Evaluation of Cleaning Methods for Multilayer
Diffraction Gratings

Introduction

Multilayer dielectric (MLD) diffraction gratings are essential
components for the OMEGA EP short-pulse, high-energy
laser system, so they must have both high optical-diffraction
efficiency and high laser-damage threshold. The cleanliness of
optical surfaces intended to be deployed in high-peak-power
laser systems is of paramount importance, and the fabrication
of these MLD gratings involves processes that utilize a wide
variety of both organic materials (photoresists, photoresist
solvents, and photoresist developers) and inorganic materi-
als (metals and oxides of various cationic elements) that may
remain behind either on the surfaces or in the grooves of the
MLD structure after processing. Because a substantial number
of these materials can have significant optical absorbance, the
incomplete removal of these residues puts the MLD gratings
at an increased risk of experiencing catastrophic laser-induced
damage. Although there exists a certain amount of anecdotal
and empirical evidence as to the effectiveness of certain wet-
chemical cleaning processes, which appear to be effective in
removing trace residues from grating manufacturing, there does
not exist to date a truly systematic study that strives to relate the
chemical composition of contaminants introduced during the
fabrication process of “structured” optical components (such
as MLD gratings) with laser-induced damage. To this end, we
have investigated the effectiveness of a number of wet-chemi-
cal cleaning processes currently used by the semiconductor
industry for cleaning LLE-fabricated MLD gratings. The goal
of this investigation was to identify a process or processes
that were sufficiently aggressive in the removal of residual
processing contaminants but not so aggressive as to produce
physical/chemical damage to the MLD grating structure that
would reduce its high diffraction efficiency.

The following chemical processes were evaluated for
MLD cleaning:

Piranha Process: Piranha solution is a mixture of a strong
acid (sulphuric acid, H,SO,4) and a strong oxidizing agent
(hydrogen peroxide, H,O,), which produces an extremely
energetic solution. This composition is one of the most com-

194

monly used cleaning processes for the removal of organics
(i.e., residual resist) from a surface and is usually used at a high
temperature.!2 Although Piranha solution is highly effective in
removing organic contamination, it does not remove all inorganic
contaminants. Piranha solution must be prepared immediately
before use, has a very limited shelf life, and cannot be stored in
normal closed containers due to an explosive pressure buildup
caused by the gradual loss of hydrogen peroxide gas.

Piranha + SC-1 Process: The cleaning method that is com-
monly used to remove inorganic contamination after Piranha
clean (described above) is SC-1 (Standard Clean 1) coupled
with megasonics (high-frequency ultrasonic energy).!:3 The
SC-1 solution of ammonia hydroxide, hydrogen peroxide,
and DI water is also cable of removing additional organic
contaminants. The megasonics aid in removing the inorganic
contamination. The cavitation force generated by the mega-
sonic frequency lifts off the contamination and also keeps
these particles from re-adhering to the surface.

Hydrozone Process: Hydrozone+,* developed as a replace-
ment for Piranha clean, uses ozone gas dissolved in DI water.
An aqueous solution at elevated temperatures is sprayed across
a surface while dry ozone gas is admitted into the cleaning
chamber. The ozone diffuses through the thin boundary
layer of water, in which the water hydrolyzes the organic
bonds, making them susceptible to attack by O3. The elevated
water temperature maximizes the reaction rate. The reaction
by-products (CO, and H,0) and resist fragments are carried
away in the boundary layer of water.

EKC-265° and Rezi-28° Process: These two semi-aqueous
organic mixtures have been formulated as ready-to-use solu-
tions. They contain chemistries that are effective in removing
residual photoresist and post-etch and ash residues. These
residue removers are formulated to be used at lower operating
temperatures than standard Piranha cleans.

Nanostrip Process: Nanostrip is a ready-to-use stabilized
formulation of sulphuric acid (H,SO,) and hydrogen peroxide
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(H,0,) compounds. This formulation was designed to remove
photoresist and other organic materials at ambient temperatures
and can be stored at room temperature indefinitely in closed
containers without the risk of an explosive pressure buildup.

Experimental Setup

Table 108.V lists the various cleaning-process parameters
evaluated for this study. Each of the processes in Table 108.V
was evaluated using 100-mm-diam MLD gratings fabricated
at LLE.

The grating-fabrication-process steps include (1) photoresist
coated using a positive-tone resist; (2) exposure of the photo-
resist at 365 nm using a holographic process; (3) photoresist
development; (4) reactive ion-beam etching (RIBE) of the
grating pattern; (5) O, ion-etch clean utilizing LLE-standard-
process parameters; and (6) a final wet-cleaning step. Each
grating was evaluated for diffraction efficiency and laser-dam-
age threshold both before and after the final cleaning step. All
cleaned gratings were further evaluated by scanning electron
microscopy (SEM), with time-of-flight secondary ion-mass
spectrometry (ToF-SIMS) analysis performed on a select group
of four samples.

Results
1. Diffraction Efficiency

Each cleaned MLD grating was tested for diffraction effi-
ciency and laser-damage threshold. Pre- and post-clean dif-
fraction efficiencies were measured across the grating using
s-polarized light at 1054 nm with an incident beam angle of 61°

Table 108.V: Process chemistries and conditions.
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(diffracted beam angle of 72°). Since there is a large variation
in pre-clean diffraction efficiency, the cleaning process should
increase the efficiency to our specification, but it should not
decrease it to a level below our specification. Figure 108.37
shows the pre- and post-clean diffraction efficiencies for
the various chemistries used. As can be observed, all of the
cleaning processes meet our specification of >97% except
the Piranha + SC-1. Based on SEM evidence shown later, we
believe that the base SC-1 chemistry had a negative effect on
the grating. The ECK-265 and Piranha-cleaned samples had
the highest post-clean diffraction efficiency.

2. Laser-Damage Threshold

Laser-damage testing was conducted using 10-ps-pulsed,
s-polarized light at 1053 nm with an incident beam angle of 61°
(diffracted beam of 72°). The LLE specification for the dam-
age threshold of our MLD gratings is 2.7 J/cm? at 10-ps pulse
length. Figure 108.38 shows the damage-threshold values that
were measured for the different cleaning processes.

The damage-threshold results indicate that only the Piranha,
Nanostrip, and EKC-265 cleaning processes are capable of
producing clean gratings that achieve the LLE specification.

The Nanostrip process was evaluated at different immersion
times to see how this affected the laser-damage threshold. The
laser-damage threshold was found to decrease with increased
immersion time. This decrease in damage threshold could be
due to re-deposition of organics on the surface since this work
was performed in a static (un-agitated) lab-scale bath. Similarly,

Process Chemistry Time Temperature Methods
Piranha H,SO4 + H,O, 30 min - Overflow bath,
(various ratios) 60 min 60°C lab-scale beakers
4h 90°C
8h 110°C
Piranha + SC-1 {H,SO4 + H,O5 4:1)} + 30-min Piranha + | 90°C Piranha + | Overflow bath with
{NH,OH + H,0, + DI (1:1:10)} 10-min SC-1 70°C SC-1 3-MHz megasonics
Hydrozone + (Semitool) Di + O3 + NH,OH 10 min 90°C Single plate spray
25 min _
EKC-265 (EKC Tech) Semi-aqueous organic mixture 30 min 70°C Overflow bath with
3-MHz megasonics
Rezi-28 (J. T. Baker) 80% aqueous base 10 min 40°C Overflow bath
Nanostrip (Cyantek) Stabilized formulation of 4h 60°C Lab-scale beakers
H2504 + H202 8h _
24 h _
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the Piranha process was evaluated at different times and tem-
peratures. For this cleaning process, the laser-damage threshold
increased as the temperature increased from 90°C and 110°C
when processed in a recirculating overflow bath. Increasing the
immersion time (in a static lab-scale bath) at the lower 60°C
temperature also resulted in an increase in the laser-damage
threshold. Additional Designs of Experiment studies are being
run to fully understand reaction-rate issues of Piranha clean.

3. SEM Analysis

Scanning electron microscopy (SEM) images were collected
and analyzed for each of the MLD gratings that were cleaned
in this study. The SEM images of the EKC-265—cleaned and
Piranha-cleaned gratings indicate there was no visual residual
contamination within the grating trenches. The SEM images,
along with the associated diffraction efficiency and laser-damage
threshold data for these gratings, are shown in Fig. 108.39.

The SEM images along with the associated diffraction effi-
ciency and laser-damage threshold data for the Hydrozone+,
Rezi-28, and Piranha + SC-1—-cleaned gratings are shown in
Fig. 108.40. The Hydrozone+, Rezi-28, and Piranha + SC-1-
cleaned gratings had lower laser-damage threshold values than
the EKC-275— and Piranha-cleaned gratings. The Piranha +
SC-1 cleaning process damaged the diffraction grating. We
believe the SC-1 portion of this cleaning process, which uses a
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concentrated basic ammonium hydroxide solution, attacked the
top amorphous SiO, grating layer, which caused it to decom-
pose. Additional work is required to fully understand the failure
mechanism. The Rezi-28 clean was not effective in removing
the bulk photoresist from the gratings, while the Hydrozone+
clean left visual contamination within the grating trenches.

ToF-SIMS Analysis

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
was performed on four different LLE diffraction-grating
samples. The four samples analyzed were (1) photoresist-coated
MLD (pre-clean process), (2) MLD-etched and O, ion-etch clean
(pre-clean process), (3) Piranha-cleaned MLD, and (4) Hydro-
zone+-cleaned MLD.

The ToF-SIMS analysis was performed at Surface Science
Western, University of Western Ontario (London, Ontario,
Canada). The instrument used was an ION-TOF (GmbH),
ToF-SIMS IV. A 25-keV, pulsed Biz™ cluster, primary ion beam
with a target current of 0.6 pA and a beam diameter of ~1.5 um
was rastered over a 500 x 500-zm? area on each sample. The
mass range used was 10 to 1000 amu. Due to the insulating
nature of the samples, a pulsed-electron flood gun was employed
to neutralize charging. The analysis is sensitive to the outer one
to three monolayers of the sample surface under static condi-
tions (total primary ion dose <10'3 ions/cm?). This technique is

Piranha

(60°C, 8 h)
Process Pre-clean Post-clean 10-ps 10-ps
diffraction diffraction 1-on-1 | N-on-1
efficiency efficiency | (J/cm2) | (J/cm2)
EKC-265 91.5 98.1 2.61 2.68
Piranha (110°C, 705 96.9 275 | 29
20-min overflow)
Piranha (60°C, 8 h)| O Not 3.1 3.07
measured measured

G7436JR

Figure 108.39

EKC-265 and Piranha SEM analysis with associated efficiency and damage threshold.
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not absolutely quantitative; however, using peak area ratios and Corresponding peaks were extracted and normalized to 100%
related normalization methods for similar substrates, meaningful (total peak areas). The normalized species are summarized in

and sensitive relative comparisons can be made.® Figs. 108.41-108.43. Figure 108.41 lists species that are related
to the photoresist (residual organics). This graph indicates that

In order to have a numerical comparison between the sam- resist-related species remained on the surface after cleaning.
ples, selected positive- and negative-ion species were chosen. The Piranha-cleaned sample had the lowest levels of resist-

Rezi-28 Piranha + SC-1

Visible resist
covering the grating

Process Pre-clean Post-clean 10-ps 10-ps
diffraction | diffraction | 1-on-1 | N-on-1
efficiency efficiency | (J/cm2) | (J/cm?2)

Hydrozone+ 97.1 97.2 134 | 145
(10 min)

Rezi-28 902 97.8 212 | 227
Piranha

I 84.2 76.4 201 | 247

G7435IR

Figure 108.40
Hydrozone+, Rezi-28, and Piranha + SC-1 SEM images.
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Figure 108.41
Resist-related species. Note: Not all mass-to-charge (mm/z) ions are able to be fully characterized. The resist sample is not shown since the level of resist-related
ions approaches 100%.
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related species remaining after cleaning, but there are still
residual resist species that need to be removed.

The species predominantly associated with the SiO, grating
are indicated in Fig. 108.42. Samples that have high Si-related
ion peaks indicate that the surface is relatively clean since the top
grating surface is SiO,. The lack of Si-related ion peaks indicates
that there were other contaminants on the surface. As shown, the
Piranha and Hydrozone+ clean samples had a high signal for Si
and Si,0,, species, indicating that there is less contamination.
The MLD O, ion-etch clean sample does not show any signal for
Sior Si,O, species. This indicates that there was a layer of other
contamination on the SiO, surface. The species associated with
the MLD O, ion-etch clean sample are mainly metals, which
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could be originating from contamination within the etch and ash
chambers (shown in Fig. 108.43). Most of these metals, however,
were removed during the cleaning process.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS),
“shallow”-depth-profile (few tens of nanometers into the surface)
scans were taken to understand the contamination of the Piranha
sample. To acquire positive and negative shallow-depth profiles, a
second 3-keV Cs* sputter ion beam was used, with a raster area of
500 x 500 1m? and a target current of 12 nAS. The Bis* analysis
area is centered within the sputter crater, with a raster size of
200 x 200 um?2. Using a raster size smaller than the sputter-crater
size allows one to avoid edge effects during the depth profiling.
By alternating the Bi3™ analysis and the Cs* sputter beams and
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Figure 108.42

Si-related species. MLD etched + O, ion-etch sample does not have a Si-related signal due to other contamination covering the surface.
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Figure 108.43

Metal-related species. Piranha-clean (not shown) process removes most metals.
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inserting an electron-flood-gun pulse between for charge neu-
tralization, a depth profile into the surface is acquired.”

Figure 108.44 plots the raw intensity of the positive ions
detected versus the sputter time for the Piranha-cleaned sample.
This sample yields various ions with Sit being the dominant
one. Directly at the grating surface there was an abundance
of Sit (silicon ion), SIOH" (silicon hydroxide ion), Kt (potas-
sium ion), OF (oxygen ion), Na* (sodium ion), Cr* (chromium
ion), Fet (iron ion), and Al* (aluminum ion). As the analysis
probed deeper into the SiO, surface, additional major ions
detected were Sit, Kt, SiOH', O, Na*, Fe*, and Al*. The Si*
and SiOH" ions were from the SiO, grating, as one would
expect. The oxygen originated from the etch process and was
being “implanted” into the SiO, grating surface during the
reactive ion-beam etch (RIBE). The metals Cr*, Fe*, and Al*
originated from the etch chamber and became implanted into
the SiO, grating surface. The potassium and sodium ions were
surmised to come from multiple contamination sources. Some
of the possible sources of this contamination could have been
the rinse water, developer, materials used during cleaning
(beakers), and general handling. Additional tests need to be
done to better understand this contamination.

The concentration of negative-ion species detected versus
sputter time is plotted in Fig. 108.45. The major ions detected

were O~ (oxygen ion), SiO,™ (silicon oxide), F~ (fluorine ion),
Si~ (silicon ion), SO5~ (sulfate ion), CI™ (chlorine ion), CN™~ (cya-
nide ion), C,H™ (carbon ion), and C~ (carbon ion). The oxygen,
fluorine, chorine, and carbon ions were implanted from the etch
process and chamber. The silicon-related ions originated from
the silicon oxide grating, while the sulfate ion originated from
the sulfuric acid—cleaning process.

Conclusions

Using 100-mm-diam MLD gratings fabricated at LLE, we
evaluated different cleaning methods designed to optimize
both optical diffraction efficiency and laser-damage threshold
of these gratings for the OMEGA EP Laser System. Pre- and
post-clean diffraction efficiency and laser-damage threshold
were measured for each of the samples. Scanning electron
microscopy (SEM) images were collected and analyzed to
understand if any visual surface contamination existed after
cleaning. Additionally, a baseline time-of-flight secondary
ion-mass spectrometry (ToF-SIMS) and shallow-depth profile
analysis was performed to understand the type of contamina-
tion remaining after the different process steps.

The diffraction efficiency, laser-damage threshold, and SEM
images all show that the Piranha clean merits further explora-
tion. The MLD gratings cleaned by the Piranha processes had
the highest diffraction efficiency and laser-damage-threshold
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Figure 108.44

Piranha-clean positive-ion depth profile.

200

LLE Review, Volume 108



Evarvation oF CLEANING METHODS FOR MULTILAYER DIFFRACTION GRATINGS

1,000,000 , | : | |
100,000 —
— SiO,
10,000 —+— F
2 ’ —— Si
5 —+ Cl
= 1000
—— CN
100 - C
10 L L I ! I
0 100 200 300 400 500 600
G74481R Sputter time (s)

Figure 108.45

Piranha-clean negative-ion depth profile.

values. The SEM images also validated these results by show-
ing no visual contamination after cleaning.

ToF-SIMS analysis was performed on four types of samples
from the LLE grating project to acquire a baseline for surface
residual contamination. The encouraging results show that the
cleaning process can remove a large portion of the photoresist
(organic) contamination even without optimization of cleaning-
process variables. It was further found that there is a monolayer of
contamination (mostly metal ions) after etch and O, ion-etch clean
processing. The shallow-depth profile analysis provides an under-
standing of the contaminants implanted in the grating surface,
which in turn allows identification of the source of most of the ions
detected. Understanding the sources and depth of “implantation”
of these ions will assist LLE in developing an optimized grating-
cleaning process. Further Design of Experiment studies will be
evaluated to understand the interaction of the variables within the
cleaning process. LLE will continue to use SEM and ToF-SIMS
analysis to characterize the surface after each cleaning test.
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