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We report on accurate structural investigations of sputtered Nb/Pd multilayers by means of
high-resolution secondary ion mass spectrometry and x-ray reflectivity. The combined use of
secondary ion mass spectrometry and x-ray specular reflectivity techniques allows us to study the
chemical configuration of the interfaces and to relate it to the observed superconducting properties.
Secondary ion mass spectrometry analyses reveal a distinct Nb and Pd modulation and very sharp
profiles with abrupt interfaces indicating a negligible interdiffusion of Nb and Pd at the interfaces.
Moreover, analyzing the features in the Nb and Pd profiles and correlating them to the oxygen
distribution in the multilayers and to the low-angle x-ray patterns, thin layers~3–4 nm thick! of
niobium oxide were noticed at the Nb/Pd interfaces, while no oxide layers at the Pd/Nb interfaces
could be detected. The role of this oxide layer in the determination of the crossover between three-
and two-dimensional superconducting behavior in parallel external magnetic field, is discussed.
© 2000 American Institute of Physics. @S0021-8979~00!00902-6#

I. INTRODUCTION

The understanding of the interplay between supercon-
ductivity and low dimensional effects in periodic metallic
multilayer structures is of great importance for the fabrica-
tion of new material structures exhibiting novel physical
properties.1 In fact, it is well known that in layered super-
conducting thin films with metallic spacers, such as in Nb/Pd
or Nb/Cu material systems, the superconducting characteris-
tics are modified by the proximity effect.2–6

Consequently, an accurate knowledge of the structural
assessment and of the quality of the interfaces as well as the
formation of interface layers~alloys and/or oxides! is crucial,
due to the strong influence of the structural~roughness! and
chemical properties of interfaces on the phase of the super-
conductive wave function in the interface region and, there-
fore, on the coupling between the closest superconductive
layers.

In this work we investigate by highly depth-resolved
secondary ion mass spectrometry~SIMS! and x-ray specular
reflectivity ~XSR! the structural properties of superlattices
made of 10 periods, where each period is constituted by a
thin niobium layer~superconductive material! separated by a
palladium layer~spacer material!.

We demonstrate that the combined use of SIMS and
XSR is very effective for an accurate characterization of me-

tallic superlattices~SL!, allowing to determine the true layer
thickness and to study both the interface quality and of the
presence of very thin transition layers at interfaces. The pre-
cise determination of the superlattice period by XSR pro-
vides an internal standard, which allows one to calibrate the
depth scale of the SIMS profiles and, hence, to measure the
thickness of the single layers. In addition, XSR is a very
powerful tool to control the thickness ratio between the
single layers and to reveal any variation of the SL period and
layer thickness ratio within the multilayered structure. In
fact, it should be mentioned that due to sputter induced sur-
face topography effects, which are enhanced in metal
matrices,7–10 SIMS profiles suffer from resolution degrada-
tion at higher depths.

Furthermore, XSR allows to study the surface and inter-
face corrugations that influence the shape of the experimen-
tal patterns,11 while the possible formation of oxide layers at
the interfaces can be detected by SIMS using a low energy
cesium beam and detecting OCs1 molecular clusters. The
formation of a thin niobium–oxide layer at the interfaces is
in agreement with XSR results. In fact, only the presence of
a thin NbO layer at the Nb/Pd interface allows one to obtain
a satisfactory simulation of the experimental x-ray specular
reflectivity patterns.12 These results, with the presence of an
oxide layer only at the Nb/Pd interface but not at the Pd/Nb
one, are used to interpret the magnetic measurements and in
particular to discuss the three- to two-dimensional crossover
in the superconducting behavior of layered systems in paral-
lel external magnetic field.
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II. EXPERIMENTAL DETAILS

A. Sample preparation

Nb/Pd multilayers were deposited on to Si~100! sub-
strates using a magnetically enhanced dc triode sputtering
gun for Pd and a magnetic gun for Nb, allowing the substrate
holder to alternately pass over the targets.13 The pressure in
the sputtering chamber before the deposition process was
typically in the low 1027 Torr range and the Nb and Pd
deposition rates were, respectively, about 90 and 2 Å/s. The
nominal Nb layer thickness for all SL is about 18 nm, while
the Pd layer thickness is different for each SL varying from
1.7 to 17 nm. Each superlattice is composed of ten Nb/Pd
periods. In particular, the results of the structural character-
ization shown and discussed in this work, refer to two Nb/Pd
superlattices, which are representative for all the investigated
samples, with a nominal Pd layer thickness of 4 nm~sample
A! and 8 nm~sample B!, respectively. The first and the last
layer of each sample was made of Pd in order to avoid sur-
face superconductivity.

B. X-ray reflectivity measurements

Low-angle x-ray reflectivity analyses were performed
with a single-axis diffractometer optimized for glancing-
angle measurements and by using CuKa radiation. The an-
gular divergence of the incident beam in the diffraction plane
is 0.03°. A parallel plate collimator and a graphite mono-
chromator, placed between the sample and the proportional
x-ray counter, collimate the diffracted x-ray beam and reduce
the background intensity. In addition, high-angleu–2u x-ray
diffraction measurements were performed in order to identify
the phases in the constituent layers and to determine the pre-
ferred crystallographic orientation. High-angle x-ray diffrac-
tion measurements were carried out with a Philips PW1880
powder diffractometer equipped with a Cu x-ray tube~3 kW
generator!. The scans were performed in the 2u angular
range 5°–100° and with an angular step size of 0.02°.

C. SIMS measurements

SIMS analyses were performed with a CAMECAims4 f
instrument by using either O2

1 or Cs1 primary ions. For the
two beams, the energy and the angle of incidence were fixed
to 1.8 keV ~900 eV/O!, 60° and 5.5 keV 42°, respectively.
The primary beam was raster scanned over an area of 250
3250mm2 with a current ranging from 20 to 50 nA. To
avoid crater edge effects and problems arising from eventual
rounding of the crater bottom observed especially in the case
of the low energy oxygen beam, the secondary ions were
collected from a circular aperture with a diameter of 8mm
centered on the sputtered area. The ion detection was carried
out by two operating modes according to whether the pri-
mary ions were oxygen or cesium. Under oxygen bombard-
ment we recorded the positive secondary ions Pd1 and Nb1.
When a cesium beam was used, the molecular ions NbCs1,
PdCs1, and OCs1 were detected. The cesium cluster mode,
usually employed to decrease the detrimental influences of

matrix effects on the secondary ion yields,14 allows us to
increase the depth resolution and to detect the oxygen distri-
bution throughout the structure.

D. Superconducting measurements

The Hc2 measurements for both the perpendicular and
parallel orientation of the magnetic field with respect to the
plane of the films were performed on patterned samples with
lengthl5100mm and widthw515mm, obtained by photo-
lithographic technique and chemical etching, using a diluted
hot solution of HF and HNO3, with an etching rate of about
100 Å/s.

The Hc2 values were measured at half of the resistive
transition, whose width was less than 0.1 K in zero magnetic
field. The external magnetic field was obtained with a super-
conducting solenoid able to reach 4 T at 4.2 K.

III. RESULTS AND DISCUSSION

A. X-ray scattering results

Figure 1 shows the high-angle diffraction patterns of the
two investigated superlattices. The peaks corresponding to
the Nb~110! and Nb~220! reflection can be clearly noted. The
observation of the only (hh0) peaks clearly indicates that the
Nb layers are of high crystallographic orientation and of
well-defined crystal thickness. For the two samples, the crys-
tal coherence length for the Nb layer was calculated to be
about 11 nm~sample A! and 9 nm~sample B!. In both cases,
the coherence length is smaller than the nominal Nb thick-
ness value as determined from x-ray specular reflectivity
measurements. The x-ray spectra reveal that the Pd layers
present a well-ordered structure and a preferred@111#-
orientation for the superlattice with high Pd content@Fig.

FIG. 1. High-angle diffraction patterns of sampleA ~curvea! and sampleB
~curve b!. The spectra show the~400! Si substrate peak and the preferred
~hh0! Nb and~hhh! Pd diffraction peaks.
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1~a!#. In the other superlattice, the Pd~111! phase cannot be
clearly identified~only a tail at the high angle side of the
Nb~110! peak can be observed!, since the x-ray scattering
power is reduced due to the smaller layer thickness. It should
be noted, that the x-ray patterns do not show, within the
instrumental sensitivity, peaks originating from other crystal-
lographic phases.

Figure 2 shows the low-angle reflectivity results as re-
corded in specular@curve ~1!# and off-specular@curve ~2!#
geometry of the two samples under examination. In the off-
specular measurements, the sample is offset from the specu-
lar condition by an angle of 0.15°. From the angular spacing
between diffraction peaks which is correlated to the period-
icity of the structure, we derived the multilayer period. The
values calculated for the two superlattices were 27.4 nm
~sample A! and 22.3 nm~sample B!. Further indications are
given by the presence of extinguished peaks at well defined
positions and peak order which imply precise constant ratios
between the thickness values of the alternating layers. In Fig.
2~a! the strong reduction of the specular component imme-
diately after the critical angle (uc'7 mrad) indicates the
presence of roughness at the surface and interfaces on the top
of the sample.15 In fact, since the x-ray penetration depth
close to the critical angle is very small~1–4 nm! the scat-
tered intensity comes from the top surface layers. At scatter-
ing anglesu@uc the penetration depth increases and the
scattered x-ray intensity from subsurface layers is revealed.
Our scattering curves show, that the higher order peaks are
well pronounced and, therefore, we can conclude that the
internal interfaces may be smoother.

Off-specular measurements@curve~2! in Fig. 2# are per-
formed in order to investigate the kind of roughness at dif-

ferent interfaces.15 In the case of correlated~or conformal!
roughness the diffuse scattering is localized at the satellite
peak position, i.e., a periodicity of the intensity distribution
~as in the specular condition! can be clearly observed and the
diffuse scattering between the satellite peaks is reduced. On
the contrary for uncorrelated interface roughness the diffuse
scattering is uniformly distributed and no pronounced peaks
can be observed. Our experimental data on both samples
show that the diffuse intensity is partially localized near the
satellite peaks and this clearly indicates that the roughness
between the interfaces is correlated or partially correlated.
This finding is also demonstrated from low-angle reciprocal
maps~not reported here, see Ref. 16! which have shown the
presence of correlated or partially correlated roughness be-
tween the interfaces.11,15

B. SIMS results

Figure 3 shows the PdCs1 and NbCs1 SIMS profiles of
the two investigated superlattices. The periodic modulation
of the Nb and Pd content through the ten periods of the
superlattices is clearly observed. Highly depth-resolved

FIG. 2. Low-angle specular~1! and off-specular~2! 0.15° offset angle scans
from the A ~curve a! and B ~curve b! Nb/Pd multilayers. Distinct satellite
peaks due to the superlattice periodicity are observed.

FIG. 3. MCs1 SIMS profiles of Nb and Pd, recorded under Cs1, 5.5 keV,
42° conditions, of the two Nb–Pd superlattices in Figs. 1 and 2. The modu-
lation of the NbCs1 and PdCs1 signals clearly indicate the periodic alter-
nating layer sequence.
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SIMS raw profiles of Nb and Pd, recorded by using the 1.8
keV O2

1 (0.9 keV/O1) beam, is shown in Fig. 4. In fact, the
very low primary beam energy and the grazing incidence
reduce the collisional effects and hence minimize the profile
distortions allowing us to achieve highly depth-resolved
profiles.17

SIMS profiles were calibrated taking into account the
period measured by XSR. This parameter has been accu-
rately determined and used as internal reference parameter
for the calibration in Fig. 3. It should be noted, however, that
the erosion speeds are different according to whether the
beam sputters Nb or Pd matrix. To account for such differ-
ences we have measured, under identical experimental con-
ditions, the erosion rates on both thicker reference targets.
The resulting erosion rates are consistent with the ratio of the
theoretical erosion rates obtained by calculating the sputter-
ing yields of Nb and Pd by means of the Sigmund theory.18

Figure 5~a! shows the Pd and Nb profiles of the first
periods, by using the 1.8 keV O2

1 beam, after that the cor-
rections for the difference of erosion speeds have been taken
into account in the depth calibration. The thickness of Pd
layers approximately derived from the full width at half
maximum ~FWHM! values of SIMS signals is of 6.6 nm.
The presence of double peaks in the Nb signal can be ob-
served in corresponding to the interfaces with the Pd layers.
In these regions the Nb signal increases above the intensity
corresponding to the pure Nb layers. These features are
likely due to the presence of oxygen at the interfaces; the
high oxygen content causes an increase of the Nb signal
~matrix effect!. This is more evident at the Nb/Pd interface
with respect to the Pd/Nb interface as can be well observed
in Fig. 5~b! where the Nb and Pd signals have been over-
lapped on a linear scale. During the sputter deposition the
natural reactivity of niobium can very likely lead to the for-
mation, especially at the Nb/Pd interface, of niobium oxide
with a thickness of;4 nm.

The less pronounced peak at the Pd/Nb interface is due
either to a lower oxygen content in this region or to the fact
that the oxide layer is very thin, below the SIMS depth reso-
lution. It can be noted that the SIMS depth resolution de-

grades as the depth increases. This effect is frequently ob-
served, especially for grazing angle incidence and very low
energy primary beams, in sputter profiling, mainly due to the
formation of sputter-induced surface topography.17–21 In
metal targets the degradation is enhanced by their polycrys-
talline nature.7–10 It has been shown that the degradation can
be reduced either under additional oxygen flooding during
the analysis22 or by using rotating sample holders.9,23–25As
the depth resolution degrades, the apparent thickness of both
Nb and Pd layers in SIMS profile increases. Figure 6 shows
the variation of the Pd peak broadening, expressed in
FWHM values with the depth. This is a clear depth-
resolution artifact, because the XSR results show that the
thickness of the layers is kept constant throughout the struc-
ture.

Assuming that in the falloff region the SIMS signal has
an exponential behavior, we have measured for the first lay-
ers on the Pd signal a leading and trailing edge decay length
of 0.75 and 0.79 nm, respectively. These good depth-
resolution results demonstrate excellent instrumental perfor-
mances as well as good interfaces exhibiting low interdiffu-
sion effects. The good resolution is preserved within the first
100 nm and degrades at higher depths due to topography
development during the sputtering process.

As mentioned above the peaks exhibited by the niobium
signal at the interface with the Pd layers can be correlated to
the probable formation of Nb oxide due to the presence of a

FIG. 4. SIMS depth profile of Pd, recorded under high-resolution conditions
by using a 1.8 keV O2

1 beam impacting at 60° the surface of sampleA,
calibrated by taking into account the period measured by XSR.

FIG. 5. SIMS depth profiles by using a 1.8 keV O2
1 beam of the first two

Nb/Pd stacks obtained from Fig. 4 after the corrections for the differences in
erosion rates. The curves represent the intensity vs depth in semilogarithmic
scale~a! and in linear scale~b!. The locations of the matrix effect peaks on
both the interfaces with the Pd layer are shown.
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residual oxygen pressure in the sputter deposition chamber
and the natural reactivity of the niobium. This deduction is
confirmed by Fig. 7 which reports the Pd, Nb, and O profiles
obtained by detecting the MCs1 molecular ions. This is the
best depth resolution which can be achieved by our instru-
ment in the case of oxygen profiling. The figure shows that a
large amount of oxygen is present in the region where the
occurrence of peaks in the Nb signal was previously ob-
served in Fig. 5. Unfortunately due to the higher primary
energy used under the cesium bombardment~5.5 keV! the
depth resolution obtained in Fig. 7 is not comparable with
the one obtained in Fig. 5. In addition, an increased shift
between the signals, corresponding to the different projected
ranges of the implanted primary species in the distinct ma-
trices can be observed in Fig. 7. This effect is enhanced by
the higher energy of the impacting beam. Combining the
results of Figs. 5 and 7, we concluded that niobium oxide
layers with a thickness of about 4 nm are likely formed at the
interface between the Nb and the Pd layers.

C. Simulation of the x-ray specular patterns

The experimental x-ray reflectivity patterns were calcu-
lated by using a theoretical model12 for the specular intensity
from nonideal multilayers which includes the interface
roughness and roughness correlation. The calculations have
been made with the assumption of the presence of a Nb–
oxide layer at the Nb/Pb interface and a rms roughness dis-
tribution which varies linearly from the substrate to the
surface.16 In particular, we assume that the rms roughness
varies linearly from the substrate to the multilayer surface in
accordance with the relation

s j5^s&1DsS 122 j

2~M11!
D .

Here,^s& is the average rms roughness value,M is the stack
number andj51,...,M . From the simulations we obtain that
Ds51.0 nm for sample A, while for the other sample we
have Ds50.2 nm. We have assumed that the interfacial
Nb–O compound is a mixture of different kinds of Nb–
oxides with an average atomic density corresponding ap-
proximately to the NbO phase. For both samples considered,
the Nb–oxide layer was found to be 3 nm thick. Figure 8
shows excellent agreement between the experimental low-
angle x-ray reflectivity and the simulated patterns. The pa-
rameters used for the simulations are summarized in Table I.

D. Superconducting properties

From the point of view of the superconducting proper-
ties, the Nb/Pd layered system is very interesting. In fact, Pd
is a spin fluctuation metal which in principle could act as a
very weak ferromagnet in depressing the critical temperature

FIG. 6. Degradation of the SIMS depth resolution in the profile obtained
under O2

1, 1.8 keV, 60°, recorded as the enlargement with the depth of the
FWHMs of the Pd peaks.

FIG. 7. MCs1 SIMS profiles of Nb~dashed line!, Pd ~solid line!, and O
~dotted–solid line!, recorded under Cs1, 5.5 keV, 42° conditions.

FIG. 8. Experimental~1! and calculated~2! low-angle true specular reflec-
tivity scans from sample A~a! and B ~b!.
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of the layered system. A similar situation, intermediate be-
tween the case of superconductor/normal metal multilayers26

and that of superconductor/ferromagnetic system,27 has been
observed, for example, in Nb/CuMn multilayers,28 in which
the metallic spin glass CuMn layers can be treated as a weak
ferromagnet. Previous measurements, performed on
sputtered13 and MBE grown29 Nb/Pd multilayers, have
shown a behavior of the critical temperatureTc vs the Pd
layer thickness well described in terms of the deGennes–
Werthamer theory30 ~see for example Fig. 4 in Ref. 29!. This
is also the case for the multilayers investigated in this
work,13 in which theTc values scale well according to the
proximity effect model.30 From the deGennes–Werthamer
theory, one can extrapolate, in the limit of very thin Pd lay-
ers, a critical temperature value of about 7.7 K, in good
agreement with theTc value of about 8 K measured on a
single Nb film with an overall thickness of 200 nm obtained
in the same sputtering conditions used to deposit the samples
studied here. Such a low value ofTc could be related to the
oxygen partial pressure present in the sputtering chamber
during the deposition.

Figure 9 shows theHc2i vs temperature curve for the
Nb/Pd multilayers with Pd thickness of 1.7 nm~a!, 6.6 nm
~b!, 13.2 nm~c!, and 17 nm~d!.

In superconducting multilayers, it is well known that,
due to the temperature dependence of the superconducting
perpendicular coherence lengthj' , the parallel critical mag-
netic fieldHc2i vs temperature curve goes from a linear de-
pendence close toTc to a square root like behavior at lower
temperatures.26 According to a Josephson coupling model,31

this crossover should occur whenj' /L50.7, whereL is the

thickness of the modulation period. In short, this model
could be applied only in the case of superconducting/
insulating~SIS! multilayers. In the case of superconducting/
normal metal~SNS! multilayers, only normal metal thick-
ness of the order of 100 nm,32 should give rise to this
crossover effect. On the other hand, the 3D–2D crossover
has been observed in a large number of SNS multilayers in
the ranges of normal layer thickness of few tens of
nanometers.31 For the superlattices investigated in this study,
the effect is clearly present for the multilayers with Pd thick-
ness ranging from 1.7 to 17 nm as shown in Fig. 9. As also
seen from the values of the anisotropic Ginzburg–Landau
mass ratio,13 these samples are strongly coupled supercon-
ducting layered systems well far from the weak coupling
condition related to the Josephson effect.

From the discussion of the structural analyses in the pre-
vious sections, it is clear that the presence of the crossover
effect in theHc2i(T) curves of our samples could be related
to the Nb oxide layers present on the top of each Nb layer. A
similar explanation can also be proposed for the other Nb
based SNS multilayers obtained by sputtering.26

Figure 10 reports the values of thej'(T)/L ratio versus
the thickness of the nonsuperconducting layer. Using the par-
allel coherence length values and the anisotropic mass ratios
in Ref. 27, thej'(T) are calculated at the crossover tempera-
ture defined as the temperature at which the behavior of the
Hc2i(T) curves changes from linear to square-root-like. The
theoretical value of 0.7 is approached in the limit of thin
nonsuperconducting layers, while for large thickness of the
Pd layers the obtained values are lower than 0.7. The pres-
ence of the Nb oxide on the top of the Nb layers plays an
increasing role in the limit of thin Pd layers, rendering the

TABLE I. Structural parameters obtained from the simulation of the experimental x-ray reflectivity patterns of
the two considered multilayers. HereLSL is the superlattice period andtNb , tPd, and tNbO are the average
thickness values of the Nb, Pd, and NbO layers, respectively. The rms roughness varies linearly around an
average rms roughness^s& over a rangeDs.

Sample LSL~nm! tNb~nm! tPd~nm! tNbO~nm! ^s&~nm! Ds~nm!

A 27.4 14.9 9.5 3 0.5 1
B 22.3 16 3.3 3 0.4 0.2

FIG. 9. TheHc2i vs temperature curves for the samples with Pd thickness of
1.7 nm~curvea!, 6.6 nm~curveb!, 13.2 nm~curvec!, and 17 nm~curved!.
It is possible to note a linear dependence for temperatures close toTc .

FIG. 10. The dependence of thej'(T)/L values calculated at the crossover
temperatures vs the thickness of the Pd layers.
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structure more SIS like, while in the case of thicker Pd layers
the behavior of the system is strongly influenced by the tun-
neling through the metallic spacer giving rise to a more com-
plicated structure~SNIS type! with respect to the case of the
simple Josephson model,31 which could determine the lower
values of thej'(T)/L ratios.

Other models33 have been proposed to explain the ob-
served crossover in theHc2i(T) curves of anisotropic super-
conducting systems. We point out that, applying these mod-
els, the actual modulation period is doubled with respect to
that of ideal samples with perfect interfaces, due to the pres-
ence of the Nb oxide only at the Nb/Pd interfaces.

IV. CONCLUSIONS

The combined use of SIMS and XSR analyses turns out
to be very effective for the characterization of metallic mul-
tilayers, such as the Nb/Pd superlattices, employed in experi-
ments aimed at the investigation of the interplay between
superconductivity and reduced dimensionality effects.

The period measured by XSR is used as an internal ref-
erence for the depth scale calibration of SIMS profiles. Nev-
ertheless, due to the big differences in the sputter yields, an
accurate evaluation of the sputter rates in thicker Pd and Nb
layers is necessary to avoid misleading results. Using very
low energy ion beams, we achieved a high initial depth reso-
lution which allows us to determine that the interfaces ex-
hibit negligible interdiffusion effects. The leading and trail-
ing decay lengths of the Pd signal are of 0.75 and 0.79 nm,
respectively. The good depth resolution is preserved in the
first 100 nm then it degrades drastically due to surface to-
pography development induced by the sputtering. Further-
more, SIMS analyses show that a large amount of oxygen is
confined at the interface between Pd and Nb layers suggest-
ing the formation of an interface oxide compound which is
very likely due to the presence of residual oxygen in the
growth chamber and the high reactivity of niobium. This
result is confirmed by XSR measurements whose diffraction
patterns can be explained only taking into account the pres-
ence of a NbO interface layer.

The presence of this Nb oxide on the top of each Nb
layer can explain the presence of the 3D–2D crossover in the
Hc2i(T) curves of our multilayers even at very small thick-
ness of the Pd layers. Other data present in the literature,
about Nb based sputtered multilayers26 can be tentatively
interpreted in terms of the presence of such an oxide layer.
Here it is interesting to mention, that preliminary SIMS and
XRD analysis on Nb/Pd structures grown by molecular beam
epitaxy~MBE! in UHV environment, and consequently with
a very low residual oxygen contamination in the growth
chamber do not show the presence of a Nb oxide layer at the
interface and no reduced matrix effect in the Nb signal of the
SIMS measurements.
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