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Nonhysteretic Phenomena in the Metal—
Semiconductor Phase-Transition Loop of VO,
Films for Bolometric Sensor Applications
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Abstract—Hysteresis observed in the resistive semiconductor-
to-metal phase transition in VO, causes problems in bolometric
readout, and thus is an obstacle in utilizing this strong phase tran-
sition in bolometric sensor applications. It is possible to avoid the
unwanted hysteresis when operating in limited temperature ranges
within the hysteresis loop of VO-. Nonhysteretic branches (NHB-
s) traced in such limited temperature intervals turned out to have
much higher temperature coefficient of resistance (TCR) than VO
at room temperature: while TCR at 25°C in VO, is close to 3%,
peak TCR values in NHB-s reach 6% in VO films on Si/SiO-
substrates and 21% in films on crystalline sapphire substrates.
At the same time, the nanoscopic-scale mixture of semiconducting
and metallic phases in VO, within its hysteresis loop provides for
partially shunted low resistivity, thus creating an unprecedented
combination of record high semiconducting TCR and metal-like
low resistance. This combination may benefit the uncooled focal
plane array microbolometer IR visualization technology.

Index Terms—Bolometers, hysteresis, image sensors, metal—-
insulator transition, vanadium dioxide.

1. INTRODUCTION

NCOOLED focal plane array (UFPA) IR visualization
U technology utilizes microbolometer sensors consisting of
a mixed oxide VOy [1]-[4]. Pure oxide VO, is not utilized in
this technology primarily because of the readout problems aris-
ing in the presence of resistive hysteresis [5], [6], as discussed
in Section II. While mixed, nonstoichiometric semiconducting
oxide VOy can be prepared so as to avoid hysteresis, and thus,
mitigate said readout problems, its temperature coefficient of
resistance (TCR) = (1/R)dR/dT is relatively low, rarely exceed-
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ing 2% °C~! [1]-[5]. Addressing this problem, we found that
hysteresis could be avoided in VOo, in limited temperature in-
tervals of 5-6 °C inside its major hysteresis loop, in what we
called the nonhysteretic branches (NHB-s) [7]-[9]. We have
also found that in these NHB-s the TCR can be significantly in-
creased compared to the room-temperature semiconductor TCR
found in VO, and VO, . The appearance of NHB-s and enhanced
TCR-s required an explanation, which was provided [7]-[9] by
a qualitative, percolation-based picture. We will briefly revisit
this explanation here in Section IV. In addition to explaining
the appearance of NHB-s, our picture accounts for the observed
resistive-optical correlations [8], [9]. We proposed [7]-[9] to uti-
lize NHB regime for the benefit of UFPA technology. In addition
to the hysteresis-free operation, there are two major arguments
in favor of this approach:

1) enhanced TCR values in NHB-s;

2) ability to lower pixel resistance by orders of magnitude

while maintaining high TCR.

We previously found [8], [9] that it is possible to combine
TCR of about 4% °C~! with values of pixel resistance R as low
as 20 2. This can benefit UFPA technology, especially in view of
both Johnson and 1/ f noise decreasing with lower R. In contrast,
pixel resistances in today’s UFPA technology are between 10
and 50 k€2, 500 to 2500 times higher. The primary reason for
using high-resistance pixels in existing VO, sensor technology
is that at a lower resistance, the TCR decreases to unacceptably
small values. This is not so in a NHB regime, which makes it
especially appealing. The advantages and disadvantages of the
NHB regime were discussed in some detail in [8].

Here, we would like to present new data recently obtained
with better quality VO,. We found NHB behavior described
previously [7]-[9] albeit in more narrow temperature inter-
vals of ~2°C. The remarkable fact we wish to present here
is that in this better quality VO,, TCR in NHB regime can reach
21%°C~!, a value unseen in any other nonhysteretic semicon-
ducting bolometer.

II. How HYSTERESIS CAUSES PROBLEMS IN BOLOMETRIC
READOUT: FORWARD AND BACKWARD EXCURSIONS

Before we present our NHB data, we would like to introduce
the hysteretic phase transition found in VO, films and to dis-
cuss the aforementioned bolometric readout problem caused by
hysteresis.

A bolometer reacts to a temperature change AT by changing
its resistance by AR. The larger is AR for a given AT, the
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Fig. 1. Forward and backward excursions originating from points (7; and
Ry)onaHB and (Té and R{]) on a cooling branch. (Note that this figure is not
a schematic drawing, it shows the measured loops and parts of loops on a 95 nm
VO, deposited on Si/SiOy substrate by PLD method.)

greater is the sensitivity. At the same time, very large resistance
R is detrimental [1]-[4] because of the Joule heating during the
bolometric sensor readout, the difficulty of the electronic readout
circuit matching, and the higher noise, both Johnson’s and 1/f.
Thus, a balanced figure of merit for a bolometric material is
the TCR, which evaluates (AR/R)/AT rather than AR/AT. It
may appear that the steep semiconductor to metal transition in
VO, [10], [11], as shown in Fig. 1 for a 95 nm film, might offer
the greatest sensitivity (high TCR). It is, however, hysteretic. Let
us look in more detail on how hysteresis causes problems. To be
specific, consider a bolometer positioned at a working point (7,
Ry) on a steep heating branch (HB) (it will require a temperature
controller to keep it at 7;) above room temperature) and let it
experience an influx of energy (this could be an IR signal),
which momentarily heats it up, increasing its temperature by
AT and decreasing its resistance by a large AR (see Fig. 1).
Once the heat input has been removed (which happens in re-
sistive bolometers used in IR visualization at least 30 times per
second), the bolometer returns back to the temperature 7j, how-
ever, because of the hysteresis, the (7', R) path on the way back
differs from the path in the forward direction: the resistance will
not come back to Ry, but instead will move along a minor loop
to a point (7y, R) as indicated in Fig. 1. If a bolometer will now
experience a subsequent, second heat pulse, the result will be
very different. This cannot be tolerated in a bolometric sensor
subject to a train of pulses. In order to avoid this problem, the
bolometer should be reset after each pulse, which can only be
done by going all the way out of the hysteresis loop, reaching
temperatures either below Ts or above T3;. While such reset-
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ting can be done, it requires large temperature excursions (we
shall refer to as an excursion any round-trip temperature change
Ty — Ty £ AT — Ty), followed each time by a temperature
stabilization at the working point 7. With bolometers receiv-
ing signals with frequency of 30-60 Hz (video rates), this is
not practical. The problem with the different return path, we
just outlined, has been described in [6], and the readout prob-
lems caused by hysteresis were acknowledged [5] as the major
contributing factor in abandoning pure phase VO,.

If temperature of the initial part of an excursion changes in
the same direction as the major loop progression, we call it a for-
ward excursion; if it starts in the opposite direction, it is a back-
ward excursion. Because of the hysteresis, forward and back-
ward excursions produce dramatically different results. While
a forward excursion Ty — Ty + AT — T, on a HB traces an
open curve from (1, Ry) to (1y, R), a backward excursion
Ty — Ty — AT — Ty produces a closed minor loop, which has
a much gentler slope in the vicinity of (1j, Ry) than the steep
slope on the major loop. The gentle slope goes steeper for larger
AT, as seen in Fig. 1. This slope variation would introduce a
AT-dependent TCR; in other words, it would introduce a signal
non-linearity in log(RR) versus 7'. Similar processes take place
on a cooling branch (CB) (see Fig. 1), except that in this case
decreasing temperature corresponds to the forward direction,
and increasing temperature to the backward direction.

These problems provide an incentive to avoid hysteresis in
bolometric applications. One way to avoid these problems is to
use a sensor material without hysteresis, such as VO. Another
way is to use hysteretic sensor material, but work in a NHB
regime, as described in subsequent sections.

III. NHB-s IN VO, FILMS WITH MODERATE-STRENGTH
TRANSITION

Here, we present data on a 95 nm VO, film deposited at 650 °C
by pulsed laser deposition (PLD) onto a Si/SiO, substrate [8],
[9]. Transition strength can be characterized by a resistance
ratio RR = R(25°C)/R(90°C); this film has RR = 1430. In
studying minor loops in such films, we discovered [7] that for
sufficiently small excursions minor loops tend to flatten out,
degenerating into NHB-s, as can be seen in Fig. 2, where a
number of excursions with AT = 5°C are shown attached to
the major loop at regular intervals.

TCR-s of various NHB-s from Fig. 2 are plotted versus T’
(here T is the attachment temperature of a NHB to the ma-
jor loop) in Fig. 3 for both HB and CB, together with TCR-s
evaluated on the sides of the major loop.

As we see in Fig. 3, TCR-s characterizing the overall hys-
teretic transition start at ~3% at low temperatures, rising to
40% °C~! and to 125% °C~! on the steep CB and HB sides of
the major loop. TCR-s in different NHB-s also start at ~3%,
rising to 4% °C~! and 6% °C~! on the CB and HB. All TCR-s
are decreasing to near zero at the temperatures above the tran-
sition. Further, as is evident from Fig. 3, TCR peaks on ma-
jor loop and on NHB-s coincide to within ~3°C on both
branches.
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Fig. 2. Minor loops with AT = 5°C degenerating into NHB-s; the inset

shows the way in which temperature was changed in this measurement.
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Fig. 3. TCR versus T on the sides of the major loop (two upper curves) and

in various NHB-s around the major loop (two lower curves); the same sample
as in Figs. 1 and 2.

IV. NHB-s IN VO5 FILMS WITH STRONG TRANSITION

VO, films with sharper and stronger transitions than those
presented in the previous section were prepared at 650 °C by
PLD method on R-cut sapphire substrates. The major loop with
AT = 2°C NHB-s is shown in Fig. 4; this sample has RR =
8700.

It was necessary to reduce A7 to 2 °C in order to have single-
valued NHB-s in this case. In Fig. 5, we show TCR-s of this
sample, both for NHB-s and for the sides of the major loop. The
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Fig. 4. NHB-s with AT = 2°C, 113 nm VOg film on sapphire, and RR =
8700.
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Fig. 5. TCR versus 1" on the sides of the major loop (two upper curves, left

scale) and in NHB-s around the major loop (two lower curves, right scale); the
sample is the same as in Fig. 4.

TCR values on the sides of the major loop are as high as 110%
and 135%, on the CB and HB, respectively. The TCR-s of the
NHB-s in this case are also exceptionally high, reaching values
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of 13.6% and 21% in two sharp peaks coinciding in temperature
with the major loop peaks.

V. THEORETICAL INTERPRETATION

The hysteretic region in VO, is a mixed state comprising both
S-phase and M-phase regions or domains. Each such domain
located in a film around a point with spatial coordinates (zx, y)
transitions into the other phase at its own temperature T (z, ),
the variation in 7 arising from nonuniformities of composition,
variations in the local strain, etc. Thus, in a macroscopic sample
Te (x, y) is quasi-continuously distributed. We assume that the
local transition within a domain is sharp, further, we assume that
auniform isolated domain would transition without a hysteresis;
in this we differ from much of the VO hysteresis literature [12]
in which it is usually assumed that each domain, in addition
to T¢, has its own coercive temperature and a rectangular hys-
teresis loop. In contrast, we do not see a need for postulating
such intrinsic hysteresis in isolated domains, but attribute the
origin of hysteresis to the boundary energy, which affects the
way domains merge and disconnect. We note that VO single
crystals have very small hysteresis [13], it seems natural to ex-
trapolate this to the case of an ideally uniform microscopic (or
nanoscopic) region, which would have zero hysteresis. In this
picture, hysteresis is the result of interaction between different
phases in a multidomain macroscopic sample.

At a given temperature 7' inside the major hysteretic loop,
some parts of the film have T¢- (, y) < T and others T¢ (x, y) >
T In the first approximation, the boundary wall between the S
and M phases is determined by the condition T¢ (x,y) = 7. In
this approximation, the wall is highly irregular and its rugged-
ness corresponds to the scale at which one can define the local
Te (z,y),1.e., to the characteristic length scale of the nanoscopic
phase domains. On closer inspection, however, we need a re-
finement that takes into account the boundary energy, associated
with the phase domain wall itself. The boundary energy is pos-
itive and to minimize its contribution to the free energy, the
domain walls are relatively smooth. Let us examine the process
of boundary motion. For concreteness, let us consider the HB.
Below the percolation transition, the M-phase resembles lakes
in the S-phase mainland. With the rising temperature, the area of
the M-phase increases, lakes grow in size. When a boundary of
a given lake is far from the other lakes, infinitesimal 67" changes
boundary length by infinitesimal amount, and the lake area
by dA);. However, when the lakes are sufficiently separated,
we envision a continuous, reversible, hysteresis-free process of
M « S area redistribution, with neighboring configurations dif-
fering microscopically. Let us now look at the formation of a link
between two neighboring regions, which is the elementary step
in the topological evolution of a global percolation picture. Let
us focus on two metallic lakes that are about to merge. Since the
boundary is smooth, at some temperature the distance between
the lakes becomes smaller than the radius of curvature of either
lake at the point they will eventually touch. Therefore, at some
T the following two configurations will have equal energies:
one comprising two disconnected M-phase lakes that are near
touching, but not quite, and the other with a finite link formed,
in Fig. 6(a) and (b), respectively.
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Fig. 6. Semiconductor—metal boundary; metallic phase is shown shaded. Top

row (a) and (b) corresponds to temperature 7" and the bottom row (c) and (d) to
a higher temperature 7y = 7'+ AT™.

Both configurations are characterized by equal boundary
lengths, and therefore, have equal free energy. The actual tran-
sition forming a local link, however, does not occur at that tem-
perature because of an immense kinetic barrier between these
two macroscopically different configurations. The transition oc-
curs at a higher Ty = T' 4+ AT™ when it is actually forced, i.e.,
when the two phases touch at a point. Here, AT™* is the coercive
temperature. In Fig. 6, coercive temperature arises as a result
of having a boundary between different phases, it does not pre-
exist intrinsically within each domain. We associate the steep
slopes of the major loop with the quasi-continuous formation
of such links, i.e., with local topological changes, specifically
with the merger of metallic lakes on the HB and semiconduc-
tor lakes on the CB. Near the major loop ends Ts and T},
the global map consists of widely separated M- and S-lakes,
respectively. In these regions, we expect to see nonhysteretic
behavior, as was indeed observed in [8] and [9]. Consider now
a small backward excursion from 7j on the HB. As the temper-
ature decreases, some of the M-phase recedes and the S-phase
grows, changing the geometry of the global two-phase map.
However, topologically, the last formed M-link does not dis-
appear immediately for the same kinetic reason. One has two
S-regions that need to touch in order to wipe out the M-link.
It takes a backward excursion of amplitude AT™ to establish
an S-link, and thus, disconnect the last M-link. So long as we
are within AT™, i.e., stay on the same NHB, the area of S-
and M-domains changes continuously, but the topology is sta-
ble and no new links are formed. Within the range of that stable
or frozen topology AT* = A'lxyp, the resistivity of NHB will
be single-valued and its 7-dependence will be controlled by the
percolating semiconductor phase. This explains the appearance
of NHB-s and why they have semiconducting slopes.

We can further attribute the observed TCR enhancement in
some of the NHB-s, where TCR-s exceed the S-phase value [see
Figs. 3 and 5], to a geometric area effect. We note that higher
T implies increased area of the M-phase, even if no new links
are formed. The smooth change in geometry discussed earlier
produces an extra T-dependence, adding to the semiconductor
slope within a NHB, so that the TCR is enhanced compared to
its S-phase value. This effect will be observed in temperature
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intervals, where this smooth change in geometry takes place
(generally, within a major loop), being stronger when the rate of
area redistribution dA ), /dT = —dAg /dT is higher. As we can
see from Figs. 3 and 5, peak values of TCR-s in NHB-s corre-
spond to peak values of TCR-s on the major loop, and stronger
(higher RR) overall transition produces correspondingly higher
TCR-s in NHB-s. Both points are naturally explained within our
qualitative picture. The aforementioned area redistribution rates
are reflected in optical slopes, and correlation between these
slopes and observed TCR peaks [8], [9] further supports this
picture.

The percolation picture is also helpful in the qualitative un-
derstanding of why there must be a maximum in the area re-
distribution rate dA,,/dT. With the changing temperature, the
boundary between S- and M-phases moves, each section of the
boundary line advancing in the direction normal to this line at
any given temperature. It is clear that the highest rate of change
of the area of each phase will, therefore, occur when the bound-
ary is the longest, i.e., near the percolation transition. If the
picture is correct, then the observed peaks in TCR versus 7" in
Figs. 3 and 5 occur right at the percolation transition, and is in
fact a signature of this transition.

Finally, we see in Figs. 3 and 5 that at temperatures above
the TCR peaks, i.e., above the percolation transition, TCR-s are
quickly decreasing. Indeed, once the M-phase percolates, it is
shorting out the S-phase, and such decrease is to be expected.

We recognize that some of the features of the qualitative pic-
ture presented earlier, such as the absence of intrinsic hysteresis
in isolated microdomains, should be at this time treated as a
hypothesis in need of additional experimental verification.

VI. RESISTIVE MICROBOLOMETERS IN NHB REGIME

A detailed discussion of the NHB method in the context
of IR visualization with resistive microbolometers (the UFPA
technology) is given in [8]. Here, we only give a brief summary.
Good quality, single-phase VO, films will replace mixed oxide
VO as sensor material in pixilated bolometric array. Despite
using VOg, there is no hysteresis when the sensor array operates
within a NHB. The NHB will be chosen on the basis of its desired
resistance, which can be adjusted in a wide range in order to be
matched to the readout circuit amplifier, and to be low enough
to minimize both the noise and the Joule heating. The resistance
will be 2-3 orders of magnitude smaller than the unacceptably
high VO, resistance at 25 °C, while maintaining semiconducting
TCR. The NHB will be also chosen so as to maximize TCR,
which, as we have seen, varies between different NHB-s around
the major loop, peaking at the percolation transition, with values
up to 6% °C~! in samples with RR = 1400 and up to 21% °C~!
in samples with RR = 8700. The operating temperature Tpp
(i.e., the temperature at which the sensor array is stabilized
awaiting the projected IR signal) will be chosen within a NHB,
e.g., in the middle of the total NHB width ATyyp. Because of
the hysteresis, the process of reaching Tpp starting from room
temperature requires performing certain heating and cooling
steps. Specifically, positioning an array at Top will require:
on a HB, warming up to 7j and cooling down to Top; on a

CB, warming up to above T}, cooling down to 7}, and again
warming up to Top.

The relatively narrow operating range (= 6 °C in moderate,
and =~ 2 °C in strong transition samples), if it presents a prob-
lem, may be avoided altogether using an approach that requires
no excursions from the operating temperature at all. Lerner [14]
describes a heat balancing design in which an electrothermal
feedback is used to maintain both the resistance and temperature
at a constant value. Instead of directly detecting the tempera-
ture change by measuring changes in resistance, electric power
is delivered to each detector pixel in such a way as to balance
the heat absorbed from the target. As incoming radiation in-
creases, the power needed to maintain a constant temperature
decreases. The measure of said power difference provides in-
formation about heat input into the microbolometer from the
scene. This approach was designed to avoid individual array
calibration [14], but it also appears very well suited for our
NHB regime.
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