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ABSTRACT

The paper presents a theoretical study of the influence of parameters of technological layers of
thermoelectrical detectors of infrared radiation on the accuracy of temperature measurements of thermal
objects. The results demonstrate that for thermocouples from polycrystalline silicon noise equivalent
temperature difference for 64x64 matrix can reach 10 mK for cases of operation with frame refresh rate of 10
Hz. It was established that the specific resistance of thermocouples, which minimizes noise equivalent
temperature difference, is equal to 4.5¢10° Qecm. It was demonstrated that the increase of number of
thermocouples connected serially in an element leads to the increase of noise equivalent temperature
difference, and the increase is proportional to square root from the number of elements. The study contains
the investigation into the relationship between noise equivalent temperature difference and design
parameters of devices: area of cell, thickness, length and width of polycrystalline silicon of thermocouples, and
thickness of silicon dioxide of a membrane. The study introduces a term "maximum frame refresh rate" and
defines its influence on noise equivalent temperature difference.
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INTRODUCTION

Infrared detectors in the long-wave infrared part of spectrum (8-14 um) are divided into photon
detectors and thermal detectors [10]. Photon detectors are based on the measurement of the number of
electrons or holes, which are generated by incident radiation. Thermal detectors measure the change of
temperature caused by absorbed radiation through different mechanisms, including the change of electrical
resistance, polarizability, thermoelectricity and thermal expansion [10], [16], [3], [8]. In spite of the fact that
photon detectors have higher sensitivity, thermal detectors are more suitable for systems with low cost,
because photon detectors, generally, require cooling to cryogenic temperatures [10], [11].

Nowadays non-cooled matrix detectors of IR-radiation based on microbolometers are the most widely
spread type of devices [4], [13], [14], [17], [15]. Matrices belonging to that type with format up to 640x480 and
discriminable temperature difference up to 50 mK are developed and already produced.

Recently, despite of the evident advances in the development of non-cooled matrix detectors of IR-
radiation based on microbolometers, the interest for detectors based on thermoelectrical detectors is
increasing. Thermocouple matrices have competitive cost, as compared to other engineering solutions used in
thermography and non-contact measurement of temperature, such as thermal imaging microbolometers, in
which it is required to obtain image of environment and, at the same time, high spatial resolution is not
necessary: for example, face detection, survey of critical temperature of a surface, detection of hot points and
surveillance cameras. Other applications can be found in the field of process control in manufacturing industry,
air condition control, detection of passengers with fever, fire detection and warning. Advantages of that
technology are lower cost, low energy consumption, short response time, as well as higher sensitivity and
detection capability of the sensor.

Despite of the large numbers of published studies on thermoelectrical matrix detectors of IR-
radiation, so far there are no studies, which focus on detailed analysis of design features of manufacturing of
detectors microthermocouples. The presented paper is an attempt to fill that gap.

Calculation of the main characteristics

The design of a MEMS detector (detector of microelectromecahnical system) of thermal radiation
based on thermocouples, consists of one or several serially connected semiconductor thermocouples, which
are placed on a thin membrane and have a common characteristic structure: "cold" junction is located on heat
sink, which is, generally, is silicon substrate, and "hot" junction is located on the thin membrane. If absorber
located on the membrane is affected by infrared radiation from a heated object, flux of radiation between the
film and the object will heat the membrane. As a result, the thermocouple will produce voltage due to Seebeck
effect. Generally, during design the dominating process of thermal transfer from "hot" (absorbing part of the
membrane) to "cold" contacts (the substrate) is thermal conductivity of the membrane and the
thermocouples, which are situated on them. For the reason that thermal flux value is defined by Fourier law
[12], it is obvious that creation of bigger temperature gradient between"hot" and "cold" contacts requires
decrease of cross-section area of the membrane's traverses and/or increase of their length. At that, other
("parasite") heat flows, which are decreasing temperature gradient, should be excluded. Firstly, it concerns
thermal conductivity of gas atmosphere, which surrounds the membrane. Thus, elimination of that thermal
losses due to vacuumization allows to increase sensitivity for, approximately, 20 times with larger areas of the
membrane (more than 100x100 um?) [6].

The most important operational characteristics of IR-radiation detectors are accuracy of temperature
detection of thermal objects and frame refresh rate. Noise Equivalent Temperature Difference (NETD) is the
characteristic of accuracy of temperature detection of thermal objects by a photodetector.

For a thermocouple the output electrical signal is determined by the change of the temperature of a
detector and the thermal EMF of junction; the main source of noise of thermocouples is, generally, the
thermal noise (Johnson noise) of its ohmic resistance. 1/f noise, which is the crucial parameter of
microbolometers, is not necessary to consider in that case, because currents are not passing through a
thermocouple in the measurement mode the open-circuit voltage. At the same time, the measurement mode
the open-circuit voltage, is the main mode for thermal thermocouple detectors.
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The main channel of loses of heat, received by a photodetector element in vacuumized detector, is its
evacuation through elements of the thermocouple and the console of the membrane. In principle, heat
evacuation through consoles of the membrane is a "parasite" effect, which is unrelated to the process of
receiving a response to input effect. Therefore, it is desirable to eliminate it by selection of materials of the
membrane consoles in a way, which makes thermal conductivity of consoles much lower than total thermal
conductivity of thermocouples. In that case the increase of the membrane temperature, and, therefore,
temperatures of "hot" junction of the thermocouples located on it (AT), and caused by decrease of strength of
incident IR-radiation (AP) are related by the following expression:

AT =7, (1)
and the open-circuit voltage:
AV = g - AT = 228 2)
&

where a — total thermal EMF of both legs of the thermocouple, G — total thermal conductivity of the
thermocouple, which is calculated as G = G1 + G2, where G1 and G2 — thermal conductivities of the
thermocouple's elements.

Current passing through the thermocouple in the same direction, in which current is passing in the
case of heating the detector, causes cooling of the heated seam due to Peltier effect, which leads to
appearance of EMF in the opposite direction. As a result, the equivalent electrical layout of the thermocouple
can be presented in the form demonstrated in Figure 1. In Figure 1 R is the ohmic resistance of the circuit, Ry is
the dynamic resistance caused by Peltier effect and equal to:

Ry =%T 3)

[}

C. — effective capacitance of the circuit, which is calculated using the equation:

Ce=—- (4)

where C — thermal capacity of the the photodetector element.

Considering that the power current generator can be calculated using the equation:
Ir=— (5)

the open-circuit voltage is as follows (the same as in (2)):

AV=1-R; =22£ (6)

G ’
and time constant in the open-circuit mode is calculated using the equation:
[
T= Eﬂ' .Rd = EI (7)

Dynamic resistance of the thermocouple Ry can be identified by means of regular electrical
measurements. For instance, by means of DC bridge the sum of R + R4 can be measured, and by means of AC
bridge R is measured; the measurements should be carried out at low currents, in order to make heating due
to Joule heating effect negligible.
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Fig. 1. Equivalent layout of the thermocouple

Johnson noise of the thermocouple is calculated as follows:
(av2) = 4k, TR, B, (8)

where kg — Boltzmann constant, R; — effective resistance of the thermocouple, B — width of frequency band of
electronic system for signal registration. Noises, which occur as the results of spontaneous fluctuations of the
detector's temperature, are expressed through the Johnson law of dynamic resistance Ry; thus, the total noise
voltage can be expressed by the following equation:

(AVZ) =41, T(R + R,E, (9)

Maximum efficiency of thermoelectrical transformation is achieved, when parameters of sections of
the thermocouple are selected in a way that the product of its total thermal conductivity G and total electrical
resistance R is minimal [19]: G-R = min. This condition is met if the following conditions are satisfied:

) — kg pa (10)
I35, ‘Vsz'P‘i'

where kq, k, and p,, p, are, respectively, specific thermal conductivity and effective specific resistance of
sections 1, 2 of the thermocouple; I, I, and Sy, S, are, respectively, their length and cross-section area.
In that case total electrical resistance of the thermocouple R can be expressed as follows:

R=21=(/A+y5), (11)

6'131’ Ay = GaHz
T T
Riz=pa 'qusu — respectively, thermal conductivity and electrical resistance of sections 1 and 2 of the

where A= Lorentz numbers, T — absolute temperature, Gz =k;;-Sy3 113,

thermocouple, & =&y, + f, R =Ry + R;. Therefore, for the case of the simple thermocouple with similar
sections:

2= ({Teps + Tzm) /T

Sensitivity of the image detector for increase of the temperature of a radiation source AT, as
compared to background is calculated as follows:

Srr = AT/AT,, (12)

It is evaluated in comparison with absolute black body, which has universal radiation capability.
Assuming, that ATe is minor and taking into account (1), the following expression is obtained:

Spr = A%‘f, (13)
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where A — area of the photodetector element, n — absorbing capability of the element, q — parameter, which
characterizes focusing optical system and geometry of sensitive element in the plane of the image (in case of
placement of a sensor element near a focal plane of an optical system with transparency of to, input
diaphragm diameter D and equivalent focal distance F, g = B?&,/4F2). In the above we considered
that AP = ngj - A, where j = 2.563 W/m*K for band of IR-radiation 814 pum.

Volt sensitivity of thermoelectric sensor to change of temperature of irradiating body AT, is, according
to (2) and (12), equal to:

sﬂzavfaraza-swz%“-a . (14)

For highly sensitive elements with minimum thermal conductivity of elements of the thermocouple it
is necessary to consider also radiation losses G,, which occur due to radiation by surface of the photodetector
element:

G, = 4AcT?, (15)

where ¢ = 5.670373(21) x 10® W-m™2-K™ = Stefan-Boltzmann constant. Therefore, the total heat emission in
that case will be defined by effective thermal conductivity:

G =G +6,. (16)

Then, using the equations (2), (3), (9), (10), (13) and (14), we can obtain the equation of distribution of
NETD:

NETD =

qlWJJ Jelg T2 a2+ D 6B
— : . (17)

Angr

The equation (17) defines the limit of accuracy of measurement of thermal objects' temperature by
the photodetector of image with signal to noise ratio of S/N = 1. The right part of the equation (17) depends on
the used materials and design parameters of the element. The required limit of accuracy of measurement of
thermal objects' temperature AT,,;, of the developed detector on the design stage can be achieved by solving
the multiparameter problem:

ST (/a2 + DG B

The equations (17, 18) are not convenient for use in practice, therefore, we reformulated (17) in more
convenient form, which clarifies the relationship between NETD and design parameters: At that, we assume
that the detector is vacuumized and the thermal losses of the sensitive element are defined only by thermal
conductivity of the thermocouples. As the material of the thermocouples we selected polycrystalline silicon of
n-type and p-type, which allows to implement standard CMOS technology. The expression (18) contains width
of transmission frequency band of the electronic signal registration system.

Let's define frequency bands, which are defined by electronic equipment for registration and
processing. In order to calculate a matrix with mxn size (m — number of strings, n — number of columns) with
parallel reading of string for the time of frame fk'l, necessary frequency of strings, which is equal to fisr = mf.

The length of a string is divided by time, which is necessary for reading of the signal of string at output, and
time, which is necessary for the fixation of an input signal, which is defined by the integrator, i.e.
torr = trgad + Eine. As it known, frequency band of the integrator is 1/2t;,.. Let's assume that t,..q = tine, then

B =#;:/2 = 2mpf, = 2mfinon U/ fimax), thus, obtaining:

NETD =
2 gty (emax ' (4 TNz pr U e I i oY (g Mo (19)
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where c,, — specific thermal capacity of the membrane; w, t, | — dimensions of the thermocouple (membrane):
width, thickness and length; N.—number of thermocouples in a cell, placed on the membrane; m — number of
strings in matrix; finax — maximum frame refresh rate, which was identified from the analysis of the dynamic
mode.

In the dynamic mode photoresponse of the thermocouple is described by the equation:

___aAr alkp
T Sirlwn? T g1l

AV (20)

where t — time constant (7), w=2nf, f — frame refresh rate. In that case volt sensitivity of the photodetector is
equal:

Slf) = . (21)

From the given equation it can be concluded that maximum frame refresh rate can be defined from
the condition 2% fignaxT = 1. Them, considering that thermal losses of the sensitive element are defined by

thermal conductivity of thermocouples:
fimax = i Ger wr tr /1IN (ep Aty )™, (22)

where u,—specific thermal conductivity of the thermocouple's section.

Thus, the expressions (19) and (22) provide a theoretical basis for the analysis of relationship of
limiting parameters of a thermoelectric detector and its design parameters. It is worth mentioning, that those
expressions are derived with the assumption that thermal losses of the membrane are completely defined by
thermal conductivity of thermocouples [2], and the dominating noise is the thermal noise (Johnson noise).

Design parameters of the detector must be selected and coordinated in the way that value of NETD
will be minimum and, therefore, minimum limit of accuracy of measurement of temperature distribution of an
object AT,,» is achieved in that case. During analysis we will consider constants of technological layers from the

Table 1.
Table 1. Values of thermal characteristics

Parameters Si* SisN, Sio, Au nichrome

¢, J/m*k | 1.7.10° | 1.810° | 1.9-10° | 2.5-10° | 3.78-10°

n,, W/m-K 20-30 15-20 1(0.9) 11.3

In addition, we assume that console of the membrane, on which "hot" junction of the thermocouples
is located, is layer of SiO,, because implementation of a membrane produced from silicon nitride increases
thermal conductivity of traverses with thermocouples more than in two times. That fact, in turn, increases the
maximum frame refresh rate (fima) (see (22)), and, therefore, increases the value of NETD, which is
proportional to (fkmax)a/2 (see (19)). Thus, in order to achieve the maximum temperature resolution, it is
necessary, as much as possible, to exclude thermal conductivity console of the membrane, which must be
considered as a "parasite" process.

From the analysis of the equation (19), first of all, it is clear that the increase of number of
thermocouples on the membrane doesn't lead to the desired outcome, i.e. the decrease of value of NETD,
despite of the fact that the transformation coefficient of thermocouples is increasing proportionally to their
number. Indeed, by inserting (22) in (19) we obtain that the value of NETD with other conditions equal is
increasing proportionally to the square root of the number of thermocouples, i.e. NETD ~ NTl/Z. At that, the
equation (14) allows to conclude that the value of output signal from a thermoelectric detector in that case
doesn't depend on number of thermocouples. The increase of the number of thermocouples leads to the
decrease of NETD proportionally to N{l/z only in case if thermal losses in a detector are defined by the thermal
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conductivity of the membrane's console. However, the value of NETD itself in that case becomes bigger than
for G;> G, (G =G, +G,).

[3)
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Fig. 2. Relationship between Seebeck coefficient for polycrystalline silicon and concentration of doping impurity [10]

Thermoelectrical matrix detectors of IR radiation, which are produced nowadays, contain several tens
of thermocouples and have thermal resolution of order of 0.2-0.5 K; only devices, which are announced for
production in the near future, are designed with one or two thermocouples per cell [6].

The second parameter, the value of which significantly influences NETD, is the value of specific
resistance of polycrystalline silicon. Two members of the equation (19) depend on the specific resistance of
polycrystalline silicon: the value of thermal noise (Johnson noise) of the thermocouple and the value of
Seebeck coefficient. Figure 2 [10] presents the experimental relationship between Seebeck coefficient for
polycrystalline silicon and concentration of doping impurity in the desired range of doping concentrations, and
Figure 3 [20] shows the relationship between specific resistance of the polycrystalline silicon and degree
doping.

Qcm

Polysilicon

Specific resistance

20
10

Concentration of impurity Ny [crn-‘l

Fig.3. Relationship between specific resistance of polycrystalline silicon and concentration of doping impurity [20]

Figure 2 shows that in a case of low concentration of the impurity, i.e. for low specific resistance of
polycrystalline silicon, Seebeck coefficient becomes almost independent from degree of doping; at the same
time, thermal noise of the thermocouple seriously increases, which causes the increase of NETD (see 19)). In
the opposite case, i.e. big concentration of a doping impurity, Seebeck coefficient value seriously decreases,
which also results in the increase of NETD. Thus, the relationship between NETD and specific resistance of the
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thermocouple must have a minimum value. In order to find that minimum value, we differentiated the
expression for NETD (19) by p, and by equating the derivative to zero found specific resistance of the
thermocouple, which provide minimum value of NETD. Using generally accepted relationship between
Seebeck coefficient and electric conductivity of the thermocouple a,™ In(p,/po) [1], [7], we obtain the following
expression: p(NETD = NETD,,;,) = 7.45p,. The value of p, is obtained on the basis of the experimental data
(Figure 2, 3) by means of approximation of the experimental curve by minimization of standard deviation [9].
Thus, the found specific resistance py is equal to 6.05¢10° Qecm, and the relationship between Seebeck
coefficient and specific resistance is approximated by the equation:

ar = 414 In(pr/po)
(23)

Chart of function Flp;) = fprfph};flnﬂorfpﬂ) is presented in Figure 4.
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Specific resistance of the thermocouple. ...

1
Fig. 4. Relationship between the function F[:pr) = (prfm }ifln[:p,-fﬁ]} and specific resistance of the
thermocouple's polycrystalline silicon

As it can be seen from Figure 4, in the range of specific resistance p, = (8+70)py and the concentration
of the doping impurity from 810" to 6¢10°° cm™ the value of NETD doesn't seriously change with the change
of specific resistance, approximately 30%, and rapidly increases only with the further increase of specific
resistance NETD. That defines the optimal range of doping of polycrystalline silicon of the thermocouple. The
value of specific resistance, which minimizes the value of NETD, is p, = 7.45p, = 4.5010" Qecm, Seebeck
coefficient in that case is = 83.3 uV/K.

Maximum frame refresh rate, Hz |aNbHan KaAPOBan MacToTa, Ny
N S
1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61
01 -
4
E 0,01 -
z
0,001 -~
0,0001 -

Fig. 5. Relationship between NETD and maximum frame refresh rate with consideration of optimization of doping of a
polycrystalline silicon of the thermocouple (membrane SiO,, t,,= 0.2 um, t,= 0.2 um, |.,/w; =25, N, =1, ., =30 V/meK, c,,
=1.9010°J/m>eK, p.= 12 Q/sq, a, = 84 pV/K, matrix 64x64)
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The third parameter, which significantly influences the value of NETD, is the maximum frame refresh

rate (fumax S€€ (19)). The relationship between NETD from maximum frame refresh rate is presented in Figure
5.

Generally, for television systems frame refresh rate is specified as one of the system's parameters.
Two modes of operation of that system are possible: full-frame mode with frame refresh rate of 50-60 Hz and
low-frame mode with frame refresh rate of, approximately, 10 Hz. Leaving aside the possibility of realization of
those frame refresh rates in a real device, it can be seen from (19) that in order to achieve limiting thermal
resolution of a detection of IR radiation it is necessary to design a cell with the lowest possible maximum
frame refresh rate. In other words, it is desirable to have a maximum frame refresh rate, which is equal to the
system's frame refresh rate. Maximum frame refresh rate is described by the equation (22).

As it can be seen, the expression (22) includes physical constants of the used layers: specific thermal
conductivity of the thermocouple and specific thermal capacity of the membrane, as well as geometry
parameters of layers of polycrystalline silicon of the thermocouple and thickness of the membrane. Thickness
of layers are defined by technological capabilities and can't change in wide range. The only value, which can
change in a wide range, is a cell's area. For the reason that the length of the thermocouple is, approximately,
equal to the linear dimension of a cell's side, it can be assumed that |, = (A)UZ. Then, approximate estimating
expression for maximum frame refresh rate:

forwc e )

Relationship between maximum frame refresh rate and sizes of the cell is presented in Figure 6.
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9 10 11 12 13 14 15 16
Size of the cell, AY%/10 pm

Fig. 6. Relationship between maximum frame refresh rate and sizes of the cell (membrane SiO,, t,,= 0.2 um, t,= 0.2 um,
I/w,=25, N, =1, n, =30 V/meK, ¢, = 1.9¢10°)/m>eK, p, = 12 Q/sq, a, = 84 pV/K, matrix 64x64)

The analysis of the relationship between NETD and parameters of the cell and technological layers
implied that the system's frame refresh rate is equal to maximum frame refresh rate. However, in fact frame
refresh rate in the system may be both bigger or smaller than the maximum frame refresh rate, at that, the
difference can be significant. From the expression (19) it can be concluded that if the maximum frame refresh
rate is bigger than the system's frame refresh rate, then NETD is decreasing proportionally to square root from
the equation fi/fimay. In the opposite case, when the maximum frame refresh rate is smaller than the system's
frame refresh rate, then NETD value is increasing with the frame refresh rate. In the limit case, when f >> fmaw
NETD value is increasing proportionally to (fk)3/2. Relationship between NETD from the system's frame refresh
rate is presented in Figure 5.
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Fig.7. Relationship between NETD and the system's frame refresh rate (membrane SiO,, t,,= 0.2 um, t,= 0.2 um, |./w, =
25, N, =1, %, = 30 V/meK, c,, = 1.9¢10°)/m>eK, p,= 12 Q/sq, a, = 84 uV/K, matrix 64x64)

From Figure 7 it can be concluded that for low-frame systems (f,=10 Hz) the value of NETD for a
matrix of 64x64 elements can be less then 20 mK for the size of an element of 100x100 umz, which is
comparable with the best detectors of IR radiation based on microbolometers, with an exception of the
matrix's size [11].

The carried out analysis establishes a basis for evaluation of prospectiveness of any design of a cell
based on thermocouples produced using MEMS technology. For example, the study of Toshio et al. [18]
describes the thermal matrix detector of IR radiation based on MEMS thermoelectrical detector produced
from polycrystalline silicon with 100x100 um2 cell size. At that, the area of the membrane, which is sensitive to
IR radiation, is 80x84 umz. The thickness of the membrane made from silicon dioxide is 0.450 um. 32 "hot"
junctions of thermocouples from polycrystalline silicon of n-type and p-type are situated at each cell of the
membrane. The thickness of polycrystalline silicon is 0.07 um, and its width is 0.6 um. The concentration of the
doping impurity of polycrystalline silicon, in average, is 510" cm™, and Seebeck coefficient is 350 uV/K. The
average length of a microthermocouple is 30 um. Thermocouples are serially connected by aluminum buses in
order to reduce resistance of thermopile. The average length of a microthermocouple's section is 35 um. The
experimental measurements of NETD produced the result of 0.5 K for the frame refresh rate of 30 Hz. From
the description above it can be seen that the parameters of a cell's layers are far from optimum. A simple
decrease of the number of thermocouples from 32 to 1 decreases NETD in 5 times. Moreover, as it can be seen
from the Figures 2, 3, 4, the increase of the concentration of the impurity in polycrystalline silicon
to 2¢10°° cm leads to the additional decrease of NETD in 3 times. Thus, even such simple optimization makes
it possible to achieve NETD values in the range of 30-40 mK.

CONCLUSION

The presented example shows the importance of the obtained results for optimization of cells' design:
parameters of technological layers and number of thermocouples.

In addition, there is the fact that, as it can be seen from Figure 7, the decrease of the size of a cell to
40x40 um leads to the rapid increase of NETD. First of all, it is related with sufficiently low sensitivity of
thermocouples produced from polycrystalline silicon, which Seebeck coefficient at optimum specific resistance
is only about 83¢10° V/K. From that perspective, implementation of microthermocouples produced from
other pair of materials, for example, n-silicon — p-silicon, can significantly decrease NETD. Indeed, for the case
of polycrystalline silicon, as well as for monocrystalline silicon relationship between Seebeck coefficient and
specific electrical conductivity is of the same nature a,= o, In(p./po) [5]. However, a,, for polycrystalline silicon
is equal to 41.4 uV/K, i.e. 5 times bigger. Moreover, p, for monocrystalline silicon is bigger by order p0=510-4
Qecm. All of those leads to advantage in value of NETD for more than 15 times (see (19)).

The presented paper is based on the results of the applied research carried out on the basis of

Contract No. 14.578.21.0059 between MIET and the Ministry of Education and Science of the Russian
Federation. Unique identification number of applied research works — RFMEFI57814X0059.
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