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Ternary Phases in the Pd-GaAs System:
Implications for Shallow Contacts to GaAs
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ABSTRACT

Ternary phases of Ithe type MXAIIIBV prepared by solid-phase reaction
between‘a meta], M, and a substrate, AIIIBV, are potentially useful materials
ior forming shallow and adherenf contacts to III-V semiconductors. In this
ietter, the results of a transmission electron microscopy study of thede-GaAs
reaction are presentéd. It is shown that the first tno'reaction producfs
are ternary phases of the'typo MXAIIIBV (Pd5(GaAs)» and PdgGaAs). By choosing
aopropriate metai | thicknesses  and onnealing temperatures, uniform
monocrystalline fi]ms of Pdg(GaAs)y, free of interfacial accumulations of
As and Ga, can be obtained. As contacts to GaAs, these deGaAs films are
analogous to silicide contaots to silicon. | |

| INTRODUCTION

Integration and miniaturiiatibn of III-V compound semiconductor devices
necessitate tho development of shallow, Tlaterally uniform and adherent
contacis. From the metallurgical perspective, potentially useful contact
materia1s must meet several criteria: (a) The deposited metal should react

with the III-V substrate to promote adhesion and this reaction must occur

in the solid state if control of contact morphologies on the 10 nm scale
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is to be échieved. (b) The deposited mefa] should be the dominant moving
species during the reaction so that voids arefnot_formed at the contact/AIlIgV
interface. (c) The reaction sﬁould go to completibn, resuiting in a thin
film of a stable ternary end phase (rich in the group III and V elements)
with a composition of MXAIIIBV. The p;incip1e advantage of such contacts
is that their e]ectfjca] ‘and mechanical properties would not be dominated
by interfacial accumu]ations.vof either group III 6r'_group’lv elements or
by the associated nonstoichiometry of thgtsemiéonductor near tﬁe interface.

Although these criferia may be difficu]t. or impossibie to comp]éte]y
satisfy in practice, there is fecent evidence that phases of the férm MXGaAs
do exist, specifically for the metals Ni [1,2] and Pd [3,4]. Ogawa [1]
and Lahav and Eizenberg [2] havé shown that NigGaAs is the'fifst phase to
form during annealing of Ni on AGaAs. However, anﬁea]ing at temperatures
above 400°C results in the decomposition of NigGaAs into NiGa and NiAs,
suggesfing that NipGaAs is a metastable phase [1]. Both Oelhafen et al.
[3] and-Kuan [4] have reported the formation of Pd>GaAs phases after annealing
at 250°C. Earlier investigators [5,6] claimed to have observed ?dGa éfter
annealing at this température and é combination of PdGa, PdoGa andb'hdAsz
after annealing at 350°C. _

Because of the potential importance of ternary phases as contact
materials, we have investigated the Pd-GaAs system in ordef to identify
; the compounds formed during low temperature annealing and to resolve some
of the discrepencies inAprevfbus sfudieé. _Iﬁ this letter, the results of
a transmission electron microscopy (fEijstudy 6f fhede-GaAs reaction are
described. It 1is shown fhat the first two reacfion prédUcts are phases

of the type PdyGaAs. A detailed desckiption of the morphological development
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of the Pd-Ga-As reacted layer is given in reference 7.
EXPERIMENTAL METHODS

Gallium arsehide substrates with (100) orientation wefe prepared for
metal deposition by immersion into a 9:1 DI _H20:Hci sb]ution for 10 sec.
followed by a DI Ho0 rinse. The GaAs surface was blown dry with No.
Palladium was then deposited by electron beam evaporation to a thickness
of 50 nm at a rate of 0.6 hm/s iﬁ a vacuum of 1-2 x 10-6 torr. Annealing
treatments weré performed in flowing forming gas (95% Ar and 5% Hp) for
10 min. at temperaturés between 220 and 4805C.

Cross-sectional TEM (XTEM) specimens were prepared by argon ion milling
with é liquid nitkogen cooled stage. Plan-view vand; XTEM sbeCimens were
observed in a Siemens 102 TEM operated at 100 keV and a JEOL JEM 200 CX
with an ultra-high resolution pole piece operated at 200 keV, respecti?e]&.
Energy dispersive spectrometry (EDS) of x-rays was performed with a Kevex
mode]l 3400.u1tra-thin-wihdow detector and System 8000 spectrometér mounted
on a JEOL 200 CX TEM/STEM. A GaAs standard was used for partial
quantification of the EDS spectré. Since a reliable Pd-Ga standard was
not available, the [Pd]:[Ga] ratios reportéd below must be considered
tentative.

RESULTS AND DISCUSSION

The plan-view micrograph and diffraction pattern in Fig. 1 (a,b) reveal
that the first phase férmed_ during low temperature annealing 1is nearly
monocrystalline and has a well-defined orientation re]atibnship with the
GaAs substrate. Cross-sectional images from'these samples {e.g. Fig. 2(a))
show that phase I is\hexégona] with

ap = 0.673 + 0.002 nm _



and
- 0.338 +0.00T nm.
The or1entat1on relat1onsh1p with (100) GaAs is
| [0001]1 /7 1011 Tgans
and
| (ziio)l /7 (100)gans-
Ana]ys1s of EDS data suggests a nominal compos1t1on of Pd5(GaAs)2 for phase
f:’ These resu]ts are in c]ose agreement with the findings of Kuan [4].

Phase I is the dominant reaction product in the as-deposited state
and after annea11ng at temperatures up to ‘315° C t?]. During annealing
at temperatures between ) 250 and 400° C, a second phase is formed if the
1n1t1a1 Pd th1ckness is greater “than ~ 20 nm' This secona phase 'appears
to nucleate at fast d1ffus1on paths such as gra1n boundaries, pores or cracks
in; the phase 1 f11m - The resulting _morpho]ogy is shown in Fig. 1(c).
At‘h1gher temperatures (eg. 350 and'410°C) phase II ‘is the dominant phase
in d1rect contact with Gahs. F1gure 2(b) is a vcross-secttonal image of
the phase II/GaAs interface after annealing at 350°C. The 1nset diftraction
pattern a]ong with d1ffract1on patterns from plan-v1ew samples confirm that
phase II is also hexagonal w1th |

= 0 92 + 0.01 nm
and
| " ¢o = 0.370 + 0.005 nm.
In samp1es annea]ed be]ow 400 C phase I1 exhibits the fo]]ow1ng orientation
re1at1onsh1p with (100) GaAs | _ |
[0001711//1011gans
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and

(2130)11//(100)gaps- |
This orientation relationship is evident in Fig. 2(b). Adjacent grains
of phase II are often observed to be in twin orientation with [100]gsps
parallel to either:[§T30]11 or [1230]117. Analysis of EDS spectra from grains
of phase II yields a nominal composition of PdsGaAs. '

In addition to phases I and 1I, PdpGa was detected by XTEM for some
annealing conditions [7]. However, a previously reported phase, PdAsy [5,6],
Hés nof been detected in any of our samples. Furthermore, under annealing
conditions (250 C < T < 500°C) similar to those which yielded PdAs; as a
major phase in previous studies [5,6], our samples contained hexagonal PdgGaAs
as the majdr phase. Since previous identifications of PdAs; were based
on x-ray diffraction data only, we have compared the pup]ished experimental
diffraction spectra from samples said to contain PdAsp [5,6] with the
calculated peak positions for phase II (v PdgGaAs). Table 1 shows that the
peaks attributed solely to PdAsy can also be attributed to the ternary phase,
PdgGaAs.

CONCLUSION

It 4is clear from these results that the Pd-GaAs reaction at low
temperatures (< 500°C) is dominated by the formation of ternary phases.
If the lateral inhomogeneities can be limited by proper choices of the initial
Pd layer thickness and the reaction temperature, these ternary phases may
find application as shallow contact materiéls in direct analogy to the
application of silicides as sha]low contacts to silicon. In addition, since
the reactions to form M,GaAs phases do not involve the interfacial

accumulation of arsenic, studies of the electrical properties of MyGaAs/GaAs



interfaces should provide new insight into the factors which determine the
barrier:heights of metallic phases on n and p type GaAs. |
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TABLE 1

Comparison of diffraction peak positions for PdAs2 and phase II*

Approximate peak position indexing calculated possible calculated
(26) measured from Fig. 1 based on . 28 for ~indexing. . .. 26 for
of [5] PdAs,[5] PdAs, as phase IT phase II
26.6 + 0.2 111 25.8 o 26.6
30.8 0.2 200 29.9 2111 31.0
33.5 £ 0.2 v o212 45.5 0221 | 33.0
+36.5 £ 0.2 om . 36.8 - -
50.7 * 0.2 | T 50.6 0112 50.7
70.0 * 0.2 420 70.4 0442 69.4
472.3 0.2 421 72.4 - -
73.9 £ 0.2 T332 74.4

2750 74.5

-

* assuming CuKa radiation (» = 0.1542nm) and ao[PdAsz] = 0.5982nm.
+ peak overlaps with 200 PdGa
£ pedk overlaps with 321 PdGa

)



Fig.1"

Fig.2

FIGURE CAPTIONS

Low magnification TEM images and corresponding diffraction patterns from
plan-view specimens of samples annealed for 10 min. at (a,b) 220°C and
(c,d) 315°C. The diffraction pattern in (b) is the superposition of
the polycrystalline Pd ring pattern and the monocrystalline phase I spot
pattern in <2i?0> zone-axis orientation. Diffraction spots from phases
I and II are visible in (d).

Cross-sectional TEM images of (a) the phase I/GaAs and (b) the phase
11/GaAs interfaces. Samples were annealed at 275 and 350°C respectively.
The images and their corresponding electron diffraction patterns illustrate
the orientation relationships described in the text. Gallium arsenide

is in <011> zone-axis orientation. Phases I and II are in <0001> zone-axis

orientation.
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