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Thermal Analysis of Positive Photoresist Films by

Mass Spectrometry

Abstract: Mass spectrometry is used to monitor the effect of temperature on positive photoresist and its two major components, a
base resin and a photoactive compound. This technique is also used to identify the photolytic products of photoresist by exposing it in
situ to ultraviolet radiation and to identify the resulting volatile products when it is heated after exposure. Quantitative data are ob-
tained for the two major thermal products of photoresist, and the activation energy is calculated for the thermal degradation of the pho-

toactive compound.

Introduction

In the coating of solid films of positive photoresist, the
prebake temperature is an important processing parame-
ter in controlling not only the thickness and uniformity
of the resist film but also its response to ultraviolet ra-
diation exposure. Dill and Shaw [1] demonstrated that a
decrease in film thickness occurred as a function of in-
creasing bake temperature. A constant thickness plateau
was reached, for each of three temperatures, that was
independent of further bake time. They also demonstrat-
ed that prebake processing can destroy the optical
sensitivity of the resist. A prebake of 100°C for one
hour, as compared to a 70°C prebake, destroys 50 per-
cent of the optical sensitivity of the resist, and a 130°C
prebake destroys 97 percent of this sensitivity. The de-
crease in thickness at increasing prebake temperatures
was hypothesized as being due not only to residual sol-
vent loss but also to volatile products released during
the thermal degradation of the photoresist.

A post-exposure bake process [2], i.e., a bake step in-
serted before development of the exposed image, re-
cently has been used to reduce the standing wave fringes
that occur in developed resist patterns when monochro-
matic light is used in the exposure. When a low prebake
of 70°C is accompanied by a high post-exposure bake of
100°C, a diffusion of exposure products results in an
almost total reduction of these fringes. A bake after
exposure also results in the visualization of the exposed
image, which prior to this process had not been discern-
ible to the eye.

No information is currently available on what vapor
species are released during the prebake or post-exposure
bake treatments and on the temperature range in which
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they are significant. Further, no kinetic data exist on
the reactions involved that would permit optimization in
the processing of photoresist films. We therefore decided
to examine in detail the thermal and kinetic properties of
the photoresist system by applying a mass spectroscopic
technique developed at this laboratory by M. A. Frisch
[3]. In addition to these studies, we also hoped to gain
insight into the possibility of using this mass spectro-
scopic technique for a quantum yield measurement, by
exposing the photoresist to ultraviolet light in the mass
spectrometer and monitoring the volatile exposure prod-
ucts.

Experimental techniques

The photoresist investigated is Shipley AZ1350J [4] (Lot
No. A30036J), a positive resist composed of approxi-
mately 20 = 2 weight percent photoactive compound (a
diazo oxide), to which we refer as PAC, and the remain-
der a photolytically stable resin (a cresylic acid-formal-
dehyde Novolak polymer). These resist constituents are
dissolved in a solvent system consisting of 70 percent
Cellosolve acetate (2-ethoxy-ethyl acetate, b.p. 156°C),
11 percent n-butyl acetate (b.p. 126°C) and 19 percent
xylenes (b.p. 138° to 144°C). This photoresist was fur-
ther diluted 2:1 with this same solvent system, Ship-
ley AZ thinner [4], and spin coated on silicon substrates
0.9 cm diameter. Thickness measurements were made
before and after mass spectral analysis utilizing IOTA, a
computerized spectrophotometer [5]. Before in-situ ther-
mal analysis and exposure to ultraviolet radiation, the
samples were degassed overnight at 3 X 10™° Torr (4 X
107 Pa).
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Table 1 Major mass peaks and their relative intensities. Data
are cited relative to the largest peak, m/e = 43.

Type of sample: relative intensity

Major Cellosolve Cellosolve Group | Group 11
peak,  acetate® acetate®  coated wafer coated wafer
m/e (no prebake) (prebake)
29 24 24 10 10
31 34 39 30 26
43 100 100 100 100
44 25 25 28 23
45 12 10 12 12
59 30 31 44 39
72 28 21 20 19

*Index of Mass Spectral Data [8].
"Registry of Mass Spectral Data [9].

The mass analysis is performed on a computer con-
trolled, high-temperature mass spectrometer system
(HTMS) [6], equipped with a Knudsen effusion cell.
When a solid sample is heated in this cell a molecular
beam is produced which effuses through the cell orifice.
For this application a special molybdenum Knudsen cell
was fabricated. A nickel-chrome heater, encapsulated in
an electrically insulated jacket, was wound tightly
around the cell circumference. This construction provid-
ed the required close coupling of the power source to the
cell walls for precise temperature control. The inside
bottom surface was ground flat to insure good thermal
contact of the photoresist coated silicon wafers with the
cell. The Pt + 10 percent Rh vs Pt thermocouple, used
for both temperature measurement and control, is se-
cured in the center of the cell bottom within one mm of
the sample. The thermocouple voltage is read on a
Leeds and Northrup precision digital voltmeter provid-
ing 100 nV resolution. The cell orifice, approximately
one mm diameter and five mm in length, has a conduct-
ance of 27 cc/s for nitrogen at 400 K. The volume of
the cell is 1.3 cc, which gives a characteristic pumping
time of 0.05 s. This residence time is sufficiently small to
provide faithful representation of the reaction process
even at high reaction rates, permitting use of the ion sig-
nals directly without differentiation. The molecular beam
effusing through the cell orifice is modulated at 20 cps
before entering the ion source of a quadrupole mass
spectrometer. The mass spectra are obtained using a
low ionizing energy of 30 volts to minimize the contribu-
tion of the more highly fragmented ions to the spectra,
while maintaining nearly full signal sensitivity for the
major ion peaks. The spectrometer is in a differentially
pumped ultrahigh vacuum chamber (<107 Torr) hav-
ing minimum background interference. The coherent ion
signal, arising from the vapor species in the Knudsen

J. M. SHAW, M. A. FRISCH, AND F. H. DILL

cell, is derived from computer demodulation of the ion
pulses, obtained from two separate 100-MHz scalers,
gated to count in and out of phase, respectively, with the
interruption of the beam. An IBM 1800 computer con-
trols all essential operating parameters of the system;
namely, mass range, mass position, electron energy, and
ion energy of the mass spectrometer; integration time,
scalar readout of the ion counting subsystem, and digital
voltmeter set point and readout of the temperature mea-
surement and control subsystem.

The mass spectrometric technique has several limita-
tions. It is a destructive method which thermally decom-
poses the sample to be analyzed. This sample must be
stable at room temperature and present in sufficient
amount to give large enough ion signals for identifica-
tion. In the HTMS mass spectrometric system used in
this analysis, 10 to 100 nanograms of the specimen ma-
terial was sufficient, depending on the cracking pattern
of the molecule. Also the temperature controller used in
heating the sample must be stable and reproducible. The
HTMS is capable of scanning a temperature range from
room temperature to 800°C at a minimum rate of
0.1°C/min up to a maximum rate of 16°C /min.

The ultraviolet source used to expose the photoresist
was a Hanovia high-pressure mercury arc in which the
strongest line occurs at 365 nm. The molybdenum cover
of the Knudsen cell was replaced with a quartz disk to
permit direct illumination of the photoresist sample
through the vacuum viewport. The total absorption
through these windows was less than 10 percent in the
region 330-3000 nm. The total absolute light intensity
(330-1300 nm), measured in the plane of the silicon sub-
strate with a radiant fluxmeter, was 0.25 mW /cm®.
Throughout the course of these experiments, care was
taken to protect all samples from extraneous ultraviolet
and infrared irradiation by placing suitable filters over
the viewports on the vacuum system.

The photoresist coated wafers were divided into three
groups. Group I includes all samples that were not pre-
baked. These retain residual solvent, although a certain
amount of solvent loss (approximately three percent of
the film weight) occurs in the overnight degassing pro-
cess in the HTMS. The wafers were gradually heated
from 25°C to 170°C at a rate of 1°C/min while the unit
masses 12-250 were repetitively scanned every 112 s.
Group I wafers were first prebaked in a circulating air
oven at 70°C for 1/2 hour and then analyzed as above.
The Group IIT wafers include two prebaked samples
that were exposed to ultraviolet radiation while the re-
sulting volatile products were simultaneously monitored.
The first of these samples was exposed to ultraviolet for
40 min and subsequently heated in the mass spectrome-
ter at a preprogrammed rate, as described above. The
second wafer was exposed only to radiation and four
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Table 2 Percent thickness loss of photoresist after prebake and after thermal mass analysis.

Group I (no prebake)

Type of sample
Group 1l (prebake)

Initial thickness (A) 7201
Loss after prebake, percent N.A.
Loss after thermal analysis, percent 20.0
Total loss, percent 20.0
Weight loss ratio, thermally 1:10.7

produced N, to Cellosolve
acetate

16935 6973 7204 7744
N.A. 9.8 7.2 10.5
23.2 11.2 12.8 11.1
23 21.0 20.0 23.1
1:11.6 1:68 1:65 1:7.0

ions (mass peak 12, 14, 18, 28) were scanned every
40 s to examine in more detail the photolytic decomposi-
tion of the photoactive compound.

In addition to our study of these wafers, we also ana-
lyzed the two solid components of the photoresist mix-
ture. The first was a purified sample of the photoactive
compound (I1-0x0-2 diazo-naphthalene-5-sulfonic acid
ester of trihydroxyarylphenone) and the second was a
sample of the resin (cresylic acid-formaldehyde Novo-
lak polymer) [7]. This resin was purified by heating in a
vacuum at a temperature higher than that employed in
this study. Each sample (approx. one mg) was weighed
in a tungsten cup, analyzed in the same Knudsen cell
under conditions identical to those employed with the
photoresist films, and later reweighed to obtain weight
loss data for absolute calibration of the integrated ion
signals. The cover of the Knudsen cell was also weighed
to determine that no material had condensed on the
cooler surface. The precision in these weight measure-
ments was better than five ug. The typical results report-
ed below were data acquired from multiple reproducible
sample analyses.

Results

e Mass analysis of thermal products of photoresist films
Of the masses scanned, only those ions associated with
Cellosolve acetate and nitrogen were observed in signifi-
cant quantities. Thus Cellosolve acetate is the only resid-
ual solvent in the photoresist films. No trace levels
could be detected for the other solvent constituents, n-
butyl acetate or xylene, and we assume that these more
volatile components of the solvent system were removed
either in the initial prebake or during the overnight degas
procedure. Our identification of Cellosolve acetate as
the major product was confirmed by comparison with
data in The Index of Mass Spectral Data [8] and a com-
puterized search of the Registry of Mass Spectral Data
[9]. Table 1 compares the published spectra of Cello-
solve acetate with Group I (no prebake) and Group 11
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(prebake) photoresist samples. The major mass peaks
are tabulated relative to the largest peak (base) appear-
ing in the spectrum (m/e = 43). The major discrepan-
cies are reflected in the more highly fragmented species
(e.g., m/e = 29) because of the difference in ionizing
energy used in the HTMS at 30 v and that reported in
the literature at 70 v. Table 2 summarizes the percent
thickness loss after both the prebake and thermal mass
analysis, and the resulting ratio by weight loss between
the thermally produced nitrogen and the Cellosolve ace-
tate.

The source of the signal at m/e = 28 is believed to be
due only to nitrogen gas arising from the thermal de-
composition of the PAC. No significant CO contribution
could be detected, as evidenced by the absence of the C,,
fragment. The purified PAC, described in a later section,
was 100 times larger than the concentration in the photo-
resist films, and the mass spectra displayed no in-phase
signal at m /e = 12. This observation lends support to our
interpretation that no CO is generated because of the
thermal decomposition of PAC in the resist film. How-
ever, we did observe a measurable signal for the N
species in the correct abundance ratio of approximately
one percent, which confirms our nitrogen assignment.
The detection of nitrogen as the only gaseous decomposi-
tion product of PAC suggests a thermal mechanism iden-
tical to the photolytic mechanism suggested by Sus et al.
[10] in the following reaction:

0 0
| /Nz |
LN [+ N,—> =C=O
R R
(D

(2)

Because no other volatile species, specifically CO and
CO,, were detected, we assume the unstable carbene(1)
or ketene(2), postulated in the above reaction, must
form new products that are thermally stable up to
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Figure 1 Evolution of Cellosolve acetate and nitrogen vs tem-
perature, in °C. (a) Without prebake. (b) With prebake.

170°C, the maximum temperature of our measurements.
A paper by Yates and Robb [11], in which they studied
the thermal decomposition of diazo oxides in solution,
supports this conclusion. When a naphthalene-2,1-diazo-
oxide was refluxed in a xylene solution, a dimer was iso-
lated in high yield which represented the reaction be-
tween a thermally produced carbene and ketene.

Figure 1(a) (no prebake) and 1(b) (prebake) are
plots of the base peak of Cellosolve acetate (m/e =43)
and the parent ion of nitrogen (m/e = 28) vs tempera-
ture °C. To better illustrate the evolution of Cellosolve
acetate and nitrogen as a function of sample tempera-
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ture, all peaks have been normalized to 100. However,
the Cellosolve acetate signal is 10 times greater than ni-
trogen for the no-prebake sample, and six times greater
for the prebake sample. The signal at m/e = 28 was cor-
rected for a small contribution (1.4 percent) of the m/e
= 43 intensity from the fragmentation of the Cellosolve
acetate. As can be seen for the no-prebake sample, the
Cellosolve acetate evolves continously between 50° and
160°C, reaching a maximum rate at 65°C. In the case of
the prebaked wafer, the evolution of Cellosolve acetate
occurred between 70° and 160°C, reaching a maximum
rate at 98°C. The shape of these peaks, in particular for
the prebaked film, indicates that there exist at least
three overlapping binding energy states, each of these
having a different activation energy. At high concentra-
tions of Cellosolve acetate, where excess solvent mole-
cules are loosely bonded to the PAC or resin, only low
temperatures are required to remove these molecules.
However, as the solvent concentration decreases, in-
creasingly higher temperatures are required to remove
the molecules strongly bonded to the resist system. The
shift in the peak desorption rate for Cellosolve acetate
between the non-baked and prebaked films is evidence
that the lower energy states are not repopulated upon
standing.

Significant evolution of nitrogen, due to the decompo-
sition of the photoactive compound, was observed be-
tween 98° and 160°C, the rate peaking at 135°C, for both
the no-prebake and prebake samples. The nitrogen sig-
nal decayed rapidly after evolution reached a maximum
rate at 135°C, indicating a first-order reaction. In a first-
order reaction 63 percent of the ions is evolved by the
maximum rate, as opposed to 50 percent for a second-
order reaction. The activation energies and reaction or-
ders for these decomposition reactions were calculated
by the method described by M. A. Frisch [3]. They are
derived from the best fit of the ion current vs temper-
ature data to an integrated rate equation. In Figs. 1(a)
and 1(b), the experimental data for nitrogen are rep-
resented by squares and the theoretical curve by the
solid line. The non-prebaked and prebaked films gave
the same activation energy (33 Kcal/mole), and the
same temperature of maximum reaction rate (135°C).
Thus no measurable change in the PAC stability is ob-
served when these photoresist films are prebaked at
70°C.

s Mass analysis of photoresist components

The photoactive compound PAC was also analyzed
under the same conditions as the films, but we scanned
over a wider mass range (12-465) in order to insure that
no high molecular weight species were volatilized in our
temperature range. The sample lost 10.4 percent by
weight after thermal analysis. The majority of this
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Figure 2 Major thermal decomposition products of purified
PAC photoactive compound.

weight loss (8.4 percent) was due to nitrogen and 1.5
percent to trihydroxyarylphenone (M.W. = 230),
whose cracking pattern is similar to those of isomers
reported in Registry of Mass Spectral Data [9]. The
remaining 0.5 percent was due to an unidentified peak at
m/e= 58 and a peak at m/e = 48, which we associate
with the SO" ion. The weight percentage of nitrogen and
trihydroxylaryphenone in the PAC essentially accounts
for the weight-loss data. Thus the sum of all the other
volatile products released up to 170°C are at least a fac-
tor of ten smaller, by weight, than the nitrogen contribu-
tion. This evidence further substantiates the mass spec-
tral data that the reaction products formed upon the re-
lease of nitrogen are not volatile in the temperature
range of our study.

Figure 2 is a plot of the ion signals for nitrogen and
the parent ion of trihydroxyarylphenone (m/e=230) vs
temperature. The shape of both these curves is indica-
tive of a first-order reaction and they do not show the
multiple structure observed for Cellosolve acetate de-
sorption. As in the previous figures, the theoretical
curve overlays the experimental points, and the data is
normalized to 100. The activation energy for the de-
composition of PAC, releasing nitrogen gas, is 40
Kcal /mole, with the maximum reaction rate occurring at
139°C. For the desorption of trihydroxyarylphenone, an
impurity in the PAC sample, the calculated activation
energy is 23.5 Kcal/mole with a maximum desorption
rate at 114°C. Thus we find that the PAC in the pho-
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Figure 3 (a) Linear plot comparing the nitrogen signal from
purified PAC and the photoresist films, prebaked and non-pre-
baked. (b) Logarithmic plot of the nitrogen signal, comparing
the relative rate of decomposition for the PAC in the photore-
sist film and in the purified material vs 1000/T, in K.

toresist film is less stable (33 Kcal/mole) than the puri-
fied PAC (40 Kcal/mole). Figure 3(a) is a linear plot
of the nitrogen signal from the purified PAC and the
photoresist film (prebaked and non-prebaked), showing
the tendency of the PAC in the film to decompose at
lower temperatures. In Fig. 3(b), we have plotted the
logarithm of the relative decomposition rate of PAC for
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Table 3 Summary of thermal analysis of photoresist and its components.

Type of sample
Major Assoc. Prebake PAC Base resin
peak species wafer (Diazo oxide) (Novolak)
T anr Weight T o Weight T o Weight
° percent ° percent ° percent
10 H,0 - - - - 120° 1.5
28 N, 135° 1.6 135° 8.4 - -
Cellosolve acetate 98° 10.2 - - - -
48 SO - - 140° 0.2 - -
58 ? - - 125° 0.3 - -
107 Monomer — - - - 145° 1.0
228 Dimer - — - - 166° 0.8
230 Trihydroxy- — - 113° 1.5 -
arylphenone
Total weight loss, percent - 12.8 - 10.4 - 3.3

both the pure material and prebaked film. In the case of
the pure PAC, there is a change of three orders of mag-
nitude in the rate over the region 75° to 139°C.

The base resin (cresylic acid-formaldehyde Novolak
polymer) lost three percent by weight after HTMS anal-
ysis under conditions identical to those applied to the
films. The major volatile product present was H,O,
which evolves between 75° and 120°C. The remaining
mass fragments were released above 125°C and are in-
dicative of the cracking pattern for the polymer. At
145°C the largest of these remaining mass fragments is
m/e = 107, which is the monomer unit of the polymer
(C,H,0"). We also see a mass fragment at 228 m/e
(C,;H,,0;) which we associate with the dimer. No vola-
tile ions were observed at lower temperatures due to the
effective purification of the resin by heating at high tem-
peratures under vacuum.

Table 3 is a summary of the thermal analyses of the
photoresist and its components. The weight loss of the
major products, Cellosolve acetate and nitrogen, have
been quantitatively determined by calibration of the pho-
toactive compound and thickness loss measurements.
The minor products have been estimated from the peak
relative ion intensities. For the prebaked wafer, one per-
cent of the weight loss remains unidentified.

o Mass analysis of the exposure products of photoresist
films
A prebaked photoresist sample was exposed to ultravio-
let radiation at room temperature in the mass spectrome-
ter. Only nitrogen and its associated fragment ion were
observed. For the sample shown in Fig. 4 only the
masses 12, 14, 18 and 28 were monitored to follow the
photolytic reaction with a better signal-to-noise ratio. The
fragment ions 12 and 14 were specifically measured to
prove that the source of the signal at m/e = 28 was due
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only to nitrogen. No measurable contribution could be
attributed to CO. The nitrogen production decays and
ceases entirely when the ultraviolet source is removed.
This wafer showed no thickness loss after the exposure.
A second prebaked wafer was exposed and subsequently
heated in situ and the entire mass range was scanned
(12-250). Nitrogen appeared at room temperature be-
cause of exposure, and subsequent heating released Cel-
losolve acetate and additional nitrogen because of the
partial irradiation of the diazo compound. No new mass
fragments were observed and the spectrum is very simi-
lar to that in Fig. 1(b). We assume that all of the nitro-
gen caused by exposure has diffused through the film, as
we see no signal at m/e = 28 other than that thermally
produced by the fragmentation of the PAC.

Figure 5 compares the evolution rate of Cellosolve
acetate vs temperature (°C) for Group I, IT and III pho-
toresist samples. Both the non-prebaked and the prebaked
resist display similar slopes although, as can be expect-
ed, the evolution of Cellosolve acetate occurs at a lower
temperature for the non-prebaked sample. However, for
the prebaked sample which was exposed and then heat-
ed, the evolution of Cellosolve acetate appears at lower
temperatures and with a different slope than that of the
unexposed prebaked sample. This strongly suggests that
exposure to radiation releases Cellosolve acetate from
the higher energy bonding sites in the photoresist and
repopulates those at lower energies, which are normally
removed by the prebake treatment.

This finding may be one reason why an exposed image
becomes visible after a post-exposure bake. The solvent
remaining in the exposed area is removed at a different
rate than in the unexposed resist, resulting in a thickness
change that is discernible to the eye. After a post-expo-
sure bake treatment, the image resulting from a heavy
exposure in the central area of a photoresist coated sili-
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Figure 4 Evolution of nitrogen from a photoresist film upon
exposure to ultraviolet radiation.

con wafer was two percent thinner than the surrounding
unexposed resist. As there was little thickness loss when
the sample was measured after exposure (0.3 percent),
we attribute the majority of the thickness loss after post-
exposure bake to the different activation energies be-
tween the solvent in the exposed and unexposed photo-
resist.

Conclusions
The residual solvent in the resist has been identified as
Cellosolve acetate. This solvent is so strongly bonded to
the resist system that it requires temperatures near its
own boiling point for complete removal. Normal pre-
bake processing will not eliminate Cellosolve acetate,
and higher prebake temperatures will destroy the pho-
toactive compound. The loss of the thickness seen in
normal prebake processing (70-100°C) is due mainly to
the Cellosolve acetate, with very minor contributions
from the degradation of the polymer and the photoactive
compound. The thermal release of nitrogen is a first-
order reaction for both photoresist films and the pure pho-
toactive component. A significant rate of decomposition
of the photoactive compound occurs at 100°C, the maxi-
mum rate of decomposition occurring at 139°C. The
PAC in the resist film is less stable than a sample of the
purified material.

The major effect of a low prebake at 70°C and a high
post-exposure bake at 100°C is to eliminate residual Cel-
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Figure 5 Comparison of the desorption of Cellosolve acetate
in unexposed photoresist films with that in exposed films.

losolve acetate. The Cellosolve acetate desorbs at a
lower temperature and at a slower rate for the exposed
resist than the unexposed, and it seems likely that this
solvent acts as a carrier of exposure products from re-
gions of high density to those of lower density, thus
eliminating standing waves in monochromatically ex-
posed photoresist.

In order to obtain a quantum yield measurement of
the photoresist, further experiments must be performed
utilizing a more intense exposure source so that the
reaction will go to completion. This measurement is feas-
ible, however, because of the complete diffusion of ni-
trogen through the resist.

We have found this mass spectrometric method to be
a powerful tool in quantifying the kinetic and thermal
properties of photoresist films and its components, and
in monitoring its exposure products. It might also be
used to monitor the chemisorption of photoresist adhe-
sion promoters on silicon substrates.
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