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INTERFACIAL INTERACTIONS OF EVAPORATED IRIDIUM THIN FILMS WITH (100) GaAs
Kin Man Yu, T. Sands?), J. M. Jaklevic and E. E. Haller

Center for Advanced Materials and Engineering Division, Lawrence Berkeley

Laboratory and University of California, Berkeley, Ca 94720.

We present the first report on a systematic study on therma]iy activated
solid phase reactions between (100) GaAs and evaporated iridium thin films
(100 & and 550 R thick). The investigation is carried out with Rutherford
backscattering spectrometry, x-ray diffraction and transmission electron
microscopy. Interfacial interactions are observed after annealing the system
at temperatures higher than 500°C. Complete reaction at 700°C results fn the
formation of Ir3Ga5 and IrA52 phases. Intermediate phase IrGa 1is formed
in the annealing temperature range of 500-650°C. Vertical phase segregation
is also observed with the IrAs2 phase at the interface and the Ir-Ga phases
on the surface layer.

Specific information on the reaction kinetics, transformation and
structures of different phases and phase distributions are also discussed.

Comparisons with interfacial reactions of other near noble metal/GaAs systems

_are presented. Based on the metallurgical information obtained, the potential

applications of this contact system are suggested.

a)Be11 Communications ‘Research, Inc., 331 Newman Springs Rd., Red Bank,

NJO7701.



I. INTRODUCTION

In recent years, metal/III-V compound semiconductor interfaces, in
particular metal/GaAs interfaces, have attracted much attention because of the
contact problems encountered in the developments of III-V integrated circuits.
Since electrical properties of metal/GaAs contacts are sensitive to interface
reactions, a great deal of work has been devoted to the studies of the
metallurgy at the interfaces of metal/GaAs contacts. Thin films of group VIII
near noble metal (for example, Co, Pd, Ir, Ni, Rh and Pt)/GaAs contacts are of
particular interest because of their reactive nature. Since near noble metals
react with both group III (Ga) and group V (As) atoms at low temperatures
(~200-500°C) [1-14], there is no depletion or accumulation of the anion or
cation beneath the reacted layer. Therefore the stoichiometry of III-V (GaAs)
substrate at the interface is preserved. Interface states due to point
defects or defect complexes created by non-stoichiometry are thus minimized.

Another attractive. property of near noble metals is that they are highly
resistive to oxidation (especially Pd, Pt and Ir). Moreover, near noble
metals have also been known to form high Schottky barrier heights with n-GaAs
(~0.75 to 0.9 eV) ([15]. This makes them attractive candidates as contact
materials for high barrier GaAs Schottky diodes and tunne]ing ohmic contacts.
In fact, nearly all reported GaAs "sintered" ohmic contact involved one of the
near noble metals, Ni [16,17], Pd {18,19] and Pt [20]. The roles these near'
noble metals play in these "sintered" ohmic contacts are, however, still
unknown,

In order to exploit the potential of the near noble metal films as contact
materials to GaAs (and III-V semiconductors in general) the metallurgy at the

simple near noble metal/GaAs interfaces must be thoroughly understood. In
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this paper we present the first systematic study of the solid phase reactions
between (100) GaAs and thin films of one of the near noble metal, iridium.
Rutherford backscattering spectrometry (RBS), x-ray diffraction (XRD) and
transmission electron microscopy (TEM) measurements are performed on 100 R and
550 R thick iridium films deposited on (100) GaAs substrates. Reaction
kinetics as well as formation sequence, structures, morphology and

distributions of different phases are investigated.
IT. EXPERIMENTAL

Undoped semi-insulating (p>107Q—cm) GaAs substrates in (100) orientation
(Wacker Chemitronic [21]) were degreased in organic solvents followed by
etching in a 50% HCl1 solution for one minute in order to remove the native
oxide on the GaAs surface. The wafers were rinsed in dejonized water and
blown dry with NZ‘ Iridiuﬁ films 100 A and 550 A thick were deposited on
the two wafers by electron gun evaporation at a pressure below 10_6 torr.
Thé metallized wafers were then cut into small pieces (~ 4mmX 4mm) and capped
on both sides with ~ 2000 R of S1'02 in order to minimize the sublimation of
As during annealing. The SiO2 films were deposited by plasma enhanced
chemical vapor deposition at a substrate temperature below 200°C. The samples
were then annealed in f]owiné N2 ambient at temperatures ranging from 300 to
700°C for various time durations. Finally the oxide caps were removed from
the annealed samples by dipping the samples in a buffered HF solution for 2
minutes.

Rutherford backscattering spectrometry measurements were performed with a
2.0 MeV 4He+ beam generated by a 2.5 MeV Van de Graaff accelerator. The

ion beam was collimated down to 1 mm in diameter on target. Energy resolution
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of ~18 keV (FWHM) was obtained with a silicon surface barrier detector located
at a backscatter angle of 165°. Samples with 100 R Ir films were tilted at
65° with respect to the beam so that depth an improved resolution &x~ 20 A
(FWHM) could be achieved. Normal incident RBS measurements were performed on
samples with 550 A Ir films (sx~ 100 A).

Samp]es. with ~100 A Ir films were further characterized by plan-view
transmission electron microscopy. TEM measurements were carried out with a
Siemans 102 TEM at 100 keV. X-ray diffractions in the Bragg-Brentano geometry
were performed on samples with 550 A Ir films. The combination of electron

diffraction and XRD data facilitate conclusive phase identification.
[II. RESULTS AND DISCUSSIONS

A. 550 A Ir Film

A two stage reaction is detected with RBS in the 550 R Ir/GaAs system.
Initial interfacial interaction starts during annealing at 500°C. Complete
consumption of the entire Ir film is observed in the sample annealed at 650°C
for 80 min (stage 1). The final reaction is completed after annealing at
700°C for 16 min (stage 2). Figure 1 shows the RBS spéctra from 550 A Ir/GaAs
samples as deposited, annealed at 650°C for 80 min and 700°C for 16 min. It
can be oberved from the Ir signals in the spectra that two-layer structures
are formed in both of the annealed samples. The interface layers in these two
annealed cases have similar Ir concentration while the top layer in the sample
annealed at 650°C has higher Ir content ‘than that of the sample annealed at
700°C. The GaAs signals in the backscattering spectra show no significant

amount of As present in the top layers in both annealed samples.
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Deconvolutions of the RBS spectra from the two annealed samples are shown in
figure 2. Well defined layered structures with Ir-As phase at the interface
and Ir-Ga phase on top are evident. Height ratio analysis of the RBS spectra
gives [Ir]:[Ga] = 1:1 and [Ir]:[As] = 1:2 for the sample annealed at 650°C for
80 min and [Ir]:[Ga] = 0.6:1 and [Ir]:[As] = 1:2 for the sample annealed at
700°C for 16 min. Overall ratios of the reacted Ir and GaAs are also obtained
from energy loss analysis of the two RBS spectra in figure 2 and yields
[Ir]:[GaAs] = 1.5:1 for stage 1 reaction and = 1.1:1 for stage 2 reaction.
These data are consiétent with the following reactions:

3 Ir +2 GaAs > 2 IrGa + IrAs2 (stage 1), and

11 Ir + 10 GaAs > 2 Ir3Ga + 5 IrA52 (stage 2).

5
Table I gives a summary of the RBS results on the 550 A Ir/GaAs system.

XRD measurements on 550 A Ir/GaAs samples annealed at temperatures ranging
from 500 to 650°C indicate the existence of two phases: cubic IrGa (ao=3.004
R) with CsCl structure and monoclinic IrAs, (a,=6.060 R, b =6.071 R,
c,=6.158 R and 8=113"16'). Figure 3 (a) and (b) show two XRD spectra from
samples annealed at 650°C for 20 and 80 min. Note that the IrGa and IrAs2
diffraction peaks grow at the expense of the Ir peaks. After annealing at
700°C for 16 min the IrGa diffraction peaks disappear in the XRD spectrum as
shown in figure 3 (c). A new set of diffraction peaks is detected in this

spectrum. This set of diffraction data is in reasonable agreement with those

of the tetragonal IrjGa; phase [22] (a=5.823 R and c,=14.20 Ry.

The RBS and XRD results suggest that the final stable phases for thin film

Ir/GaAs solid phase reactions are the Ir3Ga5 and IrAs2 phases. Inter-
mediate phase IrGa decomposes at temperatures higher than 650°C. Moreover,
vertical phase separation with a layer of IrA52 in intimate contact with

GaAs and the Ir-Ga phase on top of the IrAs2 layer -is always observed in
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this system. Similar phase stratification phenomena have also been oberved
for other thin film near noble metal/GaAs systems such as the Pt [11-14, 23]
and Rh [10,14]/GaAs systems. Sands et al. [14] studied this phenomenon for-
near noble metal/GaAs systems and concluded that phase stratification resulted
when the grain size in the reacted film was smaller than the reacted film
thickness. They also found that for metal/GaAs systems annealed under the
same conditions, the grain size in the reacted film was larger for deposited
metals with smaller heat of vaporization which could be related to. the
metal-metal bond strength. Since Ir has the highest heat of vaporization
among the near noble metals, it has the smallest grains in the reacted layer.
Owing to the relatively low mobility of the As in the reacted layer, the
metal-As phase in those systems where phase stratification occurred always
resided at the interface in intimate contact with the GaAs substrate.

Kinetics of the solid phase reactions between (100) GaAs substrate and Ir
thin film is also studied with RBS by measuring the GaAs consumption at
different annealing conditions. Plots of the square- of the. reacted GaAs

thickness in molecu]es/cm2

as a function of the annealing time for different
annealing temperatures are shown jn figure 4. All the plots in figure 4 show
linear dependences indicating that the reactions at the Ir/GaAs interface
follow parabolic rates and thus follow a diffusion controlled process.
Diffusivity b at a certain annealing temperature T is a direct function of the
diffusion coefficient at T and is deduced from the slope of the plot in figure
4 for T. An Arrhenius plot of In D versus the reciprocal of the annealing
temperature in degrees Kelvin is shown in figure 5. From figure 5, it can be
seen that the Ir/GaAs reaction follows an exponential expression of the form

D~exp[-aE/kT] where aAE is the activation energy of reaction and k is the

Boltzman constant. Activation energy of the reaction aE is thus obtained from
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the slope of the plot and is 3.15%0.20 eV.

XRD spectra from the 550 R Ir/GaAs samples annealed at 700°C for 9 min
(not shown) and 16 min (figure 3(c)) reveal that unreacted Ir, IrGa -and
IrAs2 are present in the former but Ir3Ga5 and IrA52 result in the
latter sample. The fact that. the formation of the Ir3Ga5 layer proceeds
in such a rapid rate suggests that the process may be nucleation controliea.
This has been observed in the formation of NiSi, L24], IrSig L25],
Rh4515, Rh3S1'4 [26] and the rare earth metal silicides ({27, 28]. This
process happens at high temperatures (usually high than 700°C except for the
rare earth silicides) when the diffusing atoms are so mobile that diffusion is
very rapid. As a result the growth is no longer controlléd by aiffusion but
is controlled by the nucleation process which happens at the interface with
seemingly explosive suddenness.

The reaction kinetics data for Ir/GaAs are tabulated in Table II in
comparison with those of other near noble metal/GaAs systems reportea in the
literature. The data in Table II show that the Ir/GaAs system has an
activation energy of reaction twice as high as the other systems. Consequently
relatively higher temperature is needed (= 500°C) to initiate reaction between
Ir and GaAs. A1l the systems in Table II follow a parabolic reaction rate
indicating that a diffusion limited process is the dominant process for the

solid phase reactions of thin film near noble metal/GaAs contacts.

B. 100 A Ir Film

Figure 6 shows the diffraction pattern and the bright field image of the
TEM measurement on 100 A Ir/GaAs sample annealea at 600°C for 20 min. The

presence of the Ir3Ga5 and IrAs2 phases are revealed from the electron
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diffraction pattern. Since thinner film promotes higher rate of reaction, it
is not surprising to find the final stable phases at temperatures below 700°C.
Very fine grains (~ 100 to 200 A) are formed in the reacted layer as noticed
in the TEM micrograph in figure 6. Strong texturing is observed in the
diffraction pattern only for the IrA52 phase W1th the orientation
relationship:

<5§'l>1rA52//<100>GaAS

{113'}IrA52//{011}GaAs
The fact that the Ir3Ga5 phase bears no orientation relationship with the
GaAs substrate suggests a Tlayer sequence of Ir3Ga5/IrA52/GaAs for this
sample.

A glancing angle RBS spectrum from 100 & Ir/GaAs sample annealed at 600°C
for 20 min dis shown 1in figure 7. Deconvolution of the spectrum (dashed
spectrum) clearly confirms the layered structure as interpreted from the TEM
results. Interpenetration ‘of the two phases can also be deduced from the
cspectrum. Comparing with the thicker film case 1in which a distinct layerea
structure is always preserved, perfect distinction between the layers is lost
in tHe very thin films because interface energy plays an important role. When
the reacted film thickness becomes comparable to the grain size, phase
stratification becomes thermodynamically less favorable. This effect has also
been observed in the solid phase reactions in thin film Rh/GaAs [10,14] and
Co/GaAs [14]. Since the reacted film in this system has a thickness of ~ 400
R while the grain size of the reacted phase is ~ 150 A in diameter, phase

stratification results.



IV. CONCLUSIONS

From the results of the TEM, XRD and RBS measurements on 100 A and- 550 &

Ir/GaAs discussed above, the solid-state reactions between thin film Ir and

(100) GaAs substrate can be summarized as follows:

1.

The Ir/GaAs interfate reacts in two stages. In the first stage,  from
500°C to 650°C, IrGa and IrAs, phases are formed. The IrGa phase
transforms 1into the more stable Ir3Ga5 phase in the presence of-
unreacted Ir in the second stage reaction at a temperature higher than
650°C. Therefore the Ir3Ga5 and IrAs2 phases are the stable

final phases for this system.

. The Ir/GaAs reactions follows a parabolic reaction rate with a high

activation energy = 3.15 eV.
The reacted 1ayér has very fine grains (~ 150 R) so that phase

stratification with the sequence Ir-Ga/Ir-As/GaAs is always observed.

Comparing with other near noble metal/GaAs systems, the Ir/GaAs contact

system has the following unique characteristics:

1.

2.

[t has the highest activation energy of reaction and therefore has
relatively high thermal stability.

Due to the very fine grain size in the reacted layer, the Ir/GaAs
system has a very sharp and distinct layered structure after reaction.
Although the Pt and Rh/GaAs systems also exhibit phase stratification
after reaction, becauée of their relatively larger grain sizes in the
reated layers (~ 500 A in diameter [12]) the interfaces between phases

are less abrupt.

. It has the lowest metal content in the final reacted layer. The ratios

of the final reacted metal to GaAs in most near noble metal/GaAs sytems
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have values less than or equal to 1.5. In the case of the Ir/GaAs
system, this ratio is = 1.1. This can be a disadvantage in the
fabrication of shallow junction contacts in which 1ittle consumption of
the substrate material is desirable.

4, Cubic MGa (M=Pt, Pd, Ni, Co and Rh) with CsCl structure is the most
common stable phase formed for near noble metal/GaAs reactions . In
the Ir/GaAs system, however, the cubic IrGa phase is unstable at high
temperatures and transforms into the more stable Ga rich tetragonal
Ir3Ga5 phase.

Instabilities in the electrical properties of a contact are always the
result of either phase transformation or interdiffusions at the GaAs interface
at elevated temperatures [10]. Since in the Ir/GaAs contact the stable
IrAs2 phase with an abrupt interface is always in intimate contact with the
GaAs substrate at annealing temperatures higher than 500°C, it is expected
that this systém is electrically stable at high temperatures (up to ~700°C).
This makes the Ir metal an attractive material for GaAs devices which require
high temperature processing such as the self-aligned gate metal/GaAs field
effect transistors. However, investigations on the electrical properties have
to be carried 6ut in order to complete the characterizations and exploit the

applicabilities on this contact system.

~
1
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Table I. Summary of RBS analyses for 550 A Ir/GaAs system.

Annealing Interface layer Top layer Overall

conditions [Ir]:[GaAs]
650°C 80 min. [Ir]:[As] = 1:2 [Ir]:[Ga] = 1:1 1.5¢0.1
700°C 16 min. [Ir]:[As] = 1:2 [Ir]:[As] = 0.6:1 1.120.1
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Table II. Summary of kinetics of solid phase reaction data for near noble

metal/GaAs systems.

M/GaAs Initiai reaction Reaction Activation [M]:[GaAs]
temp. (°C) Rate Energy aE(eV)
Co/GaAs?) <350°C ~t1/2 1.70 2:1
Rh/GaAs®) <300°C ~t1/2 1.66 1.5:1
Ir/GaAsC) ~500°C ~gl/2 3.15 1.1:1
pt/GaAsd) ~300°C ~tl/2 1.60 1.5:1

a) A. J. Yu, G. J. Galvin and J. W. Mayer, presented at Mat. Res. Soc. Mtg.,
May 15-18, 1986, Palo Alto, Ca.

b) K. M. Yu, unpublished data.

) This study.

d) D. J. Coleman Jr., W. R. WIsseman and D. W. Shaw, Appl. Phys. Lett. 24,

355 (1974).
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FIGURE CAPTIONS

Figure 1

Figure 2

Figure 3

Figure 4

Figure, 5

Figure 6

Figure 7

molecules/cm

RBS spectra from 550 A Ir/GaAs samples as deposited (solid),
annealed at 650°C for 80 min (cross) and at 700°C for 16 min
(square).

Deconvolution of the RBS spectra from 550 A Ir/GaAs samples annealed
at 650°C for 80 min (a) and at 700°C for 16 min (b). The inserts
show the structures of the corresponding samples and the
backscattering geometry.,

XRD spectra from 550 A Ir/GaAs samples annealed at 650°C for 20 min
(a), at 650°C for 80 min (b) and at 700°C for 16 min (cO0).

Plots of the square of the reacted GaAs thickness measured by RBS in
2 as a function of the annealing time for different

annealing temperatures.

Plot. of 1In D, the diffusivity calculated from the slopes of the

plots in figure 4, versus. the, reciprocal of the annealing

temperature in degree Kelvin.

Transmission electron diffraction pattern from 100 & Ir/GaAs after
annealing at 600°C for 20 min with the corresponding TEM bright
field image.

Glancing angle R8S spectrum from 100 R Ir/GaAs sample annealed at
600°C for 20 min. The convolution of the spectrum is also shown in
the figure (dashed spectrum). The insert shows the backscattering

geometry.

v
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