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Minority-Carrier Exclusion Effect in Thin-Film
SOI Temperature Sensor
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Abstract: A silicon temperature sensor with a conventional resistor structure is fabricated on thin-film silicon-on—
insulator (SOI) substrate. The sensor has very promising characteristics. The maximum operating temperature can
reach 550°C even al a low current of 0. ImA . Experimental results support that the minority—carrier exclusion effect
can be strong in the conventional resistor structure when the silicon film is sufficiently thin, thus significantly rais—
ing the maximum operating temperature. M oreover, since the structure of the device on thin-film SOI wafer is not

crucial in controlling the maximum operating temperature, device layout can be varied according to the requirements

of applications.
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1 Introduction

Currently, there is a strong demand for elec—
tronic devices that can operate over wide tempera—
ture range. This is required for electronics used in
the high-temperature portions of cars and air-
crafts. Moreover, this demand is further increased
by the development of high fidelity sensors and
control circuits used in space rockets, nuclear reac—
tors, and geothermal power generators. High-tem—
perature sensors based on wide band-gap semicon-
ductors such as SiC have also been investigated in
attempts to produce electronic devices operating re—

liably even at high temperatures. However, devel-

Article ID: 0253-4177(2003) 05-0461-05

oping wide band-gap semiconductors into sensors
is so difficult that it will take a long time for them
to become practical devices. T herefore, the develop-
ment of high-temperature sensors based on com-
monly used silicon and related technologies still
continues.

It is well known that the maximum operating
temperature of conventional silicon sensors is limit—
ed to about 200°C, due to excessive thermal genera—
tion of carriers at higher temperatures. By utilizing
the minority-carrier exclusion effect, the spreading—
resistance temperature (SRT) sensor is proposed
and the maximum operating temperature can be as
high as 350C'"". One of the recent improvements

on the SRT sensor is the use of a lateral struc-
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ture' ™", which gives a possibility to integrate the
device with other circuits on a chip. This lateral
SRT sensor needs a special structure to enhance
the minority-carrier exclusion effect and hence to
raise the maximum operating temperature. More—
over. SRT sensor fabricated on a silicon island of
SOT wafer'" has been demonstrated to be a promis—
ing structure, with preliminary results indicating
that the exclusion effect can be enhanced for SRT
device made on thin silicon film. However, so far,
only in special asymmetrical structures (e. g. SRT
structure) , the minority-carrier exclusion effect is
strong enough to raise Tww. Based on extensive
study on the minority-carrier exclusion effect'”™ ",
it is hoped that even for symmetrical structures,
the siliconfilm thickness in SOI substrate can pro-
vide another dimension for improving the positive-
temperature-coefficient characteristics of the sen-
sor resistance through the confinement of current
flow in the thin silicon film. T hus, in this paper, a
diffused resistor with the conventional structure is
made on thinHilm ( 1. 2um) SOI, as depicted in
Fig. 1.

nounced exclusion effect happens in the device and

Experimental results show that a pro-

the maximum operating temperature can exceed
550C even when the device operates at a low cur—
rent of 0.1mA. Furthermore, preliminary results
reveal that the structure of the device on a thin-
film SOI wafer is not so important in extending the
maximum operating temperature, and therefore, de-
vice layoul is flexible and applications can cover a

much wider area.

2 Device fabrication

Figure 1 shows the structure of a conventional
diffused resistor on SOI substrate with the two
1. 2um n” regions stopped at the buried oxide. T he
wafer was formed by separation-by-implantation—
of-oxygen (SIMOX) technique with an n-type

{100}

buried-oxide thickness of 0.4um. The silicon film

siliconHfilm thickness of 1.2pym, and a

had a resistivity of 0.05~ 0.1Q * cm. After oxida—

tion and n" diffusion, a double layer of Ti-W
(100nm) /Au(300nm) was sputtered as electrodes
which can ensure stable operation even at high
temperatures. Finally, post-metallization annealing
was done at 600°C for 20min in N2 to make good
contacts to the sensors. Dices of the wafer were at-
tached to metal holders by standard glue. All wire
bondings were done using gold wires. Electrical
contacts to the pins of the packages were realized
by wire wrapping using Teflon-coated electrical
wire. T he sensors were characterized between room
temperature and 550°C under constant-current con-
dition. The measurements were performed in a

computer-controlled oven. Bias currents ranged
from 0. ImA to 2mA.
Ti-W (100 nm/ Aud00n m) electrode

A
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Fig. 1  Structure of SOI conventional resistor with L

= 12pm and W= 100pm

3 Results and discussion

The device resistance versus temperature at
different current levels for the thin film SOI resis—
tor is shown in Fig. 2, from which the maximum
operating temperature of the device can exceed
550C. The results imply that the minority-carrier
exclusion effect happens in the conventional resis—
tor structure on the thin silicon film, and hence sig-
nificantly raises the maximum operating tempera-
ture.

The minority-carrier exclusion effect is one of
the four semiconductor transport effects (minority-
carrier injection, exclusion, accumulation, and ex-
traction) , which can occur at a semiconductor junc—

112]

tion' . Exclusion of minority carriers is a (current
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Fig.2 Temperature dependence of the resistance of
thin{ilm SOI conventional resistor (L = 12um) at

different current

dependent) local minority carrier deficiency near a
junction at a semiconductor boundary which injects
less minority carriers into the semiconductor than
that required for undisturbed bulk conduction, so
that the bulk electric field removes minority carri-
ers from the junction region faster than the junc—
tion supplies them, creating the deficiency. This
semiconductor transport effect results in a drastic
reduction in concentration of thermally generated
carriers and thus maintains extrinsic carrier con-
centration even at high temperatures. This becomes
the basic working principle of high-temperature sil-
icon sensor. The extent of exclusion depends
strongly on the electric field/current density in the
bulk; higher field/current extracts more minority
carriers. At sufficiently high current densities, ex—
cessive amount of thermally generated minority
carriers can be almost completely removed, restor—
ing the extrinsic carrier concentration. The mathe-
matical analysis of the exclusion phenomenon in in-
trinsic silicon is very complicated, and different
simplifications and numerical solutions have been
pmposed' " In the case of one-dimensional n* n
junction, remarkable minority-carrier exclusion
happens under a current density of 100A/cm” at
400C"". In two-dimensional or three-dimensional

minority-carrier transport, the injection of minority

carriers into the exclusion region should be consid-
ered, so that minority-carrier exclusion in bulk-Si
devices can be observed only for special asymmetri-
cal structures such as a single point contact on an

U= 3028 1 hindilm SOT de—

vices, minority-carrier flow is limited to a very nar-

infinite slab of silicon

row region and a quasi one-dimensional transport is
achieved. Even in the case of conventional resistor
structure shown in Fig. 1, a small bias current of
0. ImA gives a current density of about 100A/cm’,
which is sufficiently high to extend the maximum
operating temperature of the device. It is interest—
ing that the results for bias currents of ImA and
2mA are almost identical to that of 0. ImA, proba-
bly because minority carriers are almost exhausted
within the 12um wide region between the two elec—
trodes of the device for bias currents as low as
0. ImA. To verify this, Figure 3 shows the calculat-

ed minority-carrier concentration p in the n region

1.0
[ 100 Alem?
08 200 Alem?
[ ——— 500 A/cm?
06F ——— 1000 A/em?

Distance from n* n junction/pm

Fig. 3

Calculated minority—carrier concentration p
for high-evel exclusion in an n-type silicon region at
550°C

lifetime = 10ps

Na= 10" em” ", b= wa/up= 3, excess—carrier

of an n” —n diode at 550°C for different current den-
sities J. according to'"”

3 gbGN ax (1
P=J- q(b+ 1)Gx

where b represents the ratio of electron and hole

mobilities, N represents the doping level of the n
region, x represents the distance from the n" n
junction in the n region. The generation rate of car-

rier is given by
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. 1 ni 900
= T Nao+ 2n (2)

where ni is the intrinsic carrier concentration and T sor

is the excess-carrier lifetime. For all the devices in 700 -

this work, N4 measured by spreading-resistance !

method equels to 10" em™ . It is seen that for a P>

12um wide region, the carrier concentration p is ef— 00T

fectively reduced to extrinsic levels even at the 400 |

lowest current density of 100A/cm’, because p at x i

= 12um is calculated to be only 0.03N4, which - s s s

means that the device still has a very large exclu- 0 100 ﬁ w0

sion region at 550°C. T herefore, the maximum op-

erating temperature can be greatly raised to as high Fig.5 Temperature dependence of the resistance of

as 550°C. For the sake of comparison, resistors thinfilm SOI conventional resistor with L= 1000um

with longer lengths ( 500um and 1000pm) are also at a low current of 0. mA

characterized at a low current of 0. ImA. T heir re— - . -

silicon-on-insulator substrate. The sensor has

sults are shown in Fig. 4 and Fig. 3, with maximum
operating temperatures of 410°C and 350°C respec—
tively, illustrating that the exclusion effect can ex—
tend to a pretty wide region. All these observations
demonstrate again that thin<film SOI can provide
an extra dimension for improving the characteris—

tics of the sensors.

600 -
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Fig.4 Temperature dependence of the resistance of
thin-film SOTI conventional resistor with L= 500um

at a low current of 0. ImA

4 Conclusion

A silicon temperature sensor with a conven-

tional resistor structure is fabricated on thin-film

promising characteristics. Its maximum operating
temperature can reach as high as 550°C. Experi-
mental results support that the minority-carrier ex—
clusion effect becomes significant in the conven-
tional resistor structure when the silicon film is
sufficiently thin, and hence greatly extends the op-
erating temperature range of the device. Further—
more, since the structure of the device on thinilm
SOI is not a dominant factor, the device can have a
more flexible layout, thus covering a wider of scope

of applications.
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