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VO TES as Room Temperature THz Detectors

Biddut K. Banik, Harald F. Merkel

Abstract- VOx materials hold very high potential to be used
as room temperature bolometer. A brief review on room
temperature bolometers and VO x characteristics is presented.
The hysteretic metal insulator transition behavior of a VOx
microbolometer has been investigated. An algebraic hysteresis
model has been used to model the resistance temperature
characteristic of the bolometer. The magnetic limiting loop
proximity (L2P) hysteresis theory is modified to represent the
VOx major and minor hysteresis loops. The responsivity of the
bolometer is also calculated. Loop accommodation process is
explained. Nonsymmetrical hysteretic behavior has also been
discussed.

Index Terms- Bolometers, hysteresis, vanadium oxide.

I. INTRODUCTION

TODAY THz detectors are exclusively based on
1 superconducting materials. Superconducting Tunnel

Elements (SIS), Transition Edge Sensors (TES) have
been used as direct detectors while Hot Electron Bolometers
(HEB) has been used for heterodyne receivers without
frequency limitations. These sensors have become standard
solutions for radioastronomy and other remote sensing
applications. In recent years, security and safety applications
have emerged as potentially new applications for THz
technology. Proposed systems (e.g. airport security, standoff
checkpoints) for detection of explosives and concealed
weapons require imaging and detection at some 20 m
distance. Compared to radioastronomic applications, the
requirements on spectroscopic resolution are here greatly
relaxed. Interesting molecular lines are temperature and
pressure-widened. Imaging is crucial, so any commercially
interesting detector system must be capable to be extendable
to 100s and 1000s of pixels. Commercially viable systems
must operate at room temperature or even better at elevated
temperature levels. The advantages of uncooled sensors
include no cryogenics, and no related complicated problems
including additional power requirements, thermal shielding,
and limited lifetime and additional weight and bulk. The
results of such a basic study are presented in this work.
Room temperature THz detection using composite
bolometers, nanowires and nanotechnology, antenna
coupled quasi-optical systems, superconducting TES
devices having high Tc (YBaCuO) have been reported.
Being used in military applications in the Near Infrared and
having a very good potential as direct-detection detector, the
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use of vanadium oxides (V0) for room temperature THz
detection is still virtually unexplored.

Vanadium oxide materials exhibit so-called Magndli
phase transition (i.e. between a metallic and semiconducting
state) typically located at 68 °C, for the case of V02.
Location and steepness of the transition temperature of VO„
films can be modified by varying process parameters as
annealing temperature (in a sol-gel process) or doping the
vanadium oxide with other cations or alternatively having a
stochiometrically inaccurate mixture of VO2 and V304.

II. Room TEMPERATURE BOLOMETERS

A. A brief review

YBaCuO thin film bolometer for uncooled infrared
detection has already been investigated [1] where YBaCuO
on a Si substrate with and without a MgO buffer layer, and
on an oxidized Si substrate with and without a MgO buffer
layer were characterized. TCRs for all the films were greater
than 2.5% K. The highest TCR of 4.02% K -1 was observed
on the amorphous YBaCuO thin film deposited on MgO/Si
without a Si02 layer. YBaCuO bolometers have a
responsivity as high as 3.8x10 5 V/W and a detectivity as
high as 1.6x109 cm Hz1/2/W for 1 IA bias current and frame
frequency of 30 Hz if integrated with a typical air gap
thermal isolation structure. Microbolometers have been
fabricated using a thin niobium film [2] as the detector
element to operate at room temperature. The reported
responsivity was up to 21 WW at a bias of 6.4 mA, and
electrical noise equivalent powers (NEP) of as low as 1.1 x
10-1° WA/Hz at 1 kHz. Metal bolometers at room
temperature made of Pt, Au, Bi, and Ni have also been
investigated [3].

B. VOx Bolometers

Vanadium oxide thin films have been adopted [4] to make
a 320 x 240 pixel IR detector and the reported NETD (noise
equivalent temperature difference) was smaller than 0.1K at
60 Hz frame rate. The reported TCR is -1.64%/K and
thermal time constant is 12 ms. VQ, thin film bolometers
have been investigated and characterized by few other
research groups [5, 6]. V205NN205 multilayer vanadium
oxide thin films have been fabricated with high temperature
coefficient [7]. Another 160 x 128 uncooled infrared sensor
array was reported where calculated NETD for 4.25V
bolometer bias and 2.74% TCR is 72 mK with f/1.8 optics
[8]. A 16 x 16 array has been reported having responsivity
of 1200 V/W, a detectivity of 2.2x10 cmHz 2/W and NETD
of 200 mK at 0.5 Hz frame rate [9].

47



T + 273_

0.9

0.8

0.7

0.6
1- 

0.5

0.4

0.3

0.2

0.1

55 60 65 70

(a)

4.5

4 -

3.5 -

3

2.5
cc

2

1.5

1 -

0.5

(
10 55 60 65 70 75 85 90

17th International Symposium on Space Terahertz Technology P1-01

III. VANADIUM OXIDE

A. VO, characteristics
Several oxides of vanadium, such as VO, V203, V02,

V305, V60 13 , and V205, undergo a transition from a metal to
a semiconductor or insulator phase at a critical temperature.
V02 undergoes this transition near 68 °C as it transforms
from a monoclinic to a tetragonal crystal structure,
accompanied by large changes in electrical and optical
behavior.

The phase transition properties make VOx suitable for
fabrication of a variety of electrical and optical devices,
including electrical switching elements, thermistor thermal
relays and optical switching elements. VO„ materials were
used as intelligent window coatings [10]. Metal-insulator
transition mechanism has been investigated [11]. The
temperature and strain dependence of VOx film resistance
was also investigated [14 Vanadium oxide films exhibit
some interesting optical properties such as optical
birefringence, electrochromism or optical switching [13].
The nature of the condensed phases formed upon hydrolysis
and condensation.

The electrical and optical properties of VOx largely
depend on the derivation or deposition process, process
temperature, ambient temperature, pressure, Stoichiometric
composition, doping, grain size, type of substrate, specific
orientation on its substrate [14-21]. Hysteresis width down
to 1K has been reported [22]. Electrical and infrared
properties of Vanadium Oxide nanocrystalline powder and
thin films have been investigated [23].

Large negative temperature coefficients of resistance for
high quality films have been reported [24]. Present uncooled
VOx bolometers are operated in the nonhysteretic metallic
part of its resistance-temperature (R-T) curve, at
temperatures below the metal-insulator (M-I) transition.

IV. VOx CHARACTERIZATION

A. Hysteresis modeling
The magnetic limiting loop proximity (L 2P) hysteresis

theory is modified to represent (1) the major hysteresis
loops [25] where Ms is the saturation value, Hc is coercivity
field, 110 is a material dependent constant and 5 is a sign
operator.

M(H) = -
2
 Ms arctan 

H - He 

(1)
ho

It should be mentioned that (1) represents only the major
hysteresis curve. To represent any arbitrary point (H, Al) and
to incorporate minor loops, (1) has been modified by [25].

2 H 
pr

g Hc + H
M(H) = - Ms arctan (2)

ir ho

H - H r
x=

	

	 	 (3)
Hpr

Where, "pr is the proximity field at reversal point Hr, and
P(x) is the proximity function. P(x) = 1-sinx for 2 .x <
and P(x) ------ 0 otherwise. Here and ho are material

dependent constants.
The temperature dependent resistivity of VOx

bolometer can be represented as (4) where Rs is the
saturation value of R(T) at high temperature end, x and u are
dependent on the saturation value of R(T) at low
temperature end and on R-T slope, v(T) incorporates the
hysteresis loop, w is the hysteresis width, fig represents the
slope of v(T), Tc is the critical temperature and (5 =
sign(dT/dt). fig 13g+ for 6 1 and fig = fig_ for = -1.
Typically fig+ = fig_ for VOx materials but the values are
different for doped V0x, for instance, as fig becomes
dependent on 6 and T[13].

R(T) = Rs + exp

v(T) = 0.5 1.1 + tanh fig y

r=t5E+Tc-T
2

Fig. 1 demonstrates v(T) and R(T) for 68 °C, fig = fig+ =
fig..= 0.2, w=6.5 °C, x = 20 and w=2500 and Rs = 120.

(b)

Fig. 1. (a) v(7) and (b) R(7) major loop for Tc--- 68 °C, w=6.5 °C

B. Incorporating minor loops
To incorporate minor loops, (6) can be modified with (2)

to attain (7) where Tpr is the proximity temperature at
reversal temperature point Tr. It should be noticed that for
the case of major loop, Tp.= w at any reversal point.
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Here, yr y(Tr) and vr = v(Tr) as in (6) and (5)
consecutively. Tpr and yr are changed only at the reversal
point Tr and remain unchanged until the next reversal point.
Is should be mentioned that for calculating v r at T  takes
the value of Tpr (Tr — Al) which is basically the value of
Tpr before the reversal point. Fig.2 (a d) demonstrates the
v(T) and R(T) loops where the Tri 

=72 °C and Tr2 ----62 'C.

(b)

A /\\ A /
/ V V V \v/

8C,C' 1 .02

(C)

Fig. 2. (a) v(T) and (b) R(T) major and minor loops for Tc= 68 °C, w=6.5
°C and Tr1 =72 °C and Tr2=62 °C (c) shows the variation of T with time and
the corresponding change of R(T) is presented in (d).

For smaller change in temperature, TH =72 °C and Tr2=67
T and the corresponding v(T) and R(T) loops are presented
in Fig. 3(a-d)

Fig. 3. (a) o(T) and (b) R(T) major and minor loops for Tc= 68 °C, w=6.5
°C and Trj —72 °C and Tr2=67 °C (c) shows the variation of T with time and
the corresponding change of R(T) is presented in (d).

It can be seen from Fig. 2 that the minor loops are
stabilized readily for large minor loops while Fig. 3 shows
that minor loops become stabilized after few cycles. The
stabilization time is inversely proportional to the area of
minor loops in R-T plane. Fig. 2 and Fig. 3 explain the loop
accommodation process in VOx.

C. Nonsymmetrical hysteresis modeling
In order to realize nonsymmetrical hysteresis behavior,

the hysteresis width w can be modified to express the
ascending loop as (13).

w_ = 0.5 w, 11 — tanh (13 g_(Tc —T))1+ w2 (11)

Here wiand w2 depend on the limiting values of w_. Fig. 4
shows the v(T) and R(T) major loops for nonsymmetrical
case.

Fig. 4. (a) 0(7) and (b) R(1) major loops for nonsymmetrical hysteresis
case.

D. Responsivity
The voltage responsivity (14) is expressed in (12) where

Gm is thermal conductance, VB is bias voltage, i is
absorbance and rd, is thermal time constant. KIT is expressed
in (13). Fig. 5 shows that the responsivity is increased by a
factor of 3 when the bolometer is operated in the hysteretic
region.
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Fig. 5. RdT for major ascending and descending loop; corresponds to
normalized responsivity expressed in (12). For the descending loop, peak is
observed at 70.66 'C.

V. CONCLUSION

Vox materials are extremely promising for room
temperature THz applications. Higher TCR can be achieved
by high quality VOx films, even with multilayer and doped
films. The hysteresis width can also be minimized by
fabrication process. NETD can be reduced by introducing
on-chip readout circuit (ROIC). The main challenge is to
operate the VOx bolometer in the hysteretic region at
suitable operating point to attain high TCR. Considering the
thermal conductance (Gth) and thermal time constant (Tth),
Peltier elements can be used to cool down and heat up the
bolometer to the optimum operating point.
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