
1 Introduction
With the demand increasing significantly in big data 

for the Internet of Things（IoT）, advanced packaging 

technology of 2.5D or 3DIC TSV structures and fan-out 
wafer level packaging technology have been studied and 
developed 1）～ 5）. The interconnection in advanced packag-
ing has recently begun being stacked in the z direction, 
so packaging structures and their fabrication processes 
have become more and more complicated. Also, the 
number of I/O and other functionalities of devices are 
increasing, which encourages downsizing of the metal 
wiring width/space and bump size/pitch.
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半導体実装業界において，高性能ICチップやパッケージの高密度実装を実現可能とする新たなバンピング技術が
求められている．近年，IBMより，マスクレジストの開口部に溶融はんだを直接注入する，IMS（Injection Molded 
Solder：溶融はんだインジェクション法）と呼ばれる革新的なバンピングプロセスが提案された．本プロセスにおいて，
マスクレジストには，約250 ℃の溶融はんだに対する耐熱性が求められる．著者らは，はんだが注入されていない開
口部を残さず，100 %のはんだ充填率を得るには，はんだ注入を阻害する，高温におけるマスクレジストからのアウト
ガス量の低減が重要であることを見出した．これらの知見をレジスト材料設計に反映させ，IMS向け新規高耐熱性マ
スクレジスト材料を開発した．

Novel bumping technology that can realize high density assembly of IC chips and packages with a high number 
of I/O is required in the field of electronic packaging. Recently, a novel bumping technology called IMS (Injection 
Molded Solder) was proposed by IBM Corporation, which enabled direct injection of molten solder into the holes of 
a photoresist patterned array. In this process, photoresists which have thermal stability of up to 250 °C are required 
for surviving under direct contact with molten solders. To achieve 100 % solder filling into the photoresist holes, we 
must decrease outgassing from photoresists as it can prevent smooth solder filling at such elevated temperatures. 
Novel photoresists for IMS with high thermal stability were developed by reflecting such findings into the photore-
sist material design.
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To date, solder bumps with sub-hundred micron 
sizes are generally fabricated by the electroplating 
method or the solder ball placement method. However, 
there are some limitations with these current bumping 
methods. For example, in the case of an electroplating 
method, the solder bump composition fabricated in this 
method is limited. Therefore, novel bumping processes 
are needed to satisfy the variety of recent require-
ments for high I/O density, fine bump pitch, novel sol-
der bump composition, and further process cost reduc-
tions. Recently, a promising bumping process called 
“IMS（Injection Molded Solder）” was proposed 6）～ 11）. In 
this process, molten solder is directly injected into holes 
patterned in photoresist mask films rather than carry-
ing out conventional electroplating. One of the impor-
tant advantages of the IMS process is its high and sta-
ble quality of solder bumps, because those obtained by 
electroplating can sometimes shift their composition 
unless there is careful maintenance of the electroplat-
ing solution conditions.

Our goal is to achieve perfect solder filling in a sub-
hundred micron hole pattern array on 12-inch wafers 
with a simple IMS process. In order to achieve this, 
development of both photoresist materials and equipment 
for solder injection are essential. We are now collaborat-
ing with an equipment company, Senju Metal Industry 
Co., LTD., on the development of IMS technology.

In this study, the development status of liquid type 
photoresist for IMS process is described. Specifically, 
key material development points for achieving a 100 % 
solder filling rate by IMS technology are discussed. A 
Sn-3.0Ag-0.5Cu（SAC305）lead free solder with a melting 
point of 217 °C（solidus temperature）, which is widely 
used in many applications in the industry, was chosen 
for this study. The thermal stability required in this 
process is much higher than that required for an elec-
troplating method because the molten solder directly 
contacts the photoresist. In the beginning of this paper, 
the results of IMS defect analysis are described in 
detail. Then, the current development status for obtain-
ing excellent solder filling is introduced. Finally, recent 
IMS trial status for obtaining finer patterns down to 
40 μm pitch with 20 μm diameter holes is described.

2 Experiments
2.1 Design of the photoresist masks for IMS

JSR has been developing numerous kinds of photore-
sists for years. For the thickness range around ten to 
hundred microns, negative tone photoresist is an excel-
lent choice for obtaining good lithographic patterns 
with good coating uniformity, a wide process margin 
during photolithography, enough strippability and high 
chemical stability 12）, 13）. Based on these promising prop-
erties, negative tone photoresists were chosen as our 
first photoresist for IMS mask materials. A typical 
material design of negative tone photoresist for IMS 
and its cross linking image are shown in Figure 1. 

It consists of a base polymer, cross linker, and photo 
initiator. The base polymer, which is the main compo-
nent of photoresists, is an acrylic resin. It contains car-
boxylic groups as soluble units for alkaline developer 
and some other typical functional groups for adjusting 
mechanical, thermal, and optical properties of the poly-
mer. The cross linker contains acrylic groups which 
enable it to make new bonds by UV irradiation. A radi-
cal type photo initiator, which is activated by ghi or 
i-line（365 nm）exposure, was selected. 

As the photoresist is exposed to UV light, the photo 
initiator is activated and generates a radical species, 
which acts as a trigger for radical polymerization of vinyl 
groups in the cross linker. After UV exposure, a highly 
cross-linked structure is obtained, as shown in the right 
side of Figure 1, and becomes insoluble in alkaline devel-
oper. As a result, only the UV exposed areas remain on a 
substrate after the photoresist development. Such nega-
tive tone photoresists have been widely used as mask 
materials for electroplating of Cu, Ni, Au, or Sn/Ag for a 
long time. However, applying it to an IMS process is 
challenging from a thermal stability standpoint. In the 
case of using SAC305, the temperature during the pro-
cess has to be higher than the melting point of SAC305.

In order to increase the thermal stability, some of 
the thermally unstable units in the original photoresist 
were removed and new units with high thermal stabili-
ty were incorporated into the photoresist. In this paper, 
two kinds of photoresist, PR-1 as a standard type and 
PR-2 as a thermally-stable type, are described. 
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2.2 Thermal stability analysis
During the IMS process, photoresists on wafers are 

exposed at temperatures at which the solder is com-
pletely molten. The amount of outgases from the pho-
toresists at high temperature were evaluated by head-
space gas chromatograph mass spectrometry（HS-
GCMS）. Photoresist-coated silicon wafers with exposure 
to UV light, and pre-heat treated at 200 °C for 10 or 20 
minutes, were used as samples for HS-GCMS analysis. 
The samples were heated from 50 °C with a ramp rate 
of 10 °C/min up to 250 °C, then remained at 250 °C 
for 10 minutes. The cumulative amount of outgases 
from the photoresists were compared with different 
photoresist types and different pre-bake times. 
2.3 IMS process flow

A schematic drawing of the IMS process flow is 
shown in Figure 2. The process is roughly divided into 
the following three steps.

The first step is the photoresist patterning process as 
shown in Figure 2（1）-（3）. Wafers used in this study 
were 4-, 6-, or 8-inch silicon with a thin copper layer 
deposited for conduction following the electroplating 
process as shown in Figure 2（4）. Photoresists were 
spin-coated onto copper deposited silicon wafers and 
baked at 120 °C for 5 minutes on a hot plate to remove 
organic solvents. Photoresist thickness was adjusted to 
around 50 μm by controlling the rotation speed of the 
spin coating. Then the coated photoresists were exposed 
under UV light（ghi-line or i-line）by photolithography at 
step（3）and immersed in a 2.38 % TMAH aqueous solu-
tion at room temperature for development. The wafers 
were rinsed with deionized water to remove the resid-

ual alkaline developer from the coatings, followed by 
heat treatment in an electric oven. Finally, photoresist 
masks with dense hole patterns（=1/1 hole/space pat-
tern）and pitch from 40 to 150 μm were obtained.

The second step is the metal bumping fabrication 
process as shown in Figure 2（4）-（5）. Our target metal 
bumping structure is solder on 30 μm height copper 
posts, so the copper electroplating was conducted prior 
to the solder formation at IMS step. After fabricating 
the copper posts, IMS was conducted. The IMS head 
providing molten solder, SAC305, was placed on one 
side of the patterned wafer, as shown in Figure 2（5）. 
The head was then scanned to the other side of the 
wafer to complete the solder injection into holes of the 
photoresist masks.

The last step is the removal of photoresist and seed 
Cu process as shown in Figure 2（6）-（7）. The wafers 
with solder bumps were immersed into a conventional 
photoresist stripper, including TMAH and DMSO, at 
50 °C for 20 minutes. Seed copper layer etching was 
carried out by immersing the wafer into a phosphoric 
acid-type etching solution.
2.4 Solder bump observation after IMS

The structure of the resulting metal bumping was 
observed using several types of microscopes. For the 
top view observation before and after stripping the 
photoresists, a conventional optical microscope was 
used. To check for the presence of any defects, where 
the injected solder didn’t contact a pad and there is a 
gap between the solder and the pad, a contact-depth 

Figure 1　‌�Cross linking image of the negative tone 
photoresists during UV exposure.

Figure 2　‌�IMS（Injection Molded Solder）process.
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mode scanning acoustic microscope（CSAM）was select-
ed. Cross section observation was conducted by scan-
ning electron microscope（SEM）.

3 Results and Discussion 
3.1 IMS defect analysis

As described in the previous paper 11）, solder bumps 
with a diameter between 20 μm and 75 μm were suc-
cessfully obtained by IMS technology using standard 
type PR-1 pre-baked at 200 °C for 10 minutes as a pho-
toresist mask. However, the solder filling rate must be 
100 % to be widely applied in industrial use. Figure 3 
shows an example of bumping images with a solder fill-
ing defect after IMS. The defect in this figure was 
intentionally made under unoptimized IMS conditions. 
As shown in Figure 3（a）, both the holes, #1 and #2, 
look black from a top view observation, which mean 
that the solder was filled in the holes. However, the fill-
ing situation underneath the solders cannot be con-
firmed by such a top view. It can be confirmed by an 
observation from the bottom side using a CSAM. Two 
holes, #1 and #2, shown in Figure 3（b）, are totally dif-
ferent, whereas those two in Figure 3（a）look similar.

In order to clarify the difference of the solder filling 
status, a sectional view observation was conducted. As 
shown in Figure 3（c）, the solder indicated by #2 
reaches the bottom of the hole. However, it also indi-
cates that #1 is confirmed to have non-contact to the 

pad underneath the solder.
3.2 Preparation of photoresist mask

From a series of solder bumping observations, we 
assumed that the generated outgases from the photore-
sists inside of the hole inhibited the solder filling. Dur-
ing the IMS process, wafers are exposed to tempera-
ture high enough that the solder is completely molten. 
In the case of SAC305, it reaches around 230 °C, which 
is considered the melting point of SAC305. This infor-
mation was our motivation to develop a novel thermal-
ly-stable photoresist with a lower amount of outgases, 
PR-2. Figure 4 shows the compositions of PR-1 and 
PR-2. The thermally unstable units in PR-1, functional 
unit “B” and photo initiator “D”, were substituted to “C” 
and “E”, respectively.

Figure 5 shows a comparison of the amount of out-
gases among different photoresists and pre-bake times 
at 200 °C measured by HS-GCMS analysis. The amount 
of outgas from Sample B（PR-2）is much less than that 

Figure 3　‌�Example images of solder bumps processed 
with unoptimized IMS condition.（a）Top view 
by optical microscope,（b）Bottom view by 
CSAM, and（c）Sectional view by SEM.

Figure 4　‌�The composition of PR-1 and PR-2.

Figure 5　‌�Amount of outgas from photoresists pre-baked 
at 200 °C measured by HS-GCMS analysis.
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from Sample A（PR-1）. As shown in Sample C（PR-2）, a 
longer pre-bake time that reduces residual volatiles also 
contributed to the decrease in the amount of outgases 
during the IMS process. 
3.3 IMS demonstration

Figure 6 shows top view optical micrographs of sol-
der bumps processed with the IMS method followed by 
photoresist stripping. Comparing the full shot images in 
Figure 6, the surface appearance of Sample B pro-
cessed with PR-2 looks more uniform than that of Sam-
ple A processed with PR-1. In the same way, the sur-
face appearance of Sample C pre-baked for 20 minutes 
looks more uniform than that of Sample B pre-baked 
for 10 minutes. These differences in appearance are 
caused by occurrences of missing solder. Magnified 
images corresponding to the white square in the full 
shot micrographs are shown on the right side of Figure 
6. White arrows in these images indicate the holes 
without solder. In these holes, copper posts are directly 
observed. As we assumed, Sample C which generated 

less outgases produced a higher solder injection ratio. 
In addition, other properties of the photoresists pre-
baked at these conditions are summarized in Table 1. 

There were no significant differences in the pattern 
profiles of the photoresists regardless of the photoresist 
types or the pre-bake temperatures. The elastic modu-
lus and contact angle of each photoresist were also 
examined for a better understanding of the material 
properties during IMS. During the IMS process, an 
IMS head heated to around 230 °C is placed on the top 
surface of the patterned photoresists with the appropri-
ate pressure, which may cause narrowing of the pho-
toresist holes and make solder injection difficult. There-
fore, the higher elastic modulus of PR-2 may also be 
one of the causes for achieving a better solder injection 
ratio. Further investigation is needed to clarify the 
effects of elastic modulus on solder filling rate.

We also measured the contact angle of water on the 
photoresists in order to understand the surface condi-
tions. The measurement results show that each sample 
had a contact angle less than 30 °, which means that 
the surface of each sample is hydrophilic and no signifi-
cant difference was observed. However, we have not 
clarified the effect of the surface condition of the pho-
toresist to solder injection solely from the results of a 
water contact angle measurement. Direct measurement 
of the contact angle with molten solder at IMS process 
temperature may be the best way to understand the 
effects of the photoresist surface condition. Further 
study is being conducted.

Figure 6　‌�Top view optical micrographs of solder bumps 
processed with the IMS method followed by 
photoresist stripping. Left micrographs show 
the whole area of a single lithographic shot

（hole/space=50 μm/50 μm）. Right 
micrographs show the magnified images 
corresponding to the area highlighted with a 
white square in the left micrographs. White 
arrows show the defect points where no solder 
bumps were generated.

Table 1　Properties of photoresists pre-baked at 200 °C
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Through a series of experiments and discussion, as 
described above, we determined that PR-2 pre-baked at 
200 °C for 20 minutes was the current best sample. 
Based on the findings so far, an IMS trial with 6-inch 
whole wafers and a solder filling rate evaluation were 
carried out. The results are shown in Figure 7. Each 
square column in Figure 7 expresses a 10×10 mm sin-
gle lithographic shot, which has dense hole/space pat-
terns（hole/space=1/1）. There are three different hole 
diameters, 75 μm, 50 μm, and 40 μm, indicated upon 
the corresponding columns in the shot map. The num-
ber in each square column indicates the number of 
defects, where no solder was injected.

In the case of Sample B, PR-2 pre-baked at 200 °C for 
10 minutes, no defects were observed at the shots with 
75 μm hole size. However, some defects were observed 
at 50 μm hole size. Many more defects were observed 
for 40 μm diameter holes. In contrast, all the holes down 
to 50 μm in diameter were perfectly filled with solder in 
the case of Sample C, and only a few defects were gen-
erated in 40 μm holes. The solder filling rate was signifi-
cantly improved with PR-2, which has higher thermal 
stability and less outgases than PR-1.

Figure 8 shows a bird’s eye view optical image that 

corresponds to the drawing in Figure 2（7） of a solder 
bumped wafer by IMS with PR-2 after photoresist has 
been stripped and the seed copper layer etched. Solder 
has successfully been added to the tops of all the 
bumps. The solder on top of the copper post has excel-
lent hemispherical shape immediately after the IMS 
head single scanning, without conducting a solder 
reflow process. This is one of the advantages for an 
IMS process versus conventional solder electroplating 
or solder ball placement methods. 

Figure 9 shows a sectional view SEM micrograph of 
the corresponding bumped wafer. All the solder on top 
of the copper posts have almost the same height and 
shape. This height stability among bumps is likely 
derived from the excellent thickness uniformity of the 

Figure 7　‌�Defect number map on a 6 inch whole wafer 
after IMS and photoresist stripping. Pre-bake 
time at 200 °C for Sample B was 10 minutes

（left）, and that for Sample C was 20 minutes
（right）. The numbers in each column indicate 
the number of defects in a single lithographic 
shot in 10x10 mm square. Each shot area is 
classified into four different categories and 
colors according to the frequency of defects.

Figure 8　‌�Bird’s eye view image of solder bumps on 
copper post processed by IMS method. 
Photoresist, PR-2 pre-baked at 200 °C for 20 
minutes, was used as the IMS mask material. 
Thickness of PR-2 used is 50 μm. Pattern pitch 
and hole diameter are 100 μm and 50 μm, 
respectively. 

Figure 9　‌�Side view image of solder bumps on copper 
posts processed by IMS method. Photoresist 
and process conditions used are identical with 
those used in Figure 8.
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photoresist used for IMS. In the case of conventional 
electroplating, there is often variation of solder height, 
which is caused by the size and shape variation of the 
photoresist holes or electric field strength variation with-
in the wafer. The degree of solder height variation pro-
cessed by electroplating is usually around ±5 %. Even 
though there is a certain degree of height variation in 
the copper posts underneath the solders, the variation 
after solder injection by IMS should decrease thanks to 
the high coating uniformity of the photoresist.

The promising solder bumping method, IMS for struc-
tures with 50 μm in diameter with very high solder fill-
ing rate, were described above. Hereafter, trials for 
obtaining finer pitch bumps are described. Optical micro-
graphs of photoresists with finer pitch and correspond-
ing bumps are shown in Figure 10. Finer pitch patterns, 
down to 20 μm in diameter with 50 μm thickness, were 
successfully obtained. Bumps corresponding to the shape 
of the photoresists were also obtained. Photoresist strip-
ping and wet etching of the copper seed layer were also 
successfully carried out. However, as shown with Sam-
ple C in Figure 7, there are still some defects for bumps 

with a diameter equal to or less than 40 μm. We will 
continue working to achieve perfect solder filling for 
finer pitch structures.

4 Conclusion
The current photoresist development status for, and 

its advantages for solder filling, were described. All the 
bumps down to 50 μm in diameter were perfectly filled 
with SAC305 as solder. Removing the thermally unsta-
ble unit in the base polymer contributed to a decrease 
of outgases in the IMS process and it enabled a stable 
solder filling. Excellent hemispherical shapes of the sol-
ders were obtained by a one time, simple IMS head 
scanning and without conducting a reflow process. 
Work for solder filling down to 20 μm is already under-
way with some success. Improvement in both photore-
sist materials and the IMS processes will continue to 
make the IMS technology more useful for practical 
high volume manufacturing. 
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