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Abstract. The influence of electrothermal feedback and hysteresis on
the operation conditions, noise, and performance of a VO2 transition-
edge microbolometer has been evaluated. The material undergoes a
first-order semiconductor-to-metal phase transition �SMT� within the tem-
perature range 40�T�70 °C. Due to electrothermal feedback, all de-
vice parameters, including the required heat-sink temperature, output
voltage and current response, response time, linear dynamic range, re-
sponsivity, noise, and detectivity, display complex and nonlinear varia-
tions with temperature, electrical biasing conditions, input radiation lev-
els, and hysteresis width. In the constant-current mode, the device
responsivity extends over a broad temperature range, but under
constant-voltage operation it is sharply localized and restricted to the
SMT center. Film quality, as represented by the transition and the hys-
teresis width and the flicker noise magnitude, crucially affects device
performance. In the weak hysteretic case and at low 1/ f noise levels, the
device detectivity improves substantially in both operation modes. The
spectral range of the device is largely determined by the optical absorp-
tivity of the VO2 film. For operation within the SMT, it extends well into
the far IR wavelength region of the atmospheric window, but is substan-
tially smaller for operation in the semiconducting region. © 2008 Society of
Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2956386�

Subject terms: thermal sensor; modeling; semiconductor-metal transition; metal-
insulator transition; transition edge; microbolometer; vanadium dioxide; electro-
thermal feedback; hysteresis.
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Introduction

ncooled infrared imaging systems are lightweight, de-
and low power, and are much less expensive than cooled

nfrared quantum detectors. However, most present devices
perate in the semiconducting phase and thus exhibit low
etectivity �D*�107 cm Hz1/2 W−1�. Moving the operating
oint of these devices toward the transition region may in-
rease the detectivity by several orders of magnitude. How-
ver, when operated in this region these devices usually
xhibit hysteresis, a largely disregarded complex, nonlin-
ar, and history-dependent phenomenon. So far, evaluation
f the expected performance of a vanadium dioxide �VO2�
ransition edge device has not been possible because of the
ack of a suited theoretical model. Quite recently, research-
rs at North Carolina State University have succeeded in
aking very high-quality VO2 films, almost hysteresis-

ree, which should allow high detectivity �D*�108 cm
z1/2 W−1�.
Transition-edge microbolometers have attracted renewed

ttention as sensitive, spectrally broadband radiation-
ensing devices. Applications also include fast-responding
icrocalorimeters for x-ray, �-ray, and nuclear particle

091-3286/2008/$25.00 © 2008 SPIE
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detection, and bolometer mixers.2 The physical function
and optimization of superconducting low- and high-TC
transition-edge devices are now well understood. Instru-
ments showing superior performance have been realized.3,4

However, design and operation of superconducting
transition-edge devices is technically demanding and ex-
pensive, due to the need for cooling and control at cryo-
genic temperatures. Recently, nonstoichiometric vanadium
dioxide and tungsten-doped array configurations, exhibiting
improved operation at ambient temperature, have been ex-
ploited in the absence of a phase transition, using advanced
micromachining technology.5,6

Here, we extend the hysteresis model proposed in Ref. 7
to evaluate the bolometric figures of merit and performance
of VO2-based transition edge sensors. VO2-based radiomet-
ric sensors can be operated in both the anhysteretic, semi-
conducting state at lower T and as transition-edge devices
within a very fast-switching semiconductor-to-metal solid-
state phase transition. The electronic solid-state transition
appears slightly above ambient temperature, which substan-
tially simplifies the use of the instrument. Devices can be
operated under electrical current or voltage biases �Ib or Vb�
while maintaining strong electrothermal feedback �ETF�
conditions. ETF in transition-edge devices leads to pro-
nounced nonlinear behavior. Such effects are mainly caused
by temperature- and bias-dependent Joule heating or cool-
July 2008/Vol. 47�7�1
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ng dJV,I of the sensing element, and linked to strong
emperature-induced film resistance variations dRS. Quanti-
atively, ETF is described by the variation of dJV,I /dRS.
hus, for materials that exhibit negative values of the tem-
erature coefficient of resistance �TCR� �, operation in the
onstant-current mode �CCM� causes a decrease �dJI

−I2�RS dT� on radiation heating dT, and the electrother-
al feedback is negative. In contrast the constant-voltage
ode �CVM�, exhibiting positive ETF, leads to an increase

n dJ �dJV= +V2� dT /RS�.
For polycrystalline and epitaxial VO2 films, as well

s bulk crystals, the semiconductor-to-metal phase transi-
ion �SMT� is well established over an extended period8,9

overing a transition temperature range 40 to 70 °C.
he physical mechanism and origin of the SMT in VO2
till appear controversial, but are linked to a delicate,
emperature-affected interplay and balance between the
lectron-electron correlations of a Mott-Hubbard insulator
nd an ordinary metal.1 A further yet little explored and
nteresting feature is the presence of a pronounced negative
ifferential resistance effect in the current-voltage charac-
eristics, induced within the transition region by Joule
elf-heating.10 All attempts at accurate modeling and opti-
ization of VO2-based microbolometers for improving the

chievable figures of merit in device operation are severely
ampered by the hysteretic nature of the phase-transition.
hase switching properties of VO2-V2O5 films and appli-
ations to optical switches and bolometric light detectors
ave been reported in Refs. 11 and 12.

Analysis of the thermal-device–radiation interaction re-
eals that periodically incoming radiation, interacting with
he heat-sensitive VO2 film, leads to the formation of a

inor hysteresis loop. The phenomenon is not treated by
lassical hysteresis models, such as the integral Preisach13

nd the differential Jiles model,14 which are both unsuited
or hysteresis modeling in the present application.

Accurate device modeling, being essential to identify
ptimum operation requirements, thus relies on implemen-
ation of an appropriately adapted hysteresis model. As a
unction of operating and biasing conditions, and in the
resence of strong electrothermal feedback, the following
gures of merit were explored: characteristics of device
utput signal and responsivity, associated linear dynamic
ange, response times and frequency range of operation,
olometer noise, and achievable detectivities.

Finally, the present investigation includes an evaluation
f the optical absorptivity � and associated spectral range
or the device under consideration, covering the wavelength
ange 0.35���10 �m.

Device Design and Modeling
n this work, a follow-up to earlier reported bolometer per-
ormance studies is presented. It refers to both a supercon-
ucting high-TC transition-edge microbolometer15 and a
O2-based transition-edge device explored, however, in the

bsence of electrothermal feedback effects.16 The design
oute under consideration comprises a very thin
50- to 100 nm� semitransparent and optically absorbing
O2 film, deposited onto a square supporting Si membrane
f size 1�10−2 cm2 and thickness 1 �m. To maintain me-
hanical integrity of the device both G and C must be
eff eff

ptical Engineering 073603-
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sufficiently high. Here, the supporting membrane is fully
suspended and thermally coupled via a high coupling coef-
ficient Geff to the surrounding, massive Si substrate. It
serves as a temperature-controlled heat spreader, mounted
on a current-controlled Peltier element. Details of the asso-
ciated thermal control loop are not further elaborated here.
The thermophysical properties of the present device ar-
rangement, defined by Ceff and Geff, largely originate from
the supporting Si membrane.

Temperature adjustment of the operation point within
the transition can be achieved by means of a Peltier-
element cooler thermoelectric �TEC�. Since the transition
region is above ambient T, the TEC will be operated at low
bias in heating mode, and the Si substrate of the VO2 sen-
sor device attached to the TEC hot plate. Its cold site is
connected to an air-blown heat sink, which exhibits a suf-
ficiently large heat capacity. However, for high electrical
device biasing under strong electrothermal feedback, ther-
moelectric cooling would be required to compensate Joule
device heating. State-of-the art TECs provide sufficient
cooling capacity. An appropriately designed TEC stabiliza-
tion system has been reported in Ref. 17, where tempera-
ture stability of 2.5 mK has been established. For moderate
values of the transition width �4 to 6 K�, thermal stability
of 	100 mK can be considered sufficient for bolometer
operating points within the transition region. In connection
with a high-heat-capacity heat sink, an appropriately de-
signed proportional-integral �PI� control circuit for the TEC
can be implemented that would fully suppress fast thermal
fluctuations that appear in high-rate IR imaging applica-
tions.

2.1 Electrothermal Response Model
The heat balance equation appropriately describes the
physical function of a bolometer. The numerical Simulink
simulations included the thermal control loop, implemented
with a proportional integral-derivative controller. Thus,
easy-to-explore analytical expressions defining the figures
of merit are not available for this work. The differential
equation has been combined with a previously developed
hysteresis model, precisely matched to the R-T characteris-
tics of the VO2 film.7 The earlier-used thermal device pa-
rameters Ceff and Geff, ascribed to a superconducting Si-
membrane transition-edge device3 have been adopted in the
present bolometer design. Briefly, the heat balance equation
is expressed as

Ceff
d�TS − TH�

dt
= �JCCM or JCVM or JCTM�

− Geff�TS − TH� + �P0, �1�

where �P0 is the absorbed input radiation power, � is the
optical absorptivity, TS is the sensor temperature, TH is the
heat-sink temperature, Geff incorporates the coupling coef-
ficient and thermal conductivity from the heat-sensing ele-
ment to the heat sink, Ceff is the thermal energy stored at
the device, and JV,I is the Joule power applied by electrical
biasing of the device with current Ib or voltage Vb. It is
given as JCCM= Ib

2RS for CCM operation with voltage read-
out and negative electrothermal feedback, and as JCVM
=V2 /R for CVM operation, current readout, and positive
b S
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lectrothermal feedback. Under very low electrical bias val-
es and absence of ETF, an inherent sensor-specific re-
ponse time can be defined as 
i=Ceff /Geff. As is evident
rom Figs. 2–6 in Sec. 3, the device temperature, biasing
onditions, and input radiation levels crucially affect device
erformance and dynamic properties. Under equilibrium
onditions, i.e., d�TS−TH� /dt=0, in the absence of input
adiation �P0, the actual sensor temperature TS is deter-
ined by Geff, the applied Joule biasing power JCCM,CVM,

nd adjusted heat sink temperature TH according to

S =
JCCM,CVM

Geff
+ TH. �2�

.2 Electrical Biasing Conditions

o avoid thermal instability under conditions of positive
TF, bias levels must not exceed a critical value Vb. Ac-
ording to Ref. 18 the critical voltage for simple negative
emperature coefficient �NTC� thermistor materials like Ge
an be written as Vb

2=−GR0 /�. At higher bias voltages,
hermal runaway usually occurs, along with device destruc-
ion. However, the simplified model does not apply for
ransitions-edge devices, where R0 and � are not constant
uantities, but vary strongly with temperature. Vb also is
ffected by the presence of minor-loop hysteresis, and de-
reases with increasing radiation magnitude. Simulation
uns indicated the appearance of an instability at Vb

1.3 V. The critical bias voltage thus has been limited to a
0%-lower value, to maintain operation under safe condi-
ions. However, it is important to note that the simulations
id not display destructive thermal runaway above the criti-
al voltage, but a rapid increase in the signal noise figure,
long with unpredictable responsivity variations. This
omewhat unexpected effect of self-stabilization under
ositive ETF in transition-edge devices will be described
lsewhere.19 The bias current Ib under conditions of nega-
ive ETF has been arbitrarily limited to 2.1 mA, mainly to
void excessive cooling of the heat sink far below ambient
emperature.

.3 VO2 Hysteresis Model

riefly, the purely algebraic so-called limiting loop �L2P�
ysteresis model comprises a set of four adjustable param-
ters to fully describe a hysteretic transition.20 It includes
he behavior of major, minor, and nested loops, as well as
he loop accommodation process. This phenomenon is par-
icularly important for accurate bolometer simulation. To
educe the processing time for the lengthy calculations,
inor-loop accommodation was terminated after 10 cycles.
he hysteretic variation of the VO2 film resistance as a

unction of temperature, RS�TS�, can be expressed in an
lgebraic form as

S�TS� = 17 exp� 2553

TS + 273
�g�TS� + 140, �3�

here
ptical Engineering 073603-
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g�TS� =
1

2
+ �1 + tanh ���

w

2
+ TC

− �TS + TprP�TS − TC

Tpr
���� �4�

and

Tpr = �
w

2
+ TC −

1

�
arctanh�2gr − 1� − Tr, �5�

with

� = sign�dTS

dt
� �6�

denoting the sign function that defines the polarity of the
rate of the temperature variation, applied to the film. The
temperature Tpr is the proximity temperature at the start of
a new branch, and P�x� is the proximity function, with x
= �TS−TC� /Tpr, defined by

P�x� =
1

2
�1 − sin �x�	1 + tanh��2 − 2�x�
 . �7�

2.4 Noise Model
The sensor noise is crucially affected by bias conditions,
temperature, and operation frequency and determines the
achievable sensor detectivity D*. The crucial device figure
of merit is defined as D

V,I
* =F1/2SV,I / ��Vtot

N ,�Itot
N �. Noise

modeling has been performed, adopting the same model
with refined parameters that was reported earlier in detail in
Ref. 21 for the superconducting high-TC transition-edge mi-
crobolometer. Briefly, four individual contributions, ��Ii

N�
and ��Vi

N�, constitute the total device noise voltage ��Vtot
N �

= �i=1
4 ��Vi

N�2�1/2 in the CCM, as

��Vtot
N � = �4kBTCRC +

SV
28FkBTB

5

�

+
SV

24kBTC
2 Geff

�
+

KNIB
2RC

2

Adfn �1/2

, �8�

and the total current noise ��Itot
N �= ���IN

2 ��1/2 in the CVM
is likewise

��Itot
N � = �4kBTC

RC
+

SI
28ABkBTB

5

�

+
SI

24kBTC
2 Geff

�
+

KNVB
2

RC
2 Adfn�1/2

. �9�

The individual noise contributions are called, in order, the
frequency-independent resistance �Johnson� noise; the
background radiation �photon� noise; the thermal fluctua-
tion �phonon� noise induced by thermal contact and ex-
change with the heat sink; and finally the frequency-
varying �flicker� 1 / f noise. Both photon and phonon noise
scale with the frequency-dependent sensor responsivity.
July 2008/Vol. 47�7�3
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To quantify the dominating 1 / f noise contribution for
O2 films, we here use the approach described earlier in
ef. 22. There are no experimental data available on the
ooge coefficient of VO2 films, commonly required to
uantify the 1 / f noise contribution. Thus, the flicker noise
xpression has been replaced with an empirical formula,
ncluding an experimentally determined noise scaling factor

N that varies over 4 orders of magnitude from 3.2
10−18 to 2.4�10−22, similar to the noise-modeling ap-

roach from Ref. 23. This quantity crucially depends on the
lm quality, and scales with the grain size of the VO2 film.
he parameters entering into the noise model are listed in
able 1.

.5 Optical Model
he optical absorptivity � has been determined, using the
resnel equation system in its matrix representation. Real
nd imaginary refractive index values for VO2 and Si have
een taken from Refs. 24 and 25. Calculations have been
erformed using optical constants at 300 and 350 K in the
urely semiconducting and the SMT state of VO2, respec-
ively. The geometry corresponds to a bilayer system, com-
rising a thin VO2-film at various thicknesses 0�d
100 nm, on a 1-�m-thick supporting Si membrane. Cal-

ulations were performed at perpendicular radiation inci-
ence, covering the wavelength range 0.35���10 �m.

Results and Discussion
igure 1�a� displays the calculated R-T hysteresis curve,
atched to the experimentally recorded thermal resistance

ariation of a thin VO2 film sputter-deposited onto a Si
ubstrate. The inset shows a pulse train of applied rectan-
ular radiation, and illustrates the related temporal voltage
esponse of the film in the CCM. Associated minor-loop
ormation and accommodation pertaining to the pulse train
re resolved within the descending major loop. Figures
�a�–1�c� outline the associated variation of the electrical

Table 1 Film parameters and physical constants.

uantity Unit Value

oltzmann constant kB J/K 1.38�10−23

tefan-Boltzmann radiation constant
B

W/ �cm2 K4� 5.67�10−12

ackground temperature TB K 300

ptical absorptivity � 0.5

ilm area A cm2 10−2

ilm thickness h cm 10−5

requency exponent n 1

requency f s−1 10−1� f�106

/ f-noise scaling factor KN cm3 3.2�10−18

hermal coupling coefficient Geff W/K 460�10−8
ptical Engineering 073603-
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Fig. 1 �a� Variation of VO2-film resistance as function of TS within
the phase transition. Hysteresis width is set at 6.5 K, total transition
width approximately 35 K. The broken line indicates the hysteresis-
free limit. Inset illustrates minor-loop formation in the descending
branch. Upper right pulse train resembles the thermal input signal;
lower left inset shows the voltage response signal due to minor-
loop formation. �b� dRS /dTS as function of TS for the descen-
ding, ascending, and central branches. �c� The associated �=
�1/R � dR /dT as function of T .
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O2 film parameters dRS /dTS and �= �1 /RS�dRS /dTS. The
ysteresis width was set to 6.5 K. Pronounced, separated
inima are resolved for both dRS /dTS and negative values

f the TCR, connected to the ascending and descending
S�TS� curves. The TCR is −3% in the semiconducting
hase, but increases to −38% within the transition region.
he central broken line indicates the SMT in the absence of
ysteresis. Note that the minima from dRS /dTS and
1 /RS�dRS /dTS are displaced by approximately 9 K.

Figures 2�a� and 2�b� outline the influence of ETF via
lectrical device biasing on operation conditions. Data were
btained at an input radiation level of 1 mW, revealing
pposite variations of the response time 
. In the CVM, 

ncreases weakly from 0.5 to 0.63 ms with increasing bias
oltage. In contrast, in the CCM, an almost linear decrease
f the response time appears with increasing bias currents.
t Ib=2 mA, 
 decreases from 0.5 ms to 145 �s. In the
VM, the critical bias voltage is limited to Vb�1.17 V. At
igher bias values sensor instability is imminent, but is ab-
ent for negative ETF conditions of the CCM. The inset to
ig. 2�a� reveals the influence of the accommodation pro-
ess, which requires �30 cycles for stabilization, revealing

stronger effect in the CVM. Figure 2�b� displays the
ariation of the heat-sink temperature TH as a function of
ias. In both operation modes, TH needs to be adjusted
elow ambient temperature by increasing the bias voltage
r current, to secure optimum operation at TS, in accor-
ance with Eq. �2�. The ETF effect is much more pro-
ounced in the CCM. The inset to Fig. 2�b� illustrates the
inear relation between sensor temperature TS and heat-sink
emperature TH at low bias current or voltage. Thermoelec-
ric �Peltier� cooling devices, conveniently used to maintain
H, are appropriate for bias currents �2 mA.

Figures 3�a�–3�d� illustrate the influence of the radiation
nput on the device output signal and the related response
imes. Both device features reveal complex, largely nonlin-
ar variations with the input signal. Figures 3�a� and 3�b�
isplay the characteristics under CCM operation for differ-
nt current biases. At low radiation levels, the voltage re-
ponse scales approximately linearly. At higher radiation
evels, a shift is observed and smaller slope, until signal
aturation appears, attributed to the control circuit. The
urve slope and ratio of the respective output signals with
adiation power provides the device responsivities SV,I
d�VS , IS� /dP, representing crucial figures of merit. The

inear dynamic range extends up to 8 mW at high bias cur-
ent. For low bias and radiation magnitudes, the response
ime varies weakly, decreases with increasing bias current
t low radiation levels, but displays a pronounced maxi-
um at higher radiation input.
The displayed device characteristic is substantially dif-

erent for CVM operation. Here, the current response
hroughout increases nonlinearly with the radiation level
nd bias voltage, resulting in a very small linear dynamic
ange, �1 mW at high bias, but increasing at low applied
oltage to about 3 mW. For very low radiation levels, 

hows little variation with radiation power and voltage bias.
he dynamic response changes drastically with higher bias
nd radiation input, leading to a sharp maximum around
mW, along with decreasing response times at higher in-

ut signals.
ptical Engineering 073603-
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Figures2 4�a�–4�d� illustrate the effects of operation and
biasing conditions on the device responsivities SV,I. Figure
4�a� outlines the variation with temperature for both opera-
tion modes, using logarithmic scaling. Bolometric response
data, obtained at 1-mW radiation input, were calculated
from the descending RS�TS� curves. Distinct differences be-
tween the two modes are resolved, including separated
maxima at 320.5 K for the CCM with 380 V /W, and at
334.41 K for the CVM with 0.15 A /W. The former ex-
tended feature approximately follows the inverted dRS /dTS
curve from Fig. 1�b�. It steadily increases toward
lower temperature, well into the semiconducting phase. The
CVM response characteristics—at substantially lower
magnitude—roughly resembles the inverted temperature
variation ��TS� of the TCR from Fig. 1�c�. The bell-shaped,
sharply localized feature is shifted by 14 K to higher TS.

The inset to Fig. 4�b� illustrates the action of the minor-
loop accommodation process, being similar to the inset to
Fig. 2�a�. The associated nonlinear variation of SV,I with
biasing conditions is shown in Fig. 4�b�. An extended,
broad maximum around 1.5-mA bias current is resolved in
the CCM. In the CVM, SV increases steadily with bias volt-
age, but is limited to 1.17 V to avoid operational instability.
Figure 4�c� shows the Bode plots SV,I�f� within the range
10−1� f �104 Hz. Data were taken at low bias current or
voltage, in the absence of ETF effects, where the 3-dB
rolloff appears at about 600 Hz for both modes. With
higher bias currents, it would shift to higher values, due to
the reduction of the time constant, in accord with the find-
ings of Fig. 2�a�. Figure 4�d� shows the variation of SV,I
with hysteresis width w, taken as a structural-material qual-
ity parameter. The data indicate a substantial device im-
provement of approximately a factor 4 in the absence of
hysteresis of the SMT, while little variation in the respon-
sivity has been found for hysteretic transitions within the
range 2�w�10 °C.

Figures 5�a�–5�d� illustrate the effects of operation and
biasing conditions on the current and voltage noise magni-
tudes ��Itot

N � and ��Vtot
N �, with 1-Hz bandwidth. Figure 5�a�

outlines the variation with temperature, using logarithmic
scaling to include both quantities. Both noise figures appear
inverted, displaying mirror symmetry around the TS axis,
and the output voltage fluctuations in the CCM substan-
tially exceed the noise magnitude ��Itot

N � of the CVM. The
variation of the noise figures with the biases is shown in
Fig. 5�b�. In both modes, a nonlinear increase with bias
current and voltage is seen. Again, the bias voltage in the
CVM is limited to 1.17 V to avoid device instability. Fig-
ure 5�c� shows the variation of both noise figures with fre-
quency within the range 10−1� f �104 Hz with log-log
scaling. Both noise figures decline at an identical rate
�f−1/2 indicating a dominating flicker noise contribution.
Figure 5�d� shows the corresponding variation of ��I� and
��V� with the hysteresis width w, taken as a structural-
material quality parameter. The data indicate a minor de-
crease for the CVM towards an anhysteretic characteristic
of the SMT, while no variation of the noise figures is re-
solved within the range 2�w�10 °C.

The noise figures ��Vtot
N �, within the frequency range

1� f �1000 Hz of a current-biased VO film at the center
2
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f the transition at 50 °C and in the semiconducting state at
8 °C can be seen in Fig. 4 of Ref. 16, indicating domi-
ance of 1 / f noise in the material. Generally, recorded volt-
ge noise magnitudes are substantially higher in the semi-
onducting state, in accord with the results of the present
oise model. The change of slope of ��Vtot

N � at f �30 Hz
see Fig. 4 of Ref. 16� in the transition region �50 °C�
ndicates the presence of a second, yet unidentified noise

echanism, not considered in the present work. A detailed
oise analysis of VO2 films has been reported previously in
ef. 26.

Figures 6�a�–6�d� illustrate the effects of operation and
iasing conditions on the device detectivity D

V,I
* , earlier

hosen as a quantitative parameter of device performance.
he variation with sensor temperature TS in Fig. 8�a� shows
ronounced maxima, located in both modes at 328 K.
hus, the previously reported peak separation of 14 K in
ig. 4�a� for the respective device responsivities is lifted for

V,I
* . While the performance in the CVM is superior to that

n the CCM within the transition region, the advantage dis-
ppears for operation in the semiconducting phase, where
evice detectivities are almost identical, and substantially
ower for both modes. The effect of the biases Ib and Vb on
he device performance is shown in Fig. 6�b�. A steady
egradation appears in the CCM with increasing bias cur-
ent, similar to the result of Fig. 2�a�, but is absent in the
VM. At low bias, in the absence of ETF, identical detec-

ivities were found. The influence of operating frequency is
hown in Fig. 6�c�, where pronounced maxima at 300 Hz
re resolved. The rapid device degradation towards lower
requency is due to the detrimental, large contribution of
/ f flicker noise, while the decrease in detectivity with in-
reasing f is attributed to the degrading responsivity curve
t high frequency, as seen in Fig. 4�c�. Figure 6�d� illus-
rates the D* variation with hysteresis width, where towards
nhysteretic conditions a pronounced improvement of al-
ost one order of magnitude is observable for CVM opera-

ion. The inset to Fig. 6�b� shows the ratio D* /
 for opera-
ion in both modes as a function of bias. Due to the
ecreasing response time in the CCM, as displayed in Fig.
�a�, the associated D* values remain balanced, leaving al-
ost identical overall device performance for the two
odes.
The strong influence of the earlier-mentioned flicker

oise on the device performance is shown in Fig. 7, where
* is plotted as a function of the associated prefactor KN.
he analysis reveals that a substantial improvement of D*
f up to 7�108 cm Hz1/2 W−1 is achievable in the CVM.
he associated relation between film quality and KN is il-

ustrated in the inset to Fig. 7, where experimental findings
rom Table 1 of Ref. 22 are plotted in logarithmic scaling.

remarkable, sharp increase of KN and related degradation
f device performance is observable with increasing phase
ransition width of the VO2-film material. No clear corre-
ation has been identified between hysteresis width and KN.

Finally, Figs. 8�a� and 8�b� illustrate the spectral detec-
ion range of the microbolometer for both the center of the
MT at 355 K and the semiconducting state at 300 K, dis-
layed in the inset. The device absorptivity � has been ob-
ained at perpendicular radiation incidence. Two cases have
een evaluated: placement of the VO film below the Si
2

ptical Engineering 073603-1
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membrane 	Fig. 8�a�
 and above the Si membrane 	Fig.
8�b�
. In the former case strong oscillatory behavior is
found, while in the latter one sees a smooth absorptivity
decrease towards longer wavelength. The optical quantity
ultimately scales with D*, covering the wavelength range
0.35���10 �m, and displays pronounced spectral varia-
tions. The absorbed radiation transforms into heat, thus
changing the film resistance, with the two device materials
contributing differently. Since silicon is optically transmit-
ting below its optical band gap, �photon energies
�1.05 eV�, the thin membrane support accounts for high �
and D* values within the visible to near-infrared �NIR�
wavelength region, at 0.35���1 �m. The optical absorp-
tion feature extending into the far infrared �FIR� region;
thus is attributed primarily to the optical properties of the
VO2 film, being remarkably different in the SMT and the
semiconducting phase. The spectral absorption range has
been examined here for ��0.2 at 100-nm VO2-film thick-
ness. Within the SMT, the spectral range extends into the
FIR region up to �=6 �m, but is limited to �1.3 �m in the
semiconducting phase at 300 K, as illustrated in the inset.

The present device evaluation for a NTC material
clearly demonstrates the inverted sensing characteristic of
VO2 films, compared to the earlier-mentioned high-TC su-
perconducting transition-edge devices, exhibiting positive
TCRs. This is immediate from Fig. 1�b� of Ref. 15, where a
localized, bell-shaped response curve appears in the CCM
with positive ETF, but a substantially extended operation
range toward decreasing TS appears in the CVM, due to
negative ETF. Similarly, the sensor dynamics is strongly
affected by biasing: with achievable response time 

�10 �s for the high-TC transition-edge device under high
bias voltages in the CVM from Fig. 1�b� of Ref. 15, the
superconducting device provides a much shorter response
time than the VO2 microbolometer. According to Fig. 2�a�,
at high bias currents of 2 mA, the shortest achievable 

under strong ETF decreases to 145 �s. Evidently, the in-
verted sensor characteristic results from the opposite signs
in the TCR for the different materials, which alternate the
action of positive versus negative electrothermal feedback.

Substantial differences also appear in the magnitude of
achievable device detectivity: experimental high-TC super-
conducting transition-edge devices have been reported with
D* values as high as 1.6�1010 cm Hz1/2 W−1 under posi-
tive ETF and at low operation frequency in Ref. 4. For
low-TC devices, D* even may increase up to 1018 cm
Hz1/2 W−1. In contrast, as visible from Fig. 7, attainable D*

values for VO2 in the present design, at moderate noise
magnitudes, would remain �1�108 cm Hz1/2 W−1. This
quantity remains well within the limits known for other
noncooled thermal detectors, including high-TC microbo-
lometers based on yttrium barium copper oxide, operated
far from the phase transition.27 The reduced performance of
the VO2-microbolometer compared to the superconducting
devices primarily originates from the much higher operat-
ing temperature �330 versus 90 K�, which leads to substan-
tially higher resistance �Johnson� and phonon noise contri-
butions, scaling with TC and TC

2 , respectively. Experimental
bolometer matrices reported in Ref. 22 compare well with
the present analysis, with D*�5�107 cm Hz1/2 W−1 for
K =4.4�10−20 cm−3, obtained in the CCM.
N
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Experimental 32�32 two-leg-suspended microbolo-
eter arrays have been reported in Ref. 28, employing non-

toichiometric VO2 films. The devices were operated in the
VM, in the absence of a clear SMT phase transition, at-

aining moderate D*�2.1�108 cm Hz1/2 W−1 at 
=10 ms,
sing blackbody �8- to 12-�m wavelength� input radiation.
igure 6 of Ref. 28 confirms the simulation results of Fig.
�b� of this work, where an increase of D

V
* with the bias

oltage is predicted for CVM operation. Micromachined
olometer devices reported in Ref. 5, with a similar design
nd in the absence of an SMT, yielded somewhat lower
erformance, D*�1.1�107 cm Hz1/2 W−1, at low bias cur-
ents, with 
=0.723 ms. An alloyed vanadium-tungsten ox-
de film served as the sensing material, deposited onto
ixNy membranes. Electrical recordings were taken in the
CM, using optical input by the FIR radiation of a CO2

aser at 10.6-�m wavelength. To maintain optical absorp-
ion in the FIR region, an additional NiCr film was used in
he design. ETF effects were not considered in the device
valuations.

As illustrated before, the performance of VO2 microbo-
ometer devices can be substantially improved by optimal
election of electrical biasing conditions and selected mode
f operation, sensor and heat-sink temperature, frequency
ange, and the VO2 film material with regard to optical and
oise properties. Virtually all results indicate CVM superior
o CCM operation; an increase of 30% in D* is seen in Fig.
�a�. This figure also illustrates that high performance in
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either mode requires setting TS=326 to 328 K. Comparison
with Fig. 4�a� shows that the best operation temperature for
optimum D* does not exactly agree with TS for the highest
responsivity. Therefore, achievement of the optimum TS
would require control of TH, most easily achieved with
thermoelectric cooling devices.

An important requirement, particularly for the signal
readout circuitry, is the increase of D

V
* with bias voltage in

the CVM 	Fig. 6�b�
, which would allow use of the full
instrumental dynamic range without performance degrada-
tion. Since the CCM displays the opposite characteristic,
high D

I
* values for current-biased sensors are only estab-

lished at low bias, thus limiting the dynamic range. The
frequency characteristics of dominating flicker noise cru-
cially affect the variation of D* with frequency 	Fig. 6�c�
.
The large noise contribution at low f in both modes dis-
places the maximum of D* towards high frequencies.
Therefore, reticulation at around 300 Hz in both modes
would be required to establish optimum performance. Re-
ducing the 1 / f noise contribution thus is an efficient ap-
proach to improve device performance at frequencies com-
patible with video frame rates. As outlined before, recent
improvements of VO2 film deposition methods are suited to
substantially reduce flicker noise contributions. A phase
transition broadening �TB of around 25 °C has been
achieved recently29 for annealed polycrystalline VO2 films,
rf-reactively sputtered onto float glass. In Ref. 1, a �TB
value as low as 15 °C for single-crystalline, pulsed-laser-
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Fig. 8 Variation of the optical device absorptivity � at 355 K within the SMT, displayed as a function of
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dicular incidence D*, calculated for a range of VO2 film thickness 0�h�100 nm. Inset displays � for
300 K in the semiconducting state.
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eposited �LPD� films on sapphire �0001� substrates has
een reported. In view of the KN-�TB relationship shown in
he inset of Fig. 7, flicker noise prefactors of 5�10−21 and
�10−23 thus are achievable with optimized film deposi-

ion methods, which would lead to D* values of 3
108 cm Hz1/2 W−1 for polycrystalline and up to 1
109 cm Hz1/2 W−1 for epitaxial VO2 films.
The calculated optical absorptivity � of Fig. 8 is in

greement with recent experimental findings of Ref. 29,
here optical transmission data on VO2 in the semicon-
ucting and the SMT region were reported. Reduced spec-
ral transmission and associated higher absorptivity have
een observed in the SMT at 70 °C, covering the wave-
ength regime ��2.5 �m. Although � extends consider-
bly into the FIR region �10 �m�, its magnitude ��0.2�
emains rather low. Hence, to establish improved perfor-
ance and detectivity, extending into the FIR region at
avelength �10 �m, use of a highly absorbing, spectrally
roadband absorber film, additionally deposited onto the
eat-sensing VO2, is essential. Here, use of efficient metal-
ic absorber films, like gold black and ultrarough silver �sil-
er black�, would be beneficial. These specially prepared
aterials exhibit very high absorptivity, which extends well

nto the long-wavelength �terahertz� regime up to 100 �m,
nd offer good adhesion to Si substrates.30

In conclusion, the optical performance and crucial fig-
res of merit of a hysteretic VO2-based transition-edge mi-
robolometer have been evaluated for constant current
CCM� and constant voltage �CVM� modes of operation.
he analysis reveals an approximately factor-3 improved
* value at the SMT, compared to the semiconducting re-
ime. This ultimately suggests temperature-controlled de-
ice operation, with the use of a well-designed heat sink.
either phase-transition hysteresis nor minor-loop accom-
odation deteriorates device operation. Strong electrother-
al feedback leads to a highly nonlinear detector charac-

eristic, along with pronounced differences between the two
odes. The CVM consistently yields higher D* values than

he CCM, at the cost of a reduced linear dynamic range
ith regard to the incoming radiation level, which is sub-

tantially larger in the CCM. This mode exhibits a shorter
esponse time at high bias current, at the cost of a pro-
ounced degradation of the associated D*. Both high detec-
ivity at high bias voltage and limitation to low radiation
evels suggest use of the CVM for imaging applications.
he CCM would be beneficial for measurements at high

adiation magnitudes, in connection with short response
imes or high-frequency operation, as in laser-beam profil-
ng and characterization, or Fourier transform infrared
FTIR� spectroscopy.

For epitaxial, high-quality VO2 films on sapphire sub-
trates, very low flicker noise levels can be established, so
hat achievable D* values approach those of superconduct-
ng high-TC transition-edge devices operated around 90 K.
chievable response times of VO2-based transition-edge
evices under conditions of strong negative ETF �CCM�
ubstantially exceed those of superconducting detectors and
xclude their use as fast microcalorimeters for x-ray detec-
ion.
ptical Engineering 073603-1
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