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ABSTRACT: A low-temperature (225−300 °C) solid−vapor reaction
process is reported for the synthesis of ultrathin NiGe films (∼6−23 nm)
on 300 mm Si wafers covered with thermal oxide. The films were
prepared via catalytic chemical vapor reaction of germane (GeH4) gas
with physical vapor deposited (PVD) Ni films of different thickness (2−
10 nm). The process optimization by investigating GeH4 partial pressure,
reaction temperature, and time shows that low resistive, stoichiometric,
and phase pure NiGe films can be formed within a broad window. NiGe
films crystallized in an orthorhombic structure and were found to exhibit a
smooth morphology with homogeneous composition as evidenced by
glancing angle X-ray diffraction (GIXRD), scanning electron microscopy
(SEM), atomic force microscopy (AFM), and Rutherford back-scattering
(RBS) analysis. Transmission electron microscopy (TEM) analysis shows
that the NiGe layers exhibit a good adhesion without voids and a sharp interface on the thermal oxide. The NiGe films were
found to be morphologically and structurally stable up to 500 °C and exhibit a resistivity value of 29 μΩ cm for 10 nm NiGe
films.
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■ INTRODUCTION

Since the inception of integrated circuit (IC) manufacturing,
aluminum as a conductor and SiO2 as an insulator have been
the material choice. As the dimensions of the semiconductor
devices shrink, the signal propagation speed is limited by
resistance capacitance (R-C) delays in the interconnect lines.
To lower the RC delay, low resistive metals and low-k dielectric
constant materials have been introduced.1 Copper intercon-
nects have been introduced, replacing Al, at the 220 nm
technology node.2 The choice of Cu was due to its reduced
electromigration and low resistivity compared to the industry
standard Al interconnect material.3−5 Currently, for the 45 nm
technology node, Cu-based interconnects require TaN and Ta
barriers to avoid the formation of highly resistive/device
detrimental Cu-silicides. Thinning down the interconnect
technology further places stringent requirements not only on
barriers, seed, and adhesion layers to form a suitable and high-
quality interface with Cu but also on the Cu thin film itself that
suffers at small dimensions from a major increase of resistivity
compared to its bulk value.6−9 For the technology node
extendable to 22 nm or below, a barrierless approach or self-
forming barriers would be appropriate as forecasted by
International Technology Roadmap for Semiconductors
(ITRS). This is mainly due to the fact that at small trenched
dimensions (20 nm or below) 2 or 3 nm of barriers and
adhesion layers already will occupy substantial volume in the
narrow lines leaving less room for conductive metal layers. In

addition, at such low thicknesses, the high resistivity of these
layers and film nonclosure can be a bottleneck for the
downscaling of interconnect technology. Hence, a material
that possesses intrinsically low resistivity, grown directly on
oxide, without the need for any barriers, but yet showing good
adhesion and thermal stability with better electromigration
performance, would be the ultimate choice for future
interconnect applications.
Reports on ultrathin metal films (≤10 nm, single elements or

alloys), especially for interconnect applications, are still lacking
in the literature. It is well-known that in the thin-film regime
(<15 nm) the metallic layer often tends to break into clusters
or islands on oxide surfaces, either during deposition or as a
part of the device fabrication process.10−12 This morphological
instability arising due to film dewetting is technologically
important in the microelectronics industry, as it can be
responsible for the breaking of electrical interconnections.
Recently, there has been a report on the resistivity of Ag films
in the sub-20 nm regime grown by plasma-assisted atomic layer
deposition.13 Though the bulk resistivity of silver is lower than
that of the copper, its chemical stability is a concern. Silver
readily oxidizes with sulfur in air leading to an adlayer of Ag2S
limiting its use in many applications.13 Metal silicides, in last
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two decades, though have been well studied for higher
technology nodes,14 as contact materials the electrical data
and film properties for sub-10 nm films are not well established.
In addition, compared to silicides, metal germanide thin films
are not extensively researched.15,6 Among the transition metal
germanides, NiGe possesses a low resistivity (15 μΩ cm) next
only to Cu3Ge (6 μΩ cm). Unlike nickel silicides, the NiGe
system has no equilibrium high-resistivity NiGe2 phase
according to the Ni−Ge binary phase diagram. This can
avoid the sheet resistance degradation due to phase trans-
formation of low resistive NiGe to NiGe2 during film
processing, which is a prime concern for the Ni/Si
systems.16−21

Recently, we started exploring transition metal germanide
thin films, as potential candidates for copper replacement,
especially looking for film resistivity in the ultrathin regime
(below ≤25 nm). Previously, we reported the film properties
and electrical data on thin (20−25 nm) Cu3Ge layers on TaN/
Ta barriers.22,23 Films were synthesized using catalytic chemical
vapor reaction of GeH4 gas over solid Cu films. Thinning down
the Cu3Ge films resulted in a very rough morphology. The
continuity of the layer was found to be influenced by the
substrates, remaining more discontinuous-like when grown
directly on SiO2 resulting in high sheet resistance values.22 In
this paper we present the results on smooth and uniform
ultrathin NiGe films (≈10 nm), free from voids and
agglomeration, grown directly on large-area thermal oxide
stacks. The films show self-limiting growth, with a broad
process window, and exhibit good interface properties without
the need of traditional diffusion barriers and remain structurally
stable up to 500 °C, thus showing promise for interconnect
applications.

■ EXPERIMENTAL SECTION
For the formation of NiGe layers by solid−vapor reaction, the Ni films
were deposited by physical vapor deposition (PVD) at room
temperature. Experiments have been performed on 50 nm SiO2
films grown on 300 mm Si(100) wafers by thermal oxidation. The
thickness of the Ni films was varied in the range between 2 and 10 nm
to synthesize NiGe layers of different thickness. The GeH4 (10% in
H2) chemical vapor reactions (also referred to herein as GeH4
exposure) were carried out along with N2 at a total chamber pressure
of ∼4 Torr.
The phase formation and thickness of the NiGe films were

examined by glancing angle X-ray diffraction (GIXRD) (ω = 0.7°) and
X-ray reflectivity (XRR) in a Bede MetrixL diffractometer using Cu Kα
radiation. The top-view scanning electron microscopy (SEM) analysis
was carried out using a Hitachi SU8000 microscope. The morphology
of the films was probed using atomic force microscopy (AFM) in
tapping mode (model Nanoscope dimension 3100) with an etched
single-crystal silicon tip having a radius of curvature <10 nm. The rms
roughness of the films was estimated using a scan area size of 2 × 2
μm2. TEM images were recorded with a FEI Tecnai F30 electron
microscope operating at 300 kV, after focused ion beam sample
preparation. Energy-dispersive spectroscopy (EDS) and high-angle
annular dark field-scanning transmission electron microscopy
(HAADF-STEM) data were acquired in parallel. The 4-point probe
sheet resistance (Rs) was measured at 49 points across the full wafer,
in an Rs100 KLA-Tencor system. Rutherford back-scattering (RBS)
analysis was carried out to determine the elemental areal density and
the composition of the films using a 1 MeV He+ beam with a sample
tilt of 11° and a scattering angle of 170°. Energy-dispersive X-ray
spectroscopy (EDX) was carried out using a Philips XL 30 scanning
electron microscope at 5 kV equipped with an Oxford Instruments
EDX detector. The thermal stability of the NiGe phase was studied

using in situ XRD in a purified He atmosphere at a ramp rate of 1 °C/s
in the temperature range of 30−500 °C.

■ RESULTS AND DISCUSSION
Previously, NiGe films were targeted, as contact materials, for
Ge-based technology, and therefore, the synthetic strategy

included solid state thermal reaction of PVD Ni films with
different Ge substrates (amorphous, epitaxial, or polycrystal-
line).20,24−29 A majority of the studies were focused on the
synthesis of thicker NiGe films (50−100 nm) on small sample
substrates.20,24,30−32 Though the NiGe system is less studied, it
displays a complexity similar to that of silicide systems. It is well
know that controlling the stoichiometry, composition, and
crystallographic phase of metal−silicides and −germanides is
rather difficult due to the complex phase formation behavior.33

The phase relations in the Ni−Ge system are very complex due
to the existence of several equilibrium phases (NiGe, ε′-Ni5Ge3,

Figure 1. (a) GIXRD spectra for increasing GeH4 partial pressures on
10 nm Ni films for a 250 °C deposition temperature and 1 min
exposure time. The data are offset for clarity. (b) Sheet resistance (Rs)
values as a function of GeH4 partial pressures. The sheet resistance of
the reference Ni films is also included in the figure. The error bars are
the standard deviation from the 49-point Rs measurements within the
full wafer.
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Ni2Ge, and Ni3Ge) and metastable phases (Ni3Ge2, Ni19Ge12,
ε-Ni5Ge3, δ-Ni5Ge2, and γ-Ni3Ge).

34,35 Depending on the
synthetic strategy, annealing methods, and substrate used,
thermodynamically unstable phases (δ-Ni5Ge2, ε-Ni5Ge3,
Ni3Ge2) can form, many of which have a higher sheet
resistivity.24,25,36,37 Hence, a thorough understanding and
careful tuning of the process conditions are essential to obtain
phase pure and high-quality NiGe layers. Especially in the
ultrathin regime, agglomeration often results in morphological
degradation deteriorating the film sheet resistance as reported
in previous solid state thermal processing routes.21,27 Our
approach is different from that of the earlier reports. It relies on
the selective chemical vapor deposition (CVD) of the GeH4
precursor over Ni films and followed by a diffusion reaction
leading to NiGe thin films at very low temperatures compatible
to the back-end-of-line (BEOL) technology for device
fabrication.
The manuscript is organized as follows: First, the

optimization of the solid−vapor reaction conditions (GeH4
partial pressure, exposure temperature, and time) for different
thicknesses of Ni (10−2 nm) is presented with the goal to
identify the conditions favorable for the formation of phase
pure and low resistive NiGe films. This is followed by a detailed
analysis of such synthesized layers of different thicknesses, to
elucidate the NiGe film properties (film closure, uniformity,
roughness, and volume expansion) and thermal stability.
Figure 1a shows the GIXRD spectra studied as a function of

GeH4 partial pressure. The initial Ni thickness was 10 nm. The
deposition temperature and time were kept constant to 250 °C
and 1 min, respectively. The partial pressure experiments were
carried out at a fixed chamber pressure but by varying the flow
of GeH4/H2 and N2 gas. At 70 mTorr GeH4, the peaks
correspond to a Ni2Ge + NiGe + Ni5Ge2 mixed phase. At 110
mTorr GeH4, the Ni5Ge2 peak [PDF. No: 00-024-0451]
disappears, and the spectrum consists of Ni2Ge [PDF. No: 01-
071-5486] with reduced intensity together with dominating
NiGe peaks. In the partial pressure range of 150−420 mTorr
GeH4, the peaks due to (111), (021), (211), (121), and (002)
reflections correspond to phase pure orthorhombic NiGe
[PDF. No: 01-089-7084], and no traces of other Ni−Ge
structures are evidenced. Figure 1b shows the sheet resistance
(Rs) values measured for each partial pressure studied. The Rs
value (19.37 ± 0.54 Ω/sq) of the reference Ni films is also
included in the figure for comparisons. A clear difference in Rs
values can be observed after the GeH4 chemical vapor reaction
with Ni. Consistent with the GIXRD phases formed, the Rs
values were found to be high for the lower partial pressure
(≤110 mTorr GeH4) due to incomplete reaction. Constant Rs
values (∼11 Ω/square) were noted in the partial pressure range
150−320 mTorr where the phase corresponds to that of NiGe.
A slight increase of the Rs value (14.11 ± 1.79) at 420 mTorr
could probably be related either to traces of Ge incorporation,
which GIXRD could not index, or to the rough film
morphology.22,23

Figure 2a−d represents the change in sheet resistance as a
function of GeH4 exposure temperature for different thick-
nesses of Ni (10−2 nm). The exposure time (1 min) and GeH4
partial pressure (225 mTorr) were kept constant. The partial
pressure was chosen based in Figure 1, i.e., the range where low
resistive NiGe films were obtained. From Figure 2, it is clearly
evident that except for the 10 nm case the impact of CVD
temperature on the sheet resistance is similar. For 10 nm Ni,
the Rs value drops initially, when the temperature is increased

Figure 2. Sheet resistance as a function of GeH4 exposure temperature
for difference thicknesses of Ni. (a) 10 nm Ni, (b) 6 nm Ni, (c) 4 nm
Ni, and (d) 2 nm Ni. The partial pressure and exposure time were kept
constant (225 mTorr and 1 min). The error bars are the standard
deviation from the 49-point Rs measurements within the full wafer.

Figure 3. GIXRD spectra for various GeH4 exposure temperatures for
different thicknesses of Ni. (a) 10 nm Ni, (b) 6 nm Ni, (c) 4 nm Ni,
and (d) 2 nm Ni. The partial pressure and exposure time were kept
constant (225 mTorr and 1 min). The data are offset for clarity.
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from 200 to 275 °C, and remains constant (∼7.8−7.9 Ω/sq)
with a broad temperature window (275−400 °C). In contrast,
for the Ni film thicknesses in the range 6−2 nm, it can be
observed that the temperature window to realize a stable Rs
value gets narrower (6 nm Ni: 250−350 °C; 4 nm Ni: 225−300
°C; and 2 nm Ni 225−250 °C). The Rs value increase for
higher temperatures, for the thinner Ni films, is probably
associated either to the excess Ge incorporation or to the
morphological instability of the grown NiGe films.
Figure 3 shows the GIXRD traces of NiGe films synthesized

at various temperatures (200−400 °C) using different
thicknesses of Ni (10−2 nm) but with a fixed GeH4 partial
pressure (225 mTorr) and exposure time (1 min). The impact
of temperature during GeH4 exposure on the NiGe phase
formation is comparable for all thicknesses. Below 225 °C, the
GeH4 reaction with Ni does not occur. Above the temperature,
peaks corresponding to NiGe can be observed. With the
exception of 10 nm Ni, the presence of minor Ge is noticed for
the rest of the Ni film thicknesses studied at 400 °C.
Considering the GIXRD patterns that remain the same for
the 4 and 2 nm Ni start layers, for all the temperatures
investigated the different Rs behavior noted at higher
temperatures (Figure 2) confirms that the morphological
instability would be the cause for the tremendous increase of
Rs values beyond 300 and 250 °C. The fact that the Rs cannot
be measured for the films grown at 400 and 300 °C using 4 and
2 nm Ni clearly confirms this. This is line with the previous
reports on NiGe films synthesized using solid state anneal
routes, where agglomeration or layer breakage was found to be
prevalent, for lower thicknesses, at higher temperatures.27,21

Combining GIXRD results with that of Rs, the following GeH4
reaction temperatures were chosen: 300 °C for 10 and 6 nm Ni

and 250 and 225 °C for 4 and 2 nm Ni to study the impact of
GeH4 exposure time, since low resistive NiGe films are formed
at these temperatures.
In Figure 4a−d we plot sheet resistance as a function of

GeH4 chemical vapor reaction time for different thicknesses of
Ni. For all thicknesses investigated, the same trend can be
observed. Initially, a high Rs value is observed which drops to a
constant low value for exposure times of 15 s and beyond.
Unlike the temperature window, which was found to be
dependent on Ni thickness, the exposure time is not that
critical above 15 s and roughly independent of thickness. Figure
5a−d shows the GIXRD transformation as a function of GeH4
exposure time for all the Ni thicknesses (10−2 nm). Consistent
with the Rs data, the lower exposure time (15 s) results in
either the formation of Ni-rich germanides or an incomplete
reaction. For exposure times where the Rs was found to be low
and stable, the GIXRD corresponds to that of phase pure NiGe
formation. Also, the reduction in the number of NiGe
reflections with thickness indicates a lower crystallinity for
thinner NiGe films.
The larger Rs and phase window with GeH4 exposure time is

also extended to the uniform film morphology, as shown by the
SEM analysis. Figure 6 shows the SEM morphology for
reaction time starting from a 10 nm Ni film. The as-deposited
Ni film had a flat and featureless morphology (Figure 6a). A
clear distinction in surface morphology could be noticed after
its reaction with GeH4 precursor. Barring the 15 s exposure
(Figure 6b), the film morphology was found to be similar,
exhibiting compact-like grainy structures for all the exposure
times studied (Figure 6c−f). Patches of clusters, driven by
nucleation and aggregation, noted for 15 s exposure time show
the onset of the GeH4 chemical vapor reaction with Ni.

Figure 4. Sheet resistance as a function of GeH4 exposure time for different thicknesses of Ni. The GeH4 vapor reaction temperature depends on the
film thickness (a) 10 nm Ni, 300 °C; (b) 6 nm Ni, 300 °C; (c) 4 nm Ni, 250 °C; and (d) 2 nm Ni, 225 °C. The partial pressure of germane is kept
constant (225 mTorr). The error bars are the standard deviation from the 49-point Rs measurements within the full wafer.
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To further complement the GIXRD, Rs, and SEM analysis,
the stoichiometry was anaylsed by RBS. The measured Ni to
Ge ratio is 1:1 corresponding to the mononickel germanide
(NiGe) for the films after 30−120 s GeH4 exposure time. The
film grown at 15 s exposure time was Ni-rich (Ni/Ge = 1.37).
Higher GeH4 exposure times in the region (180−300 s) were
found to be slightly rich in Ge content (Ni/Ge = 0.93), yet only
resulting in a negligible increase in sheet resistance (Figure 4a)
and a homogeneous morphology (Figure 6f). The NiGe system
demonstrates a much broader window for the solid−vapor
reaction process as compared to the Cu3Ge film synthesized
using the same approach.22,23 Even a short increase of GeH4

exposure time from 30 to 60 s for 10 nm Cu was found to
deteriorate the Cu3Ge film quality and electrical properties,
resulting in a large increase in sheet resistance values due to the
nonuniform film morphology and excess Ge incorporation.22

Despite the absence of the Ge-rich germanide phase beyond
NiGe and Cu3Ge for both the Ni/Ge and Cu/Ge systems,34,38

the introduction of surplus Ge remaining sensitive only for Cu
possibly arises due either to the faster Ge diffusivity in Cu (6.80
× 10−11 cm2/s) than in Ni (1.48 × 10−25 cm2/s) or to the
differences in Ge solubility and catalytic effects at the opted
solid−vapor reaction temperature.39

We further studied the surface roughness, layer closure,
volume expansion after solid−vapor reaction, film resistivity,
and thermal stability for NiGe films with different thicknesses.
Taking advantage of the Rs and GIXRD phase window which
was found to be broad and hardly was influenced by the GeH4
exposure time (Figures 4 and 5), for all the Ni thicknesses
studied, the NiGe films that were prepared with the following
conditions: 10 nm Ni, 45 s; 6 nm Ni, 45 s; 4 nm Ni, 60 s; 2 nm
Ni, 60 s, were chosen for the detailed analyses, as a proof of
concept. Figure 7 shows the AFM morphology and rms
roughness analysis of the NiGe films derived from the different
thicknesses of Ni (2−10 nm). The optimal growth conditions
(GeH4 exposure time and temperature) of these layers are also
given in the figure. From the AFM morphology (Figure 7a−d)

Figure 5. GIXRD patterns for various GeH4 exposure times for
different thicknesses of Ni. The solid−vapor temperature depends on
the film thickness. (a) 10 nm Ni, 300 °C; (b) 6 nm Ni, 300 °C; (c) 4
nm Ni, 250 °C; and (d) 2 nm Ni, 225 °C. The partial pressure of
germane is kept constant (225 mTorr). The GIXRD traces are offset
for clarity.

Figure 6. Representative SEM morphology of 10 nm PVD Ni films before and after solid−vapor reaction with GeH4 at different exposure times. (a)
0 s, reference untreated Ni, (b) 15 s, (c) 30 s, (d) 45 s, (e) 60 s, and (f) 300 s. The GeH4 exposure temperature and partial pressure were kept
constant at 300 °C and 225 mTorr, respectively.
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derived from the 2 × 2 μm2 scans, the increase in grain growth
with thickness could be clearly evidenced, in agreement with
the GIXRD results that showed an increase in NiGe peaks with
Ni thickness. The rms roughness values, in agreement with the
film crystallinity trend, confirmed an increase of film roughness
with NiGe thickness, except for the films grown using 2 nm Ni.
The thickness of the NiGe films was estimated from the XRR
and TEM analysis, the results of which will be discussed in the
coming sections. Though the AFM scans on the NiGe film
grown from 2 nm Ni showed a morphology consisting of small
grainlike structures, the fact that its rms roughness value is
higher than the NiGe film grown from 4 nm Ni (1.11 vs 0.83

nm) suggests that the layers are not closed. To confirm that
SEM and TEM analyses were extended, SEM top-view
morphological analysis showed that the NiGe films (∼6 nm)
grown from 2 nm Ni films (Figure 7e, inset) consist of isolated
grainlike structures, indicating the layers are not closed.
TEM analysis was carried out on the NiGe films grown using

4 and 2 nm Ni, the results of which are presented in Figure 8.
Figure 8a shows the cross-sectional TEM image of NiGe films
(from 4 nm Ni) exhibiting a sharp and planar interface with the
underlying thermal oxide surfaces. No new interphase
formation, morphological instability, or voids noted shows
the films to have good adhesion with the oxide surface. The 4

Figure 7. (a)−(d) AFM morphology of NiGe films synthesized from different thicknesses of Ni with the respective GeH4 exposure time and
temperature. (a) 2 nm Ni (60 s, 225 °C); (b) 4 nm Ni (60 s, 250 °C); (c) 6 nm Ni (45 s, 300 °C); (d) 10 nm Ni (45 s, 300 °C). (e) AFM rms
roughness against the NiGe thickness. The inset represents the SEM top-view morphology of the NiGe films prepared from 2 nm Ni.

Figure 8. (a),(b) TEM cross-sectional and dark-field STEM image of NiGe films synthesized from 4 nm Ni. (c) EDS elemental composition across
the thickness of the NiGe layers. The inset shows the electron diffraction pattern derived from the NiGe layers. (d),(e) TEM cross-sectional and
HAADF-STEM image of NiGe films synthesized from 2 nm Ni.
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nm Ni film reacts to 10.5 nm NiGe. Figure 8b depicts the
HAADF-STEM image of NiGe layers showing a homogeneous
contrast throughout the thickness indicating no variation in film
composition. This was also complemented by the dark-field
STEM analysis that showed a uniform contrast in film density
and crystallinity (results not shown). The EDS line profile on
the film composition carried out through the thickness of NiGe
films is given in Figure 8c. The average compositional analysis
performed at eight different points showed a uniform profile
consisting of 49.6 Ge% and 50.4% Ni consistent with the
STEM analysis indicating that the Ni film is totally transformed
under the optimized conditions and leads to homogeneous and
stoichiometric NiGe films. Fast Fourier transformation (FFT)
patterns obtained from the high-resolution images showed the
films to be polycrystalline. The electron diffraction pattern
could be indexed to orthorhombic NiGe lattices (space group:
pbnm, a = 0.5381, b = 0.5811 and c = 0.3428, α = β = γ = 90°)
similar to that of GIXRD findings. A typical diffraction pattern
obtained from the 10 nm NiGe films is given in the inset of
Figure 8c. Figure 8d presents the cross-section TEM image of
NiGe films grown from 2 nm Ni films. From the contrast, one
could clearly see a vacant-like region between the dark grains,
suggesting the layer is not closed. This is further supported by
the HAADF-STEM image that showed the contrast difference
due to empty regions and NiGe grains (Figure 8e).
XRR analysis was performed to extract the NiGe film

thickness, mass density, and volume expansion after the solid−
vapor reaction. Figure 9a presents the representative exper-
imental and simulated XRR curves for the NiGe films grown
using 4 nm Ni, and the inset shows that of films prepared from

Figure 9. (a) XRR traces of NiGe layers from 4 nm Ni. The inset shows the XRR curve of NiGe from 2 nm Ni. (b) Plot of NiGe layer thickness after
chemical vapor reaction vs initial Ni film thickness. (c),(d) NiGe film mass density and resistivity as a function of XRR thicknesses. The errors for the
Ni and NiGe thickness from XRR across the wafer are <1%, and the uncertainty of the (atom) areal density determined from RBS is <5%. The trend
line in the mass density is provided as a guide to the eye.

Figure 10. In situ XRD of NiGe films of selected thicknesses
synthesized using the optimal solid−vapor reaction conditions: (a) 23
nm, 45 s exposure at 300 °C and (b) 10 nm, 60 s exposure at 250 °C.
The blue color indicates the lowest intensity due to background, and
the red shows the highest intensities from the diffraction peaks.
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2 nm Ni film. The reduction in number of fringes for the films
grown with 2 nm Ni is clearly indicative of the lower NiGe
thickness obtained, compared to the case of 4 nm Ni. Best fits
to these and to the ones grown using 6 and 10 nm Ni (results
not shown) yielded a value of 6.3, 10.4, 14, and 23 nm as
thickness for NiGe films. This when plotted against the initial
Ni film thickness (Figure 9b) gives a value of 2.08 ± 0.06 as a
slope, indicating that one unit volume of Ni consumes 1.08
times its volume of the Ge from GeH4 gas and forms NiGe
films with a total volume expansion of 2.08 times that of Ni.
The theoretical volume expansion for germane vapor reaction
with Ni is found to be 3.08, based on the theoretical Ni and Ge
bulk density. The thickness ratio (2.08) of NiGe films obtained
from the current study is lower compared not only to the
theoretical volume expansion but also to the other rapid
thermal anneal route processed NiGe thin films where a ratio of
2.55 is reported.16,21,27 It should be highlighted that despite the
large volume expansion the films remain intact and smooth
with no agglomeration or grooving noticed, except for the
thinnest NiGe film (6.3 nm) which was discontinuous.
The thickness derived from the XRR is in good agreement

with that of TEM results. Mass density calculated from XRR
thickness and RBS area density is provided in Figure 9c. It is
obvious that the 6.3 nm NiGe films, being not closed, possess
low density (6.1 g/cm3). Beyond this point, the density
increases with thickness reaching a value of 7.7 g/cm3 for 23
nm thick NiGe films. Figure 9d shows the thickness vs
resistivity curve for the NiGe films, synthesized under
optimized conditions. The sharp increase in resistivity below
10 nm, showing an exponential like trend, is due to the film
discontinuity. For a thickness of 10 nm, a resistivity value of 29
μΩ cm is measured, which reasonably matches with that of
values (22−25 μΩ cm) reported in the literature but for higher
NiGe film thicknesses (25−70 nm) processed via solid state
reaction routes.28,40,41 The resistivity is comparable to that of
atomic layer deposited 10 nm Ru films (25−35 μΩ cm)
reported recently, the growth of which was found to be feasible
only with TiN or TaN seed layers.7,42

In the current interconnect technology nodes, Cu agglom-
eration or dewetting on oxide surfaces is avoided by
introducing Ta/TaN metallic barriers.43 With the downscaling
of the technology to16 nm or beyond, it is imperative to avoid
barrier layers, as it adds not only to the line resistance, owing to
their higher resistivity than Cu, but also to the difficulties in

depositing continuous barrier layers (1−2 nm).6 NiGe films
deposited directly on oxides will be beneficial in terms of both
intrinsic resistivity, with no contribution from the underlying
layers, and no interface related issues with adhesion and
diffusion barrier layers as observed for Cu-based systems.44

Another notable advantage with the NiGe system, compared to
the Cu-based ones, is that the films are synthesized without any
plasma pretreatment, to remove the native oxide, which
potentially can minimize the problems associated with the
damage of ultralow k materials for advanced interconnect
developments.45,46

It should be mentioned here that at the opted reaction
temperatures (225−300 °C) to synthesize NiGe films of
different thicknesses GeH4 undergoes selective and catalytic
CVD on Ni39,47,48 since no GeH4 decomposition on thermal
oxide up to 350 °C was observed, based on GIXRD results
(data not shown). This is further supported by the previous
GeH4 CVD reports wherein the pyrolysis leading to Ge films is
demonstrated at 400 °C or above.49,50 This low-temperature
processing of NiGe films via a catalytic decomposition-cumene-
reaction is crucial for the integration into interconnect
structures, where process temperatures of 400−450 °C would
be detrimental to the underlying low-k materials used in BEOL
technology.51

To study the NiGe thermal stability, films of selected
thicknesses (23 and 10 nm) prepared under ideal growth
conditions were subjected to temperature anneals (100−500
°C), and in situ XRD was recorded simultaneously during
ramping. Figure 10 shows the in situ XRD data collected from
the NiGe films during a thermal ramp (0.2 °C/s), in an inert
He atmosphere. Figure 10(a),(b) shows the XRD intensity
contour maps plotted as a function of anneal temperature for
23 and 10 nm NiGe films. It is clear from XRD results that the
observed diffraction peaks could be related to the NiGe phase
throughout the investigated temperature range (Figure 10a).
No new peaks due to Ge, GeO2, or nickel silicidation, nor a
decay in the intensity of the NiGe peaks, demonstrates that
NiGe is structurally stable up to 500 °C. Similar results were
noted on the thinner NiGe films (Figure 10b), though peak
intensities are lower due to weak crystallinity compared to the
thicker films. The morphology and roughness of the films
quenched after the 500 °C anneal are presented in Figure 11. It
can be seen from the images that no morphological degradation
is noted, after the anneal, for both film thicknesses. An rms

Figure 11. AFM morphologies of NiGe films of different thicknesses after anneal at 500 °C in He ambience. (a) 23 nm and (b) 10 nm NiGe films
synthesized from 10 and 4 nm Ni at a GeH4 exposure time of 45 and 60 s at 300 and 250 °C, respectively.
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roughness value of 2.28 and 0.83 nm was calculated for 23 and
10 nm films (Figure 11a,b). The resemblances of film
morphology with a limited increase in roughness, compared
to the as-deposited films, show the structural integrity of the
films after the anneal at 500 °C. These results that show NiGe
is stable with no phase degradation or agglomeration up to 500
°C are consistent with the previous reports on NiGe films
prepared from solid state reaction techniques.27,16,17,19−21

Studies are underway to test the growth on narrow trenches
and evaluate the electrical properties of the integrated NiGe
lines. This will be the scope of our future work.

■ CONCLUSION
Ultrathin, high-quality NiGe films were successfully synthesized
using a selective solid−vapor reaction of PVD Ni films with
GeH4 gas on 300 mm Si wafers covered with thermal oxides.
The GeH4 chemical vapor reaction conditions (partial pressure,
exposure temperature, and time) were optimized for different
Ni thicknesses (2−10 nm) to achieve low resistive,
stoichiometric, and phase pure NiGe films. Detailed surface
analysis shows the onset of NiGe film closure to be >6 nm.
NiGe films in the thickness range (10−23 nm) were found to
be smooth, uniform, and thermally stable up to 500 °C with a
large process window. The films have a sharp interface with a
homogeneous composition on thermal oxide substrates and
exhibit a resistivity value of 29 μΩ cm for 10 nm NiGe films.
The films synthesized using very low temperatures (250−300
°C) and yet demonstrating high quality, despite the absence of
adhesion and diffusion barriers, will be beneficial for advanced
interconnect applications.
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