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Abstract—Thermoset resins are singular in the aim of
microelectronics.  Exhibiting a  high  contrast  of
thermomechanical properties with other materials like oxides or
metals, polymers can threaten the mechanical integrity of
stacks. Knowing polymer properties allows manufacturers to
foresee the compatibility of materials and improve chipsets
reliability. The thermally induced curvature approach uses this
incompatibility to determine the biaxial modulus and the
coefficient of thermal expansion of a film on a substrate. This
method can not only check the achievement of the polymers
cross-linking, but also estimate their glass transition
temperature. In this paper, we show the ability of this technique
to, not only, measure those properties at glassy state, but also,
for the first time, at rubbery state.

Keywords—Thermally induced curvature, polymer, coefficient
of thermal expansion, Young’s modulus, Poisson’s ratio, glass
transition, thermal stress, bilayer, characterization techniques,
glassy state, rubbery state, ellipsometry, picosecond ultrasonics

I. INTRODUCTION

Thermosets are very common in microelectronics for
pattern transfer and insulation, but can easily be a threat for
stacks and related mechanical integrity. Polymers exhibit
larger coefficients of thermal expansion (CTE) and lower
elastic moduli (M) than metals, oxides or silicon. The
mismatch of the thermomechanical properties can cause
significant strain contrast and induce failure or cracking. Upon
heating, the thermal expansion of a thermoset can harm its
encapsulating layer of low CTE due to this contrast. The
tensile stress in the encapsulation increases until cracks
appear, allowing the penetration of humidity and reducing
chipsets reliability. This can be prevented from an analysis of
the induced stress distribution at each deposition stage with
calculations considering a multi-layers structure [1]. This
requires knowledge of materials thermomechanical properties
and, in this case, those of the polymer layer. The amorphous
polymer under consideration can be in both the glassy and
rubbery states during multiple temperature cycles. This leads
to drastic changes in film properties, such as Young’s modulus
dropping from 1-5 GPa to hundreds of MPa and CTE
becoming relatively large. Consequently, to improve the
integration of a thermoset layer, its glass transition
temperature Ty, its elastic modulus and its CTE have to be
identified.

Due to materials structure and deposition process, films
properties can differ from those of bulk materials [2]-[4].
Dedicated methods to study film on substrate must be
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developed like ellipsometry and nano-indentation.
Furthermore, some polymers can exhibit anisotropy leading to
dissimilarity between in-plane and out-of-plane mechanical
properties. This heterogeneity can be explained by the in-
plane molecular orientation of the polymeric chains induced
by the spin-coating deposition process [5], [6]. For these
reasons, elaborating in-plane characterization techniques is
necessary to study the evolution of materials properties with
temperature at the microscale. In this paper, we present a
thermally induced curvature approach to characterize film
properties. This non-destructive technique has the great
advantage to estimate simultaneously the CTE, the Young’s
modulus and the glass transition temperature. Properties are
obtained by comparing the thermally induced curvature of (at
least) two different substrates where the same thin film
material is deposited. Metals [7], [8], oxide [9] and polymers
[10] thin layers properties have previously been predicted with
this approach, but only at glassy state for thermosets. We
introduce our methodology of the double-substrate technique
and its application to a thermoset. The thermomechanical
properties of the retained material can be estimated not only at
glassy but also at rubbery state. Results are compared with
colored picosecond acoustics (APiC), an ultrafast acoustic
technique, and ellipsometry measurements on the same
material.

II. THEORY

We consider an elastic bilayer made of a film deposited on
a substrate. Layer thicknesses are noted 4; with i=s or f, for
substrate and film, respectively. Their biaxial modulus M; and
CTE o, are distinct which leads to a temperature-dependent
misfit stress in the film [1]

or(1) = My (05 —ay) AT e

for a given temperature variation A7. Intrinsic stresses are not
taken into account in this model, so inelastic strain is thermal
that induces a stress in both parts due to the CTE mismatch
between the film and substrate. Indeed, polymers do not seem
to generate any intrinsic stress during spin-coating or curing
on wafers [5].

The mismatch of properties generates a deformation of the
bilayer with the overall wafer becoming spherically bent for
isotropic constitutive layers and homogeneous thicknesses.
The induced wafer curvature is denoted «(7) and Ak =k — Ko,
Ko being the initial curvature of the substrate. By introducing
the thicknesses and modulus ratio, respectively 4 and m, as



h=hy/ hy and m = My / M, the curvature variation can be
expressed as
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with AT = T — 7o, To being a reference temperature [1]. This
model is a generalization of Stoney’s one. It has the benefit of
being effective for any /# and m ratios for an uniform mismatch
stress in the film [11]. Therefore, curvature « is the sign of the
incompatibility between film and substrate properties. The
CTE difference is often substantial with polymer because they
exhibit larger CTE than common substrate materials.

With temperature-independent modulus M; and CTE «;,
the curvature evolution is linear with 7, according to (2) and
film properties can be derived by depositing the same thin
polymer film on two different substrates [12]. Moreover,
polymer properties can be thickness-dependent [2]-[4], that is
why formula (2) is preferred with polymeric films instead of
the well-known Stoney expression [13].

Furthermore, a sensitivity analysis has shown that the
uncertainties of guessed properties My and o, are proportional
to the factor
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with o, the CTE of substrate i (i=1 or 2). These uncertainties
are directly related to the induced curvature and the choice of
substrates but not to the experimental procedure. Equation (3)
shows the importance to take substrates with distinct CTE to
maximize the difference |a;2— a5 |, in order to minimize those
uncertainties. Because of the inherent contrast of CTE
between polymer and substrate materials, uncertainties are
larger to those with oxides or metals.

III. MATERIALS AND EXPERIMENTAL TECHNIQUE

A thermoset polymer has been deposited by spin coating
on silicon (Si) and gallium arsenide (GaAs) substrates.
Polymerization is achieved by a specific annealing at high
temperature. Substrate materials have been chosen because
they show a distinct CTE: 3.3 ppm/K and 6.2 ppm/K for Si
and GaAs, respectively. To increase the measuring range and
thus optimize the sensitivity of the measuring tool, substrates
are thinned down to 300 microns by grinding and then
polishing.

Curvature measurements have been performed with the
kSA MOS Thermal Scan tool by using a multi-beam optical
stress sensor, in an oven with a nitrogen flux at low pressure
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Fig. 1 Curvature measurement set-up of a multi-beam optical stress
Sensor.

W )

Fig. 2 Wafer positioning in kSA MOS Thermal Scan. Dashed line show
the scanning path and stars symbolize the support points.

(100mbar). Local curvature k is obtained from the relative
spacing (8d/dp) of six light spots from the expression
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with dy the initial spacing between beams, dd the beam
spacing difference from djy. Fig. 1. shows the angle of
incidence of the beams © and the distance L between the
camera and the plate normal. Equation (4) is commonly
combined with the well-known Stoney formula to express the
stress-temperature relationship. In this case, properties
identification is performed with the film stress o (7) as a raw
data, as in [10], but Stoney’s assumption are not met here.
Therefore, using the curvature variation with temperature and
a full bilayer description is necessary.

Wafers are set on three points equally spaced (see Fig. 2).
Due to the effect of gravity-induced deflection and the
presence of pins, substrates display an initial curvature K.
Therefore, curvature measurements with temperature are done
before and after deposition. In order to reduce the
uncertainties and experimental time, curvature is averaged
over a diameter line, dashed in Fig. 2.

Conversely to Ky, the measurement of k(7) is performed
during three thermal cycles. Due to humidity and solvent
desorption, the first cycle is usually different from the
following cycles [14]. The other cycles are reproducible,
meaning that the polymer is stable and fully cured.
Thicknesses and substrates properties in (2) are measured or
borrowed from the literature. Film thicknesses uniformity is
verified by ellipsometry.

To verify curvature results, APiC and temperature-
dependent ellipsometry measurements have been carried out
to estimate the biaxial modulus and CTE, respectively. APiC
measurements have been carried out on an experimental set-
up at IEMN laboratory of Lille, France. The difference
between colored picosecond acoustics with other ultrafast
acoustic techniques is the use of different wavelengths for the
pump and the probe. The former is near infrared and the latter
is close to blue. Indeed, the material’s response can be
enhanced using lower wavelengths [15]. Because the resin is
transparent and non-absorbent, a thin metal layer is added
between the polymer and silicon as a transducer. This way, the
metal will generate the pulse strain to be detected by the probe.
The longitudinal sound’s velocity V7 is usually obtained from
the oscillation period. In acoustic, the square of the measured
velocity ¥, multiplied by the film’s density p is a reduced
modulus M,=V;?p. The mass density p is obtain by combining
a mass measurement with a micrometric scale and a thickness
measurement.



APIC and curvature-based approach measure different
reduced moduli M,. The curvature technique measures the
biaxial modulus of the film M, and with acoustic, the square
of the velocity ¥, is multiplied by density. Thus, we chose to 0
compare Young’s modulus £ by assuming a range of possible
values for the Poisson’s ratio v. The relationships between
Young’s moduli £ and reduced moduli M, are recapped in
Table 1.

=
= —=Ix107
TABLE L. RELATIONSHIP BETWEEN YOUNG’S by
MODULI E AND REDUCED MODULI M, %
Methods References Young’s Modulus £ E
Curvature [12] (1-v)M, ©
(d-2vd+v) —4x107
APiIC 16], [17
(161, [17] iy M

B —8®— AsGa S
—e&— Silicium

Also, CTE from ellipsometry measurements is
estimated from the thickness variation with temperature /(7)
as:
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Temperature (K)
(1 — V) hf* h/n 2v
ar = (1+v) h/{) AT T (1+v) Qs %) Fig. 3 Post-processed curvature Ak measured for the polymer film on
- silicon and AsGa wafers, after humidity evacuation

where /p and sy are respectively the initial and final film
thickness, for a given temperature interval AT [18].
Ellipsometry measurements are also performed with a
Woolam RC2. Samples thicknesses are measured during two

thermal cycles, again to get rid of possible presence of TABLEIL PROPERTIES OF FILMS AND
humidity during the first one. SUBSTRATES
y g
For a glassy thermoset, the Poisson ratio ranges from 0.35 Substrate Silicon Gallium Arsenide
to 0.43. To enhance the cross-comparison, we choose to hs (um) 298 293
calculate Young’s modulus with a Poisson ratio at 0.35, 0.40 hy (nm) 446 441
and 0.43. At the rubbery state, incompressibility suggests a M, (GPa) 178 121
Poisson ratio close to 0.49. The CTE from ellipsometry also (293 - 358 K)
requires the knowledge of this parameter whereas the one o (ppnVK) 2.8 5.8
estimated by curvature measurements is the only property (219‘; ~358K)
. . s (GPa)
obtained directly. (358 - 473 K) 179 121
IV. RESULTS AND DISCUSSION (3(1 §g§p_pf71/3K1)g 33 6.2
The curvature variation with temperature is bilinear, as
reported in Fig. 3, with a singular and systematic change of
slope at 358 K for both wafers. The slope drops by 80% for
both substrates. The complete polymer reticulation is SIS T 7 T T T T 1 T T T 1 T
confirmed by the repeatability of this particular behavior. The i ]
discontinuity is likely the sign of glass transition. After such r a
transition, the slope of the curvature is usually close to zero as 5101 ]
Young modulus drops by three decades and stress in the film —_ C ]
became negligible in the rubbery state [10]. Because it is not g L ]
the case in our experiment, the rubbery state can be - i ]
. . . . % 5051 -
characterized using the observed linear curvature variation o L g
with temperature. The methodology remains the same for both e i ]
states. Averaged polymer properties will be derived for the < 3 .
glassy state between 293 and 358 K and between 358 and g 500 B ]
473K for the rubbery polymer. According to (2), the linear = - We-” 8
variations of curvature indicate that elastic modulus and CTE i 5 ]
are temperature-independent. In order to reduce uncertainties, 495 -
we measure with high precision: wafer thicknesses with [ ]
confocal microscopy, films thickness and uniformity with ril R R SRR R
ellipsometry. Values are given in Table II. Film thicknesses 300 350 400 450
are uniform according to ellipsometry with a coefficient of Temperature (K)
variation over 98%. Substrates properties (M and a in (2)) in Fig. 4 Film thickness evolution monitored by ellipsometry after
Table II are averaged on each interval and are estimated with humidity evacuation for the polymer film on a silicon substrate

[19], [20] for silicon and with [21], [22], for GaAs.



Temperature-dependent  ellipsometry — estimates  the
thickness evolution upon heating and cooling. Similarly to the
curvature method, 7, can be determined from the analysis of
raw ellipsometric data [23]. Fig. 4 shows the film thickness
hy(T) evolution with temperature from 293 to 473 K. The
thickness /,(T) is also bilinear with a systematic break around
358 K during the thermal transition of the polymer,
corroborating the curvature estimation of 7,. Hence, there is
no major temperature shift between these experiments.

Using ultrafast acoustic on polymer is not a standard
technique. However, this appears sensitive enough to capture
the glass transition [24], [25]. The measured sound velocity,
shown in Fig. 5, exhibits a drop of slope by 10% between 350
and 370K, which corresponds to the polymer relaxation.

The results for Young’s moduli characterizations are
recapped in Fig. 6 and Table III. According to the curvature
approach, at glassy state, the modulus is around 5 GPa which
is realistic for a thermoset. Beyond 7, the modulus drops to a
few hundred MPa, as expected.

TABLE III. YOUNG’S MODULI OBTAINED
FROM CURVATURE-BASED TECHNIQUE AND APIC
MEASUREMENTS.

Poisson’s State Young’s Modulus E (GPa)
ratio Curvature APiIC
0.35 53+13 5614
0.40 Glass 49+1.2 42+£1.1
0.43 4.7+1.1 32+0.8
0.49 Rubber 0.24 +0.20 0.39+0.10

Due to the set-up limitation, APiC measurements are
discontinuous and limited to 423K. Therefore, results are
average between 293 and 358K for the glassy thermoset and
between 373 and 423K at rubbery state. We obtain a good
agreement between APiC and curvature-based approach for
both state. As illustrated in Fig. 6, the possible range for the
Young modulus £ is smaller for curvature than APiC, mainly
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Fig. 5. Longitudinal sound’s velocity and density measured with APiC
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Fig. 6. CTE obtained from curvature-based approach and temperature-
dependent ellipsometry.

due to the high dependence on the assumption for the Poisson
ratio, looking at the expressions in Table I.

The CTE derived by curvature measurement and
ellipsometry are shown in Fig. 7 and Table IV. CTE are
estimated on the same temperature intervals 293-358K and
358-473K. Regarding the curvature approach, the CTE
increases from 34 ppm/K to 92 ppm/K with the glass
transition. Conversely to the modulus, the CTE increases after
the relaxation, as expected. In return, the coefficient C;, from
(3), is about 10 at glass and around 31 beyond 7, leading to
relative uncertainties of properties almost 3 times larger after
T. This is mainly due to the choice of substrates: the CTE of
the substrates are smaller than the polymer’s one.

Glass Rubber
N [ I ] 1BET I =
100~ =1 150 E T k=
M B ] 125 :_ _E
& L. ] 2
g 8or ] - 3
g | i} C ]
- . 100 — —
=1 = -
O 60— — . { 3]
<] - - F ]
= F . 5 =
= - a - ]
O 40— — E J
r i . S0 =
20— - s 4 -
C | | ] = | | 3
Curvature Ellipso. Curvature Ellipso.
[ ] Poisson's ratio 0.35
[ | Poisson's ratio 0.40
'y Poisson's ratio 0.43
* No assumption
* Poisson's ratio 0.49

Fig. 7. CTE obtained from curvature-based approach and temperature-
dependent ellipsometry.



Nevertheless, the errors for Young’s moduli are admissible in
Fig. 6.

For temperature-dependent ellipsometry, at glassy state,
the uncertainties are relatively large (over 30 ppm/K) owing
to (i) the small expansion of the film (+3nm) and (ii) the
uncertainty of the film thickness /4, estimated to be £2nm.
Beyond T,, for the same reasons, the CTE uncertainty is
reduced because the film expands around 16 + 2nm.

Thus, in Fig. 7, we can see the cross-comparison of CTE
between curvature approach and ellipsometry. Corroboration
is moderate before the glass transition and correct at rubbery
state. Above 7, a discrepancy has been observed on
polyimide. Thin film anisotropy can be explained by the in-
plane orientation of the polymer chain caused by the spin-
coating deposition process [5], [6]. Ultimately, APiC and
ellipsometry measure out-of-plane properties, whereas
curvature approach determines in-plane properties but
anisotropy is not always verified. In our case, such anisotropy
seems unlikely because Young’s modulus and CTE are quite
comparable between techniques, meaning that the film
remains isotropic.

TABLEIV. CTE OBTAINED FROM
CURVATURE-BASED APPROACH AND TEMPERATURE-
DEPENDENT ELLIPSOMETRY.

Poisson’s State CTE (ppm/K)
ratio Curvature Ellipsometry
No assumption 34+7
0.35 Glass 64 +£43
0.40 57 +38
0.43 53 +35
No assumption 92 + 69
0.49 Rubber 100+ 17

V. CONCLUSION

The thermally induced curvature technique has the benefit
of being nondestructive, easy to carry out and provide average
estimations of the thermomechanical properties on the entire
surface rather than local ones. It allows the estimation of the
glass transition of the thermoset and the measurement of the
thermomechanical properties at glassy and rubbery states, if
the slope of curvature are non-zero. Furthermore, the retained
model in part IT has to be preferred to Stoney’s as the thickness
ratio between film and substrate does not always meet Stoney
assumptions for the measures of the curvature with
temperature. Hence, the curvature-temperature relationship is
available for any bilayer with an arbitrary thickness and
modulus ratio. Young’s modulus can be derived from
curvature by assuming a range for the Poisson ratio.
Fortunately, for thermosets, the range of this latter is known
and then can be reduced by making a cross-comparison with
other techniques (APiC, nano-indentation...)

For the polymer film under consideration, Young modulus
from APiC corroborates well the results from the curvature-
based characterization. Besides, CTE estimations from
ellipsometry and curvature approach agree. Both estimation of
temperature 7, are similar. Finally, these results can supply
mechanical simulations to prevent stacks from cracks.
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