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ABSTRACT

Indium has gained attention as a thermal interface material (TIM), in high-

power electronics, due to its high thermal conductivity and mechanical com-

pliance. However, there is minimal understanding of the indium microstructure

as it is challenging to analyze due to its softness. Samples with indium are

difficult to cross-section; conventional mechanical polishing is considered

impractical. Instead, slow and expensive focused ion beam techniques have

been required. In this study, a cross-section procedure for components with

indium was developed based on mechanical polishing, ultrasonic cleaning,

etching, and ion milling. With this technique, indium cross-sections that showed

microstructural details could be made and studied for changes across different

bond metallizations and thermal histories. Electronic packages with indium TIM

bonded to Au or Ag metalized Si chips and Ni-coated Cu lids were examined.

Intermetallic compounds between In–Au, In–Ag, and In–Ni were investigated

with scanning electron microscopy and energy-dispersive X-ray spectroscopy.

The effects of bond metallization, doping, and solder reflow cycles (thermal

history) on the indium microstructures were examined.

1 Introduction

With the miniaturization of semiconductor devices,

the power density of chips climbs, creating an

increased demand for materials that can effectively

dissipate heat [1–4]. TIMs reduce contact resistance

and conduct heat between two surfaces; while sur-

viving strains from mismatches of the coefficient of

thermal expansion of chips and heat spreaders [5–10].

Indium is a promising TIM material due to its high

thermal conductivity and ability to deform [1, 11]. To

evaluate indium as a TIM analysis of indium in

electronic packages under realistic thermal condi-

tions is required.

Cross-sectional analysis of packages with indium is

challenging due to indium’s soft/ductile nature,

leading to smearing and embedded particles. Indium

is often reported as too soft to be polished practically
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[12–14]. Dasarathy successfully polished and etched

pure indium samples and saw grains and twinning

[15, 16], but these samples did not have the added

complexities of polishing samples with other mate-

rials present (like with an electronic package). The

use of focused ion beam (FIB) in the cross-section of

indium components has been reported [17–20].

Alloys of indium, gold, and nickel have been

observed along with cracking along intermetallics

with thermal cycling [3]. However, FIB can be

expensive, slow, and not compatible with the cross-

sectioning of large areas. Interfaces with indium,

nickel, and gold have been studied without FIB

[21–23] but are limited to examining interfaces and

Intermetallic compounds (IMC) that form between

indium and other metals. To evaluate indium, as a

TIM, it is vital to examine the microstructure of

indium in electronic packages. Information on inter-

metallic growth and bulk microstructure can give

insight into a material’s long-term reliability. The

ability to cross-section large numbers of samples over

the entire TIM area would be a key enabler for

evaluating indium as a TIM.

Some recent questions about indium as a TIM are

how well it bonds to surfaces and how a built pack-

age would survive standard solder reflows [24]. Gold

and silver layers are often applied to surfaces to aid

in bonding to indium, but it is unclear what the

indium microstructure is and how these change with

subsequent thermal loading. A greater understand-

ing of these factors would allow for better designing

systems with indium TIMs, resulting in better ther-

mal performance and product lifetime.

Au or Ag metallizations are added to the Si die and

Cu lids to aid bonding to indium. Then flux is added,

and a solid indium preform is placed between the die

and lid. The system then undergoes a solder reflow

cycle that melts the indium and causes bonding with

Au or Ag. Because actual products have many com-

ponents with SAC (tin silver copper) solder, multiple

reflows past 240 �C are often needed. Every reflow

the indium experiences can change the bonding and

microstructure of the system.

In the present work, a cross-section technique for

packages with indium was developed; based on

mechanical polishing, ultrasonic cleaning, etching

(with nitric acid), and ion milling. Ball grid array

(BGA) packages with Cu lids (Ag or Au coated),

indium solder TIM, and Si chips (Ag or Au coated),

processed with different reflow cycles, were

inspected by cross-sectioning. The microstructures,

interfaces, and defects were examined with a scan-

ning electron microscopy (SEM). The IMCs between

In–Au, In–Ag, and In–Ni were studied with energy-

dispersive X-ray spectroscopy (EDS). Finally, the role

of bond metallization, doping, and heat treatment on

indium’s microstructure was examined. The cross-

section results gave insight into if Ag or Au coating

would be sufficient for bonding to indium with

multiple SAC reflows.

2 Experimental methods

2.1 Materials

BGA packages with indium TIM were assembled by

Indium Corporation�, illustrated in Fig. 1. The BGA

packages were 52 9 52 mm, with Si die (15.8 9 19.5

and 1 mm thick), the laminate was 1.8 mm thick, and

the copper lids were 3 mm thick with a nickel coat-

ing. The metallization on the lids was Au

(300–500 nm) or Ag (500–1000 nm); die metallization

was Ti (100 nm), Ni (300–500 nm), and Au

(300–500 nm) or Ag (500–1000 nm). The lids were

held to the laminates by an adhesive on the edges of

the lids. Indium preforms (300 lm thick) were used.

The indium was bonded by placing flux (proprietary)

on the die, placing an indium preform, adding flux to

the top of the preform, and placing the Cu lid on top.

The constructed assemblies were then processed in a

reflow oven. An initial reflow at a peak temperature

of 200 �C in 1–2% formic acid vapor/N2 was done to

all the samples to bond the indium. Up to four sub-

sequent SAC reflows, 260 �C peak temperature in air,

were done on samples to simulate the BGAs on

boards that needed multiple reflows.

Six samples with different metallizations, number

of SAC reflows, and doping were examined. Doped

indium (with 100 ppm Ge) was used to aid in wetting

of indium to gold. Table 1 lists the details of each

sample. No repeats of samples were made (samples

sizes of 1), and all samples had been stored at room

temperature for years before analysis, possibly caus-

ing unknown aging effects. Despite these limitations,

information on the indium TIM system could be

learned, especially considering the minimal work on

the subject.
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2.2 Procedure of cross-sectioning

Due to the soft nature of indium, great care had to be

taken to cross-section samples. Polishing with tradi-

tional abrasives would always cause some amount of

damage to the indium and cause particles to embed

in the indium. Chemical etching was used to remove

the damaged layer of indium and the embedded

particles. Etching could remove indium without

adding plastic damage. But etching would unevenly

attack different parts of the cross-sections (different

materials or topographies). So a procedure of pol-

ishing to make a flat section and then etching to

remove the damaged indium layer was used. Pro-

gressively finer grit could be used, so a thinner

damage layer would need to be removed with shorter

etching, causing less uneven etching effects. Finally,

ion milling was used to remove the remaining

damaged indium layer and expose a surface that

should not have been damaged by cutting, polishing,

or etching.

The procedure used for cross-sectioning the sam-

ples is below. Most samples in this report were cross-

sectioned with this procedure; some samples had

slight variations (polishing time/force, etch

time/concentration).

(1) Cut sample to an area of interest with a slow-

speed saw and mounted the sections in epoxy

(31.5 mm diameter, EpoxySet from Allied High

Tech Products. Inc.).

(2) Hand polished: P-800 and P-1200 SiC paper:

Until the Ni layer on the lid could be seen.

(3) Etched with 30% HNO3 in water for 50 s:

Rinsed thoroughly with water.

(4) Ultrasonically cleaned in isopropanol for

10–25 min, until 80–90% of large Si particles

feel out: Checked sample with an optical

microscope every 5 min (ultrasonic cleaning

could damage samples).

(5) Automated fine polish (RotoPol-22 from Struers

Inc.):

• P-4000 SiC paper, 10 N force for 12 min;

• 3 lm suspended diamond: MD-Dac (Polish-

ing cloth from Struers Inc): 15 N for 1.5 min

then 10 N for 1.5 min (water flooded during

the last 30 s);

Fig. 1 Generic cross-sectional illustration of samples (a) [not to scale] and metallization layers in samples (b) [not to scale]

Table 1 Surface finish, SAC reflow cycles, and doping conditions

of samples A–F

Sample Surface finish SAC reflows Doping

A Ag (0.5 lm) 0 N/A

B Ag (0.5 lm) 4 N/A

C Ag (1.0 lm) 4 N/A

D Au (0.3–0.5 lm) 0 N/A

E Au (0.3–0.5 lm) 0 Ge (100 ppm)

F Au (0.3–0.5 lm) 3 N/A
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• 1 lm suspended diamond, MD-Dac: 15 N

for 1.5 min then 10 N for 1.5 min (water

flooded during the last 30 s);

• 0.1 lm colloidal alumina, MD-Chem: 15 N

for 1.5 min then 10 N for 1 min (water

flooded during the last 30 s);

• 0.02 lm colloidal silica, MD-Chem: 10 N for

1 min (water flooded during the last 30 s).

(6) Etched with 30% HNO3 for 20 * 30 s: Rinsed

thoroughly.

(7) Automated fine polish:

• 0.1 lm colloidal alumina, 10 N for 2.75 min

(water flooded during the last 30 s);

• 0.02 lm colloidal silica, 5 N for 1 min, (wa-

ter flooded during the last 30 s).

(8) Etched with 30% HNO3 for 5 s.

(9) Ion milled surface until microstructure was

visible: Samples were sent to Oneida Research

Services Inc. (Whitesboro, NY) for milling with

a Hitachi IM4000 in flat ion milling mode with

Argon for 15–30 min.

2.3 Samples characterization

The cross-sectioned samples were examined with

optical microscopy (Leica DMRX) and environmental

SEM (FEI XL30) with a backscattered electron (BSE)

detector and EDS. The elemental compositions

reported from EDS should be considered approxi-

mations and not exact values. Electron beam voltage

of 25 kV and water vapor pressure was 0.5 torr were

used. All images shown are oriented with the lid on

the top and the Si die on the bottom.

3 Results and discussion

3.1 Cross-section technique

The developed cross-section procedure involved

several techniques that had different effects and

limitations. Conventional mechanical polishing could

produce a level surface but caused particles embed-

ding in indium, damage to interfaces and indium,

and smearing. Etching could remove embedded

particles and surface damage, but aggressive etching

could destroy Ni and IMC interlayers of interest and

make uneven surfaces. Ultrasonic cleaning could

partially remove big particles but could not remove

small embedded particles (diameters\ 20 lm) and

would not remove the damaged layer. Ion-milling

could remove smeared and damaged layers and

some small embedded particles (diameters\ 1 lm)

but was slow at removing material.

These techniques were combined and sequenced to

achieve cross-sectional surfaces with minimal

amounts of embedded particles, minimal surface

damage, and an analyzable microstructure. The pro-

cess flow was (1) Get a level surface through

mechanical polishing. (2) Remove big embedded

particles and the damaged layer with etching and

ultrasonic cleaning. (3) Gently polish the surface with

finer grit until the Ni interlayer becomes visible. (4)

Remove small embedded particles and damage layer

by etching. (5) Get level surfaces through finer pol-

ishing. (6) Etch to remove excess embedded particles

and damage layer. (7) Remove remaining

smear/damage and small embedded particles with

ion-milling.

The resulting surfaces were sufficient to show

microstructures of the indium and its boundaries,

Fig. 2, but the surface finish did have limitations.

Because the surface preparation did not give a

Fig. 2 Surfaces of sample C

before (a) and after (b) ion-

milling
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smooth/flat surface, techniques such as electron

backscatter diffraction, which require smooth/flat

surfaces, were inappropriate. During analysis, care

also had to be taken to account for possible artifacts

from surface topography, unremoved foreign parti-

cles, over-etching, or surface preparation.

3.2 Indium bonded to Ag metallization

Figure 3 shows the general microstructural features

of bulk indium and interfaces of samples with Ag.

For all silver metalized samples, the silver coating on

the lids and die had completely diffused into indium

and precipitated as silver-rich phases (25–50%Ag,

50–75%In). Most phases contained 25–27% Ag. Along

the lid, 3–5 lm thick pure Ni interlayer and a Ni-rich

IMC (23% Ni, 77% In) were observed. On the die side,

no pure metal interlayer was seen; instead, a Ni-rich

IMC layer was observed. In the bulk indium, grain

boundary-like features were observed, referred to as

grain boundaries in this report. These grain bound-

aries were similar in shape to those shown in pure

indium samples [15, 16]. The Ag-rich particles were

found preferentially near the grain boundary fea-

tures. Grain boundaries could form by the solidifi-

cation of indium during cooling and could be

preferred sites for the precipitation of AgIn2/Ag2In

phases because the sliver phases should have solidi-

fied after the bulk indium had crystallized according

to the phase diagram [25].

Sample A (0.5 lm Ag, 0 SAC reflows) had some

voids in the bulk indium. The voids mainly formed

near the center region of the indium, Fig. 4b. Corre-

spondingly to the voids, pump-out (removal of

material between the lid and die because of temper-

ature-dependent warpage) of indium was seen. Large

volumes of indium extended beyond the die,

between the lid and the laminate. The voids and

pump-out were likely caused by the warpage of the

die and lid during high temperatures, while the

indium was liquid (Tm = 157 �C).
A Ni–In rich IMC layer formed continuously along

the lid/indium interface, and minimal delamination

was seen. However, the IMC layer was discontinuous

on the die side. Delamination (1 lm width) occurred

in the areas without an IMC layer, Fig. 4a, showing

the poor wettability between indium and Si.

Crack-like features were observed in the bulk

indium, referred to as cracks in this report. Ag-rich

particles were seen with some cracks, Fig. 4a, indi-

cating the cracks propagated along grain boundaries

(intergranular cracking). Other cracks did not relate

to particles or grain boundaries (transgranular

cracking). Cracking was unexpected in indium, a soft

metal expected to be mechanically compliant and

deform plastically. It is possible that the features

were not cracks but a different form of defect.

Sample B (0.5 lm Ag, 4 SAC reflows) had larger

voids, more delamination, and more pump-out than

sample A (0 SAC reflows), Fig. 5. The large voids

could have been caused by the warpage of the die

and lid during reflows. The delamination had larger

widths (2–5 lm) and primarily occurred at interfaces

of IMC/indium (Fig. 5b) and along IMC/Si (Fig. 5a),

indicating separation and poor rewetting of IMC/

indium and IMC/Si interfaces during SAC reflows.

The poor rewetting could be related to oxidation, as

the SAC reflow was conducted in air. When melted,

air could penetrate and form indium oxides on sur-

faces, causing poor rewetting. An inert atmosphere

during SAC reflows might minimize delamination.

Some delamination/cracking seemed to have

Fig. 3 SEM images of interfaces and bulk indium of Ag samples: sample B (a), sample A (b, c)
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propagated from the delaminated interfaces of Si/

indium, indicating no IMC layer remained, Fig. 5b.

Sample C (1 lm Ag, 4 SAC reflows) had more

precipitated Ag-rich particles in bulk indium than

sample B with 0.5 lmAg. The thicker Ag coating was

completely depleted after 4 SAC reflows. The

remaining Ni layer was discontinuous on the lid side,

Fig. 6b. Possibly, the Ni was removed during the

added SAC reflows. Correspondingly, some Cu-rich

phases (72% Cu, 18% Ag, 10% In) were observed in

the bulk indium, showing that Cu had diffused into

indium.

Consistent with sample B, this sample had delam-

ination on both sides, large voids, and cracks (Fig. 6),

showing the detrimental effect of multiple SAC

reflows.

Fig. 4 SEM images of defects in sample A (a, b)
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3.3 Indium bonded to Au metallization

Figure 7 shows the general microstructure of bulk

indium and interfaces of samples with Au metal-

lization. Similar to Ag samples, grain boundaries

were observed in indium. IMC layers on the lid side

were visible but were too thin to be meaningfully

analyzed with EDS. Since the IMC layers in Au-

coated samples had different morphologies to the Ni-

rich IMC in Ag samples, it was inferred that the IMCs

Fig. 5 SEM images of defects in sample B (a, b)

Fig. 6 SEM images of defects

in sample C (a, b)

22816 J Mater Sci: Mater Electron (2022) 33:22810–22820



were likely Au–Ni–In rich. Similar Au–Ni–In IMCs in

Au-coated indium packages have been reported [2].

On the die side, a thin IMC layer (thickness\ 1 lm)

was observed, Fig. 7c, implying an Au-rich IMC. The

IMC seen on the die side was similar in morphology

to the IMC seen on the lid side. Small particles

(\ 1 lm) were observed in the bulk indium and

appeared brighter than indium in the BSE imaging.

These particles could be Au-rich phases (33% Au,

67% In) based on the AuIn phase diagram [26].

Sample D (Au, 0 SAC reflows) had larger voids

than the Ag sample with 0 SAC reflows. Most of the

voids were observed near the interfaces. No delami-

nation was seen. Similar to the Ag samples, trans-

granular and intergranular cracking was seen.

Sample E (Au, Ge-doped indium, 0 SAC reflows)

did not have significant voiding in the bulk indium,

Fig. 8. It is possible that the germanium doping mit-

igated the voiding. Compared to the non-doped Au

sample, the Ge-doped sample had more Au-rich

phases near the lid side. In addition, a Ni-rich IMC

was detected on the lid side, Fig. 9. Indicating that

the Au was depleted and that the Ge could have

affected the depletion of Au.

Large particles (� 5 lm) were observed in bulk

indium, Fig. 9b, c. Some of the particles seemed to be

attached to the Si surface, Fig. 8b. EDS analysis

showed that the big particles were pure indium.

Their formation might relate to the doping of Ge, as

these features were not seen in any other samples.

On the die side, continuous delamination with a

width of 1 lm was formed throughout the sample,

Fig. 8a, b. No metallization or Ni–Au rich IMC layer

was observed at the delaminated interfaces. It was

unclear if Ge doping was related to the delamination.

Small voids (\ 1 lm) were seen throughout the

bulk indium. The cause for these voids was unclear,

but it was not considered likely that the cross-section

procedure caused them.

Sample F (Au, 3 SAC reflows) had larger voids and

more delamination than sample D (Au, 0 SAC

reflows), further showing the detrimental effects of

SAC reflows. The delamination mainly occurred

between the Ni–Au rich IMC and indium (Fig. 10),

indicating the SAC reflows could lead to poor wet-

tability of indium/Ni–Au rich IMC. Similar to sample

E, some small voids formed in bulk indium; the cause

was unclear.

Unlike Ag samples whose precipitated Ag-rich

phases near grain boundaries, the Au sample with 3

SAC reflows had a ‘‘network’’ structure of Au-rich

phases, as indicated by the dashed lines in Fig. 11.

The particles were arranged in lines that would

intersect each other or have other lines that ran par-

allel, making a ‘‘network’’ structure. Previous work

has shown spallation of In–Au IMC [21]. It is possible

that SAC reflows caused the IMC to spall and have

In–Au particles disperse in the liquid indium. When

the indium solidified, the particles could have been

trapped in the pattern they had when the indium was

liquid.

4 Conclusion

This study developed a cross-section technique for

electronic components with indium TIMs. The

resulting surface finishes allowed for analysis of

indium without significant damage, smearing, or

foreign particles. BGAs containing indium TIM with

Fig. 7 SEM images of interfaces and bulk indium of sample D (a–c)
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different bond metallization and thermal histories

were examined. Despite sample limitation (sample

sizes of one and uneven metallization layers), several

findings could be made:

• Ag metallizations fully dissolved into indium and

precipitated out Ag-rich phases along grain

boundaries.

• Au metallizations formed Ni–Au–In IMCs, but

spalling of the IMC likely occurred after SAC reflows.

Fig. 8 SEM images of defects in sample E (a, b)
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• All samples showed crack-like features in the

indium, believed to be both inter-and transgranular

cracking.

• SAC reflows added voiding and delamination to

both Au and Ag metalized samples.
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