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Abstract

Thermal diffusivity of thin film with low dielectric constant (k), what is called lowtiklectric thin film, 0.31-1.14m, including hydrogen-
silsesquioxane (HSQ), methyl-silsesquioxane (MSQ), and poly(arylen ether) was examined by temperature wave analysis. The phase shift
temperature wave was observable up to 100 kHz. Thermal diffusivity of HSQ was¥07' m?s~1, on the other hand it was not higher than
1.1x 107" m? s~ for MSQ or poly(arylen ether) at room temperature. Temperature dependence of thermal diffusivity/thermal conductivity
of MSQ was obtained, thermal diffusivity decreased but thermal conductivity increased in a heating scan at@G0k 13 shown that the
thermal diffusivity of low-kthin film was correlated with the chemical and the physical structures, the latter was formed in the spin-coating
and the curing process.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction This raises a problem in performing thermal management of
microelectronic deviceR1].
Thermal diffusivity of thin film having the low dielectric In replacing SiQ with low-k materials, the characteristics

constant (k), what is called low-#ielectric thin film, is of thermal conductivity and thermal diffusivity have to be
examined by the method of temperature wave analysisproperly evaluated in order to understand the relationship
[1-11] in this study. The materials as so-called “spin-on between electrical and thermal performances. In this stage
low-k dielectrics”[12,13], have the relative low dielectric the measurement method for thermal conductivity and
constank<4.0, considerably less than that of conventional thermal diffusivity of thin films is of significant practical
silicon dioxide (SiQ). Low-k dielectric thin films are used interest. However, the precise measurement of thermal
as electrical insulators in microprocessor industry and will diffusivity of thin films less than um thickness has not
be required to reduce the interconnect network capacitanceyet been introduced. The 3422-32] method is most
which is effectively reducing the RC time constant in the successful and examined widespread for measuring thermal
device. For this purpose siloxane based materials, such asonductivity of thin films.
methyl-silsesquioxane (MSQ), hydrogen-silsesquioxane This study examines the validity of temperature wave anal-
(HSQ) with porous structure, and some polymer resins ysis (TWA) for measuring thermal diffusivity of several kinds
are developed. However, it has been reported that low-k of spin-on low-kdielectric thin films. It has been reported
materials are less mechanically stafdlé] having the lower that the sensing position in TWA method is advantageous
thermal conductivity]15—-20] than silicon dioxide (SiQ). for detecting the small change of thermal diffusivity in phase
transitions[8—10], re-orientation of polymer stretched films
[11,33], and thermosetting procd84]. This method has also
* Corresponding author. Tel.: +81 357342435; fax: +81 357342435, been applied to the measurement of spin-coated polyimide
E-mail addressjmorikaw@o.cc.titech.ac.jp (J. Morikawa). film, in case of 0.12—am thickness, in the frequency range
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up to 100 kHz[35]. In this study the influence of the film 1200
forming process on the thermal diffusivity is also examined.

'\ MSQ-6210

2. Experimental
800} B
The low-kdielectric films were prepared by spin-coating E o oL
method. The flat silica glass plate (thickness 2mm) with pol- 3 poYlarylen etheq
ishing surface, on which a thin metal layer was sputtered in an ™
area size of 1 mnx 4 mm, was used as a substrate for spin- 4001 .

coating. The surface of the substrate plate was pretreated in

the & plasma ashing before used in the spinning process.

An electric resistance of sputtered thin metal layer was con-

trolled at 50-25@®2 that was used as a sensor for detecting the

te_m perature wave. After the film was formed on _the substrate 1000 2050 3000 1000

with some heat treatments for curing, another thin metal layer n/rpm

was sputtered directly on the top surface of the film as a heater

element for generating a temperature wave. The sensor andrig. 1. The relationship between the number of spinning rotation (n) and the

the heater elements were set in para”e] to each other. thickness (d) of the spin-coated lowdielectric films: (¢) MSQ-6210, (O)
The low-k dielectric materials examined in this study HSQT12 (O) poly(aryl ether)-Flare.

were as follows: three types of methyl-silsesquioxane .
(MSQ), HSG-R7 (relative dielectric constarit=2.8, (Stanford Research, SR830), a temperature control unit, and

p=1.7glcnd), RZ25 (k=2.5, p=1.5g/cn?), and 6210 ad.c. source for bias current onto a sensor. Temperature wave
(k=2.1, p=1.1g/cn?) supplied by Hitachi Chemical Co., i generated with different frequency on the front surface of
Ltd., hydrogen-silsesquioxane (HSQ), T1R=(2.9-3.4, the specimen. The power on the heater is optimized consider-
p=2.0g/cn?), supplied by TOK, and poly(arylen ether), ing the electric resistance value of the heater element and the
Flare (k=2.85,p=1.4 g/cn?), supplied by Honeywell Elec- frequency, not higher than 100 mW. The periodical change
tronic Materials. of temperature on the rear surface is converted to the electric

The low-kthin films were prepared by spin-coating with ~ esistance variation of the sputtered sensor. Lock-in amplifier
the low-k resin in a carrier solvent, followed by melting detects the amplitude decay and the phase delay between
and flowing and finally by curing in Nambient. The film

thickness was controlled both by changing the concentration _ Thermocouple [F2eene
of the solvent and the number of rotations in spin-coating, e [ o Hotstage [ | controller
500-4000 rpm. The spin-coating and the curing processes [ Seciman ID = i
were as follows. For MSQ, first the solution at a selected = "/He e source
concentration was applied on silica glass by spin-coating at a ateisica| LB =11 | specimen

selected number of rotation for 10 s at room temperature. The signal Pavavavava= === | Py

applied film was dried by hot plate baking for 5 min each at Sdostrate s

150 and 200C, proceeded by curing at 435G for 30 min in B Digital

N, ambient. For HSQ, after spin-coating at several rotation Lock-in multimeter | RS-232C
numbers for 10's at room temperature, the baking conditions | | ™™ f_< . :
were at 150 and 20CC for 10 min each, proceeded by curing ey | P,
at 400°C for 60 min in N ambient. For poly(arylen ether) at for sensor | feircuit

500 rpm for 5s first and then at various rotating speeds for _gﬁ—’:.—|
45 s each at room temperature. The baking conditions were @ prree e

for 5min at 85°C, for 10 min at each 150, 200, 25G, pro-
ceeded by curing at 40@ for 60 min in N, ambient. Spin-coated specimen

Fig. 1shows the relationship between the thickness of the Heater
spin-coated low-Kielectric thin film, MSQ-6210, HSQ-T12,
and Flare, and a number of spin rotation. A thinner spin-
coated film is formed by a higher number of spin rotation in
each carrier solvent.

Fig. 2a shows a schematic diagram of the measuring

. . . (b)

system. The instrument consists of a specimen holder put

in a hot stage, a function SyntheSizer (NF1942) inpUtt_ir.‘g Fig. 2. (a) Schematic diagram of the measuring system. (b) A spin-coated
a.c. current on a heater, a two-phase digital lock-in amplifier film on the substrate with the sputtered sensor and the heater.

Metal leads
Metal leads

Thin metal leads Sensor
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the heater and the sensor as a function of frequency of tem- ! "

perature wereFig. 2b shows an example of the spin-coated N
specimen with the sputtered sensor and the heater. ar "-f?‘f\ﬂ

A temperature scan measurement of thermal diffusivity as e 5, TR T
thermal analysis was performed at a fixed frequency, measur- I e
ing the phase shift in heating and cooling. The scanning rate £=0.01, 1'00\**-‘-9;\\
was 0.2-0.5 K/min with the frequency selected considering 27

the thermally thick condition.

Heat capacity was determined with the power-
compensation DSC, Perkin Elmer DSC7, scanned by
10 K/min in Np atmosphere. The calibration of heat capacity 37
was performed with a certified sapphire crystal 4@¢)
disk. The specimens were prepared in an aluminum-pan by
the same procedure of spin coating and baking.

A8/ rad

kd
3. Computational procedure
Fig. 3. The simulated results on the effectain the relationship between

The specimen with thicknesd is put between two ~ A¢andkd:£=1,£=0.1,10£=0.01, 100.

substrates having semi-infinite thickness and known thermal
properties. Assuming the one-dimensional heat flux, the
temperature wave generated on the front surfaceOjx
propagates in the thickness direction to the rear surface,
detected by the sensor attached on the rear surfaed)(x V2 jork exp(—kd) , i

The one-dimensional heat diffusion equation leads to the (@ 7) = (ke + 7k)? exp{z (“’t —kd — Z)] (7
solution of temperature oscillation atd as follows: S

fitting parameterg andkd. If the conditions: (ikd > 1 or (ii)
&~ 1is satisfied, Eq(1) becomes to a simple form of

R and the phase shift6 on the sensor is:
Ak - jo

T t)= ~ — = — - A = —kd — im (8)
cosh kd)[21krsks + {(Lk)” + (Asks) } tanhd)]
(1) In this case thermal diffusivity is determined from the
. linear slope in the plot o6 versusw!/2. Fig. 3 shows the
wherek is defined a§38—40] simulated results on the effectfpdn the relationship between
A6 andkd. The simulated curves show that the linearity in the
k= /23 4 /22 ={A+0)k 2) plot of A6 andkd can be obtained in a wider frequency range
o o

when & approaches the value of 1. In this study the phase
andTis the ac temperaturethe time,jo the heat flux on the Component of temperature wave is used for the calculation
heater,. the thermal conductivityy the thermal diffusivity, ~ Of thermal diffusivity of low-kdielectric thin film.
o the angular frequency. Subscript ‘s’ means the property
of substrates and the other for the specimen. The thermal

diffusion lengthy is defined as 4. Results and discussion
1 _r_ |2 ®) Fig. 4 shows the phase shift (A&®f spin-coated low-
n 2o k dielectric thin films, MSQ-RZ25 (¢ 0.85,.m) and 6210
The term of phase shift becomes (d=1.14pm), plotted as a function of square root o_f fre-
quency of temperature wave. The frequerigyat which
A0 =—kd—3m+p 4) kd=1 is satisfied for each specimen, is shown by the ar-
) ] rows inFig. 4. The plots show the linear relationship in the
with B, & defined as wide frequency range, including the frequency smaller than
: fc, as expected in E@4), and the simulation results Fig. 3.
— 1)? exp(—2d) sin(—2kd ¢
ang = (52 ) exp(2 ) sin( ) (5) It is noteworthy that a linear relationship is observed up to
(6 +1)" — (§ — 1)"exp(~Zd) cos(Zd) 90 kHz, which is near to the limitation of the frequency of
Ak N the Lock-in amplifier used in this study.
§=— (6) The thickness of the sputtered metal thin layer as a sensor

heks  csyas is several ten nanometers by the photographs taken by atomic
Thermal diffusivitya can be determined from the phase force microscopy (AFM)35]. The heat capacity of the sensor
shift (A6) by curve fitting based on Eq§t) and (5)with the is negligible small and the electric impedance being mostly
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Fig. 4. Phase delay0 plotted as a function of square root of frequency ) .
of temperature wave of spin-coated lovaielectric films: (¢) MSQ-6210; Fig. 5. Phase delay6 plotted as a function of square root of frequency
1.15pm, (O) MSQ-RZ25 0.85um. of temperature wave of spin-coated lowdlelectric film: (¢) HSQ-T12

0.53um, (O0) MSQ-RZ25 0.53um, (O) poly(arylen ether), Flare 0.56m.

constant up to 100 kHz. From the linear part of the curvature
of each plot inFig. 4thermal diffusivity can be calculated. ~ HSQ-T12 shows the highest value, 4710~ m?s1, but
Fig. 5shows the comparison of phase shift plot of three dif- MSQ and poly(arylen ether) do not show the thermal diffu-
ferent types of low-khin films, HSQ, MSQ, and poly(arylen  sivity higher than 1.% 10’ m?s™1.
ether); HSQ-T12: 0.58m, MSQ-RZ25: 0.53wm, Flare: For MSQ the thickness dependence is not simple, it de-
0.56p.m. Different slopes can be found in the linear part creases inthe both limits. The gradual cone-shaped thickness
of the curves, meaning the definite difference of thermal dependence of thermal diffusivity of MSQ suggested the hy-
diffusivities between three types of lowfikms, originated in pothesis; when the specimen thickens up o, a crack or a
the chemical structure. Poly(arylen ether), Flare, shows the defect could be formed in the film and this unsteady structure
smaller thermal diffusivity than siloxane, HSQ and MSQ. would cause the decrease of thermal diffusivity. On the other
The results of the measurements of thermal diffusivity,  hand, when the specimen thins near tod1, the molecular

at room temperature are givenTable lalong with the val- anisotropy effect that was formed in the spin-coating process
ues of thicknessd, mass densityy, and relative dielectric ~ would not be neglected, and then thermal diffusivity would
constantk. In the measured thermal diffusivitiesTable 1, be decreasing with decreasing the thickness.
Table 1
Thermal diffusivity of low-kdielectric thin films
Specimen d (nm) Thermal diffusivity Relative dielectric Density (g/cm)
(x10"m?s71) constant at 10 kHz
MSQ-R7 650 1.1 2.8 1.7
550 1.1
360 0.76
MSQ-RZ25 850 0.56 25 15
780 1.0
530 0.77
410 0.77
MSQ-6210 1140 0.62 2.1 1.1
690 0.91
560 1.1
370 0.85
HSQ-T12 530 4.7 2.9-3.4 2
310 41
Poly(arylen ether) 660 0.14 2.85 14
Flare 560 0.41
440 0.91
380 0.83

310 0.94
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Fig. 6. Thermal diffusivity of MSQ-6210, 1.34m in heating/cooling scan

atarate of 0.5 K/min: (O) first heating, (O) first cooling, (¢) second heating,
(A) third heating. The frequency was 20.224 kHz.

The thickness dependence of thermal diffusivity of
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Fig. 7. Thermal conductivity of MSQ-6210 (after third heating) 1utd
and RZ25 0.8fm.

the microstructure of the materials, and the resultSiin 6
suggest that some kinds of porous structure or defects in

Flare also suggests the in-plane molecular anisotropy bythe spin-coated thin film changes in the thermal treatment

the spin-coating method. It is well known that the thermal
diffusivity of solid polymer is strongly affected by the
molecular anisotropy{11,33] formed in the mechanical
stresses. For polyimide films formed by spin-coating it

following the further curing process. The fact that the ther-
mal diffusivity of 1.14um film increases near to the value
obtained at smaller thickness, such as Q.69 suggests that
some kinds of cracks or defects formed in the thick specimen

was reported that the anisotropy was observed in refractiveis treated in the additional thermal treatment after second

indices affected by several factdf36,37], such as residual
stress and volume expansion coefficient.

Fig. 6 shows the temperature dependence of thermal
diffusivity in heating and cooling at 0.5K/min of MSQ-

heating.

From the temperature scan data of thermal diffusivity and
heat capacity, thermal conductivity of MSQ is calculated in
Fig. 7, assuming the density change in the temperature range

6210 measured at frequency of 20.224kHz. The first from 30to 160’ C can be negligible. The thermal conductivity
heating/cooling and the second heating were performed upof MSQ in this study increases with increasing temperature.

to 160°C and then the specimen was annealed at°200

The nearly identical temperature dependence of the thermal
conductivity of HSQ and MSQ was previously reported by
first and second heating. After annealing at 200thermal the 3wmethod[15]. The calculated thermal conductivities
diffusivity at 30°C increases up to 0.910~ ' m?s~1 and in of MSQ and HSQ at room temperature are listedaible 2.

the third heating the steep decline of thermal diffusivity above These data suggest that the heat transport property depends
100°C is not observed, instead thermal diffusivity decreases not only on the chemical structure but also on the processing

Thermal diffusivity shows a steep decline above 100n

gradually. It is known that thermal diffusivity correlates with  conditions, such as the number of rotating of spin-coating

Table 2

Thermal conductivity of low-Iielectric thin film

Specimen d (nm) Thermal diffusivity A (WmTK-1) Co g iK™
(x107"m?s7 )
MSQ-RZ25 850 0.58 0.099 1.14
780 1.0 0.17
530 0.77 0.13
410 0.77 0.13
MSQ-6210 1140 0.62 0.077 1.13
114¢ 0.90 0.11
690 0.91 0.11
560 1.1 0.14
370 0.85 0.11
HSQ-T12 530 4.7 0.26 0.272
310 4.1 0.22

2 1140 after annealing at 20C.
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or the heat treatment process. It is shown that the method 0f{10] N. Miyamoto, J. Morikawa, T. Hashimoto, Thermochim. Acta, in
temperature wave analysis is useful to detect the small change  press. _
of thermal diffusivity corresponding to the processing con- [11] J. Morikawa, R. Satoto, W.D. Jung, T. Hashimoto, Thermal Con-

" L . - . ductivity 26/Thermal Expansion 14, Films and Layered Structures
ditions of low-kthin films with the thickness of sub-micron. Chapter 8, pp. 271-278.

[12] H.G. Tompkins, P.W. Deal, J. Vac. Sci. Technol. B 11 (1993)
727.
5. Conclusion [13] M. Murata, K. Yamauchi, H. Kojima, A. Yokoyama, T. Inoue, T.
Iwamori, J. Electrochem. Soc. 140 (1993) 2346.
The applicability of temperature wave analysis to measure [14] G. Carlotti, G. Socino, Appl. Phys. Lett. 66 (1995) 2682.
the thermal diffusivity of low-Idielectric thin film was exam- ~ [15] R:M. Costescu, A.J. Bullen, G. Matamis, K.E. O'Hara, D.G. Cahil,
ined. It was shown that the temperature sensor of sputtere;i Phys. Rev. B 65 (2002) 094205.

) " “~]16] B.C. Daly, H.J. Maris, W.K. Ford, G.A. Antonelli, L. Wong, E.
thin metal layer was sensitive enough to detect the phase shi Andideh, J. Appl. Phys. 92 (2002) 6005.

of temperature wave at high frequency up to 100 kHz. As pre- [17] C. Hu, M. Morgan, P.S. Ho, A. Jain, W.N. Gill, J.L. Plawsky, P.C.
dicted in the mathematical simulation, the linear parh\éf Wayner Jr., Appl. Phys. Lett. 77 (2000) 145.
versusfl/2 p|0t was found experimentally. [18] J.H. Kim, A. Feldman, D. Novotny, J. Appl. Phys. 86 (1997) 3959.

. .. [19] K. Kurabayashi, K.E. Goodson, J. Appl. Phys. 86 (1999) 1925.
Temperature dependence of thermal diffusivity and ther- [20] WW. Lee, P.S. Ho, MRS Bull. 20 (1997) 19.

mal conductivity of MSQ were obtained, thermal diffusivity [21] v.3. schen, J. Vac. Sci. Technol. B17 (1999) 2115.
decreased but thermal conductivity increased with increas-[22] N.O. Birge, Phys. Rev. B 34 (1986) 1631.
ing temperature. This tendency is in good accordance with [23] D.G. Cahill, R.0. Pohl, Phys. Rev. B35 (1987) 4067.
the temperature dependence of thermal conductivity of HSQ[24] D-G. Cahill, Rev. Sci. Instrum. 61 (1990) 802.
. . [25] T. Yao, Appl. Phys. Lett. 51 (1987) 1798.
and MSQ previously reported. It is suggested that the ther-,¢) ¢ chen, C.L. Tien, x. Wu, J.5. Smith, J. Heat Transfer 116 (1994)
mal diffusivity is influenced not only by the microstructure 395
originated in the chemical structure but also by the formed [27] S.M. Lee, D.G. Cahill, R. Venkatasubramanian, Appl. Phys. Lett. 70
structure in the spin-coating and the curing processes. The  (1997) 2957.
method of temperature wave analysis is useful to observe the28] T-B. Tasciuc, W. Liu, T. Radetic, R. Gronsky, T. Koga, M.S. Dres-

. R selhaus, Superlattices Microstruct. 28 (2000) 199.
small change of thermal diffusivity in these processes. [29] A.J. Bullen, et al., J. Appl. Phys. 88 (2000) 6317.
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