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Parameter extraction of resistive thermal sensors
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Abstract

Obtaining thermal p isimp in evaluating the perfor f thermal Two experimental methods are described
here for the study of the p d thermal beh: of the sensors: a bolometric method that utilizes a chopped light input to obtain
a sensor frequency response, and deriving its thermal data therefrom; a d.c. electrical method that measures the heat required for balance under
d.c. bias, and obtaining sensor information. The thermal d and i P as well as emissivity of a sensor can be
extracted from the experimental These p provide the ial data for the el h | SPICE program in the

related design simulations.
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1. Introduction

In recent years, resistive thermal sensors utilizing micro-
fabrication technology have been widely applied for trans-
duction of various physical and chemical measurants; the
bolometer for infrared sensing [1-4], the Pirani sensor for
vacuum measurements [5,6], and sensors for detecting toxic
gas contents [7,8], are just a few examples. Upon heating,
these devices duce specific into electrical
signals through the change of temperature-sensitive resis-
tance. As a consequence, performance-related properties of
the sensor, such as sensitivity and speed of response, depend
strongly on its thermal characteristics; the most relevant of
which are the thermal conductance and capacitance. Extract-
ing the thermal p is hence imp in g
these sensors, and is the objective of this report.

There have been many techniques reported to measure the
thermal properties of thin films, examples of which are the
d.c. method for polysilicon [9,10] and the a.c. method for
nitride [ 11]. Here a method based on the bolometer principle
is used, and when combined with a d.c. electrical method, th
desired parameters of thermal sensors are derivable witk rea-
sonable accuracy, which constitute the essential data for the
electrothermal SPICE simulation of the related devices
[12-14].
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2. Tke principle

In order to obtain a simpler analytical solution for inter-
preting the measured data, a resistive thermal sensor is oper-
ated with a constant-current (CC) bias circuit throughout the
experiment.

In the d.c. electrical method, the static condition is held
and no external power is provided except the device bias self-
heating. The heat-balance condition then reads

G(T-T,) = P.= 1, *Ry= (Vi) $))

Here G is the lump thermal conductance; T, and T are the
ambient and average device temperature, respectively; P, is
the self-heating power; I, and V,, are the current and voltage
across a thermal sensor of resistance R, respectively. The
angle brackets denocte a quantity that is measurable by
experiment.

In this study, platinum film is used as the sensing resistor,
which has an excellent linear behavior to temperature that
can be described by

Ry=Riol 1 +ao(T=To)] = (Vo/ k) @)

Here Ry and a are respectively the resi and
ture coefficient (TCR) of the sensor with reference toa lem-
perature T, In the static condition, T is replaced by the
average quantity, T, in Eq. (2). One notes that R, =(V,/1,)
is also measurable by experiment.

By combining the last two equations, the conductance G
can be derived to give a result
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with
R.=Rpol1+a(T,—Tp)] 4)

as the sensor resistance measured at an ambient temperature
T,. With the d.c. electrical method, G can be calculated with
the necessary experimental data listed in Eq. (3). One should
note that the calculation is very sensitive to the ambient tem-
perature variation, since the two resistance terms in the
denominator of Eq. (3) are only slightly different. Therefore,
it is necessary to monitor the true ambient temperature during
experiments with the d.c. method.

In the bolometric method, the a.c. steady state condition is
required. We use a lump heat-flow equation for the analysis
[15], which reads

Hj—f#—G(T— T,) =1 R, +ad

=1,%R,+ad,[1+exp(jwr)] (5)

where H is the thermal capacitance of a thermal sensor; a is
its effective absorptance referred to the incident light spec-
trum [ 16]; and @, is the modulation of optical power falling
upon the sensor.

Substituting Egs. (2) and (4) into Eq. (5) for a constant
current I, then

H%Z-:f‘ (G~1y *Rypao)(T—T,)

= (I, ’R,+ad,,) +ad,exp(jor) (6)

The optical modulation causes a temperature perturbation
close to the average temperature, i.c., T= T+ AT. Putting the
equality into Eq. (6) and deducting the static terms on both
sides, one obtains

Hg%‘-%— (G I, *Ryyap) AT =:aPexp(jwt) (©)]

Since the ambient temperature is a slow-varying function of
time comparable to the optical modulation frequency w, the
a.c. method, unlike the d.c. method, is not sensitive to the
ambient temperature drift. Eq. (7) can be solved for the

p | thermal responsivity Ry, which reads
a 1
Ry=———r—————=(CW™)) (8)
TG, *Ruoo Vi+o??
with
R S 9
G-I, *Ryoto ®

as the effective thermal time constant. The voltage respon-
sivity is derivable as follows

R _ﬂ-(d_ dR d_T)
V7 de \dRM\ITNd®,
= (Ip) (Ryoaro) (Rr)
Ryy o
m— (VW 10
Jizoz V) ao

which has a flatband responsivity

alyRy%
Ry=-r—7—-
V= Gl Regety an

To make Eq. (11) more interpretative to the experiment, we
can rearrange it into

log(Rvo ~'+a™'ty) = —logl, +log( ) (12)

G
aRyay
If Ryo ~'>>a"'l,, then a linear plot between log Ry, ~ ' and
log I,, can be obtained with a slope of — 1 and an intercept of
log(G/aRyae). According to Eq. (11), the above limitation
is equivalent to

G

<
® 2Ry

(13)

From the intercept data, one can find the effective absorp-
tance, a, with a known G obtained by the d.c. method. Alter-
nately one can match two sets of G values obtained by the
two methods, while using an estimated value of «. In the
following, when the p dependent bel of asensor
conductance is analyzed, the latter approach is used.

The thermal capacitance, H, is also derivable from Eq. (9)
when the effective thermal time constant, 7, is found by fitting
the experimental data of spectral response with Eq. (10).

3. The experiment

To verify the above analysis, we have used a fabricated
microbolometer as depicted in Fig. 1 [17], having a sus-
pended glass-membrane structure, for the experiments. The
membrane is supported by leads extended from corners of a
v-grooved cavity. The platinum sensing element is coated on
the membrane and passivated by PSG. A thin nichrome film

Black coath

~—— Pt thin film
3

§i0, membrrne
«!
L/ v,
i
Silicon substrate (100%
Fig. 1. G structure of a
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Fig. 2. The setup for
a controlled vacuum environmeat.

the thermal mi i in

is deposited on the top as the black coating for radiation
absorption. The fabricated device has a TCR of 0.28% and
an Ry of 1145 Q at 0°C reference.

As mentioned before in Eq. (3), the accuracy of G calcu-
lated by the d.c. electrical method is sensitive to the influence
of ambi Hence ad y sensor, not shown
in Fig. 1, in close contact with the substrate without v-
grooved floating is provnded along with the sensor in order
to acc y the sut which is
assumed to be close to ambient. We have found that without
such an arrangement, the calculated G values in the d.c.

hod will give ir ducible and i i results.
Fig. 2 shows the semp for measuring device responses in
a lled In the bol ic method

a He-Ne laser is chopped into moduiated light before falling
upon the microbolometer that is set in a vacuam chamber.
Signals from the sensor are fed to a low-noise amplifier and
subsequently to a lock-in amplifier, which are thenread by a
PC through a GPIB interface. The device output is calibrated
by a pyroelectric detector to obtain the absolute spectral res-
ponsivity. While in the d.c. electrical method, the chamber
window is shielded from light input and the device is driven
by a constant-current circuit alone. Voltages and currents
across the sensor are measured accordingly under varying
pressure conditions.

4. Results and discussion

For the bol ic method, sp | voltage responsivities
were measured with varying bias currents and pressures.
Their flatband response (Ryy) and the cutoff frequencies (1/
2@t) were evaluated by fitting Egs. (9) and (10). Fig. 3
shows the experimental plot of Ryo ~ ! versus , in which the
slope of the lines is indeed — 1, as predicted by Eq. (12).
Since the device has the smallest value of G around 5X 10™¢
W °C~!, as shown in the following data (Fig. 4, low-pres-
sure), this implies 2 limitation of I, < 0.88 mA, according to
Eq. (13). The effectiveness of Eq. (12) for the plot is thus
confirmed.
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Fig. 3. Experimental Ry, '

tance by the bolometric method.
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Fig. 4. The derived thermal conductances (hollow symbols) and thermal
capacitance (solid squares) of a fabsicated micro-thermal sensor as a func-
tion of vacuum pressure.

The G values derived from Fig. 3 are plotted as a function
of the pressure (indicated in Fig. 4 by the solid curve), with
a chosen absorptance value of 0.6. This curve is matched to
the data calculated from the d.c. method with 400 pA bias
current. however, data with other bias-current conditions
deviated from the curve at the low-pressure regime; a larger
bias current p: a higher This is due to
the higher device temperature induced by the current, which
increases the solid and radiative loss conductances included
in G. This will be discussed in detail later.

Fig. 4 also shows the thermal capacitance H, obtained by
the experimental fitting, which is basically insensitive topres-
sure, and can be considered as a constant.

The conductance G of a thermal device is formed by three
loss mechanisms, namely the solid, gaseous and radiative
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conductances, denoted by G,, G, and G,, respectively. A
detailed analysis for a membrane device similar to that shown
in Fig. 1 has been reported by Weng and Shie [6]. For the
solid conductance, leads are the bottleneck for heat loss. It is
expressible empirically by [6]

(14)

For our device, y is a constant (0.24); d, B and A are the
thickness (1.75 wm), projection length (16 pm) and width
(8 pwm) as shown in Fig. 1, respectively. ry is the spreading
thermal resistance (5% 10* °C W™') at the lead ends. . is
the effective thermal conductivity of the leads, which is con-
tributed by that of the four glass leads and the two metal-film
leads.
The gaseous conductance is expressed as

G.= P(PP“ +_Fe
& +P, P+P,

where « is a constant related to the molecular properties of
ambient gas, and P, and P, are the transition pressures on
the lower and upper sides of the membrane, respectively.
Physically, the transition pressure, which is inversely pro-

(15)

by this dit :ance. The P,,, corresponding to the effect of upper
side, is fitw1 by experimental data.
The radixtive conductance is expressed as [6]

G,=2e0A(T*+T,)(T+T,) (16)

with o the Stefan-Boltzmann constant, A, the sensor area
(1.44% 10" %cm?), and & the apparent blackbody emissivity
[16] of the membrane.

It is interesting to note that in Egs. (14)~(16), G, and G,
are not strong functions of the device temperature compared
to G,. At a higher pressure state, G is dominant in G with a
larger value, which results in a lower device temperature.
Therefore different bias currents cannot produce significant
differences in the device temperature, and thus the radiation,
and G is nearly independent of the bias current. However, at
the low-pressure condition, G, is reduced toa negligible value
compared to the solid and radiative conductances. Hence the
device is raised significantly with the increased
bias current, making the solid and radiation loss detectable in
our experiment. We can assume that, for solid conductance,
the effective thermal conductivity k. of the leads in Eq. (14)
depends linearly on temperature, that is

ko=ko+k (T—300K) an

portional to the effective distance from the t

denotes the separation of the viscous state from the molecular
state in gaseous conduction [ 18]. The effective distance of
the lower side is d by three-di | numerical
calculation of the gas flux [6], and then the P, is adjusted
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Fig.5. ivity and thermal fitting using Egs. (14) and (16)
with the low-pressure data of the d.c. electrical method.

This ption is reasonable, because the conductivity of a
glass insulator is increased with temperature due to the
increasing phonon ber, according to Bose—Einstein sta-
tistics [19]. This relationship together with Eqgs. (14) and
(16) can be used to fit the low-pressure experimental data
and derive the material parameters. Fig. 5 shows the results
of the best fitting, which gives £=0.6, ko=8.5X10"3 (W
em~'°C™'),and k,=4.5% 10" (Wcm ™' °C~2),

Table 1 izes the p of the d
devices extracted from the experiments. One should note that
£and a are based on different spectral references. a is referred
106328 A monochromatic wavelength, while gis the spectral
average at the sensor temperatu:e, or the blackbody emissiv-
ity. Therefore, they are not n:cessarily identical as described
by Kirchhoff's law [161.

5. Conclusions

Extraction of device parameters is useful in design and
performance verification of thermal microsensors. It is also
essential to provide such information for the electrothermal
SPICE program in practical simulations. Two experimental

Table 1

The ofa d by the

3 P, Py ko k, H a &
(Wtor™'°C™") (tom) (torr} (Wem™'°C™") (Wem™'°C™?) aech

1.86X 107 105 112 8.5x10? 45%107° 574x107* 0.6 06

* Speciral absorptance [16] referred to He-Ne 6328 A wavelength.
® Blackbod. [16] at the
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methods have been introduced in detail in this study. Their
effectiveness has been proved by the comparison of the exper-
imental data with the analytical formulae. The d.c. electrical
method is sensitive to the ambient temperature variation,
which must be measured accurately during the experiment.
These methods provide additional information for the effec-
tive absorptance and apparent emissivity, which otherwise
would be very difficult to measure directly.
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