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Parameter Extraction of Resistive Thermal
Microsensors by AC Electrical Method

Mang Ou-Yang, Chin-Shown Sheen, and Jin-Shown Shie

Abstract—Obtaining device parameters of thermal microsen- the irradiated optical power. In addition, it is very time

sors is essential for evaluating their performances and simulation consuming and tedious because of the bolometric measure-
modeling. We report an ac electrical method for extracting ment

these parameters experimentally with relatively simple instru- A lectrical thod f t tracti f
mentation. The basic parameters of resistive microsensors, the new ac elecinical method for parameter extraction o

resistance, temperature coefficient of resistance, thermal capaci- thermal microsensors is proposed in the present study. With a
tance, and conductance, are derivable from the second harmonic driving current containing dc and sinusoidal ac components,
signal of the output voltage induced by a sinusoidal driving the experiment becomes easier and more accurate by consid-
current. The results are compared with other methods. ering the induced second-harmonic response. The details will

Index Terms—AC electrical method thermal variables mea- be described in the following analysis.
surement, electrothermal effect, parameter extraction, thermal
microsensors.

Il. THE WORKING PRINCIPLE
I. INTRODUCTION

ECENTLY. microfabricated istive th | mi The temperature of a resistive microbolometer is increased
» Microlabricated resistive therma mlcroser:-;{e to the irradiated power and the self-heating power of

iorseheil\_/ﬁ sho;vn great potednnal n mgaslf_r%me?t tﬁCh_r\?' bias current. For the present ac electrical method, the
ogy [ .H ]'. €se devices _trans uce certain kinds of phySiGgl ., meter to be evaluated is shielded from radiation and driven
guantities into electrical signals by means of temperaturgy, o pias current containing a constant dc averdgeplus a
sensitive resistors. Sensors with a microstructure can imprchﬁ

: . . all sinusoidal variation aft) = ,, t). In the steady-
their thermal performances effectively yielding faster spe q () = im cos(wh) y

4 b ity T I H ; i:e condition, the microsensor then works at an operating
and better responsivity. To evaluate these performances peratureT,, with a fluctuationd(t) = T(f) — T,, which

and to facilitate the design simulation [8], [9], it is essentiqg the difference of the instantan
to extract the sensor parameters, both thermal and eleCtri%?Jerating temperature

for device modeling. In a small range of temperature variation aroufig the

A mlcrol_Jolometer is_used as the example to INterprel sistance of a microbolometer can always be approximated
the extraction method. There have been some related WOLKS . |inear function of temperature, i.e

describing parameter measurements of thermal microsensors
[10]-[12]. In Mather's method [10], an ac electrical tech-
nigue was described without experimental proof. In addition,

his analysis is not thorough, because .the fqndamental fWﬁere R, and «, are referred to the sensor resistance and
guency response k,)e proposeq to use IS bellevgd to hav?erﬂperature coefficient of resistance (TCRY atrespectively.
larger error, as will be explained in the following. Deelbne should note thakk,«, is an invariant quantity for the

et al. [11] had used tme—domam fitting OT the ransient,oar relation between temperature and resistance, which is
response on a conventional bolometer, which also resultg useful relationship for the following analysis

in increasing the error due to the nonlinear behavior of theThe bias Joule heating on the bolometer reads
bolometer. Recently, a dc electrical method and a bolometric
method have been utilized in our laboratory for extracting . 2

. P.(t)=[lo+im t]* - Ro[1 + ao(T(t) — T, 2
microbolometer parameters [12]. However, these methods (8) = o + ém cos w1] L+ co(T) @

require an accurate measurement of both temperature 3% the heat-flow equation governing the sensor behavior

eous temperature and the dc

R(T) =R, [1 + ao(T - To)] (1)

follows [13]
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Substituting (2) in (3), one can obtain the relationships for Platinum Film
dc and ac parts c
S
G(I, - T,)=I? R, + 32, - R, 4)  silicon W
d Dioxide
H% 0(t) + {G — [Ly + im cos(wt)]? - @, R, }6(2) g
™
= 20, R, cos (wt) + %ifnRo cos (2wt) (5) < \=. \4, ./ Silicon

Substrate

respectively. Equation (5) can be solved analytically as

6(t) =H*. ¢+ /ck(t) {2im I, R, cos (wt) Si (100)
+ 332 R, cos (2wt)} dt 4 coe™M®) (6)
. Fig. 1. The schematic of the experimental microsensor fabricated with
with micromeching technology [13].
k(t) :{ G—I?a,R, —1/2-i% a,R, } o { 2 Lo R, }
f Hu with
] ORO .
- sin (wt) — {L} - sin (2wt). (7) L.
4Hw Vo =IL,R, + §7JnlaoRo Cos d)l (103)
The integration constart, depends on the initial condition. It V. =iy Ror? L+ (wr/7)?
vanishes quickly in over several thermal time constants, which, oo 1+ (wr)?
in general, takes only tens of milliseconds for microsensors [9]. o
e ) 5 (14 (wr’)
Therefore, a steady-state condition is always assumed for the =i Roy | —— (10b)
. 1+ (wr)?
experiment, and the last term of (6) equals zero.

_ Equatlbon (6) is nonlinear a.n(_j ohfﬁc_:ult to calculate. Howeve(l,vhere V2 = G+ Pa,R, /G — PayR, and 7' = (r/4) as
if I, > 4,,, the terms containing,, in (7) can be neglected shown in (10¢) and (10d) at the bottom of the page
andk(t) = t/7, with 7 = H/Geg and Geg = G — 2, R, k page.

- i ° ' The dc response},, is weakly related to the thermal
called the effective time constant and thermal conductance, S )
) tively. Therefore. (6) becom ¢Onductance in its phase terfn, hence is not very useful.
espectively. Therefore, (6) becomes While in the V,, term, v is not much different from unity

Ly y . for small 1,. This makes it also weakly dependent Gfg,
6t)=H ~-e "7 /6 "{2i 1, R, cos (wi) since Goq > I2a,R,. Besides, it is difficult to extract the
+ 12 R, cos(2wt)} dt thermal capacitance from the cutoff frequency of thg
Sz o spectral response, because the pole and the zero in (10b) are
= 2imlo R, cos(wt+¢1) | iy 0l cos (2wt + ¢o) close to each other. Large errors will result in experimental

Gen /14 (wr)?  2Gen /1+ (2w7)? data fitting with the equation. This explains why Mather's

=01 cos(wt + ¢1) + 02 cos (2wt + ¢2) (8) proposed method cannot be useful for the purpose of parameter
extraction. Finally,(Va.,/Va.) = (i,,/61,) < 1, thusVs,, is
where¢; = tan ! (wr) and ¢ = tan™! (2wT). not as important aks.,. We therefore, conclude that the second
The voltage across the microsensor harmonic responsé/,.., is the best choice for our purpose.
This is obvious from a physical point of view, becalsg. is
V(t)=I(t)- R(t) directly responsible for the Joule heating, which is proportional
= (I, 4 iy cos wt) - Ro{1 + ar, [0y cos (wt + ¢1) to the square of the ac bias current. Therefore, from (10c) and

—1 .
+ 6, cos (2wt + ¢2)]} for w <« 771, one obtains the thermal conductance

=V, + V., cos (wt + ¢, )Va,, cos (2wt + pa,) 3 a,R21,3,

G = AR I? + Gep = AR, I + 11
+ Vi, cos (3wt + ¢3,) 9) 1 2 Vo, (1)
i2 I,a, R2 1 1 14 2(wr)?
Vo = 2 o 10
2 Gun \/4[1 o] T+ T I F Con[0 + (@) (10c)
43 RQ
Vi, fm %o (10d)

T 4GaVILt )T
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Fig. 2. Experimental setup for the measurements of response signal.

During the short-period measurement ¥&f,,, the V, signal

can also be read simultaneously to calculate the instantaneous
value of R, according to (10a). Since, R, is an invariant, as
stated before, (11) is independent of the ambient temperature

and its variation.

In the dc electrical method reported previously [12], the

thermal conductance is given by

¢= R, - R,

where R, is the resistance of the microbolometer at the am-
bient temperaturel,. Here R, and R,, differ only by a small
amount due to a small TCR. The accuracy of (12), therefore,
depends heavily on that of the measured ambient temperature,
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because of the smalk, — R, term in the denominator. The
instantaneous value d?, will be quite unstable without good

environmental temperature control withir0.1 °C [12]. The Fig. 3.
advantage of the present method, which does not need"to

ethod.

consider this ambient temperature variation, is obvious.

Also the thermal conductance in the previous boIometnFO obtain @, one will have to take a set of absolute voltage

method [12] is expressed by

log (R;' +&7'1,) = — log (1) +

log <

G
eR,a,

Frequency o (Hz)

TheVs,, frequency spectrum measured using the present ac electrical

responsivity datd R,) for different bias currentd,), and to
evaluate the emissivitie) of the bolometer by other complex

). (13)

means. Hence, the method becomes very inconvenient and
time-consuming compared with the electrical method.
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TABLE |
PARAMETERS OF THE MICROBOLOMETER DETERMINED WITH THE AC ELECTRICAL METHOD
l i Vg Vo Oy R @, T, e] H
unit mA mA Volt mv rad/s Q %IC C WI'C JIC
-5 7
(@) 4.0 0.2 4.28 10.8 268.4 1070 0.164 | 29545 |7.03x10 | 1.19x10
5 7
(6) 3.0 0.2 2.16 7.78 212.1 720 0.244 96.59 [4.52x10 | 1.06x10
I 7
(© 24 0.2 1.50 5.55 210.7 625 0.282 4261 |3.88x10 | 1.04x10
-5 -7
() 4.0 0.1 4.28 2.67 270.4 1070 0.164 | 29545 |7.03x10 | 1.19x10
-5 -7
(@) 3.0 0.1 2.16 1.94 2100 720 0.244 96.59 [4.52x10 | 1.05x10
B 7
(" 2.4 0.1 1.50 1.38 209.0 625 0.282 4261 {3.88x10 | 1.03x10
According to (10c) the 3 dB cutoff of th&s,, spectrum . - T :
appears ab, yg = 0.757/7. This provides the information on 15
the thermal capacitancH throughrt = H/G.g. o ~
p g [Gest £ . —~ {120
= 5
2 12 . °
o T
I1l. EXPERIMENTAL DETERMINATION 9 8
. . . s — c
The structure of a microsensor that has been studied is § g/ 10 2
. . . . . 3
shown schematically in Fig. 1. This device had been used 3% §
previously for studying vacuum microsensors [13]. Its struc- 3 %
ture is characterized by the width/24) and length(/2B) 5 Sl E
. . . f= (]
of_ the supporting leads, and the cavity dimensi@n). For 8 = 1s £
this study,4 = 4 ym, B = 80 ym, andC = 325 um. 2 .
The resistance and TCR of the Pt-film sensor on the floating a | | ) |
membrane can be measured in a controlled oven at various 0 100 200 300 400

temperatures as done in the paper [9]. For the experimental
samplea, = 0.32%/°C and R, = 550 @ at 0 °C, thus, the
invariant o, B, = 1.76 Q/°C.

Fig. 2 shows the experimental setup. It can be used for
three methods: the dc electrical, bolometric, and the present ) )
ac electrical method. The sensor is placed inside a chambef N€ dc method and the bolometric method have been carried

which can be evacuated to a low pressure, if necessary. °ut in the same way, as before, in our laboratory [12].

In the present ac electrical method the chamber window9- 3 Shows the results of thé.., spectrum measured by
is shielded from radiation by covering it with a sheet o€ ac electrical method. Six sets of data were taken under
aluminum foil. A precision power supply and a function‘?ond't'ons of different/, andz.m, labeled froma to f in the
generator, both controlled by a PC through a GPIB interfadigure. The low frequency gains 6., were evaluated from
generate a sinusoidal voltage superimposed on a dc leJBf @verage of 15 points between 2-20 Hz.
This summing voltage is used as a reference voltage for a
transimpedance amplifier (TIA) to support the driving current,
1,+1i(t), for the microbolometer, as expressed in (4). The TIA Table | lists the parameters extracted from the measure-
output is connected to a lock-in amplifier by ac coupling itments. The thermal conductances are calculated by (11),
to read the second-harmonic signal, which is then transfernetlile the thermal capacitances are computed according to
to a PC through the GPIB. H = 0.757 - (Gen/w;gg) as stated before. The operation

Device Temperature T (°c)

Fig. 4. Temperature dependences of the thermal conductance and capaci-
&rpce derived from the experimental data.

IV. RESULTS AND DISCUSSIONS
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TABLE I
CoMPARISONS OFVARIOUS METHODS OF DETERMINING BOLOMETRIC PARAMETERS

G(WIT) HJIC) FREQUENCY COMMENTS
TAKEN
theorical (a) -5 (a)5 ; -8
2.93x10 89x10 X great uncertantity in assigning
calculation material parameters

A.C. electrical | () 51 () -7 . .
3.64%10 1.02%X10 second-harmonic fast, simple and accurate

frequenc
method q ¥
D.C.electrical -5 . .
5.57x10 X requiring accurate ambient
D.C.
method
temperature measurement
bolometric (e) -4 -8 . .
1.2X10 ¢| 7.90X10 fundamental requiring accurate optical
method
frequency

power calibration

(a) [2], [9]. (b) by eq. (14) and (c) by eq. (15). All are calculated at 27°C .

(e) depends on the emssivity, ¢, of the sensor surface.

temperature,Z,, of the microsensor is evaluated from theut bothG ande [12]. But since the dc electrical data could
measuredR, according to (1). Based on those data, thkave large error, the derived values could not be trusted
temperature dependence of the thermal conductance as wefihpletely.

as capacitance can be expressed empirically by the following

equations: V. CONCLUSIONS

In this study, a new ac electrical method is applied to a
resistive thermal microsensor to perform the device parameter
(14)  extraction. The second harmonic response is selected for the

H(T) ~ 5.4298 x 10711 . (T — 273°K) +1.0130 x 10~7  evaluation, which has been proved to be insensitive to the
(15) ambient temperature variation and is therefore, better than

the previous dc electrical method. The simplicity of the

as also shown in Fig. 4. These temperature-dependent imi&s_trumentation as well as the fast time of measurement make

mation were not available by the previous methods [10]—[1?4 superltor t% the gthe:\[r meth(:_ds. ';[ tzanthalso ||3rovujjes tthe
and is another advantage of the present technique. Mperature-dependent properties ot the thermal conductance

Table Il shows the comparisons among all methods me nd capacitance. These data are useful for our electrothermal

tioned above. Here, a cross symbbl means the parameter PICE model [14]. The method obviously can be applied

is not calculable by the corresponding method. The thetlo_nother resistive thermal sensors without much modifica-

retical values are estimated from the equations in previous
reports [2], [9]. Although the bolometric method gives the
thermal capacitance value close to that of the ac method
at 27 °C, the value is only the average at different device The authors would like to thank the Opto Tech Corporation,
temperatures corresponding to different bias currents. THsinchu Science-Based Industry Park, for support with the
temperature-dependence behavior cannot be calculated fidewice fabrication.

the bolometric method. Furthermore, the thermal conductance

extracted with the bolometric method is incomplete, because REFERENCES

of th? unknown emissivity . In preV|.ous Work' the dC' [1] R. A. Wood, “Uncooled thermal imaging with monolithic silicon focal
electrical method was used together with this method to find planes,”SPIE, vol. 2020, pp. 322-329, 1993.

G(T) ~ 1.2451 x 1077 - (T — 273°K) + 3.3022 x 107>

ACKNOWLEDGMENT



408 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 47, NO. 2, APRIL 1998

[2] J. S. Shie and P. K. Weng, “Fabrication of micro-bolometer on silicog
substrate by anisotropic etching technique,”Tiech. Dig., IEEE Int.
Conf. Solid-State Sensors Actuators Transducer'®391, pp. 627—
630.

[3] P. K. Weng and J. S. Shie, “Micro-Pirani vacuum gaugBgv. Sci.
Instrum.,vol. 65, pp. 492-499, 1994.

[4] J. S. Shie, B. C. S. Chou, and Y. M. Chen, “High performance Pirai
vacuum gauge,J. Vac. Sci.yvol. 13, no. 6, pp. 2972-2979, 1995.

[5] O. Tabata, “Fast-response silicon flow sensor with an on-chip flui
temperature sensing elementEZEE Trans. Electron Devicesiol. 33,
pp. 361-365, 1986.

[6] C. H. Mastrangelo, “Thermal application of microbridges,” Ph.D. dis-
sertation, Univ. Calif., Berkeley, 1991.

[7] M. V. Arx, O. Paul, and H. Baltes, “Determination of the heat capacity
of CMOS layers for optimal CMOS sensor desigBéns. Actuators A,
vol. 46-47, pp. 428-431, 1995.

[8] N. R. Swart and A. Nathan, “Coupled electrothermal modeling c
microheating using SPICEJEEE Trans. Electron Devicespl. 41, pp.
920-925, 1994.

[9] J. S. Shie, Y. M. Chen, M. Ou-Yang, and B. C. S. Chou, “Char
acterization and modeling of metal-flm microbolometetBEE J.
Microelectromech. Systvol. 5, no. 4, pp. 298-306, 1996.

[10] J. C. Mather, “Electrical self-calibration of nonideal bolometerspl. E ) :
Opt., vol. 23, no. 18, pp. 3181-3183, 1984. Tung University as a Faculty Member. From 1986
[11] G. S. Deep, J. S. R. Neto, A. M. N. Lima, R. C. S. Freire, and F [ P-4 to 1987, he was the Head of the Electrophysics
C. Lobo, “Thermoresistive radiation sensor response time employing = ~ Department and the Institute of Electro-Optical En-
electrical heating,JEEE Trans. Instrum. Measvol. 45, pp. 332-335, gineering, where he is currently a Professor. His present interest is in the field
Eeb. 1996. of microsensor technology, particularly in the fabrication of uncooled thermal
[12] Y. M. Chen, J. S. Shie, and T. Hwang, “Parameter extraction of resistif&frared detectors and the related system integration.
thermal sensor,Sens. Actuators Ajol. 55, pp. 43-47, 1996.
[13] B. C. S. Chou, Y. M. Chen, M. Ou-Yang, and J. S. Shie, “A sensitivity
Pirani vacuum sensor and the electrothermal SPICE model®eys.
Actuators A,vol. 53, pp. 273-277, 1996.
[14] J. S. Shie, Y. M. Chen, and C. S. Sheen, “Analysis of optimal bolometer
sensitivity with linear approximation,” iffroc. SPIE Infrared Detectors
Focal Plane Arrays IV,1996, vol. 2746, pp. 113-121.

Chin-Shown Sheenreceived the B.S. degree from
National Chang-Hua Normal University, Taiwan,
R.O.C., in 1988, and the M.S. degree in 1990, from
National Tsing Hwa University of Taiwan, both in
physics. He is currently pursuing the Ph.D. degree
at the Institute of Electro-Optical Engineering, Na-
tional Chiao Tung University, Hsinchu, Taiwan. His
research is in the theoretical work of eletrooptical
phenomena.

Jin-Shown Shiereceived the B.S.E.E. degree from
National Cheng Kung University, Hsinchu, Taiwan,
R.O.C., in 1965, and the M.S.E.E. degree from
National Chiao Tung University, Hsinchu, in 1968.
In 1972, he received the Ph.D. degree from the
Department of Materials Science, State University
of New York, Stony Brook.

Since then, he has been with National Chiao

Mang Ou-Yang was born in Kaoshiung, Taiwan,
R.O.C., in 1969. He received the B.S. degree
from the Control Engineering Department, National
Chiao Tung University, Hsinchu, Taiwan, in 1991,
and the M.S. and Ph.D. degrees from the Institute of
Electro-Optical Engineering, National Chiao Tung
University, in 1993 and 1998, respectively.

He is now with Precision Instrument Develop-
ment Center, National Science Council, Hsinchu.
His research is in characteristic analysis and
measurements of microsensors and the related
readout electronics, especially in industrial and aerospace applications.




