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Abstract. We present a simple method to determine thermal conduc-
tivity coefficients (TCC) of conducting thin films using a compact mi-
cromachined test structure and common experimental apparatus. The
test structure is fabricated by a sacrificial-layer surface micromachining
technique with one mask process, and the measurements are performed
using an optical microscope together with probe stages, a power supply
and a heating stage, which are available in a laboratory. Analytical ex-
pressions are derived to calculate the thermal conductivity coefficients
of thin films from the experimental data. Instead of conventional electri-
cal methods that apply Joule-heating to the rising of a temperature gra-
dient at a test structure and use polysilicon resistors as thermometer to
monitor the temperature, our work proposes a temperature-displacement
method to determine the temperature of test structure. Experimental
results with a phosphorous-doped LPCVD polycrystalline silicon film
are used to demonstrate the effectiveness of the proposed method. The
obtained thermal conductivity coefficients show a small decrease as
temperature increascs, and its average value is around 39 Wm~*°C~*
in the temperature range from room temperature to 400 °C.

PACS number: 68.90.+g

1. Introduction

Thermal conductivity coefficients (TCC) of thin film materials are vital for
the design and performance of thermal microsensors, thermal MEMS devices,
integrated circuits, and electronic packages [1-6]. There are well-documented
thermal conductivity data of bulk materials, but they may not be directly appli-
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cable to thin films with various thicknesses and process-dependent properties
[7-13]. The discrepancies between thin films and bulk data indicate the impor-
tance of determining TCC of thin films. Presently, several noticeable methods
that utilize such simple micromachined test structures as bridges, beams and
membranes for determining TCC of thin films have been developed [11-17].
For example, the method in [13] uses suspended membranes as test structures
that are fabricated by deep reactive ion etching of single-crystal Si with a
deposited SiO, layer as the etch stop. Electrical resistance thermometry and
Joule-heating in the aluminum bridges are utilized in this work to measure and
predict the influence of impurity type and concentration on the TCC of polysil-
icon films at temperatures between 20 K and 320 K. Methods in [14-17] apply
microcantilevers to be test structures which are fabricated with a commercial
CMOS process and post-processed by anisotropic bulk etching. These methods
use a polysilicon resistor as a Joule-heating power to establish a temperature
gradient at the tip location of test structure and use other polysilicon resistors
located at different locations as resistance thermometers to measure the tem-
perature. According to the operating principle, two test structures are required
to determine the TCC of thin film. One test structure is used as a reference,
and the other is a modified structure for the characterization of measured film.
Therefore, the TCC of measured film is determined in comparison with the
reference. Taking a review of the above methods, it is found that they require
expensive experimental apparatus and sophisticated preparation of specimens.
Besides, the temperature range of interest in measuring TCC is at lower tem-
perature of the commercial IC’s operating range 20 K to 400 K, for example.
However, the characterization of TCC over an extended temperature range, es-
pecially at high temperature is becoming emergent for thermal MEMS devices.
Therefore, a simple and convenient method for determining TCC of thin films
is highly desirable.

In this paper, we present a simple method to determine TCC of single-layer
conducting thin films using a compact test structure and common experimental
apparatus. The test structure is fabricated by sacrificial-layer surface microma-
chining techniques with one mask process, and the measurements are performed
using an optical microscope along with probe stages, a power supply and a
heating stage, which are available in a laboratory. Analytical expressions are
derived to calculate the TCC of thin films from the experimental data. Instead
of conventional electrical methods that apply Joule-heating to the rising of a
temperature gradient at a test structure and use polysilicon resistors as ther-
mometer to monitor the temperature, we propose a temperature-displacement
method to determine the temperature of test structure. Since doped polycrys-
talline silicon films are widely used in a variety of IC and MEMS applica-
tions, experimental results with phosphorous-doped LPCVD polysilicon films
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are used to demonstrate the effectiveness of the proposed method.

2. Operating Principle

Figure | schematically depicts the test structure in our study, which is similar
to those in [18, 19]. The test structure consists of a pair of cantilever beams
with different lengths connected by a short tip beam. The beams are made
of the measured conducting film. Two cantilever beams are designed as test
beams and the tip beam acts as an indicator. By applying current through the
beams, a temperature rise throughout the test structure causes the deflection
of the beams, which is resulted from the difference of elongation of the two
cantilever beams. Therefore, a displacement is generated at a free end of the tip
beam. A Vernier gauge located at free end of the indicator beam can be used
to quantify the displacement, but this is optional. Since the displacement of the
tip beam is sufficiently large, direct observations under a microscope mounted
with a ruler or a CCD camera can be made to collect reasonably accurate data.
Analytical expressions are derived to relate the displacement to the TCC of the
measured film. '

suspended long beam tip beam
e "
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Y
suspended short beam

underneath anchor contact pad vernier gauge
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Fig. 1. The schematic diagram of test structure (top view)

3. Analytical Expressions

3.1. Electro-thermal Relationship

Figure 2 shows the electro-thermal model of test structure. [, and [, represent
the lengths of long test beam and short test beam, respectively. w and h denote
the width and thickness of beams, respectively. A rigid beam connects the
free ends of two cantilever beams. s denotes the distance (or gap) between
centerlines of the two beams (s < [1,l;). Symbol K denotes the thermal
conductivity coefficient, p is the electrical resistivity of the film, and J denotes
the current density through the beams. By feasible assumption, the heat losses
by conduction to the air, by free convection, and by radiation can be neglected
as compared to the heat loss by conduction through the test structure to the
contact pads (heat sinks) under low temperature and in high vacuum [6, 11, 20,
21]. Therefore, the heat flow @ in longitudinal direction of the beams is much
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Fig. 2. The electro-thermal model of test structure

more than that in lateral directions. Furthermore, since the two cantilever beams
are much longer than the tip beam, and the beam size in the length direction is
much larger than that of its cross-section, one dimension model of heat equation
is used to find the electro-thermal relationship between electrical power and
temperature along the beams. According to the heat transfer under steady-state
condition, the second-order differential equation is obtained
2
kD e 0
dz

where T'(z) is the temperature profile along the beams, and p(7'(z)) is the
temperature dependent electrical resistivity with a linear temperature coefficient
£, such that

p(T(z)) = po(1 +&(T(x) - To) ()

po denotes the electrical resistivity at room temperature 7. From Egs (1) and
(2), and the boundary conditions 7'(0) = T,, and T'(I) = T,,, the temperature
profile can be solved as [6]

(T,, — Ty + é) (cos(Az) + (1 — cos(A)))
Tlw) = sin(Al) sin(Ax) + Ty — + ©)

T,, denotes the contact pad temperature and is assumed to be Ty, | = Iy +1r+s,
and

[J 2poe
A=/ N @
The average temperature change AT along the test structure is defined as
]"
AT = % / T(x)de —T,. (5)
0

Therefore, the thermal conductivity coefficient K can be obtained from Eq. (5)
together with Eq. (3) and Eq. (4), if the temperature change AT is determined
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beforehand and all other parameters such as py, € and J are either known or
measurable, ,

3.2. Thermal-Mechanical Relationship

Figure 3 depicts the thermal-mechanical model of test structure. When tempe-
rature rises, the difference between the two cantilever beams with respect to
elongation is denoted by V. Meanwhile, a reactive bending moment M, an
axial force P, and a transverse force F' are induced at the boundary, as shown
in Fig. 3(b). Therefore, the system can be considered as two connected beams
subjected to a bending moment, an axial force, and a transverse force at the
fixed end of long test beam to have the difference of the elongation V, as
shown in Fig. 3(c).

a
b
C
Fig. 3. The thermal-mechanical
model of test structure
Thus
V=08 — . (6)
. . , ) . P -
The axial strain £, in the long beam is found as & = aAT — T and the
b
. o . P .
axial strain &, in the short beam is &, = o« AT + ——, respectively. Symbol «

EA,
denotes the thermal expansion coefficient, E is the Young‘s modulus, and A4,
is the cross section area of beams. « and E are either known or measurable
and assumed constant here. Thus

P
b
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By unit-load method [22] in calculating displacements from Eq. 7, displacement
o can be expressed as a function of the temperature change AT

0 = ayAT. (8)
Thus, the temperature change AT can be derived as

0
AT = —. )
oy
v 1s a conversion factor and is related to geometrical parameters of the test
structure, including [y, l5, s and w only

aq bl Cq
2 (02 b-_z Co
az by c3
= by ¢ ay Col o b. (10)
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The formulas for the coefficients in Eq. (10) are listed in Table 1.
Table 1. The formulas for the coefficients in Eq. (10)
ar = (l +12)I /Ay + £ + 5%l
= ]l—z(ll + 12)102 + %53 -+ 82l2 b1 = %Szh + slily — %Slé 1 = %Sz -(—vslz

(I=%hw’, Ay =hw)

by = 117 + L1} c2= 317+l

L3+ 23+ s} ~ Y5+ sl

™1
It

(1 = %,-Szl] + slilo — —12-5]%

by = LT+l

1
iy = 582 + Slz
k 2 192
- 512 +Sl1

s =10+l +s

4. Test Structures Fabrication

The test structures employed in measurement are made of LPCVD polycrys-
talline silicon films at 620 °C with a silane (SiH,) flow rate of 40 sccm and
deposition time of 260 min, following a high temperature phosphorus-diffusion
step (POCL3) at 900 °C deposition about 40 minutes and with 1050 °C drive-in
and annealing for 1 hour. The film thickness is about 2 um. PECVD TEOS
Si0, with about thickness of 3 pum is used as a sacrificial layer. Finally, the
test structures are fabricated by a conventional surface-sacrificial layer micro-
machining technique, as shown in Fig. 4.
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free-standing structure

sacrificial
layer |

. - . . . substrate
Fig. 4. The basic surface-sacrificial microma-

chining process for free-standing test structures

5. Experiments and Discussions
5.1. Experiments

Figure 5 shows the experimental apparatus. It consists of an optical microscope
mounted with a CCD and two devices placed under the microscope. The CCD
is connected to the computer with installed imaging software (Matrox Inspector
version 3.1) for image capture, measuring, analysis and processing. The two
devices: one is a temperature-controlled heating stage, and the other is a pair
of probe stages are connected with a current/voltage adjustable power supply.

Fig. 5. Experimental apparatus
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According to Eqs (3) to (5) and Eq. (9), it is found that the current density
J, the electrical resistivity py, the temperature coefficient of resistivity £ and
the thermal expansion coefficient « of test structure must be obtained before
determining the thermal conductivity coefficient K.

Experimental procedures carried out to determine the parameters are de-
scribed below. In the first step, the heating stage is placed under the microscope
to heat up the test structure, and the relationship between displacement § and
temperature change AT can be obtained. Therefore, according to Eq. (8), the
thermal expansion coefficient o of around 2.7x107° is obtained in the tem-
perature range from room temperature to 400 °C. The detailed knowledge of
obtaining the thermal expansion coefficient is in Ref. [19]. In order to prevent
either creep or recrystallization, measurements are made on each sample in the
temperature range from room temperature to 400 °C. In the second step, probe
stages connected with a power supply are placed under the microscope to apply
current/voltage dissipating a heating power through the test structure.

Applying current I to the test structure and measuring displacement ¢, the
displacement-current (9-1) relationship is obtained. After that, we relate the
o -1 relationship to the displacement-temperature (§-T') relationship, which is
derived from Eq. (8). Then the /-7 diagram is obtained, as shown in Fig. 6.

1.0

0.6 -

current (mA)

0.4 —

0.2 | |

|
0 400

| !
800 1200
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Fig. 6. Current-temperature (I-7") diagram

Different voltages V' are applied to the test structures, meanwhile the dis-
placements ¢ are measured. Therefore, the displacement-voltage (6-V') rela-
tionship and the current-voltage (/-V) relationship (Fig.7) are obtained si-
multaneously. After that, relating the J-V relationship to the displacement-
temperature (d-7") relationship, which is derived previously, thus the V-7
relationship is obtained.
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Fig. 7. Current-voltage (7-V) diagram

According to the -V relationship and the Ohmic principle R = V /1, the
resistance-voltage (R-V') relationship is obtained. R denotes the total resis-
tance of the measured system. Subsequently, relating the R-V relationship
with the V' -T" relationship, thus the R-T relationship is obtained. Since the
total resistance R is composed of the resistance of test structure and the contact
resistance, it is required to know the contact resistance beforehand for deter-
mining the resistivity of thin film accurately. The value of contact resistance
can be obtained by plotting the total resistances of test structures with different
beam lengths and by extracting the intercept resistance corresponding to the
length of zero, which is the contact resistance. Subsequently, subtracting the
contact resistance from the total resistance, the resistivity -temperature charac-
teristics of test structure is obtained, as shown in Fig. 8. Using Eq. (2) to fit the
characteristics linearly with € as the only fitting parameter and calculating the
slope of the line, thereby ¢ is obtained. From some sets of measurements, ¢ is
about 2.3x107% °C~'. By the way, the value of p, can also be obtained and
is around 2.5x107°% Qm. The current density J is calculated by J = I/A,.

Since the parameters «, J, p, and € are known, the thermal conductivity
coetficient K is calculated from Eqs (3) to (5) with K as only one unknown
parameter. The calculated values of TCC of phosphorous-doped polysilicon
thin film are under a deviation of 0.25 Wm~'°C~!. It is found that the ther-
mal conductivity coefficients are reduced a little as temperature increases. The
average value is around 39 Wm™!°C~! in the temperature range from room
temperature to 400 °C. More recently, the thermal conductivity of doped polysil-
icon films has been reported to 14-42 Wm~! °C~! [11-17]. The difference in
the values often results from process conditions, impurity concentrations and
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grain size of thin films. From this viewpoint, it indicates that a convenient
and accurate method for determining TCC of thin films is highly desirable.
Figures 9 and 10 show the photographs of test structures at an initial state and
operating state, respectively. Figure 10 is a symmetric design, in which two
independent test structures are constructed symmetrically in the test sample. In

this manner, the double displacement can be obtained by taking the difference
of the distance between two tip beams.

5

resistivity at room temperature py = 2.5%1 07 m
temperature coefficient of resistivity e = 2.3x10™ °C™'!

resistivity (k)
L2

8]
I

| 1 ]
0 400 800 1200
temperature (°C)

Fig. 8. Resistance-temperature (2-7") diagram for determining the tempe-
rature coefficient of resistivity &

FFig. 9. Photographs of a test structure:
(«) initial state, (b) operating state

Fig. 10. Photographs of a test structure
with symmetric design: («) initial state,
(b) operating state

5.2. Discussions

Compared to conventional methods, there are some merits in our method: (1)
the test structure is quiet compact and easily fabricated, and the experimental
apparatus is available in the laboratory; (2) the temperature of Joule-heated
test structure is determined by measuring the displacement of the test structure,
and the displacement can be directly measured under an optical microscope
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equipped with a ruler or a CCD camera to collect reasonable accurate data; (3)
the resistivity ~temperature characteristic of thin films is obtained without using
any semiconductor parameter analyzer, such as 4145B HP; (4) no thermal con-
tact resistance at the interface between any other layers is under consideration.
Except merits, some potential factors that influence the uncertainty of results
are considered. The first factor is dominated by the side walls of test beams free
from vertical. This is resulted from the isotropic etching of beams in our ex-
periment. However, the effect can be less than 1.5 %. The detailed knowledge
of the influence of cross section geometry is in reference [18]. The solvable
method to reduce the effect is to use anisotropic-RIE (Ion Reactive Etching) to
produce vertical side walls. The second factor is the undercut of anchor beneath
the contact pads, which is due to the isotropic etching of sacrificial layer. This
makes the boundary condition of anchors slightly different from ideal geometry.
Fortunately, this factor makes little deviation in the displacement of test struc-
ture. The third and fourth factors are dominated by contribution from the pad
resistance and the various contact resistances of probes at pads, respectively.
These will influence the thermal response and the -V characteristics of test
structure. However, for long test beams and large pads, the pad resistance is
much smaller than the resistance of test beams, so the temperature at pad sup-
ports can be assumed essentially near the ambient temperature [6, 11, 20] and
the deviation of the thermal response of test structure can be neglected. As
for the varying contact resistance between the probes and the pads, it can be
reduced using aluminum metallization pads or bonding with wires. The fifth
factor is that there is a degree of uncertainty in the predicted heat losses from
the test structure through the heat convection and radiation conditions. This
can be studied in detail further. The initial position of the tip beam of the test
structure would be moved from its designed position due to the residual strain
of thin film, but this makes no problem in measurement because we need only
the difference of the tip site.

6. Conclusions

This work presents a simple method for determining thermal conductivity co-
efficients of conducting thin films based on the behavior of test structures pro-
duced with the films. Compared to the previous reported methods, the method
possesses some advantages:

I. The proposed test structures are quiet compact and easily fabricated, and
no thermal contact resistance at the interface between any other layers is
under consideration;

2. The experimental apparatus is available in a laboratory;
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3. The temperature of Joule-heated test structure is obtained by measuring
the displacement of the test structure, and the displacement can be directly
measured under an optical microscope equipped with a ruler or a CCD
camera to collect reasonable accurate data;

4. The resistivity-temperature characteristic of the test structure is obtained
without using any semiconductor parameter analyzer.

Experimental results with a phosphorous-doped LPCVD polycrystalline sil-
icon film are used to demonstrate the effectiveness of the proposed method.
The obtained thermal conductivity coefficient is reduced a little as temperature
increases, and the average is around 39 Wm™! °C~! in the temperature range
from room temperature to 400 °C. Modifying the test structure and analytical
model to measure thermal conductivity coefficients of dielectric thin films have
been studied in [23].
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