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Abstract—We analyze the effect of tungsten doping of sol—gel derived polycrystalline vanadium dioxide films
on the temperature dependence of their resistivity across the metal—semiconductor transition. Experimental
resistivity hysteresis data demonstrate that, with increasing doping level, the phase transition temperature of
the films decreases, their hysteresis loop extends over a broader temperature range, and their resistivity jump
drops. We have constructed coercive temperature distribution functions and compared them with size distri-
butions of crystalline grains in the undoped and doped films. The results lead us to conclude that tungsten
doping of vanadium dioxide has no effect (at least up to 6 at % W) on structure formation in polycrystalline
films. The observed changes in phase transition parameters upon doping are, most likely, caused by the
increase in donor defect density and the large scatter in dopant concentration in individual grains.
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INTRODUCTION

The best known oxide material undergoing a
metal—semiconductor transition (MST) is vanadium
dioxide, which has been the subject of an enormous
number of reports over the last six decades. The MST
temperature of bulk VO, (¢, ~ 68°C) is not far from
room temperature, and the conductivity jump accom-
panying its phase transition is several orders of magni-
tude (up to 10°). For a number of practical applica-
tions, such as “smart” windows [ 1] and optical limiters
[2], it is desirable to lower the temperature #, and
reduce the width of the corresponding hysteresis loop.
Note that the width of the MST hysteresis loop (first-
order phase transition) is 1—3°C in the case of bulk
crystals and much larger (up to 20°C) in the case of
thin-film polycrystalline structures. At present, vana-
dium dioxide and VO,-based compounds are typically
prepared in the form of not only films [3] but also
powders [4], nanorods [5], and nanofibers [6].

Researchers’ interest in vanadium dioxide and
VO,-based interstitial compounds is aroused by their
thermodynamic stability and by the facts that they are
relatively easy to synthesize and that their phase tran-
sition occurs near room temperature, which opens up
a wide range of various practical applications. Exam-

ples include thermochromic smart coatings and relax-
ation oscillators as elements of oscillatory neural net-
work [7—9]. In a number of studies, VO, was proposed
as a material for chemisorption gas sensors for hydro-
gen [10] and ethanol vapor [11, 12]. Besides, it is
potentially attractive for designing materials of elec-
trochemical devices [13].

The incorporation of metals into the structure of
vanadium dioxide can both raise its MST temperature
(Cr and Fe) and lower it (Nb, W, and Mo) [14]. In a
previous study, Berezina et al. [15] for the first time
doped vanadium dioxide with tungsten via a sol—gel
process. This way of doping offers the advantage of
simple technology in combination with an acceptable
degree of homogeneity and stoichiometry of the resultant
films. In this work, the coercive temperature method is
used for detailed analysis of the thermal hysteresis in the
resistivity of sol—gel derived VO, films under MST con-
ditions at various tungsten doping levels.

THEORETICAL ANALYSIS

Analysis of MST hysteresis effects in VO, [2, 16, 17]
shows that hysteresis in polycrystalline films depends
significantly on two parameters: crystallite (grain) size
and stoichiometry (relationship between the vana-
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Fig. 1. MST hysteresis loops as functions of the parameter
of the medium R and temperature ¢ for a polycrystalline
sample: the thick line represents the full hysteresis loop,
with its forward (arrow 1) and reverse (arrow 2) portions;
O 2 (=D ()
AR A AN
loops ((1, 2 ... n — 1, n)); t(l),t§2) ...té”_l),té") are current
temperatures in the partial hysteresis loops; and AR is the
total change in the parameter of the medium. Inset: square
hysteresis loop for a monocrystallite.

are the initial temperatures of partial

dium and oxygen concentrations, which determines
oxygen vacancy concentration) of the films. The
smaller the average crystallite size in films, the broader
their hysteresis loop [17]. On the other hand, the
higher is the concentration of oxygen vacancies pro-
duced in VO, films, for example, by electron irradia-
tion [16], the lower is the MST temperature.

To study MST hysteresis phenomena in vanadium
dioxide, Lanskaya et al. [18] proposed an approach
similar to analysis of a technical magnetization curve
in ferromagnets, developed by Preisach [19] as early as
1935. This approach (coercive temperature method)
assumes that there is a parameter of the medium, R,
that depends on the phase transition and is a function
of two variables: coercive temperature 7, and average
(or thermodynamic) temperature #,. The temperature
1. is determined by the grain number—hysteresis loop
width (Af) distribution of individual grains (so-called
partial distributions). Thus, 7, correlates with the grain
size distribution. The temperature £, is responsible for
the grain distribution with respect to the phase equi-
librium temperature and depends on the stoichiomet-
ric composition of the grains.

The temperatures 7, and £, are the easiest to deter-
mine in the case of hysteresis of an individual
monocrystallite, which has a square loop with a cen-
tral (middle) temperature 7, and the temperatures of its
vertical portions #, + ¢, (heating) and #, — 7, (cooling)
(Fig. 1, inset); that is, the width of such a loop is At =
2t,. The simplified analytical approach used by
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Lanskaya et al. [ 18] assumes that a grain in a polycrys-
talline film consists of a set of such domains (microre-
gions) with square hysteresis loops distributed with
respect to 7, and #,. Hysteresis in a polycrystalline film,
characterized by the distribution F{(,, #,) of microre-
gions with respect to the transition temperature and
coercive temperature 7., has a full loop with a forward
(heating) and reverse (cooling) portions and a set of
partial loops (Fig. 1). Each partial loop has its own ini-
tial temperature 7, in the forward portion of the full
loop and its own reverse portion (cooling) with a cur-
rent temperature 7,.

As shown by Lanskaya et al. [18], if the parameter
of the medium is a linear function of the fraction of
crystallites that converted to a new phase as a result of
an MST, it will be a function of these two variables,
R(t,, t,), and the coercive function F(z,, ¢.) will be
defined as
iazR(tl,tz)’ polth o _h=h o
AR dtot, 2 2

where AR is the total change in the parameter of the
medium as a result of the MST (Fig. 1). Note that F(¢,
t.) has the meaning of the joint density of the distribu-
tion of the random variables 7, and «..

F(tcato) =

Thus, construction of partial hysteresis loops
allows one to determine the kind of the function F(#,,
t.). For this purpose, one fixes the initial temperature
tl in the forward portion of the full loop in experi-
ments (Fig. 1). Next, one measures the parameter of
the medium (reflectivity of VO, film in Refs. [2, 16])
at a current temperature #, during cooling from the ini-
tial temperature 7, up to the top point of the loop. A
{R(1,, t,)} set of partial loops and relation (1) are then
used to calculate the distribution function F(%,, ¢.).

The coercive temperature method encounters
some difficulties in analysis of temperature depen-
dences of electrical conductivity. In this case, the
parameter of the medium (resistivity or conductivity)
cannot be thought of as linear in the concentration of
regions of some phase, in contrast to what was
assumed for reflectivity, because inhomogeneity prop-
erties of the medium are essential. This becomes clear
even from general considerations, given that even one
conductive channel, which can be thought of as a
chain of clusters (microregions) that transformed into
a metallic phase, is sufficient for the current density in
the film to be nonzero. Certainly, the probability of
formation of such channels rises as the fraction of
microregions having metallic conductivity increases,
but the relation is not necessarily linear. In this case,
the problem can be solved using percolation theory
[20], which describes charge and mass transport phe-
nomena in highly inhomogeneous media.
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Consider a medium characterized by local electri-
cal conductivity ¢(r) with a predetermined distribu-
tion law. In our case, this function can be thought to be
highly inhomogeneous, as expressed by the relation [20]

o(r) — (o(r))
(a(r)

where (G(r)) is average conductivity. Indeed, under
MST conditions it can take only two values, corre-
sponding to a low-resistivity (metallic) and a high-
resistivity  (semiconducting) state of individual
microregions, which differ by several orders of magni-
tude. It is worth noting, however, that severe inhomo-
geneity will be alleviated at the hysteresis edges, where
regions in one of the two states will prevail.

> 1, ()

The limiting (exponential) case of severe inhomo-
geneity is characterized by local conductivity

3)

where G, is the conductivity of the metallic state and
&(r) is a random variable characterizing the fraction of
microregions in the metallic phase. Percolation theory
[20] provides a certain critical value, &,, below which
(&(r) < &,) no conductive channels are formed in the
material. An important point is that this parameter is
proportional to the fraction of microregions that con-
verted to a new (low-resistivity) phase.

o(r) = 6, exp(=&(r)),

Similar conclusions can be drawn for resistivity:
p(r) = 1/0(r). Then, under the assumption that the
probability of the formation of low-resistivity microre-
gions in the sample follows a uniform distribution law,
F(t,, t.) can be found using relation (1), where the
parameter of the medium is the logarithm of average
resistivity:

2 9 (Inp(t,1))

ln(pm—ax] onot,
pmin

_hLth )

F(t,t) =

C))

where ¢, and ¢, =

In relation (4), the logarithm of the ratio of the
average resistivities of VO, film in a fully semiconduct-
ing (Pmax) and a fully metallic (p,,;,) state is the maxi-
mum change in the parameter of the medium (like AR

in (1)).

Thus, constructing partial thermal hysteresis loops
for the logarithm of the average resistivity or total
resistance of films allows one to approximately deter-
mine the distribution function F(#,, #,) in the same way
as in the case of reflectivity [2, 16].
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FILM GROWTH TECHNIQUE
AND EXPERIMENTAL RESULTS

Vanadium dioxide films were produced using a lig-
uid-phase sol—gel process [15]. First, we prepared an
aqueous solution of vanadium pentoxide gel. V,0;
powder was melted and held at a temperature of 900°C
for 1 h. Next, the melt was poured into distilled water
at room temperature and stirred. To produce doped
films, WO; powder was added to the V,05; powder.
After that, the resultant red brown gel-like solution
was applied to a glass-ceramic substrate and dried for
24 h, until the formation of hydrous vanadium pentox-
ide (V,05-nH,0, n = 1.6—1.8) xerogel, in pure form or
tungsten-doped.

To prepare vanadium dioxide by reducing the
xerogel, the samples were vacuum-annealed at a tem-
perature of 500 + 20°C and residual vapor pressure
below 0.13 Pa. Given that V,05 and WO; differ in ther-
mal stability, it is reasonable to expect that, at the
annealing temperature used, the tungsten in WO,
retains its oxidation state, whereas V,0Os is reduced to
vanadium dioxide. As a result, we obtained polycrys-
talline films consisting of either undoped vanadium
dioxide or doped one, presumably with the composi-
tion V, _ ,W,0,, where y = 0.01-0.12. The effect of
growth conditions on the composition and structure
of the films was studied previously [15].

Figure 2 shows X-ray diffraction patterns of
undoped and doped (12 at %) vanadium dioxide. It is
seen that there is no shift of the diffraction peaks to
within 0.1°; that is, the unit-cell parameters of the
films remain unchanged. There are only changes in
the intensity of some lines. The unit-cell parameters
do not vary because, as a result of doping, W' ions
substitute for some of the V** ions, and the ionic radii
of V(1V) (0.073 nm) and W(VI) (0.072 nm) differ very
little [17].

The resistivity of the vanadium oxide films was
measured as a function of temperature by the four-
probe technique in the temperature range from 50 to
400 K. For low-temperature measurements, the sam-
ples were placed in a cryorefrigerator.

The measurement results for the full hysteresis
loops of the VO, films (Fig. 3) [15] demonstrate that
the films containing up to 6 at % tungsten undergo an
MST. The higher the dopant concentration, the lower
the transition temperature ¢, the smaller the resistivity
jump, the higher the conductivity in the high-resistiv-
ity state, and the lower that in the low-resistivity state.
In the case of the films containing more than 6 at %
Wt no MST was detected in the temperature range
50—380 K (Fig. 3, curve 5).

Partial hysteresis loops were measured from the
temperatures ¢, and #, in 1°C steps for the undoped and
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Fig. 2. X-ray diffraction patterns of (/) undoped and
(2) tungsten-doped (12 at %) vanadium dioxide.
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doped (3 at % W°®") VO, films. Some of the partial
loops are presented in Fig. 4. Using {In(R(?,, 1,))}
experimental data sets and relation (4), we calculated
the coercive function F(#,, ¢,). The coercive tempera-
ture distribution density f{#.) can be found by integrat-
ing (summing) F(7,, t,) with respect to #,:

Tmax

D Flt),

10=Imin

[@) = Flt,) = (5)
T

where ¢,,, and 7,;, are the maximum and minimum

temperatures of the full hysteresis loops, respectively.

The f{(z,) calculation results for the undoped and doped

(3 at % W°") films are presented in Fig. 5.

Next, the surface of the samples (films) was exam-
ined by atomic force microscopy (AFM) on an SMM-
2000 scanning electron microscope. AFM images
(Fig. 6) were used to construct grain size distributions
(Fig. 7) (relative number of grains as a function of their
transverse size), which were essentially identical for
the undoped and doped VO, samples. Since the
undoped and doped films have identical grain size dis-
tributions on their surface (AFM data in Fig. 6) and
identical unit-cell parameters (X-ray diffraction data
in Fig. 2), it is reasonable to assume that they have
identical grain size distributions in their bulk too.

CONCLUSIONS

Temperature-dependent electrical conductivity
measurements, determination of the grain size distri-
bution in VO, films, and calculation of coercive tem-
perature functions for hysteresis lead us to the follow-
ing conclusions:

1. The coercive temperature distribution function
for the undoped sample (Fig. 5a) has two well-defined
peaks and, in principle, correlates with the grain size
distribution (Fig. 7, histogram /). The peaks in the

InR [Q] (o) 2 (D = 34°C
89 o e 1P =40°C
t(%) =43°C
8.8
------ 1§ = 48°C
8.7 e Q) = 53°C
------ 19 = 56°C
861 NI
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1 1
20 30 40 50 60 70 80
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Fig. 4. Partial hysteresis loops of the logarithm of resistance for the (a) undoped and (b) 3 at % W“—doped vanadium dioxide films.
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Fig. 5. Coercive functions f{¢,) for the (a) undoped and (b) 3 at % W6+-doped vanadium dioxide films.
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Fig. 6. AFM images of the surface of the (a) undoped and (b) 3 at % W6+-doped sol—gel derived vanadium dioxide films.
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coercive force distribution function of the doped film
(Fig. 5b) are less well defined: the second (higher tem-
perature) peak is considerably lower than the first
(lower temperature) one, and both are severely broad-
ened.

The observed large width of the coercive tempera-
ture function of the doped film attests to a more
important role of deformation-induced distortion of
the martensitic transition (in the form of broadening
of partial loops of grains), which is a consequence of
direct addition of the tungsten dopant. On the other
hand, the identical grain size distributions in the
undoped and doped vanadium dioxide films (Fig. 7)
suggest that the W(VI) dopant has a weak effect on
VO, grain growth. It may be that this is due to the
identical growth conditions, the crystal-chemical sim-
ilarity of V(IV) and W(VI) oxides, and the very small
difference between the ionic radii of V(IV) (0.073 nm)
and W(VI) (0.072 nm).

2. The electrical conductivity of the films rises with
increasing dopant concentration owing to the substi-
tution of W ions for some V** centers. In the doped
films, substitution of a W ion for a V** ion should
lead to the formation of two V3% ions, which is dictated
by the necessity to maintain electroneutrality; that is,
donor defects are formed. The formation of donor
defects leads to an increase in conductivity and a
decrease in the MST temperature [16, 22].

3. We believe that the suppression of the MST in
the heavily doped VO, films (above 6 at % tungsten) is
caused by the severe inhomogeneity of the material,
which has a large scatter in both grain size and dopant
concentration in the grains because of the high doping
level. In this case, the coercive temperature distribu-
tion function is very broad in terms of 7, and ¢, and, as
a consequence, the forward and reverse portions of the
MST hysteresis loop are very broad in temperature.
Besides, raising the tungsten dopant concentration
and, hence, the donor defect density considerably
reduces the resistivity of the doped film in the semi-
conducting state (p,,.c), Whereas the resistivity of the
metallic phase (p,i,) exceeds that of the undoped film
(Fig. 3, relation (4)). The resistivity jump decreases
and disappears at a certain critical dopant concentra-
tion, transforming into a smooth function of tempera-
ture with no hysteresis; that is, there is no phase tran-
sition.
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