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The thermal and chemical stabilities of amorphous-metal diffusion barrier films are of
importance in high-temperature semiconductor device applications. The reaction
characteristics of the barrier constituents with the surrounding elements as well as the
crystallization temperature determine the thermal stability of an amorphous-alloy diffusion
barrier. We report that suitable thin films of Ta-Cu have been prepared over a wide range of
compositions, by cosputter deposition onto GaAs and fused-quartz substrates. The amorphous
nature and crystallization behavior of the fiims have been monitored by x-ray diffraction and
van der Pauw resistivity measurements. Films were found to be amorphous over the range of
55-95 at. % Ta. In addition, Auger electron spectroscopy surveys and depth profiles were used
to investigate the various interdiffusion reactions between the amorphous diffusion barrier,
polycrystalline Au overlayers, and GaAs substrates. Barriers of Tagy;Cu, are remarkably
effective in preventing Au in-diffusion, a 3000-A layer remaining unpenetrated after an
annealing at 700 °C for 20 min, Diffusion of Ga and/or As into amorphous 93 at. % Ta is
more rapid than that of Au. Interfacial reactions formed Ta,Au, CuAu, TaAs,, Ga;Cu,,
Cu,As, and other unidentified compounds formed above 700 °C.

I. INTRODUCTION

A number of problems prevent the use of conventional
electronics at sustained elevated temperatures, and the inter-
diffusion of metal and semiconductor is one of the dominant
causes of device failure. A thermally robust metal-semicon-
ductor contact which retained electrical stability after expo-
sure to temperature of 500 °C for tens of hours could find
useful application in equipment exposed to hostile environ-
ments. Also a layer which maintains metallurgical integrity
during a 20-min anneal at 800 °C could find application in
self-aligned gate technology.'

Unfortunately the objectives mentioned above cannot
be achieved using conventional polycrystailine diffusion-
barrier layers because of fast grain-boundary diffusion.
Grain boundaries can be eliminated by forming either single-
crystalline or amorphous layers. The former approach has
not been possible as yet. The latter solution has recently been
investigated by a number of groups.'™ The results that are
now emerging are promising, and suggest that films of amor-
phous metallic alloys may offer new and viable alternatives
in the important area of semiconductor metallization. A
number of workers have investigated several amorphous me-
tallic alloys to demonstrate their superior stability to con-
ventional barriers on exposure to elevated temperatures.

An important parameter that characterizes an amor-
phous alloy is the recrystallization temperature 7, assuming
that the amorphous nature is responsible for their successful
performance as a barrier. Other important properties re-
quired of amorphous barrier alloys arise when contemplat-

4281 J. Appl. Phys. 60 (12), 15 December 1986

0021-8979/86/244281-06%$02.40

ing the use of the material in a semiconductor device. There
are a large number of such requirements, and in general they
are similar to those found for polycrystalline barriers. These
include such factors as electrical resistivity, adhesion, and
thermal-expansion coefficient, but the most important is the
compatibility with the semiconductor and the processing
procedures employed.

We have taken into account such requirements for
amorphous diffusion barriers and prepared Au/amorphous
alloy/GaAs systems, based on Ta-Cu. Amorphous tanta-
lum-copper films can be easily obtained over a significant
composition range by cosputtering® and electron-beam
evaporation’ from a composite target. They are known to be
structurally quite stable; the recrystallization temperature of
tantalum-rich (up to 80%) amorphous Ta-Cu films was
shown’ to exceed 800 °C. In the present work we have select-
ed this alloy system because of its high crystallization tem-
perature, and have extended the Ta composition range up to
95%, nearly the maximum with respect to maintaining the
thermally stable amorphous microstructure. In this paper
we report the thermal and structural stability of sputter-de-
posited, extremely Ta-rich Ta-Cu alloys, and discuss the po-
tential use of these alloys as diffusion barriers in Au-GaAs
contacts.

1. EXPERIMENT

The substrates used in this study were Ge-doped (n-
type) single-crystal GaAs wafers having a (100)-crystal ori-
entation, as well as fused quartz. The substrates were poi-
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FIG. 1. Schematic of multigun sputtering system.

ished and cleaned using standard procedures. The clean
substrates were placed in a cold-trapped diffusion-pumped
chamber, in which there was an independently operating
magnetron rf gun and two dc guns, as well as a water-cooled
computer-controtled rotating table with substrate holder on
the bottom side (see Fig. 1). Sputtering was by means of rf
and dc argon ions impinging on targets of high-purity
(99.999% ) Ta and Cu, respectively. A typical base pressure
of the chamber was 1 X 10~ Torr, and the Ar pressure was 5
mTorr. The composition could be easily controlled by oper-
ating two guns separately with optimized and known deposi-
tion rates. These rates and compositions were confirmed by
the Auger electron spectroscopy (AES) results which re-
vealed semiquantitatively the atomic concentration of con-
stituents by taking into account the sensitivity of Auger sig-
nals to each element. This yielded less than a 29 error in the
value of the composition over the entire composition range.
The table was rotated with a constant speed of 60 rpm to
produce completely intermixed metal-alloy films. Typical
deposition thicknesses of both constituents per rotation were
less than 1 A within which even one monolayer could not be
formed. A typical thickness of an alloy film was 3000 A, and
the subsequently deposited Au was evaporated on some sam-
ples to observe the behavior of a Au overlayer on these alloy
films. Ta-Cu fims had strong adhesion to both GaAs and
fused~quartz substrates even after annealing to 800 °C. The
electrical resistivities of all alloys were measured by the van
der Pauw technique, and their microstructures were deter-
mined by x-ray diffraction (XRD).

As the crystallization of amorphous metals is controlied
by kinetic factors, the measured crystallization temperature
depends on the time scale of the experiment. The character-
istic time for crystallization, however, is an extremely strong
function of temperature, so that the reasonable estimation of
the maximum crystallization temperature of an amorphous
metallization can be obtained using temperature-varying an-
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nealing with reasonably long annealing time. Therefore, to
determine the crystallization temperature of the metalliza-
tions we set the annealing time to 20 min, which is the typical
annealing time for post-implantation annealing in device
and circuit manufacturing. The results reported here were
obtained by annealing the samples in an evacuated stainless-
steel tube with diffusion pumping and liquid-nitrogen trap-
ping. In order to determine the crystallization temperature
of a given alloy composition, the following sequence was
performed. The first anneal was done at 200 °C for 20 min,
after which the sample was removed from the furnace for
examination by x-ray diffraction and resistivity. After these
examinations, the sample was reloaded into the furnace and
annealed at 300 °C for 20 min. This procedure was repeated
at 100 °C increments up to 800 °C.

To observe the effect of a Au overlayer on the crystalli-
zation of this alloy system, thin Au films (thickness of 400
A) were deposited on Tag,Cu,, and Tay,Cu, films, and the
total transverse resistivities of the double-layer films (in
electrical parallel) were measured using the van der Pauw
technique as a function of annealing temperature. The Au
layer thickness was kept low in order to enhance sensitivity.
Indeed, the total resistivity was found to be quite sensitive to
compound formation between Au and constituents of the
Ta-Cu alloys. It was especially sensitive to thinning of the
Au overlayer due to the diffusion of Au into the Ta-Cu film.
These changes in resistivity indicated the onset of partial
crystallization at the interface of the Au and Ta-Cu alloys,
assuming that in-diffusion occurred mainly along grain
boundaries. The success of these measurements was depen-
dent upon the large differences in resistivities between poly-
crystalline Au and amorphous Ta-Cu alloys.

In addition to the experiments described above, we have
studied the interdiffusion in the Au/Ta-Cu/GaAs system
using Auger electron spectroscopy (AES) combined with
XRD measurements. The Ta-Cu/GaAs system without a
Au overlayer was also investigated in order to study the ef-
fect of a Au overlayer on this system. AES spectra were
obtained simultaneously with Ar-ion milling. The variations
of the peak-to-peak height of the primary signals of the ele-
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FIG. 2. Measured resistivity of Ta, Cu, _, alloys with various compositions
(at room temperature).
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FIG. 3. Resistivity curves obtained from cosputtered Ta-Cu alloy films with
various compositions: A—x = 0.95, B—x = 0.93, C—x = 0.8. All films
were deposited on fused-quartz substrates, and then vacuumannealed for 20
min.

ments analyzed were recorded as functions of the sputtering
time for the AES analysis.

. RESULTS AND DiSCUSSION
A. Annealing effects on resistivity

The resistivity of the films as a function of composition
is shown in Fig. 2. Note from Fig. 2 that the glass-forming
composition range was extensive. Alloys containing 55-95
at. % Ta were amorphous, and resistivities increased with
increasing composition up to 95%. Alloys having more than
95 at. % Ta were not investigated in this study. In view of the
wide range of amorphous composition found in the Ta-Cu
system, three Ta-rich compositions, 80, 93, and 95 at. % of
Ta, were selected for a detailed study as to how optimum
diffusion-barrier action would be obtained. It is shown in
Fig. 3 that the resistivity increases slightly in the early stages
of annealing. This annealing behavior continues over a wide
range of temperatures, being strongly dependent on the com-
position. The resistivity of Tag,Cu,, decreased monotonical-
ly upon further annealing, and showed complete crystalliza-
tion at 800°C. After annealing at 800 °C, the diffraction
peaks corresponded to all the allowed reflections of parent
metals, namely the fcc Cu and bee Ta, crystalline phase. The
resistivity change in the Tay,Cu, shows the same pattern
with that of Tag,Cu,,, except that the decrease is slower at
first (600-700 °C), and faster in the region from 700 to
800 °C. A similar behavior was observed in the resistivity
change of Ta,;Cus, but there was a higher starting tempera-
ture (700 °C) for the partial recrystallization.

Figures 4 and 5 show a sequence of typical XRD scans
of Tay,Cu, and Tag,Cu,, films. It is somewhat difficult to
judge whether or not small features on the amorphous peaks
correspond to the early stages of crystailization. It seems to
be likely that the path of crystallization in the Ta-Cu system
is complex. Sharpening and narrowing of diffraction peaks
would indicate grain growth. Estimate of grain sizes as a
function of annealing, however, couid not be done since the
differences were not distinct until complete recrystallization
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FIG. 4. X-ray diffraction spectra of a-Ta,sCuy heated to various tempera-
tures and subsequently cooled to room temperature.

had occurred. This implies that weak Ta and Cu crystalline
phase reflections superimposed on the amorphous back-
ground at temperatures lower than 800 °C, and that the de-
gree of recrystallization of the film in this intermediate tem-
perature range is slower when it contains higher atomic
percent Ta. These measurements indicated that the more
Ta-rich cosputtered films are more thermally stable. Thus
high Ta composition Ta-Cu alloys are suitable diffusion-bar-
rier materials.

The recrystallization temperatures we report here are
lower than those reported by others. This difference could be

As Deposited
Amorphous Ta

Cu
so-Y20
Alloy

Annealed at 700°C

Annealed at 800°C

Intensity (Arb. units)

e
]
2

Cul200)

80 70 60 50 40 30 20 10

28 (degrees)

FIG. 5. X-ray diffraction spectra of a-Tag,Cu,, heated to various tempera-
tures and subsequently cooled to room temperature.
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FIG. 6. Total resistivity of layered films, Au(400 A)/Ta-Cu (3000 A)
heated to various temperatures; (a) Tag;Cu,, (b) TagCuy,.

due to an impurity contribution to the crystallization kinet-
ics owing to the two different deposition techniques used (e-
beam evaporation versus cosputtering). It could also be due
to changes in recrystallization kinetics when Ta-Cu is depos-
ited on various substrates. It could also be due to differences
in how various research groups define the crystallization
temperature for these alloys.

Total resistivity measurements on the layered film, Au
(400 A )/Ta-Cu alloys (Tag,Cu,, and Tas,Cu,), were per-
formed with the various annealing temperatures and results
are shown in Fig. 6. No distinguishable change was observed
up to an annealing temperature of 500 °C, but resistivities in
both samples started to increase after annealing to 600 °C,
which can be attributed to diffusion of Au into the diffusion-
barrier material. It should be noted that this is the tempera-
ture region in which partial crystallization was observed, as
shown in Fig. 3.

In the case of the Tay,Cu, alloy the increase in resistivity
with temperature continued up to 700 °C, and it was slightly
lower than the resistivity of the host film itself, which implies
that Au atoms completely diffused along grain boundaries
and formed compounds with Ta and/or Cu. The XRD mea-
surements identified Ta, Au, Ta;Au, and CuAu in the sam-
ple annealed to 700 °C. However these reactions occurred
only near the interface between the Au and the Ta-Cu alloy
film since the Auger depth profile with Ar-ion sputtering
showed only limited penetration of Au into the 3000-A-thick
Tay,Cu, film (within the ~ 50 A distinction limit of AES).
The XRD spectrum showed only a series of polycrystalline
Au diffraction peaks plus the amorphous background in
samples annealed to 600 °C. The resistivity decreased as did
the resistivity of a host film after the completion of in-diffu-
sion and compound formation. The results for the Au/
TagyCu,, system showed a similar behavior at lower tem-
peratures.

The diffusion of Au into the Ta-Cu alloy system hap-
pened in the same annealing temperature range found for the
microstructural changes of the Ta-Cu metallic alloy at the
different annealing temperatures. More pronounced fea-
tures were superimposed along with the amorphous back-
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TABLE I. Results of annealing experiments for a series of alloys. Ty, is the
highest annealing temperature at which no evidence of crystallinity is ob-
served. T, is the lowest annealing temperature at which some evidence of
crystallinity was observed by XRD. T, is the temperature at which there is
complete crystallization.

T, T, T,
Sample (°C) (°C) ('C)
TapsCu, 700 800 800
Tae;Cu, 600 700 800
Tag,Cuag 500 600 800
Au/Tay,Cu, 500 600 800
Au/Tag,Cu,, 400 500 700

ground in the samples with a Au overlayer, implying that
Ta-Cu crystallization may be accelerated and thus occur at
reduced temperatures by the presence of a polycrystalline
Au overlayer.

There are several possible mechanisms to account for
the decreased crystallization temperature with Au over-
layer. For example, the material in the top Au layer can
diffuse partially into the amorphous metal to form an alloy
with a reduced T, which would then crystallize, aliowing a
more rapid diffusion of the overlayer species into the under-
lying amorphous layer. The process would then proceed un-
til the entire film had crystallized. Another possible mecha-
nism would be that the polycrystalline Au overlayer
provides sites for the initiation of crystallization of the amor-
phous metal that are not available at the single-crystal GaAs
substrate surface. Perhaps the polycrystalline Au layer
would act as an effective catalyst in promoting the crystalli-
zation of Au compound phases from the amorphous alloy.

The results of the annealing studies to date are given in
Table I. The temperature T is the highest annealing tem-
perature at which no evidence of crystallinity has been ob-
served. T, is the lowest annealing temperature of which
some evidence of crystallinity has been observed by XRD. T,
1s the temperature at which each series of Ta and/or Cu alloy
is crystallized completely.

B. Structural stability of Ta-Cu altoys

The results of AES analysis of the as-deposited and rep-
resentative annealed samples for the structure:
Au(1500 A)/Tag,Cu, or TagyCu,,(3000 A)/GaAs, as a
function of distance from the top surface of the Au film and
inward, are shown in Figs. 7 and 8, respectively. For simpli-
city, carbon and oxygen profiles are not included. The ab-
scissa in the figures represent the sputtering time in minutes.
The sputtering time may be used as an approximate measure
of the depth of the sample profile because the sputtering
conditions, namely the Ar pressure and the primary ion cur-
rent, were held constant throughout profiling. The Au/Ta-
Cu alloy interfaces in the unannealed samples | Figs. 7(a)
and 8(a) ] appear to be relatively sharp whereas those of the
Ta-Cu alloys/GaAs are slightly diffused. This is mainly due
to problems associated with AES-ion sputtering which
usually cause nonuniform crator shapes, matrix effects, mo-
lecular-ion formation, memory effects, charging effects, and

Ohetal. 4284

Downloaded 27 Nov 2006 to 129.93.16.206. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



2
£ ]
El
g
<
L]
E Go
T
< e
= e
& / ]
A LR, " ] As
8 N, P s
o -
Yy
Cu / /\
_______________ L .
Voo~ N
N . Lo N _—
32 48 64 8C 96 1z
{a) Sputtering Time (min)
10 — “
£ 8|
©
a
g
L. ¢
g ° 1
= Ga -~
a //
< L
x 4 s
E [- Ta //
L O auhutniuinieteiie el ~ As
2 // /"///J
2 e
a. IS
Cv e ~4L T
~~~~~~ G T
o} —_
0 16 32 48 64 80 96 ne
(b} Sputtering Tima (min)

FIG. 7. (a) Schematic AES depth profiles showing the effect of no anneals
on Cu 7 at. % Ta barrier on GaAs substrate with Au overlayer. (b) Sche-
matic AES depth profiles showing the effect of anneal at 700 °C on Cu 7
at. % Ta barrier on GaAs substrate with Au overlayer.

atomic mixing effects.®* The small valley of Cu in the depth
profiles of Ta,,Cu,, alloy film as seen in Fig. 8 is probably
due to a fluctuation of the Cu deposition rate which occurred
for some unknown reasons.

For the system of Au/Tay;,Cu,/GaAs, the as-deposited
structure is maintained up to and including the 500 °C an-
neal. That is, neither Ta nor Cu has reacted with the GaAs
substrate, nor is Au diffusing into the diffusion barrier. Fig-
ure 7(b) shows that there was a slight broadening of the
Au/Ta-Cu and Ta-Cu/GaAs interfaces. There was also Cu
accumulation at the interface of Ta-Cu/GaAs, which can be
seen in the curve for the Au/Tay,Cu,,/GaAs, sampie heat
treated to 500 °C as shown in Fig. 8(b).

Phase separation has been reported in the alloy-film sys-
tem [Ni-Ta (see Ref. 9) W-Pt (see Ref. 10)] on a GaAs
substrate. This phenomenon has been explained in terms of
differences in the temperatures and mechanisms on the com-
pound formation for the two groups of metals. The effect of a
phase separation on the electrical properties at the interface
between the Ta-Cu alloy and a GaAs substrate is presently
being pursued. It is suspected that the temperature at which
Cu begins to accumulate at the interface {Fig. 8(b)} may
relate to the amorphous nature of these alloy films, since
these temperatures also correspond with the temperatures at
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FIG. 8. (a) Schematic AES depth profiles showing the effect of no anneal
on Cu 20 at. % Ta barriers on GaAs substrates with Au ovelayers. (b)
Schematic AES depth profiles showing the effect of anneal to 500 °C on Cu
20 at. % Ta barriers on GaAs substrates with Au overlayer.

which each alloy film is partially crystallized. The x-ray ex-
aminations showed that heating to 500 and 600 °C had not
caused the amorphous-barrier layer to crystallize, but some
crystalline phase was detected in the sample heated to
700 °C, in which no appreciable Ga accumulation on the
metal film and no measurable interdiffusion was observed. It
is interesting to note that we found that interdiffusion
between Au and amorphous Tay;Cu, occurred only near its
interface with GaAs even after being annealed to 700 °C.
This is true despite the fact that amorphous Tag;Cu, film
contained a small but detectable volume fraction of the mi-
crocrystalline phase, as determined by the resistivity and
XRD measurements. Thus we believe that partially crystal-
line films can still function as effective diffusion barriers as
long as the crystallites are well separated by an amorphous
matrix. Ga and As outdiffusion was observed in the sample
with the Ta,,Cu, alloy film heat treated to 800 °C.

The results of XRD studies on the Au/Tag;Cu,/GaAs
sample are summarized in Table II. Samples heat treated at
temperatures up to and including 600 °C exhibit diffraction
patterns for Au and amorphous Tag;Cu, only, whereas sam-
ples that were heat treated to temperatures higher than
700 °C exhibit diffraction patterns for other phases in addi-
tion to these. The results of x-ray analysis strongly suggest

Oh et al. 4285
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TABLE II. Phases found (or not found) by XRD at a series of four tem-
peratures.

Major phase Minor phase Trace

500°C Amorphous Ta-Cu

600°C  Amorphous Ta-Cu e

700°C  Amorphous TaCu Ga,Cu,(220)
Ga;Cu,(331)
Ga,Cu, (420)

TaAs,(211)
TaAs,(400)

800°C Three-constituent Cu,As(111)
compounds Cu;As(220)
Cu,As(222)

Cu,As(311)

Cu,As(331)

the presence of binary compounds and unidentified three-
constitutent compounds results from the 800 °C heat treat-
ment.

IV. SUMMARY

The thermal and structural properties of cosputter-de-
posited Ta-Ca alloy thin films on GaAs substrates were in-
vestigated as a function of annealing up to 800 °C for 20 min.
The as-deposited Ta-Cu films over an extended range of 55—
95 at. % Ta were amorphous and started to recrystallize into
independent bee Ta and fec Cu at annealing temperatures of
800 °C. The extremely Ta-rich films remained amorphous
even after annealing up to 700 °C, and showed strong adhe-
sion to GaAs and fused-quartz substrates. An accelerated
recrystallization of these films due to the presence of a Au
overlayer was observed at 100 °C below their crystallization
temperatures occurring without Au. This is probably due to
compound formation, as well as the presence of nucleation
sites supplied by the polycrystalline Au overlayer. The
Tag;Cu, film prevented Au and GaAs elements from inter-
diffusing with each other even after a heat treatment to

4286 J. Appl. Phys., Vol. 60, No. 12, 15 December 1986
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700 °C. The diffusion barrier failed after an 800 °C anneal-
ing, at which temperature both Ga and As out-diffusion was
observed. The Tay,Cu, alloy film was more stable than either
pure Ta or pure Cu as a diffusion barrier, suggesting that Ta
and Cu are strongly bonded together in the amorphous ma-
trix.
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