of the Ge epilayer: the surface most likely has the same

vive after the sample is exposed to air, as they come fronstructure as G@01), locally dimerized with (X2) or (2

buried interface states of the Ge overlayer.

X 1) superstructurd On a single domain surface, the RAS

The broad peak at about 4.1 eV—significantly reducedspectra should be similar to the ones measured f¢0@e

after surface contamination—deserves a closer analysis.

surfaces® but any eventual anisotropy contribution of
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Ge-Ge dimers cancels out for the presence of differently ori- The possibility to distinguish between alternative interpre-
ented domains. Also the behavior versus gas contaminatiaiations comes from the mentioned experimental finding that
is different: no modification is evident after exposure to air. LEO sign inverts in sample LD after 0.5 Ge ML have been
Computing by KK analysis the overlayer dielectric func- annealed at 850 KFig. 2, curve ¢ On the contrary, no
tion from RAS data, we have obtained the curve c of Fig. 7inversion of sign occurs in similar conditions for HD
The difference between experimental Beg() and computed samplegFig. 1, curve ¢.
A&l is large: the peak at 3.4 eV, prominent in the RAS spec- This effect is likely produced by Ge in-diffusion leading
tra of Fig. 4, does not exist in thes! curve. It is an artifact to p-doping of the substrate: Ge atoms, in a GaAs matrix, can
of the dependence of RE(r) upon the substrate and over- behave as acceptor atorfisThe highly n-doped sample
layer dielectric functions. The resulting line shape—with two(HD) is only partially compensated, while the lightly
structures aE; andE critical points—is evidently a relic of N-doped sampleLD) is overcompensated, thus becoming
the GaAs substrate, related to modifications of the effect tha-doped. Given the doping level of our samples, we estimate
surface termination has on bulk wave functidh&without ~ that a low number of Ge atomiess than 1 for 1000 atoms
any particular surface or interface contribution. Furthermoredeposited onto GaAss necessary to produce the local dop-
we cannot exclude that strain effects in GaAs produced bynd variation, diffusing into the substrate for a depth compa-
the Ge overlayer provide an important contribution to therable to the penetration length of light at tfg and E,
measured anisotropy. + A critical points. These values are below the detection
In conclusion, in the high coverage regime RAS spectrdimit of spectroscopies used to monitor interdiffusion at the
areinterface, overlayer, and substrate-relajethile true sur-  Ge/GaAs interfacé>*!
face terms have vanished. Alternatively, the diminishing/reversal of LEO could be
Finally, we want to comment briefly about the zero linesexplained in terms of the final Fermi-level positiok)
that have been reported in figures for each experimentavhen the interface has evolved toX2) structure. This po-
Re(Ar/r) curve. In fact, from Eq(1) it is possible to show Sition should be intermediate between the ones typical of the
that shifts of the baselinavithin the experimental energy clean (2<4) surfaces of HD and LD samples. In the former
range could be the consequence of anisotropic absorptiogase band bending would decrease, in the latter an accumu-
out of the experimental energy rangbat introduces detect- lation layer would form, reversing the surface field and LEO
able effects in Re\r/r) through the real par\e. of the sign. From photoemission data we estimate that after depo-
overlayer dielectric function anisotropy, weighted by a coef-sition of 0.5 ML E¢ is only slightly moved from its initial
ficient related to bulk absorptiofsee, for example, discus- value’ Since we knowEe due to the doping level in our

sion in Refs. 31 and 32In our data, however, such baseline samples, this little variation is not enough to explain the
shifts seem to be negligible. observed behavior of LEO. However, the temperature at

which the Ge/GaAs interface was formed in Ref. 8 was
lower than the one used in our experiment. This suggests

B. Linear-electro-optical effect and doping that, although movement of Fermi level seems to be less
. . . likely than ing modification, i nn mpletely re-
It is well known that in RAS spectra characteristic fea- fuseeﬁt an doping modification, it cannot be completely re

tures appear in coincidence with bulk critical points, due to
the linear-electro-optical effe€LEO). LEO is a modification
of the bulk optical properties induced by the electric field
consequence of band-bending at the surfA®.In RAS

spectra it induces oscillations at bulk critical points, detected \\ie have presented the optical anisotropy measured at Ge/
at well-defined photon energies. The amplitude of LEO 0SGaAs interfaces formed on different phases of GAA%
cillation depends upon the static dielectric functionf the  syrface. We have determined that, although the stable struc-
crystal, the carrier concentratioN and the surface band t,re of the interface ilways represented by the (42)
bendingVy,, . Since LEO is linear with respect to the space-Ge-Ga dimer structure, regardless of the starting condition,
charge electric fle!d,sLEO structures invert upon going fromhe intermediate phases depend upon the stoichiometry of the
n- to p-type material’ o surface onto which Ge is deposited. The role of annealing
_In Sec. Il we commented that LEO oscillation—clearly has been investigated to define either the structure of the
visible for the clean surface &, andE;+A, bulk critical  overlayer and the doping of the substrate, more likely modi-

points—reduces strongly in amplitude and even changes itged by in-diffusion of Ge atoms caused by temperature.
sign after Ge have been deposited onto the clean surface and

then annealed. This variation could be the consequence of a
change either in doping concentratigW) or in band bending
(Vpp)- In our experiment, the former effect could originate
from diffusion, during annealing, of Ge atoms from the outer We would like to acknowledge financial support by the
layers into GaAs substrate, with consequent modification oDeutsche Forschungsemeinschaft under Contract No. Es 127
local doping. The latter could be due to a change in thet/1-4/4. One of the authof¥.E.) is grateful to the Alexander
electronic states distribution at the interface induced by forvon Humboldt Foundation for assistance and financial
mation of Ge-Ga dimers, moving the Fermi level. support.
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