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ABSTRACT

The reactions between (100) GaAs and the near-noble
metals Ni, Pd and Pt haye been investigated by application
of high-resolution transmission electron microscopy (TEM),
energy-dispersive analysis of x-rays in the scanning TEM and
Rutherford backscattering spectrometry. Emphasis is piaced
on the evolution of the phase distributions and interface

morphologies during annealing at temperatures up to 480°C.

- The first phase in the Ni/GaAs reaction is shown to have the

nominal composition Ni3GaAs. Ternary phases of the type PdyGaAs
are also féund to Be the dominant products of the Pd/GaAs
reaction. These bbserﬁations are used to construct isothermal
sections of the M-Ga-As thin-film phase diagrams. The behavior
of a thin (1-2nm) native oxide-hydrocarbon layer during the
Ni/GaAs, Pd/GaAs and Pt/GaAs reactions is also investigated.

Only the Ni/GaAs reaction 1is noticeably impeded by this

aTWork performed as a visiting Industry Fellow at the Center
for Advanced Materials, Lawrence Berkeley Laboratory,
Berkeley, CA 94720



intervening layer. In contrast, the Pd/GaAs and Pt/GaAs

reactions tend to mechanically disperse the native oxide layers.

I. INTRODUCTION

Rectifying and 1low-resistance contacts are essential
elements of compound semiconductor electronic and optoelectronic
devices. A critical feature of any such contact is the
interfacial region between the suitably doped or alloyed
compound semiconductor and the first metal or metallic compound
layer. This metallurgical interface plays an important role
in determining the electrical properties of 'a rectifying
contact. In particuiar, the structure and chemistry of the
interfacial region determine (in ways which are not fully
understoodl-7) the barrier height for electrons or holes.
The influence of the metallurgical interface on the electrical
properties of a low-resistance contact is even more complex.
Braslau,8 for example has argqued that alloyed Au-Ge-based
contacts to n-GaAs derive their ohmic properties from an
inhomogeneous distribution of microscopic low-resistance current
paths. Conseqguyently, spreading resistance in the substrate
dominates the measured specific contact resistance. As will
be discussed below, such low-resistance paths may result from
electron tunneling through highly doped n*-GaAs. 1In addition,
three-dimensional field emission from émall-radius protrusions
can significantly reduce the measured barrier height.9 The

latter effect has been invoked by Leung :ggh‘gllo to explain

their experimental data on Au-Ga/GaAs.



It is clear from the above examples that efforts to design
new contact metallization schemes would benefit greatly from
an enhanced understanding of the- structure, chemistry and
morphology of contact/compound semiconductor interfaces.
Such information becomes essential with the ongoing
miniaturization and integration of <compound semiconductor
devices. As device dimensions become smaller, contacts must
be laterally uniform on a scale which is small relative to
the contact dimensions. If the average spacing between

low-resistance current paths were comparable to or greater

than the relevant contact dimensions, then the specific’

resistance of Au-Ge-based ohmic contacts, for instance, Qould
be highly variable. In addition to lateral nonuniformity,
precise control of the penetration depth of the metallization
is necessary for contacting shallow layers or buried
heterojunctions, both very common 1in today's devices. Such
morphological constraints along with considerations of adherence
aﬁa stability have motivated recent investigations of ohmic
contacts formed by solid-phase réactions as a substitute for
eutectic or "alloyed" contactsll=-14, Nearly every reported

GaAs ohmic contact scheme employing solid-phase reactions

_involves one of the "near-noble" metals, Ni, Pd or ptl2-14,

The near-noble metals are particularly suitable for this
application because of i) ease of deposition, ii) low reaction
temperatures with GaAs, 1iii) compound formation with both
Ga and As and iv) resistance to oxidation (especialiy Pd and

Pt).
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Despite the interest in these systems, 1little is known
regarding phase formation and the morphological evolution
of near-noble.metal/GaAs couples. In this paper, we present
a comparative study of the Ni/GaAs, Pd/GaAs and Pt/GaAs
reactions preceded by a brief review of the role of near-noble
metals in current ohmic contact metallization schemes. Emphasis
is placed on the determiﬁation of the structure, composition
and spatial distribution of reaction products with particular
attention to ternary phases of the type MyGaAs (M = Ni or
Pd). Since the results of the Pd/GaAs study have been published
in detail,15 they will be discussed only briefly here for
comparative purposes.

II. ROLE OF NEAR-NOBLE METALS IN THE FORMATION OF OHMIC CONTACTS
TO n-GaAs
A. Ni/GaAs.

Layers of pure Au or Au-Ge eutectic alloys on n-Gaas
tend to "ball-up" during annealing. This problem is alleviated
by the addition of Ni,l4 resulting in enhanced wetting of
the contact 1layer and improved uniformity.17 The precise
role of Ni in determining the specific contact resistance,
however, is not‘ yet clear. The electron microscopy data of
Kuan et glle reveal a correlation between specific resistance
and the interfacial phase distribution. The contacts with
the lowest specific resistances contained a large areal fraction
of NijGeAs grains at the interface Qith GaAs, whereas contacts

containing larger areal fractions of Au(Ga)/GaAs interfaces
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exhibited higher specific contact resistances .18 Braslau
has suggested that 1local melting of the eutectic alloy and
subsequent regrowth of n%* Ge-doped GaAs results in an

inhomogeneous distribution of low-resistance current paths.8

"The low resistance of these regrown regions 1is probably due

to the tunneling of electrons through the n*-Gaas. Kuan et
gl'sls results provide .experimental support for the Braslau
model, suggesting that the low resistance current paths are
NijGeAs/GaAs interfaces. In Kuan et al's more specific model,
Ni reacté to form NiAs which acts as a transport medium for
Ge such that the final state is NijGeAs on Ge-doped GaAs.
A similar model for the role of Ni in Ni/Ge/GaAs contacts
was proposed earlier by Anderson et 3;.11 ’
Recent experiments with simpler systems suggest a second
possible role for Ni. Since Au reacts strongly with
electropositive Ga but forms no compounds with As, one would
expect the Au/GaAs reaction to result in the accummulation
of point defects related to excess As (e.g. Asgy antisite
defects or As clusters) in the GaAs adjacent to the interface.
Such As accumulation has been detected by Liliental et gim
}
using x-ray microanalysis in a scanning transmission electron
microscope (STEM). These poini defects or anion clusters
may be responsible for pinning the Fermi level near midgap.2+6
In an effort to‘ circumvent this problem, Williams gg_.glzo

have deposited the equilibrium phase AuGas; onto GaAs by

molecular beam epitaxy. The resulting contact exhibited ohmic

Fan
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behavior. It is therefore plausible that Ni and Ge act as
sinks for the excess As produced by the Au/GaAs reaction.
One would then expect the Au(Ga)/GaAs interfaces adjacent
to grains of NijGeAs to be free from interfacial accumulations
of As, thus permitting ohmic conduction.

Taking a different approach, Smith and Solomonl3 have
éliminated the Au as an active component. Their preliminary
electrical results suggest‘that an ohmic contact can be formed
by ion-beam mixing of Ni/GaAs with Get. Similarly, Anderson
et gl}l produced an ohmic contact by sintering Ni/Ge/GaAs.
The presence of Ni enhanced the indiffusion of Ge, perhaps
creating a n+ GaAs layer at the Ni-Ge/GaAs interface.ll These
procedures have the advantage of involving only solid-phase
reactions. ~ A sufficiently 1low specific resistance (<106
Q -cm2), however, has not yet been demonstrated.

In an attempt to simplify the system and elucidate the
role of Ni, Ogawa?l studied the Ni/GaAs reaction. Nickel
was shown to react with GaAs at low temperatures @,200°C)
to form a ternary NiyGaAs phase. Quantitation of Auger electron.
spectroscopy (AES) data yielded the <composition NijGaAs.
Above 400° C, Ogawa observed the binary phases. Ni-Ga and
NiAs suggesting that NijGaAs miéht be a metastable phase.
Lahav et §i22 made similar observations using transmission
electron microscopy (TEM) and AES. The energy dispersive
x—fay data of Sands SE..ilZBr however, are consistent with

a nominal composition of NijGaAs for the ternary phase. In



the following sections, further evidence for this latter result
is presented. The evolution of the reacted film morphology
at.higher temperatures (>400°C) is also discussed.

B. Pd/GaAs

In a variation on earlier experiments with Pd-Ge/n-Gals, 2%
Marshall et 5i12 have fabricated a non-alloyed contact to
n-GaAs which employs Pd as a metallic transport medium for
Ge. During annealing at 325°C, Ge diffuses through the reacted
Pd layer and grows epitaxially on the GaAs. It is interésting
that, contrary to expectations, an ohmic contact is formed
even if the Ge is not intentionally doped.24 Thus, P& may
play a role larger than that of a transport medium.

The precise metallurgical behavior of Pd in multilaYerea
structures has not yet Dbeen established. In fact, the
metallurgical behavior of Pd in even the simpler Pd/GaAs system
has only recently been clarified. Early x-ray diffraction
studies of the Pd/GaAs reaction suggested the fofmation of
PdAs;, PdGa and PdjyGa as the major reaction products.25-26
Subsequent TEM studies however, showed that the first phase,
designated in this paper as “"phase I" for clarity, is a ternary
phase, PdyGaAs,15/27-29 and has a hexagonal unit cell with
lattice parameters ao = 0.67 am  and Co= 0.34 nm.28-29,
Combining etching studies with TEM, Sands et al30 have
demonstrated the orientation relationship [0001]1//[011]GaAs
and (5110)1//(100)GaAs with (100) GaAs. Grains of phase I

with [0001]; // [0ll]gaas are not observed. - This orientation



relationship is believed to result from the preferential growth
” of phase I nuclei which are oriented such that [0001], the
fastest growth direction in phase I, is parallel to [011],
the fastest etching direction in the (100) plane of GaAs.30
The composition of phase I 1is still argued in the

literature. Composition estimates range from szGaAs31 to
PdgGaa) 2Asng_g-2’ It has been clearly established, however,
that phase I can accommodate deviations from Ga:As = 1 resulting
from the sublimation of As.15.27,30

A second ternary phase, "phase II", has been detected
in films annealed above 250°C° Phase II is the dominant phase
in films annealed ' in the temperature range 300 to ~450°C,
depending on the film .thickness and annealing
environment.15,27,30 phase II i§ also‘ hexagonal with ag =
0.9 nm and cq 2 0.37 nm.28,29 Composition estimates for phase
II range from ~ PdygGaAs for 19-60 nm Pd annealed at temperatures
between 275 and 480°C30 to PdjGa.i.> As,p0.8 for 15 nm. Pd
annealed at 350°C in forming gas.27 Like phase I, phase II
can accommodate substantial variation in Ga:As; up to ~ 2 in
a sample annealed at 480°cl5

The discrepancies between the x-ray studies25/26 which
identified PdGa, PdAs, and Pd,Ga ‘at low temperatures (£350°C),
and the TEM investigation515'27'30 which report two ternary
phases have been discussed by Sands et al.l5 since the ternary

phase peaks overlap with the binary . phase peaks in



glancing-angle x-ray diffraction spectra, it is very likely
that phases I and II have been misidentified as PdGa and PdAss,
respectively. |
C. Pt/GaAs

Platinum has been used as a gate' eiectrode to n-GaAs
in recent integrated circuit designs.32 Formation of ohmic
contacts by Si* ion-mixing of Pt/n-GaAs has also been
demonstrated.l4 Unlike Ni, Pt is a heavier element than either
Ga or As. Unlike Pd, Pt reacts with GaAs to form laterally
uniform layers. Consequently, the Pt/GaAs reaction can be
studied by relatively straightforward application of Rutherford
backscattering spectrometry (RBS). Combined with x-ray or
electron diffraction, RBS studies have shown that complete
reaction results in ;he layer sequence PtGa/PtAs;/GaAs.33:34
The initial stages of the reaction involve the diffusion of
Ga into the Pt layer, consistent with the large difference
in the electronegativities of these elements. Simultaneously,
Pt begins to react with As to form an interfacial 1layer of
PtAsj. Fontaine et al35 have shown that this PtAs; layer
is highly textured. 1In the following sections the development

N

of this PtGa/PtAs;/GaAs layer sequence is compared with the
evolution of the NiyGaAs and-.deGaAs reacted layers by
application of cross-sectional TEM and RBS.
III. v EXPERIMENTAL METHODS

Undoped semi-insulating (100) LEC GaAs substrates were

prepared for metal deposition by immersion into a 9:1 deionized
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Hp0:HCl1 solution for 10 sec. followed by a rinse in deionized
Hy0. Samples were then blown dry with N; and inserted into
the deposition chamber. Films of either Ni, Pd or Pt were
deposited by electron beam evaporation to a thickness of “45nm
in a vacuum of 1-2 x 10~6 torr.

Both plan—view and cross-sectional specimens were prepared
by standard techniques described in Reference 36. It should
be  noted that plan-view and cross-sectional specimens
experienced a maximum temperature of ~80°C for up to 5 min.
during the specimen preparation process. As a result, the
term “as-deposited® 1in subsequent sections implies that the
TEM specimen has experienced a mild thermal treatment.

Samples were annealed at 220, 275, 315, 410 and 480°C
for 10 min. in flowing forming gas” (95% Ar, 5% H)). For
each annealing treatment, samples of Ni/GaAs, Pd/GaAs and
Pt/GaAs were annealed simultaneously to ensure the validity
of direct comparisons.

Plan-view specimens were examined in a Siemens 102 TEM
at 100 keV. Images and selected-area diffraction patterns
provided a rapid assessment of phase identity and lateral

N
film uniformity. Cross-sectional TEM specimens from each
sample were imaged at 200 kV ig a JEOL JEM 200CX equipped
with a high-resolution (,,0.25nm point-to-point) pole piece.
High-resolution and two-beam images in the [0ll]gaas. [OlilGaAs
and <00l>gaps zone-axis directions provided a @ detailed

description of the distribution of phases in depth. When
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chemical information was required, both plan-view and
cross-sectional samples were analyzed in a JEOL JEM 200CX

analytical TEM/STEM equipped with Kevex high-angle and

ultra-thin-window x-ray detectors. Energy dispersive x-ray
spectra (EDS) were analyzed using spectra from the GalAs
substrates as standards. In the absence of reliable M-Ga

and M-As standards (M=Ni,Pd or Pt), theoretical k-factors3?
were applied. Where possible, these interpretations of the
EDS data have been checked by comparison with composition
estimates using alternative techniques such as RBS and the
measurement of layer thicknesses.
IV. RESULTS AND DISCUSSION
A. Ni/GaAs

Nickel reacts readily with G;As during déposition»(and/or
during TEM specimen preparation). A reacted layer 3-5 nm
thick can be seen in Fig. 1 below ‘the thin (1-2nm) native
oxide-hydrocarbon layer. By calibrating the image magnification
using lattice images.of the adjacent GaAs substrate, accurate
measurements of layer thicknesses can be made. Using this
technique it was found that 44 + 2 nm of Ni annealed at 220°C
for 10 min. reécted with GaAs to form 88 + 2 nm of a Ni-Ga-As
phase (or phases). The reaction is highly uniform except
where inhibited by disk-shaped patches of the native
oxide-hydrocarbon 1layer. These unreacted regions account
for 210 percent of the sample surface area and appear as holes

or thin areas in plan-view TEM specimens since the etchant

R
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"lifts off" the unréacted Ni by dissolving the intervening
oxide (see Fig. 2). In the cross-section micrograph shown
in Fig. 3 the morphology of these patches is clearly revealed.
Note that the native oxide-hydrocarbon layer, which remains
smooth and intact throughout the reaction, ends up on the
surface of the reacted layer when the reaction is complete.
Similar behavior was not observed for the Pd/GaAs and Pt/GaAs
reactions, even though the .identical cleaning procedure was
used. As will be shown in following sections, these latter
reactions involve the mechanical dispersion of the native
oxide-hydrocarbon layer.

Although the morphology in Fig. 3 is not desirable from
the device standpoint, such images clearly show that Ni is
the dominant moving species. Furthermore, images such as
Fig. 3 provide an c;pportunity to measure the amount of GaAs

consumed by the Ni/GaAs reaction. The atomic concentration

in Ni and GaAs ([Nily; = 9.14 x 1022 atoms/cm3 and [Galgaas
= [Aslgaps = 2-22 x 1022 atoms/cm3) combined with the 1layer
thickness measurements shown in Fig. 4 vyield an average

composition of N%3_010_2GaAs for the reacted layer. This nominal
composition is confirmed by the EDS results in Fig. 5(a) and
(b). Standardless quantitatioﬁ of these spectra using
theoretical k factors37 gives a value of x in NiyGaAs of 2.9
with a standard deviation of 0.24. The EDS results also suggest
that sublimation of As from the reacted layer is significant

, even at temperatures as low as 315%C. Using the GaAs

t
W
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substrate as a standard yields Ga:As ratios of 1.07 and 1.28
for the samples annealed at 220 and 315°C, respectively.

In an effort to verify the compositional measurements
reported above, the sample annealed at 220°C was analyzed
by RBS. Using the TEM data as input to a simulation program
developed at Cornell University,38 the RBS data in Figq. 6
is shown to be consistent with the EDS and layer thickness
measurements. Thus, the nominal composition of the reacted
layer at low temperatures méasured by these three largely
independent techniques using the same samples is ~ Ni3GaAs.

Electron diffraction was used to assess the structure
of the Ni3GaAs films. As reported previously,22r39 the film
was found to consist of four twinfrelated variants of a
héxagonal unit cell with lattice parameters ag % 0.4nm and
Co - 0.5 nm. The orientation relationship with (100) was
determined to be

{Oil}GaAs‘// {OIIZ}NixGaAs
and

<011>Gaps // <2110>N;, Gaas
Figure 7 shows ‘diffraction patterns from cross-sectional and
plan-view specimens that illustrate the above orientation
relationship. Unlike ‘previoué investigations,21'22'39 we
found that {0001} Nj ,GaAs Was not precisely oriented parallel
to {111} gaas- The misorientation . between these planes was
found to depend on thé co/ag ratio as woqld be expected for

the orientation relationship reported here. As noted by Lahav
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et al,22 a cy/ap ratio of Y3/Y2 = 1.2248 would satisfy the
above orientation relationship in addition to the condition
{OOOI}NixéaAs // {11llgaas- Such a "pseudocubic" cgy/ag ratio
would also dictate that the spacings of the {0112 and {2110}
planes would be equal. As shown in Table I, d{gj;12} / d{2110}
varies from 1.032 to 1.079 with annealing temperature in our
samples. Since the {0112} and {2110} planes of overlapping
variants are parallel, this deviation from cg/ap = Y3/Y2 is
directly visible és vertical moire fringe contrast in the
<011>gaas cross-sectional images in Fig. 1. Note that the
moire fringe spacing decreases with increasing annealing
temperature in accordance with the increase in d{0112} / 3{2110}
as indicated in Table I.

The diffraction  patterns from- NiyGaAs films annealed
at temperatures up to and including 410°C suggest that the
films contain only the single hexagonal phase. Furthermore,
EDS spectra obtained with probes as small as 10 nm in diameter
showed similar amounts of Ga and As, in agreement with spectra
obtained with larger probes. Since the grain size is on the
order of 10 nm (see Fig. 2), the EDS spectra should be
sufficient to distinguish an intimate mixture of binary Ni-Ga
and Ni-As phases from a morphoiogy consisting of a single
ternary phase. We therefore conclude that the Ni-Ga-As films

consist of a true ternary phase, in agreement with previous

studies.?21,22
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In Table I we compare the EDS and diffraction data from
NiyGaAs with crystallographic data from two binary phases,
Ni3 g5Gas_ gg and NiAs, which adopt the B8 structure. The
observation that the lattice parameters of NiyGaAs are
intermediate between those of Nij _g5Gaj gg and NiAs suggests
that NiyGaAs may also have the B8 structure. Furthermore,
the wunit cell volume of Ni3GaAs as measuredA by eléctron
diffraction (~0.066 nm3) along with the measurements in Fig.
4 yield a unit cell content of one As, one Ga and three Ni
atoms. The B8 structure is very accommodating in that the
unit cell parameters change only slightly with large changesA
in cell content. The unit cell of the prototypical B8 phaée,
NiAs, 1is depicted 1in Fig. 8. In this structure the two
positions at (1/3,2/3,3/4) and (2/3,1/3,1/4) are unoccupied.
The wunit cell of a similar phase, NijzIn, is also depicted
in Fig. 8. In this latter material, both positions are occupied
by Ni. Thus, NijIn adopts a "filled" NiAs-type (B83)
structure.40 Compositionally, NijGaAs is most similar to Y
NijGaj;, a low temperature superstructure of 'Y NiyxGa.4l 1In
this "half-filled" B8 unit cell there is only one empty Ni

. .
site. The Ni vacancies probably account for the rapid diffusion
of Ni through the reacted film. 6rdering of these Ni vacancies
may give rise to the 2a, x ¢co and 3a, X cg5 superstructures
observed in Nij3GaAs (Fig. 7(b)). Supersfructures may also
result from ordering of Ga and As on the (1/3, 2/3, 1/4) and
(2/3, 1/3, 3/4) sites. Such ordering, however, would 1lead

to very weak superlattice  reflections since the difference
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in the electron scatteringvfactors of Ga and As is small.

From Fig. 8 and the previous discussion it is clear that
the proposed NiyGaAs structure could tolerate variations from
X = 2 to x = 4. A similar variation (2.5 < x <4) has been
reported recently by Chen et al in an investigation of Ni
polycrystalline GaAs lateral diffusion couples.42 In fact,
the lattice parameter measurements in Table I suggeét a slight
change in composition in our samples as the annealing
temperature increased from 220 to ﬁlO?C. -In particular, the
co/ap ratio increases frém 1.285 to 1.322 over this annealing
temperature range. If one applies the simple model that x
in NigX (X = Ga or Asj is linearly related to ag/cg, and using
the values of co/ap for Ni3 gsGap g%l and NiAs43 (1.25 and
1.39, respectively), one obtains estimates for x which agree
with the EDS results within experimental error (see Table
I). It is also interesting that the cy/ay ratios of NigInj
(co/ag = 1.228 for x = 4 and 1.233 for x = 3.62)40 also fit
well with this model. This suggests that cg/ag is relatively
insensitive to X in NiyX; where X is 1In, Ga or As.
Consequently, one can obtain a quick estimate for x in a NiyGaAs

Y

layer by simply measuring the cg/ay ratio by x-ray or electron
diffraction. Note that this model predicts that cy/ag = '3/72
at x = 3.87.

The decrease in X with annealing temperature is also

reflected in a slight (~10%) increase in the reacted layer

thickness between the samples annealed at 220 and 410°C (Fig.
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1l). In addition, after annealing at 410°C, small protrusions
of a hexagonal phase are visible at the interface with GaAs
(Fig. 1). The lateral uniformity of the reacted film breaks
down further during annealing at 480°C for 10 min (Fig. 9).
In Figure 9 the white line indicates the depth of the reacted
layer after annealing at 220°C for 10 min. It is clear that
annealing at 480°C has resulted in further consumption of
the GaAs substrate. The grain size has also 1increased to
%50 nm. Energy dispersive x-ray spectra (e.g. Fig. 5(d))
from grains with the B8 structure as imaged in Fig. 10 (the

same grain is arrowed in Fig. 9) show that these interfacial

grains have a composition of " NijGag_7As]_ 3. Grains toward
the surface are Ga-rich (Fig. 5(c)) with average composition
Nij sGaj_ 25Asqg.75- This morphology evidently represents the

initial stage of the phase separation as observed by OgawaZl
and Lahav et glzz. The formation of an As-rich phase adjacent
to the GaAs is also consistent with prior observations.Z21

These TEM results indicate that the high temperature
(>400°C) separation into binary Ni-Ga and NiAs phases involves
the further consumption of GaAs. Consequently, it is possible
that NijGaAs is ; stable phase in the ternary system. Nij3GaAs,
however, is not stable in the presénce of excess GaAs.

The formation of the arsenic rich NijzGag,k7As] .3 phase
near the interface may be a consequence of the fact that the
binary phase NijGa; is richer in Ni than NiAs. Thus, the

initial stages of the phase separation, within the constraints
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imposed by the B8 structure, would more naturally involve
the formation of the Ni-deficient phase at the interface where
GaAs is being consumed. Differences in bonding and interface
structure between NiAs/GaAs and NijGajy/GaAs may also play
a role in determining the layer sequence. After annealing
at 600°C for 1 hour Lahav et 3;?2 observed that the phase
separation was lateral, the two phases being cubic NiGa and
hexagonal NiAs. This observation suggests that as the
consumption of GaAs continues the Ga content of the Ga-rich
phase increases resulting in the nucleation of cubic NiGa.
Lateral separation reduces the NiGa/NiAs interface area, thereby
reducing the interfacial contribution to the free energy.

These observations are summarized 1in the proposed
isothermal section of the thin film Ni-Ga-As phase diagram
shown in Fig. 1ll(a). It should be noted that the diagrams
in Fig. 11 are schematic and include only those binary and
ternary phases which have been detected in the reacted thin
films. Therefore, additional tie lines are possible. As
discussed by Beyers et al,44 these simplified phase diagrams
do, however, provide useful guides to phase formation sequences.
For example, byttracing the path of the average reacted film
composition as more and more Ga and As is incorporated, we
see that during the Ni/GaAs reaction we proceed from Ni to
Ni + NijzGaz.yAsy to NizGap-yAsy + NijAsp_zGa; to NizGap-yAsy
+ NiGa + NijAs;_zAs, to NiGa + NijAsj;_,Ga, where the reaction

stops.
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B. Pd/GaAs

Like Ni, Pd reacts during deposition (Fig. 1). Unlike
Ni, howéver, the native oxide-hydrocarbon 1layer as prepared
in this study does not prevent the reaction locally. Another
difference ‘between the behavior of Pd and Ni is revealed in
Fig. 12. Note that the phase I 1layer which forms during
deposition (and TEM specimen preparation) is not completely
planar. Rather, this layer is broken up into small grains
of phase I which are slightly misoriented relative to adjacent
grains. The formation of this atomically rough interface
acts to mechanically disperse the native oxide. 1In contrast,
the NiyGaAs layer is sufficiently uniform so as to cause little
disruption in the  lacal planarity of the native
oxide-hydrocarbon layer (Fig. 3). After annealing Pd/GaAs
at 220°C for 10 min., the native oxide-hydrocarbon layer can
no longer be seen by image contrast (Fig. 1), suggesting

that the native oxide-hydrocarbon layer has been completely

dispersed. Instead, voids are visible in the Pd above the
phase I layer. Both the presence of these voids and the
position of the native oxide-hydrocarbon layer in the -

as-deposited sample indicate thaé Pd is the domiﬂant moving
species at low temperatures.

During annealing between_ZSO and 275°cC, avsecond PdyGaAs
phase hucleates at'large—ahgle grain boundaries in the phase

I film (Fig. 13). As illustrated in Fig. 14, the formation
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of deep penetrations of phase II involves the consumption
of the remaining unreacted Pd. Since the nucleation sites
for phase II (large-angle dgrain boundaries in the phase I
film) are separated by lym, the formation of phase 1I1I
penetrations involves extensive lateral trénsport of Pd.

Phase II forms with a composition which is dictated by
the amount of unreacted Pd. For example, Sands et al43 found
that for thin Pd films (+15 nm) annealed at 350°C for 20 min.,
phase II has a composition of ~“Pd3_3Gaj_ 2Asg.,g (note that
Kuan et 3l27 estimated the composition of phase II as
vPdjyGaw~]  2As~qg under similar conditions) whereas for thicker
Pd films (~60nm); the composition of phase II is ~ PdyGaAs
after annealing under similar conditions.30 In these thicker
films, a considerable amount of Pd remains unreacted when
phase 1II nucleates. For the thinner Pd films, most of the
deposited Pd (up to A~ 15 nm) is consumed by the formation
of the phase I 1layer in the initial stages of the reaction.
Consequently, more GaAs than Pd is consumed by the reacted
layer during the formation of phase II, resulting in a
Pd-deficient coﬁposition.

Above NBSOJE, no trace of phase I remains. Since the
compositional existence ranges :of phase I and phase II
apparently overlap (composition measurements of both phases
I and II range from vPdjGaAs to Pd4GaAs with the precise Ga:As
ratios varying from 1-2 depending on annealing
environment),15'23'27'23'30131r45 phase II must be the stable

phase above 2250°C. Phase I is evidently the stable phase
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below 250°C and in the presence of the interface with GaAs.

Since phase I is highly oriented on GaAs it is possible that

phase I 1is a metastable phase in the bulk Pd-Ga-As system

which is stabilized in the form of a thin film by the reduction

in excess interfacial free energy due to epitaxy.

| Perhaps the most remarkable difference between the Pd/GaAs
and Ni/GaAs reactions was observed after annealing under
identical conditions at 480°C for 10 min. In Ni/GaAs this
annealing treatment resulted 1in the stratification of the
Ga and As distributions in the Ni-Ga-As layer with a
considerable amount of As remaining in the reacted layer near
the interface with ‘GaAs (see Fig. 5).  In contrast, in'Pd/GaAs
the As:Ga ratio was reduced to ~0.2 by the sublimatién of
As from phase II (vPd4Gaj_ z5Asg.75)- The dominant observed

phase was a Pd-Ga phase with composition Pd3_3Ga1_3AsO.2.30

Although the detailed explanation for this difference in

behavior may be quite complex, it is apparent that morphology
influences the degree of As loss. Ni and, as will be discussed
below, Pt react to form As-rich compounds at the interface
with GaAs. Thg resulting Ga-rich layers ﬂear the surface
probably act as protective caps preventing excessive As loss.
Palladium, on the other hand, @hen reacted with GaAs, does
not cause extensive stratification of Ga and As. Thus, the

As-containing compounds are exposed directly to the annealing

ambient resulting in rapid As loss.
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These observations for 250°C < T < 480°C are summarized
in the schematic isothermal section of the Pd-Ga-As thin-film
phase diagram shown in Fig. 11l(b). The sequence of phase
formation in this model depends on the degree of As loss.
If little As is lost during the reaction as in the case of
samples capped with Si03, the endpoint is either a ternary
PdyGaAs phase at 1low temperatures or the binary phases PdGa
and PdAs; at higher temperatures (>600°C)46, If significant
As loss occurs as seen in this experiment, Pd3_ 3Gaj_gAsg._3
or PdGa forms.

C. Pt/GaAs

Of the near-noble metals, only Pt shows no evidence
of reaction with GaAs during deposition and specimen preparation
(see Fig. 1). Even aftert annealing at 220°C for 10 min. only
a slight reaction is indicated by image cdntrast below the
native oxide-hyrocarbon layer. Annealing at ~315°C for 10
min., however, results 1in an extensive reaction. In Fig.
1, a ~30nm thick reacted layer can be seen below the native
oxide~hydrocarbon layer. Plan-view diffraction patterns (not
shown) indicate the presence of PtAs; and Pt. Structural
similarities as %discussed by Fontaine .gg_‘§£35 do not allow
us to rule out the possbility that PtGap; and small amounts
of Pt3Ga are present as well. A Rutherford backscattering
spectrum from this sample (Fig. 15) also suggests that the
reaction 1is incomplete and that the probable layer sequence

is Pt/Pt3Ga/PtAsz/GaAs.'
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After annealing at 410 and 480°C fér 10 min. the reaction
is nearly complete with only PtGa and PtAs; as detected by
diffraction and RBS. In Fig. 1 it is apparent that the grains
of PtAsy; in the interfacial layer have coarsened considerably.
Assuming that diffusion of Pt occurs primarily along PtAs)
grain boundaries, this coarsening of the PtAs; layer may explain
the "self-limiting" behavior of the reaction as observed by
Kumar.47

The high-resolution image 6f the PtAs,;/GaAs interface
in Fig. 16 illustrates the dominant twin relationship between
the grains of cubic PtAs; and GaAs. This same orientation
relationship was detected by Fontaine et §i35 by electrén
diffraction from plan-view specimens. Comparison betwéen
the saméles annealed at 315 and 4106C suggests that the grains
with the orientation relationship <011>ptas, // <011>Gapas
and (122}ptps, // (100}gaas (so that {111} peas, // {111 gaas)
grow preferentially during annealing. Variations in growth
rate with orientation result in considerable roughening of
the PtAs;/GaAs interface. In contrast, the initial stages
of the Ni/GaAs Feaction involve growth of vertical columnar
grains. These Ni3GaAs grains do not exhibit a detectable
deviation from the exact orienéation relationship reported
in Section 1IVA, The breakdown in the lateral uniformity of
the NijGaAs interface results from further reaction with GaAs
followed by phase separation. The roughening of the PtAsj/GaAs

interface appears to result from competitive growth of grains
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with slightly different orientations.

| The significant difference in the behavior of the native
oxide-hydrocarbon layer during the Pt/GaAs reaction as compared
with the Ni/GaAs andl Pd/GaAs reactions 1is that 1in Pt/Gals
the final position of the native oxide-hydrocarbon layer is
within the reacted film rather than on the surface. Using
AES, Chang et al%8 also detected an oxide layer between the
Pt-Ga and Pt-As reacted 1layers. This morphology is a
consequence of the fact that Ga 1is also 'a dominant moving
species in this reaction. It is interesting to note that,
unlike the Ni/GaAs reaction, the Pt/GaAs reaction. does not
appear | to be greatly inhibited by the thin native
oxide-hydrocarbon layer. Evidently, the Pt/GaAs reaction
mechanically disperses the native oxide-hydrocarbon layer
in a manner similar to the action of Pd on GaAs.

The phase formation sequence in the Pt/GaAs reaction
can be summarized by referring to the schemétic isothermal
section of the ternary phase diagram shown in Fig. 1ll(c).
Only tie 1lines between phases observed in this study are
included. ‘

V. CONCLUSION

In this study we havev exploéed the reactions of Ni, Pd
and Pt on (100) GaAs with emphasis on the determination of
i) thé structure, composition and orientation of the first
product phase, 1ii) the dominant moving species, iii) the role

of a thin (1-2nm) native oxide-hydrocarbon Jlayer and iv) the
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‘mechanisms of the breakdown of lateral interface uniformity.
This data is summarized in Table II. Of particular interest
is the identification of the ternary phase, NiyGaAs,21-23
and the two PdyGaAs phases.15/27/28 Formation of these phases
by solid-phase reaction should not result in the accumulation
of Ga or As in the GaAs near the interface. Thus, studies
of the electronic properties of MyGaAs/GaAs interfaces may
advance the understanding of the factors which determine the
barrier height. As more detailed TEM studies of M/GaAs
reactions are performed it is likely that other MyGaAs phases
will be discovered. In fact, the recent RBS and TEM results
of A.J. Yu et al49,50 suggest that Co reacts with GaAs to
form CojyGaAs. Similar reaction products can be expected in
other M-Ary1By systéms.

Further work 1is needed in understanding the effects of
thin nativé oxide-hydrocarbon layers on M/A7yyBy reactions.
In this study we found that only the Ni/GaAs reaction was
influenced in a significant way be this intervening layer.
The observation that the Ni/GaAs reaction 1is completely
prevented locally (see Fig. 3(a)) suggests an additional effect
related to the stronger chemical affinity of Ni for oxygen
as indicated by the standard heats of formation for oxides
(per oxygen atom) which become more negative in the sequence
Pt,Pd, As, Ni, Ga. The exact nature of the interaction between
Ni and the native oxide of GaAs, however, remains unclear.

From a practical standpoint the mechanica1 ,dispersion of the
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intervening oxide layer by the Pd/GaAs reaction at low
temperatures (<100°C) suggests that a thin layer of Pd (g10nm)
placed between the substrate and the deposited contact metals

may promote a more uniform reaction during the subsequent

annealing treatment.
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Table I.

Compositions and Lattice Parameters of Ni-Ga-As Phases
with the B8 Structure

Annealin Compositions Lattice Parameters
° measure calculate a_[nm ¢ [nm c/a = ==
Mee] ed TcuTated® otnml othml o3 do1i2/ 92170
b
N13.556a2.00 i -—-- 0.400 0.498 1.25 1.0
c
220 Nim3Ga].03Aso.97 "'3.1”2 0.390+0.001 0.50140.002 1.285+0.005 1.032+0.004
c
315 N1m3Ga].12ASO.88 N12.9X2 0.388+0.001 0.507+0.002 1.305+0.005 1.043+0.004
410¢ --- Niz 7X2 0.379+0.001 0.50140.002 1.322+0.005 1.051+0.004
o d
480 Ni,\,ZGao‘nAs].29 N12‘2X2 0.364+0.001 0.49940.002 1.371+0.005 1.079+0.004 .
NiAs® 0.362 0.503 1.39 1.084 %
Acalculated assuming a linear relationship between ao/co and x in Nixx2 where X = As or Ga.
bSee Reference 41.
“This study. Compositions measured by EDS.
d are Ga rich.

eSee Reference 43.

Composition and lattice parameter measureients from Ni-Ga-As grain at {nterface. tear-surface grains



Data Summary: Ni, Pd and Pt f 45nm) on GaAs

Table 11

Reaction First reacted Structure Orientation Other Dominant Position Temp, and Final phase
initfation phase at ©and Yattice relationship phases moving of natfve mechanism distribution
temperature M/GaAs parameters of of first phase formed species oxide after of break- after annealinc
[°C) interface first phase with GaAs reaction down in in forming
lateraly gas
uniformity
i . - o b)
N§ as-deposited "',‘332.{‘_5, N136a2 type : <2:10>»”<0}l>mAs Nizksz.lGal N{ surface ;:ggh:r :4,113«1/"6:::/&“5
(xa3.y¢1) (88‘: hexagonal) (0112)|]10 Vaas (240.75), react{on (~600°C)
8 * 0.39 nm very highly cubic NiGa with GaAs,
textured phase
<% ¥ 0,50 am _ separation
. . - typed’ i surf ~250°C Pd-Ga/GaAs
Pd as-deposited dec‘hy“lay szsi type [900‘]”[0”]6&5 deGa“yAs]-y Pd urface 250° (~500/°c)
(phase 1, (hexagonal) (2]10)”(100)6aAs (phase 11, surface
Iexed, a_%0.67 nm highly 24x¢4, rgggratfon of
y£0.3) % 0.3 nn textured y£0.3), nwleation of
Pd-Ga phase 11
Pt »220°C PtAs FeS,-type <011>}|<011> Pt.Ga,PtGa, Pt,Ga between A350°C PtGa/PtAs,/GaAs
~ 2 27tP : ”l )G"A‘ 3 b PtGa and coarsening  (~350°C) 2
(possibly (cubic) {122)]|1100 GaAs possibly PtAs, of Pths,
some PtGa,) a, ¥0.597 om textured PtGa, layers grains
a)

See Reference 27

t’)See Reference 22

(9)92
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FIGURE CAPTIONS

Fig.l Cross-sectional TEM images of Ni/GaAs, Pd/GaAs and Pt/GaA

Fig.2

Fig.3

Fig.4

Fig.5

as-deposited and annealed at 220, 315 and 410°C.
Morphology of Pd/GaAs samples annealed at 315 and 410°C
is laterally nonuniform (see Fig. 14) and cannot be
represented in this Figure. Scale marker in lower right

applies to all micrographs. (XBB 857-5850).

Plan-view TEM image of Ni/GaAs sample annealed at 315°C
for 10 min. Note hole where unreacted Ni patch has
been lifted off by the etchant. Compare with

cross-sectional micrograph in Fig. 3. (XBB 858-6329).
Cross-sectional TEM image of Ni/GaAs sample annealed
at 220°C for 10 min. Native oxide-hydrocarbon layer

has prevented the reaction locally.. (XBB 855-4168).

Summary of layer thickness measurements from Fig. 3

and similar images. Image magnifications were calibrated
using lattice images of adjacent GaAs substrate. (XBL
8511-4654).

EDS spectra from Ni-Ga-As samples. (a) Spectrum obtained

with 15 nm probe from cross-sectional TEM specimen of
sample annealed at 220°C for 10 min. (b) Spectrum obtained

with 15 nm probe from plan-view TEM”specimen of sample



Fig.6

Fig.7
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annealed at 315°C for 10 min. Spectra in (c)' and (4)
were obtained with 20 nm probe from grains near surface
and interface, respectively, 1in <cross-sectional TEM
specimen of sample annealed at 480°C for 10 min. Copper
Ky peak in spectra from cross-sectional specimens results
from stray electrons striking Cu support grid. (XBL

862-503).

RBS spectrum and simulation for Ni/GaAs sample annealed
at 220°C for 10 min. Simulation is based on input'from
TEM study (90% NijGaAs, 10% unreacted Ni). (XBL 859-3986).
-
(a) Diffraction pattern from cross-sectional TEM specimen
of Ni3GaAs/GaAs. Two variants of Ni3GaAs in <2110>
zone-axis orientation are readily distinguishable.
Diffraction pattern from one variant 1is outlined.
Underlined indices indicate GaAs reflections. GaAs
is in <011> 2zone-axis orientation. (b) Diffraction
pattern %rom plan-view specimen of sample annealed at
315°C for 10 min. Diffraction patterns from all four
variants overlap. Only -pattern from one variant is
indexed. Positions of superlattice spots are consistent
with a combination of 2a5, X ¢ and 3ap, X Cgo

superstructures. (XBB 862-1254).
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Fig.9

Fig.10

Fig.1l1
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Structures of NigXy (X = Ga, In or As) phases based

on the hexagonal B8 structure. (XBL 859-3952).

Cross-sectional TEM image of Ni/GaAs sample annealed
at 480 C for 10 min. White 1line indicates original
depth of the reacted layer after annealing at 220°C
for 10 min. Arrowed region is imaged in Fig. 10. (XBB

861-414).

Cross-sectional image of arrowed region in Fig. 9.
Approximate composition was determined by EDS (see Fig.
5(d)). NiAsg_gGag.4 is in <2110> zone-axis orientation.
GaAs 1is in <011> 2zone-axis orientation. Note that
(0112} nj-As-Ga 1S approximately parallel to {011 gaas-
This orientation relationéhip is also observed for Ni3GaAs

on GaAs. (XBB 861-413A).

Schematic isothermal sections of the (a) Ni-Ga-As, (b)
Pd-Ga-As and (c) .Pt-Ga—As thin-film phase diagrams.
Ni=Ga—As‘phase diagram (Tg600°C) includes the observation
by Lahav é& al (Ref. 22)- of NiAs and cubic NiGa as the
final reaction products. . The Pd-Ga-As phase diagram
applies to the temperature range 250°C < f < 480°C for
%45 nm Pd deposited on GaAs and annealed in flowing
forming gas. The dashed tie _;ines represent the

observation of Pdj;Ga, PdGa and PdAs; in films annealed
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at higher temperatures (500 to 600°C) with Si0, caps
to prevent excessive sublimation of As.4® As discussed
in the text, the Pd-GaAs reaction is ©particularly
sensitive to film thickness and annealing ambient.

The Pt-Ga-As diagram applies to the temperature range

T < 500 C. Only compound phases which have been

identified as products of M/GaAs thin film reactions

are included in these diagrams. (XBL  862-598).

Cross-sectional TEM micrograph of phase I layer formed
during deposition of Pd onto (100) GaAs. Note that
native oxide-hydrocarbon layer has been broken up by
stresses involved in thé formation of the atomically

rough reacted layer. (XBB 858-6327).

High~resolution cross-sectional TEM image of phase 1II
grain at bottom of deep penetration in sample imaged
in Fig. 14 (a)-(c). ©Note that adjacent grains of phase
I have different orientations. Phase I, phase II and

GaAs are in [o0011, fooo1] and [011] zone-axis

orientations, respectively. (XBB 850-9418).

Series of cross-sectional TEM images showing development

of phase II penetrations. Images- (a)-(c) are from
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different regions of sample annealed at 275 C for 10
min. after deposition of 45 nm Pd. Image (d) is from
sample annealed at 315°C for 10 min. Deep penetrations

are 1-2um apart. (XBB 850-9419).

RBS spectra from Pt/GaAs samples annealed at 220, 315
and 410°C. Deconvolution of spectrum from sample annealed
at 410°C is consistent with Pt-Ga/PtAs;/GaAs layer
sequence. Pt-Ga is primarily PtGa as determined by
electron diffraction. Small amounts of Pt3Ga and PtGajp

may also be present. (XBL 862-543).

High-resolution TEM image of PtAsj;/GaAs interface after
annealing at 410°C for 10 min. Note the twin relationship
between PtAs; and GaAs. Both phases are in <011>

zone—axis orientation. (XBB 858-6328).
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50 nm

XBB 857-5850

Fig. 1
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XBB 858-6329

Fig. 2
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XBB 855—4168

Pig. 3
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