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We have investigated microstructural and electrical properties of self-aligned Ni-InGaAs alloy used as contact material to
InGaAs as a function rapid thermal annealing (RTA) temperature. The Ni-InGaAs alloy was the only phase resulting from
solid-state reaction between Ni and InGaAs, regardless of the RTA temperature. Microstructural evolutions of Ni-InGaAs and
overlaid Ni films were observed for increasing RTA temperature. The increase in RTA temperature resulted in increasing the
size of the pinholes formed in the Ni film, which could be associated with the columnar growth nature of sputter-deposited Ni
film. A relatively uniform Ni-InGaAs layer was formed after RTA at 300 °C, which could be responsible for the minimum
specific contact resistivity observed at this temperature. Above this temperature, the Ni-InGaAs layer underwent severe
structural degradation such as the formation of microvoids in its surface area, leading to a rapid increase in specific contact
resistivity.

Keywords: InGaAs, Ni, Specific contact resistivity, RTA, Solid-state reaction.

Introduction combined with thermal treatment at elevated temperature,

the metal-InGaAs alloys formed in a self-aligned manner

InGaAs has attracted much interest as a channel through a solid-state reaction between a metal and
material for metal-oxide-semiconductor field-effect InGaAs are highly required, in particular for deeply
transistors (MOSFETs) because of its high electron scaled InGaAs-channel MOSFETSs [1, 16]. Among various
mobility and light electron effective mass. To realize metals, Ni has been considered as a viable candidate
excellent performance and highly reliable operation of for self-aligned alloy formation, which is feasible for
InGaAs channel MOSFETSs, their source/drain (S/D) providing a low-resistance Ohmic contact to InGaAs
contact resistance should be minimized. A general for the realization of ultra-low power devices [17, 18].
approach to reduce the S/D contact resistance is by At present, considerable efforts have been made to
doping the S/D regions heavily enough that the tunneling characterize Ni-InGaAs alloys formed by solid-state
of carriers through S/D contact is possible. Namely, an reaction between Ni and InGaAs driven by thermal
increase in doping concentration of S/D regions leads treatment and demonstrate its potential use as self-
to the significant reduction of S/D contact resistance. aligned Ohmic contact in devices. Kim et al. [1] reported

However, because of the low dopant solubility in for the first time that, in InGaAs MOSFETs fabricated
InGaAs, the typical reduction of S/D contact resistance by forming self-aligned Ni-InGaAs alloy S/D formed

through an increase of the doping concentration is at 250 °C and engineering the Schottky barrier, the S/D
limited [1]. To overcome this problem, a reliable, and resistance was 1/5 lower than in p—n junction devices.
low-resistance Ohmic contact between the S/D and Similarly, it was shown that using self-aligned Ni-
InGaAs is essential [2-4]. There have been many reports InGaAs contacts, formed by sputtering a Ni film on
of non-alloyed, Ti-based Ohmic contacts to InGaAs, single-crystalline InGaAs followed by low-temperature
with specific contact resistivity of ~2 x 1077 Qxcm?[5- annealing in the 250—400 °C range, was feasible to
8]. Additionally, TiW-, Mo-, Pd-, WSi-, and ErAs- realize the n-type MOSFETs with on-/off-state drain
based materials have been proposed as alternatives for current ratio of ~ 10° [19]. A different study reported
contacting InGaAs [9-15]. that surface passivation of InGaAs through an InP
Similar to self-aligned silicides or germanides, which capping layer or a (NHy),S surface treatment reduced
are formed by depositing a metal film on Si or Ge and the Ni-InGaAs/InGaAs contact resistivity effectively
[20]. Eadi et al. [21] demonstrated that the specific
*Corresponding author: contact resistivity of Ni-InGaAs/InGaAs was lower in
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Si dopant atoms near the Ni-InGaAs/InGaAs interface
after introducing the Tm interlayer. However, most
previous works have concentrated mainly on process
techniques to minimize the specific contact resistivity
of Ni-InGaAs/InGaAs contacts for realizing high
performance devices. The dependence of the detailed
Ohmic contact on the microstructural features of the
Ni-InGaAs alloy is of great importance for the successful
process integration of self-aligned S/D Ohmic contacts
into InGaAs-based MOSFETs. Nevertheless, the reports
on the relation between electrical and microstructural
properties of the Ni-InGaAs/InGaAs contact formed
by solid-state reaction between Ni and InGaAs driven
by thermal treatment are limited. In this work, we
investigated the microstructural and electrical properties
of self-aligned Ni-InGaAs alloy/InGaAs contact formed
through Ni deposition followed by rapid thermal annealing
(RTA) process as a function of the RTA temperature. In
particular, the variation of the Ni-InGaAs/InGaAs specific
contact resistivity depending on RTA temperature is
directly correlated with the microstructural evolution of
the Ni-InGaAs and overlaid unreactive Ni layers during
the RTA process.

Experimental Details

In this study, a 20 nm-thick Ings;Gag4;As (InGaAs)
epilayer with a doping concentration of 510" cm?
grown on an InP substrate and an InAlAs buffer layer
were used, which was manufactured by IntelliEPI, Inc.
From Hall measurements, the carrier concentration of
InGaAs epilayer was found to be 1.9 x 10" cm’®, of
which value was comparable to that provided by the
manufacturer. Prior to Ni deposition, the sample was
chemically cleaned for 10 min in acetone and methanol
and rinsed in de-ionized water to remove contaminants
from the surface of the substrate. Then, the sample was
treated with a diluted HF solution to remove the native
oxide. A Ni film with thickness 50 nm was sputter-
deposited on the clean InGaAs epilayer in vacuum, at a
pressure of 1x 10 ® Torr. Finally, RTA process was
performed at temperatures in the range of 200—400 °C
for 1 min under N, ambient for a solid-state reaction
between Ni and InGaAs. When considering the limitation
of enhancing Ohmic properties through the increase in
the doping concentration associated with the low
dopant solubility in InGaAs, all contacts were formed
on InGaAs epilayer with a fixed doping concentration
of 5x 10" cm’. To extract the specific contact resistivity,
circular transmission line method (CTLM) patterns
with a constant inner radius of 200 mm and the inner/
outer radius gaps varying from 5 to 50 mm were defined
using standard photolithography. The current—voltage
(I-V) characteristics of the Ni contacts to the InGaAs
epilayer were measured before and after RTA using the
precision semiconductor parameter analyzer (Agilent
4156C). The phase evolution of the samples, driven by

the RTA process, was identified using high-resolution
X-ray diffraction (HR-XRD, PANalytical X’Pert Pro
MRD). The microstructures of the samples were
characterized by field-emission transmission electron
microscope (FETEM, FEI Tecnai F30). The surface
morphology and root-mean-square (RMS) roughness of
the samples were characterized by field-emission scanning
electron microscopy (FESEM, S4200, Hitachi Ltd.) and
atomic force microscopy (AFM, n-Tracer, NanoFocus
Inc.), respectively.

Results and Discussion

Fig. 1 shows the HR-XRD plots of the Ni contacts to
the InGaAs epilayer as a function of RTA temperatures
in the 200400 °C range. All samples exhibited the
XRD peak with highest diffraction intensity at 63.4°,
corresponding to the InP substrate. Since the InGaAs
epilayer and InAlAs buffer layer are lattice-matched to
the InP substrate, with the same crystal structure, their
XRD peaks overlap with the strong InP substrate peak
[22]. In fact, these could not be sharply separated in XRD
spectra because of very similar XRD peak positions. In
addition to the XRD peaks related to the InP substrate,
the characteristic Ni(111) peak was clearly observed for
the as-deposited and 200 °C-annealed samples. However,
for annealing temperatures above 300 °C, an additional
peak corresponding to the Ni-InGaAs formed by solid-
state reaction of Ni and InGaAs was visible. A similar
RTA temperature-dependent phase evolution of the Ni/
InGaAs contacts was observed by Kim et al. [1]. They
reported that Ni-InGaAs alloy formed after annealing
at temperatures between 250 and 450 °C. Additionally,
the presence of the Ni(111) peak in the samples
annealed at 300 and 400 °C indicates that, in thermal
treatments above 300 °C, not the whole deposited Ni
film reacted with the underlying InGaAs epilayer.

Fig. 2 exhibits the scanning transmission electron
microscopy (STEM) Z-contrast images taken from the
Ni contacts to the InGaAs epilayer treated by RTA in
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Fig. 1. HR-XRD plots of the Ni contacts to InGaAs epilayers as a
function of RTA temperatures in the range of 200—400 °C.
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the 200—400 °C temperature range. It is clear that the
columnar growth structure of Ni films, with grain
boundaries oriented perpendicular to the substrate surface
irrespective of the annealing temperature. Such a
columnar growth is a typical feature of sputter-deposited
Ni films associated with rotational mismatch between
adjacent Ni grains around the [110] axis [23]. The
increase of the RTA temperature resulted in evolution
of the pinholes formed between columnar Ni grains,
i.e., the size of the pinholes increased for increasing
RTA temperatures. As seen in Fig. 2(a) for a sample
annealed at 200 °C, a layer with a bright contrast was

Fig. 2. STEM Z-contrast images of the Ni contacts to InGaAs
epilayers treated by RTA at (a) 200 °C, (b) 300 °C, and (c) 400 °C.

observed in-between Ni and the InGaAs epilayer. This
layer is believed to be Ni-InGaAs alloy formed by Ni/
InGaAs reaction during the RTA process. The Ni-
InGaAs layer formed after RTA at 200 °C was irregular,
with the thickness of ~4 nm. This implies that RTA at
200 °C is not sufficient to induce solid-state interfacial
reaction between the Ni film and the InGaAs epilayer.
However, the presence of the very thin, non-uniform
Ni-InGaAs layer was not detected in the HR-XRD
measurements (Fig. 1). As seen from these, the samples
annealed at 300 and 400 °C displayed clearly the Ni-
InGaAs layer formed by Ni/InGaAs reaction driven by
RTA process along with the unreacted Ni film. The
RTA process at 300 °C yielded the formation of a Ni-
InGaAs layer with a relatively uniform surface and
interface morphology. An unreacted InGaAs epilayer
was found after solid-state reaction between Ni and
InGaAs induced by RTA at 300 °C. On the other hand,
this epilayer was not observed in the sample annealed
at 400 °C. In other words, the InGaAs epilayer was
fully consumed by Ni during Ni/InGaAs reaction at this
temperature. There was no further reaction between Ni
and InAlAs, resulting in a very abrupt interface between
Ni-InGaAs and InAlAs. Furthermore, after RTA process
at 400 °C, agglomeration or phase separation of Ni-
InGaAs, causing the disintegration of film continuity,
was not observed. However, a structural degradation of
the Ni-InGaAs film was observed, and related to the
formation of the microvoids indicated by arrows in Fig.
2(c). In general, the solid-state reaction between films
involves the process of in/out-diffusion for the formation
of the alloys. It is exactly not clear about the in diffusion
of Ni or the out diffusion of elements in InGaAs for the
formation of the Ni-InGaAs alloy at this moment.
However, when considering the formation of microvoids
shown in Fig. 2(c), the massive out-diffusion of elements
consisting of InGaAs might be predominant for the
formation of Ni-InGaAs alloy at higher temperature.
Fig. 3 displays plan-view SEM images of the Ni
contacts to the InGaAs epilayers after annealing at 200,
300, and 400 °C. The images clearly show an evolution
of the surface morphology of Ni films as the RTA
temperature increases. The surface of the sample annealed
at 200 °C was smooth and featureless. The value of the
corresponding RMS roughness, extracted from AFM
measurements (not shown here), was found to be 1.10
nm. In the sample annealed at 300 °C shown in Fig.
3(b), the surface roughened slightly, displaying the very
tiny pinholes indicated by arrows in the figure, and the
RMS roughness increased to 1.29 nm. In the sample
annealed at 400 °C, severe morphological degradation
of the surface was observed, as seen from Fig. 3(c).
Namely, numerous large-scale pinholes were randomly
distributed on the surface after RTA process at 400 °C,
which were in a good agreement with TEM results (Fig.
2). Additionally, the energy-dispersive X-ray spectroscopy
(EDS) analyses (not shown here) did not reveal differences
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Fig. 3. Plan-view SEM images of the Ni contacts to the InGaAs
epilayers treated by RTA at (a) 200 °C, (b) 300 °C, and (c) 400 °C.

among the sample. This could be attributed in part to
the presence of unreactive Ni film on surface shown in
Fig. 2 and to the large specimen interaction volume
caused by accelerated electron beam.

Fig. 4 shows the plot of the specific contact resistivity
of Ni contacts to InGaAs epilayers as a function of
RTA temperature. In particular, four-terminal CTLM
measurements were carried out to avoid the parasitic
resistance associated with measurement setup used for
measuring the specific contact resistivity, as shown in
the inset of Fig. 4. The specific contact resistivity was
extracted from the CTLM method using following
equations [24]
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Fig. 4. Plot of the specific contact resistivity of the Ni contacts to
the InGaAs epilayers as a function of RTA temperature. The Inset
shows measurement setup used for measuring the specific contact
resistivity through four-terminal CTLM measurements.

pc = RshL%‘ (3)

where, Ry, is the sheet resistance, C is the correction
factor, Ly is the effective transfer length, r is the radius
of the inner circle, which was fixed at 200 um, and s is
the gap space, which was split as 5, 10, 15, 25, 35 and
50 um. A specific contact resistivity 7. is calculated
using Ry, and Ly values determined from a linear fit of
Ry at the different gap space values. The specific
contact resistivity of 2.97 x 107 Wxcm? was obtained
for the as-deposited sample. The RTA process at 200 °C
led to a slight decrease in specific contact resistivity to
1.23 x 1077 Wxcem?. This could be attributed to the
formation of the thin Ni-InGaAs layer shown in Fig.
2(a). In other words, the solid-state reaction between Ni
and the InGaAs epilayer allows the effective removal
of the surface damage caused by the exposure of plasma
during sputter-deposition of Ni or the contamination on
surface of the InGaAs epilayer that was unintentionally
introduced during the fabrication process, which can
serve as a major cause of the increase in the specific
contact resistivity. A specific contact resistivity further
reduced to 1.02 x 10* Wxcm? was found after RTA at
300 °C. Such a low value could be associated with the
formation of a fairly uniform Ni-InGaAs layer. It
should be noted that the specific contact resistivity
obtained after RTA at 300°C is lower than those
reported for the Ni-InGaAs contact to InGaAs [21, 25,
26]. This implies that Ohmic contact process is feasible
for the successful implementation of high performance
InGaAs channel MOSFFETs. However, a steep increase
in the specific contact resistivity was observed after
RTA at 400 °C. As shown by the TEM image of Fig.
3(c), a Ni-InGaAs layer with uniform interface and
surface morphologies was formed after RTA at 300 °C.
Above this temperature, the morphologies of Ni-
InGaAs and of the overlaying unreactive Ni films were
significantly degraded, i.e., the formation of microvoids
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and pinholes in the former and the latter, respectively.
Namely, the severe structural degradation of both the
Ni-InGaAs and Ni films during RTA at 400 °C could
be the main cause of the large increase in specific
contact resistivity.

Conclusions

Self-aligned Ni-InGaAs Ohmic contacts on an InGaAs
epilayer were formed by sputter-deposition of a Ni film
followed by subsequent RTA process at temperatures in
the 200400 °C range. The variation of the specific
contact resistivity of the Ni-InGaAs contact to InGaAs
caused by RTA process was explained in terms of the
microstructural evolutions of the Ni-InGaAs layer and
overlaid unreactive Ni layer. Although an irregular Ni-
InGaAs layer formed after RTA at 200 °C, the sample
annealed at this temperature showed a specific contact
resistivity slightly lower than the as-deposited one.
This could be associated with the curing of plasma
damage or unintentional film contamination through
the solid-state reaction between Ni and InGaAs driven
by RTA process at 200 °C. A fairly uniform Ni-InGaAs
layer was formed as a result of Ni/InGaAs solid-state
reaction after RTA at 300 °C, which could be responsible
for the minimum specific contact resistivity measured
at this temperature. However, RTA at 400 °C led to the
formation of microvoids on the surface of the Ni-
InGaAs layer and the presence of a sizable number of
pinholes in the overlaying unreactive Ni film. Such a
structural degradation could be the main cause of a
larger increase in specific contact resistivity. The results
obtained here demonstrate that the Ni-InGaAs alloy
formed by the self-aligned process could be a promising
S/D contact material for the minimization of specific
contact resistivity. Furthermore, the RTA temperature-
dependency of the specific contact resistivity of Ni-
InGaAs contact to InGaAs reported in this work provides
a valuable process guideline for realizing the high
performance InGaAs channel MOSFETs.
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