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Resistivity measurements in a wide temperature range (2—1100 K) have been performed on thin
films of V;Si, V;Sis, and VSi, formed on an inert substrate. An anomalous resistivity behavior has
been observed in these metallic compounds: The resistivity deviates from linearity and approaches a
saturation value at the higher temperatures. The resistivity data can be fitted quite well to a
phenomenological expression based on the idea that a limiting resistivity is reached when the elec-
tron mean free path is of the order of the interatomic spacing. The electron mean free paths, which
have been computed from the experimental data, lend support to the above idea. The saturation
phenomenon in V;Si and VsSi; compounds is characterized by a limiting resistivity of the same
magnitude as observed in several 415 materials and in the Mooij correlation, yet in VSi, the resis-
tivity saturates to a much higher value. The V;Si is a superconductor with a transition temperature
around 15 K and a residual resistivity ratio of 10.6. On the other hand, VSi; and VSi, thin com-
pound films do not show superconductivity state down to 2 K. The temperature dependence of the
Hall coefficient gives evidence of a complex and different electronic structure of the three com-
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pounds.

I. INTRODUCTION

Current interest in the structure and electrical proper-
ties of silicides and their interfaces is not only due to their
applications in microelectronics devices as contacts and
field-effect transistor gates' but also due to the possibility
of controlling their structure and composition for a sys-
tematic scientific study.>~> Attempts have been made to
understand the temperature (7) dependence of the resis-
tivity (p) of silicides on a fundamental level and to deter-
mine the transport parameters. Several refractory metal-
silicide thin films, characterized by having a high resis-
tivity value at room temperature, show an anomalous me-
tallic behavior at high temperatures; the p versus T curve
flattens out with a negative deviation from linearity and
approaches a saturation value as temperature increases.>>
The resistivity saturation phenomenon has been observed
in many high-7T, superconductors which have a cubic®
and A15 crystal structure,”® and has been associated with
the breakdown of the classical Boltzmann theory when
the mean free path is approaching interatomic dis-
tances.’~!? To describe this phenomena a shunt-resistor
model has been proposed and it has been found to fit the
data quite well.>13~!¢ To analyze the same phenomenon
in the electrical transport of silicides, we measured the
temperature dependence of the resistivity of V;Si, VsSi,
and VSi, thin films in a wide temperature range (2—1100
K) in order to reveal the nonlinear temperature depen-
dence and the quasisaturation of p at higher temperatures.

These three compounds were chosen because they
represent all the intermetallic compounds in the V-Si
binary system and because they have different crystal
structure. While V;Si has the A15 cubic structure, VsSi,
and VSi, have a tetragonal and a hexagonal structure,
respectively. Furthermore, V;Si is a well-studied high-T,
superconducting compound, its temperature-dependent
resistivity electronic structure in the vicinity of the Fermi

34

level and phonon dispersion relations are available in the
literature,'”~2! s0 we have a reliable reference for compar-
ison.

The effect of defects and impurities on the saturation
behavior has also been studied by adding excess Si into the
compound VSi,, and we found that it affects the satura-
tion behavior by increasing both the residual resistivity
and electron-phonon resistivity parameter.

II. EXPERIMENTAL

Amorphous thin films of vanadium-silicon alloys with
three different compositions were prepared by simultane-
ous evaporation of vanadium and silicon in a dual
electron-gun evaporation system. Typical rates were 4
A/sec for vanadium and 12 A/sec for silicon. The back-
ground pressure during evaporation was maintained at
2% 10~ Torr.

The composition of the alloy films was selected in order
to form the V;Si, VsSi3;, and VSi, compounds, respective-
ly, by a subsequent annealing. Thicknesses of 1000, 880,
and 1050 A have been measured for V;Si, VsSi;, and VSi,,
respectively, after their heat treatment at 900°C for 30
min. In the case of VSi,, the alloy film was deliberately
enriched in silicon in order to increase the content of the
defects and impurity inside the film. Stoichiometric VSi,
films were formed by reacting bilayer vanadium-silicon
films; amorphous silicon films 2500 A thick and vanadi-
um films 870 A thick were evaporated consecutively at
pressures below 4 10~7 Torr and annealed subsequently
at 900°C for 30 min. The specific thicknesses of vanadi-
um and silicon were selected in order to form a
stoichiometric VSi, film of 2700 A thick. We recall that
VSi, is the first phase to form by reacting V and Si.

For electrical characterization the specimens were
prepared in a van der Pauw configuration by deposition of
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the thin films on oxidized silicon wafers through metallic
masks. To study the temperature dependence of electrical
resistivity from room temperature to higher temperature
(1100 K), specimens which had been heat treated at 900°C
for 30 min were utilized. Since heat treatment for a
longer time (5 h) does not change the room-temperature
value of the resistivity, we assume this is an indication
that they have been fully crystallized after 30 min at
900°C. The same heat-treated specimens were also used
to study the in situ electrical resistivity and Hall voltage
temperature dependence from room temperature to low
temperatures.

For room-temperature through high-temperature mea-
surements, the specimens were heat treated at a rate of
1.5°C/min in a quartz tube furnace with a constant flow
of purified helium gas. Temperature dependence of the in
situ electric resistivity was made by four spring-loaded
tantalum wires contacted to the pads of the van der Pauw
pattern. The temperature was measured by a calibrated
Chromel-Alumel thermocouple to within +1 K. The
thermocouple was attached to the specimen holder and
was in direct contact with the back side of the specimen.

For low-temperature measurement, the contacts were
formed by indium soldering thin copper wires to the four
contact pads of the van der Pauw pattern, and the mea-
surements were performed in a liquid-helium cryostat.
The specimens were mounted on a copper block located in
a double vacuum chamber which enabled the specimen
temperature to be varied from 2 to 300 K. The tempera-
ture was measured with a calibrated germanium-resistance
thermometer to within 0.2 K in the temperature range
2—97 K, and with a calibrated iron-Constantan thermo-
couple to within +1 K in the temperature range 97—300
K.
The error in the absolute values of p was estimated to
be ~4%, due to the uncertainty (+50 A) in the film-
thickness measurement. Variations in the resistivity of a
single specimen could be determined with an uncertainty
of 8%.

Hall voltage measurements below room temperature
were performed with a variable-temperature cold-end sys-
tem (Air-Product Model No. CS-202). The temperature
was measured with a calibrated (Au-0.07 at.%
Fe—Chromel thermocouple to within 0.5 K (Scientific
Instrument Inc. Model No. C907F) in the temperature
range 14—350 K. Both dc and ac techniques were used to
measure the Hall voltage. The magnetic field was 8 kG
and the Hall voltage was linear with the magnetic field up
to this value. Low values of current were employed and
the resistivity and Hall-coefficient measurements showed
a linear dependence on the current in the range utilized.

Film-thickness and depth-composition analysis were
performed using Rutherford backscattering spectrometry
(RBS) with a 2.3-MeV *He™" ion beam. Crystalline phases
and microstructures present in the films were identified
by glancing incidence x-ray diffraction (XRD), transmis-
sion electron diffraction (TED), and transmission electron
microscopy (TEM). These measurements were made
directly on the van der Pauw structure, with the backside
silicon and silicon oxide etched off for TEM and TED ex-
amination.
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FIG. 1. Rutherford backscattering spectra of the as-

deposited specimens pre-heat treated at 900 °C for 30 min for (a)
V,Si, and (b) VSis, respectively. The dashed lines represent the
superimposed theoretical spectra, while the horizontal bars indi-
cate the corresponding silicon and vanadium profile heights.

III. RESULTS

A. Structural and compositional analysis

Figures 1(a) and 1(b) show the 2.3-MeV “He* ions
Rutherford backscattering spectra before and after heat
treatment at 900°C for 30 min for V;Si and VSi; speci-
mens, respectively. The shapes do not change after heat
treatment; this indicates that the as-deposited thin films
are both uniform in depth, and of the correct
stoichiometric ratio. The inner SiO,/silicide interfaces
remain sharp after heat treatment in all the cases exam-
ined, indicating that no reaction has occurred between the
substrate and the silicide thin films.

Figures 2(a) and 2(b) show the RBS spectra of 2.3-MeV
*He™* ions before and after heat treatment at 900°C for 30
min for the alloy and the bilayer specimens of VSi,,
respectively. From the heights of vanadium and silicon
signals in Fig. 2(a) a stoichiometric ratio of 1:3 has been
calculated for the as-deposited thin film. A heat treat-
ment at 900°C for 30 min of the alloy promoted a partial
segregation of the excess silicon, nonuniform in depth and
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primarily towards the inner interface. In the case of bi-
layer specimens, all the V reacted with the Si during the
heat treatment to form a VSi, thin film with a correct
stoichiometric ratio of 1:2.

Figure 3 shows the XRD spectra of the V;Si, V;Si3;, and
VSi, compounds formed after heat treatment at 900°C for
30 min. The sharper peaks observed in the V;Si and VSi,
XRD spectra indicate an average grain size greater than
that of V;Si3 (~300 A), in agreement with TEM analysis.
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FIG. 2. Rutherford backscattering spectra of as-deposited
specimens after heat treatment at 900°C for 30 min for (a) the
alloy, and (b) the bilayer thin films of VSi,, respectively. The
continuous lines represent the superimposed theoretical spectra
of VSi,.
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FIG. 3. Seeman-Bohlin x-ray diffraction spectra of (a) VSi
alloy, (b) VsSi; alloy, and (c) VSi, alloys specimens after iso-
thermal heat treatment at 900°C for 30 min.

B. Resistivity measurements

For the heat-treated specimens, the measured tempera-
ture dependence of resistivity with a resolution of ~10~*
in the temperature range of 2—1000 K is illustrated in
Fig. 4. At high temperatures, T >200 K, the resistivity
behavior for the three compounds shows marked depar-
ture from the usual temperature dependence of both tran-
sition and nontransition metals,?> which is well described
by the following:

pideal( 1), =P0+P1(T) ’ 1)

where py is the temperature-independent residual resistivi-
ty due to the scattering processes with defects and impuri-
ties, and p(7T) is the phonon-scattering contribution,
linear in the high-temperature limit. In Fig. 4 the p-
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FIG. 4. Comparison between the experimental resistivity
data (crosses) and the parallel resistor-model formula (solid line)
with the parameters listed in Table I for the specimens heat
treated at 900 °C for 30 min of (a) V3Si alloy, (b) VSi; alloy, and
(c) VSi, alloy and bilayer, respectively.

versus- T curves show a negative deviation from linearity
and a quasisaturation phenomenon at high temperatures.
This behavior, similar to that previously reported for Nb
(Ref. 13) as well as for several A15 compounds,?®?*!*
Chevrel phases,'*!> and ternary borides,'® has been ex-
plained on the basis of the conduction-electron mean free

path approaching a lower limit with the consequent
breakdown of the classical Boltzmann theory.”> To
describe this effect the phenomenologically shunt-resistor
model has been proposed:!?

1/p(T)=1/pigear( T) + 1/pgsay (2)

The use of the above parallel-resistor formula implies
that

Psat

limp(T)=
] PR

i.e., the measured low-temperature limit is different from
the ideal-temperature independent term p;. Due to the
fact that this difference is very small, varying from 4% in
V3Si to 8% in VSi;, we will not distinguish between the
ideal py and the measured low-temperature limit of p(T)
in our analysis.

Allen and co-workers?®?’ developed a “modernized
Bloch-Griineisen theory” for pjgea(7), closely related to
the modern theory of superconductivity. This theory,
which follows the basic variation solution of the Bloch-
Boltzmann equation, leads to the classical Block-Griieisen
formula with a model employing Debye phonons, spheri-
cal Fermi surface and electron-phonon coupling via longi-
tudinal phonons only, and no umklapp scattering.?® The
experimental data of Fig. 4 have been interpreted by ap-
proximating pigeq(7T) in Eq. (2) with the Bloch-Griineisen
expression:

pi(T=p'TG(Ox /T) ,

T
O

@R /T 25 3

G (O /T)=4 I e Di—e)

’

where ®f is the Debye temperature and p’ the high-
temperature limit of p,/7T. The best fit was achieved by
minimizing the root-mean-square (rms) deviation, allow-
ing the four parameters py, p', ®g, and p, to float. In
Table I the set of parameters which minimize the rms er-
ror is reported for each of the three compounds. The
solid curves in Fig. 4 are the calculated curves based on
the shunt-resistor formula. The agreement with the ex-
perimental resistivity data is quite good.

Concerning the best-fit parameters, a few points must
be emphasized. The higher value (almost 80%) measured
for pg in the VSi, alloy than the VSi, bilayer is consistent
with structural analysis (RBS, XRD, and TED), which
shows that the former has a higher content of impurity
(Si) and defects. They contribute mainly at low tempera-

TABLE 1. Parameters used in Egs. (1), (2), and (3) to fit the electrical resistivity curves of V;Si,

V;Sis3, and VSi, shown in Fig. 4.

’

Po p Pat rms error
Compounds (12 cm) (uQecm/K) Or (K) (uQcm) (1 cm)
VSi, alloy 14.84 0.474 550.01 289.75 0.0201
bilayer 7.92 0.320 555.80 301.36 0.0166
V,Si; alloy 15.36 0.677 345.09 169.76 0.0185
V3Si alloy 6.19 0.424 299.71 158.17 0.0108
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FIG. 5. Comparison between the resistivity data for V;Si
compounds obtained by Marchenko (Ref. 21) (open triangles), by
Caton and Viswanathan (Ref. 24) (open circles), and those of the
present work (solid circles). The inset shows the four-terminal
van der Pauw pattern used for the electrical transport measure-
ments of V;Si alloy thin films.

tures to increase the scattering processes and consequently
po- The smallest average grain size determined by TEM
in V;Si; specimens can explain, in terms of grain-
boundary scattering, the highest p, value measured for
this compound.

Also, the Debye-temperature values are reasonable if
compared to those reported for other silicides’~* and to
that calculated (300 K) by Caton and Viswanathan?* by
applying the same model to the resistivity data of V;Si
single crystals. Furthermore, the increasing values of @
with the content of Si in the compounds are consistent
with the predictions from the melting points?® according
to the Lindemann formula.?? It is worthwhile pointing
out that the Debye temperature deduced for V;Si from
specific heat’® is about 8% higher than that obtained by
fitting p(T); similar discrepancies have already been ob-
served in several metals.’!

Finally, the values of p,, for the V-rich compounds are
very similar to those (~150 uQcm) reported for the
A15-structure compounds,'>?* while the saturation resis-
tivity found for VSi, (pg~ 300 u€ cm) is almost double.
In the case of V3Si, a comparison of our data to those of
Marchenko?' and Canto and Viswanathan?* is shown in
Fig. 5, and the agreement in their saturation behavior is
seen. Furthermore, the best-fit parameters of Caton and
Viswanathan are very similar to ours.

The polycrystalline V;Si thin films is a superconductor.
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FIG. 6. Resistivity behavior versus temperature in the low-
temperature regime for V;Si alloy specimens heat treated at dif-
ferent temperatures and times. It is evident that there is the ef-
fect of the heat treatment on the transition temperature and the
residual resistivity ratio. The solid lines have been added to con-
nect the data points.

The low-temperature resistivity behavior of several sam-
ples heat treated at different temperatures are shown in
Fig. 6. The transition from a normal to a superconduct-
ing state for the sample heat treated at 900°C for 30 min
is characterized by a 7, about 15 K and by a width
AT,=2 K. The AT, is defined as the width of a transi-
tion between 10% and 90% of the normal-state resistivity.
The residual resistivity was 6.35 uQlcm and the residual
resistance ratio (RRR) was 10.6. This indicates that our
V.Si specimens are not free of defects. For the sample
heat treated at 560°C, we noticed a slight increase in resis-
tivity before the onset of superconductivity; most likely it
is due to the scattering off V3Si grains. Polycrystalline
V5Si; and VSi, thin films do not show any superconduct-
ing behavior down to 2 K.

C. Hall-coefficient measurements

The measured temperature dependence of the Hall coef-
ficient (Ry) in the temperature range 10—350 K is shown
in Fig. 7 for V;Si, VsSi3;, and VSi, alloy thin films after a
heat treatment at 900°C for 30 min. The temperature
dependence of Ry for the VSi, bilayer specimen is not re-
ported in Fig. 7 because it is nearly the same as the VSi,
allow specimen. The Ry value is positive and almost con-
stant with temperature for V3Si; for VsSi; it is always
negative and strongly dependent on temperature, and for
VSi, it is mainly negative and it changes sign at lower
temperature. The observed change of Ry with tempera-
ture suggests the presence of a mixed conduction mecha-
nism, holes being the predominant charge carriers in V;Si,
and the electrons in V;Si; and VSi,. Similar temperature
dependence of Ry has also been observed in MoSi,,?
TaSi,,>? WSi,,? and NbSi,. >
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FIG. 7. Hall coefficient of V;Si, VsSi;, and VSi, alloy thin
films heat treated at 900°C for 30 min plotted as a function of
temperature.

IV. DISCUSSION

The parameters which fit the experimental resistivity
curves can be used to gain information about physical
properties of the three compounds. According to Allen,>*
the electron-phonon resistivity parameter p’ can be written
as

, 67Tk3)\,tr @)
P = N o2
#e 22N (0)( Vi)

where 2N(0) is the density of states at the Fermi level,
(V%) is the mean-square electron velocity at the Fermi
surface, kg and # are the Boltzmann and Planck con-
stants, respectively, and A, is the dimensionless electron-
phonon coupling constant, which is closely related to the
coupling constant A that determines the superconducting
transition temperature. In the case of Nb and Pd it has
been found that A,, differs from A by about 10%.%

The value of p' depends on the three quantities: A,
N(0), and V. If an independent evaluation of any two of
them is available, it is possible to calculate the third by
knowing p’, and to obtain some other microscopic param-
eters of the materials. One of them is the electron mean
free path [, ,,(T) whose value is temperature dependent
due to the electron-phonon scattering processes and it is
given by

lon(T)= Ve . (5)
P 2mAkp TG (®g /T)

The effective mass m *, and the charge carrier density n
can be evaluated respectively as
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m*— | TH2N(0)
==

( m * VF )3
3 H

The breakdown of the classical Boltzmann theory in the
case of resistivity saturation has been interpreted in terms
of the Ioffe-Regel criterion:*® The electron mean free
path [, 4(T) cannot be shorter than the interatomic dis-
tance a. It implies the existence of a minimum time be-
tween collisions, 1o=a /VF, so that no collisions happen
for 7<75.2* By using the computed V5 from Eq. (4) with
known p’, A;, and N(0) and the nearest-neighbors distance
in the compounds, we found 7y(V;Si)=57.14 a.u. and
To(VSi;) =35.68 a.u.

A theoretical estimate of pg, may be obtained from the
free-electron model using 7¢:

n =

—1
e’nty

m#

Psmz(asm)"l= (7

We found 335 and 614 uQcm for V;Si and VSi,, respec-
tively. By comparing these results with the fitting param-
eters of Table I, it shows that the free-electron formula of
Eq. (7) overestimates!” pg, by a factor of two, but it
correctly predicts the increase on going from V;Si to VSi,,
which is mainly due to the difference in the electron con-
centration.>
From the knowledge of the residual resistivity p, it is
possible to compute the elastic scattering length /, due to
carrier scattering by structural defects and impurities:
m *
le= ._.._2;_/{:_ . (8)
ne po

For V3Si and VSi, we have made an independent esti-
mate of 2N(0) and A, in order to evaluate V. For V3Si, a
value of 1.12 for A has been obtained from the literature®’
by assuming A,=A. For VSi,, we determine A=0.7 by
taking 2N(0)=0.54 electrons/(eV atom) and Er=13.6
eVv.2138

In Table II the calculate value of Vg, [, (300 K), m *
n, and [, for the annealed V;Si alloy and VSi, alloy and
bilayer specimens are reported. Our estimates of the
mean electron velocity at the Fermi surface are very
reasonable. They may be compared with the value of
2.1—2.2 107 cm/sec found in 415 compounds.® Also a
first-principles calculation of ¥V for V;Si (Ref. 40) gives a
value of 1.72% 107 cm/sec, in excellent agreement with
our estimate.

We emphasize that the values calculated for [, ;,(T) are
consistent with the idea of a saturation in resistivity and
can describe the different resistivity behavior observed in
the two compounds. In the case of V;Si, /,.;4(300 K) of
6.6A is comparable to the corrtspondmg value of 5—6 A
found in other 415 compounds® and comparable to the
order of magnitude of the interatomic distance. These re-
sults confirm the fact that in these compounds, the
Bloch’s theory, based on extended states, is not applicable
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TABLE II. The transport parameters l,,n, V5, m*, n, and I, estimated for V;Si and VSi, com-
pounds by using the best-fit parameters of Table 1.

Compound Ve (cm/sec) I, (300 K) (A) m* I (A) ncm=3)
VSi alloy 1.7x 10 8.4 128 6.5x10%
VSi, alloy 2.5x 10’ 15 3.9 126 2.0x10%

bilayer 2.9x107 19 3.5 194 2.4 10%

already at room temperature and the metal is expected to
approach the saturation regime. The greater values of
I pn(T) calculated at room temperature for both speci-
mens of VSi, are also consistent with the experimental
data, where the saturation is being observed at higher tem-
peratures. Only at 900 K, the phonon-limited mean free
path, of the order of 5 A, is comparable to the interatomic
distance.

The high value of m* found in V,Si and VSi, is con-
sistent with the presence of d states near Er in these ma-
terials, while the characteristic flatness of the bands in
A15 V3Si (Ref. 41) is responsible for the higher value
found in this compound than in VSi,.

The charge-carrier density values?' shown in Table II
correspond to about three carriers and one carrier per
molecule for V;Si and VSi,, respectively. They are con-
sistent with the Hall data ny which, with allowances
made for the probable existence of carriers of both signs,
give a room-temperature carrier density of 3 10%> cm—?
and 2.97x10%2 cm~3? for VSi, and V,Si, respectively.
Furthermore, these values of n are of comparable magni-
tude to those calculated by Hensel et al.? for CoSi, and
NiSi,.

Concerning the elastic scattering length, its decrease by
50% from VSi, bilayer to VSi, alloy is due to the silicon
impurities which are present in the alloy specimens even
after heat treatments at high temperatures.

Although the saturation resistivity model has given
consistent values of mean free paths and other physical
parameters of the compounds, the model may not neces-
sarily be unique in describing their conduction behavior.
It has been pointed out that such a model has failed to ex-
plain the negative temperature coefficient of resistivity
observed in many disordered materials of very short mean
free paths.*> However, Mooij expressed the idea that a
partial electron localization may be the cause of the nega-
tive dp/dT observed.* This behavior can be formally in-
cluded in the parallel-resistor model by allowing for the
number of nonlocalized electrons to decrease at low tem-
peratures.!* We note that a discussion of a localization

model which can handle both positive and negative
dp/dT in many disordered metals has been given in Ref.
44, Clearly the saturation phenomenon is still a subject
worth studying and the data presented here will be valu-
able in examining other models.

V. CONCLUSIONS

We have measured the temperature dependence of the
resistivity and of the Hall coefficient of V;Si, V;Si3, and
VSi, thin films. The wide temperature range (2—1100 K)
used in the study of p versus T allowed us to observe an
anomalous metallic behavior common to the three com-
pounds. The intrinsic resistivity exhibits a strong negative
curvature and approaches a saturation value at high tem-
peratures. This phenomenon has been interpreted in the
framework of the parallel-resistor model which includes
the electron-phonon scattering model of Bloch-Griineisen
to account for the ideal contribution to the total resistivi-
ty. The best fits to the resistivity curves over the entire
temperature range are quite good and the parameters used
to achieve the fitting are physically reasonable. Further-
more, the electron mean free paths calculated at room
temperature for VSi (6.6 A) and VSi; (~19 A) are con-
sistent with the experimental data and the theoretical
model. The behavior of Hall coefficients is complicated,
suggesting the presence of both electrons and holes with
different temperature dependences of their mobilities.
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