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Abstract: A temperature-modulated pyroelectricity measurement system for a small single crystal
is developed and applied to standard sample measurements performed on a thin single crystal of
lithium niobate. The modulation measurement is based on the AC technique, in which the temper-
ature of the sample is periodically oscillated, and the synchronized pyroelectric signal is extracted
using a lock-in amplifier. Temperature modulation is applied by irradiating periodic light on the
sample placed in the heat exchange gas. To apply this technique to the transparent reference sample,
a commercially available black resin is coated on the sample’s surface to absorb the light energy and
transmits it to the specimen. The experimental results are analyzed using a two-layer heat transfer
model to verify the effect of the light-absorbing layer as well as the radiative temperature modula-
tion system.
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1. Introduction

Ferroelectrics and pyroelectrics are advanced materials with a variety of functional
physical properties. While the dielectric matters have already established an industrial
position in thermal sensors and transducers applications, the scope of material surveys
goes beyond the traditional realm to include substances that have not been treated in this
field, such as magnetic compounds [1-3], electric conductors [4,5], and unconventional
synthesized solids [6,7]. To understand the potential applications, the electrical polariza-
tion of these new ferroelectrics properties needs to be investigated. However, most of
these crystals, particularly molecular crystals, are so small and fragile that they cannot be
formed into a shape suitable for applying strong electric fields. Therefore, the direct ob-
servation technique such as the polarization reversal is uneasy to carry out. Moreover, a
class of charge-transfer molecular complexes, which has recently attracted attention as a
new type of ferroelectric, is highly conductive in nature; thus, it cannot be loaded with
sufficient fields for polarization conversions [4,8,9].

For these materials, pyroelectricity measurement can be an effective alternative. Py-
roelectricity stems from the temperature dependence of the polarization, and its observa-
tion does not require strong electric fields, except for the poling treatment of the sample.
The classical heat-to-electricity conversion phenomenon has long been utilized as an im-
portant function of ferroelectrics [10]. Lately, it has attracted new attention from the per-
spective of energy harvesting technology [11-13]. Therefore, measuring pyroelectricity
would offer multiple benefits to material researchers who are developing new ferroelec-
trics.

Nevertheless, the signals of pyroelectricity generating under realistic conditions are
very weak; thus, the measurements are usually performed for a sufficiently large sample,
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such as a polled film or a piece of a crystal wafer. For molecular crystals, such a large
specimen can hardly be obtained. Moreover, their single crystals tend to have highly ani-
sotropic shapes, such as thin plates, and if the polarization is oriented in-plane direction
of the thin crystal, only tiny electrodes can be attached. To deal with small molecular
crystals, we developed a high sensitivity measuring system based on a temperature mod-
ulation technique [14] in the present study. In the AC measurements performed here, a
periodic light was irradiated to modulate the temperature of the sample in a helium-gas
chamber. The radiative temperature control, coupled with the use of a removable sample
holder, provides stable and reproducible heat transfer, even for as-grown single crystals
with irregularities in the crystal shape.

To evaluate the performance of this system, we carried out standard sample meas-
urements for a typical ferroelectric material, lithium niobate (LiNbOs3). In the standard
sample measurements, we employed a small piece of a thin wafer of LiNbOs in which the
electric polarization resides along the crystal plane, assuming that the system would be
applied to such tiny crystals with in-plane polarization. Since LiNbO:s is transparent, we
covered the specimen with synthetic black paint to transfer the light energy into heat at
the sample’s surface. A major difficulty with modulation schemes lies in the complexity
of quantifying the experimental results. In the present study, we simulated the experi-
mental data using a two-layer model that took into account the presence of an absorbing
layer and achieved a reasonable agreement with the observed results.

2. Materials and Methods

Figure 1 shows the schematic drawing of the temperature-modulated pyroelectricity
measurement system developed in the present study. The system comprises a diode laser,
a heat-exchanging gas chamber of an optical cryostat (Oxford Instruments plc, Op-
tistatCF), microscope components, and electric current detection instruments. The irradi-
ation light was generated using a diode laser (Thorlabs, L520P090, A= 520 nm). A crystal
wafer of X-cut LiNbOs (10 x 10 mm?, ¢ = 100 pm) was purchased from MTI Co. As a light-
absorbing layer, commercial black lacquer (Asahipen, Aspen Creative Color, Gross Black)
was diluted with diethyl ether and coated on the surface of the crystal using a spin coater.
The thickness of the light-absorbing layer was confirmed to be ca. 11 pum with a home-
made surface step measurement apparatus using a high precision micrometer (Mitutoyo,
MHEF2-13). To mark the crystal orientation, another surface was lightly scratched with di-
amond sandpaper and smashed into small pieces ca. 0.5 x 0.5 mm? wide to adjust its size
for the diameter of the laser beam. The crystal edges perpendicular to the Z-axis were
coated with silver paste, and gold wires (d = 30 um) were attached. The specimen was
suspended on the IC socket with the two lead wires, and the socket was plugged into a
socket receptor fixed on the sample rod, then loaded into the gas chamber in the optical
cryostat. The sample was heated by the laser irradiation: sinusoidal waves modulated us-
ing a diode controller (Thorlabs, ITC4005, f = 0.01~30 Hz) or rectangular waves by the
optical chopper (f =20~1000Hz). Since square waves contain 1.273sin(wt) in its
Fourier series, the generated pyroelectricity is overestimated by the factor of the sine
function compared to the signal induced with the sine waves of the same amplitude. The
thermally induced current generated by the temperature modulation was led out via a
triaxial cable from the cryostat and converted into voltage with a current preamplifier
(Stanford Research Systems, SR570). This preamplifier has a built-in line filter with a
selectable frequency range. Before amplifying the raw signal, various noises far away
from the temperature modulation frequency were removed to preserve the dynamic
reserve of the lock-in amplifier. The voltage-converted signal was detected using a two-
phase digital lock-in amplifier (Signal Recovery, Model 7265).
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Figure 1. The setup of the temperature-modulated measurement of pyroelectricity. The standard
sample with in-plane electric polarization is coated with a light-absorbing layer on the front surface.
A pair of conductive-paste electrodes are attached to the crystal edges to collect the pyroelectric
signal. The sample suspended upside down in the IC socket by the gold leads is irradiated through
the hole in the sample holder and the base plate.

3. Results and Discussions
3.1. The AC Measurement of Pyroelectricity

Pyroelectricity is a variation in electric polarization P or that in the surface charge
density of a polar material due to temperature variation and is extracted from electrodes
attached on the surfaces of the sample. For a specimen of a capacitor form with an elec-
trode area of S, the pyroelectricity Iy, is defined as follows:

dp dPdT ar

oy =S =S = S ar
where a denotes the pyroelectric coefficient. Since this formula includes the time deriva-
tive of temperature, pyroelectric measurement requires a temperature change, which is
conventionally performed by sweeping the temperature of the sample at a constant rate.
In the DC measurement, it is necessary to increase the speed to achieve an enhanced sig-
nal. However, the rate of temperature change is experimentally limited because the non-
uniformity of the temperature distribution due to rapid temperature change causes me-
chanical stress, leading to sample damage.

As an alternative option to measure pyroelectricity, there is an AC technique in which
the sample temperature is periodically modulated instead of the DC sweep [15]. Suppose
that the temperature of the sample is modulated with an angular frequency of w and an
amplitude T(w) around an equilibrium temperature Ty, i.e.,

(1)

T(t) = T(w) sin(wt) + T,. (2)

From Equation (1), the pyroelectric current induced by the temperature modulation is
given as a cosine wave

Lyr(t) = aSwT (w) cos(wt), (3)

and the Fourier coefficient aSwT (w) is detected by a lock-in amplifier.
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The phase-sensitive detection allows the signal synchronized with the temperature
modulation to be separated from various background noises. In addition, whereas the
sweep rate of temperature determines the acquisition time in the DC method, the modu-
lation method allows us to freely control the acquisition time at each data point, allowing
fine temperature control. Furthermore, the AC method is advantageous in distinguishing
true pyroelectricity from non-essential signals such as the trap-charge current; whereas
the extrinsic signals are emitted from trap sites only at the early heating cycles of the mod-
ulation, intrinsic signal permanently generates along with temperature changes to domi-
nate the averaged signal intensity [16].

3.2. Radiative Temperature Modulation Using Periodic Light

Molecular crystals have larger thermal expansion coefficients compared with inor-
ganic metals. Therefore, when temperature modulation is performed by attaching a metal
block to a sample and heating it, crystal distortions will occur. These distortions will be
particularly severe for variable temperature measurements. To minimize such mechanical
stress in the present measurement, the temperature of the sample was modulated by pe-
riodic light irradiation in a heat-exchange gas using an optical cryostat. The sample was
suspended in the gas chamber with thin gold threads attached to the sample as the lead
wires. The radiative heating of a freely suspended sample in the heat-exchange gas elim-
inates thermally induced strain that can occur in the case of heater heating, and, thus, the
measurement system can be immediately applied to temperature variation measure-
ments. In this experiment, the consistency of the thermal environment surrounding the
sample is highly important. To facilitate sample exchange while maintaining the temper-
ature environment, an IC socket was used as a removable sample holder that can be in-
serted and removed from the receptor installed in the gas chamber.

When measuring transparent materials or semiconductor samples that exhibit pho-
toconductivity, it is necessary to cover the sample with a light-absorbing layer. The use of
such an absorber has been widely studied to improve the performance of pyroelectric in-
frared sensors [17,18]. The most commonly used material would be gold black [17]. How-
ever, its deposition requires high-temperature heating of gold in gas and can damage the
heat-sensitive molecular crystals. Therefore, in this study, we applied a synthetic resin
paint to the transparent standard sample, as described in the Materials and Experiments
section.

3.3. Pyroelectricity Measurements on LiNbOs

To verify the performance of the radiative temperature modulation system, we con-
ducted standard sample experiments by employing LiNbOs. The widely used ferroelectric
compound belongs to the trigonal crystal system, in which the spontaneous polarization
points along the Z-axis. The measurements were performed for a thin plate crystal in
which the polar axis points along the plane at room temperature. The modulated light
was irradiated onto the absorber coating on the sample surface, and the pyroelectricity
generated along the polarization axis was extracted from the electrodes attached to the
edge of the crystal.

Figure 2 shows the frequency dependence of the thus observed pyroelectricity. Ac-
cording to Equation (3), the signal intensity measured using the AC method is expected
to be proportional to the frequency of temperature modulation. However, the results ob-
tained are very complex, and the frequency dependence can be divided into the following
three regions: a low-frequency region where the data increases with frequency, an inter-
mediate region where the data plateaus, and a high-frequency region where the data de-
creases.

Since pyroelectricity is a temperature variation of the electric polarization, the devi-
ation from the linear frequency dependence indicates a discrepancy in the temperature of
the sample expected by Equation (3). To correctly estimate the temperature of the sample,
we performed the following thermal diffusion analysis.
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Figure 2. Frequency dependence of the pyroelectricity of LINbOs measured using the temperature
modulation method. The upper left inset is the photograph of the front surface of the sample coated
with the light-absorbing layer. The inset in the center sketches the experimental layout.

3.4. Dynamical Temperature Distribution Calculated by One-Dimensional Layer Models

Suppose the surface of the sample is wide enough with respect to the thickness. In
that case, the heat uniformly supplied by the irradiation light will propagate toward the
back surface as a one-dimensional flow. The resultant temperature distribution in the sam-
ple should be expressed as a function of a depth from the front surface x, i.e., T(x). Using
the derivative of T(x), heat flow j(x) is written via Fourier’s law as follows:

J) = K A7), @

where K denotes the thermal conductivity of the sample. If the applied heat is time-mod-
ulated, the heat flux flowing into a unit volume is given by the following continuity equa-
tion:

d a
CPET(x, t)=— a}(x, t), (5)

where ¢ and p are the specific heat and density of the substance, respectively. Equations
(4) and (5) give the following thermal diffusion equation:

2

aT t) = 0 T(x,t (6)
at (xt)_Kaxz (x; );

where k denotes the thermal diffusion constant (k = K/cp). Pyroelectricity I, gener-
ating in a thin layer with a thickness of §x at a depth of x is written as follows:

0T (x,t)
at

where L is the length of the electrodes. Although a is temperature dependent, it is as-
sumed to be uniform within the sample because of the small temperature distribution in
a thin sample.

In the present study, the sample is heated with the periodic light. Thereby, its tem-
perature should be modulated in accordance with the oscillation of the light, i.e., T(x,t) =
AT (x, w) sin(wt) + Ty (x, w). The total pyroelectricity collected by the electrodes is thus
given by the following:

Slpyr(x,t) = a Léx, (7)

49T (x,t) d
Lyr(w) = aLJ; 5% dx = awa AT (x, w) dx = awSAT, (W), (8)

0

where AT, (w) is the temperature modulation averaged over the crystal thickness, as fol-
lows:
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AT, (w) = l dT(x, w)dx. 9)
il

Equation (8) denotes that if AT,,(w) has been known, a can be calculated from the
experimentally observed pyroelectric current, I,,.(w). Since it is practically impossible to
measure the dynamically varying temperature distribution, we estimated the distribution
by the following thermodynamic analyses. The analytical expression of pyroelectricity has
been systematically discussed by Holeman [14]. Following the formalism, we first treat a
bare thin-plate crystal sample and then a system with a light-absorbing layer coated on
the sample surface.

3.4.1. Single-Layer Model

Consider the pyroelectric current in a thin plate sample irradiated with periodic light
in a heat exchange gas, as shown in Figure 3. The temperature distribution is spatially
distributed according to the flow of heat from the surface to the back, thus T(x,w,t) can
be written as follows:

T(x, w, t) = AT(x' w)eXp(iwt) + Tshift(x) + Tgan (10)

where the first term indicates the damping wave of temperature with the amplitude of
AT. Tenire(x) and Tg,s represent the steady-state temperature shift and the temperature
of the heat-exchange gas, respectively. Although the heat is only given from the front sur-
face, the reflected wave from the backside is superposed to the forward wave to form a
steady heat flow in equilibrium. Thus, AT is written as follows:

AT (x, ) = C(w)e(izTn_y)x + D(w)e_(izTn_y)x, (11)

where € and D are the complex coefficients representing the intensity and phase shift
from the irradiation light for the forward and the reflected waves, respectively. The pa-
rameters A and y in the exponents denote the wavelength and the damping coefficient
of the heatwave, respectively, and determine the envelope of the damped waveform. The
coefficient of x in the exponential functions can be rewritten as follows:

2
k(w)=i7n—y=(1+i)\/?—lc. (12)

This indicates the presence of the following relationship between A and y:
(13)

The coefficients € and D in Equation (11) are determined from the boundary con-
ditions. In the steady state during measurement, the heat of irradiation is applied to the
first boundary, i.e., the front surface of the sample. Some of it is lost by heat transfer to the
gas, while the remaining heat passes through the sample and is finally transferred to the
gas at the second boundary (the backside). Rigorously, the contribution of thermal radia-
tion, which is approximately givenas 4073 [19] (o is the Stephan Boltzmann coefficient),
needs to be taken into account. However, its effect at room temperature is estimated as
6.1 W/m?K, which is much smaller than the impact of the heat-exchange gas calculated in
the following discussion. Thus, its effects are ignored in the following discussion. If we
denote the heat flow at x as j(x), the amplitude and angular frequency of the irradiation
as iy and w,, the temperature of the heat exchange gas as Ty, the heat-transfer coeffi-
cient between the sample and the gas as h, and the thickness of the crystal as d, the con-
tinuity of the heat flow on the front and back surfaces can be expressed as follows:
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0
io(1 + sin(wt)) = (T (0, 1) — Tyas) = —Ka—T(O, t)
P * (14)
—K——T(d,t) = h(T(d,t) — Tyas)

By substituting the general solution Equation (11) into these boundary conditions,
we obtain the coefficients € and D and Tg;s.

ig 4 ckp +dh i
2ckp + dhx 2ckp+dh h

Toniee(x) = (15)

Since the time-independent term Ty does not affect the pyroelectricity, the effect
is ignored in most of the literature. However, when experiments are performed close to a
transition point, this term significantly affects the physical properties. In the present ex-
periments, for example, Ty;f is estimated as 2.0 K at the surface (x = 0) by substituting
the experimental and calculated values for iy and h in Equation (15), respectively. If a
higher temperature resolution than this value is required, the experimental conditions
need to be adjusted.

4 N
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Figure 3. (a) Schematic drawing of temperature distribution in the single-layer model heated with
a modulated light in heat exchange gas. The distribution is assumed to be a single damped wave
with a time-independent temperature shift by omitting the presence of a reverse wave. (b) and (c)
The magnitude of pyroelectricity and the phase shift from the oscillation of the irradiated light cal-
culated using the single-layer model. The physical parameters of LiNbOs used in the calculation are
listed in Table 1.

The pyroelectricity is obtained from the time-dependent term in Equation (10). By
substituting € and D into Equation (11), the solution of Equation (9) is given as follows:

io(Kk sinh(kd) + h(cosh(kd) — 1))

AT, = —— :
dk((K2k? + h2) sinh(kd) + 2Khk(cosh(kd) — 1) + 2Khk)

(16)

The pyroelectricity can be obtained by substituting AT, into Equation (8). Figure
3(b) and (c) show the frequency plot of the intensity of the pyroelectricity I,y(w) and the
phase difference from the irradiated light wave, respectively. Since AT, varies with the
modulation frequency f = w/2m via the argument of the hyperbolic functions, i.e.,
k(w)d, the characteristics of AT,, depend largely on the magnitude of the argument. As-
suming that the threshold frequency fy, is as follows:

1k

fon = Tdz’ (17)

the value of I,y(w) is approximated as follows [11,14]:

(F<fu)  Ipyel@)~as (35) (19
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asS

Oc > fth) Ipyr(w)~ Cp_d Iy - (19)
We divided the frequency domain of the experimental data into three regions accord-

ing to the conditions given by Equations (17) and (18) and tried four different fitting meth-
ods to examine the agreement of the experimental results with the physical parameters of
the standard material. In the following, the physical quantities other than the fitting pa-
rameters for each process were assumed to be the experimentally determined or reported

values shown in Table 1.

Table 1. Physical quantities for LINbOs and heat transfer coefficient between He gas and the sample
used in the simulations.

LiNbO:s Heat Transfer
c(J/gK) p(g/cm?®) k(mm?/s) @ (uC/m?’K) d(um) w(mm) h(W/m?K)
0.6011! 4.659! 1.264! 832 100 0.57 5003

1[20]; ?[21]; 3present work

1. RegionI:

Equation (18) implies that the signal strength increases in proportion to the frequency
in the low-frequency region. Figure 4(a) shows the signal intensity in the low-frequency
region. The two parameters S and i, are given by the experimental conditions. As we
will see later, o is determined by the analysis of Region III; thus, we can determine the
value of h from the gradient for the low-frequency data. As is shown in Figure 4(a), we
found that the calculated curve for h = 500 W/m?K gives the best result among the sev-
eral trials. A heat transfer coefficient is a parameter governed by the convection of the heat
exchange gas. Therefore, this value obtained here can be applied as a device-specific pa-
rameter if samples with similar shape and surface conditions are used.

2. RegionII:

Next, we examine the region between Region I and III, where the modulation fre-
quency f approaches fy,. In this region, the hyperbolic functions cannot be simplified by
the limit approximations as performed in Equations (18) and (19). Since fy, is defined by
Equation (17), the frequency dependence of the signal in this region is suggested to be
deeply related to the values of k and d. If d is experimentally determined, fitting with
k as a parameter is possible, as shown in Figure 4(b). On the other hand, if k has been
obtained by other studies, it is possible to fit the experimental value with d as a parame-
ter, as shown in Figure 4(c). In the case of the present study, k of the standard sample is
known, and the curve calculated by adopting the literature value agrees well with the
experiment data, as shown in Figure 4(b). Similarly, the simulation results for a sample
thickness of 100 um also agree well with the experimental values, as shown in Figure 4(c).

3. RegionIII:

Finally, we discuss the frequency region where f > f;;,. Equation (19) clearly shows
no frequency dependence of the signal strength in this frequency region. Therefore, the
signal indicates a simple plateau, and its value is proportional to a; hence a can be esti-
mated from the plateau level if the specific heat and density of the sample are known. The
value of @ in LiNbOs has been investigated in several studies [22-27], and the values at
room temperature vary widely from 18 [23] to 95 [27] uC/m?K. Figure 4(d) shows the
comparison of the calculation with the experimental data and indicates that the curve cal-
culated for a =80 uC/m?K shows good agreement with the experiment. Thus, we
adopted the literature value 83 pC/m?K reported in [27] for other calculations.
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Figure 4. Comparisons between the observed pyroelectricity of the LiNbOs sample and the results
of the single-layer model calculation plotted as a function of the temperature-modulation frequency.
Four panels (a) to (d) show the dependence on h, k, d, and «, respectively. Light intensity irradi-
ated to the sample i, was 1.6 mW/mm?, estimated from the difference of light entering and exiting
the cryostat. Physical quantities for LiNbOs other than the parameter selected as the variable in each
plot are listed in Table 1.

3.4.2. Two-Layer Model

From the above discussion, it seems that the single-layer model can reproduce the
observed pyroelectricity. However, as shown in Figure 4(d), the decay profile appearing
above 300 Hz in the experiment is not reproduced in the calculation, which raises ques-
tions about the validity of the simulation. A candidate for this problem is the presence of
a light-absorbing layer, which has not been considered in previous models. Therefore, we
consider a two-layer model that includes the presence of the light-absorbing layer, as
shown in Figure 5(a). Such multilayer models have been investigated in detail by Peterson
et al. for vertically poled pyroelectric polymer films [19]. The application has also been
reported for a system in which the sample is bonded to a thermal bath [11].

The two-layer model consists of an infinite absorbent layer of thickness d,,s on the
front surface of the previous one-layer model. Fourier’s law of Equation (4) and the heat
conduction equation of Equation (6) has yielded the complex wavenumber k that defines
the heat flow in the pyroelectric material, as shown in Equation (12). By replacing the
physical parameters in these formulas with the values of the light-absorbing layer, the
complex wavenumber for the light-absorbing layer k,,s is obtained. By imposing the
boundary condition of light irradiation on the surface of the light-absorbing layer and
matching the temperature and heat flow at the interface of the two layers, the coupled
differential equations for the two-layer model are obtained as follows:

d
io(l + Sin(wt)) - h(Tabs (0» t) - Tgas) = _Kabs aTabs (0' t)
d
—Kaps aTabs (dabs: t)=-K aT(O' t) (20)

Tabs(dabSr t)=T(0,¢t)
d
‘Ka”d' t) = h(T(d, 1) — Tgas)
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In the above equations, the temperature distribution of the coating layer is denoted
as Thps(¥), where y indicates the depth from the surface of the layer, and the other phys-
ical parameters of the absorbing layer are represented as cups, Pabs) Kabs, and d,ps. The so-
lutions of AT and AT, satisfying the boundary conditions are obtained using the same
procedure described in the discussion of the single-layer model. By substituting the ob-
tained AT into equation (8), we obtained I, of the two-layer model and performed the
following calculations.

30 T
e B _ (% f
o MOy, RY0) < 20!l : 0%
> vap = -
2 I
T £ 40l
i)
@
S
=
(a) &
Q
\_ J ®
e
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Frequency [HZz]

Figure 5. (a) Schematic diagram of the temperature distribution of a two-layer model heated by
modulated light in a heat exchange gas. The distribution is represented as a two-step decaying wave,
in which the presence of the inverse wave and time-independent terms are omitted. (b) and (c) Com-
parison between the experimental data and the simulated pyroelectricity and the phase shift calcu-
lated using the two-layer model.

We should note that the frequency dependence of I, of the one-layer model was
governed by the magnitude of dk, the argument of the hyperbolic function. In addition
to these hyperbolic functions, additional hyperbolic functions with d,,skaps as an argu-
ment appear in Iy, for the two-layer model. Thereby, we can infer that there should be a
new threshold fi, .ps that classifies the frequency dependence of Iy, for the two-layer
model, i.e.,

2 (21)

In fact, Figure 5(b), the simulation result of I, discussed below, shows a decaying
region for f > fiaps in addition to the three regions described in the one-layer model.

Since this threshold is a function of i,,s and d,ps, the width of Region IV changes
when either parameter is changed. As shown in Figures 6(a) and 6(b), we calculated the
Kaps and daps dependence based on the two-layer model. These two plots show that the
optical absorption layer not only caused Region 1V, but also affected the signal intensity
in Regions I-III. However, in the present case, the effects were limited because the layer
was sufficiently thin; thereby, the parameters obtained from the one-layer model could be
directly applied to the fitting of the two-layer model. Aside from these parameters
adopted in the single-layer calculations, we assumed the following physical parameters
for the absorbing layer: 1.4]/gK, which is a typical value for polymers, for c,,s, and
0.76 g/cm® for p,ps, which is the disclosed density value of the commercial paint. If one
of Kaps and d,ps is known, the other can be obtained by fitting the experimental values.
In this case, d.,s had been determined to be 11 um using the surface step measurement,
and we determined k,ps to be 0.16 mm?/s using the fitting in Figure 6(a). This ks
value is consistent with typical data for the thermal diffusivity of polymer resins [28]. Alt-
hough it may vary slightly depending on the surface condition of the sample and the coat-
ing method, it can be used as a reference value when the light-absorbing layer is prepared
under similar conditions.
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As seen in Figure 4(d), the pyroelectric coefficient a of the sample is estimated from
the height of the plateau in Region III. However, this plateau structure will be squeezed
out as Region IV widens and approaches Region II. Moreover, since the amplitude of the
temperature wave decreases according to the decay function exp(—¥apsdaps), as shown in
Figure 5(a), the pyroelectricity signal is also weakened by this decay. Therefore, to esti-
mate a correctly, fi,.ps Needs to be sufficiently larger than fy, to protect the plateau
structure; because ks is a material-specific parameter that cannot be adjusted, the light-
absorbing layer must be deposited as thinly as possible.

region IV region IV
30 Kabs [mmz/S] (a) 30 dabs [um]
— 0.04 4
20 076 - \ < 20 "
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Figure 6. Comparisons between the observed pyroelectricity of LiNbOs and the results of the two-

layer model calculation plotted as a function of the temperature-modulation frequency. Panels (a)
and (d) show the dependence on k,ps and dgps, respectively. In the calculations, cps and paps
are supposed as 1.4]/gK and 0.76 g/cm3, respectively. In (b), k.ps is assumed as 0.16 mm?/s.

The parameters h, k, and k,,s determined using the above procedure, together with
the literature values of LiNbOs, were substituted into the equation of I,y,. The resulting
pyroelectricity and the phase shift are shown in Figures 5(b) and 5(c), respectively. The
calculation results show excellent agreement in both signal intensity and phase, confirm-
ing the reliability of the experimental data collected by the system and the validity of the
two-layer model calculations.

Since the main source of uncertainty in quantitative analysis in the present modula-
tion measurements depends on the estimation error of the sample temperature, the valid-
ity of the heat conduction model is of crucial importance. The successful reproduction of
the experimental data strongly suggests the correctness of the one-dimensional thermal
model. When we use naturally grown single crystals, the shape of the sample cannot be
freely specified. If the size of the light-irradiated area of the sample is not sufficiently large
compared to its thickness, heat diffusion in the transverse direction parallel to the light-
irradiated plane cannot be neglected, and pure one-dimensionality is lost. In such cases,
the heat transfer from the gold wire attached to the crystal edges cannot be neglected;
thus, thinner gold wires or resistive wires should be used. When a one-dimensional model
is applied to a system where lateral thermal diffusion cannot be neglected, the amplitude
of the thermal wave is overestimated compared to its true value. Since thermal diffusion
is caused by thermal gradients, this overestimation will be more pronounced in the high-
frequency region where deviations from a uniform temperature distribution in the sample
are more pronounced. If the simulation results show such behavior, the sample should be
replaced with a more suitable geometry.

Finally, we would like to mention the sensitivity limit of this measurement system.
If the purpose of this temperature modulation measurement is to find only the pyroelec-
tric coefficient of a sample, there is no need to measure a wide range of modulation fre-
quency dependence as we performed in the present study. Instead, one needs only to col-
lect data for a single point at a frequency in the plateau region. To calculate the electric
polarization from the pyroelectric coefficient, one should perform that experiment over a
wide temperature range, including the transition point. In modulation measurements in
the acoustic frequency domain such as the present study, the dominant noise is the 1/f
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noise generated by electronic components such as operational amplifiers. Therefore, ex-
periments should be performed at as high a modulation frequency as possible in the plat-
eau region to suppress the noise. However, in the case of using an optical absorption layer,
as in this study, the plateau region is limited by Region IV, which imposes an upper limit
on the frequency that can be selected. Even without the optical absorption layer, the am-
plifiers that can operate at high frequencies have a high input impedance; therefore, they
cannot be used for semiconductor samples with low impedance. The researchers need to
ensure these conditions for their sample and then conduct the experiment at the appro-
priate frequency. In this study, the modulation frequency was fixed at 103 Hz, which is
close to the upper limit of Region III, and the dependence of the signal intensity on the
light intensity was investigated. As a result, we confirmed that the signal could be meas-
ured, even down to 3% of the experimental condition. This indicates that the experimental
method can be applied to samples with widths in the order of um for samples with a
pyroelectric coefficient comparable to that of LINbOs. As for the thickness, as discussed in
Figure 4(c), the signal strength does not depend on the thickness of the sample, and, there-
fore, one can use as thin a sample as is experimentally possible.

4. Conclusion

In this study, a temperature-modulated measurement system was developed to
measure the pyroelectricity of a small sample with high sensitivity. The experimental re-
sults of the standard sample were analyzed using a one-dimensional heat transfer model.
In the developed system, the temperature of the sample can be modulated by periodic
light irradiation in the heat exchange gas. Since the measurement is performed almost in
a non-contact manner, there is no mechanical stress on the sample during the experiment,
which is helpful for fragile single crystals such as molecular crystals. If the temperature of
the heat-exchange gas is controlled using a refrigerator or heater, this system can be di-
rectly applied to the variable temperature measurements. Unlike the DC method, which
requires sweeping the temperature at a constant rate, this modulation method allows the
rate of temperature change to be controlled freely. This makes it possible to investigate
critical phenomena such as phase transitions with high-temperature resolution. False sig-
nals caused by the discharge of trapped charges, which is a problem in pyroelectric meas-
urement, can be eliminated by periodic temperature changes. Therefore, the measurement
is effective for basic research that requires an accurate understanding of physical proper-
ties. Although LiNbOs used as a standard sample is a typical ferroelectric material, there
is a significant variation in the values of a reported thus far. Therefore, the results of this
study are also important as information for examining the validity of these reported val-
ues.
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