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Abstract: Integrated circuits are created by interfacing different materials, semiconductors, and
metals, which are appropriately deposited or grown on substrates and layers soldered together.
Therefore, the characteristics of starting materials and process temperatures are of great importance,
as they can induce residual strains in the final assembly. Identifying and quantifying strain becomes
strategically important in optimizing processes to enhance the performance, duration, and reliability
of final devices. This work analyzes the thermomechanical local strain of semiconductor materials
used to realize LED modules for lighting applications. Gallium Nitride active layers grown on
sapphire substrates and Si chips are assembled by soldering with eutectic AuSn on copper substrates
and investigated by Raman spectroscopy in a temperature range of −50 to 180 ◦C. From the Raman
mapping of many different samples, it is concluded that one of the leading causes of strain in the
GaN layer can be attributed to the differences in the thermal expansion coefficient among the various
materials and, above all, among the chip, interconnection material, and substrate. These differences
are responsible for forces that slightly bend the chip, causing strain in the GaN layer, which is most
compressed in the central region of the chip and slightly stretched in the outer areas.

Keywords: integrated circuits; assembly process; GaN; Si; thermomechanical local strain; mapping; Raman

1. Introduction

Light-emitting devices, or LEDs, are extensively studied in terms of emission efficiency,
wavelength modulation, stability, and duration, as they are widely used for applications in
various fields, such as interior and exterior lighting, computer, and smartphone screens,
and for the automotive industry [1,2]. For applications in diverse environments, where
they are often subjected to high temperatures and thermal cycling, one critical aspect that
influences the widespread use of LEDs is their reliability and resistance, particularly in the
face of extreme temperature conditions. Ensuring the reliability of LED devices under such
challenging conditions has become a focal point in the pursuit of sustainable and efficient
lighting solutions.

Gallium nitride (GaN)-based LEDs are particularly interesting for electronic appli-
cations in the visible range and for the realization of white emitting devices [3–8]. The
development of microelectronic devices requires the use of materials with different chemical
and physical characteristics that are interfaced with specific and optimized interconnections.
The interconnections among various materials inevitably induce strains within the devices
that affect their final performance [9–11]. The possibility of measuring and quantifying
the degree of induced strain allows for the identification of assembly processes with lower
impact, directing the processes toward the realization of better-performing devices.
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Micro-Raman spectroscopy is a known technique for studying local mechanical strains
in microelectronic devices and structures. It has the advantages of being fast, non-contact,
and non-destructive while simultaneously allowing for micrometer spatial resolution [12–14].
The Raman signal can be collected with micrometric resolution at different positions in a
sample to achieve a complete evaluation of the strain distribution. Alternative techniques
for characterizing residual strains in thin films present several drawbacks. The substrate
curvature method is mainly based on quantifying the change in substrate curvature before
and after the film deposition. It provides a strain value averaged over the film area. Due to
its approximate strain distribution algorithms, it is not suitable for residual strain measure-
ments of thick films or for films with an asymmetric strain distribution. Furthermore, it
does not provide information on the local strain. X-ray diffraction (XRD) examines residual
strains at different depths of the film structure due to the penetration capacity of the X-ray,
but it does not satisfy the requirement for mechanical measurement in microelectronic de-
vices due to its inherent limitations in spatial resolution and accuracy [15]. Cross-sectional
transmission electron microscopy (XTEM) [16] and convergent beam electron diffraction
(CBED) [17] can provide information on strain on a very high resolution scale (nm), but
destructive sample preparation is required, causing strain relaxation in specific directions;
additionally, the interpretation of XTEM images requires extensive modeling. Moreover,
TEM techniques are very time consuming and cannot be integrated into production lines,
unlike micro-Raman measurements, which have a high potential for in-line metrology
applications in the semiconductor industry [18]. Due to these considerations, the Micro-
Raman technique may be the most suitable for this purpose. The principle behind the
correlation of the Raman bands and the local strain is found considering that a mechanical
or thermal strain affects the frequencies of the optical phonons through a displacement of
the atoms involved in their production from their initial equilibrium positions, induced by
a thermal expansion coefficient mismatch of the different materials.

This paper analyses the strain induced in the GaN emissive layer by the assembly
process as a function of assembly parameters such as the support material and applied
pressure. In parallel, the investigation of Si chips, which are used as substrates for the
deposition of GaN LEDs, allows one to obtain additional information on the origin of
strain development.

The developed strains were characterized in commercial Si chips and LEDs, produced
using UX: 3 chip technology by OSRAM Opto Semiconductors GmbH [19,20]. Using
soldering technology, LEDs and Si chips were mounted on copper plates with a surface
area of 1 cm2. The interconnection layers comprised a tin–gold eutectic alloy (80/20 Au/Sn
by weight). The mounting parameters, varied during assembly, are the applied soldering
pressure (from 0 to 21 N) and the thickness of the copper substrate (from 0.2 to 1.5 mm).

The assemblies were studied using Raman spectroscopy, a non-destructive technique
that gives, as one of its advantages, the possibility of analyzing the same sample before and
after the soldering process and the possibility of obtaining strain maps using a micro-Raman
setup. LEDs and Si chips were characterized with a micro-Raman using the excitation
wavelength of an Argon laser at 514 nm. Raman mapping measurements were performed
to determine the difference in strain induced at various positions of the sample at three
different temperatures, 180, 20, and −50 ◦C, to investigate the effect of thermal expansion
on strain in the layers.

From the recorded spectra, the variation in the position of the EH
2 Raman peak of GaN

and the LTO Raman mode of Si allow the calculation of the local strain present in the active
layer, from which the strain induced by the assembly process can be quantified.

The results showed that the strain in the GaN layer is mainly attributable to differences
in the thermal expansion coefficient between the various materials and, above all, among
the chip, the interconnect material, and the substrate. This appears to create forces that
bend the chip, causing strain in the GaN layer, which is most compressed in the core region
of the chip and slightly stretched in the outer regions. Samples soldered on thin copper
plates show lower strain than those on thick plates. Thin chips favor relaxation of the strain
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of the chip due to their deformation capacity, whereas thick chips, which are less flexible,
restrict only the strain to the chip.

Since the investigated GaN LEDs are also composed of a thin layer of Si, from the
comparison between the GaN sample and the Si-only sample, it was possible to distinguish
the induced strain of the GaN layer itself from that of the overall device.

2. Materials and Methods
2.1. Si and GaN Samples

Silicon chips (001) oriented with (1500 × 1500 × 120) µm3 dimensions (sample Si1–Si3)
have been soldered on a copper substrate of 5 × 5 mm size dimensions and 1 mm thick-
ness. A thin layer of Au80Sn20 eutectic alloy with a thickness of 25 µm was used as an
interconnecting component. The experimental conditions are widely described in [21–23].
The structure of the assembled Si chip is shown in Figure 1a, and the image of the final
sample is shown in Figure 1c.
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Figure 1. Schemes of assembly and photographs of the tops of the Si chip (a,c) and LED (b,d). Top
view scheme of the Si (e) and LED (f) samples with schematic subdivision of the surface sample used
to map the surface.

This work investigated blue LEDs purchased from the Light Avenue distributor. Chips
are typically 1000 × 1185 µm in size and 120 µm in height; they were produced using
the UX:3 chip technology developed by OSRAM Opto Semiconductors GmbH, Regens-
burg, Germany [19,20]. Three LEDs (SV1–SV3 LED) were characterized in their pristine
state before the assembly procedure. Using an eutectic layer of gold tin (Au80Sn20), with
a thickness of 25 µm, four LEDs were soldered on a copper substrate of approximately
6 × 6 cm in size and 1.5 mm thickness (samples S1 and S3) or 0.2 mm thickness
(samples S2 and S4). Additional details on LED configuration and soldering experimental
parameters, such as atmosphere and temperature profiles and the bonding time used for
the assembly process, are given in [24,25].

The soldering process was carried out under two conditions: S1 and S3 without
pressure, and S2 and S4 with 21 N pressure. The assembled LED scheme is reported in
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Figure 1b, and the sample photo is shown in Figure 1d. Table 1 shows a complete list of the
investigated samples and their main characteristics.

Table 1. Main characteristics of the investigated Si and GaN samples.

Sample
Name

Chip
Dimensions

[mm3]

Number of
Investigated

Samples

Cu Substrate
Dimensions

[mm3]

Pressure
[N]

Si1–Si3 1.5 × 1.5 × 0.12 3 / /
A_Si_p 3 5 × 5 × 1 5

A_Si 3 5 × 5 × 1 /
SV1-3 LED 1 × 1.2 × 0.12 3 / /

S1 1 6 × 6 × 1.5 /
S2 1 6 × 6 × 0.2 /
S3 1 6 × 6 × 1.5 21
S4 1 6 × 6 × 0.2 21

2.2. Set up of Raman Measurements

Raman measurements were performed on a Micro-Raman setup. A single-line argon
ion laser was used as an excitation light source, with two principal lines at 488 and 514.5 nm
(Spectra Physics Stabilite 2017 output power 1 W). The 488 nm radiation was filtered out,
and a half-wave plate was used to control the polarization of the incident light. Optical
density filters were arranged on a remotely controlled reel to regulate the light intensity
hitting the sample. The laser beam is coupled to a microscope (Olympus BX 40, Tokyo,
Japan) and focused on the sample using a 20× objective (Olympus SLMPL, NA D 0:75,
Tokyo, Japan); the typical spot diameter in the focus is 3 µm. The back-scattered Raman
signal is separated from the Rayleigh scattering by an edge filter and analyzed with a
320 mm focal length imaging spectrograph (TRIAX-320 ISA, Horiba, Lyon, France) and
a liquid nitrogen-cooled CCD camera (Spectrum One, JobinYvon, Horiba, Lyon, France).
During analysis, a temperature-controlled stage (Linkam THMS600, Tadworth, UK) was
used to cool and heat the samples and keep the system at the desired temperature.

The Raman signal of the samples was measured by mapping the surface of the Si chip
(see Figure 1e,f) in 10 × 10 positions and the surface of the LED in 20 × 20 positions at
−50, 20, and 180 ◦C. Each point was recorded using the 20× microscope objective, and the
spectrograph slit was set at 40 µm. The spectra were obtained by averaging five repeated
measurements with an acquisition time of 5 s for each spectrum (5 s × 5 times).

2.3. Determination of Strain Induced from Raman Measurements

When stress, defined as a force per unit of area, is applied to a material, it induces
strain on the material itself [26]. From a microscopic point of view, the positions of atoms
or the chemical bonds within the material change compared to their equilibrium states.
This, in turn, shifts the Raman peak position to higher (for compressive forces) or lower
(for tensile forces) frequencies. Therefore, the magnitude and direction of the Raman peak
shift are related to the applied stress and the corresponding induced strain. They are strictly
related to the characteristics of the investigated material, such as the elastic compliance
constant (Sijkl) and the specific crystallographic axes.

The theory of deformation potentials describes the change in interatomic potentials
as a result of atomic displacement and strain. The linear deformation potential theory
can be used to mathematically describe the effect of strain on the energy of the phonon
modes; this consists essentially of a first-order truncated Tailor expansion of energy in
powers of a parameter representing lattice strain, hence the ‘linear’ part of the name. This
approximation remains valid for sufficiently low strains.

An application of the deformation potential theory to the case of cadmium sulfide
(CdS) was explored by Briggs and Ramdas [27]. The calculation was based on group theory,
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resulting in general expressions linking the energy (eigenvalue) shift (∆E) of a phonon
eigenstate, corresponding to a vibrational mode, of a P6mc crystal to its strain (ε).

∆E = a
(
εxx + εyy

)
+ bεzz ± c

√(
εxx − εyy

)2
+ 4εxy2

Constants a, b, and c are phonon deformation potentials and vary by material. Taking
into account (i) the conversion from energy to wavenumber, (ii) the elastic strain relation
ε =

=
s σ where

=
s is the elastic compliance matrix, (iii) the case of symmetric in plane strain

εxx = εyy, and (iv) negligible shear strain in the xy plane εxy = 0, the equation can be
rewritten in a simplified form as

∆ω = a′σc−plane + b′σzz

If the strain along the c-axis is negligible, a final expression can be derived as follows:

∆ω = −Kσc−plane

where the negative sign means that a higher Raman shift value results from compressive
strain. Some values of K values reported in the literature are summarized in Table 2 for
the case of GaN and allow for a quick and straightforward conversion from Raman shift to
strain. Various methods have been employed over the years to determine the value of K, so
today, both experimental and calculated values are available, and experimental data also
confirm the linear approximation.

Table 2. K-values evaluated in GaN samples grown on different substrates.

K
[cm−1 GPa−1] Growth Process Substrate Type Thickness

[µm] References

2.7 MOCVD (samples)
CHVPE (reference) 6H Silicon carbide 0.5–3

300 [28]

2.9 MOPVE Sapphire unspecified [29]
3.93 HVPE Spinel 10–100 [30]

4.2 MOCVD, MBE Sapphire
(AlN buffer, homoepitaxial buffer) 0.5–5 [31]

4.3 MOCVD Si, SiC 1 [32]

4.86 MBE Sapphire
(different orientations, GaN buffer) 0.3–1 [33]

6.2 MOCVD Sapphire (50 nm AlN buffer) 2.5–50 [34]
7.9 MOCVD Sapphire (20–250 nm AlN buffer) 0.75 [35]

For GaN crystals in wurtzite symmetry, the phonon shifts (∆ω) of the EH
2 Raman mode

are represented by the following simplified equation, which allows the calculation of the
induced strain of the experimental Raman shift [22]:

∆ω
(

EH
2

)
= −1.55·10−9(σxx + σyy

)
where

(
σxx + σyy

)
is the average value of the total induced “in-plane strain”, i.e., the sum of

the inverse piezoelectric (IPE) and thermoelastic (TE), strains in the x–y plane with strain com-
ponents σxx and σyy. The calculated constant K = −1.55·10−9 is comparable to experimental
and computed data reported by Choi et al. [36] and Bagnall et al. [37], respectively.

Silicon is a semiconductor material with the diamond symmetry O7
h, consisting of

two interpenetrating face-centered cubic structures, displaced along the body diagonal to
the cubic cell by one-quarter the diagonal length. The method used to quantify the local
residual stress of a silicon sample is similar to that used for GaN. Based on the Raman
spectrum, it involves the resolution of a secular matrix containing the phonon deformation
potentials and the components of the strain tensor along each direction [13,38]. Considering
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the components of the strain tensor related to the strain tensor (σ) through the elastic
compliance tensor elements of silicon (reported in Table 3), the biaxial stress along the
[100] and [010] directions (xy plane), for backscattering from a surface (001), is given by the
following equation [39]: (

σxx + σyy
)
= −2.26·105 ∆ω j

ω0

Table 3. Elastic compliance constants and phonon deformation potential values for silicon [35,40,41].

S11[Pa−1] S12[Pa−1] p[s−2] q[s−2]

7.68·10−12 −2.14·10−12 −1.85·ω0
2 −2.31·ω0

2

3. Results
3.1. Raman Spectra of Si and GaN Samples

The Raman spectra of the Si sample, recorded at −50, 20, and 180 ◦C, are reported in
Figure 2a. The spectra present an intense Raman signal, centered at ~519 cm−1 at 20 ◦C,
associated with two transverse and one longitudinal branch, an LTO branch, and a small
broad peak at 950 cm−1, corresponding to the second-order Raman signal. These signals
are comparable to those reported in the literature [42]. The peak is shifted to 521 cm−1 at
−50 ◦C; at 180 ◦C, the peak is shifted to 515.5 cm−1. The peaks at 116 (not reported in the
figure) and 265.5 cm−1 are plasma lines used to normalize the spectra in wavelength.
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Figure 2. Raman spectra of silicon (a) and GaN (b).

Gallium Nitride is a III–V semiconductor, possessing a stable wurtzite crystalline
structure. First-order Raman scattering is allowed at the center zone point (Γ). The Raman
modes A1, E1, E2, are clearly visible in the Raman spectra reported in Figure 2b: EL

2 centered
at 144 cm−1, EH

2 centered at 568 cm−1, and an LO phonon peak, A1(LO) centered at
736 cm−1, and a TO phonon peak, A1(TO) centered at 560 cm−1, while E1 can be observed
as a small shoulder of the EH

2 peak. These are typical phonon spectra of a hexagonal GaN
layer grown on a sapphire (1000) substrate [43]. Furthermore, with GaN, small changes
to higher frequencies at −50 ◦C and lower frequencies at 180 ◦C are visible as a function
of temperature.

The positions of the GaN EH
2 and Si LTO phonon modes are strictly related to tem-

perature, strain, and electric field and indicate the presence of local lattice strains induced
during the assembly process. From the Raman mapping of the samples, the presence of
locally induced strains will provide information on the quality of the assembly.
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3.2. Samples at Room Temperature

The Si and LED samples are characterized by a significant variation in the peak
position of the LO and EH

2 throughout the sample, with the highest variation along the
diagonals of the samples. For example, the position of the EH

2 Raman peak, of S1–S4 LED
samples, collected at 20 ◦C along the diagonal, is reported in Figure 3a–d.
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Raman data show the difference between soldering with and without pressure.
Sample S1, assembled without pressure on a 1.5 mm thick copper substrate, shown in
Figure 3a, presents a greater peak shift (∆ωS1 = ωmax −ωmin = 2.34 cm−1), compared to
the other samples, Figure 3b–d assembled on a thinner copper substrate or with pressure
(∆ωS2−S4 = 1.64÷ 1.86 cm−1). The use of pressure or thinner substrates is reflected in a
lower strain on the final assemblies.

Table 4 reports all the measured values of the GaN and Si samples before and after
assembly. The unassembled samples show a minimal variation in frequency position,
0.22 cm−1 for Si and 0.46 cm−1 for GaN, while the Si chip shows ∆ωSi = 1.88 cm−1, a value
in the middle in between those observed for S1 and S2–S4 LED samples.

Table 4. Raman peak shift along the diagonal of the Si and GaN samples.

Sample ∆ωMax−Min [cm−1]
−50 ◦C 20 ◦C 180 ◦C

Si 0.11 0.22 0.23
A_Si_p - - -

A_Si 2.59 1.88 0.55
SV1-3 Pristine LED 0.56 0.46 0.53

S1 2.81 2.34 0.82
S2 0.65 1.64 0.39
S3 2.31 1.86 0.52
S4 1.87 1.65 0.87
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3.3. Raman Mapping of Samples at Different Temperatures

The Si chip and GaN LED samples, unmounted (Si and SV1 samples) and assembled
(A_Si and S1 samples), were thoroughly investigated by collecting the Raman spectra on
the entire surface (reported panels e and f of Figure 1), at different temperatures: −50, 20,
and 180 ◦C. The values of the Raman shift of the LO peak of Si and EH

2 peak of GaN Raman
shifts, collected on the samples, are reported in Figure 4 for Si (panels a, c, e) and A_Si
(panels b, d, f) samples and in Figure 5 for SV1 (panels a, c, e) and S1 (panels b, d, f) samples.
These figures show how the temperature affects the Raman shift value of all samples. As
the temperature increases, the Raman shift values decrease: the LO Raman mode of Si is in
the range of 520.6–523.2 cm−1 at −50 ◦C, 518.6–520.5 cm−1 at 20 ◦C, and 515.3–515.9 cm−1

at 180 ◦C, while the EH
2 Raman mode of GaN is in the ranges 567.5–570.3 cm−1 at −50 ◦C,

566.9–569.1 cm−1 at 20 ◦C, and 565.1–565.9 cm−1 at 180 ◦C.
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Figure 5. Map of the Raman shift of the EH
2 peak of GaN in the VS1 and S1 assemblies at the

temperatures of −50 (a,b), 20 (c,d), and 180 ◦C (e,f).

The maps of the assembled chip reveal a symmetric distribution over the area of
the samples, with higher values in the center at all temperatures. In addition, the center
region is the most stressed area and is more affected by thermal processes than the cor-
ners. This distribution is not visible in the pristine samples, which are almost uniform at
all temperatures.

Similar considerations can also be made for the GaN LED, with minor differences.
Figure 5b,d,f highlights how the Raman shift of the assembled GaN LED is not perfectly
symmetric from left to right. This asymmetry is due to the morphology of the chip. In
particular, the off-center position of the GaN dye compared to the total area of the LED,
for which one of the sides is occupied by the contact strip p, as reported in Figure 1c,e.
The results indicate that the induced strain may also be due to bending of the LED chip.
Furthermore, the strain distribution in the unassembled samples is always mainly uniform
at all temperatures. Still, it settles on low Raman shift values at low temperatures (−50 and
20 ◦C) and on high values at 180 ◦C.
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Finally, it is possible to outline that the Raman shift of both Si and GaN samples,
measured at room temperature before and after the thermal treatments, is unchanged.

3.4. Strain Evaluation

To calculate the strain for the Si and GaN layers, a reference value is necessary: the
best possible reference would be a layer of strain-free Si and GaN, respectively; it can be
found by taking either a literature value or an internal value from measurements, such as
the unmounted samples. For these considerations, the Raman frequency of the unmounted
sample was assumed as a reference value to evaluate the strain values of the assembled
samples. Therefore, positive and negative values were observed; positive strain values
correspond to tensile strain, while negative strain values correspond to compressive strain.

The strain distribution of the different samples was determined from the Raman
mapping data; color maps in Figure 6 report the strain values of the Si and GaN samples,
determined on the entire surface of the samples at 20 ◦C. The maps have an almost sym-
metric distribution with tensile strains at the corners and compressive strains at the central
part of the samples.
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Figure 6. Stress maps of Si (a) and GaN (b) at 20 ◦C.

Data calculated at the different set temperatures are reported in Table 5 for the Si chip
and Table 6 for the GaN LED, where the maximum and minimum stress values are reported,
together with the average values and the maximum variation along the sample. At 20 ◦C,
Si shows an evident prevalence of contractile deformation with a minimum value slightly
higher than that obtained for GaN. At the same temperature, GaN shows both tensile and
compressive stress values, with high intensity in both directions and comparable to each
other. Tensile stresses are recorded in the peripheral areas of the device, and compressive
stresses are recorded in the central area.

Table 5. A_AuSn sample stress values [MPa].

Temperature
[◦C]

Maximum
Value

Minimum
Value

Average
Value

Maximum
Variation

−50 200 ± 22 −928 ± 22 −535 ± 30 1100 ± 44
20 28 ± 22 −747 ± 22 −471 ± 21 775 ± 44

180 57 ± 22 −219 ± 22 −110 ± 6 276 ± 44

Table 6. GaN sample stress values [MPa].

Temperature
[◦C]

Maximum
Value

Minimum
Value

Average
Value

Maximum
Variation

−50 755 ± 22 −787 ± 22 −200 ± 35 1542 ± 44
20 716 ± 22 −548 ± 22 −35 ± 27 1264 ± 44

180 645 ± 22 316 ± 22 515 ± 6 329 ± 44
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At low temperatures (−50 ◦C), a minor tensile stress appears, and the tensile stress
increases by the same amount in the Si sample, while GaN shows an increase in tensile
stress. At 180 ◦C, GaN only shows tensile stress, which, in absolute value, significantly
exceeds the stresses that affect Si at 180 ◦C, while Si still exhibits a lower contractile stress.

The results presented in Tables 5 and 6 suggested that at 20 ◦C and −50 ◦C, Si is much
more affected by the tensile strain with a negligible contribution of the compressive strain.
However, GaN is affected by both types of strain approximately equally. However, at
180 ◦C, the stronger strain load is on GaN rather than Si. By comparing the average strain
values of the two samples, it appears that the Si sample always exhibits compressive strain
at all temperatures. At the same time, the GaN values range from positive values at low
temperatures to negative values at high temperatures.

The summary of these results is graphically reported in Figure 7a,b, where the mini-
mum (Min) and maximum (Max) strain values are reported, together with the maximum
strain variation in the samples (Delta) calculated as the difference between the maximum
and the minimum strain value. In the figure, the Delta value obtained is reported above
the maximum strain value measured. The samples show a similar behavior at increasing
temperatures; in particular, the GaN sample always shows values higher than those of Si.
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4. Discussion

Raman spectroscopy allows analysis of the local strain in assembled devices. From
the Raman mapping of different samples, the strain distribution on the samples can be
qualitatively observed and quantitatively determined, and the strain type can be character-
ized as tensile or contractile. Sample S1, consisting of a GaN LED soldered on a 1.5 mm
thick copper substrate under pressureless conditions using a gold tin interconnect material,
shows the largest strain variation among the analyzed samples. At room temperature,
tensile stresses of 548 ± 22 MPa are recorded in the peripheral areas of the device. In com-
parison, compressive stresses of −716 ± 22 MPa are recorded in the central area, giving a
maximum stress variation of 1264 ± 44 MPa in the sample. High compressive stress values
are common for all gold–tin interconnected samples using the 1.5 mm copper substrate,
and similar values are also found with the A_Si sample. On the contrary, lower values were
observed for GaN LEDs mounted on a thinner substrate. These observations suggest that
part of the stress is transferred to the substrate and generates a bending of the substrate.
Consequently, a bending of the chip is produced that is no longer slightly concave but
assumes a more wavelike shape.

The variation of strain, observed as the temperature varies, can be understood by
comparing the temperature of the sample with that of the assembly, considering the thermal
mismatch due to the different thermal expansion coefficients of the materials involved.
Data from the corresponding literature are reported in Table 7: copper has a high thermal
expansion coefficient (15–20 ppm/◦C) compared to silicon (around 2.4 ppm/◦C) and GaN
(around 4 ppm/◦C).
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Table 7. Properties of the materials of the assembly components.

Material Thermal Expansion
Coefficient [ppm/◦C]

Elastic Modulus
[GPa] References

Silicon 2.3–2.6 191 [44]
Gold 14.3 61 [45]

Pure Copper 15–20 131 [17]
Al2O3 8.1 330 [18]

Au80Sn20 Alloy 16 68 [46,47]

GaN 4.0 Anisotropic
elasticity [16,48]

The results at different temperatures clearly show that the strain variation in the GaN
layer is characterized by much lower values when measured at 180 ◦C. On the contrary,
the highest strain variations were recorded at −50 ◦C. A possible explanation is suggested
by considering the sample assembly processes: for soldered samples, the temperature is
mainly between 220 ◦C and 250 ◦C. This means that liquid solder connects an expanded
chip to an expanded substrate at these temperatures. As the cooling ramp begins, all
materials shrink according to their thermal expansion coefficient, which differs between
the chip components, between the chip and the interconnect, and between the interconnect
and the substrate. Even if the existence of a temperature range for the solder with a still
soft interconnect that can plastically adapt to the shrinking sizes of the sample components
is assumed, mechanical rigidity is achieved, and elastic strain is built into the chip.

At 180 ◦C, where the temperatures are very close to the assembly process temperature,
the dimensions of the sample’s components are closer to the size they had during the
soldering process; therefore, most of the elastic strain is relaxed, resulting in the lower strain
values registered. On the opposite side of the range, the −50 ◦C experiment represents a
situation in which the sample components have a very different size than the one they had
during the assembly process and, therefore, the resulting measured strains are higher.

The assembled LED will likely be slightly curved due to the forces built in due to
thermal expansion coefficient mismatch. This is consistent with the strain results obtained,
which can be interpreted as a slight concave curving of the GaN surface.

The comparison between the Si sample and the GaN LED, reported in Figure 8,
allows us to make some interesting final considerations. The thicknesses and number of
interfaced layers influence their deformation. The Si sample represents the substrate on
which the active GaN layer is deposited. From the comparison between the maximum
stress values developed within the two assemblies, it is possible to observe that both, at
low and room temperature, present a difference equal to approximately 450 MPa, which
becomes approximately 50 MPa at 180 ◦C. This fact indicates that the main component of
stress is attributable to the Si substrate, which is thicker than that of GaN.

It has already been demonstrated that most LED products with high local strain have
poor photoelectric performance and decrease in a short time [49], and in addition, the
reliability also mainly includes the lifetime [50]. Recently, many articles have mentioned
that the most important factor in affecting reliability is the thermal management problem of
the LED packaging structure [51,52]. Therefore, the reliability of LED products depends on
the cooling channels with reasonable design and on the materials with high heat conduction
performance. Moreover, the local strain in the chip affects the emission characteristics of
LEDs, the operational stability is reduced, and the strained interfaces cause an increased
defect density. Power conversion efficiency can be strongly affected by local strain. In
the current study, the distribution of strain inside the device has been systematically
investigated by testing the effect of different assembly parameters and the temperature
dependence of the Raman signal. Therefore, the characteristics of the substrates and
assembly parameters that induce the least stress development have been identified in this
work, from a comparison between the various samples.
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Figure 8. Strain developed on Si (squares) and GaN (stars) samples as a function of the temperature.
Red and blue symbols refer to the minimum and maximum found values, respectively. Black symbols
refer to the total strain developed (Delta).

One of the particularly interesting results to underline is related to the position of the
Si and Gan Raman peaks recorded before and after thermal treatments: since they remain
unchanged, it indicates reversibility of the process and, therefore, a good thermal resistance
of the samples. This is a good result, since many electronic devices have to operate at high
temperatures and are exposed to temperature cycles with large temperature differences;
thus, they have to withstand strong cyclic thermo-mechanical stress. Several failure modes
are possible up to intense cracking of the solder joints. Further advanced testing is required
to verify the formation of defects in welded components and interconnection materials
when a large number of thermal cycles occur. As an example, crack propagation in solder
joints has already been identified by measuring the relative thermal resistance using
transient thermal analysis [53,54].

Therefore, we can conclude that the choice of the type of material used as a substrate
for the assembly of the samples and the determination of its thickness, together with
the definition of the experimental parameters used in the assembly phase, are vital in
determining the strains developed. Furthermore, the possibility of using micro-Raman for
process control is beneficial for optimizing assembly processes.
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11. Dvořák, N.; Fazeli, N.; Ku, P.-C. Direct Shear Strain Mapping Using a Gallium Nitride LED-Based Tactile Sensor. Micromachines
2023, 14, 916. [CrossRef] [PubMed]

12. De Wolf, I.; Maes, H.E.; Jones, S.K. Strain measurements in silicon devices through Raman spectroscopy: Bridging the gap
between theory and experiment. J. Appl. Phys. 1996, 79, 7148–7156. [CrossRef]

13. De Wolf, I. Micro-Raman spectroscopy to study local mechanical strain in silicon integrated circuits. Semicond. Sci. Technol. 1996,
11, 139. [CrossRef]

14. Ross, A.J.; Mara, M.; Mihailova, B.; Alvaro, M. Stress, strain and Raman shifts. Z. Krist. Cryst. Mater. 2019, 234, 129–140. [CrossRef]
15. Li, Q.; Qiu, W.; Tan, H.; Guo, J.; Kang, Y. Micro-Raman spectroscopy stress measurement method for porous silicon film. Opt.

Lasers Eng. 2010, 48, 1119–1125. [CrossRef]
16. Schaffer, B.; Mitterbauer, C.; Schertel, A.; Pogantsch, A.; Rentenberger, S.; Zojer, E.; Hofer, F. Cross-section analysis of organic

light-emitting diodes. Ultramicroscopy 2004, 101, 123–128. [CrossRef]
17. Stuer, C.; Van Landuyt, J.; Bender, H.; De Wolf, I.; Rooyackers, R.; Badenes, G. Investigation by Convergent Beam Electro

Diffraction of the Stress around Shallow Trench Isolation Structures. J. Electrochem. Soc. 2001, 148, G597–G601. [CrossRef]
18. Schmidt, D.; Durfee, C.; Li, J.; Loubet, N.; Cepler, A.; Neeman, L.; Meir, N.; Ofek, J.; Oren, Y.; Fishman, D. In-Line Raman

Spectroscopy for Stacked Nanosheet Device Manufacturing. In Proceedings of the SPIE 11611, Metrology, Inspection, and Process
Control for Semiconductor Manufacturing XXXV, 116111T, Virtual, 25 February 2021. [CrossRef]

19. Hahn, B.; Galler, B.; Engl, K. Development of high-efficiency and high-power vertical light emitting diodes. Jpn. J. Appl. Phys.
2014, 53, 100208. [CrossRef]

20. Plößl, A.; Baur, J.; Eißler, D.; Engl, K.; Härle, V.; Hahn, B.; Heindl, A.; Illek, S.; Klemp, C.; Rode, P.; et al. Wafer Bonding for the
Manufacture of High-Brightness and High-Efficiency Light-Emitting Diodes. ECS Trans. 2010, 33, 613–624. [CrossRef]

21. Bhogaraju, S.K.; Conti, F.; Kotadia, H.R.; Keim, S.; Tetzlaff, U.; Elger, G. Novel approach to copper sintering using surface
enhanced brass micro flakes for microelectronics packaging. J. Alloys Compd. 2020, 844, 156043. [CrossRef]

22. Bhogaraju, S.K.; Kotadia, H.R.; Conti, F.; Mauser, A.; Rubenbauer, T.; Bruetting, R.; Schneider-Ramelow, M.; Elger, G. Die-Attach
Bonding with Etched Micro Brass Metal Pigment Flakes for High-Power Electronics Packaging. ACS Appl. Electron. Mater. 2021, 3,
4587–4603. [CrossRef]

23. Liu, E.; Conti, F.; Bhogaraju, S.K.; Signorini, R.; Pedron, D.; Wunderle, B.; Elger, G. Thermomechanical stress in GaN-LEDs
soldered onto Cu substrates studied using finite element method and Raman spectroscopy. J. Raman Spectrosc. 2020, 51, 2083–2094.
[CrossRef]

24. Signorini, R.; Pedron, D.; Conti, F.; Hanss, A.; Bhogaraju, S.K.; Elger, G. Thermomechanical Strain in GaN LED Soldered on Copper
Substrate Evaluated by Raman Measurements and Computer Modelling. In Proceedings of the 24th International Workshop on
Thermal Investigations of ICs and Systems (THERMINIC 2018), Stockholm, Sweden, 26–28 September 2018. [CrossRef]

25. Liu, E.; Conti, F.; Signorini, R.; Brugnolotto, E.; Bhogaraju, S.K.; Elger, G. Modelling thermo-mechanical strain in GaN-LEDs
soldered on copper substrate with simulations validated by Raman experiments. In Proceedings of the 20th International
Conference on Thermal, Mechanical and Multi-Physics Simulation and Experiments in Microelectronics and Microsystems
(EuroSimE 2019), Hannover, Germany, 24–27 March 2019. [CrossRef]

26. Tuschel, D. Stress, Strain, and Raman Spectroscopy. Spectroscopy 2019, 34, 10–21. Available online: https://www.
spectroscopyonline.com/view/stress-strain-and-raman-spectroscopy (accessed on 19 December 2023).

27. Briggs, J.; Ramdas, A.K. Piexospectroscopic study of the Raman spectrum of cadmium sulfide. Phys. Rev. B 1976, 13, 5518.
[CrossRef]

28. Davydov, V.Y.; Averkiev, N.S.; Goncharuk, I.N.; Nelson, D.K.; Nikitina, I.P.; Polkovnikov, A.S.; Smirnov, A.N.; Jacobson, M.A.;
Semchinova, O.K. Raman and photoluminescence studies of biaxial strain in GaN epitaxial layers grown on 6H–SiC. J. Appl. Phys.
1997, 82, 5097. [CrossRef]

29. Demangeot, F.; Frandon, J.; Renucci, M.A.; Briot, O.; Gilb, B.; Aulombard, R.L. Raman determination of phonon deformation
potentials in cx-gan. Solid State Commun. 1996, 100, 207–210. [CrossRef]

30. Kim, S.T.; Lee, Y.J.; Moon, D.C.; Lee, C.; Park, H.Y. Optical Properties of Thick-Film GaN Grown by Hydride Vapor Phase Epitaxy
on MgAl2O4 Substrate. J. Electron. Mater. 1998, 27, 10. [CrossRef]

https://doi.org/10.1002/adma.200901349
https://doi.org/10.1038/s41598-017-02431-7
https://doi.org/10.3390/mi14101937
https://doi.org/10.3390/mi14112045
https://doi.org/10.3390/mi12101240
https://doi.org/10.1016/j.spmi.2018.02.002
https://doi.org/10.3390/mi14050916
https://www.ncbi.nlm.nih.gov/pubmed/37241540
https://doi.org/10.1063/1.361485
https://doi.org/10.1088/0268-1242/11/2/001
https://doi.org/10.1515/zkri-2018-2112
https://doi.org/10.1016/j.optlaseng.2009.12.020
https://doi.org/10.1016/j.ultramic.2004.05.007
https://doi.org/10.1149/1.1404970
https://doi.org/10.1117/12.2582181
https://doi.org/10.7567/JJAP.53.100208
https://doi.org/10.1149/1.3483553
https://doi.org/10.1016/j.jallcom.2020.156043
https://doi.org/10.1021/acsaelm.1c00721
https://doi.org/10.1002/jrs.5947
https://doi.org/10.1109/THERMINIC.2018.8593304
https://doi.org/10.1109/EuroSimE.2019.8724533
https://www.spectroscopyonline.com/view/stress-strain-and-raman-spectroscopy
https://www.spectroscopyonline.com/view/stress-strain-and-raman-spectroscopy
https://doi.org/10.1103/PhysRevB.13.5518
https://doi.org/10.1063/1.366310
https://doi.org/10.1016/0038-1098(96)00410-3
https://doi.org/10.1007/s11664-998-0147-7


Micromachines 2024, 15, 25 15 of 15

31. Kisielowski, C.; Kruger, J.; Ruvimov, S.; Suski, T.; Ager III, J.W.; Jones, E.; Liliental-Weber, Z.; Rubin, M.; Weber, E.R. Strain-related
phenomena in GaN thin films. Phys. Rev. B 1996, 54, 24. [CrossRef]

32. Chaudhuri, J.; Ng, M.H.; Koleske, D.D.; Wickenden, A.E.; Henry, R.L. High resolution X-ray diffraction and X-ray topography
study of GaN on sapphire. Mater. Sci. Eng. B 1999, 64, 99–106. [CrossRef]

33. Tripathy, S.; Soni, R.K.; Asahi, H.; Iwata, K.; Kuroiwa, R.; Asami, K.; Gonda, S. Optical properties of GaN layers grown on C-, A-,
R-, and M-plane sapphire substrates by gas source molecular beam epitaxy. J. Appl. Phys. 1999, 85, 8386. [CrossRef]

34. Kozawa, T.; Kachi, T.; Kano, H.; Nagase, H.; Koide, N.; Manabe, K. Thermal strain in GaN epitaxial layers grown on sapphire
substrates. J. Appl. Phys. 1995, 77, 4389. [CrossRef]

35. Rieger, W.; Metzger, T.; Angerer, H.; Dimitrov, R.; Ambacher, O.; Stutzmann, M. Influence of substrate-induced biaxial compressive
strain on the optical properties of thin GaN films. Appl. Phys. Lett. 1996, 68, 970. [CrossRef]

36. Choi, S.; Heller, E.; Dorsey, D.; Vetury, R.; Graham, S. The impact of mechanical stress on the degradation of AlGaN/GaN high
electron mobility transistors. J. Appl. Phys. 2013, 114, 164501. [CrossRef]

37. Bagnall, K.R.; Moore, E.A.; Badescu, S.C.; Zhang, L.; Wang, E.N. Simultaneous measurement of temperature, stress, and electric
field in GaN HEMTs with micro-Raman spectroscopy. Rev. Sci. Instrum. 2017, 88, 113111. [CrossRef] [PubMed]

38. Anastassakis, E.; Pinczuk, A.; Burstein, E.; Pollak, F.H.; Cardona, M. Effect of static uniaxial stress on the Raman spectrum of
silicon. Solid State Commun. 1993, 88, 1053–1058. [CrossRef]

39. Mezzalira, C.; Conti, F.; Pedron, D.; Signorini, R. Thermomechanical Stresses in Silicon Chips for Optoelectronic Devices. Appl.
Sci. 2023, 13, 2737. [CrossRef]

40. Hopcroft, M.A.; Nix, W.D.; Kenny, T.W. What is the Young’s Modulus of Silicon? J. Microelectromech. Syst. 2010, 19, 229–238.
[CrossRef]

41. Miyatake, T.; Pezzotti, G. Determination of stress components in a complex stress condition using micro-Raman spectroscopy.
Phys. Status Solidi Appl. Mater. Sci. 2011, 208, 1151–1158. [CrossRef]

42. Parker, J.H.; Feldman, D.W.; Ashkin, M. Raman Scattering by Silicon and Germanium. Phys. Rev. 1967, 155, 712–714. [CrossRef]
43. Harima, H. Properties of GaN and related compounds studied by means of Raman scattering. J. Phys. Condens. Matter 2002, 14,

R967–R993. [CrossRef]
44. Pecht, M. Handbook of Electronic Package Design; CRC Press: Boca Raton, FL, USA, 1991. [CrossRef]
45. Engineering Tool Box. Coefficients of Linear Thermal Expansion. 2003. Available online: https://www.engineeringtoolbox.com/

linear-expansion-coefficients-d_95.html (accessed on 19 December 2023).
46. Zhou, T.; Bobal, T.; Oud, M.; Songliang, J. Au/Sn Solder Alloy and Its Applications in Electronics Packaging; Coining Inc.: Montvale,

NJ, USA, 1999; pp. 1–7. Available online: https://www.inseto.co.uk/wp-content/uploads/2020/05/Gold-Tin-Soldering-in-
Electronic-Packaging.pdf (accessed on 19 December 2023).

47. Jin, T. Investigation on Viscoplastic Properties of Au-Sn Die-Attach Solder. Master’s Thesis, Delft University of Technology, Delft,
The Netherlands, 24 October 2017.

48. Leszczynski, M.; Suski, T.; Teisseyre, H.; Perlin, P.; Grzegory, I.; Jun, J.; Porowski, S. Thermal expansion of gallium nitride. J. Appl.
Phys. 1994, 76, 4909. [CrossRef]

49. Tan, K.-Z.; Lee, S.-K.; Low, H.-C. LED lifetime prediction under thermal-electrical stress. IEEE Trans. Device Mater. Reliab. 2021, 21,
310–319. [CrossRef]

50. Ke, H.; Hao, J.; Tu, J.; Miao, P.; Wang, C.; Chen, D.; Yang, S.; Cui, J. Study on the chromaticity of LED lamps given by online test
during accelerated aging under thermal stress. Optik 2018, 164, 510–518. [CrossRef]

51. Lee, J.; Known, K.-Y. Thermal stress analysis for high CRI LED indoor lighting module. J. Microel. Electron. Packag. 2018, 15,
126–131. [CrossRef]

52. Roccato, N.; Piva, F.; De Santi, C.; Zanoni, E.; Meneghini, M. Modeling the electrical characteristic of InGaN/GaN blue-violet
LED structure under electrical stress. Microelecytonics Reliab. 2022, 138, 114724. [CrossRef]

53. Elger, G.; Kandaswamy, S.V.; Derix, R.; Conti, F. Detection of Solder Joint Cracking of High Power Leds on AI-IMS during
Temperature Shock Test by Transient Thermal Analysis. In Proceedings of the 20th International Workshop on Thermal
Investigations of ICs and Systems (THERMINIC 2014), Greenwich, UK, 24–26 September 2014; p. 6972530. [CrossRef]

54. Elger, G.; Kandaswamy, S.V.; Von Kouwen, M.; Derix, R. In-Situ Measurements of the Relative Thermal Resistance: Highly
Sensitive Method to Detect Crack Propagation in Solder Joints. In Proceedings of the 2014 IEEE 64th Electronic Components and
Technology Conference (ECTC), Orlando, FL, USA, 27–30 May 2014; pp. 1464–1470. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1103/PhysRevB.54.17745
https://doi.org/10.1016/S0921-5107(99)00165-8
https://doi.org/10.1063/1.370686
https://doi.org/10.1063/1.359465
https://doi.org/10.1063/1.116115
https://doi.org/10.1063/1.4826524
https://doi.org/10.1063/1.5010225
https://www.ncbi.nlm.nih.gov/pubmed/29195348
https://doi.org/10.1016/0038-1098(93)90294-W
https://doi.org/10.3390/app13042737
https://doi.org/10.1109/JMEMS.2009.2039697
https://doi.org/10.1002/pssa.201000696
https://doi.org/10.1103/PhysRev.155.712
https://doi.org/10.1088/0953-8984/14/38/201
https://doi.org/10.1201/9781315214085
https://www.engineeringtoolbox.com/linear-expansion-coefficients-d_95.html
https://www.engineeringtoolbox.com/linear-expansion-coefficients-d_95.html
https://www.inseto.co.uk/wp-content/uploads/2020/05/Gold-Tin-Soldering-in-Electronic-Packaging.pdf
https://www.inseto.co.uk/wp-content/uploads/2020/05/Gold-Tin-Soldering-in-Electronic-Packaging.pdf
https://doi.org/10.1063/1.357273
https://doi.org/10.1109/TDMR.2021.3085579
https://doi.org/10.1016/j.ijleo.2018.02.120
https://doi.org/10.4071/imaps.655549
https://doi.org/10.1016/j.microrel.2022.114724
https://doi.org/10.1109/THERMINIC.2014.6972530
https://doi.org/10.1109/ECTC.2014.6897486

	Introduction 
	Materials and Methods 
	Si and GaN Samples 
	Set up of Raman Measurements 
	Determination of Strain Induced from Raman Measurements 

	Results 
	Raman Spectra of Si and GaN Samples 
	Samples at Room Temperature 
	Raman Mapping of Samples at Different Temperatures 
	Strain Evaluation 

	Discussion 
	References

