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1 |  INTRODUCTION
1.1 | Collective 3D through‐silicon via 
integration
Three‐dimensional through‐silicon via (TSV) integration is 
an advanced packaging technology wherein multiple layers of 
chips are stacked and interconnected along the z‐direction [1]. 
Such integration can be realized through a variety of bonding 
processes (mass reflow, thermocompression, and laser‐assisted) 
and bonding materials (nonconductive and anisotropic conduc-
tive film/paste), wherein thermocompression bonding (TCB) 
with a nonconductive film (NCF) is conventionally used [2‒4].

In the TCB‐NCF scheme, each tier is individually and se-
quentially stacked, making the overall bonding process quite 
time‐consuming. In addition, the bottommost layer is repeat-
edly reflowed as more tiers are added (n times for an n‐tier 
stack), rapidly converting the residual solder into an interme-
tallic compound (IMC). This scenario is critical owing to the 
brittle nature of the IMC layer [5]. A collective TCB‐NCF 
scheme, where multiple layers are simultaneously bonded, 
was proposed to overcome the throughput limitations of 
the single‐tier scheme [6‒8]. These reports showed that the 
bonding time can be reduced by 65% by controlling the ther-
mal conductivity of the bonding stage.
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Laser‐assisted bonding (LAB) is an advanced technology in which a homogenized 
laser beam is selectively applied to a chip. Previous researches have demonstrated 
the feasibility of using a single‐tier LAB process for 3D through‐silicon via (TSV) 
integration with nonconductive paste (NCP), where each TSV die is bonded one at a 
time. A collective LAB process, where several TSV dies can be stacked simultane-
ously, is developed to improve the productivity while maintaining the reliability of 
the solder joints. A single‐tier LAB process for 3D TSV integration with NCP is in-
troduced for two different values of laser power, namely 100 W and 150 W. For the 
100 W case, a maximum of three dies can be collectively stacked, whereas for the 
150 W case, a total of six tiers can be simultaneously bonded. For the 100 W case, 
the intermetallic compound microstructure is a typical Cu‐Sn phase system, whereas 
for the 150 W case, it is asymmetrical owing to a thermogradient across the solder 
joint. The collective LAB process can be realized through proper design of the bond-
ing parameters such as laser power, time, and number of stacked dies.
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1.2 | Laser‐assisted bonding process for 3D 
TSV integration with nonconductive paste
Laser‐assisted bonding (LAB) is an advanced flip chip 
and surface mount bonding technology in which a ho-
mogenized laser beam is selectively applied to a chip or 
component in order to establish a metallurgical intercon-
nection with a substrate (Figure 1A). LAB was first devel-
oped and reported by Amkor Technology [9] to overcome 
the reliability and yield issues in the mass reflow process 
(owing to high warpage during device assembly) and the 
low throughput issues in the thermocompression bonding 
process (owing to the limited heating rate of the equip-
ment) [9,10].

Choi et al. [11] developed and reported a LAB process for 
3D TSV integration using a proprietary nonconductive paste 
(NCP) material [12]. They concluded that the NCP material 
behaves as expected during the LAB process, simultaneously 
acting as both a flux and an underfill, with a total process 
time of less than 10 s.

1.3 | Research purpose
Choi et al. [11] demonstrated the feasibility of the LAB pro-
cess for single‐tier 3D TSV integration with NCP. Although 
this process showed remarkable improvements in terms of 
throughput and productivity, its single‐tier bonding scheme, 
in which each chip is bonded one at a time, can be time 
consuming, especially for 2.5D and 3D TSV multi‐stack 
integration.

The present research aims at establishing a LAB process 
window for collective 3D TSV integration with NCP, in 
which several TSV chips are integrated simultaneously. This 
novel process is expected to increase the productivity while 
maintaining the reliability of the solder joints.

2 |  THEORETICAL BACKGROUND

2.1 | Light‐solid material interaction in 
LAB
Several phenomena occur when a beam of light encounters 
a solid material [13]. The light may be reflected, refracted, 
absorbed, transmitted, scattered, and polarized at different 
rates depending upon the wavelength and the physical and 
optical properties of the material [14]. During the LAB pro-
cess, the refraction, scattering, and polarization effects can be 
neglected for the sake of simplicity, and therefore, reflection, 
absorption, and transmission are the three main phenomena 
that occur (Figure 1B). The percentages of light reflected, 
absorbed, and transmitted are, respectively, defined as the re-
flectance (R), absorbance (A), and transmittance (T), which 
are mathematically expressed as follows:

Reflection occurs at the interface between two media with 
distinct refractive indexes. For a normal incidence, the reflec-
tance is given by Fresnel’s equation:

where n1 and n2 are the frequency‐dependent refractive in-
dexes of media 1 and 2, respectively. The portion of light 
that is not reflected penetrates the material, where it can be 
partially or fully absorbed.

The amount of light that is absorbed and the mechanism 
of absorption depend on the optical and physical properties 
of the solid material, and the energy of the incident photon 
[15], which is given by the following equation:

where h is the Plank’s constant, c is the speed of light in 
vacuum, and λ is the wavelength of a photon. In the case of 
crystalline semiconductor materials, such as silicon, there are 
three main absorption mechanisms: (a) band‐to‐band absorp-
tion, (b) free carrier absorption, and (c) direct absorption [16].

In band‐to‐band absorption, the electrons from the va-
lence band are excited to the conduction band, generating a 
new electron‐hole pair (Figure 2). Owing to the quantum na-
ture of energy bands, this can occur only when the energy of 
the photon exceeds that of the band gap (Eg). Free carrier ab-
sorption is characterized based on the electron and hole tran-
sitions within the conduction and valence bands, respectively 
(Figure 2). This mechanism dominates when the energy of a 
photon is slightly smaller than Eg. When low‐energy photons 
(with energy smaller than Eg) are directly absorbed by the 
crystal lattice, it is called direct absorption.

The fraction of light that exits the material after being 
partially absorbed is called the transmittance. Reflection, ab-
sorption, and transmission are correlated with the intensity 
of light, I (Figure 3). The initial intensity of the incident light 
beam (Ii) is at its highest above the interface, and drops to 
I0 (I0 = Ii − R) immediately below it due to reflection. The 

(1)100 =R + A + T .

(2)R (�) =
[(

n1−n2

)

∕
(

n1+n2

)]2

(3)E = hc∕�

F I G U R E  1   Laser‐assisted bonding (LAB): (A) Schematic. (B) 
Detailed inset depicting the reflected, absorbed, and transmitted light
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intensity gradually decays as the light travels through the ma-
terial, due to absorption. At any depth z, the intensity of light 
for a given frequency ν is empirically defined using Beer‐
Lambert’s law:

where α is the material‐dependent absorption coefficient and 
z is the depth measured from the interface. In the differential 
notation,

2.2 | Heat generation mechanism
Reflection, absorption, and transmission are the three 
main phenomena that take place during the LAB process. 
However, only the absorption fraction effectively contributes 
to the heat generation, and the reflection and transmission 
fractions do not have any effect. The three main absorption 
mechanisms in crystalline semiconductor materials, namely 
band‐to‐band, free carrier, and direct absorption, were pre-
sented and discussed in the previous subsection.

According to Piprek [15,16], band‐to‐band absorption gen-
erates an electron‐hole pair when the energy of the photon ex-
ceeds Eg. When this electron‐hole pair recombines, the energy 
is either transferred to a photon, reemitting light, or to a phonon, 
generating heat. When the energy of the photon is slightly lower 
than Eg, absorption by free carriers quickly transfers the energy 
to the crystal lattice owing to the very short intraband scattering 
times, resulting in the generation of heat. When the energy of 
the photon is much lower than Eg, light is directly absorbed by 
the crystal lattice, thus generating heat.

The heat generation through photon absorption can be 
combined with the governing partial differential equation 
for temperature distribution within the material, as follows 
[17]:

where ρ is the volumetric density, Cp is the specific heat 
capacity, T is the temperature, t is the time, k is the ther-
mal conductivity, and Q is the heat source, which is equal 
to the absorbed light. The temperature within the material 
varies in space and time, allowing the solder to melt and 
form a metallurgical interconnection with the bonding pad, 
provided that the temperature reaches the melting point and 
that sufficient heat (greater than the latent heat of fusion) is 
supplied.

3 |  MATERIALS AND METHODS

3.1 | Absorbance of silicon
Only the fraction of light that is absorbed effectively con-
tributes to the generation of heat during the LAB process. 
Therefore, it is of interest to know the absorption spectra of 
the materials commonly used in electronic packaging, espe-
cially silicon. Eight bare silicon samples with thicknesses of 
50 μm, 100 μm, 150 μm, 200 μm, 250 μm, 300 μm, 350 μm, 
and 400 μm were prepared for the absorbance measurement. 
The samples were polished from the backside to the respec-
tive thicknesses. A PerkinElmer Lambda 750 UV/Vis/NIR 
Spectrometer was used for the measurements. The wavelength 
spectrum was set from 200 nm to 2,000 nm with increments 
of 5 nm.

3.2 | Single‐tier LAB for 3D TSV 
integration with NCP
To establish a LAB process window for collective 3D TSV 
integration with NCP, it is crucial to understand the tem-
perature evolution over time for the single‐tier case. The 
single‐tier LAB process for 3D TSV integration with NCP 
(Figure 4) is described as follows. First, the NCP material 
is dispensed on the bumped side of the six silicon chips 
(Figure 4A). Then, the first tier is picked and placed on the 

(4)I (z, �) =
[

Ii − R (�)
]

× exp [−z � (�)]

(5)�I (z,�) ∕�z = � (�) I (z, �) .

(6)�Cp�T∕�t −∇ ⋅ (k∇T)= Q = � (�) I (z, �)

F I G U R E  2   Absorption mechanism in an indirect band‐gap 
material. Band‐to‐band and free carrier absorptions are shown
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substrate, followed by the LAB process (Figure 4B), ac-
cording to Table 1. A data acquisition system (thermocou-
ple) fixed between the substrate and the first tier measures 
the increase in temperature at a sampling rate of one data 
point every 0.1 s. After the first tier is bonded, the second 
tier is picked and placed over the first layer. The LAB pro-
cess is performed once again (Figure 4C), and the increase 
in temperature over time (between the substrate and the 
first tier) is measured. This process is repeated until all the 
six tiers are stacked (Figure 4D).

The test vehicle consists of six tiers of silicon chips 
stacked onto a silicon substrate. The dimensions (l × w × t) 
of the chip and substrate are 3 × 3 × 0.102 mm3 and 
10 × 10 × 0.712 mm3, respectively. The diameter and thick-
ness of the TSV structure are 20 μm and 85 μm, respectively 
(Figure 5A). The micro‐bump is composed of a copper pil-
lar with a diameter of 56 μm and height of 3.6 μm, and a 
solder cap (Sn‐3.5Ag) with a diameter of 56 μm and height 
of approximately 15.4 μm (Figure 5B). The bonding pad is 
made of Cu/Ni/Au layers with a thickness of approximately 
4.6/1.7/0.8 μm, respectively. Each chip has a total of 110 
TSVs and micro‐bumps, which are arranged in the form of a 
grid array with a pitch of 200 μm.

3.3 | Collective LAB for 3D TSV integration 
with NCP
A novel collective LAB process for 3D TSV integration with 
NCP is proposed in this paper. First, the NCP material is dis-
pensed on the bumped side of all the silicon chips (Figure 
6A). Then, the first tier is picked and placed on the substrate 
(Figure 6B), followed by the second tier (Figure 6C). The 
upper layers are sequentially picked and placed on the stack 
until the nth tier is added. After the last tier is stacked, the 
LAB process is applied only once in accordance with Table 

F I G U R E  4   Single‐tier LAB process flow: (A) NCP is applied 
on the bumped side of the chips. (B) The first tier is bonded. (C) The 
second tier is bonded. (D) The process is repeated until the sixth tier is 
bonded
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T A B L E  1  LAB process parameters

Parameter Value

Laser wavelength (nm) 980 ± 10

Laser power (W) 100

150

Laser time (s) 3

Beam size (mm2) 15 × 15

Stage temperature (°C) 90

F I G U R E  5   SEM images of the test vehicle structures: (A) TSV 
and (B) micro bump
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F I G U R E  6   Collective LAB process flow: (A) NCP is applied 
on the bumped side of the chips. (B) The first tier is picked and 
placed. (C) The second tier is picked and placed. (D) n tiers are 
collectively bonded
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1 (Figure 6D). The proper number of tiers to be collectively 
bonded for each laser power condition will be discussed in 
the following sections.

4 |  RESULTS AND DISCUSSION

4.1 | Absorbance of silicon
Eight backside polished, bare silicon samples with thickness 
ranging from 50 μm to 400 μm were analyzed using a UV/
Vis/NIR spectrometer. The reflectance (R), transmittance 
(T), and absorbance (A) spectra of the 400‐μm‐thick sample 
(Figure 7) fully illustrate the reflection, transmission, and ab-
sorption phenomena discussed in Section 2. The wavelength 
dependence of R is clearly observed within the 200‐nm to 
900‐nm range, whereas it is not so noticeable in the 900‐nm 
to 2,000‐nm range. This is mainly due to the wavelength de-
pendence of the refractive index of silicon, namely n2 in (2), 
which varies considerably below 900 nm and remains some-
what constant above 900 nm [18].

The wavelength dependence of T and A is observed 
along the entire spectrum, with a sharp transition between 
approximately 1,000 nm and 1,200 nm. Photons with a 
wavelength of less than 1,000 nm have greater energy than 
the band gap of intrinsic silicon (1.1 eV) [19], according 
to (3). Therefore, the transmittance within this range is 
zero, and the absorbance (predominantly band‐to‐band) 
is high. Photons with a wavelength between 1,000 nm and 
1,200 nm have energy slightly lower than 1.1 eV, which is 
insufficient to create an electron‐hole pair. As a result, the 
transmittance within this range increases, while the absor-
bance (predominantly free carrier) decreases. Photons with 
a wavelength of more than 1,200 nm have energy lower 
than 1.1 eV, which is insufficient to create an electron‐hole 
pair or free carrier transitions within the conduction and 

valence bands. Consequently, the transmittance within this 
range is high and the absorbance (predominantly direct ab-
sorption) is low.

A plot of R, T, and A at a laser wavelength of 980 ± 10 nm 
for all eight samples (Figure 8) provides an important un-
derstanding regarding the influence of thickness on these 
parameters. Here, R remains constant for all thicknesses be-
cause reflection depends solely on the refractive indexes of 
air and silicon, and not on the thickness of the bulk material. 
On the other hand, T decreases as the thickness of the sample 
increases, due to a higher probability of photon absorption 
in a thicker sample compared to a thinner one. For samples 
thicker than 350 μm, no light is transmitted through the ma-
terial, and T saturates at 0%. As a consequence, A increases 
with increase in thickness of the samples, saturating at a max-
imum value of approximately 66%. Here, the values of R, T, 
and A for the 102‐μm‐thick test vehicle chips are 36%, 25%, 
and 39%, respectively.

F I G U R E  7   Measured reflectance (R), transmittance (T), and 
absorbance (A) spectra for a 400‐μm‐thick, backside polished, bare 
silicon sample
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F I G U R E  8   Measured reflectance (R), transmittance (T), and 
absorbance (A) at 980 ± 10 nm for backside polished, bare silicon 
samples
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F I G U R E  9   Single‐tier, 100 W, 3 s LAB process for 3D TSV 
integration with NCP
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4.2 | Single‐tier LAB for 3D TSV 
integration with NCP

4.2.1 | Single‐tier, 100 W, 3 s case
The results for the single‐tier, 100 W, 3 s case (Figure 9) in-
dicate that the peak temperature after 3 s was 249°C when 
only the first tier was bonded. The maximum temperature 
increased to 262°C when the second tier was stacked, and 
then decreased to 258°C when the third tier was added. The 
absorbance of the entire assembly increased when the sec-
ond and third tiers were added (a higher A in Figure 8, as-
suming a continuous material), generating a greater amount 
of heat. This extra heat, namely Q in (6), was sufficient to 
compensate the increase in mass, thereby increasing the peak 
temperature in accordance with the heat capacity equation 
(Q = mCp∆T). When the fourth, fifth, and sixth tiers were 
stacked, the peak temperature decreased to 214°C, 205°C, 
and 206°C, respectively. The absorbance of the entire as-
sembly did not increase by adding these tiers (saturated A 
in Figure 8, assuming a continuous material), generating 
the same amount of heat as before. Because the amount of 
heat generated did not compensate the increased mass of the 
entire assembly, the maximum temperature decreased in ac-
cordance with the heat capacity equation. The temperature 
evolution for the single‐tier, 100 W, 3 s case showed that the 
temperature increased at a higher rate when only the first tier 
was bonded, and increased at a lower rate when the top tiers 
were added. Equation (4) shows that the intensity of light de-
cays exponentially as it passes through a material at a rate de-
fined by the material‐dependent absorption coefficient. The 
absorption coefficient of silicon for 980‐nm light is 0.0096/
μm [18], which in practical terms indicates that the intensity 
of the light decays to 36% of its initial value at a depth of 
104 μm.

This indicates that most of the light is absorbed at the 
topmost tier (102‐μm thick), and therefore heat is mostly 
generated at this tier. When only the first tier was bonded, 
heat was generated at the first tier and readily conducted 
through the silicon to the thermocouple (which is fixed 
between the substrate and the first tier). When the second 
tier was added, heat was generated at the second tier and 
readily conducted through the silicon (second and first 
tiers) to the thermocouple, although at a slower rate. The 
distance between the heat‐generated tier and the thermo-
couple increased as more tiers were added. As a result, the 
temperature increased at a lower rate when the top tiers 
were added.

The peak temperature overcame the melting point of the 
Sn‐3.5Ag solder cap (221°C) for the first, second, and third 
stacked tiers. Therefore, the maximum number of TSV chips 
that can be collectively integrated with NCP by a 100 W, 3 s 
LAB process is three.

4.2.2 | Single‐tier, 150 W, 3 s case
The results for the single‐tier, 150 W, 3 s case (Figure 10) 
were analogous to the those obtained for the 100 W, 3 s case, 
with some minor differences due to the increase in power. 
The peak temperature for all six layers was higher in the 
150 W case than in the 100 W case. When only the first tier 
was bonded, the maximum temperature was recorded as 
339°C. The maximum temperature increased to 360°C when 
the second tier was stacked, and then decreased to 350°C 
when the third tier was added. When the fourth, fifth, and 
sixth tiers were bonded, the peak temperature decreased to 
292°C, 270°C, and 261°C, respectively.

The rate of increase in temperature followed the exact 
same pattern as that observed in the 100 W, 3 s case. The 
temperature evolution for the 150 W, 3 s case showed that 
the temperature increased at a higher rate when only the 
first tier was bonded, and increased at a lower rate when 
the top layers were added. The peak temperature overcame 
the melting point of the Sn‐3.5Ag solder cap (221°C) for 
all six stacked tiers. Therefore, the maximum number of 
TSV chips that can be collectively integrated with NCP by 
a 150 W, 3 s LAB process is six.

4.2.3 | IMC microstructure analysis
The IMC microstructure for the single‐tier, 100 W, 3 s case 
(Figure 11A) showed a typical Cu‐Sn phase system in terms 
of both composition and shape, similar to those found in the 
conventional thermocompression bonding process [20]. The 
IMC on the chip side (the top side in Figure 11A) was EDS 
identified as Cu3Sn/Cu6Sn5, whereas that at the pad side (the 
bottom side in Figure 11A) was identified as Cu6Sn5 only. 
Both the IMC layers are symmetrically thin, with plenty of 
residual solder between them.

The microstructure for the single‐tier, 150 W, 3 s case 
(Figure 11B) indicated a typical Cu‐Sn phase system only 

F I G U R E  1 0   Single‐tier, 150 W, 3 s LAB process for 3D TSV 
integration with NCP
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in terms of composition for all six layers. The IMC on the 
chip and pad sides were EDS identified as Cu3Sn/Cu6Sn5 
and Cu6Sn5, respectively, identical to the 100 W, 3 s case. 
However, the IMC layers were not symmetric, with the one at 
the chip side being considerably thinner than the one on the 
pad side. In addition, there was very little amount of residual 
solder remaining between them. Such solder joints are known 
to perform poorly in reliability tests owing to the brittle na-
ture of IMCs [5].

Zhao et al. [21] reported a similar asymmetrical IMC 
growth in a Cu/Sn‐3.5Ag/Cu flip chip solder joint. The re-
searchers observed that under a thermal gradient, the Cu6Sn5 
IMC at the cold end (side with lower temperature) grew much 
faster than that at the hot end (side with higher temperature), 
while the growth of Cu3Sn was hindered, especially at the hot 
end. The authors claimed that the thermal gradient across the 
solder joint induces thermomigration of Cu atoms from the 
hot end to the cold end (Figure 12A). Consequently, the IMC 

growth at the cold end is promoted, owing to the high avail-
ability of Cu atoms, whereas that at the hot end is inhibited 
(Figure 12B).

As discussed in Section 4, most of the heat is generated 
at the topmost tier and is conducted throughout the entire 
assembly. Considering that the stage temperature is fixed at 
90°C, it is reasonable to assume that a thermogradient was 

F I G U R E  1 1   Microstructure analysis of a single‐tier LAB process for 3D TSV integration with NCP. (A) 100 W, 3 s case. (B) 150 W, 3 s 
case
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F I G U R E  1 2   Asymmetrical IMC growth: (A) Cu 
thermomigration during reflow. (B) Asymmetrical IMC
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established for the 150 W, 3 s case, as evidenced by the mor-
phology of the IMC layers.

4.3 | Collective LAB for 3D TSV integration 
with NCP

4.3.1 | Collective 100 W, 3 s case
The maximum number of TSV chips that can be collectively 
integrated with NCP through a 100 W, 3 s LAB process was 
determined to be three. The results of the collective LAB pro-
cess (Figure 13A) indicated that the third (top) and second 
(middle) tiers were successfully bonded, whereas the first 
(bottom) tier was not. It is believed that the heat generated 
and conducted through the entire assembly during the 3‐s 
process was insufficient to exceed the latent heat of fusion 
required to melt the solder bumps of the first tier. As a result, 
an interconnection was not established between the micro‐
bumps and the substrate.

The laser time was increased (using a fixed laser power) to 
generate sufficient heat, exceeding the latent heat of fusion of 
the solder material, in all the three layers. A temperature mea-
surement scheme, similar to that shown in Figure 7, was set up 
to analyze the temperature evolution of a three‐tier stack during 
the collective LAB process for 10 s. The results (Figure 14) 
showed that the temperature increased significantly during the 

first 5 s (171°C increase), and then increased at a slower rate 
during the final 5 s (22°C increase). This suggests that increas-
ing the laser time by more than 5 s does not increase the peak 
temperature significantly; instead, it allows sufficient time for 
heat to be generated, conducted through the entire assembly, 
and exceed the necessary latent heat of fusion.

Based on this understanding, the three‐tier collective LAB 
Process for 3D TSV integration with NCP was repeated using 
a laser time of 5 s. The results (Figure 13B) indicate that all 
the three layers (top, middle, and bottom) were successfully 
bonded, confirming that a longer laser time allowed sufficient 
heat to be generated and conducted to the bottom layer, thereby 
melting the solder and wetting the metal pad on the substrate.

4.3.2 | Collective 150 W, 3 s case
The maximum number of TSV chips that can be collectively 
integrated with NCP using a 150 W, 3 s LAB process was 
previously determined to be six. The results of the collective 
LAB process (Figure 15) indicates that all the six layers were 
successfully bonded, which confirms that the specified pro-
cess parameters are suitable for collective bonding.

F I G U R E  1 3   Three‐tier collective LAB process for 3D TSV 
integration with NCP: (A) 100 W, 3 s. (B) 100 W, 5 s
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F I G U R E  1 4   Peak temperature measurement of the three‐tier, 
100 W, 10 s collective LAB process for 3D TSV integration with NCP
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F I G U R E  1 5   Six‐tier, 150 W, 3 s collective LAB process for 3D 
TSV integration with NCP
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4.3.3 | IMC microstructure analysis
The IMC microstructure of the three‐tier, 100 W, 5 s collec-
tive case (Figure 16A), resembles that obtained in the 100 W, 
3 s, single‐tier case for all three layers. The typical Cu‐Sn 
phase system showed an EDS‐identified Cu3Sn/Cu6Sn5 IMC 
layer on the chip side, and a Cu6Sn5 layer on the pad side. 
Both the IMC layers are symmetrically thin, with plenty of 
residual solder between them.

The microstructure for the six‐tier, 150 W, 3 s collective 
case (Figure 16B) indicates a typical Cu‐Sn phase system 
only in terms of composition (Cu3Sn/Cu6Sn5 IMC layer on 
the chip side, and Cu6Sn5 on the pad side) for all six tiers. 
However, the shape and thickness of the IMC layers dif-
fer depending upon the layer. The first, second, and third 
layers showed a symmetric and thin IMC, similar to those 
observed in the single‐tier, 100 W, 3 s case, and three‐tier, 

100 W, 5 s collective case. However, the fourth, fifth, and 
sixth layers showed asymmetrical and thick IMC layers, 
very similar to those observed in the single‐tier, 150 W, 
3 s case.

As discussed previously, the heat is mostly generated at 
the topmost tier and conducted through the entire assembly. 
Moreover, it was seen that asymmetrical IMC growth occurs 
in the solder joints under a thermal gradient owing to the ther-
momigration of Cu atoms from the hot end to the cold end. 
The asymmetrical IMC observed at the top layers suggests 
that the heat was not homogeneously distributed across the 
sixth, fifth, and fourth tiers, thereby establishing a thermal 
gradient during the LAB process. On the other hand, the sym-
metrical IMC observed on the bottom layers indicates that the 
heat conducted to the bottom layers was homogeneously dis-
tributed across the third, second, and first tiers, thereby main-
taining a uniform temperature during the LAB process.

F I G U R E  1 6   Microstructure analysis of a collective LAB process for 3D TSV integration with NCP: (A) Three‐tier, 100 W, 5 s case. (B) 
Six‐tier, 150 W, 3 s case
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5 |  CONCLUSIONS

This paper investigated the single‐tier LAB process for 3D 
TSV integration with NCP to establish a process window 
for reliable collective LAB integration. The basic principles 
of light‐solid material interaction (reflection, transmission, 
and absorption) and the heat generation mechanisms for the 
LAB process were reviewed. The UV/Vis/NIR spectroscopy 
showed that the absorbance of a backside polished, bare sili-
con sample increases with increase in thickness, and saturates 
at a value of 66%.

The single‐tier LAB process was successfully demon-
strated using a six‐tier stack for laser powers of 100 W and 
150 W and a laser time of 3 s. The temperature measurements 
showed that the rate of increase in temperature decreased 
as more tiers were added, in the cases of both 100 W and 
150 W, suggesting that most of the heat is generated at the 
topmost tier. The results also showed that the peak tempera-
ture strongly depends on the number of stacked dies and the 
laser power. The laser time significantly influenced the peak 
temperature during the first few seconds (5 s in this case), but 
only mildly later on.

When the laser power was set as 100 W, the peak tempera-
ture during the single‐tier LAB process exceeded the melt-
ing point of the solder material for the first, second, and third 
stacked dies. When the laser power was set as 150 W, the peak 
temperature exceeded the melting point of the solder material 
for all six stacked chips. Therefore, it was concluded that a 
maximum of three dies can be collectively bonded using a 
laser power of 100 W, whereas a maximum of six chips can be 
simultaneously stacked using a laser power of 150 W.

The IMC microstructure analysis of the single‐tier, 
150 W, 3 s case showed asymmetrical and thick IMC layers 
with little residual solder. Such solder joints are known to be 
unstable during reliability tests. On the other hand, the mi-
crostructure analysis for the 100 W, 3 s case showed a typical 
Cu‐Sn phase system, with symmetrical and thin IMC layers 
and plenty of residual solder.

The three‐tier, 100 W, 3 s collective LAB process for the 
3D TSV integration with NCP failed to establish a metallur-
gical interconnection between the first tier and the substrate. 
It is believed that the 3‐s process was inadequate because the 
amount of heat generated was insufficient to exceed the la-
tent heat of fusion. The laser time was increased to 5 s to 
allow enough heat to be generated and conducted to the bot-
tom tier. The three‐tier, 100 W, 5 s collective LAB process 
was successful, representing a 45% decrease in bonding time 
compared to the single‐tier scheme. The six‐tier, 150 W, 3 s 
collective LAB process was also a success, yielding an 83% 
decrease in bonding time compared to the single‐tier scheme.

Although the six‐tier, 150 W, 3 s collective LAB pro-
cess seems to be the proper choice for high productivity (as 

it allows more tiers to be simultaneously stacked), the IMC 
microstructure analysis of this bonding condition showed 
poor solder joints, with asymmetrical and thick IMC layers 
with little residual solder. Such solder joints are known to 
perform poorly in reliability tests, which is undesirable.

The collective LAB process can be realized through 
proper design of the bonding parameters such as laser power, 
laser time, and number of stacked dies. A certain number of 
chips can be collectively bonded using a relatively low laser 
power if the peak temperature at the bottom chip exceeds the 
melting point of the solder material and the laser is applied 
fan adequate amount of time. A larger number of dies can 
be collectively integrated in a shorter time if a higher laser 
power is applied to increase the temperature at the bottom tier 
to an adequate value. The quality of the solder joint should be 
observed in all cases to ensure a reliable product.
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