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ABSTRACT

Thin film head devices used for magnetic read/write

technology have become a major driving force for
advances in high performance data storage systems,
such as high capacity hard disk drives. Thin film

heads (TFH) are produced using planar technologies
similar to integrated circuit (IC) manufacturing. The

lithography processes inherent in the manufacturing
of TFH devices provide unparalleled challenges due

to a number of process factors: photoresist thickness
as thick as 40 microns, topography of 20 microns or
larger, extreme substrate reflectivities from metal

plating processes and image aspect ratios as large as
6: 1. These challenges, although different than those

for submicron lithography, are of comparable
difficulty. And unlike thin photoresist applications
for IC manufacturing, which typically use less than

two micron films, lithographic modeling and
characterization has been limited for thick film

applications. This study elucidates some of the
photoresist properties required for successful
lithography in thick photoresist materials. A rel-
evant example is that conventional models for

development of a polymer film are inadequate for
thick photoresists due to an observed developer
macro/micro disparity. This is speculated to be

caused by developer loading effects and polymer
dissolution kinetics. Another concern is the optical
transparency of the photoresist film, where increas-

ing film thickness can have profound effects on
lithographic performance from bulk and interfer-
ence effects.

The performance of several commercially avail-

able photoresists is examined to gain insight into the
effects optical and dissolution properties have on
industry standard process metrics. This includes

examining how small changes in photoresist proper-
ties are manifested in these process metrics. The
impact of increasing film thickness is characterized

for bulk development properties, exposure latitude,
sidewall angle, focus latitude, exposure sensitivity,
and develop time. The adequacy of lithographic
models is determined by comparison of experimen-
tal results to simulation predictions. The tradeoffs
between various parameters is reviewed and com-

pared to process requirements for thin film head
lithography.

INTRODUCTION

Advances in computers systems are typically

associated with new generation microprocessors and
higher densities of dynamic access memory
(DRAM) circuits. However, the performance of

computers is also critically dependent on the
associated mass storage systems. These systems are
typically high capacity hard disk drives which
provide rapid access to stored data. Manufacturers

are requiring higher capacity and faster hard drives
for advanced operating systems2, as well as high
capacity, small hard drives for the evolving note-
book and sub-notebook computer'. The disk drive
storage capacity per unit of platter area cannot be

increased without improvements in magnetic
recording media and read/write head technologies I.
A description of the functional operating character-
istics of TFH devices is detailed elsewhere2,3A.

Extensive effort has been directed towards

enhancing the design and manufacturing of read/
write heads. Advanced read/write heads are manu-

factured on ceramic substrates using planar tech-
nologies similar to semiconductor devices, and this
class of devices is referred to as thin film heads

(TFH). Figures I and 2 display the cross section and
top view of a thin film head device on a ceramic
substrate5. Two of the crucial features of this

devices are copper coil layers and the upper mag-
netic pole layer.

Many of the critical issues for TFH fabrication are
directly related to the lithography process. For
example, the large topography present in the typical
head. requires the use of photoresist films over 10
microns thick with associated large expose doses.
This results in a loss of control in linewidth due to

variations in photoresist thickness in excess of 50%
in the area of a large steps. Slopes in a thick pho-
toresist film also reduce the CD control. The bulk

effect of the photoresist reduces the effective dose at
the bottom of the film and combines with the

isotropic wet development process to produce
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sloped profiles5. An additional factor which impacts

CD control is the high reflectivity of the plated
metal films which can result in standing wave
phenomena.

The semiconductor industry has made extensive
use of lithography process modeling to reduce

required experimental work and to obtain a better

fundamental understanding of complex problems.
For example, broadband i-line lithography6 and

deep UV excimer lithography? have been modeled
using the simulation package PROLITH/2@. These
semiconductor processes involve substantially
smaller geometries and thinner photoresist films
than TFH processes. However, the photoresist

. height to linewidth aspect ratios for the TFH process
are actually larger than those in the semiconductor
industry, suggesting the lithographic problems are
just as challenging. Clearly, TFH lithography could
benefit from process modeling for the same reasons

it is used in semiconductor processes.

Photoresist dissolution has been extensively
studied for thin film photoresist applications8.

However, it is not clear that the existing thin film
models will be adequate to describe the behavior of
the thick photoresist films used for TFH. The
purpose of this study is to experimentally evaluate

commercially available photoresists and compare
the resulting industry standard metrics to the model

results. The effects of various modeling parameters
were evaluated to determine how photoresist

materials could be improved for TFH applications in
the future.

PROCESS SIMULATION

Process simulation and modeling techniques have

demonstrated significant success in predicting the
behavior of optical lithography for semiconductor
processes with photoresist thicknesses below two

microns. An extension of these same principles and

methods can be applied to the lithographic pro-
cesses for TFH technology. This approach can
provide tremendous insight into the crucial photore-
sist properties that are needed for successful process

requirements in TFH applications. The lithography

simulatorPROLITH/2@,a secondgenerationoptical
lithography model, was used for all calculation
activities in this work. The imaging system modeled
is a Ultratech Stepper 1700, which was specifically
designed for TFH lithographic applications.

Factorial Simulation Experiment

An effective and efficient approach to characteriz-

ing multi-factor systems is the use of experimental
design methodologies9. For this study, three pho-

toresist model parameters were varied in a full
factorial design scheme. These are the photoresist
absorption parameter A (J.lm-I) and two develop
model parameters: the developer selectivity n, and
the maximum development rate R (nm/sec) frommax

the Mack develop modellO.The corresponding low
and high values are listed in table 1. The ranges
were selected to correspond to typical values

encountered in high contrast g-line photoresists.

This scheme allowed a series of theoretical photore-
sists to be examined to analyze the effects of

different parameters. A total of eight unique simula-
tion trials were run, where each trial was a focus/

exposure matrix characterization of both photoresist
critical dimension (spacewidth) and sidewall angle.

The remaining modeling parameters were assigned
as shown in table 2. These settings were based on

the lithography system, substrate type and standard
photoresist properties. A focus window of 16
microns was used as the criterion on a 4 micron

spacewidth for all simulation conditions.

As previously noted for TFH processing, a
particularly crucial lithography process level is the

top pole. The complexity of this level is exacerbated
by the extreme topography which is encountered.

This requirement is driven by photoresist thickness,
photoresist thickness coating variations, and the
severely varied substrate topography.

In order to study the focus window for a 16

microns depth-of-focus process, three separate
defocus conditions were examined: -3.3 microns,
-11.3 microns and 4.7 microns. The -3.3 micron

defocus corresponds to the isofocal point for a 10
micron film, or a focus 1/3 of the distance into the
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film. The remaining focus settings of -11.3 and 4.7

were then selected symmetrically around the isofocal

setting. Expose ranges for the focus/exposure matrix
were varied from 200 to 3000 mJ in either 50 or 100

mJ increments. These conditions provided a broad
view of the process window at each unique photore-
sist condition.

The required exposure dose to achieve a nominal

mask space width of 4.0 microns (dose to size) was
detennined for each simulation at the -3.3 micron

defocus, which will be shown to represent best
focus. Figures 3 and 4 display contour plots of the
behavior of dose to size as a function of A and n for

the two conditions of R equal to 50 and 200 nm/max

sec respectively. In both cases, it is evident that

increasing A and increasing n result in larger dose
to size values. For the extreme conditions of A

equal to 1.1 and n equal to 6.0, dose to size require-
ments are in the 2000 mJ/cm2 range, which is a four
fold increase from the 250 mJ/cm2 requirement
where A is 0.4 and n is 1.5. However, a comparison
of figures 3 and 4 reveals the impact of R is lessmax

important with both contour surfaces appearing
similar.

Four additional process response metrics were
used for optimizing the photoresist factors studied
in the factorial design:

1. Exposure latitude
2. Sidewall angle
3. Exposure latitude
4. Sidewall angle

-3.3 microns defocus

-3.3 microns defocus

-11.3 microns defocus

-11.3 microns defocus.

These results are summarized in table 3. Note that

exposure latitude was defined using a:t 10%
spacewidth criteria (3.6 to 4.4 microns) for each
trial. Sidewall angle responses are based on condi-
tions of dose to size.

Exposure process latitude and sidewall angle are
maximized at the process conditions where A is 0.4,

n is 6.0 and R is 200 at either focus setting. It ismax

clear that the poorest exposure latitude and lowest
sidewall angle occurs where A is 0.4 and n is 1.5 for
both R values. All the conditions where Amax

equals 1.1 have comparable exposure latitude in the

range of 81 to 100% and sidewall angles of 83 to 86
degrees at -3.3 microns defocus.

It is also useful to look at spacewidth as a function

of nonnalized exposure for a range of focus set-

tings. Nonnalized exposure dose was defined as
exposure dose divided by dose to size at -3.3
microns defocus. The development times are

proportional to the photoresist thickness using the

relationship specified in table 2. Figure 5 displays
three extreme conditions of the factorial design

space:

(a) Minimumlatitude A=0.4 n = 1.5
(b) Maximumlatitude A =0.4 n =6.0
(c) Maximumvalues A = l.l n =6.0

R =50
max

R =200
max

Rmax =200

which are shown in figures 5(a), 5(b) and 5(c)

respectively. A comparison of Figures 5(a) and 5(b)
reveals that increasing the developer selectivity n
from 1.5 to 6.0 and R from 50 to 200 improvesmax

the exposure latitude and the focus latitude over the
16 micron focus range. It is also apparent that at the
low value of n , the spacewidth control at nominal
exposure conditions is limited. This suggests that

improved spacewidth control occurs during overex-
posed conditions (25% above nonnalized exposure),

but this requires a size bias in excess of 0.5 microns.
These bias effects are reduced with the increase in n

to 6.0 and R to 200. The impact of increasing themax
A value from 0.4 to 1.1 can be seen by comparing
figures 5(b) and 5(c). While comparable exposure
latitude occurs for these conditions, it should be

noted that there is a large penalty in exposure dose
(750 versus 2400 mJ/cm2). A general feature of all
the nonnalized plots is the best exposure latitude is
at -3.3 microns defocus and poorest exposure
latitude is at -11.3 microns defocus.

Sidewall angle profiles for minimum latitude,
maximum latitude and maximum values are shown

in figures 6(a), 6(b) and 6(c) respectively. As was
seen for exposure latitude in figure 5, the focus
setting of -3.3 microns provides the highest sidewall
angle. These results offer further support for the
ranking of the three process conditions from figure
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5. Again, inferior performance occurs for A equal to
0.4, n equal to 1.5and R equal to 50. Figure 6(c)max

shows an interesting enhancement of sidewall angle

with overexposure for -3.3 microns defocus. In
contrast, the defocus settings of -11.3 and 4.7
microns are relatively flat at 82 and 78 degrees.

These values are nearly similar to the defocus
conditions for figure 6(b).

Photoresist Thickness Effects

TFH processes require the use of a broad range of

photoresist thicknesses due to the variety of topog-
raphy encountered during manufacturing. In order
to determine the effect of thickness on lithographic

performance, photoresist thicknesses of 2, 5, 10 and
20 microns were examined at the conditions A equal

to 0.4, n equal to 6.0 and Rmax equal to 200.

Figure 7 shows space width as a function of
normalized exposure at the isofocal condition for

each photoresist thickness. It is interesting to note
that the 2, 5 and 10 micron thicknesses show very

similar results. However, the 20 micron phot~resist
shows a much smaller process window. This

suggests that bulk film effects may be playing a
significant role in this very thick photoresist film.
Similarly, sidewall angle profiles as a function of
normalized exposure are shown in figure 8. It is

apparent that there is a degradation in sidewall angle
with increasing photoresist thickness. This would be
expected due to developer loading effects and the
optical transparency of the thick films.

EXPERIMENT AL PROCEDURES

Two commercially available photoresist products,
Hoechst Celanese AZ 4000 and Shipley STR 1000
were examined for their develop rate behavior,
focus/exposure process windows and photoresist

profiles. Both materials are specifically designed for
thick photoresist applications. A high viscosity
formulation of the AZ series, P 4620, was used for

studying the 5 and 10 micron thickness regimes

while P 4110 was used for 2 micron processes. A
high viscosity formulation of the STR series, 1075
(44% solids) was used for 10micron thickness

regime, 1045 (38% solids) was used for the 5
micron regime and XP 90190 (21% solids) was used
for the 2 micron processes.

An Ultratech Stepper model 1500 was used for all

experiments. The projection optics are based on the
Wynne-Dyson-Hershellx lens design, with broad-
band illumination of the g and h mercury lines

including the continuum from 390 to 450 nm. This
system supports both a variable NA and partial
coherence capability. A numerical aperture of 0.24

and partial coherence of 0.85 was used for all tests.

The photoresist coat and softbake processes were
performed on an Solitec 5110C track system. Static

dispense techniques were used for all photoresist
coating applications. Note that the spin time,
acceleration and spin speed were intentionally

varied in the experimental designs to achieve the
desired film thickness.

Softbake processing was performed on either a
Blue M convection oven or a MTI Flexifab hot plate

bake system. For the AZ photoresist, a 1050 C 45
minute convection bake was used while the Shipley

STR used a 1000 C 90 second hot plate bake.

Photoresist development processing was per-
formed using a batch immersion method with

constant agitation at toom temperature. The AZ
4000 series photoresist was developed using AZ
400K developer mixed in a 5: 1 ratio with dionized
(01) water, which provided a 0.23 N solution. The

Shipley STR 1000 series photoresist wa:s developed
using premixed Shipley 452 developer.

EXPERIMENT AL RESULTS

Develop Rate Results

The develop rate characteristics for the two families
of photoresists were measured at 2, 5 and 10 micron
thicknesses. Develop rate data was determined

using standard open frame dose clear methods
(contrast curves). A range of 50 to 650 mJ/cm2
exposures in 15 mJ increments were used for each

case. This rangeof exposureswasrepeatedfor a
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matrix of develop times. For the 2 micron film
thicknesses, develop times of I to 4 minutes in half

minute steps were performed. Develop times of 2,
2.5,3,3.5,4,4.5,5,6 and 8 minutes were per-

formed for the 5 micron photoresist thicknesses,
while develop times of 3,4,5,6, 7, 8,9, 10 and 12

minutes were used for the 10 micron photoresists.
Resulting film thicknesses were measured using a

Nanometrics Nanospec /AFf model optical film
thickness system.

Photoresist develop rates were then calculated for

each exposure energy from film thickness versus

develop time rate curves. This provided an effective
average develop rate for a given film thickness and

exposure dose. A corresponding average Photo
Active Compound (PAC) concentration was then

determined for the various exposure energies and

film thicknesses. Photoresist development rate
versus relative PAC is shown in figures 9 and 10 for

the AZ 4000 family and Shipley STR 1000family
photo resists respectively. Initial film thicknesses of

2,5 and 10 microns are shown in graphs (a), (b) and
(c) respectively.

The develop rate model proposed by Trefonas and
Mack was fit to the experimental data shown in
figures 9 and 10 [10]:

Rate =R (1 - e-EC) n + R .max mm

where R is the maximum develop rate of fullymax

exposed photoresist, R . is the unexposed developmln

rate, n is the developer selectivity, E is the exposure
dose and C is the effective photoresist rate constant.
The term e-ECis equivalent to the relative PAC
concentration [10], hence equation (1) can be fit to
the experimental results to determine the develop
rate parameters.

The develop rate parameters determined from the

regression analysis are shown for each photoresist
thickness next to the individual graphs in figures 9
and 10. For the AZ 4000 family of photoresists, the
experimentally determined Rmax values were found
to be on the order of 30 to 60 nm/sec. The value for

the STR 1000 family was slightly higher around 60

to 75 nm/sec. Note that the exposure doses used in
the experiment did not fully encompass high PAC
conversion for the thicker photoresist case of 10

microns. One clear trend of the develop rate behav-

ior with increasing film thickness is an apparent

steepening of the rate versus relative PAC concen-
tration.

One of the large differences between the two
photoresist products is the n value. The STR 1000

family shows n values of approximately 4.5 to 5.0
while the AZ 4000 family has n values around 1.2
to 2.5. Based on the factorial simulation experi-

ments, the higher n values of the STR 1000 family
should provide enhanced exposure latitude and
focus latitude compared to the AZ 4000 family.

Focus/Exposure Results

(1)

Cross sectional SEM analysis was used to evaluate
the quality of 4 micron line and space patterns in 10

microns of photoresist as a function of focus. The
results for AZ P 4620 and STR 1075 are shown in

figures 11 and 12 respectively. It is apparent that the

STR 1075 shows better CD control over a larger
range of focus than the AZ P 4620. This is not
surprising considering the differences in n values
detemiined for STR 1075 and AZ P 4620 in the

previous develop rate analysis. It is interesting to
note that both photoresists show a "milk bottle"

profile for large negative defocus. Since in many
cases the processing applications in TFH involve
plating of only one-half the photoresist film thick-
ness, the "milk bottle" profile associated near the
top of the profile is not critical. The results also
confirm the model simulations that large negative
defocus should have the poorest exposure latitude.

Complete SEM analysis was performed to collect

CD data as a function of both focus and exposure
for both photoresist products. Bossung plots for a 4
micron spacewidth in 10 microns of AZ P 4620 and

STR 1075 are shown in figures 13 and 14 respec-
tively. The AZ P 4620 results show a large variabil-

ity in CD as a function of focus suggesting a poor

process latitude. A narrow exposure range around

575 mJ/cm2appearsto provide about II microns
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focus within a :tlO% CD window. In contrast, the

STR 1075 shows a very fiat CD response across

focus. Exposures ranging from 625 to 725 mJ/cm2
provide greater than 16 microns depth of focus
within a :t I0% CD window.

DISCUSSION AND CONCLUSIONS

TFH processing offers lithographic challenges just as

severe as those encountered in submicron lithography
for semiconductor manufacturing. The top pole level
is a particularly challenging lithographic process. At
that level, the resulting image aspect ratios are as
high as 3: I and require critical alignment in a thick
photoresist film to the bottom pole. Clearly, TFH

lithography can benefit from process modeling to
address these complex processing issues.

This study has demonstrated that the thick pho-

toresist films used for TFH processing can be
effectively modeled using lithography simulators
such as PROLITH/2@. A full factorial design

methodology has shown the importance of the
photoresist absorption parameter A (~lm-l) and the
developer selectivity n in determining lithographic
performance. High values of n provide increased

process latitude while low values of A reduce the
required exposure energy. Photoresist thicknesses
effects were also studied and show that normalized

process latitude decreases for extremely thick films.
This appears to be a bulk absorption effect in
combination with a developer loading phenomena.

Experimental results were obtained for two
commercial photoresist products, Hoechst Celanese
AZ 4000 and Shipley STR 1000. Develop rate

results show a large difference in the n value
between these two materials. The cross sectional

SEM analysis and Bossung plots for 10 micron
films indicate that the STR 1000 family has a larger
focus and exposure margin than AZ 4000. This
supports the simulation predictions of the impor-
tance of developer selectivity n in lithographic
performance.
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TABLE 1. Factorial design conditions used for process simulation studies.

TABLE 2. Simulation parameter values held constant for process simulation studies.

48

Factor Low HiQh

Absorption Parameter A (Jlm-1) 0.4 1.1

Developer Selectivity n 1.5 6.0

Maximum Develop Rate Rmax(nm/sec.) 50 200

Parameter SettinQ

Optical System numerical aperture 0.24

Partial coherence 0.85

Illuminationbandwidth nm 400 -440

Photoresistparameter A (Jlm-1) varied

Photoresistparameter B (Jlm-1) 0.05

Photoresist parameter C (cm2/mJ) 0.016

Index of refraction 1.65

Substrate tvpe silicon

PES Diffusion lenath 0

Maximum Develop Rate: Rmax(nm/sec) varied

Minimum Develop Rate: Rmin (nm/sec) 0.1

Developer Selectivitv n varied

Threshold PAC concentration mth -10

Develop time (sec) 6* Photoresistthickness/ (Rmax)



TABLE3. Process response values from factorial design simulation.

49

A n Rmax -3.3 microns defocus -11.3 microns defocus

Exposure Sidewall Exposure Sidewall

Latitude (%) Angle Latitude (%) Angle

0.40 1.50 50 40 82 20 75

0.40 1.50 200 50 82 24 75

0.40 6.00 50 100 85 42 79

0.40 6.00 200 140 85 57 79

1.10 1.50 50 81 83 34 75

1.10 1.50 200 89 83 37 75

1.10 6.00 50 100 84 48 78

1.10 6.00 200 95 86 13 78



Coil

Upper magnetic layer (pole)

FIGURE 1. Cross section of a thin film head on a ceramic substrate.
Reference J.S. Gau [5].

Coil

Upper magnetic layer

FIGURE 2. Top view of a thin film head on a ceramic substrate.
Reference J.S. Gau [5].
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FIGURE 3. Contour plot of dose to size as a function of A and n for Rmax equal to 50.

Photoresist 0.7
Absorption
Parameter A 0.8

0.9

0.4

0.5

0.6

1

1.1
I I I I I I I I I I

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

Developer Selectivityn

FIGURE4. Contour plot of dose to size as a function of A and n for Rmax equal to 200.
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Figure 5a

Figure 5b

Figure 5c
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through 16 microns defocus in a 10 micron photoresist film. Three different process
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-Figure 6. Simulation results of sidewall angle versus normalized exposure dose through

16 microns defocus in a 10 micron photoresist film. Three different process conditions

of A, nand R are illustrated for a 4 micron spacewidth.max
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Figure 7. Simulation results of a 4 micron spacewidth
versus normalized exposure (%) for film thickness of
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Figure 8. Simulation results of sidewall angle versus
normalized exposure (%) for film thickness of 2,5,10 and
20 microns.
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Figure 10. Plots of photoresist development rate versus relative PAC concentration and

development rate parameters for Shipley STR 1075 series photoresist at three different

film thicknesses (top: 2 microns, center: 5 microns, bottom: 10 microns).
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Figure 11. Depth-af-focus of 4 micron lines and
spaces in 10 microns of AZ P4620 photoresist.
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Figure 12. Depth-of-focus of 4 micron lines and
spaces in 10 microns of STR 1075 photoresist.
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