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Abstract

This paper deals with a complete analytical modeling and analysis of thermoelectric uncooled infrared sensors compatible with CMOS
technology. The operating principle involves alocalized thermal assessment resulting from IR radiation absorption, a micromachined membrane
on which PolySi/Al thermojunctions have been deposited causing an internal self-generated electromotive force. The model put forward is
based on dividing the sensor into three zones, each one being the subject of a thorough thermal study (conduction, convection and radiation
thermal effect). Through the analytical thermal gradient analysis developed in each zone of the structure (absorber, part of thermoelectric
transducer layer placed under the absorber, thermoelectric transducer) we are able to predict the sensitivity, detectivity and the notse equivalen
power to the sensor. Thus, such a kind of analytical approach is worth of interest to optimize thermopile sensor design parameters.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction thermopile sensor. The common operating principle relies on
the resultant specific area temperature rise of the sensor due
Advanced technologies allow the massive use of micro- to absorption of incident radiations that modify the physi-
machining devices combined with signal processing to offer cal properties of temperature-dependant parameter, such as
complete sensors devices. The aim of this article is to pro- electrical conductivity. In this study, we first recall the ba-
pose the modeling of an infrared CMOS process thermopile sic equations of thermopiles and we present the structural
in order to optimize low-cost applications, for example, hu- topology of the sensor under study. Usually, the thermopile
man body detection in domotics. This sensor must operateoptimization models developed are for the majority divided
at room temperature (300 K) with spectral range from 7 to in two zoneg5—7], the absorbing layer is separated of the
14um, including blackbody reference source for bodies or thermoelectric transducer layer. That we would consider the
objects. Respect to the four uncooled solutions: pyroelec- effect in which a part of thermoelectric transducer layer is
tric [1], thermoelectrid2], microbolometef3] and bimate- placed under the absorber to guarantee a good thermal el-
rial microcantilevef4] detection, we focused on thermopile evation at the hot thermojunction. Thus, we will focus on
process which allow static human body condition without the model developed in three zones for considering it and
mechanical systems as required by pyroelectric sensors. Asanalyzing the simulation results. Theses results are derived
no external supply is needed, no 1/f noise could affect the from the influence of geometric, thermal effects of thermo-
static detection, which is an other good agreement for the couples and the absorbing layer relative to the membrane.
To do so, we selected a one-dimensional analytical model
* Corresponding author. Tel.: +33 5 61 33 63 60; fax: +33 5 6133 62 08. handling the computational time needed that would be much
E-mail addresscescriba@laas.fr (C. Escriba). greater ComparEd at the method of a finite element numerical
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model. Finally, we will compare some of the simulations ob- ature difference between the two thermojunctions:
tained from physical coefficients and experimental results to 9
validate our model and underline its merits when it comes to 27 = Th = Tc (2)

optimizing the performance of thermopile sensors. The typical sensor topology selected in this study is shown
in Fig. 2 It relies on the association of thermojunctions that
have been connected in series so as to increase the voltage
2. Thermopile operating principle delivered. Thus, based on the total number of thermocouples
N, the voltage generated by the thermopile can be written as:
Thermoelectrical sensors are based on the use of thermo-
couples that allow an electromotive force to be generated &VYAB = Naag (Th — Tc) = Naas Rinn Po (3)

without any external suppl¥:ig. 1shows the connection of  \yhereRy, (K/W) is the thermopile’s thermal resistanog,
two chemically different materials A and B whose ends H the apsorption coefficient aréy the radiative power (W)
(for hot thermojunction) and C (for cold thermojunction) are  colected by the absorbing surfaG (m?) of the sensor
welded to obtain a circuit. The C point is maintained at a (p, = ¢,S,). Also, to increase the generated voltage, the ther-
set temperaturé:, while the H point is subjected to incident mojunctions are deposited on a membrane whose role is to

flow variations®o (W/m?) that cause temperatufe to rise. maintain a thermal gradient between both ends of the hot
Under the effect of differential heatingT (K) between  zones subject to absorbed IR radiations and the cold zones

the two thermojunctions, a potential difference oca¥ég maintained at ambient temperature. Thus, the ratio of gener-
refer to Seebeck voltad8,9] that can be expressed as fol- 4teq voltagerVag over the power receivey stands for the
lows: thermopile’s electrical sensitivity, denotéq:

Ty
AVpg = / h(OlA —ag)dT = apg AT 1) Ry = AVSB = Neas R @

Tc

whereaas stands for Seebeckul//K) coefficient related to
the association of two materials A and B characterized by
their respective Seebeck coefficienis, ag and the temper-

3. Thermopile modeling
3.1. Thermal gradient determination

To develop our model, we consider the thermal conduc-
tion flows in the materials along theaxis as well as heat
Absorber } P ? E flows exchanged by convection and radiation. Also, as the

general structure of the sensor studied exhibits symmetrical
axes Fig. 3a), it is possible to model the whole sensor by

Incident flux @,

material A ) means of a single quadrgi0] and to effect the calculation
TH Te ofthe thermal gradiemk T across the ends of thermojunctions
Hot welding Coldpelisng using one-dimensional Fourier’s stationary heat equations:
T (x
—d 8x(2 ) + (T (x) — Ta) + ope(T4(x) — T3 = n®o
Fig. 1. Seebeck effect principle. (5)
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Fig. 2. Thermopile’s basic structure.
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Fig. 3. Overall equivalent diagram.

where is the thermal conductivity the material thickness, each zoner(=1, 2, 3, 4) considered along tk@xisx,, with
h the convection coefficient;, Stefan-Boltzmann constant, ;2 andgps the conduction flow at the interface of zones 1-2
¢ the emissivity coefficient and(x) temperature along the and 2-3. Also, considered is the temperature distribution in
elemen®x. substrate as a constant and equal to the ambient temperature
In addition, the determination of the thermal gradient be- denotedT,. Likewise, the thermal gradient in the thickness
tween the hot and cold thermojunctions, shall be carried out (z-axis) of each zone shall be disregarded. In other words,
by dividing the overall structure into three zones. Thus, for if d, « I, the one-dimensional analytical model will remain
each zone, the heat transfer equation is computed versus thgalid and the temperature on the front and backsides of the
boundary conditions at each zone’s bordeg. 3b presents  structure shall be the same given the low thickness of mem-
the different material layers for each zone.where the termsbrane[7]. Also, as the temperature difference between the
dn, In, stand for the equivalent thickness and the length of ends of the hot and cold thermojunctions is much smaller
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than that of the ambient temperature, one can write the fol-
lowing relationship:

T(xn) — Ta

1
T <

(6)
and

Tu(xn) = T(xn) — Ta (7)

the stationary heat Eq5) can be written as a function of
Eqgs.(6) and(7), with n being the reference index in the zone
studied,

82Tn (xn)

—A
" dx2

. dn + hn + 4Ub(8n1 + Sng)TasTn(-xn) - 77‘1)0

(8)

wherei,, is the equivalent thermal conductivity add the
equivalent thicknesELQ]. Both terms are a function of the
numbem’ =N/4 of thermocouples present in the chart and of
the thermoelectrical material widtWz for aluminum Wyoly
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0Ty (x1
-1 (x1) =q12 (13)
8)61 x1=h
in zone 2,
0T>(x2
—ML =q12 (14)
8X2 x2=0
0T>(x2
—2 (x2) = q23 (15)
02 ep=ty
in zone 3,
0T3(x3
—A3 (x3) = q23 (16)
8)6'3 x3=0
T3(x3)|x3=13 =0 (17)

under the boundary conditions (Eq43)—(16), it appears
that the expressions relating to the thermal conduction flow
012, 3 are unknown. They are determined after successively
solving the differential equations resulting from the thermal

for PolySi in the zone under study as well as the absorber elevationTy(x,) in each zone.

width, W, and of the membran@/mem ¢,, ande,, standing,
respectively, for the sensor emissivity coefficient of the front
side and back side in the zoneonsidered:

> ihid;
Ap = = 9
=5 )
dy =Y d; (10)
i
with hy, the convection coefficierl 1,12}
1 1
hpy =Ag| —+ — 11
" <dl * dz) ()

wherelq is the thermal conductivity of the atmospheric gas
contained in the boxHig. 4), d; the distance between the
membrane and the upper face of the babkethe distance
between the membrane and the box cover.

Boundary conditions are as follows: in zone 1,

0T1(x1)
0x1

-1 =0 (12)

x1=0
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Fig. 4. Cross-sectional view of the encapsulated thermopile.

The thermal balance in the zone 1, for &< |1 can be as
follows:

¥ T1(x1)
2
axl

—\1d1 dx + A1T1(x1) = nPo (18)
with A, the coefficient standing for the total loss thermal

exchanges at the surface,

A1 = [h1 + dop(e11 + £12) T2 (19)

where )1, di, €11, €12 are the coefficients associated with
zone 1, wher@1(Xp) is the thermal elevation along element
ox1. Given the boundary conditions, Eq42) and(13), the
thermal elevation of the structure as governed by(E§)in
zone 1, can be written as:

n®o  qi2 chkix1)

T = — - 20
1) A1 Aiki shalq) (20)
with
Aq
ki=.—— 21
1= ds (21)

Thethermal balancein zone 2, for @x<<I, can be written
as:
—Aod

dx + A2T>(x2) = ndo (22)

9°T(x2)
2 2
X2
with Ay, the coefficient standing for the total losses of thermal
exchanges,

Ag = [ho + dop(e21 + £22) T2 (23)

Ao, Oo, ho, €21, €22 are the coefficients associated with zone
2, whereT2 (x2) stands for the temperature rise along the
elementaxy. In accordance with boundary conditions, Egs.
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(14) and(15), the temperature rise of the structure governed Conduction flows};12 andgps common to zones 1-2 and 2-3,

by Eq.(22)in zone 2, is of the form: respectively, can be expressed as:
n®o  qi2 chlka(lz —x2)]  g23 chikaxz) n%Po
T = — - 12=——612 33
2(x2) Ap + Aoka  shialo) Aoka shikzl?) ! A2 =
(24) )
. q23 = utﬁ23 (34)
with Az
wheret 1, andyr12 stand, respectively, for the conduction flow
ko = Az (25) pattern factor:
Aodo
frp = 1
the thermal balance in zone 3, for @s<l3 can be written 12= Aoko[((coth(kalp)/Aok2) + (coth(kil1)/A1k1))
as: x ((cOth(kalz)/A2kz) + (th(kals)/Asks))
92T (11232
—X3d3 ai(zxs) dx + A3T3(x3) =0 (26) (1/343 StP (kal2)lshtealz) (35)

3

with Az, the coefficient standing for the total losses of the
surface thermal exchanges, (coth(kolz)/Aok2) + (coth(kily)/A1k1)

Vo3 = (36)
th(kal2)/ Lok th(k1l1)/ 11k
As = [hs + donear + £39) T 27) (coth(kal2)/A2k2) + (coth(kil1)/A1k1))
x((coth(kal2)/A2k2) + (th(kals)/A3k3))
A3, ds, h3, €31, €32 are the coefficients associated with zone —(1/23k3 sH(kalo))
3, whereTs(x3) is the temperature rise along the element
0x3. In accordanc_e with boundary conditiofis) and(l?_), By introducing the conduction flow expressiam, 23
the temperature rise of the structure governed by(E&)in (Egs.(33)and(34)) in Egs.(20), (24), (28), we get the ana-
zone 3, is of the form: lytical expression of the temperature distribution in zones 1,
chlks(lz — x 2and 3,
Ta(a) = 92 [k3(l3 — x3)] 28)
Asks  shials) Ta(x1) = nbo (i 1 & Ch(klxl)) (37)
with A1 Az Aiky shfals)
A T:
ks 3 (29) 2(x2)
A3d3 n®g (l e chlka(l2 — x2)] ch(kaxz) )
=— 12 — Y23
In Egs.(20), (24) and(28), conduction flow expressions A2 hoka shialz) hoka shial2) (38)
012, 023 being unknown, a system of equations has to be
established by including at the interfaces of zones 1-2 and
2-3, the following conditions: @ shika(la — x
e = v ) o
T1(x1)|y—ty = T2(x2)l1p=0 (30) 2h3k3 Chikals)

Thus, the thermal gradient expression is computed by es-
tablishing the temperature difference between the respective
T2(52) lxpmt, = T3(x3)l 50 (31) thermocouple ends (E)). The hot thermojunction end at

Ty, is situated under the absorbing layer located in zone 2, at
Given Egs(30)and(31)and assuming that the material coat- xp =0,
ing of both sides (zones 1 and 2) is of the same nature, the
emissivity and convection coefficients are considered identi- Th=

and

T(x2 = 0) = T2(x2 = 0) + Ta

cal, thatise11 =21, £12 = 22 andhy = hy. Hence, the follow- _n%o  nPg,_ coth(kalo)
ing system of equations: T A AT aok
coth(kalp) |, coth(kil) —1 n®Po 1
Azkzz 2+ Alkll s Aoko shkal2) q12 - A—W23m + Ta (40)
-1 coth(kolp) + th(kslz) g3 2 2K2 2L2
Aokashkal?) Aokz r3k3

The cold thermojunction is located at the end of zone 3 at

0 X3 =13,
=1 oAt (32)
n®oAas Te=T(x3a=1013)=T3(x3=1013)+Ta=T, (41)
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Thus, the thermal gradient expression located betWgand
Th is of the form:

(1
3.2. Sensivity, noise equivalent power, specific
detectivity

£12
——— coth(kol2) —
+ ok (kal2)

Y23

_ %o _ Y3
Aok shikal?)

AT =
Ap

) (42)

The thermal gradient expressia being established and
taking into account Seebeck coefficients a2, the number
of thermocouple for senstt and the absorption coefficient
n are known, the voltage generated by the thermopile (Eq.
(3)) subjected to the radiative flo@g can be written in the
following form:
n%Po

VS = (Ol]_ — 0(2)NA—2

V23
Aokz shizl?)

§12

X (1 + === coth(kzl2) — (43)
Aoko

)

The sensor electrical sensitivity (Hg)) can be expressed
V23

as:
14 —)
( A2ko shikzl?)

(44)

Ny
(1 —a2)Npy
AZSa

€12
Moko

coth(kalp) —

By identification (Eq.(4)), we get the expression of the
thermal resistancBy, of the thermopile:

V23
A2kz shial2)
By considering that the main source of nolgis of a
thermal origin (Johnson noise) in this type of serji8i, the
noise equivalent power can be written as follows:
Vi
Ny

(1 + 512 cotkoly) —

Rih =

A2S,

A2k ) (49)

NEP =

(46)

Hence, given the absorbing surfé&gethe noise equivalent
powerV,, and theAf, the specific detectivity can be expressed
as follows:

WA

Vn

D* (47)

4. Discussion on sensor dimensioning
4.1. Analysis methodology

In this study, we have taken into consideration the influ-
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the different layers in each zone are fixed. We have organized
this study in several steps. First, we reviewed the global im-
pact of the polysilicon strip length and width on the whole
structure Fig. 3) to determine a preponderant parameter on
sensor sensitivity and thermal gradient between the extrem-
ities of thermojunctions. In other words, we customized the
absorber dimensiong/; and that of the membrané®/inem
(Eqgs.(48) and(49)) as a function of the thermocouple occu-
pation on the structuré\; is the space between two thermo-
couples and\, the absorber edges).

Wmem= Wa+ 213 (49)

Thus, by relying on these first results, we have evaluated
the overall influence of the thermocouple dimensions on the
sensor’s characteristics so as to define the order of magnitude.
Then, as above, we evaluated the impact of the absorber and
membrane dimensions for a fix&d,y We also reevaluated
the impact of the thermocouple dimensions as well as the
number of the sensor performance for a fixed absorber sur-
face. This has enabled us to define the optimal size of the
membrane and hence that of the thermocouples as well as
their number. Finally, the analysis of these results has been
compared with a number of experimental val{e$-16] In
this modeling, the material thermal values of the Si absorber,
SiOy, SiNy, PolySi, Al, are 150, 1.4, 1.9, 30 and 235W/mK,
respectively. Likewise, incident flow is 310N/mm?, the
emissivity of the absorbing layer=0.6 and electrical re-
sistivity 2m&2cm in PolySi and 2.% 103 mScm in Al,
Seebeck coefficient 110wV/K for PolySi and—1.8uV/K
for Al

4.2. Influence of length and width PolySi strip

In this study, we have customized the dimensions of ab-
sorberW, to the different polysilicon strip width#/,oy and
to that of the membran®em to the length of the ther-
mocouples withn’=N/4 =11 andWqy taking the succes-
sive values between 10 and 2B in Eq. (48). Simulation
shows that the influence of the polysilicon strip on the sensor
sensitivity Fig. 5 for a width Wy in excess of 2Qum is
not adequate, fok3=500pum andWpoly =25um the ther-
mal conductanceS;, =123x 1078 K/W. Nonetheless, this
finding is open to question sinc&if. 6) the temperature
gradientAT between the thermojunction ends is more sig-
nificant for widthsWpoly in excess of 2@um. This finding
shows the tradeoff between the sensor sensitivity and the
thermal gradient, which is dependent on the one hand, upon
the thermal resistance (E@5)) and on the other, on the flow
collected at the absorber surface. Indeed, the thermal conduc-
tanceG =59 x 1078 K/W for Wyl = 15um of the sensor
is much greater for decreasing widt¥,y, while the col-
lected flow on the other hand is directly proportional to the

ence of the absorber, membrane and thermocouples that are absorber surface. Sincé/poy modifies the conduction sur-

function ofly, I2, I3 andWpoly, Wherel, and the thickness of

face of PolySi strips, polysilicon—aluminum total electrical
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Fig. 8. Thermal gradient between the thermojunctions as a functibn of

Fig. 6. Thermal gradient between the thermojunctions as a functidf of andls.

andWyoly.

fails to improve the sensor sensitivity, since the extension
resistance of the thermopile is decreasing with the enlarging of the collected flow absorption surface causes this rise and
PolySi strip. More generally, it is found that it promotes the impacts the thermal resistance. In relative terms we check
sensitivity and thermal gradient of the sensor. Nevertheless,that the PolySi strip length promotes the sensor sensitivity
as the electrical resistance and NEP (@@)) of the sensor a5 well as the thermal gradient. However, it would not be
are antagonistic terms, over-extended thermoelectric stripsrealistic to contemplate possible improvements of the sensor
are not an adequate solution since it would imbalance theperformance byincreasing the thermocoup]e |ength, since, in
tradeoff between sensitivity and detectivity, while mandat- addition to the increase in absorber surface which is equally
ing the fabrication of a large size membrane. As a result, a detrimental to the sensor performance (given our working
gOOd tradeoff between the teChnOlOgical feaSIblllty ofa Iarge assumptions), we increase the membrane size to no useful
membrane and the sensor characteristics can be engineereglyrpose. Also, we check that the NBFd. 9) and specific
by considering the sensitivity/detectivity issue in terms of detectivity Eig. 10 are equally altered. As a result, it follows

thermocouple length. that there is no use in enlarging the absorber surface, since it
is detrimental to the sensor performance as it is higher than
4.3. Influence of the membrane and absorber the effective thermocouple occupation.

dimensions for a fixed size ofp4y,

D VEP (nW/\HZ)

AL T 0
HIHS

o6

In this second study, we review the impact of the size of o _"f’_"__
the absorbew, and that of the membran&i,em as a func- | —T .{
|

tion of width Wpoiy set at 15.m given the previous results

and a number of thermocouples maintained’atN/4 =11

in Eq. (48). The simulation shows that the sensor sensitivity

(Fig. 7) decreases when the absorber is overdimensioned be-

yond the transverse space occupied by all the thermocouples, ‘

" (Wa> Wiy + (0 — 1)Ws + 2Wh = 2(11 +12)). 1000
As stated above, the temperature gradiaft between

the ends of the thermojunctionBig. 8) is more significant L, ( pm)

owing to the increase in absorber surface. However, despite

the thermal gradient increase, it can be noted that the latter Fig. 9. NEP as a function df andls.

T =250
~300 L=W,/2(um)
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Fig. 10. Specific detectivity as a functionlgfandls.

4.4, Influence of the number and dimensions of PolySi Fig. 12. Sensor sensitivity as a function f Wpoiy] andls.
strips for a fixed size of absorber W

To end this study, we intend to re-assess the influenceple [Wpoly, N]. Nonetheless, it can be seen that the electrical
of geometric parameters of the polysilicon strips by set- resistanc&e of the thermopile depends on the geometric di-
ting the absorber siZ@/,. As a starting assumption, we set mensions since in our estimation there is no mention of the
Wholy = 15um andn’ = N/4 = 11 to evaluat&Va. The calcula- equivalent electrical conductivity, only the effective electri-
tion yieldsW,=375um. The absorber size being fixed, we cal conductivity being considered. This also accounts for the
then compute the set of coupl&fyy, N] that meet the con- dependence of the noise voltage generated by the thermopile
dition: on the real dimensions of thermocouples. This can be seen on
, , curves Fig. 15 that demonstrate the level of NEP detectable
Wa~ n'Wooly + (0" — 1)Ws + 2Wp = 2(11 + 2) by the sensor. With respect to the specific detectiitythe

Thus, for each one of the couples determined, the analysisfesults given irFig. 16show that the latter are all the better
of the results shows that the temperature gradieifFig. 11) as thermocouple strips are longer. Therefore, we will remem-
depends primarily on the thermocouple length and that the ber that for a fixed absorber size, small width thermocouples
impact of the couplesVioly, N] is extremely low. This can ~ are preferred, thereby, increasing their number and taking as
be accounted for by the notion of equivalent thermal conduc- @dvantage as much as possible of the Seebeck effect. Finally,
tivity of the polysilicon strips that we included in our model. only those design rules will impose the optimum size for the
Indeed, this last are more or less identical since the dispar-thermocouples.
ity of the productN by Wy for each couple is very low.

Thus, we conclude that the tradeoff between sensor sensitiv4.5. Comparison with experimental values

ity and thermal gradient is associated with the thermocouple

length. Therefore, we can fine-tune the sensor performance To validate our model, we have computed the theoret-
by selecting a couplefpoly, N] or by increasing the length  ical sensitivity of thermopiles within the framework of a

of the latter. This is why, the sensor sensitiviig. 12 is collaborative effort between LAAS-CNRS and the Univer-
directly linked to the number of thermocouples and to their

length. This finding is highlighted iRigs. 13 and 14howing i N2
the dependence of the sensor sensitivity relative to each cou- ,,

e R (VW) 100

_4,,———:""41_71‘ [ | TR
== | T #150
5t 80
/| RV /
100 T w

Wik, ‘ " N-2(
‘l‘ |
i 10
20
0
0 100 200 300 —iU]U 500 600 700 800
3(pm)
Fig. 11. Thermal gradient between the thermojunctions as a functidw of [ Fig. 13. Sensor sensitivity as a functionWoyy andls.

Wholy] andls.
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Table 1
Experimental vs. simulated values
Thermopile Absorber Membrane Sensitivity measured (VfIV) Sensitivity simulated (V/W)
TP 09 45Qum x 450pm 1500um x 1500um 38+8 40
TP 10 35Qum x 350pm 1500um x 1500um 70+ 14 60
TP11 60QLm x 600pm 1500um x 1500um 21+6 25
Wpu]y (um) \Npo]y (pum)
28 25 22 19 17 16 15 13 12 28 25 22 19 17 16 15 1312
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sity of Barcelong[17]. To do so, we have considered the

Fig. 16. Specific detectivity as a function &,[Wpoy] andls.

5. Conclusion

In this paper, a one-dimensional analytical modeling has
been presented with the view of dimensioning an IR ther-
mopile sensor. To do so, we have established the stationary
thermal distribution, including phenomena itemized of con-
duction, convection and radiation along the structure divided
into three basic zones. To guarantee a good thermal eleva-
tion at the hot thermaljunction, we are considered the middle
zone in the model, zone where the thermoelectric layer is
placed under the absorber. Simulation has supported the pre-
diction of optimal sensor performance by reviewing the im-
pact of the absorber and membrane dimensions, the number
and length of thermocouples deposited on the structure. Also,
highlighted were the critical parameters for efficient sensors.
A preliminary study has shown a good agreement between the
simulation and experimental results. A precise metrology of
the different topologies of thermopiles fabricated at LAAS-
CNRS shall be conducted and compared with the analytical
model.

following characteristics in our model, Seebeck coefficient Acknowledgments

a=96V/K, the ambient temperaturg, =300K, the inci-
dent radiative power at the absorber surfdgs=10 W/n?,

a width Wpoy=25um and the convection coefficient
h=180 W/Kn¥. Thus,Table 1shows that the theoretical sen-
sitivity obtained from our model are very much like experi-
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