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Introduction

The development of a competitive and uncooled ther-

mal image receiver sensible within the spectral range of

3−15µm is a relevant objective. The currently available

designs of thermal image receivers may be classified

into three groups: photonic receivers based on narrow-

bandgap semiconductors, quantum wells in multilayer het-

erostructures, doped semiconductors, or Schottky diodes;

bolometric resistive receivers based on superconducting

and semiconducting materials; and pyroelectric receivers

based on the polarization effect of a sensor-converter

film. All thermal receivers, except the sensors based on

pyroelectric films, require deep cooling down to helium

temperatures [1-13].

1. State-of-the-art in thermal imaging
systems

The performance limits of the currently available thermal

image receivers of the mentioned classes are presented in

Tables 1 and 2. Specifically, Table 1 lists the charac-

teristics of thermal image receivers based on generation–
recombination processes, where the signal being measured

as the nonequilibrium carrier current.

The characteristics of thermal image receivers with

sensors operating based on thermoresistive and polarization

effects are listed in Table 2. Uncooled thermal image

receivers based on ferro- and pyroelectric materials are also

presented here.

The data in Tables 1 and 2 demonstrate that the

key performance limits for thermal image receivers differ

significantly. This is due to the difference in the physical

effects underlying the processes of detecting and converting

thermal images through their sensing elements. For

example, the pyroelectric vidicons with capacitive reading

require a deep modulation of the input signal intensity that

increases the mass and size and energy consumption of

these devices. In the case of photonic and resistive receivers,

their operation requires deep cooling (down to 1−4K).

All available thermal imaging systems have a common

disadvantage — that all of them require an additional

channel for observing the surrounding terrain.

2. Design, physical model of processes,
and calculation results

2.1. Design, operating principle

An alternative design of a thermal image receiver in

the image intensifier tube (IIT) architecture is proposed

and discussed below. Its schematic diagram is shown in

Fig. 1. Images of a
”
radiating“ thermal object and its

local environment (in reflected night sky light), are focused

by the optical-mechanical system of the thermal receiver,

on a pyroelectric film and a photocathode, respectively.

Thus, this compact and innovative uncooled thermal receiver

offers the possibility to detect images of a thermal object in

a single-channel design with the images of its surrounding

terrain.
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Table 1. Key characteristics of different designs of photonic receivers in the thermal range

Thermal imager R
∗, D∗∗, cm ·Hz1/2, Operating spectral Operating NETD∗∗∗, NEP∗∗∗∗,

type A/W W range, µm temperature, K mK fW/Hz1/2

QWIP InP/InGaAs 8 [1], 2.9 [2] 7 · 1010 [1] 8 [1] 80 [1] 28 [3] −

Blocked impurity band
17 [3] 4 · 1010 [4] 14−140 [4] 1.5 [3] − 0.05 [5]

(BIB) Ge:Ga

BIB Si:Sb 6 [6] 2.9 · 1010 [4] 15−40 [4] 5 [7] − 0.056 [5]

BIB Si:As 5 [8] 2.8 · 1010 [4], 1014 [9] 2−25 [10] 7−10 [9] − 0.04 [5]

Thermal imagers

based on InSb photodiodes
∼ 1−2 [11] 1011 1−5 [10] 0.6−77 [10] 14.6 [12] 800 [13]

No t e. ∗R — sensitivity of a thermal imager, ∗∗D — detectivity, ∗∗∗NETD — noise-equivalent temperature difference (temperature sensitivity threshold),
∗∗∗∗NEP — noise-equivalent power.

Table 2. Key characteristics of different designs of thermal image receivers operating based on thermoresistive capacitive, and polarization

effects

Thermal imager type R, V/W D, cm ·Hz1/2/W Operating temperatures, K NETD, mK NEP, pW/Hz1/2

Bolometric thermal imagers
> 1000 [14] 9.11 · 108 [15]

Room
99 [16] 50 [15]

(capacitive, VOx) temperature [15]

Bolometric thermal imagers
106 [18] 2.4 · 109 [18]

Room
50 [17] 2 [18]

(capacitive, Si∗) temperature [17]

Bolometric thermal imagers
∼ 1800 [19] 109−2 · 1010 [19] 150 [19] − 50 [20]

(resistive, based on GaAs)

Bolometric thermal imagers
4500 [21] 8 · 1011 [21] 2 [21] − 0.5 [21]

(resistive, based on Ge∗)

Bolometric thermal imagers
8 · 108 [22] − 4 [22] 0.13 [22] 60·10−6 [22]

(Si/Au barrier)

Pyroelectric detectors, LiTaO3
1000 6 · 109 [23]

Room
37 [24] 13 000 [25]

(capacitive readout) temperature

Pyroelectric thermal imagers, LiNbO3
7020 [26] 7.76 · 107 [26]

Room
− 2000 [26]

(capacitive readout) temperature

Pyroelectric thermal imagers, PZT
1000−100 [27] ∼ 2 · 109 [27]

Room
− 25 [27]

(capacitive readout) temperature

Pyroelectric thermal imagers, TGS:
50−300 ∼ 109 [23]

Room
− 540

l-alanine (capacitive readout) temperature

No t e. The notation is the same as in Table 1.

The thermal object image pattern induces polarization of

pyroelectric film and generates a surface electric potential

relief identical to the distribution of the thermal image

intensity over the sensor film surface. The optical image

of the environment focused on the photocathode plane,

which converted the optical image into photoelectrons flux.

The flux of photoelectrons is directed to the surface of the

pyroelectric film and used as a readout instrument of the

distribution pattern of electric potentials that is identical to

the distribution pattern of radiating power of the thermal

object.

Following the interaction with the potential relief the flux

of photoelectrons is read out by the electric field through

apertures in the pyroelectric film and its silicon membrane

in the direction of a microchannel Plate (MCP). The flux

of photoelectrons, which contains information on both the

thermal object and its environment, is multiplied in the

MCP. Then, it is directed to a cathodoluminescent screen,

and converted photoelectrons flux into an optical image of

the visible range. The obtained image may be digitized by

using a CCD unit which is connected through a fiber-optic

faceplate of the IIT output window.
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Photocathode Entrance window Vacuum
housing

Pyroelectric
film

MCP

Cathodo-
luminophor

Image receiver
Optical fiber glass

Figure 1. Design of the thermal image receiver in the IIT

architecture.

2.2. Selection of key materials and its

substantiation

Temperature polarization coefficients dϕ/dT and low

values of the thermal conductivity coefficient should be

the criteria for selection of pyroelectric films of uncooled

thermal image receivers. Pyroelectric materials feature

high values of spontaneous polarization PS and a consid-

erable pyroelectric coefficient (p = dPS/dT) and do not

require cooling [28]. However, high values of sponta-

neous polarization PS in standard systems (e.g., currently

available vidicons) may affect the sensitivity threshold

when the surface potential is read out with an electron

flux.

Since polarization of matter is the result of a superpo-

sition of projections of matter dipoles onto a designated

direction, the following expression for the magnitude of

spontaneous polarization is true:

PS =

n
∑

i=1

pi

V
=

n
∑

i=1

qi di

N(a + d)1S
=

qdn
N(a + d)1S

=
qn
1SN

d
(a + d)

=
σSd

a + d
= σS, (1)

where n is the total number of dipoles, N is the number of

dipole layers, d is the dipole displacement vector, a is the

distance between dipole layers, 1S is the film area, and σs is

the surface charge density.

Thus, the coefficient of spontaneous polarization of a

pyroelectric film (PS) corresponds to the surface charge

densities (σ− and σ+) on the outer surfaces of the dipole

layer (even in the case of
”
thick“ films). This allows

one to retrieve information of the surface charge (and,

consequently, the polarization coefficient) from tabulated PS

data for each specific pyroelectric material.

2.3. Functional dependences of the electric field
potentials and intensity on the type of a
pyroelectric film

Taking into account (1), we have developed a model of

a dipole layer, which will consist of two oppositely charged

planes of radius R, spaced from each other at a distance d,

equal to the dipole displacement vector. This model was

used to obtain the analytics expressions of the electric field

and the electric potential on the surface of a pyroelectric

film. As was demonstrated above, data on the surface

charge density in a film may be retrieved from reference

tables of spontaneous polarization values PS .

On Fig 2 shows the model mentioned above, which

makes it possible to obtain a functional dependence of the

electric-field intensity at arbitrary distance Z from fragment

dS of the upper charged plane of the dipole layer Fig. 2:

dEupperplane =
dq
4πε0

1

r2
−

cos(θ), (2)

where r− is the radius vector from point z to designated

unit area dS with coordinates (ϕ, r) on the upper plane

with charge dq, ε0 is the dielectric constant, and cos(θ) is

the cosine of the angle between vectors r− and r.

The relation between charge dq localized within area dS
of the upper plane of the dipole layer and the spontaneous

polarization coefficient in cylindrical coordinates is

dq = −σ dS = −PSdS = −PS J(ϕ, z )dϕdr = −PSrdϕdr,

where dS is the element of area of the upper plate and

J(ϕ, r) is the Jacobian in cylindrical coordinates. Therefore,

rewriting (2) in the form

dEupperplane = −
PSrdϕdr
4πε0

1

r2
−

cos(θ) = −
PSrdϕdr
4πε0

× 1

z 2 + r2
z√

z 2 + r2
,

we obtain the following relation (see Appendix 1) for the

coordinate dependence of the electric-field intensity of the

s = –PS

s = +PS

z

z

z

r

r +
r –

R

d

j

q

Figure 2. Dipole layer model for calculation of the surface

potential at arbitrary point z .
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upper plane of the dipole layer with radius R:

Eupperplane =

(

PS

2ε0

z√
z 2+r2

)∣

∣

∣

∣

R

0

= − PS

2ε0

(

1− z√
z 2+R2

)

.

(3)

The coordinate dependence of the electric-field intensity of

the lower (positively charged) plane of the dipole layer is

obtained in a similar fashion:

Elower plane =
PS

2ε0

(

1− z + d
√

(z + d)2 + R2

)

. (4)

The superposition of fields (3) and (4) provides the

coordinate dependence of total field Edip layer of the dipole

layer:

Edip layer = Eupper plane + Elower plane =
PS

2ε0

(

z√
z 2 + R2

− z + d
√

(z + d)2 + R2

)

. (5)

If electric-field intensity (5) of the dipole layer, Edip layer,

is known, one may derive an expression for the electric po-

tential at arbitrary coordinate point z . Using expression (5),
we find the coordinate dependence of the electric potential

on distance z to the dipole layer (see Appendix 2):

ϕ(z ) =
PS

2ε0

(
√

(z + d)2 + R2 −
√

z 2 + R2 − d
)

. (6)

Note that ϕ(z ) = 0, which is a reasonable boundary

condition, follows from (6) at z → ∞.

Also it is important for applied problems to obtain approx-

imations of the above analytical expressions of electric-field

intensities and potentials on the dipole layer. The results of

approximation were performed under the assumption that

R ≫ z and z ≫ R and are presented below.

R ≫ z case

Presenting expression (5) in the form

E =
PS

2ε0

1√
z 2 + R2

(

z −
z + d

√

1 + 2z d+d2

z 2+R2

)

following a series of transformations, we obtain

(see Appendix 3):

E =
PS

2ε0

1

R

(

z − 2(z + d)R2

2R2 + 2z d + d2

)

= −
PS

2ε0

2(z + d)R
2R2 + 2z d + d2

= −
PS

2ε0

(z + d)

R
.

Hence,

at R ≫ d ≫ z

E = − PS

2ε0

d
R
, (7)

at R ≫ z ≫ d

E = − PS

2ε0

z
R
. (8)

Proceeding in a similar way, we derive an approximation

for the electric potential (see Appendix 3) from Eq. (6) at

R ≫ z :

ϕ(z ) =
PS

2ε0
R

(

2z d + d2

2R2
− d

R

)

. (9)

In the 2z d ≫ d2 case, expression (9) takes the form

ϕ(z 0) =
PS

2ε0

(

z d
R

− d

)

. (10)

z ≫ R case

Let us rewrite expression (4) in the form

Eupperplane = − PS

2ε0

(

1− z

z
√

1 + R2

z 2

)

. (11)

Expanding (11) into a Taylor series, we find

Eupper plane = − PS

2ε0

(

1− z

z
(

1+ R2

2z 2

)

)

= − PS

2ε0

(

R2

2z 2+R2

)

.

and obtain the following at z ≫ R:

Eupper plane = − PS

4ε0

R2

z 2
. (12)

Proceeding in a similar way within the indicated approx-

imation (z ≫ R), we determine the electric-field intensity

produced by charged lower plane, Elower plane, and the

functional dependence of the total field of the dipole layer:

Eupper plane + Elower plane =
PSR2

4ε0

(

1

(z + d)2
− 1

z 2

)

=
PSR2

4ε0

(

−2z d − d2

z 2(z + d)2

)

,

which yields the following within the chosen approxima-

tions:

E = −PSR2

2ε0

d
z 3

. (13)

In order to derive the coordinate dependence of the elec-

tric potential in case z ≫ R, we integrate expression (13)
and find (see Appendix 4)

ϕ(z ) = −PSR2

4ε0

d
z 2

. (14)

The final results of approximation of potentials and fields

are presented in Table 3.
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Table 3. Summary table of approximations of potentials and

intensities of the electric field of the dipole layer

z ≫ R R ≫ z and d ≫ z

ϕ(z ) E(z ) ϕ(z ) E(z )
(14) (13) (10) (7) (8)

− PS R2

4ε0

d
z2

− PS R2

2ε0

d
z3

PS d
2ε0

(

z
R − 1

)

− PS
2ε0

d
R or − PS

2ε0

z
R

2.4. Calculations and graphical representation of
the coordinate dependences of the electric
field intensity and potentials

The functional dependences obtained above were used

to calculate numerically the distributions of intensities of

electric fields and electric potentials in the surroundings of

sensing films. The parameters of pyroelectric films required

for calculations are listed in Table 4.

When choosing the geometric size of a pyroelectric film

and its silicon mesh semiconductor membrane, we took into

account the shape and the size of the vacuum-tight housing

of the image intensifier tube: the thickness of the mesh

semiconductor membrane was ∼ 30µm, the pyroelectric

film thickness was ∼ 0.1−1.0µm, and the radius of the

film and the (Si/SiO2) membrane was R ≈ 12.5mm.

Table 4. Key parameters of pyroelectric films

Pyroelectric Magnitude of

Material coefficient spontaneous polarization-

p = dPS/dT ,
µC

m2K
vector PS ,

C

m2

PZT-5H

(Lead zirconate −450 [29] 0.35 [29]
titanate)

TGS with l-alanine
−400 [29] 0.03 [29]

(Triglycine sulfate)

BSN50 (Barium
−550 [29] 0.065 [28]

strontium niobate)

The calculated spatial distributions of electric poten-

tials and electric-field intensities are presented below in

Figs. 3−8. Their approximations (dashed lines) are shown

in the same figures.

3. Analysis of the behavior of
polarization processes induced by a
thermal field in pyroelectric films

Let us estimate the changes in polarization and electric

potentials of pyroelectric films — that are induced by a

thermal field. We assume that the initial structure is a

silicon membrane (with a radius of 12.5mm and a thickness

of 30µm) with a silica layer (∼ 1µm in thickness) and a
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Figure 3. Distance dependence of the electric-field intensity of

the dipole layer at arbitrary point z for PZT-5H.
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Figure 4. Distance dependence of the electric potential of the

dipole layer at arbitrary point z for PZT-5H.

pyroelectric film (∼ 1µm in thickness) positioned in this

order on top of it.

Let us use the heat balance equation to determine the

dynamics of heating of the device structure:

ρCρ

dT
dt

+ ∇(q + qr) = γP. (15)

Here, q denotes the heat flux losses due to thermal

conductivity of the structure

q = −G∇T, (16)

G is the thermal conductivity coefficient of the multilayer

structure, ρ is density, Cρ is thermal conductivity, qr denotes

the heat flux losses associated with radiation (estimated in

the Stefan−Boltzmann approximation)

qrn = γσ (T 4 − T 4
initial), (17)
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n is the unit normal vector to the surface of the studied

structure, Tinitial is the initial temperature, T is the current

temperature of the sensing and conversion layer, σ is the

Stefan−Boltzmann constant, and γ is the emissivity of the

sensor film surface.

The thermal resistance model (see its graphical rep-

resentation in Fig. 9) with heat flux (16) is presented

as the density of current passing through a number of

thermal resistances connected in series. Thus, the heat flux

may formally be presented as a ratio of the difference in

temperature between the upper and the lower film layers to

the sum of thermal resistances of the multilayer structure.

The parameters characterizing the considered pyroelectric

materials are listed in Table 5, the heat flux incident

on the sensing and conversion film was assumed to be

equal to 0.21µW/cm2 (the total incident heat flow rate is

0
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Figure 7. Distance dependence of the electric-field intensity of

the dipole layer at arbitrary point z for BSN50.
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Figure 8. Distance dependence of the electric potential of the

dipole layer at arbitrary point z for BSN50.
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Table 5. Parameters of materials used to calculate the induced polarization of pyroelectric films on a silicon membrane

Material C p,
J

kg·K
Gth,

W
m·K

ρ,
kg

m3 γ p, µC

m2
·K

SBN50 (Barium strontium niobate) 440 [30] 1.8 [31] 5300 [31] 0.88 [32] −400 [36]

PZT-5H (Lead zirconate titanate) 350 [33] 0.14 7500 1 [34] −450 [36]

TGS l-alanine (Triglycine sulfate) 1352 [31] 1 [31] 1700 1 [35] −550 [36]

Si 700 130 2329 0.2 −

SiO2 703 0 2203 0.2 −
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Figure 10. Temporal characteristic of temperature changes in

different pyroelectric films induced by the incident heat flow.

∼ 1µW), and the duration of heat flow was assumed to be

approximately equal to one second.

The results of film temperature changes dynamics cal-

culation, which was performed in accordance with the

mentioned model (Fig. 9) with the use of Eqs. (15)−(17),
are presented below (Fig. 10).
Equation (18) and the obtained data on temporal varia-

tions of temperature of the pyroelectric material (Fig. 10)
were used to calculate the film polarization (Fig. 11)
induced by the thermal field:

1PS = p1T = p
(

Tinitial − T (t)
)

, (18)

where Tinitial is the initial temperature, p is the pyroelectric

coefficient (Table 5), and 1PS is the polarization vector

variation.

4. Dynamics of variation of the electric
potentials in the pyroelectric films
induced by the thermal field

Using Eq. (19) and the temporal characteristics of

polarization variations 1PS(t) (Fig. 11), one may obtain a
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Figure 11. Temporal characteristic of polarization changes in

different pyroelectric films induced by the incident heat flow.

coordinate dependence of the electric potential on polariza-

tion induced by the thermal field at a fixed heat flow rate

(see Appendix 2) and then calculate the electric potential

at arbitrary distance z from the film surface at any point in

time:

1φ(z ) =
1PS

2ε0

(
√

(z + d)2 + R2 −
√

z 2 + R2 − d
)

. (19)

Specifically, the temporal characteristics of changes in

surface electric potential 1φ(t) for different pyroelectric

films at z ≈ 0 and a heat flow density of 0.21µW/cm2 are

presented below (Fig. 12).

5. Estimation of the probable influence
of elastic deformation on the electric
potentials in the pyroelectric film
induced by the thermal field

In the proposed design of a thermal image receiver

the pyroelectric film is mounted on the oxidized surface

of a thin silicon membrane (to minimize the heat loss

due to thermal conductivity). Owing to the significant

difference in thermal expansion coefficients of individual

Technical Physics, 2022, Vol. 67, No. 4
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Figure 12. Temporal characteristic of changes in the surface

potential (z ≈ 0) for different pyroelectric films induced by a

spontaneous polarization change.

Table 6. Thermal expansion coefficients of the materials used in

this study

Material α, 10−6

K

Si 2.6

SiO2 0.55

PZT-5H 3.6

heterostructure layers, the distribution pattern of electric

potentials induced by the thermal field may be distorted

due to the piezoelectric effect. The contribution of the

oxide coating to the resulting elastic stress is neglected

in our calculations (see Table 2 for justification). Distor-

tions of the distribution pattern of electric potentials on

the pyroelectric film surface associated with temperature

variations due to the piezoelectric effect were simulated for

specific materials (Table 6). The rationale behind these

calculations and the calculation procedure are presented

in Appendix 5.

The calculations performed in COMSOL Multiphysics

made it possible to obtain plots of averaged values of the

electric polarization, the electric potential, and the electric-

field intensity on the pyroelectric surface caused only by

deformations. The calculation results are presented in

Figs. 13−15.

Inserting the maximum value of polarization of the

pyroelectric material (it was P piez o = 50 nC
m2 ) into Eq. (19),

we obtain an estimate of the surface potential induced by

the piezoelectric effect. This estimate is ∼ 1φ = 0.8µV at

dipole displacement vector length d = 0.3 nm of the dipole

layer.
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Figure 13. Temporal characteristic of piezoelectric polarization

(z ≈ 0), which is associated with deformation of the multilayer

structure due to thermal expansion, of the pyroelectric sample.
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pyroelectric sample on the piezoelectric polarization value.
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pyroelectric sample on the piezoelectric polarization value.
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6. Calculated characteristics of
pyroelectric films integrated into the
structure of an innovative thermal
image receiver

The estimated performance limits of thermal image

receivers with specific types of sensing pyroelectric films

are listed in Table 7. The calculation procedure is presented

in Appendix 6.

Table 7. Results of calculation of polarization and the surface

potential for different pyroelectric samples

Material
D, cm

√
Hz/W R, NEP, VN ,

S = 16× 16 µm V
W

nW/
√

Hz nV

SBN50 106 3.7 17.8 178

PZT-5H 8.7 · 105 3.1 17.8 178

TGS with the addition

l-alanine
2.84 · 105 3.2 56.3 563

No t e. The notation is the same as in Table 1.

Conclusion

An innovative single-channel design of a thermal image

receiver (3−15µm) in the IIT architecture was examined.

The processes of spontaneous polarization of a pyroelectric

sensing and conversion film and its polarization induced

by a thermal field were discussed. A pyroelectric film

serves as a thermal sensor and converter. The spatial

distribution of the electric potential induced by a thermal

image near the surface of the pyroelectric film is read out

by a photoelectrons flux in the
”
shot-through“ mode via

apertures in a Si/SiO2 membrane. This photoelectrons flux

is produced by a photocathode, which positioned at the

end face of the entrance window, and carries information

regarding the surrounding terrain in reflected night sky

light in the near-infrared range (0.8−1.1µm). The results

of functional dependences calculations of the electric-field

intensity and electric potentials on the characteristics of

spontaneous film polarization were presented graphically

and in tabular form.

For a number of pyroelectric films, estimates have been

obtained for the conversion efficiency of the thermal fields

projected onto the film into the distribution pattern of

electric potentials. The probable parasitic contributions of

piezoelectric effects in the bimorph (pyroelectric film/silicon

membrane) structure to the distribution pattern of electric

potentials was taken into account. The key performance

limits of the sensing and conversion unit of the considered

thermal image receiver were estimated.

Appendix 1

The field intensity of the upper plane is

Eupper plane = − PSz
4πε0

R
∫

0

2π
∫

0

r
(z 2 + r2)3/2

drdϕ (A1.1)

Therefore,

Eupper plane = −PSz
2ε0

R
∫

0

r
(z 2 + r2)3/2

dr (A1.2)

and, performing a substitution of variables, we obtain

Eupper plane = −PSz
4ε0

R
∫

0

d(r2 + z 2)

(z 2 + r2)3/2
. (A1.3)

Thus, we derive the functional dependence of electric-

field intensity E of the upper negatively charged plane of

the dipole layer from expression (5):

Eupper plane =

(

PS

2ε0

z√
z 2+r2

)∣

∣

∣

∣

R

0

= − PS

2ε0

(

1− z√
z 2+R2

)

.

(A1.4)

Appendix 2

The integral of a superposition of electric-field intensities

of both planes is

ϕ(z ) = −
z
∫

∞

PS

2ε0

(

z√
z 2 + R2

+
z + d

√

(z + d)2 + R2

)

dz .

(A2.1)
Its antiderivative is

ϕ(z ) =
PS

2ε0

(
√

(z + d)2 + R2 −
√

z 2 + R2

)∣

∣

∣

z

∞

. (A2.2)

Let us consider the lower limit of function (A2.2):

lim
z→∞

PS

2ε0

(
√

(z + d)2 + R2 −
√

z 2 + R2

)

. (A2.3)

Transforming (A2.3) and expanding the obtained expres-

sion into a Taylor series (utilizing the smallness of 2z d+d2

z 2+R2 at

z → ∞), we find

lim
z→∞

PS

2ε0

√

z 2 + R2

(

1 +
2z d + d2

2(z 2 + R2)
− 1

)

=
PS

2ε0
d.

(A2.4)
Inserting (A2.4) into expression (A2.2), we obtain a

functional dependence for the electric potential of arbitrary

point z :

ϕ(z ) =
PS

2ε0

(
√

(z + d)2 + R2 −
√

z 2 + R2 − d
)

. (A2.5)
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Appendix 3

Let us present expression (5) from the main text in the

form

E =
PS

2ε0

2√
z 2 + R2

(

z −
z + d

√

1 + 2z d+d2

z 2+R2

)

. (A3.1)

Expanding (A3.1) into a Taylor series, we obtain the

following after several transformations at R ≫ z :

E =
PS

2ε0

1

R

(

z − 2(z + d)R2

2R2 + 2z d + d2

)

= − PS

2ε0

× 2(z + d)R
2R2 + 2z d + d2

= − PS

2ε0

(z + d)

R
. (A3.2)

If dipole arm d ≫ z , it follows from expression (A3.2)
that

E = − PS

2ε0

d
R
. (A3.3)

Proceeding in a similar way, we derive an approximation

for the electric potential from Eq. (A2.5) at R ≫ z :

ϕ(z ) =
PS

2ε0

√

z 2 + R2

(

√

1 +
2z d+d2

z 2 + R2
− 1− d√

z 2+R2

)

.

(A3.4)
Using the Taylor series expansion, we find from (A3.4)

that

ϕ(z ) =
PS

2ε0

√

z 2 + R2

(

1 +
2z 0d+d2

2(z 2 + R2)
− 1− d√

z 2+R2

)

.

(A3.5)
Since R ≫ z , expression (A3.5) may be transformed into

ϕ(z ) =
PS

2ε0
R

(

2z d + d2

2R2
− d

R

)

. (A3.6)

In the 2z d ≫ d2 case, expression (A3.6) is transformed

into (A3.7):

ϕ(z 0) =
PS

2ε0

(

z d
R

− d

)

. (A3.7)

Appendix 4

In order to determine the functional dependence for the

electric potential at z ≫ R, we integrate expression (13)
from the main text:

1ϕupper plane = −
z
∫

∞

−PSR2

2ε0

d
z 3

dz = −PSR2d
4ε0z 2

∣

∣

∣

∣

z

∞

. (A4.1)

Thus, the potential of the dipole layer at arbitrary point z
at z ≫ R is

ϕ(z ) = −
PSR2

4ε0

d
z 2

. (A4.2)

Appendix 5

Let us use the expression for the mechanical stress tensor

to estimate the probable distortion of the distribution of

electric potentials induced by the piezoeffect:

Si j =
∑

kl

C i jklεkl −
∑

mn

ei jmnEmn. (A5.1)

Here, Si j is the mechanical stress tensor, C i jkl is the

tensor of elastic constants, εkl is the deformation tensor

(εkl = αkl1T ), ei jmn is the tensor of piezoelectric coeffi-

cients, and Emn is the electric-field intensity tensor; α j is

the matrix of thermal expansion coefficients and 1T is the

change in temperature of the studied material.

We use the Cauchy−Green form of the deformation

tensor:

εkl =
1

2

(

∂uk

∂x l
+

∂ul

∂x k

)

, (A5.2)

where u is the vector characterizing displacements.

A simultaneous solution of Eqs. (A5.1), (A5.2) with

the use of the finite element method allows one to

calculate deformations εkl as functions of temperature T (t).
The obtained deformation values at different temperatures

εkl
(

T (t)
)

are used to calculate the electric flux density:

Di j =
∑

kl

ei jklεkl +
∑

mn

εi jmnEmn, (A5.3)

where εi jmn is the permittivity tensor of the piezoelec-

tric material. Assuming that the external field is zero

(Eexternal = 0), the following relation is obtained for electric

flux density (A5.3):

D = Ppiez o. (A5.4)

Inserting the values of piezoelectric polarization Ppiez o

into Eq. (19) from the main text, which characterizes the

overall pattern of the potential distribution regardless of the

cause of polarization, we determine the surface potential

induced by elastic deformations.

In doing this, we use

tensor of piezoelectric coefficients ei jkl for PZT

ei jkl =





0 0 0 17.034 0 0

0 0 0 0 0 0

−6.62281 −6.62281 23.24 0 0 0





[

C

m2

]

,

(A5.5)
tensor of elastic constants C i jkl for PZT

C i jkl =

















127.2 80.21 84.67 0 0 0

80.21 127.2 84.67 0 0 0

84.67 84.67 117.43 0 0 0

0 0 0 22.98 0 0

0 0 0 0 22.98 0

0 0 0 0 0 23.47

















[GPa]

(A5.6)
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and tensor of elastic constants C i jkl for Si

C i jkl =

















166 64 64 0 0 0

64 166 64 0 0 0

64 64 166 0 0 0

0 0 0 80 0 0

0 0 0 0 80 0

0 0 0 0 0 80

















[GPa]. (A5.7)

Appendix 6

Let us use literature data on resistivities of the examined

films (Table A6.1).

Table A6.1. Resistivities of pyroelectric films used in calculations

for the double-layer Si membrane/pyroelectric structure

Pyroelectric material Resistivity ρR , � ·m

SBN50 107 [37]

PZT-5H 107

TGS l-alanine 108 [38]

Since Johnson noise is the dominant type of noise in

thermal imaging [39], we use the following expression to

estimate the thermal noise level:

VN =
√

4kTR1 f , (A6.1)

where k is the Boltzmann constant, T is the temperature

of the sensing and conversion sample, R is the resistance of

the sensing and conversion sample, and 1 f is the equivalent

frequency passband.

Having calculated the thermal noise level, we obtain the

following for the ultimate sensitivity of pyroelectric image

receivers:

R =
1φ

P
. (A6.2)

The results of calculation of the key parameters of sensing

and conversion materials, which were determined in this

study for specific types of pyroelectric films, are presented

in Table 4 in the main text.
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