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Range measurements and thermal stability study of AZ111 photoresist
implanted with Bi ions
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The Rutherford backscattering technique has been used to determine the range parameters of
Bi ions implanted into AZ111 photoresist film at energies from 10 10 400 keV. An overali good

agreement is found between the experimental results and the theoretical predictions by
Biersack, Ziegler, and Littmark. It is also observed that a variation in the implantation dose
does not affect the projected range and range straggling resuits, despite the fact that chemical
modification of the implanted polymer layer is detected. In addition, we find that a shallow
implantation of the polymer film with Bi ions increases the temperature at which the
photoresist starts to decompose. Finally, at 300 °C the implanted Bi atoms diffuse
preferentially toward the bulk. For this temperature, two different diffusion coefficients are
estimated, one for the damaged region D, = 1.2X 167" cm?/s and another for the bulk

D, = 12X 107" cm?/s.

L INTRODUCTION

The investigation of ion bombardment effects on poly-
mers has received increased atiention during the last years.
Photoresists are currently used in the semiconductor indus-
try as masking material during ion irradiation. Ion implanta-
tion can be applied to study the effects of radiation on the
solubility, the thermal stability, and the electrical conductiv-
ity, as well as other physical properties of the polymers. In
this framework, a considerable amount of work has been
published and the results are summarized in several review
papers.™?

One of the less studied aspects of the ion implanted poly-
mers is related to the characterization of the concentration
profile of the implanted species. Despite the fact that project-
ed ranges (R, ) and projected range stragglings (AR,) of
implanted ions must be known to accurately determine the
thickness of the masking films used in the fabrication of mi-
croelectronic devices, very few experimental profiles have
been published. Several theoretical approaches can be used
to calculate the ion implanted distribution parameters into
poiymers. Range codes which are available and suitable for
multicomponent targets are the analytic code PRAL® and the
Monte Carlo code TRIM.* They are conveniently summar-
ized in the recent book of Ziegler, Biersack, and Littmark
(ZBL).° The physical input into the range calculations con-
sists of the new universal potential® and an improved elec-
trenic stopping power,” which is based on empirical proton
stopping powers and on the concept of Brandt and Ki-
tagawa’ for heavy ions.

The work described here was undertaken with several
aims. First, to test the ZBL predictions for complex targets,
like a photoresist where there is a general lack of experimen-
tal data. Second, to study the influence of the implanted dose
on the range parameters. It is known that high-dose impian-
tation (typically ¢ > 10" ions/cm?) can modify the chemi-
cal composition of the implanted polymers.? Therefore, it is
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important to examine how a change in the implanted dose
can affect the characteristic parameters of the implanted
profiles. Finally, we would like to study the thermal stability
of the implanted polymers. It is known® that most of the
photoresists remain stable up to 200 °C, but at higher tem-
peratures they start to decompose losing O, H, and C. It
appears worthwhile to look for possible effects of the ion
implantation process on the thermal behavior of the photo-
resist, in particular, for changes in the decomposition dy-
namics as a function of temperature after implantation,

With the above purposes, we implanted *®Bi into an
AZ111 photoresist in the 10-400-keV energy range. The
dose effect was studied at a fixed Bi implantation energy, by
changing the total fluence from 5X 10" atm/cm’® up to
8 X 10" atm/cm”. Finally, we investigated the thermal be-
havior of the implanted polymer in the 30400 °C range, the
results being compared with the ones corresponding to an
unimplanted sample. All the depth profile measurements
were performed using the Rutherford backscattering (RBS)
technigue.

il EXPERIMENTAL PROCEDURE AND DATA
AMALYSIS

Clean silicon wafers were spin coated with 2 AZ111
photoresist of thickness 1 um and then baked for 1 h at
170 °C. Small pieces of the wafers (=2 cm?®) were subse-
guently implanted with fluences and energies ranging from
5% 10" atm/cm? at 10 keV up to 2 X 10'° atm/cm? at 400
keV. For the study of the dependence of the range param-
eters on the implanted dose, five samples were implanted at
an energy of 100 keV with doses ranging from 5 X 10" atm/
cm?® upto 8 X 10 atm/cm?, All theimplantations were done
at room temperature in the 400-keV ion implanter of the
Institute of Physics, Porto Alegre. The beam current densi-
ties were =50 nA cm 2 in order to avoid excessive heating
of the samples.

Depth profiles were obtained via RBS analysis using
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760-800-keV alpha particles from the same implanter. Each
sample was measured twice with the beam impinging per-
pendicularly onio the sample’s surface and under angles of
60°-70° with the sample’s normal. The tilted geometry im-
proves the depth resclution of the measurements. Back-
scattered alpha particles were registered by a silicon surface-
barrier detector placed at 160° with respect to the beam
direction. The detection resolution of the system was better
than 14 keV. The beam spot on the sample was changed
whenever the o dose reached the value of 2 X 10" ions/cm?®
to avoid compaction effects and formation of carbon-rich
regions as a conseguence of large dose irradiation with the
alphabeam. On the average, the total o dose used to analyze
each sample was around 2 X 10™ atm/cm?.

Diata analysis was performed calculating directly from
the measured spectra the four moments [R,, AR, v (skew-
ness), and S (kurtosis) 1 of the ion distribution. In ali cases,
the implanted profiles are Gaussian distributions with =0
and f=<3. The values of K, and AR, have been determined
by using the surface approximation with the « particle stop-
ping power taken from Ref. 5. Range stragglings have been
calculated after deconvolution under the usual assumptions
that the estimated energy straggling of the “He ions into the
AZ111 photoresist and the system resolution are both Gaus-
sians.” The main errors in the evaluation of the implanted
profile are basically due to the uncertainty in the reported
stopping powers which are around 5% (see, for example,
Ref. 10), the instability of the electronic system and the lack
of knowledge of the exact chemical composition of the pho-
toresist.

fit. RESULTS
A. Dose effects

In order to see whether the profile parameters are dose
dependent, we have implanted four AZ111 samples with to-
tal doses of 5 ¢ 103, 104, 53¢ 10", and 8 % 10" Bi/cm?, all at
a fixed energy of 100 keV. Despite this wide range of the
implanted dose, the Bi profiles remain basically the same.
That is, they are Gaussian for ail the samples, and the pro-
Jjected ranges and range stragglings are identical within the
experimental errors, as is shown in Table I. This result is
very important because for the lower implantation dose
$< 10" ions/cm®, no significant modifications in the chemi-
cal composition: of the photoresist filin bas been detected as
revealed by the corresponding RBS spectrum [see Fig.
1{a}]. On the contrary, for a dose of 5 X 10" ions/cm?, we

TABLE I. Dose dependence of the range parameters of 100-keV *Bi im-
planted into 1-um film of AZ111. The estimated oxygen loss as a conse-
quence of the implantation process, is also shown.

Dose R, AR, Oxygen loss
(10 em™?) (A} (A) (%)
0.5 750 150
1 780 155
760 160 20
8 730 150 35
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FIG. L. {a) RBS specirum of 100-keV Bi implanted into the AZ111 photo-
resist with a dose of 10" jons/cm?. No significant loss of oxygen and/or
carbon is observed. (b} RBS spectrum of 100-keV Bi implanted into the
AZ111 photoresist with a dose of 5 X 10" jons/cm?®. There is a loss of 20%
of oxygen in the region from the surface up to 1300 A.

have detected 20% of oxygen loss in the region from the
surface up to 1300 A as is shown in Fig. 1(b). The loss of
oxygen increases for the larger implantation dose {see Table
1}. Nevertheless, the range parameters are rather insensitive
to these chemical modifications.

In addition, for up to a total dose of 4 X 10'* He/cra?, the
o beamn probe did not affect either the chemical composition
of the AZ111 film or the range parameters of the implanted
depth profiles. We have obtained the same results accumu-
lating the o beam dose in a single spot or frequently changing
the position of the spot on the target. Despite this last resul,
we have analyzed our samples moving the position of the o
beam on the target, in order to avoid excessive local heating
of the sampile.

B. Range measuremenis

Cne of the major aims of the present work is to compare
the experimental range parameters of Bi impianted into the
AZ111 photoresist with the predictions by the ZBL theory.”

The universal potential and the improved electronic
stopping power have been used as input to Monte Carlo sim-
ulation TRIM code program® (1986 version) in order to cal-
culate the characteristic parameters of the ion distributions.
The TRIM calculations further allow us to determine the
higher moments of the range distributions. In the present
case we have obtained ¥ = 0.06-0.23 and f = 2.95 which,
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TABLE II. Experimental and TRiM calculated projected ranges (R, ) and
range stragglings (AR, ) for *PBi implanted into the AZ111 photoresist
film.

Energy R, {exp) AR, (exp} R, (TRiM) AR, (TRIM)
(keV) (A} {(A) (A) (A)
10 180 31 160 23
20 240 36 240 34
30 310 50 300 42
50 450 72 400 58
70 550 100 520 70
100 750 140 650 80
200 1200 260 1026 150
400 2200 450 1780 260

after convolution with the experimental depth resolution
function, give values of ¥ = 0.01 t6 0.1 and f=2.9 which are
in quite good agreement with the results obtained in the pres-
ent experiment (y=0; f=3).

Table IIshows the R, and AR, experimental valuesasa
function of the implanted energy together with the TRIM
predictions. These results are also displaved in Fig. 2, where
the continuous line shows the theoretical predictions as pro-
vided by the TRIM program. For energies up to 100keV there
is an overall good agreement (better than 8% ) between the
experimental and theoretical R, values. However, at higher
energies, the measured R, are systematically higher than the
theoretical ones, the difference being of the order of 25% at
400 keV. Regarding the AR, values we see the same behav-
ior: There is good agreement between the predicted and mea-
sured values for low energy (£ <70 keV) and increasing
deviation at higher energies.

En our experimental range evaluation, as well as for the
theoretical TRIM code calculations, we have used the density
of the AZ111 films to be 1.2 g/em® as quoted by the suppli-
er.t! Also, for calculation purposes we have taken the nomi-
nal composition of the AZ111 photoresist to be C.H,O,. Tt is
important t¢ mention that the relative difference between
the theoretical and experimental B, and AR, values is inde-
pendent of the assumed photoresist density.
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FIG. 2. Comparison of experimental and calculated projecied range R, and
range straggling AR, as a function of energy. The points represent the ex-
perimental results. The full lines correspond to the theoretical TRIM predic-
tions.
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C. Thermal stability

To investigate the influence of the ion implantation pro-
cess on the thermal stability of the photoresist, we have per-
formed isochronal annealings on both unimplanted and Bi
50-keV implanted samples, at 100, 200, 250, 300, and 350 °C
for 20 min each in a vacuum better than 10~° Torr.

The RBS spectra of the unimplanted sample show that
up to 200 °C, there is no significant change in the chemical
composition of the photoresist. However, at higher tempera-
tures the situation changes drastically as illustrated in Fig. 3.
This figure shows the RBS spectra corresponding to the un-
annealed, annealed at 250 and 350 °C AZ111 polymer film.
At 250 °C the RBS spectrum shows that there is a consider-
able and uniform loss of oxygen (around 30%3}, in ali the
observed depth from the surface up to 3000 A. In addition, a
small decrease in the C amount {<15%) is also detected. At
a higher temperature there is an increasing loss of material
and finally at 350 °C, three main features can be observed:
(1) the oxygen loss is around 50%; (i1} the C content of the
sample is reduced in 25% and; (iii) the Si edge of the sub-
strate appears in the RBS spectrum indicating that the film
has become thinner (the thickness of the film at 350°C is
=~ 7500 A) as a consequence of the considerabie loss of mate-
rial,

On the other hand, the most important features of the
thermal behavior of the implanted sample are shown in Fig.
4. Annealings up to 250 °C did not significantly change the
photoresist composition nor the Bi depth profiles. Anneal-
ing at 3060 °C resuits in the thermal diffusion of Bi, but still no
major changes are detected in the AZ111 composition. Only
at 350 °C does the RBS spectrum of Fig. 4 reveal an apprecia-
ble loss of oxygen and a drastic diffusion of the implanted Bi.
Finally, at 400 °C the photoresist decomposes completely
(not shown in the figure).

Furthermore, we studied the diffusion behavior of the
implanted Bi into the AZ111 photoresist. Analysis of ther-
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FIG. 3. RBS spectra corresponding to an unimplanted AZ111 polymer
im: as received (full points); after 250 °C annealing (open points) and
after 350 °C annealing (lozenge). After the last annealing there is an appre-
ciable loss of material and as & consequence the film thickness is reduced in
25%, as can be deduced from the appearance of the Si substrate edge.
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FIG. 4. RBS specira corresponding to a shallow 10 Bi/em? implantation
into the polymer film: as-implanted (full points); after 300 °C annealing
{open points} and after 350 °C annealing (lozenge).

mal diffusion experiments in implanted systems are difficult,
essentially due to the damage produced by the implantation
process, which does not always anneal out during or after the
implauntation, and affects the diffusion process here. To over-
come these problems we analyzed our data with the numeri-
cal simulation method of “finite differences.” '? Earlier ap-
plications are given in Refs. 13 and 14. This technique
calculates the diffusional change of any profile, channel by
channel, and finally adds up all modified spectrum values.
The diffusional change can be different for any channel, i.e.,
diffusion with depth dependent diffusion coeflicients D(x)
can be simulated. Furthermore, surface boundary effects as
trapping and evaporation through the surface can be taken
into account. Finally, it is possible to include trapping and
detrapping probabilities 4 (x) and B(x) of the diffusing par-
ticle species at each channel. Alternatively, in case of non-
zero detrapping probability, the hindered diffusion can be
described by an effective diffusion constant

D (xy=D(x)/[1 + A(x}/B(x)],
which makes the theoretical simulation process easier and

more reliable, as the number of unknown variables is re-
duced. Therefore, this last procedure is applied here. For
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convenience, we separate D(x) intc a depth-independent
value D * and a normalized, dimensionless depth-dependent
function f{x) = D(x} /D *.

Figure 5 shows the application of the above procedure.
The full points represent the depth profile of Bi after 200 °C
annealing (which is similar to the as-implanted one). The
open points show the ion distribution after annealing at
300 °C. The insert in Fig. 5 displays the depth-dependent
diffusion parameter used by the program in order to repro-
duce the final ion distribution profile.

According to TRIM calculations,® which predict that the
damaged region should extend from the surface down to
around 400 A depth, we determined f{x} so that it is equal to
0.02 from surface to 400 A depth, then increased linearly up
t0 0.22 at a depth of 700 A, and maintains a constant value
below. This procedure simulates a high trapping probability
in the damaged region, and a very low one in the undamaged
deeper zone, with a smooth transition between them. Pur-
thermore, we assumed that the Bi could leave the photoresist
and evaporate.

With these conditions, starting from the initial profile,
after several iterations the program provides the depth pro-
file shown in Fig. 5 as a full line. The agreement between the
experimental result and the calculated one is quite satisfac-
tory in particular, for the near surface (up to 450 A) and
bulk regions. The extracted diffusion coefficients for Bi in
the damaged and bulk regions of the photoresist at 300 °C
are, respectively, D, = 1.2X107" cm®s and D,

= 1.2 107" cm?/s.

v, DISCUSSION AND CONCLUSIONS

It is well known that energetic ions damage and modify
organic materials in a chemically irreversibie fashion. Due to
those radiation damage phenomena until recently, ion beam
technigues have been largely overlooked in studying the
properties of polymers and polymer structures. On the other
hand, non-nuclear techniques give only very indirect depth
profile information explaining the sparse data in the litera-
ture,

In this work we have shown conclusively, that range
parameters describing implanted depth profiles of polymer
layers are rather insensitive to the chemical modifications
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FIG. 3. Full points represent the Bi depth

TR profile after 200°C annealing. The open
DEPTH (102 8) | points show the ton distribution after an-
| nealing at 300 °C. The insert displays the
"1 depth dependent diffusion parameter used
in the calculation. Smooth curve represents
the simulated depth profile.
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produced by the implantation process, despite the rather
wide range of implanted doses. We have also demonsirated
that the energetic o probe beam neither significantly alters
the chemical composition of the AZ111 film (in a dose range
compatible with the RBS profile measurements }, nor affects
the range parameters of the concentration profiles.

Concerning the range predictions of the ZBL theory, we
can conclude that there is an overall good agreement be-
tween the calculated and experimental values. The discre-
pancies observed at higher energies (around 20% for R, and
70% for AR, ) are beyond the experimental errors. The dis-
agreement cannot be attributed to the lack of precise knowl-
edge of the polymer’s density, because the relative difference
between the experimental and theoretical values is indepen-
dent of the assumed density. On the other hand, for both the
experimental and theoretical calculations we have taken the
nominal composition of the polymer to be C;HO,. If the
composition is different, variations in both experimental and
theoretical range values are expected, which would be a
source of the observed disagreement. We feel that further
experimental work is needed in order to observe if the pres-
ent discrepancies are characteristic of the Bi-AZ111 system,
or if some more general features are present, for example, the
validity of the Bragg's rule, used for the evaluation of the
experimental results, or the precision in the ZBL prediction
for complex targets.

Concerning the thermal behavior of the implanted poly-
mers, our results have clearly shown that as a consequence of
the implantation process there is an increase in the tempera-
ture at which the photoresist starts to decompose. We have
observed that the unimplanted sample starts to loose oxygen
at around 200 °C, confirming previcus experiments |see, for
example, Ref. 8]. On the other hand a low-dose and shaliow
implantation of Bi raises the decomposition temperature of
the AZ111 polymer to 330 °C. A possible and very specula-
tive explanation can be related to the fact that the Bi implan-
tation creates damage and therefore inhibits the diffusion

2506 J. Appl. Phys., Vol. 63, No. 8, 15 April 1988

process of the oxygen. This hypothesis is, in a way, con-
firmed by our thermal diffusion studies of the implanted Bi.
As was mentioned above, we were able to estimate two diffu-
sion coefficients, one for the damaged region and another for
the bulk. They differ by one order of magnitude which may
be attributed to the retarded diffusion whick occurs due to
damage produced by the implantation process. Therefore,
one might conclude that both processes, the rising of the
decomposition temperature of the polymer and the inhibited
diffusion in the implanted region could be related to the
same origin, the damage produced by the implantation pro-
cess.
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