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Abstract

The thermal conductivity of amorphous silicon thin films is determined by using the non-intrusive, in situ optical
transmission measurement as well as by the 3w method. The temperature dependence of the film complex refractive
index is determined by spectroscopic ellipsometry. The acquired transmission signal is fitted with predictions obtained
by coupling conductive heat transfer with multi-layer thin film optics in the optical transmission measurement. The
results of the two independent methods are in close agreement. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Excimer laser melting and recrystallization is an
efficient technology for obtaining high-performance
polysilicon (p-Si) thin film transistors (TFTs) for
applications in advanced flat panel displays. Since the
recrystallized silicon morphologies are critically
determined by complex phase transformations, it is
important to analyze the transient temperature and the
liquid—solid interface motion. The thermal conductivity
is a key parameter that has to be known for this
objective to be accomplished. The thermal conductivity
of nearly perfect crystalline materials is well understood
by assuming that heat is being carried by phonons that
are weakly scattered by point defects and crystal
boundaries. In contrast, for strongly disordered
materials, the lack of lattice periodicity renders the
microscopic description of heat transport difficult to
achieve. The phonons with long mean free path does not
contribute the heat transport due to the disorder in the
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material. Moreover, in the temperature range above 30
K, the conductivity rises smoothly to a limiting value,
since the dominant high-energy vibrations are strongly
scattered by local disorder [1].

The thermal conductivity of thin film is known as
different that of bulk material due to the scattering of
phonons at the boundary with the substrate. It depends
on the film thickness as well as the fabrication method.
The thermal conductivity is usually determined by
obtaining the steady temperature gradient with known
supplied heat flux. However, due to the geometrical
restriction, i.e., the thin film, special techniques have
been developed. There are two types to supply heat flux
to the thin film. One is the direct heating method with
fabricating electrical heater on the film such as the 3w
method. The other is the optical heating with a laser
beam on the film. While heating up the sample, the
temperature-dependent optical properties are measured
such as reflectivity or transmissivity at the certain
wavelength. The details of the latter method will be
discussed further later. The 3w method was an AC
technique for measuring the thermal conductivity of
bulk amorphous solids and crystals, as well as amor-
phous films in the temperature range from 30 to 750 K
[2-4]. The advantage of this method is that it can min-
imize the radiation loss [4]. In the category of the latter
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Nomenclature

metal line width
heat capacity
material thickness
frequency

laser intensity
electrical current
thermal conductivity
extinction coefficient
metal line length
refractive index
resistance
reflectivity at the excimer laser light
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Greek symbols

o thermal diffusivity

y optical absorption coefficient
A wavelength

o density

T characteristic time
Subscripts

f thin film

] substrate

methods, the photothermal, and non-contact method
was developed to measure the thermal conductivity of
silicon-dioxide layers on silicon [5]. In that experiment,
the sudden temperature rise in the metal film was pro-
duced by a nanosecond laser pulse. The decay of the
surface temperature was quantified by monitoring the
optical reflectivity response to a probing HeNe laser.
The temperature was compared with the result obtained
from the conduction equation with the thermal con-
ductivity producing the best fitting.

In the present work, the thermal conductivity of 53,
97, and 200 nm thick amorphous silicon (a-Si) films is
measured by in situ optical transmission probing and
compared by the results of the 3w method. The
advantages of the optical approach are that it is sample-
preparation-free, and non-contact. The transient trans-
missivity is measured at the probe wavelength 1 = 633
nm while the sample is heated with a KrF excimer laser
(4 =248 nm) of nanosecond pulse duration. Tempera-
ture-dependent optical refractive indexes are obtained
by spectroscopic ellipsometry. The measured transmis-
sivity is compared with the predicted response from thin
film optics using measured temperature-dependent re-
fractive indexes. The tempera- ture field can be deduced
by solving the one-dimensional heat conduction equa-
tion for calculating the optical response in the thin film
optics. The thermal conductivity can be determined as a
fitting parameter in the comparison of the calculated
response to the in situ experimental data.

2. Experimental procedures
2.1. Sample structure and the 3o method
Undoped a-Si films of thickness 53, 97 and 200 nm

were deposited by low pressure chemical vapor deposi-
tion (LPCVD) from SiHs on sapphire substrates at

temperature 520 °C. The 53 and 97 nm thick films were
deposited continuously. In contrast, the 200 nm thick
film was deposited in three steps of 50 + 50 + 100 nm
with the wafer exposed to ambient environment between
steps. In the 3w method, a single thin metal line of width
2b and length /, serves as both heater and thermometer
as shown in Fig. 1(a). Aluminum is evaporated to form
the electrodes. A fraction of 2% Si is simultaneously
deposited to prevent spiking of Al atoms into Si thin
films. An ac driving current with angular frequency 1w
induces periodic heating at the frequency 2w. Corre-
spondingly, as the resistance of pure metals increases
with temperature, these temperature oscillations pro-
duce an oscillation of the electrical resistance also at the
frequency 2w. Consequently, the voltage drop along the
metal line has a 3w component that can be used to
measure the temperature distribution of the dielectric
film and the substrate. The induced periodic temperature
oscillation at the interface between the a-Si film and the
substrate can be modeled in a manner identical to the
standard formulation for bulk samples

P o sin’(ub
Tk Jo o (ub)™ (1 + %)

where

()

In the above, P is the power supplied to the line at the
frequency 2w, o is the thermal diffusivity and k; is the
thermal conductivity of the substrate. Eq. (1) is derived
under the assumption that the heat enters the sample
uniformly across the width of the metal line and that
the metal line measures the average temperature of the
substrate without altering the heat flow [3]. When the
thermal conductivity of the thin film is small compared
to that of the substrate, the thin film behaves as a simple
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Fig. 1. (a) Sample structure for thin film thermal conductivity measurement using the 3w method. (b) Schematic diagram of the
equipment used for thermal conductivity measurements using the 3w method.

thermal resistance, adding a frequency-independent
temperature increment to d7; (Eq. (1)) as follows:

Pdy

T =
dfi 2kebl’

2

where &z and d; stand, respectively, for the thermal
conductivity and thickness of the thin film. This sim-
plification is valid when the thermal conductivity of the
film is small compared to the thermal conductivity of the
substrate. The 3w method is ineffective if the substrate is
glass, since the thermal conductivity of a-Si is expected
to be of the same order as the thermal conductivity of
glass. Crystalline sapphire (Al,O;) is therefore adopted
as backing substrate, since its thermal conductivity is
relatively high. The metal line was made of aluminum,
with a 2% addition of silicon in order to prevent diffu-
sion of silicon into the metal film.

Fig. 1(b) shows the schematic diagram of the bridge
circuit used to measure the 3w component of the voltage
along the metal line. A digital lock-in amplifier produces
not only the ac signal source, but also the 3w reference
signal. Since the amplitude of the 1w voltage is typically

1000 times higher than the amplitude of the 3w voltage,
the third harmonic content in the source had to be en-
tirely removed. The subtraction was accomplished using
the differential input of the lock-in amplifier. The ab-
solute error in the determination of the thermal con-
ductivity caused by metal line size effects (i.e., width and
thickness) and the dependence of the resistance on
temperature (dR/dT) is estimated as 12%.

2.2. Transmission optical measurement

The schematic diagram of the experimental setup for
measuring transmissivity is shown in Fig. 2. The a-Si
thin film was heated by a KrF Excimer laser beam
(2 =248 nm) of 32 ns pulse length measured at full-
width-half-maximum (FWHM). Fig. 3 shows the tran-
sient laser profile, obtained by capturing scattered exci-
mer laser light on a silicon photodetector of ~1 ns rise
time. A tunnel-type beam homogenizer is used to ensure
spatial uniformity of the laser beam. A quartz beam
splitter is used to reflect 10% of the laser beam to an
energy meter in order to measure the laser pulse energy.
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Fig. 2. Schematic diagram of the experimental setup for measuring transmissivity.
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Fig. 3. Measured temporal laser pulse profile.

The excimer laser beam is focused onto the sample
surface by two UV lenses. A probe HeNe laser beam
(4 = 633 nm) focused onto the substrate at an angle of
45° with respect to the normal direction was used to
measure the transient transmissivity during the heating
process. A 633 nm narrow bandpass filter with half
bandwidth of 50 nm is used to block stray excimer laser
light. The measured transmissivity signal was normal-

ized with the room temperature value obtained from
thin film optics calculations [6] and direct measurement.
To remove the inherent oscillation of the HeNe laser,
Fast Fourier transformation is adopted. After normal-
ization of the measured signal, the signal is transformed
to the frequency domain. The signal is inversely trans-
formed to the real time domain after the removal of the
inherent oscillation components. Reflectivity could also
be chosen as a measuring parameter, especially for thin
films on opaque substrates since its magnitude also de-
pends on the transient temperature variation. However,
the sensitivity of the transmissivity at the wavelength of
632.8 nm is better than that of the reflectivity by 14.3%
compared to 7.2% for a 300 K temperature increase.

3. Numerical calculation of the transient optical response

The schematic diagram for the numerical modeling is
displayed in Fig. 4(a). The laser beam spot size on the
target is 5.9 x 1.9 mm?, while the penetration depth of
the temperature profile within the laser pulse duration is
less than 1 pm. Therefore, it can be assumed that the
heat transfer at the center of the laser beam is essentially
one-dimensional. The conductive heat transfer, both in
the thin film and the substrate is given by
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Fig. 4. (a) Schematic diagram for the numerical model, and (b) for the thin film optics calculation.
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where Ry is the normal reflectivity at the wavelength of
248 nm and 7 the optical penetration depth (= 1/47key).
The nanosecond pulsed laser energy is treated as an in-
ternal energy source, considering that the time for
photon energy transfer is much faster than the time for
conductive heat transfer in the solid. The temporal
profile of excimer laser presented in Fig. 3 is adopted for
the laser heating source /(¢). The boundary conditions
and the initial condition in the thin film and the sapphire

substrate are as follows:

oT

—| =0 4
%), =0 (4a)
T(x =d; + ds,t) = T, (4b)
T(x,t=0)=Tx. (4c)

The time scale, O (40 ns), in this problem is so small
that convection and radiation losses from the top of the
surface to the environment are negligible. Thus, the
adiabatic boundary condition can be applied at the thin
film surface. During the laser heating process, the tem-
perature penetration depth into the substrate is small, O
(1 pm), compared with the thickness of the wafer
(600 pm). The bottom substrate surface can therefore be
safely assumed to remain at the ambient temperature.
The uniform grids are placed in the thin film. The dense
grids are put on the boundary of the film in the substrate.

To obtain the reflectance and transmittance of the
entire thin film system including the substrate, the thin
film optics formulation is applied. Using the formalism
of the characteristic transmission matrix [6], the lumped
structure reflectivity can be obtained [7,8]. The sche-
matic diagrams for optical modeling discussed at the
previous section are presented in Fig. 4(b).The structure
is assumed to have N layers, starting from 1. The s-po-

larized HeNe lasers are used for probing purpose. Thus,
the following formulation is based on s-polarized light,
i.e., transverse electric (TE) wave. For s-polarized light,
the mth layer of thickness d,,, with a complex refractive
index, #,, = n,, +1- k, is represented by the 2 x 2 matrix
M,,, whose elements are complex

cos (£ p,d,) j sin (Z p,d, )

M, =

"= ipsin (Zpudy)  cos (Zpdy) | ©)
where
P = fi €05 0. (5a)

The complex angle of incidence, é,,, can be acquired
from generalized Snell’s law

sin 0; = #,, sin Om. (6)

The multi-layer transmission matrix, M, is
N
M = [ Mn (7)
m=1

The reflection and transmission Fresnel coefficients,
rg and fg, are

_ [M(la 1) +]\4(172)pN]pl — [M(Z’ 1) +]\4(272)pN]

M) + M1, 2)ppr + M(2,1) + M(2,2)py]
(8)
_ 2py
M) + ML D + M2 1) + M2 2)py]”
)

The structure reflectivity, R, and transmissivity, t, in
terms of r and ¢ follows:

R=|ref’, (10)
© = real(py /p1)|te |- (11)
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The structure size parameters and thermal properties
used in the calculations are given in Table 1. Further-
more, the temperature dependence of the thermal con-
ductivity and heat capacity of sapphire is given in Table 2
[9,10]. Thin film optics theory is used to derive the optical
properties of the sample structure. The temperature field
in the amorphous silicon thin film induces changes in the
material refractive index. Thus, the thin film is treated as
a stratified multilayer structure, defined by the grid di-
vision used in the finite difference numerical calculation.

The optical properties of the a-Si film were measured
by spectroscopic ellipsometry using the experimental
apparatus [11]. The acquired optical properties are as
follows:

(i) 2 =248 nm

n = 1.5175 + 0.0017642T
k = 3.2564 + 0.000509477 (298 KST<6TLK),

(12)
(i) A =633 nm

n = 4.3506 4 0.00060589T

k = 0.041329 + 0.00073087 (298 K<ST< 671 K).

(13)
For the sapphire substrate [12]
n=17662+1-0 (T =300K) (14)
is used over the entire temperature range.
Table 1
Parameters and thermophysical properties of sapphire and a-Si
Density of sapphire, p, 3970 kg/m?3
Density of a-Si, p, 2330 kg/m?
Heat capacity of amorphous silicon thin 992 J/kg K
ﬁlm, Cpf
Substrate temperature 300 K
Initial temperature, T; 300 K
Amorphous silicon film thickness, d; 53, 97 and
200 nm
Sapphire substrate thickness, ds 600 pm

Table 2
Thermal conductivity and heat capacity of sapphire [9,10]

Temperature Thermal Heat capacity,
(K) conductivity, « cps (Jkg K)
(W/mK)

300 46.0 765

400 324 940

600 18.9 1110

800 13.0 1180

1000 10.5 1225

4. Results and discussion
4.1. Thermal conductivity via the 3w method

The thermal conductivity of the bare sapphire sub-
strate was first determined for the purpose of testing the
measurement setup. In the 3w technique, the in-phase and
out-of-phase components of temperature oscillations, d 7
generated on a metal line directly deposited on the sap-
phire substrate are measured. The in-phase component
corresponds to the real part of the temperature response,
whereas the out-of-phase represents the imaginary part.
The temperature oscillations were calculated using

AT R

de_Zﬁ;V%, (15)
where R is the average resistance of the metal line, V' is
the rms voltage across the metal line at the first har-
monic (frequency lw) and V3, the measured rms am-
plitude of the voltage at the 3w frequency. The change of
the resistance of the metal line with respect to temper-
ature and hence the calibration factor AR/AT was
measured statically by heating the sample in an oven.
The thermal conductivity can be determined on the basis
of either the in-phase or the out-of-phase oscillation
amplitudes. The thermal conductivity 4 is given by

ARV In(f/h)
s AT 47TICR2(V30)71 - V3(u,2)’

(16)

where 13, and 73, are the rms 3w voltage amplitudes
at the frequencies f; and f; correspondingly [3]. The in-
phase amplitudes yielded thermal conductivity,
ks =43.2 W/mK and the out-of-phase 42 W/mK. The
thermal conductivity of the sapphire substrate [10] is 46
W/mK at 7 =300 K. The measured values have the
error of 8.7%. Fig. 5(a) shows 3w signals obtained from
the a-Si on sapphire substrate samples for a metal line
width, 2b = 6 um. As expected on the basis of Egs. (4a)—
(4c), the presence of the a-Si thin film produces a
frequency-independent increase on the amplitude of the
in-phase temperature oscillations. The thermal conduc-
tivity of the 53 and 97 nm a-Si films shown in Fig. 5(b) is
about 1.5 W/mK, which is by about 100 times smaller
than the thermal conductivity of crystalline silicon (c-Si)
(~150 W/mK at room temperature). The measured
thermal conductivity of the 200 nm film is about 2.2 W/
mK. This discrepancy is due to the different deposition
procedure for the thicker film, which may affect the film
quality since the thermal conductivity of amorphous
materials is not dependent on thickness.

4.2. Thermal conductivity via the optical transmission
method

Fig. 6 shows the corresponding measured transient
transmissivity trace induced by the excimer laser fluence
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Fig. 5. The 3w method results for the a-Si film/sapphire substrate structure (the metal line width is 6 pm): (a) amplitudes of tem-
perature oscillations for the a-Si sapphire substrate, (b) thermal conductivity of the a-Si film.

of 44 mJ/cm? and the calculated transmissivity traces
with three different thin film thermal conductivities in
the 53 nm thick a-Si films. The computed transmissivity
responses reveal a clear dependence on thermal con-
ductivity. In evaluating the transmissivities, the trans-
missivity is averaged over its interference period with the
variation of the substrate thickness, since the thickness
of the substrate, 600 pm, is much larger than the prob-
ing laser beam wavelength of 633 nm. The transmission
response calculated using the thermal conductivity value
of 1.5 W/mK fits the measured transmissivity best. To
check the validity of the calculation, the transient sur-
face temperatures are obtained as shown in Fig. 7. The
measured optical properties are in the temperature range
from 298 to 671 K. The maximum temperature is
around 690 K at r = 16 ns with £ = 1.5 W/mK. It shows
2.8% deviation from the measured data temperature
range. The linear extrapolation is used to obtain the
refractive index outside the measured temperature
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Fig. 6. Comparison of measured transmissivity and calculated
transmissivity traces for the excimer laser fluence of 44 mJ/cm?
incident on the 53 nm-thick film.
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Fig. 7. Transient surface temperature evolutions for different
values of the 53 nm-thick a-Si film thermal conductivity for the
excimer laser fluence of 44 mJ/cm?.

range. As the thermal conductivity is smaller, the de-
posited heat tends to be confined in the surface and
produces the higher surface temperature. Fig. 8 presents
the transient temperature profiles in the 53 nm film and
the adjacent part of the substrate for the excimer laser
fluence of 44 mJ/cm?. The temperature profiles are
calculated using thermal conductivity of 1.5 W/mK for
the a-Si film. From scaling analysis, it is estimated that
the characteristic length of heat diffusion in the solid
thin film attained over the duration of the laser pulse of
40 ns, (4kep;'c,i7)"?, is O (320 nm). During the laser
heating, the deposited heat cannot be confined the film.
The heat starts to be diffused away to the substrate. And
the length of heat affected zone increases. The steep
temperature gradients induced in the thin film due to the
low thermal conductivity impart significant change of
the film optical properties.

Fig. 9 shows the corresponding measured transient
transmissivity trace induced by the excimer laser fluence
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of 43 mJ/cm? and the calculated transmissivity profiles
with various thermal conductivities in the 97 nm thick
films on the sapphire substrate. In the 97 nm thick films,
the transmission response calculated using the thermal
conductivity value of 1.5 W/mK also follows the mea-
sured transmissivity best. The transient surface temper-
atures are obtained as shown in Fig. 10. The maximum
temperature is around 807 K at 1 = 17 ns with ks = 1.5
W/mK. It exceeds 20.2% from the measured data tem-
perature range. The linear extrapolation is also adopted
to obtain the refractive index outside the measured
temperature range. As the thermal conductivity is
smaller and the film is thicker, the surface temperature is
higher. Fig. 11 shows that the best fitting to the mea-
sured transmissivity trace for the 200 nm film exposed to
a fluence of 53 J/cm? is close to 2.2 W/mK. The dis-
crepancy might be induced from the different type of the
fabrication method as mentioned above. Thus, the
temperature-dependent refractive indexes can be slightly
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Fig. 9. Comparison of measured transmissivity and calculated
transmissivity traces for the excimer laser fluence of 43 mJ/cm?
incident on the 97 nm thick film.
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Fig. 10. Transient surface temperature evolutions for different
values of the 97 nm thick a-Si film thermal conductivity for the
excimer laser fluence of 43 mJ/cm?.
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Fig. 11. Comparison of measured transmissivity and calculated
transmissivity traces for the excimer laser fluence of 53 mJ/cm?
incident on the 200 nm thick film.

changed. It is therefore confirmed that the optical
method yields results in good agreement with the 3w
method. Cahill et al. [2] measured the thermal conduc-
tivity of a-Si:H film as 1.1 W/mK at 300 K. Due to the
disorder of amorphous silicon, the dominant high-en-
ergy vibrations are so strongly scattered by local disor-
der. It is known that temperature dependence in the high
temperature is slight [1].

5. Conclusion

The thermal conductivity of a-Si thin films was de-
termined by in situ optical measurement as well as by the
3w method. The optical measurement has advantages of
no sample preparation and simple technique. For the thin
film optics calculation of transmission, the thin film
complex refractive index was also determined by spec-
troscopic ellipsometry according to the temperature
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variance. The acquired transmission signal was fitted
with predictions obtained by coupling a conductive heat
transfer equation with multi-layer thin film optics. The
results of the two independent methods were in close
agreement. The discrepancy of the thermal conductivity
of 200 nm with 53 and 97 nm was believed to be caused by
the fabrication procedure, not by the thickness difference.
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