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ABSTRACT: In this paper, we present a detailed study on the microstructure evolution and interdiffusion in Nb/Si-layered
systems. Interlayer formation during the early stages of growth in sputter-deposited Nb-on-Si and Si-on-Nb bilayer systems is studied
in vacuo using a high-sensitivity low-energy ion-scattering technique. An asymmetric intermixing behavior is observed, where the Si-
on-Nb interface is ∼2× thinner than the Nb-on-Si interface, and it is explained by the surface-energy difference between Nb and Si.
During Nb-on-Si growth, the crystallization of the Nb layer occurs around 2.1 nm as-deposited Nb thickness with a strong Nb(110)-
preferred orientation, which is maintained up to 3.3 nm as-deposited Nb thickness. A further increase in the Nb layer thickness
above 3.3 nm results in a polycrystalline microstructure with a reduced degree of texture. High-resolution cross-sectional
transmission electron microscopy imaging is performed on Nb/Si multilayers to study the effect of the Nb layer texture on
interdiffusion during low-temperature annealing. Nb/Si multilayers with amorphous 2 nm Nb layers and strongly textured 3 nm
thick Nb layers, with limited grain-boundary pathways for diffusion, show no observable interdiffusion during annealing at 200 °C for
8 h, whereas in a Nb/Si multilayer with polycrystalline 4 nm thick Nb layers, a ∼1 nm amorphous Nb/Si interlayer is formed at the
Si-on-Nb interface during annealing.

KEYWORDS: metal−silicon interface, preferred orientation, interdiffusion, ion channeling, low-energy ion-scattering, thin film growth,
sputter deposition

1. INTRODUCTION

The extensive research work on transition-metal/silicon (TM/
Si)-layered thin-film structures is generally motivated by their
importance in several technological applications besides the
interest in exploring the fundamental physics phenomena. The
practical applicability of these structures in advanced
technologies relies on, and more often is limited by, their
interface quality and thermal stability. Both are inherently
related to structural properties, such as the roughness, density,
defects, grain size, and preferred orientation1,2 of individual
layers in the stack. For this reason, much efforts have been
taken in the past decades to understand the influence of
structural properties of constituting layers on the functional
properties of thin-film devices.
Nb/Si-layered systems are widely used in superconductor

applications.3,4 Nb/Si-based multilayers have potential appli-
cation in X-ray optics because of their favorable optical
properties, thermal stability, and irradiation damage resist-
ance.5,6 Thin Nb layers can be used as a barrier in TM/Nb/Si

and TM/Nb/SiO2 systems,7 which have useful applications in
integrated circuits. The existing literature on Nb/Si multilayers
unanimously report the asymmetry in interface width (Si-on-
Nb interface is thinner than Nb-on-Si) for as-deposited
structures, while the diffusion of Si and formation of the
Nb3Si phase at the interface are commonly observed during
annealing.8−11 Nevertheless, an understanding on the influence
of structural properties of Nb layers on interdiffusion during
annealing is still lacking. For instance, Okolo et al.12 reported a
strong (110) preferred orientation in Nb films that depends on
Nb-layer thickness and the substrate material. However, to our
knowledge, there are no studies in the literature that report the
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effect of Nb layer texture on interdiffusion at Nb/Si interfaces.
This knowledge can be beneficial in the fabrication of Nb
layers with improved interface and barrier properties for Nb/
Si-based thin-film systems.
The aim of this work is to study the microstructure

evolution of the Nb layer in the first few nanometers during
growth on a Si layer and investigate the influence of the Nb
microstructural properties on the extent of interdiffusion at
Nb/Si interfaces during annealing. The near-room-temperature
layer growth and intermixing phenomena in Si-on-Nb and Nb-
on-Si bilayer systems are studied using the in vacuo high-
sensitivity low-energy ion-scattering (HS-LEIS) technique.
Nb/Si multilayers with different Nb thicknesses are deposited
to study the effect of Nb texture on thermal stability using
high-resolution transmission electron microscopy (HR-TEM).

2. EXPERIMENT AND METHODOLOGY
Deposition and Characterization. All the samples were

deposited using a direct-current magnetron sputtering
technique on single side polished Si(100) wafers with ∼1
nm native oxide and 0.15 ± 0.05 nm root-mean-square (rms)
roughness. A bilayer architecture, as shown in Figure 1, is used

for Si-on-Nb and Nb-on-Si LEIS layer growth studies. Bilayer
samples for layer growth studies were deposited in a sputter
deposition chamber with in vacuo sample transfer to a HS-LEIS
setup. The base pressure of the deposition chamber and the Kr
gas working pressure were <5 × 10−9 mbar and 1 × 10−3 mbar,
respectively. Kr sputter gas was chosen instead of conventional
Ar sputter gas in order to limit the number of high-energy
backscattered neutrals bombarding the growing Nb film layer,
which can induce intermixing at early stages of Nb-on-Si
growth. The substrate-to-target distance was 8 cm for both
materials. Both magnetrons were equipped with a shutter in
front to prevent cross-contamination and a quartz crystal
microbalance in close proximity to monitor the deposited
thickness. The deposition rates of Nb and Si were calibrated
using ex-situ grazing incidence X-ray reflectivity (GI-XRR)
measurements on Nb and Si layers each with three different
thicknesses, respectively, for better accuracy. The sputter
power values used for Nb and Si were 25 and 18 W,
respectively, and the corresponding sputter voltages were 320
and 540 V. A low-sputter power was chosen for both materials
to get a low growth rate (Nb: 0.03 and Si: 0.05 nm/s), which is
important to achieve a sub-nanometer (0.3 nm) growth step.
The thickness accuracy of the deposited films is ±0.05 nm.
The Nb/Si multilayer samples, with a 4 nm Si cap to prevent
the oxidation of the stack, were produced in a Roth & Rau
MS1600 deposition system under similar deposition con-
ditions as compared to the depositions for in vacuo layer
growth studies, such as sputter voltage, sputter gas, and
pressure, and substrate-to-target distance. Hence, similar

particle energies and layer microstructures can be expected
during growth in both deposition systems.
The HS-LEIS technique was used to study the change in

surface coverage as a function of the as-deposited film layer
thickness in Nb-on-Si and Si-on-Nb systems. HS-LEIS
measurements were performed using an IONTOF Qtac100
tool with 1 × 10−10 mbar base pressure. A 3 keV ion beam with
3 nA ion current and a 5 keV ion beam with 1 nA ion current
at a normal incidence angle were used for He+ and Ne+ LEIS
measurements, respectively. An Ar+ sputter gun operating at
59° incidence angle relative to the surface normal with 0.5 keV
ion energy and 100 nA ion current was used for sputter depth
profile measurements. More information on the HS-LEIS
technique can be found in refs 13 and 14.
The grazing incidence X-ray diffraction (GI-XRD) technique

was used to investigate the crystalline properties of the
multilayer samples. GI-XRD measurements were done using an
in-house PANalytical Empyrean X-ray diffractometer with a
Cu-Kα source (1.5406 Å). A BRUKER Dimension Edge
atomic force microscope with a high-resolution tip (Mikro-
Masch HiRes-C15/Cr−Au) was used for surface morphology
characterization. The multilayer samples were annealed at 200
°C for 8 h in a high-vacuum environment to limit the oxidation
of the layers. High-resolution cross-sectional transmission
electron microscopy (XTEM) was used to study the structural
and interface properties of as-deposited and annealed multi-
layer samples. XTEM images were obtained using a Philips
CM300ST-FEG transmission electron microscope (300 kV
acceleration voltage) at the MESA + Institute, University of
Twente. The specimens for XTEM were prepared by creating a
symmetrical cross-sectional sandwich structure using dimple
grinding/polishing and argon ion thinning methods.15,16 In the
final stages of Ar+ thinning, the energy of Ar+ was reduced from
4.5 to 0.5 keV to minimize specimen damage.

LEIS Growth Profile. Thin-film interfaces are usually
studied using techniques such as X-ray photoelectron spec-
troscopy (XPS), XRR, and XTEM. Using these techniques, it is
possible to obtain the interface concentration profile and the
effective interface width by considering a suitable thin-film
model that fits the experimental data well.17−20 The
significance of the HS-LEIS technique is its high surface
sensitivity, which when coupled with the in vacuo sample-
transfer facility allows us to measure the evolution of surface
coverage during layer growth (“growth profile”).21,22 This
provides key information about the film layer closing thickness,
surface atomic densities, surface segregation, and other surface
phenomena during growth that cannot be studied using
conventional techniques. In addition, the interface profile and
the effective interface width can also be extracted from LEIS
growth profiles by considering an appropriate interface
model.21−23 The following procedure was used to record
LEIS spectra for the layer growth studies:

(1) A 4 nm substrate layer was deposited onto a Si wafer,
followed by a 0.3 nm film layer.

(2) The sample was transferred in vacuo to the LEIS
chamber and a LEIS spectrum was recorded.

(3) A 4 nm substrate layer was deposited onto a new Si
wafer, followed by the film layer with a sub-nanometer
increase in thickness.

(4) Steps 2 and 3 were repeated until the film layer signal
during LEIS measurements saturates, which corresponds
to a 100% film coverage.

Figure 1. Bilayer architecture used for Si-on-Nb and Nb-on-Si layer
growth studies.
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A quantitative measurement of the number of surface atoms
of a certain element can be obtained from the integral of the
corresponding LEIS surface peak after subtracting the
background signal. The surface coverage of an element is
given by the ratio of the integral of the surface peak in the
investigated sample to that of a clean reference sample.
Because LEIS cannot distinguish between intermixing and
island formation processes during growth, ex-situ AFM
measurements were done to characterize the surface
morphology of the deposited layers.
It has been recently shown that the interface profile between

two layers caused by intermixing during deposition near room
temperature can be mathematically represented by a logistic
function (LGF) of the form22,23

C z( )
1

1 e z z( /0.59 )i
=

+ σ− (1)

where C is the concentration of the deposited film atom at a
depth z from the surface, zi is the point of inflection of the
logistic function, and σ is the effective width of the interface.
Based on an LGF-like interface model, the expression for the
evolution of the film atom surface coverage θ as a function of
the as-deposited film layer thickness h can be derived as

1 e
h( 0.59 )θ = − σ− (2)

The effective interface width of Si-on-Nb and Nb-on-Si
systems can be obtained by fitting their respective LEIS growth

profiles using eq 2, which is comparable to the interface width
obtained from XRR spectra assuming an error function-like
interface model.

3. RESULTS AND DISCUSSION

LEIS Layer Growth Studies: Si-on-Nb and Nb-on-Si
Bilayer Systems. The He+ LEIS spectra of the Si-on-Nb
system for various Si thicknesses are shown in Figure 2a. The
He primary ions that scatter from surface atoms contribute to
the surface peaks, whereas ions that scatter from the subsurface
atoms (up to ∼10 nm depth) contribute to the low-energy tail.
Besides surface peaks of Nb and Si atoms, there is a small
contribution from impurity O atoms at the surface, which may
arise from the presence of background residual oxygen and
water during in vacuo sample transfer (∼7 min transfer time at
1 × 10−9 mbar). AFM images (not shown here) of 0.3 nm and
0.9 nm Si-on-Nb indicate a typical 2D growth with rms surface
roughness in the range of ∼0.2 ± 0.05 nm. This means that the
change in the surface peak intensity with increasing as-
deposited Si thickness is an effect of intermixing during film
layer growth and not because of a change in surface
morphology.
The surface coverage evolution of Nb, Si, and O atoms as a

function of as-deposited Si thickness is shown in Figure 2b.
The reference surface peak integral values for Nb and Si are
obtained from their clean reference samples. The reference
value for O (1180 counts/nC) is taken from the work of

Figure 2. (a) He+ LEIS spectra of Si-on-Nb growth for various as-deposited Si thicknesses, (b) LEIS growth profiles of Si, Nb, and O as a function
of as-deposited Si thickness, and (c) normalized Si LEIS growth profile with an LGF-like interface model fit.

Figure 3. He+ LEIS spectra of Nb-on-Si growth split into two figures for better visibility: (a) 0.3 to 2.1 nm as-deposited Nb thickness and (b) 1.8 to
15 nm as-deposited Nb.
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Coloma Ribera et al.21 The surface coverage of Si atoms does
not reach 100% even when the Nb surface coverage goes to 0%
because of the presence of O atoms at the surface. Because the
surface coverage of O is constant for all samples, we use the
normalized Si surface coverage values to obtain the effective
interface width. The normalized Si LEIS growth profile with an
LGF-like interface model fit (eq 2) is shown in Figure 2c. The
fit based on an LGF-like interface model describes the
experimental data well, and the effective width of the Si-on-
Nb interface obtained from the LEIS growth profile fit is 0.47
± 0.03 nm. The effective interface width obtained from the
LEIS growth profile is analogous to the interface width usually
obtained from the XTEM and XRR techniques. The as-
deposited Si thickness required to obtain a 99% Si surface
coverage (“intermixing thickness”) is calculated from the LEIS
fit as 1.3 ± 0.1 nm.
A similar approach is taken to study the layer growth of Nb-

on-Si. The He+ LEIS spectra of the Nb-on-Si system for
various Nb thicknesses are shown in Figure 3. AFM images
(not shown here) show a typical 2D growth with rms surface
roughness in the range of 0.2 ± 0.05 nm, again indicating that
the observed changes in LEIS spectra are because of
intermixing and not surface morphology. The Nb-on-Si LEIS
spectra show two peculiar features, as indicated in Figure 3b:
(i) at 2.1 nm as-deposited Nb thickness, the intensity of the
low-energy Nb tail close to the Nb surface peak drops
significantly and (ii) reduction in the Nb surface peak intensity
after 3.3 nm as-deposited Nb thickness.
To understand the drop in intensity near the surface peak at

2.1 nm Nb [feature (i)], it is important to look in more detail
to the origin of the low-energy Nb tail in the LEIS spectra.13,24

The 3 keV He primary ions are neutralized once they enter the
surface layer because of high neutralization probability. The
neutral He atoms that backscatter from sub-surface Nb atoms
have to be reionized at the surface level in order to be detected.
Therefore, the shape and intensity of the low-energy Nb tail
depends both on the number of He neutrals backscattered
from the Nb atoms distributed in depth, and the probability of
reionization of these neutrals at the surface level. The

reionization probability is material specific and is influenced
by the surface composition.13,24 However, a small change in
the surface composition from 1.8 to 2.1 nm of Nb-on-Si alone
cannot explain the observed changes in the slope and intensity
of the low-energy tail near the surface peak. The absence of
other surface peaks except Nb eliminates the role of surface
contamination, while surface roughness can be excluded
because of low rms roughness values obtained from AFM
images. Hence, the change in the low-energy tail is not because
of surface effects but has to be caused by sub-surface effects.
The number of He neutrals backscattered from the bulk
depends on the in-depth Nb concentration. A decrease in the
Nb concentration in the sub-surface layers would result in a
reduced tail intensity close to the Nb surface peak. However,
the possibility of Nb atoms being physically absent in the sub-
surface layers is highly unlikely because of the negligible bulk
diffusion near room temperature.
Another possible reason for a drop in the low-energy tail

intensity close to the surface peak is the “shadowing” of sub-
surface atoms by surface atoms, as shown in Figure 4a, which
leads to the channeling of He neutrals through sub-surface
layers into bulk layers without backscattering. This effect is
normally observed in single-crystalline layers under a specific
geometry, and it results in a strong reduction in the
backscattering contribution from the sub-surface layers.25,26

During the growth of the metal on Si layers in metal/Si
multilayers, an abrupt crystallization of the metal layer is
usually observed around an as-deposited metal thickness of 2−
3 nm, resulting in typically 1 nm of the crystalline metal layer
on top of an amorphous metal-Si intermixed zone.27 In order
to verify the Nb crystallization step around 2.1 nm, a LEIS
sputter profile measurement was performed on a Nb-on-Si
sample after the crystallization step. The 500 eV Ar+ sputtering
is expected to result in the amorphization of the crystalline Nb
layer, which should eliminate the channeling effect (Figure 4b)
and thereby, increase the backscattering contributions from the
sub-surface Nb atoms to the precrystallization level. Figure 5
shows the LEIS sputter depth profile measurement of a 2.4 nm
Nb-on-Si sample, in which the expected increase in the

Figure 4. Schematic representation of LEIS from: (a) a crystalline layer, (b) an amorphous layer, and (c) a crystalline film layer with an amorphous
interlayer at the interface between the film layer and the substrate layer.
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intensity of the low-energy tail just below the surface peak can
be seen after Ar+ sputtering. The tail contribution from deeper
amorphous Nb−Si intermixed layers remains unaffected. The
elimination of the channeling effect by sputter ion-induced
amorphization confirms the crystallization of Nb around 2.1
nm as-deposited thickness. Note that the increase in the Nb
surface peak signal after sputtering is because of the removal of
residual H and OH at the surface.
A Nb crystallization step around 2.1 nm is a reasonable

explanation for the drop only in the subsurface Nb tail
contribution (crystalline part), while the contribution from the
deeper amorphous intermixed zone remains unaffected (Figure
4c). However, it is important to note that sputter-deposited
metals usually form a polycrystalline structure after crystal-
lization, in which the channeling effect is expected to be
insignificant. Therefore, a highly textured (preferred orienta-
tion) Nb layer must be formed after crystallization for
channeling to occur. The most densely packed (hkl) plane is
generally preferred during the layer growth because of the low
surface energy. For bcc metals, the densely packed (110) plane
has the lowest surface energy when compared to other (hkl)
planes28 and, therefore, it is likely that bcc Nb layers show a
(110) preferred orientation during Nb-on-Si growth. A strong
texture in sputter-deposited Nb layers with a (110) preferred
orientation has also been reported before.11,12 We will later
show the GI-XRD results of Nb/Si multilayers studied in this
work, which confirm the Nb(110)-preferred orientation after
crystallization. Based on these pieces of evidence, it is possible
to conclude that a strongly textured Nb layer is formed after
the crystallization step around 2.1 nm during the growth of
Nb-on-Si.
The feature (ii) observed in the Nb-on-Si LEIS spectra

(Figure 3b) is the reduction in the Nb surface peak intensity
for Nb thicknesses above 3.3 nm. The complex shape of the tail
in the case of Nb-on-Si LEIS spectra makes it difficult to
subtract the background for the calculation of the Nb surface
peak integral. In order to overcome this problem, we use Ne+

for LEIS measurements on newly prepared Nb-on-Si samples,
for which the intensity of the low-energy tail is considerably
lower than in He+ measurements and, therefore, its impact on
the surface peak is negligible. The Ne+ LEIS spectra of Nb-on-
Si growth are shown in Figure 6a,b, and the surface peak

integral value for each Nb thickness is shown in Figure 6c. The
Nb surface peak integral value increases up to around 2.1 nm
Nb and then starts to decrease from 3.3 nm Nb up to 6 nm
Nb, after which it saturates around 53,000 counts/nC. As the
surface peak integral is a direct measure of the number of
surface atoms, a decrease in the integral value implies a
decrease in the number of Nb surface atoms. In the absence of
other elements at the surface, the decrease in the Nb surface
signal can be caused by a reduction in density as a result of a
porous growth, or by a significant change in Nb crystal
orientations, resulting in a net change in the surface atomic
density. A porous layer with ∼15% lower density than the bulk
layer is required to explain the observed decrease in the surface
peak integral. Low-pressure magnetron sputtering deposition
generally produces high density films and hence, a porous layer
growth is highly unlikely. Thus, the reduction in the surface
peak integral between 3.3 and 6 nm as-deposited Nb
thicknesses suggests a change in surface atomic density due
to the structural evolution of the Nb layer. The observed LEIS
growth profile can be explained by a textured Nb growth with
high surface density planes up to 3.3 nm, followed by a
polycrystalline growth with a reduced average surface atomic
density up to 6 nm. We will later show the GI-XRD and
XTEM results of Nb/Si multilayers that support this
explanation.
It is important to note that the surface peak integral reaches

a value of ∼53000 counts/nC (similar to 6 nm and 15 nm Nb)
already at 1.5 nm Nb even in the presence of ∼8% Si surface
coverage, which indicates a preference toward high surface
atomic density even before the crystallization step. This
suggests that the tendency to form a high surface density
structure is most likely influenced by the Si substrate atoms. In
our previous work,22 we showed the importance of surface
energy and strain energy on intermixing and segregation
processes during growth. The low surface energy of Si
facilitates the diffusion of Si to the surface during Nb-on-Si
growth. However, the strain induced by a large size difference
between Nb and Si (∼0.28 Å) facilitates the surface
segregation of the large atom,22 Nb in this case. The need to
compete against the low surface energy Si in order to limit the
Nb−Si intermixing, which would lead to a large strain energy,
stimulates the textured growth of the Nb layer with a high
surface density (110) preferred orientation (i.e., the lowest
possible Nb layer surface energy). Further increase in Nb
thickness leads to a polycrystalline growth with other low
surface density planes in addition to the high surface density
(110) plane. Okolo et al.12 showed a greater degree of Nb
texture on an amorphous Si3N4 substrate when compared to an
amorphous SiO2 substrate. The authors explain this based on
the difference in the chemical interaction between Nb−O and
Nb−N. However, we believe this is because of a stronger
intermixing between Nb and Si during Nb-on-Si3N4 growth
when compared to SiO2, which facilitates a greater degree of
textured growth on Si3N4. Coloma Ribera et al.21 showed that
the intermixing length decreases in the order of Ru-on-Si > Ru-
on-Si3N4 > Ru-on-SiO2. Therefore, assuming a similar growth
for Nb on Si, Si3N4, and SiO2, the Nb texture is expected to be
stronger on Si > Si3N4 > SiO2 substrate layers. Furthermore,
Okolo et al.12 showed an increased Nb-layer texture for
sputter-cleaned substrates when compared to uncleaned
substrates. The intermixing between Nb and Si (from Si3N4
and SiO2 substrate layers) can be expected to be greater in the
absence of surface contamination. This leads to an increased

Figure 5. He+ LEIS spectra of 2.4 nm Nb-on-Si: as-deposited and
after 500 eV Ar+ sputtering for 150 s.
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degree of Nb texture for cleaned substrates when compared to
uncleaned substrates.
Because of Nb structural evolution up to 6 nm as-deposited

thickness, it is not possible to consider a suitable Nb surface
peak integral reference for the surface coverage calculation.
The accuracy of the Nb reference surface peak integral is
critical for the Nb surface coverage calculation which, in turn,
determines the value of the effective interface width obtained
from the growth profile fit. The complexity in the Nb layer
surface evolution because of strong structural changes makes
the LEIS growth profile fit based on a simple LGF-like
interface model unreliable. For this reason, it is not possible to
obtain an accurate value for the Nb-on-Si effective interface
width from LEIS results. Nevertheless, comparing the
normalized surface peak integral of Nb-on-Si and Si-on-Nb
(Figure 7), it is possible to claim that the intermixing thickness
of the Nb-on-Si interface is ∼2 times that of Si-on-Nb. This
means that the effective interface width of Nb-on-Si can be
expected to be ∼1 nm, which is confirmed by the XTEM

results shown in the next section. This asymmetry in interface
thicknesses has been reported before for Nb/Si systems,11

other TM/Si systems,21,29−31 and also for TM-on-TM
systems.22 The reason for the asymmetry is mainly because
of the surface energy difference between Nb (1.85 eV/atom)
and Si (0.92 eV/atom).22,32 The low surface energy Si tends to
move to the surface during growth to reduce the net surface
free energy of the system. This leads to an increased
intermixing during Nb-on-Si growth when compared to Si-
on-Nb growth, where low energy Si is the film layer.

Interface Diffusion Studies: As-Deposited and An-
nealed Nb/Si Multilayer. The Nb-on-Si LEIS growth studies
suggest the crystallization of the Nb layer around 2.1 nm as-
deposited thickness, followed by a textured growth with high
surface density planes up to 3.3 nm Nb thickness, and a
polycrystalline growth with reducing average surface atomic
density from 3.3 to 6 nm. The structural properties of the Nb
layer can influence the diffusion of atoms through interfaces at
high temperatures. In order to study the effects of the Nb

Figure 6. Ne+ LEIS spectra of Nb-on-Si growth split into two figures for better visibility: (a) 0.3 to 2.1 nm as-deposited Nb thickness, (b) 2.1 to 15
nm as-deposited Nb thickness, and (c) Nb surface peak integral as a function of the as-deposited Nb thickness.
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structure on interdiffusion during annealing, three different
Nb/Si multilayers with 4 nm Si layers and Nb thicknesses of 2,
3, and 4 nm were deposited, which, from now on, will be
referred to as Nb-2, Nb-3, and Nb-4 multilayers, respectively.
As the intention of this study is to measure the interdiffusion at
the interfaces without destroying the overall multilayer
structure, Nb/Si multilayers were annealed at 200 °C for 8
h, for which interdiffusion effects are expected to be visible
without significant structural modifications.11

The GI-XRD results of as-deposited Nb/Si multilayers are
shown in Figure 8a. The higher order diffraction peaks are
strongly suppressed in the Nb-2 multilayer, which suggests that
the 2 nm Nb layers are quasi-amorphous or nanocrystalline
with a short-range order. The broad peak around 38° is due to
collective scattering from the nearest neighbors in the Nb layer.
The GI-XRD spectra of Nb-3 and Nb-4 multilayers indicate a
polycrystalline bcc Nb structure. The intensities of the
diffraction peaks from a polycrystalline sample are expected

to scale with the grain size and the thickness of the diffracting
layer. However, in the case of the Nb-3 multilayer, the intensity
of the (110) peak is lower than that of the Nb-2 multilayer,
whereas other diffraction peaks are dominant. An incidence
angle (ω) scan with a diffraction angle (2θ) fixed at 38°
(Figure 8b) shows a steep increase in intensity around ω = 1/2
2θ, whereas the ω scans of other diffraction peaks with 2θ fixed
at their respective diffraction angles (not shown here) show an
exponential drop in intensity with increasing ω. This implies a
strong Nb(110) preferred orientation parallel to the surface in
the Nb-3 multilayer. The ω scan of the Nb-4 multilayer shows
a reduced degree of the Nb(110)-preferred orientation when
compared to the Nb-3 sample. This reduction in the degree of
the preferred orientation of the highest density (110) planes
between 3 and 4 nm Nb layers (i.e., a polycrystalline growth) is
in accordance with the reduction in the Nb surface peak
integral observed in the LEIS data (Figure 6c).
High-resolution cross-sectional transmission electron mi-

croscopy (XTEM) images were used to study the layer and
interface changes in the multilayers after annealing. XTEM
images of as-deposited and annealed Nb/Si multilayers are
shown in Figure 9. The Si layers are amorphous in all as-
deposited and annealed multilayer samples, whereas the Nb
layers are quasi-amorphous in the Nb-2 multilayer and
crystalline in Nb-3 and Nb-4 multilayers. The magnified
regions in the Nb layers are shown to enhance the visibility of
the Nb layer structure. The 3 nm Nb layers show a strong
preferred orientation with planes predominantly parallel to the
surface, whereas other orientations in addition to the planes
parallel to the surface can be seen in the 4 nm Nb layers. The
structure of Nb layers did not change after annealing in all
three multilayers, as expected for a lower temperature
annealing at 200 °C.
In the Nb-2 multilayer, the interfaces between the Nb and Si

layers cannot be accurately resolved due to the low contrast
between quasi a-Nb and a-Si layers. Nevertheless, the shape of
the line profiles (shown in inset) of the as-deposited and
annealed structures is identical, which suggests negligible
interdiffusion at the interfaces as a result of annealing. In the
as-deposited Nb-3 multilayer, a ∼1.3 nm thick amorphous Nb-

Figure 7. Normalized He+ LEIS surface peak integral of the Si-on-Nb
system and normalized Ne+ LEIS surface peak integral of the Nb-on-
Si system.

Figure 8. (a) GI-XRD spectra of Nb/Si multilayers and (b) incident angle [ω] scan with 2θ at 38° of Nb-3 and Nb-4 multilayers.
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Figure 9. XTEM images of Nb/Si multilayers pre- and postannealing.
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on-Si interface can be seen. The polycrystalline Nb layers
extend all the way up to the following (top) Si layer, indicating
a sharp Si-on-Nb interface. Because of the negligible solubility
of Si and Nb in each other at 200 °C,33,34 interdiffusion
between Nb and Si during annealing in general will lead to the
solid-state amorphization of the polycrystalline Nb layer and
formation of an intermixed Nb−Si amorphous interlayer. As
the Nb layer and both interfaces remain unchanged within the
resolution of the XTEM after annealing, it is possible to
conclude that a significant interdiffusion did not occur during
annealing at 200 °C in the Nb-3 multilayer sample. The Nb-
on-Si and Si-on-Nb interfaces in the as-deposited Nb-4
multilayer are similar to that of the as-deposited Nb-3
multilayer. However, after annealing, although the Nb-on-Si
interface remains unaltered similar to the case of the Nb-3
multilayer, the formation of a ∼1 nm thick amorphous
interlayer at the Si-on-Nb interface can be clearly seen. This
suggests a strong interdiffusion at the Si-on-Nb interface
during annealing at 200 °C. The thickness reduction after
annealing in the polycrystalline Nb and the amorphous Si
layers is ∼1 and ∼0.5 nm, respectively, indicating that the
amorphous interlayer formed at the Si-on-Nb interface is
mostly Nb rich. This is also in accordance with previous
studies,8−11 which show the formation of a Nb3Si phase above
300 °C.
The interdiffusion of layer materials during low-temperature

annealing (100−250 °C) is a commonly observed phenomen-
on in metal/silicon systems.35,36 At these temperatures, grain-
boundary diffusion is generally more dominant when
compared to vacancy diffusion through the bulk. Therefore,
interdiffusion in the Nb-4 multilayer during annealing at 200
°C can be explained by the thermally activated diffusion of Si
atoms into the Nb layer, which is enhanced by the presence of
grain boundaries in the polycrystalline Nb layer. Although Nb
layers in the Nb-3 multilayer are also polycrystalline, they are
strongly textured when compared to Nb layers in the Nb-4
multilayer. This results in a reduced number of grain
boundaries, and thereby restricts the available pathways for
Si diffusion.1 In the case of the Nb-2 multilayer, the absence of
grain boundaries because of the quasi-amorphous nature of the
Nb layers and the presence of trap (defect) sites can strongly
limit interdiffusion. Hence, Nb-2 and Nb-3 multilayers show
greater thermal stability at 200 °C when compared to the Nb-4
multilayer. Note that the Nb-on-Si interface remains unaffected
in all three samples. This can be because of the presence of the
∼1.3 nm thick amorphous Nb−Si interlayer formed during
growth that can act as a barrier in preventing further
interdiffusion through that interface in all three multilayer
samples.
Finally, it is important to realize that thermally activated

interdiffusion in nanoscale thin-film structures initiates several
distinct temperature-dependent processes, such as solid-state
amorphization, phase formation, and crystallization. In this
work, we have taken the first step in understanding the
structural evolution of Nb layers during Nb-on-Si growth, and
its importance on interdiffusion during low-temperature
annealing. Further work is required to understand the effect
of the Nb layer texture on complex physical processes activated
at higher temperatures.

4. SUMMARY AND CONCLUSIONS
LEIS growth profiles were used to study intermixing
phenomena during the early stages of growth in sputter-

deposited Nb-on-Si and Si-on-Nb systems. A decrease in the
Nb LEIS tail and surface peak intensities was observed during
Nb-on-Si growth, which was attributed to crystallization and
microstructure evolution of the Nb layer during growth. GI-
XRD and XTEM studies were performed on Nb/Si multi-
layers, with different Nb thicknesses, to confirm the micro-
structure evolution of the Nb layer and investigate the effect of
the Nb layer texture on interdiffusion during low-temperature
annealing at 200 °C.
The following conclusions are derived:

• The as-deposited Si-on-Nb interface width is 0.47 ±
0.03 nm, which is approximately twice as sharp as the
Nb-on-Si interface. The asymmetry in interface width is
explained by the difference in surface energy between Si
and Nb atoms. The low-surface energy Si atoms tend to
move toward the surface during growth, resulting in a
wider intermixing zone during Nb-on-Si growth when
compared to Si-on-Nb growth.

• During Nb-on-Si growth, Nb crystallizes around 2.1 nm
as-deposited thickness with a strong Nb(110)-preferred
orientation. The large size difference between Nb and Si
atoms can increase the strain energy at the Nb-on-Si
intermixed zone, which is expected to stimulate the low
surface energy Nb(110)-preferred orientation during the
crystallization of the Nb layer. The textured growth
continues up to 3.3 nm as-deposited Nb thickness, and
further increase in Nb thickness results in a polycrystal-
line microstructure with a reduced degree of texture.

• Nb/Si multilayers with amorphous 2 nm Nb layers and
strongly textured 3 nm Nb layers show no noticeable
changes in the structure during low-temperature
annealing at 200 °C because of the absence or limited
number of grain-boundary pathways for the diffusion of
Si atoms. In the Nb/Si multilayer with 4 nm polycrystal-
line Nb layers, diffusion occurs via grain boundaries
resulting in a ∼1 nm amorphous interlayer at the Si-on-
Nb interface. The Nb-on-Si interface remains unaltered
because of the presence of a ∼1.3 nm amorphous
interlayer that was formed during growth, which acts as a
barrier layer in preventing further diffusion through that
interface during low-temperature annealing.

As an overall conclusion, microstructural properties of metal
layers in metal-Si thin-film systems play a crucial role in
determining thermal stability in the low-temperature regime
(up to ∼300 °C), where grain-boundary diffusion is expected
to be the most dominant mechanism. Limiting grain-boundary
pathways by stimulating textured growth or preventing the
crystallization of thin metal layers may provide the possibility
to improve the thermal stability and the device performance.
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