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Induced polar materials for intense radiation monitoring
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Abstract. Theoretical and experimental researches on the electric potential spatial distribution
in thin crystal plates of zinc selenide and quartz, presented in this paper, is a constituent part of
a common approach elaborated for a study of the polar states induced by inhomogeneous
heating in a wide class of materials including those not belonging to the polar crystallographic
classes. Construction original principles of a new class of the transmission-type power
pyroelectric sensors with a maximum attainable upper limit of the dynamic range for an
intense radiation monitoring in a wide region of IR spectrum are developed.
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1. Introduction

Well-known semiconductor and dielectric materials be-
longing to the ten polar classes are widely used as
pyroactive matters in the pyroelectric devices for infra-
red detection and thermal imaging [1]. Traditional
pyroelectric IR sensors based on the primary and second-
ary pyroelectric effects turned out to have low efficiency
for measurements of high-power laser radiation due to a
strong absorption of radiation fluxes, which causes a de-
struction of a sensor sensitive element. The potentialities
of available at present devices, including the splitting or
deflection of some part of a laser beam, have been ex-
hausted [2]. As a consequence of a strong temperature
dependence of electric characteristics of ferroelectric
materials in the vicinity of the phase transition tempera-
ture T, the measurement of radiation parameters over the
temperature region near 7, proves to be impossible owing
to severe nonlinear distortions of a signal.

To overcome the outlined difficulties encountered un-
der measuring intensive laser radiation, we, for the first
time, advanced using nonpolar piezoelectrics that do not
belong to pyroelectric classes and therefore exhibit high
transparency in a particular spectral region, for a power
radiation monitoring [3]. These crystals reveal pyroactive

properties under nonequilibrium thermal conditions only.
It has been shown [4, 5] that the presence of the tempera-
ture gradient causing the nonuniformly stressed state of
the crystal gives rise to a polarization which is piezo-
electric in nature and is determined by a character of
thermoelastic stresses. Tertiary pyroelectric effect (TPE)
due to this polarization can arise in all twenty noncentral
crystallographic classes, which essentially extends the
class of crystals possessing the required optical, electric
and thermoelastic properties. These can be used as sensi-
tive elements of IR sensors.

Previously the pyroelectric effect has been investigated
under nonequilibrium thermal conditions in crystals of the
ten polar classes [6-10]. The rapid research on polariza-
tion phenomena under inhomogeneous heating in recent
years is conducted in nonpolar piezoelectrics [11-14]. In
spite of the fact that TPE shares a common nature with the
secondary pyroelectric effect, it differs fundamentally
from both the primary and secondary pyroelectric effects
by its symmetry resulting in TPE existence in the crystals
not belonging to the polar classes. It has been just this
TPE property which has led to the development of IR sen-
sors of a new generation. Theoretical and experimental
explorations are aimed at the investigation of physical
nature of induced polar states and mechanisms of their
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appearance in nonpolar piezoelectrics. New approach
to the development of infrared sensors and devices on the
base of the polarization phenomena under investigation
is formulated.

2. Polar states in thin crystal plates

Let us consider a thin crystal plate subjected to axisym-
metric heating by a radiation sinemodulated flux with a
wavelength in the crystal transparency band, i.e. when
the temperature in a round plate changes only along its
radius. Sensors based on the sensitive elements with indi-
cated temperature distribution known to be the transmis-
sion-type power sensors. The complete system of equa-
tions describing the thermodynamic state of a crystal lo-
cal volume in the field of thermal, mechanical and elec-
tric perturbations has been described in our study [15].
The analysis of the polarization spatial distribution in it
presents considerable mathematical difficulties, and
hence we shall proceed from the following approxima-
tion: a plane-stressed state will be realized in a thin plate,
being an arbitrary cut of the crystal, if an average (over
the plate thickness) tensor of thermoelastic stresses gy is
introduced. Those tensor components, which are equal
to zero on mechanically free front surface of the plate,
are supposed to be zero in its volume, too. Then, aver-
aged equilibrium equations are automatically satisfied
by entering the stress function F(x, y):

O, = 0°FI0)°, 0y, = 0°Flox?, Oy = -0°F/0x0y. )}

In a general case the equation for function F is as
follows:
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were Sy, a, are the tensor components of elastic compli-
ance and heat expansion, 6 is increase in the crystal
temperature. All tensor magnitudes must be taken in the
coordinate system concerned with a plate.
Comprehensive study of the polarization spatial dis-
tribution in a general case is unsolvable problem. Equa-
tion (2) can be solved only in exceptional cases. It has
been possible to carry out investigation of TPE for the
crystals, belonging to the classes D3, C3,, T; and some
classes of hexagonal syngony having a triad rotation axis
(D¢, Cg, Coy» D31 s C3p). Let us discuss the results obtained
in more details for crystals of classes 7; and D3. This
choice is not random. As it will be seen from the follow-
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ing section, analysis of optical and electromechanical
properties of these crystals revealed good potentialities
for their use as sensitive elements of sensors based on
TPE. We were able to develop a new class of transmis-
sion-type power pyroelectric sensors possessing the maxi-
mum attainable high upper limit of the dynamic range for
a middle infrared spectral region on the basis of the sin-
gle crystals of zinc selenide and for the visible and near
infrared ranges on the basis of the quartz crystal.

The possibility of a practical utilization of the polar
states induced by inhomogeneous heating becomes avail-
able only if the spatial distribution of the electric poten-
tial in the crystal is found. In regard to ZnSe, oriented crys-
tals (normal to the plate is directed along the direction
[111] coincident with a three-fold symmetry axis) were
studied. As the symmetry analysis indicates, in these cuts
longitudinal (induced polarization vector is directed along
incident radiation flux normally to the plate plane) and
transverse (the polarization vector perpendicular to the
radiation flux lies in the plate plane) effects exist simul-
taneously in the region remained cold (with respect to the
temperature variable component). A longitudinal compo-
nent of the electric field caused by the polarization P,
determines the longitudinal TPE. The distribution of a
bound charge density on the surface perpendicular to the
disk axis has the form:

O V(Ry) 6bG(R0) %
=P, ®
E (r)- %1 3)

R

where

G(r)=V(r)/r —(4/r3)}V(r’)r'dr',

V(r) :}Q(r’)r'dr’,

R is the disk radius, b is some coefficient (rather cumber-
some) allowed for a crystal anisotropy. This distribution
is characterized by the change of a charge sign in the
heated and non-heated regions. The total bound charge
released on any its surface is zero, and this distinguishes
the effect in question from the primary and secondary
effects, where charge compensation is possible only when
the charges are summed over the whole surface of the
disk. Signal electrodes in the form of rings are deposited
on the disk front surfaces and cover only its non-heated
region.

There is a transverse component of the electric field
in the plate plane associated with a bound charge on the
lateral surface of the plate

TGN = TP
r? Ro O

P = RLB(1) -
8

171



L.V. Blonsky et al.: Induced polar materials for intense radiation monitoring

As evident from (4), the configuration of the electrode
system is totally dependent on the symmetry of the trans-
verse TPE, during which an angular distribution of the
potential on the lateral surface is determined by sin3a. A
system of electrically insulated from one another elec-
trodes has to be deposited on unipolar parts of the lateral
surface, in which the potentials should be of the same sign.
The electrodes covering sections with charges identical
in sign are connected into one end, and the remaining elec-
trodes — another one. Both leads are connected to the
standard measuring circuit. The potential nonzero differ-
ence of which appearing of these electrodes can provide
information on the incident radiation flux.

Let us consider the polar states in quartz crystal. Equa-
tion (2) for the Z-cut is solved exactly, and the stress func-
tion is such that components gy, calculated from (1) are
equal to expressions, obtained on the basis of isotropic
model (with a precision of constant). The polarization
nonzero components in the polar coordinate system are
as follows

P = Pr’ %(r) —2\:—9500330,

Py =P} %(r) - Z\:g)m

in3a. o)

Calculating a bound charge in the plate and solving
electrodynamic part of the problem like that in [16], the
expression for the electric potential can be obtained. An
important point is that only the transverse TPE takes place
in the Z-cut quartz, and its angle dependence is determined
by cos3a. If it is granted that irradiation region is sub-
jected to homogeneous heating, the polar state is lacking
init. Polarization arises abruptly on the boundary of heated
and cold zones. Such a polarization spatial distribution is
supported by the symmetry analysis performed in [15].
Experimental results on the potential angle distribution
correlate well with the theoretical ones (5). Electrode
system is formed in the same manner as for ZnSe crystal.

It is necessary to make a few remarks with reference
to the X and X,-cuts. Equation (2) has long resisted solu-
tion for these cases and consequently approximate meth-
ods should be employed. The simplest of all is the ap-
proach when the problem elastic part is assumed as iso-
tropic, whereas electrodynamic part is solved exactly.
More exact approximation is consideration of heated and
cold regions of the plate independently of one another.
The polarization distribution in the heated region is de-
rived from a complete system of equations approximately
allowing for an absolute restriction of deformations in the
plate plane. For a cold region a purely mechanical prob-
lem with definition of the thermoelastic tensor on its in-
ternal surface and on free from forces external one should
be solved. It should be noted that approximations indicated
lead to different radial dependences of the electric poten-
tial and to the same angle one.
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The overall picture of the potential distribution may
be established on the basis of the symmetry approach
elaborated in [15]. Polar state in a heated zone of the X>»-
cut quartz is determined by the symmetry group G = 2
with a symmetry axis in the cut plane. Polar state in a cold
region exists under dissymmetry conditions. Both regions
of the plate make a contribution to the potential on the
plate lateral surface, however, calculations point to the fact
that the potential distribution is invariant under the two-
fold symmetry axis.

The X;-cut of quartz is characterized by following fea-
tures. Polar state in both heated and cold regions is deter-
mined by the symmetry group G = 2 with a symmetry axis
directed normally to the cut plane. Therefore, only the
longitudinal TPE is exhibited in both regions. Signal elec-
trodes for a given case are the system consisting of two
congruent electrodes in a form of rings deposited on the
plate opposite faces. Internal diameter of rings is larger
than diameter of a laser beam.

3. Optimization of the crystal physical proper-
ties

The investigation commencement of the polar states in-
duced by inhomogeneous heating have been aimed at
searching new effective methods for a measurement of
radiation intense fluxes of technological lasers. In this
connection the essential feature required of a pyroelectric
sensor acting on TPE is that there should be a high upper
limit of the dynamic range W. For the sensors under con-
sideration high values for W are achieved in the band of
the crystal maximal transparency. Therefore, the value of
the absorption coefficient u (in cm™!) at the wave length
of a measurable radiation is the principal characteristic of
the crystal. Another feature (no less important) determin-
ing the value of W is the crystal radiation resistance. If it
is granted that the material radiation resistance is qualita-
tively characterized by some temperature limiting increase
Bim , the following expression for I can be approximately
obtained

W =(6imldp )(ulEr), (6)

where Tris the time thermal constant of the sensor, cp is
the specific heat per unit volume. The criterion (6) is de-
rived from the condition — the equilibrium value of the
temperature increase must be equal to the temperature lim-
iting increase. A magnitude of 8, can be determined by
both the crystal destruction temperature (this is an ideal
case) and temperature under which processes destroying
the polar state in the crystal are feasible (phase transi-
tions or twinning processes).

Brief mention should be made of the role of the meas-
urement thermal conditions. As may be inferred from the
relationship (6), the thermal conditions are essential to
the measurement of radiation intense continuous fluxes.
Firstly, intensity of a heat exchange of the sensor sensi-
tive element with environment determines a value of the
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equilibrium temperature in the element. Secondly, in com-
mon practice, the upper limit of the dynamic range de-
pends to a large extent on the method of crystal putting
under radiation load, as well as the crystal removal from
it. In regard to measurements of pulse fluxes, thermal con-
ditions are of no significance, and the value of 8;,, at a
given wavelength generally depends on the measurable
radiation parameters (both the energy density in a pulse
and a pulse duration).

From the above reasoning it can be said with confi-
dence that the crystals used as windows in a spectrum ap-
propriate region show considerable promise as materials
for sensitive elements of transmission-type power
pyroelectric sensors. Indicated crystals must not belong
to the central crystallographic classes. It is required that
they possess small intrinsic conductivity and were free
from any temperature anomalies of their physical proper-
ties (for instance, permittivity or piezoelectric moduli).
Quartz crystals were chosen as sensitive elements for
transmission-type power sensors in visible and near in-
frared spectrum region, and single crystals of zinc selenide—
for radiation monitoring in the middle IR spectral region
(CO, laser).

Conclusions

External vector influence in a form of a spatially inhomo-
geneous heating of the crystal is proposed as a promising
alternative method for a creation of new induced pyroactive
structures based on existing nonpolar piezoelectric crys-
tals. These materials are of a great variety on their opti-
cal, electric and thermoelastic properties, which largely
alleviates metrological problems when measuring intense
laser emission. Advanced symmetry analysis of polari-
zation phenomena under nonequilibrium thermal condi-
tions is found to be a highly effective tool for elucidation
of physical mechanisms of the induced polar states for-
mation. A new approach to the development of IR
pyroelectric sensors as well as devices based on them and
used for IR radiation monitoring is elaborated.
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