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Modeling of temperature sensor built on thin silicon on insulator
using advanced carrier-mobility model
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Based on the minority-carrier exclusion theory, an analytical model is developed to explain the
operating principle of temperature sensors fabricated on thin silicon film. The model also takes into
account the effects of temperature and carrier concentrations on carrier mobilities. Device
simulation is used to verify the proposed model in terms of the carrier-concentration distribution in
the minority-exclusion region, exclusion length, and the temperature dependence of the sensor
resistance. Results show that the model is applicable for a sensor operating over a wide temperature
range, provided that its bias current is not too high.2@04 American Institute of Physics
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I. INTRODUCTION sensor presented here has a low-dopingegion with two
] ] ) electrodes forming ohmic contacts to theregions at both

~ Atpresent, there is a growing demand for electronic dexngs When a current flows through the two electrodes, the
vices that can function over a wide temperature range, fopinority-carrier exclusion effect will occur due to the pres-
example, in the high-temperature compartments of autoMGspce of the high—low junction. Although device simulation
biles and aircrafts. High-temperature sensors based on widggp pe used to estimate the sensor’s resistance vs tempera-
band-gap semiconductors, such as SiC, diamtdndnd e characteristics, a simple theoretical model is still needed

fibers; have been investigated in attempts to produce elecy, facilitate the design of the sensor. This work presents a
tronic devices that operate reliably even at high tempera-

tures. However, it would still be a long time before wide-

band gap semiconductor sensors can become cost-effective.
Also, there are numerous problems for fiber sensors to be
integrated into a single-chip system. Therefore, the develop-

sio2 Al SiO,

ment of high-temperature sensors based on the prevalent sili- T
con and related technologies is still attracting a lot of atten- . .
tion. n-Si n

Silicon devices are normally only suitable for operating
below temperatures of 250°C due to the excessive thermal
generation of charge carriers at high temperatﬁfdzswever,
by introducing the spreading-resistance structure, the maxi- (a)
mum operating temperatur€l,,,) Of silicon temperature

e e

sensors can be significantly increased. The spreading- Al Si0 Al
resistance temperatu(8RT) sensor was introduc@ih 1982 2
and commercializ€dn 1983. This SRT sensor has a vertical DD ROOTROUORNND DO

structure as shown in Fig(d), and can operate at tempera-
tures from -65°C to 300°C. Later on, Hout and
MiddelhoeK raised theT . Of their SRT sensors to 400°C.
Moreover, they developed a one-dimensiofidd) minority-
carrier exclusion model to explain the principle of spreading

n-Si

resistance and the characteristics of the vertical temperature Bulk-Si
sensors:®
Recently, the lateral temperature sensor in Fig) 1ab- (b)

ricated by thin-film silicon-on-insulatotSOl) processing *

was studied. and itgmax ranges from 300°C to 450°C. Be- FIG. 1. Cross-sectional view @8) vertical SRT sensor on bulk Si arid)

sides possessing a high working temperature, the lateral te

lateral temperature sensor on SOI. The vertical sensor has a small cirtular
rF[e'gion at the top and a larg€ region at the bottom, forming a spreading

perature sensor is also suitable for integration into a microresistor for increasing the maximum working temperature. Whereas for the

Chip due to its planar structure. The lateral temperaturéateral sensor, the two rectangulaf regions are at the top of the SOI
forming two high—low junctions. Since the silicon film is thin, high-density

current flow from one electrode to another can produce strong minority-

3author to whom correspondence should be addressed; electronic maitarrier exclusion near one junction, and hence raise the maximum working
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temperature.
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‘Jp = q/"LppE_ kT,upr, (2

wherekE is the electric fieldk is the Boltzmann constant,is
the operating temperatur&, andJ, are the electron and hole
w current densities, ang,, and u, are the electron and hole
mobilities, respectively. Assuming space-charge neutrality is
observed in then region,n=Np+p and for uniform doping
AL level, Vh=Vp.

- With J,=J-J, and mobility ratiob= w,/ u,, eliminating
I‘_ L _’{ E from Egs.(1) and(2) gives

FIG. 2. Top view of the lateral temperature sensor on SOI. Jhe the J=kTu-(n+p)V
current density applied to the sensarjs the width of the sensot, is the Jp = P ’u“( p) p_
length of the sensain region), andx is the distance from the*n junction.
In this work,w is set to be 10Q:m wheread. is set to be 1Qum.

bn+p 3)

Since the silicon film is very thin, the currents in thendz
directions can be assumed to be zero. In the carrier exclusion

physical model for the SOI temperature sensor, taking iNtQq i recombination can be ignored and the generation rate
account the minority-carrier exclusion effect, together W|thG is constant. The continuity equation can be written as
the temperature and carrier-concentration effects on carrier '

mobilities. dJ
—2=qG. (4)

Integrating both sides of E¢4) from 0 tox results in

Il. THEORY
Jp=Jp0+ AGX, (5)

5 WLZ?;V?/F?SVE\;V \?vfi;?hec:?rt?lze;;usrgrssr?dsg t'seslr:azw?hlng'QWherero is the minority-carrier current density injected into
tr;e N redion. withx as the distance from the'n 'ungtion the carrier-exclusion region at tmén junction (x=0) and is

. gon, : . jun " normally negligible. Substituting Eq5) into Eq. (3), using
Since the electron concentratiarix) of the n* region (x “DtN -ch tralitand J=1/(w t) (t. is th
<0) is much higher than that of theregion(0<x<L), the n=p+o (spape charge neutraly R W ts.' ( si 1S the

; . P ’ silicon-film thicknes® and neglecting the diffusion term

hole concentratiop(x) in the n* region is much lower than (Vp) within the exclusion region, we can rewrite B@) as
that in then region. When an electric field is applied along ' ’

the positivex direction, minority carriergholeg would flow qGbNsx

along thex direction whereas majority carrieglectron$ p= | . (6)
would move in the opposite direction. Near e high—low — —q(b+1)Gx

junction (x=0), holes in then region are extracted by the W i

electric field at a faster rate than those supplied byrthe
region due to the difference in hole concentration. Therefore ) :
the hole concentration in the region near the junction is FS)}ED t(n/]heie_)\ |st_norma||3t/) setltolot.jl,dthe exclusion
reduced. If the electric field is strong enough, this hole con-Ngth at then'n junction can be calculated as
centration near the junction will be lowered to nearly zero, N
even at high temperatures. Then, the electron concentration Xg,=
can be restored to the original doping level due to the con-

dition of space-charge neutrality. This is the essence of th
minority-carrier exclusion in then region next to then™n
junction, where thermally generated carriers are effectivel
removed. Since the extrinsic carriers dominate the electrical 1 | - qG(b+ 1w tx

By setting the condition for the carrier exclusion region as

w t[qGb+NqG(b+1)] ™

ﬁ/laking use of Eq(6) andn=p+Np, the resistivity of sensor
Js given by

conduction, the resistance of the sensor remains the same as p= S NI ) (8)

that before thermal generation due to high temperatures. This Getn * PALtp G#nlNo

also explains why thé,, of the sensor can be raised t0 \here the material parameters%

higher values. Since the minority-carrier concentration does

not really go to zero when exclusion occurs, a parametsr 1 ni2

used to define the extent of exclusion. The exclusion regime = ;NDTZn

is defined to be in effect when the minority-carrier concen- '

tration is reduced taNp, whereNp is the doping level of the s

n regon. . . 1429.2<l) - 55.23
The well-known carrier transport equations based on the 300

drift-diffusion model are Pin=55.24+ B8 p+p |0 )
J = quaNE+KTw,Vn, (1) 1+ ( 300) ( 1.072% 1017)
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FIG. 3. Calculated minority-carrier concentration profiles across the tem-
perature sensor at 300°C for bias currents of @4, 1 uA, 10 uA, and FIG. 4. Calculated carrier exclusion length for the temperature sensor with
0.1 mA. The dotted lingANp) defines the threshold level for minority- bias currents of 0.kA, 1 xA, 10 uA, and 0.1 mA. TheNp is 1
carrier exclusion. In this work, the film doping lev@lp) is 1x 10 cmis, X 10" cm®. The dotted line shows the length of the sensor.
The threshold level is defined to be one-tenth of the doping leveD.1).
When the minority-carriehole) concentration falls below this level, the
minority-carrier exclusion occurs. region is longer, the device needs a higher temperature to
produce more electron and hole pairs in order to switch to
T\ 22 intrinsic conduction, implying a highér,,,, From Fig. 3, it
479.3 300 -49.7 can easily be seen that when the current is larger, the exclu-
Mp=49.7 + T3 — o5 (100  sion length is larger and hendg,,, is higher. When the bias
300

current is at 0.1uA, the hole concentration is higher than the
threshold level within the entira region. This means that
carrier exclusion does not occur if the bias current is too
N small, and T, at this bias current should be far below
n; = VNGNye /%, 300°C. When current is increased tquA, carrier exclusion
starts to occur near the*n junction up to a distance of
300 T } 2.5um. Tray Will be a little higher than that for 0.LA, but
300+a T+p]’ still much lower than 300° C. When the bias current is larger
than 10uA, carrier exclusion covers the entineregion, and
Tmax at this high current bias will be higher than 300°C.
Equation (7) evaluates the temperature dependence of
the exclusion length under different bias currents as illus-
312 trated in Fig. 4. This is another way to display the relation
) between the carrier exclusion effect ahg,,. The tempera-
ture at which the carrier exclusion lengtsolid lineg inter-
The excess-carrier lifetime is taken to be 0.Jus and the  sects the length of the sensgiotted lind represents the
temperature coefficients for the energy band ga@nd 8)  exact temperature that the carrier exclusion region covers the
are 47310 eV/K and 636 K, respectively. Finally, the entiren region of the sensor and is approximately equal to

1.606x 10

Ey = E4(300 K) + a{

T 3/2
N, = N¢(300 K)<ﬁ)> :

N, =N,(300 K)| =—
4 V( )(300

resistance of the sensor can be calculated as the Tax Of the sensor at a given bias current. For instance,
L L the intersection point of 0.LA is 210°C. When the tem-

R= f pdx _f | -qG(b+ 1)WtSiXdX (1) perature is below 210°C, say 200°C, the carrier exclusion

) w tg B witg0unNp| ' length is larger than the length of the sensor. This means that

0 0 the device needs more thermally generated electron-hole

pairs to overwhelm the extrinsic carriers, and thlig,
should be higher than 200°C. For temperature above 210°C,
say 220°C, the carrier exclusion length is smaller than the
With L of 10 um, w of 100um, andtg of 0.1um, the  length of the sensor, implying that part of the device has a lot
distribution of minority-carrier concentration along tkeli-  of excess carriers. Thereford,,,, should be lower than
rection under different bias currents can be calculated fron220°C at a current bias of 0/4A. Similar trends are also
Eq. (6). The hole distributions in a SOI device at 300° C for found for the other three bias currents, ahgl, at different
different bias currents are plotted in Fig. 3. The dotted linebias currents calculated by this method are as shown in
defines the threshold level for minority-carrier exclusion, Table I.
which occurs in the region where the hole concentration falls ~ The integrand in Eq(11) depends not only on the dis-
below this level. In this region, the electron concentrationtancex but also on the carrier mobilitieg, and w,, which
drops back to nearly the same as the original doping levedre in turn functions op(x) in Eq. (6). Due to this complex-
because of space-charge neutrality. If the carrier exclusioity, the sensor’s resistance has to be calculated by numerical

Ill. RESULTS AND DISCUSSIONS
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TABLE |. T, calculated by three methods for the temperature sensor at 5x10° T T T T T T
different bias currents
. . B 4x10° R
Trmad°C) Tmax(°C) Timax(°C)
Bias currents from Fig. 4 from Eg.(8) from PISCES
g 3x10°A -
0.1 uA 210 210 230 8
1 uA 260 260 230 ‘g o104
10 uA 350 360 330 &
0.1 mA 460 510 430
1x10° B
H H 0 T T ‘ T : T ..I T
method, which consumes much computer time and some- 0 100 200 300 400 500 600
times could have convergency problems. In the following Temperature (°C)

description, different methods are proposed to simplify the

lculation while maintainin I r : FIG. 6. Effect_s of temper_ature-sensitive carrier-mobility re{tb@zpnl,up)
calculatio e mainta g acceptab € accuracy, on sensor resistance at bias currents of A1 1 pA, 10 pA, and 0.1 mA.

The Np is 1X 10 cmi 3. Dotted lines show the results with the effect of
temperature orb. Solid symbols show the results without the effect of

A. Case 1 temperature o (b is set at its room-temperature value of 2.8

Since the intrinsic carrier concentrations are relatively

low for temperatures not far beyond,,, the charge- comparison. When the bias current is smaller than 0.1 mA,
dependent term+p in the mobility formula can be approxi- there is little difference among thE,.. calculated by the
mated byNp, and thusu, and u, can be considered to be three methods. However, large discrepancies exist when the
constant throughout theregion(this will be later supported bias current is over 0.1 mA. The reason is that when the bias
by Case % As a result, the resistance of the sensor in Eqcurrent is large, the minority-carrier injection current density
(11) can be analytically calculated as Jooin Eq. (5) can no longer be ignored. This carrier injection

L G(b+ 1)L2 can increase the carrier concentrations in heegion and

- (12 thus lower its resistance as shown in Fig. 5.

R=
QunNpW 1 2uaNpl

The first term is the well-known formula for a simple dif-
fused resistor, and it increases with temperature due to vari@. Case 2
tion in wu,. In the second termG accounts for the thermal
generation of carriers, wheredgroduces the carrier exclu-
sion effect. The combined effects on the characteristics o

resistance vs temperature are as plotted in Fig. 5. The sa o) ]
P b g P can be further simplified as a constant and take on its

characteristics simulated using the 2D device simulato . :
oom-temperature value of 2.8. Sinpg and u, are consid-

PISCES are also included for comparison. Figure 5 show?

that higher current induces stronger carrier exclusion eﬁectered as constants throughout thgegion, Eq.(12) is stil

thus resulting in higheT, .. The T, ., calculated and simu- applicable for this case. The new characteristics of resistance

lated at different bias currents are also included in Table | fo?’S tgmpera_ture are as shown in F.'g' 6, illustrating that the
mobility ratio hardly affects the resistance.

The carrier mobilities calculated by Eq&) and (10)
how that when the temperature increases from 30°C to
QO°C, their ratido only changes from 2.8 to 2.6. Therefore,

500k T T T T T T

v 0.1mA
400k a 10;2 ] C. Case 3
o 1uA Model . . . ) )
o 01yA Owing to the approximations used in the model deriva-
& 300k Wv . tion, there exists a singularitx,) in the hole-concentration
8 - distribution described by Eq(6). When x=x,=1/[q(b
% 200k - A - +1)Gwty], p will approach infinity. Sincep is negative for
@ L5597V 99, PISCES X>Xo, the integration range in Eq1l) has to be adjusted
100k | T Yo | from 0 tox,, and Eq.(12) becomes
8 v 2
°u, v X G(b+ 1)x
o "°800ugan - Jw__30* D, (13
0 100 200 300 400 500 600 AunNpWi; 2paNpl

Temperaturs (°C) wherex,,=min(L,Xo). As can be observed in Fig. 7, there is

FIG. 5. Resistance-temperature curves for the temperature sensor with bigs“ttle e_ﬁeCt OfXO qn the resistance .fOI’ temperatures below
currents of 0.4uA, 1 uA, 10 wA, and 0.1 mA. TheNp is 1x10%cm®.  Taxe This also confirms that the region from Oxggoverns
Solid symbols show the calculated results of the simplified model with thethe resistance of the sensor when carrier exclusion effect

charge-dependent term+p in the mobility formula approximated b\, ;
and the mobilitiesu, and u, considered to be constant throughout the oceurs. For temperatures beyoﬁqax’ Eq.(13) gives a more

region. Hollow symbols are the results calculated by the 2D device simulal€@listic r?SiStance‘temperature C_haraCteriStiCS_ thanBy,.
tor PISCES. by removing all the negative carrier concentrations.

Downloaded 07 May 2007 to 147.8.143.135. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 5, 1 September 2004 Z.H.Wuand P. T. Lai 2959

5x10° T T T — T T 4x10° T T T T T T
i —— consider x
—— consider x, o
4x10° " 2 T not consider x__
-------- not consider x, ax10°4 £
g 5 a
3x10° g
g .
8 £ 2x10°
@2 ]
173
g 2x10° %
@
. 1x10°
1x10° 4
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

FIG. 7. Effects of carrier-concentration singularity on sensor resistance alG. 8. Effects of equilibrium carrier concentrations on sensor resistance at
bias currents of 0.uA, 1 uA, 10uA, and 0.1 mA. TheNp is 1 bias currents of 0.kA, 1 pA, 10 uA, and 0.1 mA. TheNp is 1

X 10'® cm3. Dotted lines are the results with negative values in the carrier-x 10t cm™. Solid lines show the results with the equilibrium values in the
concentration profile inside the sensor, whereas solid lines show the resultsrrier-concentration profile inside the sensor, whereas dotted lines are the
with negative concentrations removed. results without the equilibrium concentrations.

D. Case 4 different resistance values only at high temperatures beyond
Tmax This is because when the bias current is large, the car-
rier exclusion effect is strong and the hole concentration at
high temperature is normally lower than the equilibrium
level p, over most of the integration range from O ko

As mentioned in Case 3 in Eq. (6) rises rapidly to a
very large value before becoming negative. But in reafity,
cannot be higher than its equilibrium valpg, which is de-

fined a8 Therefore x,o is normally larger tharl. or very close tol,
2 n? and hence there is no big difference between #@) and
Po=ni/ng = (14 Eq.17).

E[ND + N2 + 4n?]

E. Case 5
wheren, is the equilibrium electron concentration.Xf, is
defined as the location whegein Eq. (6) increases tq,,
then

With the inclusion of the effect of carrier concentrations
on carrier mobilities, an iteration method is required to solve
for p in EQ. (6), un up, @and thenR in Eq. (17). In this
calculation, the initial guesses df and R are 2.8 and
100 k, respectively, and the maximum errorsodindR are
both set at 1%. Figure 9 shows that the carrier-concentration
dependence of carrier mobilities has little effect on the sen-
sor resistance for all bias currents. The reason is that when
the temperature is lower thah,,, the carrier exclusion ef-

b fect dominates. The hole concentration is negligible and the

Pol
Xpo = .
P°” [aGbN; +qG(b + 1)polwiy
For x larger thanx,o, p in Eq. (6) is larger thamp, and so is

set equal tq,. The resistivity determined by E() for this
region becomes

(15

po= QnbNg + qun(1 +b)pg (16)  electron concentration is nearly equal to the doping level
_ . over the entiren region. This leads to the small effect of the
With Xmax=min(L,Xy0), Eq. (11) becomes
1 Xmax L Xmax 5x10° T T T . T
R=— J p(X)dX+ J podX = —-— consider the effect of carrier
Wi 0 Xmax QunNgWig; . concentrations on p,,
5 101 ... notconsider 0.1mA 7
_G(b+ 1)Xmax+ 1 b e
2punNgl Wi 0nbNg + qen(1 +b)pg g >
X (L = Xmax) - (17) 2 2o
From Fig. 8, a big difference is found when the bias current
is low (e.g., for 0.1uA, Tyaxis 20°C higher when consid- 1x10°5
ering x,0). For a lower bias current, since the carrier exclu-
sion effect is weak, the hole concentration at high tempera- °0 T e e aap e
ture given by Eq(6) is much higher tham, for most of the Temperature (°C)

integration range, given that,, is much smaller thari.
Hence, the results calculated by E@2) are different from  FIG. 9. Effects of carrier concentration-sensitive mobilities on sensor resis-

i tance at bias currents of 0dA, 1 uA, 10 ©A, and 0.1 mA. The\p is 1
those calculated by Eq17) due to the significance of the X 10 cm 3. Solid lines are the results with carrier mobilities dependent on

last term in Eq(17). For higher bias Current$ ir.‘ the range of carrier concentrations, whereas dotted lines show the results without this
1 A to 0.1 mA, the two methods give similaf,,, but  dependence.
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carrier concentrations on the carrier mobilities. On the otheeffects on the device resistance for temperatures beélgw
hand, when the temperature is higher tfign,, the effect of  In summary, the device model presented here can be used to
temperature overwhelms the effect of the carrier concentrahelp understand the principle of the minority-carrier exclu-
tions on the carrier mobilities, thus dominating the temperasion effect and guide the design of temperature sensors built
ture dependence of the sensor resistance. on thin silicon film for high-temperature applications.

In summary, Eq(12) is a simple and reasonably accurate
formula for des_cribing the sensor resistance_ for temperatureg-x NOWLEDGMENTS
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