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The Ohmic-contact formation mechanism in furnace alloyed Au/Te/Au/(n-type GaAs) structures is

investigated by the combined application of Mossbauer spectroscopy, x-ray diffraction, Raman scatter-

ing, and Auger-electron-spectroscopy depth profiling. A dominant shallow-donor-dopant behavior of
the Te atoms (substitutional on As sites) can be questioned. The observed low-resistance conductivity is

related to the presence of a (n -type Ga2Te3)/(n-type GaAs) heterojunction. Although the possibility

of some residual n-type doping of the GaAs substrate remains, evidence is adduced that, in the Ohmic-

contact formation mechanism, at least an eqva11y important role is played by a degenerate As n-type

doping of the Ga2Te3. Similar arguments are developed for the (Au-Ge)/(n-type GaAs) and

Ge/Pd/( n -type GaAs) Ohmic-contact systems.

I. INTRODUCTION

Ohmic contacts on n-type GaAs have been extensively
studied. ' However, as the main line of research was
directed towards device improvement, the contact forma-
tion mechanism is still under debate for most of the
metallizations developed. In particular both the Ge-
based contacts, namely the Au-Ge device standard, and
the recently developed Ge/Pd system, remain controver-
sial. So far, the discussion has mainly centered upon the
question of whether the low-resistance conduction ob-
served after alloying can be explained by a doping of the
GaAs substrate, or by the formation of a graded crystal-
line or amorphous heterojunction. The doping model
requires the formation of a highly Ge-doped ( =2 X 10'
donors/cm ) GaAs surface layer, over a width larger than
the depletion depth (i.e., )60 A), to permit electronic
conduction to occur by quantum-mechanical tunneling. '

The crystalline heterojunction model postulates the ex-
istence of a graded Ge„(GaAs),

„

intermediate layer, the
required grading width of which, however, being strongly
dependent on the doping level of the GaAs substrate and
of the Ge top layer. According to this theory, the large
barrier height at the metal-GaAs interface is divided into
smaller metal-Ge and Ge-GaAs energy steps. The possi-
bility of a defective regrown GaAs surface layer, causing
Ohmic conduction according to the amorphous hetero-

junction model, has also been proposed. ' This model
requires the presence of a large density of localized gap
states at the metal-semiconductor interface. The current
transport through this contact layer is argued to occur by
recombination, and/or by impurity-assisted tunneling or
hopping of electrons between those localized defect lev-
els.

To extend the study of the nature of n-type GaAs
Ohmic contacts, a Te-based metallization scheme, with
contact resistivities (r, ) comparable to those of the Au-Ge
device standard, was developed by our research group. '

The main models invoked to explain the Ohmic-contact
formation in the Au-Ge/(n-type GaAs) system, can also
be applied to the Au/Te/(n-type GaAs) contact. A high-
ly n-type doped GaAs surface layer can be formed by the
substitution of Te atoms on As lattice sites, forming a
shallow-donor level. The role of Ge in the formation of a
graded (Ge)„(GaAs), „heterojunction can be taken over
by the semiconducting compounds Ga2Te3 (having the
zinc-blende lattice structure), and As2Te3, both having
band gapa E = l.0 eV, and/or by elemental Te
(Es =0.33 eV). The observation that Te atoms also can
form a deep level in GaAs (for instance, the TeA, -Vo, de-
fect complex ' ) on the other hand is compatible with
the requirements of the amorphous heterojunction model.

In this paper, we report on an extensive investigation
of the Au/Te Ohmic-contact scheme by the combined
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application of Mossbauer spectroscopy, Raman scatter-
ing, x-ray diffraction (XRD), and Auger-electron-
spectroscopy (AES) depth profiling, in correlation with
electrical (I V, -and r, ) measurements. These data are in-
terpreted by a reference study, including Mossbauer spec-
troscopy, XRD, optical (uv-ir) transmission and electrical
measurements, of (Au/As) (Ga2Te3)

&
„compounds.

The results allow one to assign the observed low-
resistance Ohmic conduction to the formation of a
(Te/)Ga2Te3/GaAs crystalline heterojunction. It is ar-
gued that in this process a most crucial role is played by
outdiffusing As, which provides a degenerate n-type dop-
ing of the Ga2Te3, leading to Fermi-level unpinning at the
Ga2Te3/GaAs interface, and to the formation of an Ohm-
ic metal/(Te/)Ga2Te3 contact. A similar concept is pro-
posed to hold also for the Au-Ge/ and Ge/Pd/(n-type
GaAs) systems.

II. EXPERIMENTAL PROCEDURES

Thin-film structures were prepared on (100)-oriented
GaAs by resistive-heating evaporation of successively 50
A Au, 500 A Te, and 1200 A Au in a vacuum of 10
Torr. A 200-nm-thick Si3N4 layer was deposited by
plasma-enhanced chemical-vapor deposition (PECVD) on
some of the samples before annealing. Prior to metalliza-
tion, samples were etched in a [HC1]:[H20] (1:1)solution.
Heat treatments (200—600'C) were performed under a
forming gas ambient (90% Nz+10% H2) in a graphite
strip heater (t,a=15 s) and in a conventional furnace
(t„,=3 h).

Uniformly Si-doped (3 X 10' at/cm ) wafers were used
for the electrical (I V), and for some-of the Raman mea-
surements. I- V tests were also done on Zn
(2 X 10' /cm )-doped samples; semi-insulating (SI-) GaAs
was taken in all other experiments. For the specific
contact-resistivity measurements, an ion-implanted con-
ducting channel was formed using 150-keV Si at a dose of
3 X 10' atoms/cm . The contact resistivities of the sam-
ples were measured by a standard transmission line
method. For the I-V measurements, wafers with pads
100X100 pm in size and gaps of 100 LMm were prepared
by photolithography, ' the data were acquired at room
temperature and at 77 K.

To prepare samples containing Mossbauer probes,
Te was implanted (40 keV) in the as-evaporated Te

layer, after which the Au overlayer was deposited. The
Mossbauer spectra were recorded at 4 K, using a 10-
mg/cm CuI absorber. With this absorber, having an
effective thickness t =7. 13, theoretically a minimum
linewidth of 1.13(1) mm/s can be obtained. Taking into
account geometrical and instrumental broadening,
minimum linewidths of the order of 1.2 —1.3 mm/s are ex-
pected. " 0-20 XRD experiments were carried out on a
computer-controlled Rigaku Dmax II rotating anode
spectrometer. Cu Ka radiation (A, = l. 541 84 A) was
selected with a flat pyrolitic graphite monochromator. co

scans were done by rocking the sample over a few degrees
around a 20 position. The Raman measurements were
performed at room temperature using a triple spectrome-

ter with multichannel detection (Dilor XY). Focus diam-
eters of 2 and 100 pm were used. The spectra were taken
in backscattering geometry with the 514- and 457-nm
lines of an Ar+ ion laser, and the 647-nm line of a Kr+
ion laser, at an input power ~ 1.0 mW. In these experi-
ments different orientations for the polarizations of the
incident and scattered light were used. The scattering
configurations are indicated using the Porto notation. '

For some measurements, the scattered light was detected
without using an analyzer.

AES sputter depth profiles were recorded with a scan-
ning Auger Microprobe (PHI 600) using a 10-keV, 0.03-
pA, 45' incident electron beam with a spot size of 0.3 pm,
by ion milling with a 1.5-keV, 1-pA/mm, 35 incident
Ar+ ion beam rastered over an area of 1.5X1.5 mm .
The spectra were recorded with a 0.6% resolution and
quantification was performed with the PHI sensitivity
factors after correction for noise signals, but not for pref-
erential sputtering and matrix effects. Using Si02 stan-
dards, and Rutherford backscattering spectroscopy refer-
ence spectra, ' 1-min sputter time is calibrated as corre-
sponding to 100(+10)A. Auger mappings of the different
elements were acquired at 10-keV with a 0.03-pA elec-
tron beam. A description of the preparation procedure of
the Ga2Te3 reference powders can be found in Ref. 14.

III. RESULTS

A. Electrical measurements

Comparable specific contact resistivities ( = 5 X 10 ~ to
5X10 Qcm ) were measured on Au-Ge and Au/Te
Ohmic contacts processed on identically prepared GaAs
wafers. These values were found to be independent of
temperature in the 77—298 K range. Both metallization
systems, however, differ by the alloy temperature at
which the Ohmic conduction is observed. This onset of
Ohmicity, which, for Ge contacts, commonly is reported
to occur at 350—400'C [after rapid thermal annealing
(RTA)] was found at =500'C (RTA) for Te contacts
with a 1200-A-thick Au layer. The 350'C (RTA) heat
treatment yielded only a degradation of the Schottky
characteristics: by I Vtests resistanc-es (R ) =10 —10 0
were measured, which should be compared to values
=10 —10 0 found for as-deposited and low-temperature
(300'C) annealed contacts. For reference: the onset of
Ohmicity as probed by these I-V measurements is defined
to occur for resistance values ~25 0 (r, =10 —10
Qcm ). '

Apart from this shift in temperature for the Ohmicity
onset, however, very similar traits in the alloy behavior of
both types of contacts can be discerned. Indeed, similar-
ly as reported for the Au-Ge metallization, ' an increase
in the contact resistivity by one to two orders of magni-
tude [r, =(1—5) X 10 0 cm ] was observed for a 1200-
A Au/Te/Au/GaAs contact alloyed with a Si3N4 cap at
500 C (RTA, capped). The contact resistivity decreased
to lower values again [=(1—5)X10 Qcm2], after a
capped 550'C anneal (RTA). Also, a reduction of the
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amount of Au in the metallization shifted the tempera-
0

ture onset of Ohmicity to higher values: for a 700 A
Au/Te/Au/GaAs system alloyed without cap, Ohmic-
contact characteristics were observed only after a 550 C
(RTA) anneal. A similar feature was observed also for
the Au-Ge contact. ' Applying long-time thermal an-
neals (LTA), on the other hand, decreased the Ohmic-
conductivity temperature: a 3 h, 400'C [320'C for Au-

Ge (Ref. 15)] heat treatment resulted in similar resis-
tances (R = 8 —15 0) as found at 500'C (RTA). However,
Schottky (or p-n, indiscernible with the analysis method
used) characteristics were obtained on p-type GaAs sub-

strates for all alloy conditions studied, a result which also
conforms with the (Au-Ge)/(p-type GaAs) behavior, ' '
but not with the results obtained by pulsed laser beam
mixing of the Au/Te contacts.

B. AKS measurements

Figure 1 shows a scanning electron microscopy (SEM)
micrograph of the surface of a (1200-A Au)/(500-A Te)/
(50-A) Au)/GaAs sample alloyed at 500'C (RTA). An

apparent inhomogeneity in the sample surface topogra-

phy can be discerned: the surface is heavily subjected to
the phenomenon of "balling, " a feature reported also for
the Au-Ge metallization. Blisters, with dimensions of the
order of micrometers, appear on the sample surfaces for
anneal temperatures ~350 C. Microprobe AES depth
profiling was applied to investigate the composition of
the different surface features: results for 500'C (RTA)
contacts are shown in Fig. 2. Both the depth profiles of
blisters, and of the sample surface in between were
recorded. In the registered depth profiles, the oxygen
trace was not included, which was done with the aim of
decreasing the analysis time, in order to avoid sample
drift during the measurement. By separate measure-
ments, the oxygen signal was found peaked at the sample
surface, ' as reported also for alloyed
Ni/Au/Te/Ni/GaAs structures. ' In the depth profile of
the as-deposited sample, however, a concentration of a
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few atomic percents of oxygen was observed only in the
Te layer.

The blisters, as can be seen on Fig. 2, consist mainly of
Au [=70(10) at. %] and Ga [=20(5) at. %], with a very
thin [=50(30)-A] Ga-Te layer on top. The spreads quot-
ed correspond to the deviations found for different mea-
surements on 500—550'C samples (cf. also Ref. 18).
From cross-sectional transmission electron microscopy
(TEM) measurements, the total thickness of the blisters is
estimated =6000 A, extending =3000-A deep into the
GaAs substrate. ' The AES depth profile taken in be-
tween the blisters reveals the formation of a rather thick
layer, mainly composed of Ga and Te (=10 at. % As is
present at the surface) on top of the GaAs substrate.
This finding is consistent with TEM analysis, which also
indicated the presence of a surface layer with a different
structure compared to the substrate, in between the blis-
ters. Specimen preparation dimculties, however, exclud-
ed a further TEM investigation. ' From the AES
profiles, the thickness of this Ga-Te top layer for the
550'C condition can be estimated to be =160(30) A; at
500'C the thickness is =220(40) A; at 400'C =700(100)
A. However, at this 400'C alloy temperature the separa-
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FIG. 1. SEM micrograph of the surface of a (1200 A
Au)/(500-A Te)/(50-A Au)/GaAs sample alloyed at 500 C. The
marker denotes a length of 10pm.

FIG. 2. AES depth profiles of the "normal surface" of a
500 C annealed (1200-A Au)/(500-A Te)/(50-A Au)/GaAs sam-

ple, and of a blister. 1 min sputter time is equal to 100 A.
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TABLE I. ' I Mossbauer parameters of one-component fits to the spectra of alloyed
Au/(' Te}Te/Au/GaAs contact structures, and of (Au/As) X [Ga,(" Te)Te3], „reference powders.
The symbols 5, 5, g, and I are defined in the text. Isomer shifts are absorber isomer shifts, given with

respect to CuI. The spread observed is given in square brackets.

Furnace-alloyed
Au/Te/Au/GaAs

6
(mm/s) (Mhz)

r
(mm/s)

as-dep.
300'C (RTA)
400'C (RTA)
400'C (RTA*)
400 C (LTA)
500-550'C (RTA)
550'C (RTA/capped)

+ 1.16(5)
+ 1.40{5)
+0.78(5)
+0.74(5)
+0.74(5)
+0.76(5)
+0.75(5)

—405(10
+355{10)
+480[30]
+472(10)
+477(10)
+475[25]
+489(10)

0.73(5)
0.60(5)
0.87(5)
0.84(5)
0.83(5)
0.80(5)
0.83(5)

1.3(1)
1.3(1)
1.4(1)
1.3(1)
1.6(1)
1.6(1)
1.6(1)

1.20[10]
1.27
1.45[25]
1.29
1.62

3.41

(Au/As) (Ga2Te3) l

Ga,Te,
As2(Ga2Te3) l9.6

Aus(Ga2Te3) f9

Au ]7(Ga2Te 3) ]6.6

+0.70(5)
+0.67(5)
+0.82(S)
+0.83(5)

+477(10)
+470(10)
+498(10)
+487(10)

0.92(5)
0.95(5)
0.86(5)
0.84(5)

1.8(1)
1.8(1)
1.5(1)
1.5(1)

3.10
3.26
1.35
1.15
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FIG. 4. ' I Mossbauer spectra of ' Te labeled Ga2Te3 and
Au»(Ga2Te3)&66, using a CuI absorber. Full lines represent
one-component fits to the data according to the parameter sets
listed in Table I.

thin-film structure occurs by a solid-phase-reaction pro-
cess, whereas the AuTe2 structure investigated in Ref. 21
was prepared starting from the molten phase.

The main interest of this paper, however, concerns the
Ohmic, 500—550'C (RTA) and 400'C (LTA) contact
structures, and actually, in view of the close resemblance
in hyperfine parameters (5, b„and r}}, the characteriza-
tion of their difference with the non-Ohmic 400'C (RTA)
samples. As can be seen in Table I, the parameters fitted
to these high-temperature (400—500'C) spectra corre-
spond well to either Ga2Te3 [indistinguishable from
As&(Ga2Te3)» 6] or Au, 7(Ga2Te3) &6 6. The main difference
between the latter spectra is the increased (fitted)
linewidth in the transition from Au-alloyed to pure
GazTe3, and the corresponding decrease in fit quality (in-
crease of the y value) of the one-component fit. This
misfit is predominantly related to the big asymmetry be-
tween the two main peaks, and to the missing sidewings
in the experimental data (cf. Fig. 4). The same differences
can be observed between the non-Ohmic, 400'C (RTA),
and Ohmic, 400'C (LTA), and 500—550'C (RTA) an-
nealed Au/Te/Au/GaAs structures. The fitted (one-
component) linewidth increases from 1.3(1) and 1.4(1)
mm/s for the 400 C (RTA} spectra to 1.6(1) mm/s for
the 400'C (LTA) and 550'C (RTA) data. Also, a more
pronounced deviation between the one-component fits
and the experimental data appears; as can be seen for the
550'C (RTA, capped) spectrum shown (Fig. 3), the asym-
metry between the spectral main lines is not reproduced
and the smaller sidewings are missing. Thus, from this
Mossbauer analysis we can conclude that the transition
to Ohmic-type conductivity in alloyed Au/Te/Au/GaAs
structures is correlated to a change in the preferential
binding of the Te atoms from Au-rich Ga2Te3, tentatively
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identified as AuGa2Te3 (see the discussion), to pure or
As-doped Ga2Te3.

No evidence for the substitution of Te atoms on As
sites, forming a highly doped GaAs surface layer, could
be deduced from the Mossbauer data. Fits to the
500—550'C (RTA, with and without Si3N~ cap), and
400'C (LTA) spectra including the parameter set associ-
ated with this shallow donor defect [5=0.70(5) mm/s,
b, =0] (Ref. 22) yielded as a result a zero (at least within
the detection limits of the Mossbauer technique, i.e., frac-
tions ~ 1% of the total amount of Mossbauer probes) oc-
cupation of this lattice site. Evidence of the formation of
a TeA, Vz, defect complex in the GaAs surface layers as
a result of the alloy procedure, was deduced from
Mossbauer spectra in a previous paper. This interpreta-
tion, however, should be questioned since the fitted inten-
sity of the corresponding hyperfine set did not surpass its
percentual contribution expected for being one of the
components of the GazTe3 spectrum. ' In a last remark,
we wish to point out that when a set of hyperfine pararne-
ters fixed on the values of elemental tellurium was includ-
ed in fits to the 500—550'C spectra, its intensity increased
to =2—6%%uo of the total Mossbauer resonance. This result
should be interpreted as indicating that for these alloy
temperatures the presence of some elemental Te in the
contact structures is not excluded. For the 400'C (RTA),
and 550'C (RTA, capped) alloy conditions, this Te con-
tribution was fitted to a zero intensity.

D. XRD measurements

XRD measurements were performed on as-deposited,
400'C (RTA and LTA), and 500—550'C (RTA and
RTA/capped) annealed Au/Te/Au/GaAs structures;
spectra, with co scans in the insets, are shown in Fig. 5.
The presence of Ga2Te3 crystallites in the alloyed-contact
structures is clearly confirmed: the diffraction peaks la-
beled 6 /b' in the figure correspond to the (200) and (400)
lattice planes of Ga2Te3, or closely related compounds.
One can, however, note that of the full x-ray profile of
Ga2Te3, only the signals arising from the (200) and (400)
planes are apparent, which gives a first indication for a
preferential orientation of these Ga2Te3 crystallites with
respect to the GaAs substrate. In Table II, an analysis of
these Ga2Te3 peaks, together with the relevant part of the
data measured on Ga2Te3, Aus, 7 (Ga2Te3),9,6 6, and

As, (Ga2Te3)» s reference powders, is summarized. The
lattice constants d of the different compounds were calcu-
lated as d =A, /(sin8~oo —sin82oo). Also tabulated is the in-

tegrated intensity ratio between the corresponding peaks,
and for the alloyed Au/Te/Au/GaAs samples the full
width at half maximum (FWHM) of the co scans taken
around these angles (cf. Fig. 5); the instrumental broaden-
ing of the experimental setup accounts for values
=0.10(1)'. The FWHM values observed are sufficiently
small to allow for concluding that an epitaxial growth of
Ga2Te3 on the GaAs substrate occurred.
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Definite changes are found in the structure of the
Ga2Te3-related compounds for the different alloy condi-
tions. These x-ray results can, similarly as concluded
from the Mossbauer data, be correlated (at least partly,
see further) to the changes observed in the structure of
Au„(Ga2Te3}, „reference powders: with increasing Au
concentration, an increase in the (100) planes spacing is
seen. A value of 5.979 A for Au, 7(Gaz Te3),6 6, or
AuGazTe3, compared to 5.904 A for pure Ga2Te3 is
found. This lattice expansion is accompanied by a strong
decrease in the (200) compared to the (400) peak intensity
(a 1.4:1 ratio opposed to 6.2:1). The x-ray spectrum of 1

at. % As-doped Ga2Te3, on the other hand, is indistin-
guishable of that of pure Ga2Te3.

Similar transitions occur in the alloyed
Au/Te/Au/GaAs structures. At 400'C (RTA), though
clearly both types of compounds, AuGa2Te3 and Ga2Te3,
are formed [cf. measurement (1), Fig. 5 and Table II], a
more dominant presence of the Au-rich crystallites is in-
dicated. The 5.920-A spacing and 1.3:1 intensity ratio
obtained in the averaged [compared to (1)] measurement
(2) are closer to the 5.944-A and 1.1:1values observed for
the Au-rich variant compared to these (5.881 A/6. 8:1) for
the pure (or As-doped) Ga2Te3. Note also that the ob-
served intensity ratios of the AuGa2Te3 and GazTe3 asso-
ciated x-ray peaks in measurement (1) do not reflect the
right relative abundance of the different compounds. At

least, in such an evaluation one should take into account
the different widths of the corresponding co scans: a
FWHM of 0.22' namely was measured for the 5.881-
A/6. 8:1 Ga2Te3, whereas a value of 1.02' was found for
the 5.944-A/1. 1:1Au-Ga2Te3 (Table II). However, an in-
crease in alloy temperatures to 500 C (RTA) and 550'C
(RTA, capped), respectively, results in a more dominant
(possibly As-doped) Ga2Te3 regrowth (see Table II). For
the 550'C (RTA) and 400'C (LTA) alloy conditions, a
third Gaz Te3 variant is formed, characterized by approxi-
mately a 0.1:1 (200):(400) peak intensity ratio, and grown
(almost) perfectly epitaxial on the GaAs substrate, as can
be deduced from the =0.15' widths of the rocking
curves. The observation of this small rocking width al-
lows for a labeling of this third Ga2Te3 variant as a pseu-
domorphic (on GaAs} Ga2Te3 phase. It is not excluded
that this pseudomorphic phase should be identified as a
(GaAs)& „(GazTe3)„(x)0.3) compound reported to ex-
ist in bulk form. Definite evidence so far is currently
lacking. At least, the lattice constants indicated for this
phase (5.72 —5.77 A} (Ref. 23) can indeed allow for a
strained growth of the = 160—A-thick layer (cf. the AES
section). Note that the d =5.893—5. 895-A values listed
in Table II for this pseudomorphic phase, correspond to
the strained lattice spacing, as in the detection geometry
used, only the planes parallel to the surface are measured.

Apart from this Ga2Te3 formation, the XRD measure-

TABLE II. Lattice constant d, and intensity ratio of the (200) and (400) peaks of
(Au/As)„(Ga2Te3) &

reference powders, and of related compounds observed in alloyed
Au/Te/Au/GaAs structures. Also tabulated for the contact structures is the width of the co scans tak-
en around these peaks.

Furnace-alloyed
Au/Te/Au/GaAs

d (A) I200'.I400 FWHM (co scan)

"'400'C (RTA)

'2'400'C (RTA)
400'C (LTA)
500'C (RTA)
550'C (RTA)
550'C (RTA/capped)

5.944(10)
5.881(10)
5.920(10)
5.893(10)
5.899(10)
5.895(10)
5.898(10)

1.1:1[+15%]
6.8:1[+15%]
1.3:1[+15%]
0.07:1[+15%]
3.2:1 [+15%]
0.13:1[+15%]
2.5:1[+15%]

1.02(1)'
0.23(1)'
0.75(1)'
0.15(1)'
0.44(1)'
0.16(1)'
0.70(1)'

(Au/As)„(Ga2Te3) l

Ga,Te,

Tabulated
measured

5.899
5.904(10)

3.8:1
6.2:1[+15%]

As, (Ga2Te3)19.s
5.908(10) 4.2:1[+15%]

Au, (Ga,Te3) l9
5.932(10) 5.0:1[+15%]

Au»(Ga2Te3) I6 6

5.979(10) 1.4:1[+15%]
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ments also indicate a gradual consumption of the elemen-
tal Au [still present in the 400 C (RTA) spectra] in
Au„Ga phases, with most dominantly a Auo 79Gao 2&

al-

loy, whose composition corresponds to the one deduced
for the surface blisters (cf. the AES section). Also for
these compounds, a highly textured orientation with
respect to the substrate was found. The presence of ele-
mental Te in a 500'C (RTA) sample, as reported previ-
ously, was not confirmed in any of the measurements on
the high-temperature (~ 500'C) or long-time (~3-h) an-
nealed structures. However, due to the overlap of some
of the Te peaks with those of Auo 79Gao 2&, the sensitivity
factor of the XRD technique in detecting Te crystallites
is strongly reduced (cf. the difference between the signal
of a =500-A-thick Te layer with that of 1200-A Au in
the as-deposited spectrum). Hence, the presence of ele-
mental Te, dispersed, for instance, in = micrometer-sized
islands a few tens of A thick cannot be excluded. On the
other hand, in the as-deposited XRD spectrum, besides
the elemental Te signals, the presence of minor amounts
of pseudomorphic Ga2Te3, and of elemental As, can also
be noticed, whose phases probably are formed by a reac-
tion between the substrate constituents and the impinging
Te atoms during deposition.

K. Raman measurements

Raman spectra were taken from 500—550'C (RTA) al-
loyed Au-Te contacts processed on semi-insulating (Fig.
6: A, =514 nm, unpolarized detection), and on n-type
GaAs substrates (Figs. 7 and 8: A, =457 nm, polarized
detection). For reference, the spectra of GazTe3, Te, and
=[1.7(3)]X10' /cm Si-doped, thin (17—100 nm) GaAs
layers grown by molecular beam epitaxy (MBE) were ac-

quired. This [1.7(3)]X 10' /cm doping level was de-
duced from Hall-effect measurements on the thickest
(100-nm)-grown layer, and could be obtained due to the
use of off-equilibrium GaAs growth conditions, namely,
by reducing the GaAs growth temperature to lower
values (~400'C), and by the supply of an excess of Ga
atoms.

The data shown in Fig. 6 were obtained with a laser-
light focus diameter of 2 pm. Here, the structure of the
annealed Au/Te/Au/GaAs contacts was probed at
different locations between the AuGa islands. From
these spectra, the presence of elemental Te and Ga2Te3 in
the alloyed contact structures can clearly be deduced.
The absence of the substrate signal at those spots (fewer
in number) for which the Te signal dominates the spec-
trum can be understood if one takes into account the
smaller band gap of Te (E =0.33 eV) compared to that
of Ga2Te3 (F. =1.0 eV), yielding a more reduced light
penetration depth (d) for the former (d =10 nm) com-
pared to the latter (d=50 nm) semiconductor. This
difference also explains the dominance of the Te peaks in
the spectra compared to their corresponding intensity (or
absence) in the Mossbauer and x-ray scans.

The lines appearing at =292(1) cm ' (Figs. 6, 7, and
8) are the GaAs LO-phonon modes. The peaks at 269
cm ' could correspond to the GaAs TO lattice vibration,
or to the L mode of the coupled plasmon LO-phonon
(PLP) modes, which can be observed in highly (~ 10'
donors/cm ) doped GaAs. For concentrations
~ 5 X 10' donors/cm, the L+-mode signal also appears,
clearly separated in position from the LO phonon. At
these doping levels, namely, the free-carrier plasma fre-
quency becomes comparable to the frequency of the opti-
cal phonons. The plasmons interact with the LO pho-
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FIG. 6. Raman spectra of (1200-A Au)/(500-A Te)/(50-A Au)/GaAs structures annealed at 550'C, probed at different locations on
the sample surface, and reference spectra of Te and Ga2Te3. The probe wavelength A. =514 nm, the scattered light was detected
without using an analyzer.
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nons via their electrical fields and cease to be independent
excitations of the system. This, then, gives rise to two
coupled modes L and L+ (cf. Fig. 8). Hence, in the
case that the 269-cm line is due to an L mode arising
from the presence of a high density of free carriers in the
GaAs surface layers, the corresponding high-frequency
L + mode should be observed with a frequency depending
on the free-carrier concentration. However, as shown
in Fig. 7 (with the wave-number scale displayed up to
1200 cm '), in the spectral range 300—2000 cm ' no
PLP mode was observed, not even with a 647-nm laser
wavelength probe, which allows for an investigation of
the deeper GaAs layers. This result provides a first argu-
ment for attributing the 269-cm ' line to a GaAs TO lat-
tice vibration. Conclusive evidence concerning this di-

chotomy, however, is given by taking the different sym-

metry selection rules of phonons and PLP modes into ac-
count. An L mode close to the TO phonon frequency
of GaAs obeys the same symmetry selection rules as the
LO phonon and will give a contribution only in the
symmetry-allowed scattering configuration z(xy)z [Fig.
7(b)]. As can be seen in Fig. 7(c), the 269-cm ' signal
clearly remains in the z(yy)z, the LO/L -forbidden
configuration, which gives most definite evidence for its
labeling as a TO phonon. The appearance of this rather
strong TO mode in the spectra indicates the presence of

disorder or of defects in the GaAs surface layers, most
probably resulting from the regrowth of a thin interfacial
layer of GaAs as a result of the alloy process. The only
phonon mode which should be observed from a
GaAs(100) surface in backscattering geometry, namely, is
the LO-phonon mode; the presence of defects can relax
the selection rules allowing for the observation of the TO
mode.

To find out the sensitivity of the Raman technique in
excluding any doping of the substrate due to the alloy
procedure, measurements were performed on thin heavily
doped GaAs layers; spectra are shown in Fig. 8. As men-
tioned above, from Hall-effect measurements the doping
level in these layers was characterized to be of the order
of [1.7(3)]X10' /cm . From the position of the L+
mode in the corresponding Raman spectra, a doping level
of [1.3(1)]X 10' /cm is deduced for the 100-nm n+-type
GaAs layer, and of 8X10' /cm for the 30- and 17-nm-
thick layers. This apparent free-carrier-density lowering
for the thinner grown layers most probably can be attri-
buted to the surface and interface depletion-depth correc-
tions. For a 1.4X10' /cm doping level, namely, the to-
tal depletion depth (wtot w( te f„e+ws f„e)equals 16
nm. Hence, the thickness of the free-carrier-containing
layer should be equal to 1 nm. Taking into account free-
electron leakage of a few Debye lengths into the depletion
region, the observation of a resulting, averaged
8X10' /cm doping level can be thought plausible. Ac-
cordingly, for the maximum free-carrier-layer thickness
probed on the 17-nm wafer, a value ~ 5 nm can be set.
From the fact that this structure still yields a clearly
detectable Raman signal (cf. Fig. 8), the formation of a
similar layer formed in the alloyed Au/Te/Au/GaAs
structures should be observable by Raman spectroscopy.
Referring to the discussion of these spectra, conducted
above, its presence clearly can be denied.

Au/Te/Au/GOAs x10

1200

{b) 291

n+-type Ga As

Icj 29

Au/Te/Au/6aAs
500'C

100nm

30nm n+

1150

10
267

z(xy)

922

17nm n+-type GaA
ly

z(yy)X
I I

360 320 280 240
I I I

360 320 280 240

RAMAN SHUT (cm 1)

1200

RAMAN SHU'1 (cm 1)

FIG. 7. Raman spectra of a 30-nm (n+-type GaAs)/(SI-
GaAs) structure [(a) and (b)], and of a (1200-A Au)/(500-A
Te)/(50-A Au)/GaAs sample [(a) and (c)] annealed at 500 C. In
(b) and (c), different orientations for the polarizations of the in-
cident and scattered light are used. The 922-cm ' peak position
of the L+ mode (n+-type GaAs) corresponds to a doping level
=8X10' donors/cm . The probe wavelength A, =457 nm.

FIG. 8. Raman spectra of 100-, 30-, and 17-nm n+-type
GaAs, grown by MBE on SI substrates. The 1150-cm ' and
922-cm ' peak positions of the L+ mode correspond to doping
levels of 1.3X10' and of 8X10' donors/cm, respectively.
Also, the L (267—271-cm ') mode, and the LO-phonon mode
from the depletion layer are observed. The probe wavelength
A, =457 nm.



11 872 K. WUYTS et aI.

IV. DISCUSSION AND CONCLUSIONS

In the first paragraph of this concluding section, we
will develop a consistent picture of the metallurgical pro-
cesses occurring during the high-temperature (~350'C)
alloying of the Au/Te/Au/GaAs contact structures. The
main part of this section is devoted to a discussion of the
Ohmic-contact formation mechanism in this system,
namely whether the doping model or the graded crystal-
line or amorphous heterojunction model is most ap-
propriate (cf. the Introduction). In a last note, the possi-
ble relevance of this Au/Te research for the more inten-
sively used Au-Ge and Ge/Pd contact schemes is treated.

From the information adduced by the SEM, TEM, and
AES measurements, the occurrence of a liquid-phase pro-
cess as a result of the high-temperature alloying can be
concluded. The formation of the Au-Ga dropletlike sur-
face structures, and the presence of rough, nonplanar in-
terfaces is consistent with this hypothesis. Another indi-
cation of melting is the coincidence of the appearance of
these surface blisters with the crossing of the Au-Ga eu-
tectic temperature (341 C). Hence, in agreement with
previous investigations of the Au-GaAs and (Au-Ge)-
GaAs interactions, ' it can be proposed that this rnelt-
ing process is initiated by the melting of an Au-rich Au-
Ga solid solution. As a result, during the cooling down
of the system, a segregated growth of Au-Ga and of Ga-
Te phases takes place. This model also is consistent with
the observed increase of the onset of Ohmicity tempera-
ture with a decreasing Au-thickness. The metallurgical
processes leading to the formation of the (Au/Te)-GaAs
Ohmic-contact structure, namely, can be thought to be
initiated by the Au-GaAs melting. Hence, the observed
time- and temperature scale of the (Au/Te)-GaAs onset
of Ohmicity can be assumed to be related to the extent of
the Au-GaAs interdiffusion behavior, which is deter-
mined by the amount of Au present, and by the alloy
temperature and time.

Most crucial in the Ohmic-contact formation process
are the lattice sites occupied by the Te atoms after alloy-
ing. A most dominant Te n-type doping of the GaAs (Te
atoms substitutional on As sites) can be excluded. Both
Mossbauer and Raman spectroscopy were proven to be
very sensitive in probing the substitution of Te dopants
on electrically active sites in GaAs, the former by the ob-
servation of Te atoms on a regular (substitutional) lattice
site, the latter by the direct evaluation of carrier con-
centrations ~ 5 X 10' donors/cm by the coupled
plasmon LO-phonon modes. However, no sign of these
features is present in our spectra. Some doubt in exclud-
ing a dopant behavior of part of the Te atoms probably
might remain from the analysis of the Mossbauer data,
since the detection (fitting) of a fraction representing
~ 1% of the total amount of Mossbauer probes is ques-
tionable. The Raman technique, however, was proven to
be sensitive to the presence of very thin highly doped
GaAs layers: MBE-grown n-doped GaAs with a free-
carrier layer extended over a thickness =1—5 nm still
yielded a clearly detectable signal. Hence, the formation
of a high free-carrier-density GaAs surface or intermedi-
ate layer, as a result of the alloy procedures used, can be

denied, or at least is highly questionable.
As mentioned above, as a most dominant Te-related

feature, the formation of a Ga-Te layer on top of the
GaAs substrate can be deduced. From the combined ap-
plication of Mossbauer, XRD, Raman, and AES mea-
surements on Ohmic (T,&I

~ 500'C, t,&~

= 15 s;
T„,=400 C, t,»

~ 3 h) contacts, the structure of this Ga-
Te top layer was characterized as a Ga2Te3/GaAs hetero-
junction. This observation fits in the graded crystalline
heterojunction model, and might even be the clue for un-
derstanding the Ohmic-contact formation mechanism,
provided definite answers can be given concerning the ex-
clusion of the other (doping and amorphous heterojunc-
tion) models, and provided the non-Ohmic behavior as a
result of lower-temperature (400'C), short-time, anneal-
ing cycles can be explained. The Te-GaAs doping model
was (partly) argued upon above. However, although the
presence of a high free-carrier density as a result of the
alloy procedures used can be excluded, the possibility
remains that a highly doped region may lie within the
Ga2Te3/GaAs interface depletion region. By this, we
mean that due to some residual Te n-type dopant behav-
ior {for instance, =10' /cm over a few nanometers), the
GaAs depletion width might be reduced, resulting in a
thinner barrier to electron transport across the
Gaz Te3/GaAs junction. Consistent with this hypothesis
is the observation of a disorder-activated TO phonon in
the Raman measurements, which might indicate the pres-
ence of a thin regrown interfacial layer of GaAs incor-
porating Te as an n-type dopant. However, in view of the
structure of the contacts, this increased GaAs doping
alone cannot explain the Au/Te-GaAs Ohmic-contact
formation mechanism. AES analysis namely showed a
complete coverage of the GaAs substrate by AuGa blis-
ters and by the Ga-Te phases. Hence, the main questions
regarding the observed Ohmicity, at least should include
the problem of the conductivity through the Ga-Te
[(Te/)Ga2Te3] top layer, and its contactibility both at the
probe metal-GazTe3 interface, and the GazTe3/GaAs in-
terface.

Kirillov and Chung, suggested for alloyed (Au-Ge)-
GaAs contact structures, a conduction mechanism ac-
cording to the amorphous heterojunction model; a reso-
nant tunneling process assisted by deep impurity levels in
a graded Ge-GaAs heterojunction was proposed. How-
ever, although the formation of a Ga2Te3/GaAs hetero-
structure is observed for the Au/Te-GaAs contact, only
minor evidence in favor of a similar conduction mecha-
nism can be deduced from our measurements.
Mossbauer spectra of the Ohmic-contact structures can
adequately be fitted (not shown) with only the com-
ponents (and corresponding intensity) constituting the
AuGazTe3, and GazTez spectra'; no indication for any
abundant presence of Te-defect levels is found. Raman
scans, on the other hand, consistently show a GaAs-
disorder-activated TO phonon, its intensity and shape,
however, being far from the amorphous GaAs features
observed after pulsed-laser-beam mixing of the con-
tacts. ' This processing method yielded similar low resis-
tivities on p-type and n-type GaAs with, correlated to
this electrical contact behavior, the formation of a high
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density of TeA, V&, defect complexes, as probed by
Mossbauer spectroscopy. ' Based on these observa-
tions, conduction in these laser-alloyed structures was ar-
gued to occur according to the amorphous heterojunction
model. ' ' However, as with furnace alloying, rectify-
ing characteristics were obtained on p-type substrates; the
contribution of the Raman-indicated defect levels to the
low-resistance conductivity observed for furnace-alloyed
Au/Te/Au/(n-type GaAs) samples, investigated in this
paper, can be assumed not to be dominant.

On the contrary, a consistent interpretation of the
Ohmic-contact behavior of furnace-alloyed Au/Te-GaAs
contacts can be developed based on the presence of arsen-
ic in the Ga2Te3 top layer, as indicated by AES depth
profiling. It has been shown by the combined application
of optical (uv-ir) transmission and electrical measure-
ments that arsenic acts as an n-type dopant in Ga2Te3.
For a doping level =7. 10' As atoms/cm temperature-
independent (77—293 K) Ohmic-contact characteristics
were observed on Ga2Te3 reference structures, even when
the semiconductor surface was probed directly without
any intermediate metallization step. A similar degen-
erate doping of the Ga2Te3 top layer, formed after alloy-
ing of the Au/Te/Au/GaAs contact structures, can be
expected for the high concentrations ( = atomic percents)
of arsenic detected. An Ohmic-behaving metal-Ga2Te3
contact barrier, and a low-resistance conductivity
through the GazTe3 layer, correspondingly, can be as-
sumed. Rectifying characteristics will be observed for
(n+-type Ga2Te3)/(p-type GaAs) structures, whereas this
excess n-type (As) doping of the GazTe3 will contribute to
an Ohmic-type conductivity across the Ga2Te3/(n-type
GaAs) interface. Specifically, degenerate n-type (As) dop-
ing of thin Ge and Si layers grown on top of n-type
GaAs, namely, was shown to result in Fermi-level unpin-
ning at these semiconductor-semiconductor inter-
faces. ' The (near) Ohmic-contact behavior and small
barrier height observed for an abrupt highly
(=5X10' /cm ) (Si-doped n+-type InAs)/[n-type GaAs
(l. 10' /cm )] heterojunction is explained by this mecha-
nism. 33 As the conduction-band discontinuity [0.37 eV
(Refs. 34 and 35)] and lattice mismatch (4%) at a
Ga2Te3/GaAs interface are even smaller than at an
InAs/GaAs interface [0.54 eV (Refs. 33 and 35) and 7%],
a low resistive (near) Ohmic conductivity across an (n+-
type Ga2Te3)/(n-type GaAs) interface can also be expect-
ed. The observation of the Ga2Te3 pseudornorphic
growth, and of elemental tellurium in the Ohmic-contact
structures, fits equally well into this model. Due to pseu-
dornorphic growth, the formation of dislocations and cor-
responding conduction-band discontinuity at the
heterointerface will be reduced '; the presence of the
smaller band-gap semiconductor Te (E =0.33 eV com-
pared to 1.0 eV for Ga2Te3), presumably as an outermost
surface layer (at least for the 500—550'C (RTA} annealed
samples), only can yield better contacting properties.

However, a most critical element in the formation of
the (observed} (Au/Te)-GaAs fully Ohmic-contact struc-
ture remains the barrier reduction at the GaAs side of the
junction. Two possibilities exist: either an increased Te

n-type doping of a GaAs interface layer occurs, or a
GaTe As, transition layer is formed. Neither of
these features could be verified with the analysis tech-
niques used in the present study. It was outlined above
that the presence of a highly doped layer within the
GaAs depletion region could not be excluded. A possible
grading of the Ga2Te3/GaAs interface could not be
verified either, as sputter depth profiling and AES lack
the required depth resolution due to the rough interface
structure. Both of these events (doping and grading),
however, are likely to occur. As the formation of the
Ga2Te3/GaAs heterostructure is driven by (Au-Ga, As,
and Te) interdiffusion processes, a graded GaTe„As,
transition layer might be present. Also for the deepest
indiffused Te atoms, a dopant behavior, not exceeding the
Te-GaAs equilibrium n-type doping limit (=5.10' /cm )

(Refs. 2 and 24) is plausible.
Another crucial point regarding the applicability of the

(n +-type Ga2Te3)/(n-type GaAs) Ohmic-contact model is
the remaining question of how to explain the non-Ohmic
behavior of the Au/Te/Au/GaAs contact structures an-
nealed at 400'C (RTA). Both XRD and the Mossbauer
technique indicate for this alloy condition the formation
of highly Au-doped GazTe3. From AES, the presence of
As in this compound cannot be excluded. The
clarification of the non-Ohmicity, linked with this Au-
Ga2Te3 formation, is related to the different properties of
the alloy compared to those of pure Ga2Te3. The solubil-
ity of Au in Ga2Te3 was shown to be limited to a value
between 14 and 17 at. %. Corresponding changes in the
semiconductor structure, with most notably a lattice-
constant increase by 1.3%, were indicated both by
Mossbauer and XRD measurements. The band gap of
the alloy increased to 1.2 eV, compared to 1.0 eV for pure
Ga2Te3. These observations can be explained by the
formation of a ternary, chalcopyritelike, semiconductor
which we tentatively label as AuGa2Te3. Two of the
AuGa2Te3 semiconductor properties, namely, the higher
band gap (decreasing its contactibility) and increased lat-
tice constant (yielding a higher dislocation density at the
AuGa2Te3/GaAs interface) might explain the non-Ohmic
behavior observed for the 400'C (RTA)-annealed
Au/Te/Au/GaAs contact structures. Most striking,
however, is the inability to create a clearly observable n-

type conductivity in this AuGa2Te3 compound, even
when atomic percents of As were added. Thus, either
arsenic does not act as an n-type dopant in AuGa2Te3 or,
due to compensation, the free-carrier density saturates at
a lower level than in Ga2Te3. Consistent herewith is the
fact that rectifying characteristics were obtained, even
when the I- V characteristics of only one 400 C
(100X 100 pm ) contact were probed, short circuiting in
this way the metallization-substrate junction. Hence, the
transition from non-Ohmic to Ohmic-behaving Au/Te-
GaAs contacts, by increasing the alloy temperature from
400 to 500 C, can most consistently be interpreted as be-
ing due to an increased formation of As-doped Ga2Te3
providing, as argued above, a low-resistivity conduction
path from the GaAs substrate to the metal probes.

Finally, it can be pointed out that a similar model
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might hold also for the Ge-based Ohmic-contact metalli-
zations. To our viewpoint, the data reported on these
Ohmic-contact structures can be argued to be more in
agreement with the hypothesis of a more crucial role to
be fulfilled by an As doping of the Ge top layer, than by a
Ge doping of the GaAs substrate. It was shown by an
analysis of I-V and C-V measurements combined with
AES depth profiling, and by back-side secondary-ion-
mass spectroscopy (SIMS) measurements that the larg-
est reduction in r, of alloyed Au-Ge/GaAs contact struc-
tures occurred before the Ge diffused into the GaAs sub-
strate. Also, back-side SIMS profiling of annealed
Ge/Pd/GaAs structures did not yield a clear indication
for a possible Ge doping of the GaAs substrate. Electri-
cal measurements on a Ni(Ge)InW contact metallization
did not support the hypothesis of a preferential Ge-
dopant behavior at the metal-GaAs interface, either.
On the other hand, evidence for the regrowth of Ge lay-
ers on top of the GaAs substrate was found for both the
Au-Ge' and Ge/Pd contact metallizations. As yet, the
presence of both Ga and As elements was detected in this
Ge; the doping level and type of these layers remains to
be determined. However, if a dominant arsenic n-type
doping might occur, a similar Fermi-level unpinning at
the Ge/GaAs interface, as argued upon for the
Ga2Te3/GaAs heterojunction, and formation of an Ohm-
ic metal-Ge barrier can be expected. This approach,
without intervening GaAs doping or Ge/GaAs grading,

was used in the formation of an MBE-grown (n +-type
Ge)/GaAs Ohmic-contact structure.

To conclude, from this investigation of furnace-alloyed
Au/Te/Au/(n-type GaAs) Ohmic contacts, no arguments
in favor of the doping or amorphous heterojunction mod-
els can be deduced. Strong evidence is found for attribut-
ing the observed low-resistive conductivity to the forma-
tion of an (n+-type Ga2Te3)/(n-type GaAs) heterojunc-
tion, in agreement with the (graded) crystalline hetero-
junction model. Whether an increased doping at the
GaAs side of the junction, or the formation of a graded
Gaz Te3/GaAs transition layer takes place remains
unverified. More crucial, however, is the arsenic doping
of the Ga2Te3 top layer. A similar concept is proposed to
hold for the Au-Ge and Ge/Pd contact metallizations
also.
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