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1. Pyroelectricty- What is it and what is it for
Pyroelectricity is a phenomenon known from ancient times, when it was first described in 314
BC by the greek philosopher Theophrastus in his treatise “On Stones”. 1. He noted that the stone
lyngourion (most probably the mineral tourmaline) becomes charged when heated thus
attracting bits of sawdust or straw. In the beginning of the 18th century J. G. Schmidt described
the experience of Dutch gem cutters that tourmaline had the property of not only attracting the
ashes from the warm or burning coals, as a magnet does iron, but also of repelling them again by
and by. 2 These two observations already describe the basic behavior of pyroelectric materials
when responding to heat flow3- charge generation upon temperature change followed by
gradual charge disappearance, if the temperature stays at a constant level.
In a rigorous definition we understand pyroelectricity as the temperature dependence of the
spontaneous polarization PS in the crystal, with PS representing the dipole moment per unit
volume of the material. The pyroelectric coefficient p is defined as
𝑑𝑑𝑷𝑷𝒔𝒔
�
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(1)

𝑑𝑑𝑑𝑑 = 𝑝𝑝 ∙ 𝐴𝐴 ∙ 𝑑𝑑𝑑𝑑

(2)

𝒑𝒑 =

(under constant elastic stress S and constant electric field E) and it relates a change in
temperature T to a change in electrical displacement D according to the relation, 𝑑𝑑𝑫𝑫 = 𝒑𝒑 ∙ 𝑑𝑑𝑑𝑑.
Thus the material becomes polarized under temperature changes resulting in the generation of a
charge Q on the surface area A that may attract free charges from the environment (ions,
electrons, dust, …) or, when electrodes are attached to this surface, may be measured as a
current (the pyroelectric current Ip) generated to compensate the T-induced polarization
charges (see Fig. 1a). To pick up the charge dQ that is generated by the temperature change dT,
the pyroelectric materials are fabricated typically in the shapes of a flat capacitor with area A
with two electrodes on opposite sides and the pyroelectric material serving as a dielectric (see
Fig. 1a). The generated charge and the pyroelectric current Ip (under short-circuit conditions)
are then given by the equations
𝐼𝐼𝑝𝑝 = 𝑝𝑝 ∙ 𝐴𝐴 ∙

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(3)

Here p is the pyroelectric coefficient that results from the sum of the crystalline or molecular
dipole moments oriented normal to the electrodes.
Two contributions make up the pyroelectric effect. 4 The primary pyroelectric effect refers to a
clamped crystal (meaning constant strain) for which a change in temperature induces directly a
change in electric displacement (due to the elongation or shortening of individual dipoles), also
known as the dimensional change, whereas the secondary pyroelectric effect is a result of crystal
deformation and is mediated by the piezoelectric effect – the thermal expansion or contraction
causes a strain in the crystal that alters the electric displacement due to its piezoelectricity,
which is also known as electrostriction. The temperature dependent libration of dipoles may
also contribute to the secondary effect, especially in polymer pyroelectric materials. The sum of
these effects, the so-called total pyroelectric effect under constant stress, is what is usually
measured as p.
The most important application of the pyroelectric effect is the detection of long-wavelength
infrared radiation, especially in the range from 8 to 14 µm, 5,6,7,8,10 which covers the peak in
emission of the black-body curve for objects at 300 K (that occurs at 10 µm). Consequently, IR
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detectors with high sensitivity at a wavelength of 10 µm can easily detect human beings and
other warm-blooded animals. Thermal detectors that convert heat into photons like pyroelectric
detectors are cheap in manufacture, have a large spectral bandwidth and are sensitive over a
wide temperature range. However, since they only react on temperature fluctuations, they are
used mainly to detect moving objects in a scene or stationary objects through a light chopper.
Some of the applications of IR pyroelectric detectors include intruder alarms6 and motion
detectors 9 for building protection, light control switches, 10 radiometers,6 instant medical IR
thermometers,3 flame and fire detectors,6 IR spectrometers,14 laser power meters,10 pollution
monitors6 and thermal imaging systems (vidicons or point detector arrays).6,11,12 Apart from IR
detection the pyroelectric effect has also been exploited for electron-emission devices or the
characterization of thermal and optical properties of materials.14
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Figure 1: (a) Scheme illustrating the pyroelectric effect for a material with a given spontaneous
polarization PS (drawn in blue) made up of individual dipoles (crystallites, domains) sandwiched between
electrodes (drawn in black). For a constant temperature and thus constant PS the bound charges at the
surface of the material are compensated by accumulated charges at the electrodes. For an increasing
temperature PS is prompted to decrease as the dipole moments, on average, diminish in magnitude. This
decrease of PS is pictured in the lower image by the horizontal tilting of the dipoles together with an
increased libration amplitude. A current flows from the electrodes o compensate for the change in bound
charge that accumulates on the crystal edges.

2. Theory of pyroelectric IR detector response

The response of pyroelectric IR detectors can be described in a very simple way by accounting
for the analogy of thermal and electrical quantities and laws.4-6,13 Let us assume a pyroelectric
detector in the form of a parallel plate capacitor that is geometrically characterized by the
thickness d of the pyroelectric dielectric layer sandwiched between electrodes of area A and
emissivity η. Thermally, this detector is specified by the specific heat capacity CT and the thermal
resistance RT, both forming the thermal time constant 𝜏𝜏 𝑇𝑇 = 𝑅𝑅𝑇𝑇 ∙ 𝐶𝐶𝑇𝑇 . Electrically the element itself
can be described by the electrical capacitance CE and the electrical resistance RE. However, in any
practical measurement setup an electrical readout circuit, characterized by resistance RA and
capacitance CA, will be connected in parallel to the detector and therefore the overall electrical

resistance R of the equivalent circuit reads as 𝑅𝑅 = �

1
𝑅𝑅𝐴𝐴

+

1 −1
�
𝑅𝑅𝐸𝐸

and its overall electrical

capacitance C as 𝐶𝐶 = 𝐶𝐶𝐴𝐴 + 𝐶𝐶𝐸𝐸 , which both then constitute the electrical time constant 𝜏𝜏 = 𝑅𝑅 ∙ 𝐶𝐶.

The incoming IR radiation power 𝑊𝑊(𝑡𝑡) = 𝑊𝑊𝑜𝑜 ∙ 𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖 (characterized by the modulation frequency
ω) induces a heat transfer rate (heat current)
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𝑄𝑄̇ = 𝜂𝜂𝜂𝜂(𝑡𝑡) =

𝜗𝜗
𝑅𝑅𝑇𝑇

+ 𝐶𝐶𝑇𝑇 ∙

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(3)

, with ϑ being the temperature difference to the ambient that is generated in the pyroelectric
element by the modulated IR radiation. Here the heat transfer rate 𝑄𝑄̇ is seen as an equivalent to
the electrical current 𝐼𝐼 = 𝑞𝑞̇ (with electrical charge q) and thus Equ. (3) describes the thermal
“charging” current of the RTCT-element as an equivalent to the electrical charging current of the
RC-element. ϑ is an analogue to the electrical potential difference or voltage V.
Solving differential equation (3) reads as
𝜗𝜗 =

𝑅𝑅𝑇𝑇 ∙𝜂𝜂𝑊𝑊0
∙
(1+𝑖𝑖𝑖𝑖𝜏𝜏𝑇𝑇 )

𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖

(4)

From this the pyroelectric current responsitivity RI, which is the absolute value of pyroelectric
current IP per Watt of input power, is described as
|𝐼𝐼 |

𝑃𝑃
𝑅𝑅𝐼𝐼 = |𝑊𝑊|
=

𝑝𝑝𝑝𝑝
𝑊𝑊0

𝑑𝑑𝑑𝑑

∙� �=
𝑑𝑑𝑑𝑑

𝜂𝜂𝜂𝜂𝜂𝜂∙𝑅𝑅𝑇𝑇 ∙𝜔𝜔

(5)

2
�1+𝜔𝜔2 𝜏𝜏𝑇𝑇

For low frequencies (ω >> 1/τt ) RI increases proportional to the frequency, whereas for high
frequencies with ω >> 1/τt the current responsitivity is constant according to
𝑅𝑅𝐼𝐼𝐻𝐻𝐻𝐻 =

𝜂𝜂𝜂𝜂𝜂𝜂
𝐶𝐶𝑇𝑇

=

𝜂𝜂𝜂𝜂
𝐶𝐶𝑇𝑇′ ∙𝑑𝑑

(6)

Here 𝐶𝐶𝑇𝑇′ = CT/(d⋅A) is the volumetric heat capacity.
The voltage responsitivity RV, which is the pyroelectric voltage per Watt of incident radiation
power, is derived from the pyroelectric current or, more precisely, from RI by dividing it with the
absolute value of the admittance 𝑌𝑌 = 𝑅𝑅 −1 + 𝑖𝑖𝑖𝑖𝑖𝑖 of an RC-element
�𝐼𝐼 �
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(8)

For very low frequencies (ω << 1/τt and ω << 1/τ) τhe voltage responsitivity increases with ω,
whereas it decreases with 1/ω for high frequencies (ω >> 1/τt and ω >> 1/τ) according to
𝑅𝑅𝑉𝑉𝐻𝐻𝐻𝐻 =

𝜂𝜂𝜂𝜂
1
∙
𝐶𝐶𝑇𝑇′ ∙𝑑𝑑 𝐶𝐶∙𝜔𝜔

(9)

, thus RV develops a maximum in the frequency range between 1/τT and 1/τ (very often the
thermal time constant is larger than the electrical one). For minimal capacitance of the read-out
circuit CA, C ~ CE = εrε0⋅A/d and then a constant for the pyroelectric material can be defined,
namely the voltage figure-of-merit (FOM) FV, that is independent of any geometry parameter and
electrode emissivity. The high frequency limit of the voltage responsitivity then corresponds to
𝑅𝑅𝑉𝑉 =

𝜂𝜂𝜂𝜂𝑉𝑉
𝐴𝐴∙𝜔𝜔

with 𝐹𝐹𝑉𝑉 =

𝑝𝑝
𝐶𝐶𝑇𝑇′ ∙𝜖𝜖𝑟𝑟 𝜖𝜖0

(10)
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3. Pyroelectric materials for high resolution IR detectors.
Pyroelectricity occurs in certain (semi)crystalline materials that have to fulfil three conditions: 14
The molecular structure must have a nonzero dipole moment; the material must not have center
of symmetry; and the material must have either no or a single axis of rotational symmetry that is
not included in an inversion axis. Of the 32 crystal classes, 21 are non-centrosymmetric, and 10
of these exhibit pyroelectric properties. Besides pyroelectric properties, all these materials
exhibit some degree of piezoelectric properties as well—they generate an electric charge in
response to mechanical stress. Some of the pyroelectric materials are ferroelectric, meaning that
the spontaneous electrical polarization can be reversed by a sufficiently strong external electric
field and that the material is characterized by the Curie temperature, Tc, above which it is
paramagnetic. These materials are either inorganic ceramics like BaTiO3 15 or crystals like
Triglycerine sulfate14,16 and LiNbO3 17, semi-crystalline polymers like PVDF (Polyvinylidene
fluoride) 18,19,20 and its copolymer with TrFE (Trifluoroethylene) 21,22 or even biological materials
like collagen and peptides 23,24 or hydroxyapatite 25, a major component of bone. Ferroelectric
materials generally exhibit larger pyroelectric coefficients than non-ferroelectrics and therefore
are of greater interest for applications (see Table 1).
Ferroelectric ceramics as well as semi-crystalline polymers are composed of a large number of
crystallites which, after fabrication, are typically randomly oriented. Accordingly, the crystalline
dipole moments are also randomly oriented and will not deliver a measurable spontaneous
polarization. To maximize PS and thus activate the pyroelectric effect, it is necessary to apply a
sufficiently large electric field E (larger than the coercive field and, optionally, at elevated
temperature and time) across the ferroelectric material in order to align the polar axis of the
crystallites as near to the direction of the external poling field as the crystal structure and its
local environment will allow. This procedure is called poling and it can be done in a DC field, in
an AC field during a hysteresis loop measurement or by Corona discharge, either uniform or in a
patterned way. 26
Apart from the pyroelectric coefficient p, Table 1 also lists the relative permittivity εr and the
FOM FV, which can be used to compare different pyroelectric materials for their potential as IR
detectors irrespective of electrode area and emissivity.6 FV only contains parameters describing
the properties of the pyroelectric material and is the higher, the higher is p and the lower is εr
(see Eq. 10). If, as is often the case in real world applications, the pyroelectric material is
mounted directly on a substrate with a good heat conductivity thus forming a heat sink (such as
an integrated silicon circuit) then another voltage FOM, FV,sink, comes into play. 27,28 FV,sink also
accounts for the thermal conductivity of the pyroelectric material and is the higher, the higher is
the pyroelectric coefficient and the lower are both the thermal conductivity and the permittivity.
The lateral thermal resolution 1/l ii of a free standing pyroelectric material, also listed in Table 1,
is mainly determined by its thermal conductivity λ.12 For the calculation of 1/l a thickness d = 10
µm and a heat transfer coefficient into air α ~ 11 WK/m2 (measured value taken from Ref. 12)
for all the indicated materials were assumed.
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Table 1: Different types of pyroelectric materials with their pyroelectric coefficient p (at an ambient
temperature of 25°C), the pyroelectric voltage FOM (figure-of-merit) FV, the pyroelectric voltage FOM with
heat sink FV,sink i, the relative permittivity εr, the thermal conductivity λ and the lateral resolution 1/l ii of a
free standing material with thickness d =10 µm and α = 11 W/Km2.12, 29 The material parameters p, λ and
εr are taken from the references indicated. The record values (largest p, FV, FV,sink and 1/l as well as
smallest εr and λ) are printed in bold.

Material

PZT12

PbZr0.5Ti0.5O3 or
PbZr0.3Ti0.7O3 30,31
BaTiO312
PbTiO3 32

Sr0.5Ba0.5Nb2O66,33
Ca0.15(Sr0.5 Ba0.5)0.85 Nb2O6 34, 35
Triglycerine sulfate or TGS14,12
LiTaO3 or lithium tantalate12
Pb5Ge3O11 or lead
germanate14, 36
Ca10(PO4)6(OH)2 or
Hydroxyapatite25
(CH2CF2)n or PVDF14,21
P(VDF-TrFE) w. 20 % TrFE
14,22,37,7

P(VDF-TrFE) w. 50 % TrFE 39,22
P(VDF-TrFE)0.5:(PZT)0.538,39
P(VDF-TrFE)0.7:(PZT)0.3 38,39,40
CdSe14
CdS14
ZnO14
Tourmaline14

p

FV

FV,sink

[µC/m2K]

[10-3m2/C]

[106V/W]

-420
-400
-400
-250

-550
-360
-350
-200
-110
-12

Ferroelectric ceramics
11
28
15
46

24

-52
-45
-92

147
217
114
27
80
7
13
66
-

[W/mK]

[µm-1]

1.2
1.2
3.0
2.0

1.35
1.35
0.86
1.05

36

25

0.15

3.83

2420
3573

9
7

0.13

3.96

1793
141
462

18
72
45

0.5

2.10

151
36
3294
120
531

Non-Ferroelectric crystals

-3.5
-4.0
-9.4
-4.0

1/l

1600
558
1000
190
400
933
30
45
30

Ferroelectric semicrystalline polymers
-27
-31

λ

25
68
15
74

Ferroelectric crystals
66
21
527
157
173

εr

4,4
1,3
1,1
-

10
8.9
8.5
25

1.0
1.2
0.4
4.2
0.8

9.0
40.1
110.0
-

1.46
1.35
2.35
0.72
1.68

0.49
0.23
0.14
-

According to Table 1, TGS and its isomorphs have very high pyroelectric coefficients (p ~ -350
µC/m2K) and, due to their low permittivity, also very large voltage FOMs (FV ~ 0.5 m2/C and
FV,sink ~ 3300 kV/W); however, they are not very stable due to their tendency to absorb (and
even dissolve in) water and their mechanical brittleness. In addition, the Curie temperature Tc of
TGS is very low (49°C) thus strongly limiting its applicability. It was discovered that doping of
TGS crystals with l-alanine during its growth (LATGS process patented by Philips) stabilizes the
material below the Curie temperature (that was raised to 60 °C). 41 This allows its use as highsensitive IR radiation detector at the upper operating temperature of 55 °C which is sufficient
for many applications (single element detectors, vidicons).16
LiTaO3 has a comparably high pyroelectric coefficient p ~ -200 µC/m2K, reasonably large FOMs
(FV ~ 0.16 m2/C and FV,sink ~ 120 kV/W), is insensitive to humidity and has a high Curie
temperature (> 600°C) and melting point. Therefore it is more attractive than lead germanate,
i

𝐹𝐹𝑉𝑉,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = −

ii 1
𝑙𝑙

=�

2𝛼𝛼

𝜆𝜆∙𝑑𝑑

𝑝𝑝

𝜆𝜆∙𝜀𝜀𝑟𝑟 𝜀𝜀0

, 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝, 𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝜆𝜆 𝑎𝑎𝑎𝑎𝑎𝑎 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝜀𝜀𝑟𝑟 , 𝑅𝑅𝐴𝐴 ≪ 𝑅𝑅𝐸𝐸

𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑡𝑡ℎ𝑒𝑒 𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝜆𝜆, 𝑡𝑡ℎ𝑒𝑒 𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡ℎ𝑒𝑒 ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼.
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which has larger FOMs (FV ~ 0.17 m2/C and FV,sink ~ 530 kV/W) but a rather low Tc of 180 °C or
the niobates, which have high pyroelectric coefficients but also high permittivity values, thus
resulting in rather low FOMs. These factors make LiTaO3 one of the most stable pyroelectrics
with a very wide temperature range of operation useable also in space applications.14
In order to maximize the pyroelectric voltage responsitivity it is necessary to minimize the
thermal mass of the pyroelectric material, which is typically achieved by decreasing its thickness
and its thermal conductivity. For single crystal pyroelectrics decreasing the thickness is a
complicate and costly process, including cleaving and polishing, which limits the achievable
detector area. Ceramic perovskite pyroelectric materials like PbTiO3 or PZT are easier to
manufacture as thin films (e.g. by sol-gel spin casting 42), however they typically have very high
dielectric constants and high thermal conductivity which limits the pyroelectric voltage FOMs
(FV < 0.05 m2/C and FV,sink < 70 kV/W).
Although the semi-crystalline polymer PVDF and its copolymer PVDF-TrFE (VDF:TrFE ratio
varying between 50:50 and 80:20) have comparably low pyroelectric coefficients (p ~-25 to -40
µC/m2K)22,7 as compared to ceramics and crystals, their low dielectric constants result in very
high FOM values (FV ~ 0.1-0.2 m2/C and FV,sink < 3500 kV/W). The low thermal conductivity of
these polymers in particular implies a high lateral resolution and small signal crosstalk which
recommends them as pyroelectric materials for large-area detectors and thermal imaging
arrays.
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Figure 2: Principal sensor properties (voltage FOM FV, response speed vth and lateral resolution l-1) of
various free-standing pyroelectric materials normalized to the respective values of LiTaO3 of identical
thickness.

In Figure 1 the principal sensor properties of the most important pyroelectric materials are
compared, which are the pyroelectric voltage FOM FV, the response speed vth iii and the lateral
resolution 1/l. The thickness of all materials was assumed to be identical and the heat transfer
coefficient into air α ~ 11 W/Km2 was taken from Ref. 12. It is obvious that PVDF-TrFE has very
good sensor properties; it is superior in terms of spatial resolution of the thermal signal, which
is mainly due to its comparably low thermal conductivity and it is very fast and delivers large
voltage signals. If the PVDF copolymer sensor is mounted on a substrate with high thermal
iii

𝑣𝑣𝑡𝑡ℎ =

𝑐𝑐 ′
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𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝛼𝛼 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑡𝑡ℎ𝑒𝑒 ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎, 𝑐𝑐 ′ 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑡𝑡ℎ𝑒𝑒 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎
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conductivity (e.g. a silicon integrated circuit for sensor readout) its generated voltage signal
(~ FV,sink) is even higher than that one of a TGS sensor with identical geometry.
Pyroelectric IR detectors implemented on the basis of single crystals such as TGS or LaTiO3 and
PZT ceramics often impose problems in handling and preparing brittle crystals or ceramics with
thicknesses below 30 µm, in realizing thermally and acoustically insulated mounting and in
applying metallization for the crystals, problems which are not encountered with ferroelectric
polymers. Out of processing alone the use of PVDF-based sensors is also attractive due to its
excellent FOM value (140% of that one of LiTaO3, still the most commonly used material) and the
possibility to increase speed by up to a factor of 5 by reducing the film thickness to below 10 µm.
Another advantage is the high lateral thermal resistance which allows the use of a selfsupporting substrate extending beyond the edge of the pyroelectric film and a substantial
increase in resolution.
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