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Abstract

The two-dimensional finite element model was built for the multilayer pyroelectric thin film. The temperature field and residual stress were
simulated. The results show that porous silica film as a thermal-insulation layer and a reasonable model structure are effective for decreasing the
heat loss. The silicon substrate and pyroelectric thin film that influence the temperature variation rate in pyroelectric thin film are also discussed.
The annealing temperature and model structure have significant influence on residual stresses of pyroelectric thin film. The residual stresses
increase rapidly with the increase of annealing temperature. The scanning electron microscopy (SEM) is employed to investigate the morphology
of the pyroelectric thin film. The results show that the pyroelectric thin film annealed at 750 °C has a crack structure.
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1. Introduction

In the past decades, much attention had been paid to the
pyroelectric detection of infrared radiation (IR) due to the
advantages offered by the pyroelectric detectors: room
temperature operation, good sensitivity, and flat spectral
response from near ultraviolet up to far infrared, etc. [1,2].
In order to minimize the heat loss caused by the vertical thermal
conduction from the pyroelectric thin film to the substrate, and
thus increase its pyroelectric response, various low thermal
conductive materials and multilayer films have been used [3].
Generally, pyroelectric thin films used as pyroelectric detectors
have lead-based and lead-free pyroelectric thin films. Compared
with lead-based pyroelectric thin film [4,5], barium strontium
titanate (BST) thin film is becoming one of the most interesting
pyroelectric materials for uncooled infrared detectors due to its
relatively high pyroelectric properties [6].

As we all know, dynamic pyroelectric response current of
multilayer pyroelectric thin film IR detector can be expressed
as [7]:
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where 7 is the absorption coefficient of radiation, y is the
pyroelectric coefficient of pyroelectric thin film, A is the
detector area, and d7/dr is the temperature variation rate of
pyroelectric film. The response current of multilayer pyroelec-
tric thin film is in proportion to the temperature variation rate of
the pyroelectric film.

The internal residual stress (which is mainly induced by
thermal and misfit strain) has a great impact on the dielectric and
ferroelectric properties of BST thin films. The BST thin films
possess high dielectric constant [8] and excellent ferroelectric
property [9] when the BST thin films possess low residual stress.
Stress is one of the critical parameters for designing the dielectric
properties, especially for heteroepitaxial thin films two-
dimensionally clamped by the underlying substrate lattice.

However, there have been few systematic reports on the
temperature variation rate and residual stress of BST thin film
by using the finite element method (FEM), which are important
not only for current practical applications, but also for basic
studies into the nature of ferroelectric thin films.

Using FEM to solve complex thermal and mechanical
problems is an extremely powerful and flexible approach.
Many non-linear aspects of behavior can be accounted for
where an exact analytical solution is impossible. Li et al. [7]
use the finite element method to simulate the temperature field
of multilayer PZT pyroelectric thin film, Zheng et al. [10]
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Fig. 1. Different model structures: (a) MBS, (b) CFS and (c) TS.

calculated Young’s modulus of nanobelt using FEM and Liu
et al. [11] investigated the residual stress fields of cold
expansion hole by the FEM.

In this study, three different model structures including micro-
bridge structure (MBS), tunnel structure (T'S) and composite film
structure (CFS) have been created to study the temperature field
and thermal residual stress of multilayer BST thin films by the
FEM. The effect of BST film, silicon substrate and porous silica
on the temperature field, and the effect of annealing temperature
on the thermal residual stress are considered. The morphology of
the pyroelectric film was investigated by SEM. The cross-section
of different models is shown in Fig. 1.

2. Finite element models

The geometry of model is symmetrical, therefore only one
half of finite element model is established. Symmetry boundary
conditions were used at the symmetric lines. Fig. 2 shows the
finite element model of MBS. The values of parameters for
calculation are summarized in Table 1. The properties were
assumed to be similar to those of the bulk material values. For
modeling, it was assumed that the properties were isotropic.

The thermal stress of the BST thin film can be determined
from Eq. (2) [15],

Eef fTTrd (a5 — ap)dT

Fig. 2. FEM model.

where E.¢ = Ei/(1 — vy), Eos = EJ(1 - vy), Ey, E, vy, Vs, b, H, o,
o, represent the effective elastic modulus, elastic modulus,
Poisson’s ratio, thickness and thermal expansion coefficient of
film and substrate, respectively, T4 and 7, represent substrate
temperature and room temperature, respectively.

Fig. 3 shows the model including only one-layered BST thin
film and silicon substrate. In order to test the finite element
model, we calculated the model according to Eq. (1) and
simulated the model by FEM. The results are shown in Fig. 4.

=g + 4(Eer/Ees)(h/H) @ From Fig. 4, we can see that the results of FEM agree well with

Table 1

Parameters used in simulation [3,7,12-14].

Material Thermal conductivity Specific heat Density Elastic modulus Poisson’s Thermal expansion Thickness
Wm 'K Jkg 'K (kgm™) (GPa) ratio coefficient (wm)

(x107°K™)

Si 145 708 2330 130 0.23 2.6 ~400

Porous silica 0.02 780 1320 ~10

Si0, 14 780 2202 78 0.17 0.55 0.5

Si3Ny 17 700 3184 220 0.27 0.8 0.5

Ti 20.5 527 4500 78 0.38 10.8 0.05

Pt 69.5 133 21 450 276 0.39 9 0.1

BST 6.2 420 6020 230 0.25 10.5 ~1

Au 300 127 19 320 108 0.3 14.2 0.1

Black gold 2 130 345 0.05
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Fig. 3. One-layered BST film model.

the theoretical results. It shows that the finite element model
is reasonable.

The incident radiation power P to the detector can be
determined from Eq. (3) [7],

o(eT* — &Ty)A

P=«u
wL?

3)

where « is the modulation factor of chopper, o is the Boltz-
mann’s constant, ¢ is the emissivity of black body, &g is the
emissivity of chopper, T is the temperature of black body, T is
the ambient temperature (293 K), A is the aperture of the
diaphragm, and L is the distance from the black body to the
detector. So, the incident radiation power to the detector is
about 1.23 x 107> W pm ™2,
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Fig. 4. FEM and theoretical results.
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Fig. 5. Temperature variation rate of pyroelectric film as a function of time with
different models.

3. Results and discussion

Fig. 5 shows the temperature variation rate (d7/df) in
pyroelectric film with different model structures. An obvious
feature is that the values of d7/dt in pyroelectric film decrease
with the increasing time, and reach a constant when the time
increase up to 10~ % s. It also can be seen that the values of d7/dz
show a big difference depending on the different models. The
different models lead to different heat loss by conduction, and
thus, lead to different values of d7/ds. The MBS has the largest
values of d7/d¢ among the three models. So the MBS is further
investigated in the following parts.

Fig. 6 shows the temperature variation rate in pyroelectric
film versus time with the thickness of silicon substrate as the
parameter. The values of d7/dt in pyroelectric film increase with
the decreasing thickness of silicon substrate, during 0.005-1 s.
This is due to the relatively large thermal conductivity of the
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Fig. 6. Temperature variation rate in pyroelectric film versus time with silicon
substrate thickness as parameter.
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Fig. 7. Time dependence of temperature variation rate in pyroelectric film with
different thicknesses of porous silica film.

silicon substrate. So in the designing of IR detector, the
thickness of silicon substrate should be as thin as possible.

Fig. 7 shows the temperature variation rate in pyroelectric
film with different thicknesses of porous silica film. It can been
seen from Fig. 7 that without porous silica film as thermal
insulator layer, the value of d77/dt in pyroelectric film sharply
decreases and reaches the minimum value at 107> s. With
the increasing thickness of porous silica film, the time that the
value of d7/dt reaches the minimum moves rightward. It is
because the lower thermal conductivity of porous silica, so
more heat flow is contributed to increase the value of d7/d¢
in pyroelectric film in a longer time slice.

The thickness of the pyroelectric film is also a very important
factor to the performance of a detector, as shown in Fig. 8. In the
case of all other parameters being same, the values of d7/d¢ in
pyroelectric film increase with the decreasing thickness of
pyroelectric film. Itis believed that the thick pyroelectric film has
a relatively bigger thermal capacity, compared with a thin
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Fig. 8. Temperature variation rate in pyroelectric film with different pyroelec-
tric film thicknesses.
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Fig. 9. Thermal residual stresses of the pyroelectric film as a function of
annealing temperature with different models.

Fig. 10. SEM micrograph of BST film for the CFS annealed at (a) 750 °C and (b) 600 °C.
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pyroelectric one. In this sense, the thin film pyroelectric material
has its obvious advantage over the pyroelectric bulky one.

The thermal residual stresses in the BST thin film as a function
of annealing temperature with different models were shown in
Fig. 9. From Fig. 9, it can be seen that the residual stresses
increase rapidly with the increasing annealing temperature. The
higher the temperature, the larger the temperature difference, so
the larger the residual stress that induced by the mismatch of
thermal expansion coefficient between different films. The MBS
has the lowest residual stress within the three different models.
The BST film was prepared by radio frequency magnetron
sputtering. The SEM micrograph of BST film for the CFS was
shown in Fig. 10. The BST film has a crack when annealed at
750 °C, and is crack-free when annealed at 600 °C.

4. Conclusion

By using the finite element method, temperature field and
residual stress of multilayer pyroelectric thin film detector were
simulated. The simulation results proved that the MBS has the
largest value of d77/d¢ in pyroelectric film than the other models.
The porous silica film obviously reduced the heat loss due to the
conduction of heat from the pyroelectric film to the silicon
substrate. With the increase of silicon substrate thickness, the
response value of d7/dr decreases. The thinner the pyroelectric
film, the less the heat capacity, and consequently, the better the
performance. The simulation results also showed that when the
annealing temperatures increase, the thermal residual stresses
increase due to the large temperature difference. The MBS
shows the lowest residual stress among the three different
models. So, a proper thickness matching of porous silica film,
pyroelectric film and silicon substrate, and a proper annealing
temperature and designing reasonable structure would gain
greatest benefits in improving the properties of multilayer
pyroelectric thin film IR detector.
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