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The influence of temperature hysteresis at
metal-semiconductor phase transition on
current-voltage characteristic of VO,-based
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The current-voltage characteristics of ceramics (wt%) 80V0O,-15VPG-5Cu and
45V0,-15VPG-5Cu-35Sn0, were investigated (VPG—vanadium phosphate glass). After
switching to high electric current, these characteristics show a hysteresis loop in the electric
current increase-decrease cycle. The cause of hysteresis is the different phase transition
temperatures in VO, crystallites for transition from semiconductor phase to metallic phase
and for the reverse transition. The distinction of phase transition temperatures leads to the
different equilibrium temperatures in the filament of the metallic VO, phase, when “electric
current increases and decreases. As the result, different power dissipated by electric
current in ceramics sample is necessary for ensuring thermal equilibrium in the filament.
This is the reason why current-voltage characteristic registered at electric current increase
do not coincide with characteristic registered at electric current decrease.
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1. Introduction
Scientific and practical interest in vanadium dioxide
(VOy) is caused by metal-semiconductor phase transi-
tion (MSPT) at the temperature 7; = 68°C. This tran-
sition is accompanied by abrupt change of conductiv-
ity and other properties [1, 2]. On basis of VO, the
ceramic materials are created [3, 4]. Such materials
have electrical resistance change up to 2-3 orders of
magnitude near the temperature 7; and show the phe-
nomenon of threshold switching. After switching into
high-conductivity state, VO,-based ceramics can con-
duct electric current up to several amperes [5]. There-
fore such ceramics can find an application in electric
current inrush limiters [6] and switching devices [7].

The reason of switching in VO, and VO,-based ma-
terials is the heating of the sample by electric current
up to the phase transition temperature 7;. The filament
of metallic VO, phase is formed in a sample at switch-
ing [8—10] and defines its current-voltage characteristic
(CVC) after the switching [5, 8]. Semiconductor VO,
phase is located outside this filament. Therefore the fil-
ament border is the interphase border. This border relo-
cates when electric current changes. This relocation is
accompanied by phase transition in VO, located near
the interphase border.

The different temperatures for transition from semi-
conductor state to metallic state and for reverse tran-
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sition from metallic state to semiconductor state are
the peculiarity of metal-semiconductor phase transition
[8]. This leads to hysteresis, which is typical for temper-
ature dependences of conductivity and optical param-
eters of VO, monocrystals and films [8, 11]. The hys-
teresis of CVC for vanadium dioxide and VO,-based
materials practically is not investigated, while the tem-
perature hysteresis at MSPT can take effect in CVC,
because the moving of filament border is accompanied
by phase transition in vanadium dioxide.

The purpose of this research is to study the influ-
ence of temperature hysteresis at metal-semiconductor
phase transition on current-voltage characteristics of
VO,-based ceramics.

2. Experimental procedures

Ceramics (wt%): 80VO,-15VPG-5Cu and 45VO;-
15VPG-5Cu-35Sn0O, are the object of this investiga-
tion. Initial components: VO, crystal powder, produced
by technology described in [12], vanadium phos-
phate glass (VPG) of composition (mol%) 80V,0s-
20P,0s, the additives of Cu and SnO, were mixed in
the given proportion. After homogenization the mix-
ture was pressed and then was heated up to (950 +
10) °C in argon with subsequent cooling up to room
temperature.
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The ceramics 80VO;,-15VPG-5Cu has density
3.01 g-cm™3 and porosity ~29%. The density of ceram-
ics 45V0,-15VPG-5Cu-35Sn0, is 3.66 g~cm‘3 and
porosity is ~24%. Ceramics samples had diameter of
10 mm and thickness of 1.6-2 mm. Ohmic contacts to
the samples were created by copper electrodeposition.
For that we used the procedure described in [13]. The
sandwich geometry for electrodes on the sample was
used. Copper electrodes had thickness of 10 microns
and diameter of 8§ mm.

The current-voltage characteristics have been mea-
sured at the temperature of (20 £ 0.5) °C. For limitation
of electric current at CVC registration, 20 Ohm resistor
was connected sequentially with the sample. The elec-
trical current has been determined by measurement of
voltage drop on the resistor of (1 & 0.001) Ohm, which
was connected sequentially with the sample. Voltage
on resistor and the ceramics sample has been measured
by digital voltmeter with relative error no more than
0.5%. When measuring CVC the stable magnitudes of
electric current and voltage have been registered. These
magnitudes are corresponding to thermal balance for
investigated sample.

Conductivity temperature dependences have been
measured at change of temperature with the speed
no more than 0.8 °C/min. Electrical resistance of the
ceramics samples has been measured by the bridge
method with relative error +0.1%. When registering
the temperature the absolute error was +0.25 °C.

3. Results and discussion

The current-voltage characteristics for VO,-based ce-
ramics are represented in Fig. 1. These characteristics
were measured, when electric current was increasing at
first and then decreasing. Current-voltage characteris-
tics of VO,-based ceramics show the threshold switch-
ing which is typical for VO, crystals and films [7, 9,
10]. Arrows in Fig. 1 show directions for the switching
between the regions of CVC with low and high elec-
tric current. Dashed lines join the points between which
the switching takes place. For CVC region of high elec-
tric current the negative differential resistance (NDR)
is typical.

As it follows from data of Fig. 1, the CVC branches
measured at electric current increase and decrease do
not coincide. For CVC region with NDR the branch
registered at electric current decrease is shifted to low
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Figure 1 Current-voltage characteristics, measured at the electric cur-
rent increase (circles) and decrease (triangles) for ceramics 80VO;-
15VPG-5Cu (1) and 45VO;-15VPG-5Cu-35Sn0; (2).
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Figure 2 Temperature dependences of specific electric resistance, mea-
sured at the temperature increase (circles) and decrease (triangles) for
ceramics 80VO;,-15VPG-5Cu (1) and 45VO,-15VPG-5Cu-35Sn0; (2).

electric intensity. The branches, measured at electric
current increase and decrease, coincide for low current
region of CVC in ceramics 45VO,-15VPG-355n0;-
5Cu. For ceramics 80VO,-15VPG-5Cu in this region of
CVC the branch measured at current decrease is shifted
to higher electric intensity. Such behavior shows in-
crease of electric resistance of the sample. Notice, that
all VO, crystallites in the ceramic sample are in semi-
conductor phase before threshold switching. Therefore
the temperature hysteresis at MSPT cannot be the rea-
son, why the branches of current-voltage characteris-
tics for low current region do not coincide in ceramics
80VO,-15VPG-5Cu.

This reason may be understood from Fig. 2, where
the temperature dependences of specific electric resis-
tance are shown. These dependences were measured
in temperature increase-decrease cycle. After thermo-
cycle the specific electric resistance increases for ce-
ramics 80VO,-15VPG-5Cu and practically does not
change for ceramics 45VO,-15VPG-5Cu-35Sn0;. The
irreversible decrease of vanadium oxides conductivity
at thermocycling through MSPT temperature is caused
by microcrack formation [14, 15]. The reason for mi-
crocrack formation is the strong mechanical stresses in
the region of interphase border [8]. Tin dioxide has the
stabilizing effect. Therefore conductivity of ceramics
45V0,-15VPG-5Cu-358n0; at the cycle of heating-
cooling through MSPT temperature practically does not
show changes (Fig. 2). It explains the coincidence of
branches for low current region of CVC in ceramics
45V0,-15VPG-5Cu-35Sn0,. Similar behavior of this
CVC region takes place in ceramics 80VO,-15VPG-
5Cu, when the voltage does not exceed the threshold
voltage. In this case the switching and consequently
phase transition in VO, crystallites of ceramics does
not occur.

Thus, one can expect influence of temperature hys-
teresis at metal-semiconductor phase transition in VO,
for the high current region of CVC. The hysteresis loop
for this CVC region is represented in Fig. 3. The hys-
teresis loop was measured in two consecutive cycles of
electric current increase-decrease for ceramics 45VO;-
15VPG-5Cu-35Sn0,.

To explain this phenomenon it is necessary to take
into account that the filament of metallic VO, phase
was formed at switching [8—10]. Such filament con-
tains VO, crystallites in metallic phase and controls
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Figure 3 Hysteresis loop of CVC at two consecutive electric current
increase-decrease cycles for ceramics 45VO,-15VPG-5Cu-355n0;:
1.3-current increase; 2.4-current decrease.

the current-voltage characteristics of VO,-based ce-
ramics after switching [5]. The filament border sepa-
rates regions of the ceramics sample with different VO,
phases. At thermodynamic equilibrium the temperature
established on this border is equal to the temperature of
metal-semiconductor phase transition 7;. With current
increasing, an additional power dissipated in a sample
leads to filament expansion, due to transition from semi-
conductor to metallic phase in VO, crystallites located
near the filament border. With current decreasing, the
decrease of dissipated power gives the narrowing of fil-
ament, as the result of reverse transition (from metallic
phase to semiconductor phase) in VO, crystallites.

According to the existing opinions [8] the metal-
semiconductor phase transition in VO, has marten-
site character. At such phase transition the mechanical
stresses caused by transformation in crystal lattice have
a significant role. From energy reasons such stresses
are not advantageous for the coexistence of two VO,
phases. Therefore, for formation of new phase nuclei
and their growth, the deflection from energy of phase
thermodynamic equilibrium is required. It gives a devi-
ation from the equilibrium temperature of phase tran-
sition T;o and leads to the temperature hysteresis of
conductivity (Fig. 2).

For the description of temperature hysteresis at
MSPT the coercive temperature AT may be introduced
[8]. This temperature shows as far as it is necessary to
deviate from the temperature of phase equilibrium T}
for intensive development of phase transition. The tem-
perature of transition from semiconductor to metallic
state in VO, can be defined as T,y = Ty + AT,, in
the reverse direction (from metallic to semiconductor
state) as Ty, = T;o — AT_ [8]. Generally the coercive
temperatures for direct transition AT, and for the re-
verse transition A7_ are not equal. Only when hystere-
sis loop is symmetric, the equality AT, = AT_ = A
T takes place. Expansion of the filament with electric
current increasing is caused by transition in VO, from
semiconductor to metallic state. The phase transition
in VO, has reverse direction with electric current de-
creasing and this leads to narrowing of the filament.
Because 7;; > T, the temperature on filament bor-
der will be higher in the first case, than in the second
case. Therefore to maintain the temperature 7;; more
intensive power of electric current is required than it
is required for the temperature 7;,. It explains the shift

of CVC region with NDR to the higher electric inten-
sity, when this region was registered at electric current
increase (Fig. 1).

As shown in [5], when the threshold switching took
place the current-voltage characteristic of VO,-based
ceramics may be described by dependence:

_ Zﬂ)»SATtE’ "
E? - E}
where I and E are the electric current and the electric
intensity, accordingly; AT, = T; -Q (7; is the temper-
ature of MSPT, Q is the ambient temperature); Ag is
the effective thermal conduction of ceramics material
below T;. The value E in (1) is determined by expres-
sion:

Eo = [6HAT, /(o)1 2)

where 1 is the thickness of the sample; H is the specific
coefficient of a thermal dispelling; oy, is the effective
conductivity of VO,-based ceramics above 7;. The ex-
pression (1) is correct, when the filament radius satisfies
the condition R < (21A,,/H) (where A, is the effective
thermal conduction of ceramics material above T;).

As it follows from expression (1) the electric current
is proportional to AT, at given E. Because AT;; =
Th — Q > ATy, = T;p — Q, the expression (1) ex-
plains the shift of CVC branch measured at electric
current increase to higher values of current in com-
parison with CVC branch measured at electric current
decrease (Figs. 1 and 3).

For the temperature dependences of conductivity and
the radiant reflection of VO, films wider hysteresis
loops (~15-20 K), than for VO, monocrystals (~2 K)
take place [8, 11]. The reason of this is statistical distri-
bution for equilibrium temperatures of phase transition
T;o and coercive temperatures AT of VO, crystallites
from which the film consists. From the Fig. 2 it follows,
that the hysteresis loop for temperature dependence
of conductivity in VO;-based ceramics is symmetri-
cal and has width no more than 5-6 K. This magnitude
is not much more than hysteresis loop width in VO,
monocrystals. It testifies about a narrow enough distri-
bution of the phase transition temperatures 7; for VO,
crystallites in ceramics. Therefore in the first approxi-
mation it is possible to accept identical phase transition
temperature 7y and the coercive temperature 7, for all
VO, crystallites in ceramics.

The relationship between Ty, T, and parameters of
CVC hysteresis may be determined if to write down
the expression (1) as:

E* = E5 + 2nAsAT,E/I . (3)

Whence it follows, that the CVC high current region
must be linear in coordinates E> ~ E/I. The line slope
k = A(E®)/A(EIT) = 2 Ag(T; — Q) linearly depends
from temperature 7;. If we take into account, that mag-
nitudes k for the CVC branches, which are measured
at electric current increase and decrease are equal k
=2mAs(To + T,—Q) and ky = 2w As(To — T, — Q),
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TABLE 1 Parameters of the temperature hysteresis loop in VO;-based ceramics

Are calculated from current-voltage characteristic

Are defined from

conductivity tempe-
rature dependence

Ceramics ki ko T/ Tx 8T¢
composition (wt%) (V-A-cm™1) (V-A-em™1) (Tho — Q) °C) [{©)] Ty (°C) T;1 (°O) 8T, (°C) To °C)
80VO,-15VPG-5Cu 1.55 1.37 62-1072 3.1 6.2 68.9 72 5 70
45V0,-15VPG-5Cu-355n0, 3.49 3.19 45-1072 23 46 70.7 73 4 71
110 pendences of specific electric resistance in the average
138 point of resistance jump. In the region of this point the
sof temperature hysteresis loop width §7; is determined.
% 70} The magnitude of Tj has been found as the temperature
N;’ gg r corresponding to the middle of the hysteresis loop.
W 40 i 2 Satisfactory conformity between the parameters,
a0l which are calculated from the current-voltage char-
20} 1 acteristic and which are found from the conductiv-
10 ity temperature dependences, takes place. It confirms,
5 5 10 15 20 25 that the reason of hysteresis for CVC high current re-
E/NLVem™ A" gion in VO;-based ceramics is the temperature hys-

Figure 4 CVC high current regions in E> ~ E /I coordinates for ceram-
ics 80VO,-15VPG-5Cu (1) and 45VO;-15VPG-5Cu-35Sn0; (2): points
at current increase, triangles at current decrease.

accordingly, then we can find the ratio 7, /(Ty — Q) as:

T. k-k
Th—Q hki+k’

“

The doubled magnitude of this ratio defines the relative
width of symmetric temperature hysteresis loop.

In coordinates E> ~ E/I the high current regions
of CVC are represented in Fig. 4. The linear character
of dependencies takes place. It justifies the assumptions
made above concerning temperatures Ty and 7,.. As one
would expect, the slope of line in coordinates E2 ~ E/I
for CVC branch registered at electric current increase
is more than for branch registered at electric current
decrease. The temperatures 7y and 7, can be defined
from CVC if the Equation 4 is used together with the
equation T;; = Tp+ T,. The experimental magnitude of
T can be defined from the temperature dependences of
specific electric resistance (Fig. 2). The branch of this
dependence measured at temperature increase should
be used in this case. Then from the expression (4) and
the expression for 7;; we shall obtain:

.= (1%
c—§< _k_l)(”_Q)’

1 k
To=S(Tn+ Q)+ z—k'zml - 0). (5)

The temperatures T;;, Ty and the hysteresis loop
width 67;, which are determined from the tempera-
ture dependences of specific electric resistance (Fig.
2) are represented in the Table 1. The magnitudes of
T.,8T;, = 2T, and Ty calculated from CVC, when the
equations 5 was used are shown in the Table 1 also.
The magnitude 7;; is defined from the temperature de-
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teresis at metal-semiconductor phase transition in VO,
crystallites.

4. Conclusions

After switching to high electric current, hysteresis of
current-voltage characteristic in VO,-based ceramics
takes place. The hysteresis loop can be measured in
electric current increase-decrease cycle.

The different temperatures for phase transition from
semiconductor to metallic state and for the reverse
phase transition are the reason for CVC hysteresis. Hys-
teresis appears after threshold switching, when both
VO, phases coexist in the ceramics sample. VO, crys-
tallites in metallic phase are located in the electric cur-
rent filament. This filament is surrounded by VO, crys-
tallites in semiconductor phase. When electric current
increases the equilibrium temperature on the filament
border is defined by transition from semiconductor to
metallic phase of VO,. This temperature is higher than
the temperature of reverse transition from metallic to
semiconductor phase. Such temperature is being es-
tablished on the filament border when electric current
decrease. In the first case to maintain the thermal equi-
librium, higher power of electric current is required than
in the second case. It is the reason of CVC region shift
measured at electric current increase to higher electric
intensity in comparison with the similar CVC region
measured at electric current decrease.
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