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Abstract 

In this study, surface enhanced Raman 
spectroscopy (SERS) has been investigated as a non-
destructive technique for monitoring the cleanliness 
of gold surfaces following KrF excimer laser removal 
of ~2 µm-thick polyimide films. 1360 cm-1 (D line) 
and 1580 cm-1 (G line) carbon sensitive bands were 
detected in the Raman spectra of samples cleaned 
with up to 100 laser pulses at fluences in the range 
120-140 mJ/cm2. The Raman intensity ratio ID/IG 
increased with the number of pulses, indicating that 
graphite-like carbon residues were being broken 
down into smaller fragments with prolonged 
exposure. The same two carbon peaks disappeared 
from the Raman spectra of samples subjected to 
further cleaning, indicating complete removal of 
carbon residues from the surface. The results show 
that SERS is a useful in-situ, non-destructive 
technique for monitoring polyimide laser ablation 
and cleaning processes.  
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INTRODUCTION 

Polyimide (PI) has been used extensively in 
semiconductor manufacturing as an interlayer 
dielectric material for integrated circuits [1] and 
electronics packaging [2]. In recent years, with the 
emergence of microelectromechanical systems 
(MEMS), polyimide has also been employed in 
MEMS fabrication for a variety of applications, for 
example as a structural membrane layer in RF 
MEMS capacitive switches [3], a sacrificial material 
for surface micromaching [4] and MEMS assembly 
[5], and a mould material for fabrication of high 
resolution and high aspect ratio 3-D microstructures 
[6]. In most cases, polyimide is spin coated on wafers 
and patterned into structures. 

Several techniques are available for patterning 
polyimide layers, based on image transfer from a 
contact mask by wet or dry etching. Laser 
micromaching by pulsed ultra-violet (UV) ablation 
has also been used for this purpose [2]. In the 
particular case of excimer laser ablation, structures 
are typically generated  by exposing through a mask 
which might be either projected onto or in contact 
with the workpiece.  Large areas can be processed by 
translating the workpiece under the stationary laser 
beam. This requires synchronized scanning of the 
mask in a projection system. 

 Laser ablation has the advantage of being a 
single-step and environmentally friendly patterning 
process that avoids the use of wet chemicals. With 
mask projection it also allows processing of non-
planar samples, which is attractive for MEMS 
manufacturing and packaging. However, there have 
been technical challenges associated with laser 
ablation of polyimide. In particular, soot and other 
debris may be left behind in the ablated areas and 
surrounding regions of the sample. 

 Effective soot removal is a critical step in device 
manufacturing. Previous efforts to minimize soot 
accumulation have included physical ejection of 
debris by laser cleaning with an infrared (CO2) laser 
[7], and the use of suction and/or air blow-off during 
the machining process [8].   Aqueous cleaning using 
a pumice or brush scrubbing processes can be highly 
effective at removing ablation debris [2], but such 
processes increase cost and may be incompatible with 
MEMS devices that have moving parts and/or 3-D 
structures.  

To date the effectiveness of polyimide removal 
processes has been judged mainly by visual 
inspection. However, many authors have shown that 
optical inspection is insufficient to detect very thin 
organic layers. Other non-destructive analytical 
methods for monitoring the surface cleanliness have 
not been widely reported. 



Surface enhanced Raman spectroscopy (SERS) is 
a phenomenon in which the Raman scattering cross-
section of molecules adjacent to the roughened 
surfaces of metals such as silver, copper and gold is 
enhanced as much as 106 compared to its value for 
normal Raman scattering [9]. The enhancement for 
molecules more than a few molecular layers away 
from the metal surface is negligible. As a result, 
SERS is surface-selective and can be used for non-
destructive characterization of organic traces on a 
metal interface. With the SERS technique, the 
detection limit for hydrocarbons [10] has been 
estimated to be from 10 to 100 pg. 

We have successfully applied the SERS 
technique to monitor an excimer laser process for 
removing polyimide residues from gold surfaces.   
 
EXPERIMENTS 

The samples investigated in this work were 
copper interconnect studs with gold bonding layers, 
produced on silicon integrated circuit dies by a laser-
assisted bump transfer process [11]. The studs were 
initially fabricated in arrays on a quartz carrier, and 
then parallel flip-chip bonded to their respective dies. 
The bonded stud arrays were released from the 
carrier by UV laser ablaton of an intermediate 2 µm-
thick polyimide layer between the carrier and the 
metal studs. In this release process, the laser light was 
incident on the polyimide through the carrier.  

Figure 1 shows an SEM picture of a stud on an 
integrated circuit die following the transfer process. 
The disc on the top surface of the stud, marked by the 
pointer, is the remainder of the polyimide film, which 
must be cleaned away prior to subsequent processing  
i.e. before chip-to-board attachment. 

 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 

Figure 1.  Close-up SEM image of a stud after 
the transfer process. 
 
An industrial KrF excimer laser workstation, 

operating at a laser wavelength of 248 nm and a pulse 

duration of ~20 ns, was used both to release the studs 
from the quartz carrier and to post-clean the residual 
polyimide from the ends of the studs. The laser beam 
was passed through a series of elements including a 
beam homogenizer that ensured uniform illumination 
at the sample plane. The pulse energy was measured 
with an energy meter, and the fluence level was 
calculated from the measured pulse energy and the 
irradiated area.  

Release of the studs was achieved with a single 
laser pulse at a fluence of 100 mJ/cm2. This fluence 
level is higher than the ablation threshold of 
polyimide at 248 nm [8], but some way below the 
fluence level of 250-350 mJ/cm2 normally used for 
laser ablation of thick polyimide in applications such 
as printed wiring board fabrication [2]. The 
remainder of the polyimide on the studs was cleaned 
away by a series of laser pulses delivered at a 
repetition rate 10 Hz. The laser fluence and number 
of pulses were varied to achieve the cleanest possible 
surface with no visible damage on the die surface.  

A commercial micro-Raman spectrometer 
(Renishaw Raman Microprobe 2000) was used for 
monitoring the extent of laser cleaning of the 
polyimide on the stud surfaces. Raman spectra were 
excited using the 633 nm HeNe laser line at a power 
of approximately 1-20 µW. The laser beam was 
focused on the sample surface using a  50X objective. 
No polarizer was used. The beam spot size, and 
hence the size of the detection area, was estimated at 
2-3 µm. Raman signals were measured in back-
scattering geometry with a spectral accuracy of ±1.5 
cm-1 over a detecting range of 500 cm-1 to 1900 cm-1. 
Samples were tested with both extend mode and 
static mode at room temperature, with each Raman 
spectrum being collected over a 30 second 
acquisition time. Generally, five or more sites within 
an area of 50-80 µm diameter on each stud surface 
were selected for mapping tests. For samples cleaned 
with higher numbers of laser pulses, studs at different 
die sites were also compared.  
 
RESULTS AND DISCUSSION 

Figure 2 shows a Raman spectrum collected from 
a 2 µm-thick reference polyimide film, prepared on a 
quartz carrier under the same processing conditions 
as those used during stud fabrication. The spectrum is 
characterized by strong bands near 1785 cm-1, 1610 
cm-1 and 1384 cm-1, as well as the medium-intensity 
bands near 1125 cm-1 and 1169 cm-1. Referring to the 
work of J.T.Young et al [12], we assign 1785 cm-1, 
1384 cm-1 and 1125 cm-1 to imide functional bands of 
in-plane C=O stretching, axial C-N-C stretching and 
transverse C-N-C stretching respectively. These 
detected functional bands indicate that the polyimide 
was highly imidized under the curing conditions 

polyimide 



used. The bands near 1610 cm-1 and 1169 cm-1 were 
attributed to ring stretching modes of benzene rings 
in the polyimide backbone. 
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Figure 2.  Raman spectrum of a cured polyimide 
thin film standing on a quartz carrier. 

 
 

Figure 3 shows a collection of typical surface 
enhanced Raman spectra measured on metal stud 
surfaces at different cleaning stages. Compared with 
Figure 2, the characteristic bands of polyimide 
disappeared in the spectra of the laser-cleaned 
surfaces, indicating that the strong chemical bonds in 
polyimide were broken by the laser ablation process. 
This observation is consistent with the general view 
that polyimide ablation at 248 nm is associated with 
photothermal bond breaking within the polymer, with 
ablation occurring when the density of broken bonds 
at the surface reaches a critical value. Samples 
cleaned by up to 100 pulses at 140 mJ/cm2 showed 
two obvious bands near 1360 cm-1 and 1580 cm-1. 
These bands could be eliminated by increasing the 
number of pulses up to 200.  

Figure 4 shows a plot of etch depth versus 
number of pulses for 248 nm laser ablation of a 2 
µm-thick polyimide film on a quartz carrier. The etch 
rate is fast in the first few pulses but gradually 
reduces. The initial ablation rate at a fluence of 140 
mJ/cm2 is approximately 0.08  µm/pulse. Thus the 
remainder of the polyimide (about 2 µm-thick) on the 
studs should be reduced essentially to zero after 
roughly 30 pulses, with the remaining pulses acting 
only to clean the underlying surface.  

It has been reported previously that 
polymerization of carbon from the ablation plume 
may occur on the sample surface surrounding a 
polyimide ablation site, giving rise to large carbon 
clusters and solid carbon particles. Furthermore, 
some of these particles may be sucked back into the 
etched area by the partial vacuum created behind the 
driving gas [8, 13-17]. It is assumed that the two 
bands appearing in the spectra of Figure 3 correspond 

to carbon solids re-deposited in the etched area by a 
similar mechanism. Raman spectroscopy is a 
powerful technique for characterization of carbon 
materials [10], and the 1580 cm-1 and 1360 cm-1 are 
sensitive carbon bands representing the graphite (G) 
line and the disordered (D) carbon line respectively.  
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Figure 3. Experimental Raman spectra of 
samples at different cleaning stages. The 
spectra from top correspond to: 
(1) stud after 10 laser pulses at 140 mJ/cm2; 
(2) stud after 50 laser pulses at 140 mJ/cm2; 
(3) stud after 100 laser pulses at 140 mJ/cm2; 
(4) stud after 200 laser pulses at 140 mJ/cm2; 
(5) background Raman signal. 
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Figure 4.  Etch depth versus number of pulses 
for 248 nm laser ablation of polyimide thin film 
(~2 µm thickness) on quartz. 

 
Figure 5 compares Raman spectra of studs 

irradiated by 100 pulses at 140 mJ/cm2 and 120 
mJ/cm2. The 1580 cm-1 and 1360 cm-1 carbon 
sensitive bands were observed in both cases. The two 
spectra are of similar shape, with the G sand D lines 
being clearly distinguishable. Note that the D lines 
are more highly developed than in the uppermost 
spectrum of Figure 3, where the polyimide was 
exposed to only 10 pulses. 
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Figure 5.  Surface enhanced Raman spectra of 
metal studs by laser ablative cleaning at 120 
mJ/cm2 (top spectrum) and 140 mJ/cm2 (middle 
spectrum) at 100 laser pulses. The bottom 
spectrum is background Raman signal. 

 
The ratio of the peak intensities, ID/IG, is known 

to depend inversely on the size of graphite domains 
(sp2-bonded carbon clusters) [10].  Figure 6 shows 
the measured variation of the ID/IG ratio as a function 
of pulse number at 140 mJ/cm2. There was a dramatic 
difference between samples at early stages (10 
pulses) and later stages (100 pulses) of cleaning. The 
reduced size of graphite-like residues at high pulse 
number suggests that the main mechanism for laser 
cleaning of the polyimide/metal interface may be 
based on breaking of carbon-carbon bonds in large 
carbon clusters. A possible mechanism might be as 
follows.  Initially, carbon clusters are recast on the 
ablated surface, with both single crystal graphite (G 
band: 1580 cm-1) and disordered carbon (D line: 1360 
cm-1) being present. With increasing numbers of 
pulses, SP2 carbon-carbon bonds in the graphite 
structure are broken by photochemical reaction. As a 
result, the graphite domain size is reduced which 
increases the Raman intensity ratio ID/IG. This stage 
typically corresponds to laser cleaning with around 
100 pulses. With continued laser ablation, the smaller 
carbon residues are ejected to the atmosphere where 
they may react with O2 in the air to form CO 
complexes and volatile CO2. Eventually a clean Au 
surface is obtained, as observed for the case of 200 
laser pulses, in which only background spectrum was 
collected. 

For successfully cleaned samples (as verified by 
SERS measurement), we did not notice obvious 
metal (Au) bleaching on the stud surfaces. Also, there 
was no obvious damage to the aluminum bonding 
pads or the die surfaces which were passivated by 
Si3N4 dielectric material. 
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Figure 6.  Plot of Raman intensity ratio (R=ID/IG) 
versus number of laser pulses for samples 
irradiated at 140 mJ/cm2. 

 
These observations are partly in agreement with 

previous reports on excimer laser ablation for silicon 
processing [18,19]. E. Guzzo et. al reported that the 
onset of damage to aluminum is a sharp function of 
laser fluence. The damage threshold for 0.5-1 µm-
thick aluminum is larger than the polyimide ablation 
threshold under UV irradiation at 308 nm at a pulse 
duration of 20 ns [18]. On the other hand, it was 
argued that LPCVD SiN thin films on Si are likely to 
be slightly ablated or at least modified when exposed 
to a single pulse from a 126 nm Ar+ excimer laser 
with a fluence of less than 100 mJ/cm2 [19]. We did 
not notice any microscopic changes to the die 
passivation even on samples irradiated with 200 
pulses at 140 mJ/cm2 using a 248 nm KrF excimer 
laser. However, this aspect merits further 
investigation. 

 
CONCLUSIONS 

Micro-Raman spectroscopy has been used to 
evaluate a laser-ablative polyimide cleaning process. 
The results indicated that carbon clusters were recast 
on the surface during excimer laser removal of the 
polyimide layer. These residues could be cleaned 
away by prolonged laser cleaning with careful control 
of the laser fluence and number of pulses. 

In-situ laser cleaning eliminates the requirement 
for a separate and/or vigorous post-cleaning 
operation, making laser machining a more attractive 
option for polyimide processing.  As our results 
show, SERS provides an in-situ, non-destructive 
technique for monitoring this kind of process.  
 
ACKNOWLEDGEMENTS 

The authors are grateful to Dr X. Li, Dr T. 
Zhang, Dr H. Liem and Dr F.M. Liu at Imperial 
College London for their assistance and discussions 
on Raman scattering tests. Laser machining facilities 
were kindly provided by Exitech Ltd. 
 



REFERENCES 
[1]  S. Wolf, Silicon Processing for the VLSI Era, 

Volume 2: Processing Integration, Lattice Press, 
Sunset Beach, CA (1990). 

[2]  R.R. Yummala et al, Microelectronics 
Packaging Handbook, Part II: Semiconductor 
Packaging, Chapman & Hall, New York, NY 
(1997). 

[3]  R. Ramadoss et al, “Polyimide film based RF 
MEMS capacitive switches”, IEEE MTT-S 
Digest, 2002, pp. 1233-1236. 

 [4] H.J. De Los Santos, Introduction to 
Microelectromechanical (MEM) Microwave 
Systems, Artech House, 1999, pp. 118-120. 

[5] A.S. Holmes, S.M. Saidam, “Sacrificial layer 
process with laser-driven release for batch 
assembly operations”, IEEE J. Micro-electro-
mech. Syst., vol. 7, no. 4, pp. 416-422, 1998. 

[6] K. Murakami et al, “Cryogenic dry etching for 
high aspect ratio microstructures”, Proc. IEEE 
MEMS Workshop, 1993, pp. 65-70. 

[7] K. Coupland, “Laser cleaning of ablation debris 
from CO2-laser-etched vias in polyimide”, 
Applied Surface Sciences, vol. 127-129, pp. 
731-737, 1998. 

[8] J.C. Miller (ed), Laser Ablation: Principles and 
Applications, Springer-Verlag, Germany (1994). 

[9] J.G. Grasselli, M.K. Snavely, B.J. Bulkin, 
Chemical Applications of Raman Spectroscopy, 
Wiley-Interscience, New York (1981). 

[10] M.J. Pelletier, Analytical Applications of Raman 
Spectroscopy, Blackwell Science, 1999. 

[11] C.H. Wang, A.S. Holmes, S. Gao, “Laser-
assisted bump transfer for flip chip assembly”, 
Proc. Int’l Symp on Electronic Materials & 
Packaging, 2000, pp. 86-90. 

 

 

 

 

 

 

 

 

 

[12] J.T. Young and F.J. Boerio, “Non-destructive 
characterization of polyimide/copper and 
polyimide/gold interphases using surface-
enhanced Raman scattering and reflection-
absorption infrared spectroscopy”, Surface and 
Interface Analysis, vol. 20, pp. 341-351, 1993. 

[13] W.R. Creasy, J.T. Brenna, “Laser carbon cluster 
ion formation by laser ablation of polyimide and 
graphite”, Chemical Physics, vol. 126, pp. 453-
468, 1988. 

[14] C.E. Otis, “Detection of netural products formed 
during excimer laser ablation of polyimide by 
UV and VUV laser photoionization/mass 
spectrometry”, Applied Physics B, vol. B49, pp. 
455-461, 1989. 

[15] E.E.B. Campbell, G. Ulmer, B. Hasselberger, 
I.V.Hertel, “Investigation of positive and 
negative ionic products from laser ablation of 
polyimides”, Applied Surface Science, vol. 43, 
pp. 346-351, 1989. 

[16] S. Küper and J. Brannon, “Ambient gas effects 
on debris formed during KrF laser ablation”, 
Applied Physics Letters, vol. 60, no. 13, pp. 
1623-1635, 1992. 

[17] K. Shibagaki, N. Takada, K. Sasaki and K. 
Kadota, “Production of carbon clusters by laser 
ablation of polymers in vacuum”, J. of Appl. 
Phys., vol. 91, no. 4, pp. 2449-2454, 2002. 

 [18] E.E. Guzzo and J.S. Preston, “Laser ablation as 
a processing technique for metallic and polymer 
layered structure”, IEEE Trans. Semiconductor 
Manufacturing, vol. 7, no. 1, pp. 73-78, 1994. 

[19] M. Ohmukai, “Excimer laser irradiation of 
Si3N4 films deposited on Si”, J. Appl. Phys., vol. 
83, no.7, pp. 3556-3559, 1998. 


