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Large-area high-quality thick Al coating is one of the most important factor which always acts as
a ruling substrate in realizing high-performance large-size echelle grating ruling process. Based on
our previous work, we proposed use of precise mechanical polishing methods to further reduce
surface roughness of thick Al films. Surface roughness Rq of 12 um-thick Al film can be effectively
controlled under 25 nm by early reported multi-step deposition process. The chemical mechanical
polishing method was chosen in this study to improve the surface quality of thick Al coating. Rq of Al
film was significantly reduced to 5.26 nm as a consequence. The surface morphology, cross section
and film hardness of the polished samples were also investigated in detail. Finally, the echelle
grating was fabricated on the polishing sample and the diffraction efficiency was 50% at 632.8 nm
laser and 36th order. This work has great potential for both high-quality thick Al film research and
large-size echelle grating performance enhancement.
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1. INTRODUCTION

Echelle grating was first invented by Harrison in 1949!
and it has nowadays been applied extensively in spectral
detection and analysis fields due to its high diffraction
order, broad spectrum range, high dispersion, and excel-
lent resolution.”® Large-size echelle grating can achieve
a super-high spectrum resolution up to 106 as an exten-
sion to conventional echelle grating, owing to its extremely
high diffraction order and large aperture.>® It has currently
become an essential component of various optical devices
applied in astronomical observation, element detection and
high power lasers.”® When the size of echelle grating is
larger than 300 mm x 300 mm, it can only be currently
prepared by grating ruling engine, and®'? its fabrication
method involves extruding and polishing of Al films on
a grating substrate using diamond graver, causing the Al
coatings to generate previously designed deformations and
exhibit periodic nanostructure. The fabrication method for
the echelle grating is a long-time Al film ruling process,
so controlling the surface roughness of Al film is very
important.'! 12
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When the designed ruling depth of an echelle grat-
ing is around 5 um, the thickness of Al film should be
2-2.5 times the ruling depth, which is in the range between
10-15 wm, according to grating ruling experience.'® For
ensuring plasticity and shaping ability of such thick Al
films during the long-time ruling process, fabricators
mostly use thermal evaporation and electron-beam evap-
oration method to prepare Al films for ordinary gratings.
We proposed a novel multi-step deposition method for
high-quality and large-area thick Al film in our previous
research.!! Compared with conventional thermal deposi-
tion method, the multi-step deposition process effectively
suppressed the growth of large-size grains by controlling
deposition temperature via cooling per time interval. We
successfully prepared Al film with surface roughness Rq
less than 25 nm.

We in this paper proposed using direct mechanical pol-
ishing method for further reduction of surface roughness.
As known, the history of Al mirror mechanical polishing
can be traced to the last century. Direct polishing pro-
cess has been already successfully used to improve the Al
mirror coating surface quality. Single point diamond turn-
ing (SPDT) method is the first option, when considering
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the polishing method, which is widely used to achieve
good surface quality and accuracy in aluminum alloy."
Tool marks are sometimes left on the polishing substrate
surface after SPDT during the polishing process. The peri-
odical inevitable scars are fatal for conventional Al reflec-
tion mirror but the influence of SPDT on thick Al coating
for echelle grating should be measured and investigated.
It is essential to find another direct polishing method for
surface roughness further reduction of thick Al film if it
doesn’t work. The chemical mechanical polishing (CMP)
method is thus proposed to be the alternative option.'>7
There are no reports until now on the use of direct pol-
ishing method to reduce surface roughness of thick Al
coating, which shows its high difficulty in processing from
different angles.

We in our previous work expounded the difference
between Al reflector coating and echelle grating Al rul-
ing coating.'" For echelle grating, controlling the quality
uniformity, defect quantity, film hardness and inside com-
pactness of thick Al film is of great importance. All above
factors should be considered when the mechanical pol-
ishing process is introduced. Unexpectedly large surface
roughness is still a fatal problem for thick Al films as
mentioned, and it is the research emphasis of this study.
Superiority and effectiveness of direct mechanical polish-
ing method was discussed and demonstrated through com-
parison experiments. First, we present the influence of
SPDT and CMP process on the thickness change, surface
reflectance and surface roughness of Al films by experi-
mental measurements. Then, on the basis of measurement
results, better treatment method was confirmed. We finally
discuss the change of inner layered structure and coating
hardness before and after mechanical polishing. These two
factors are significantly important for echelle grating per-
formance. Optimized polishing parameters were in the end
obtained and surface roughness of thick Al film for echelle
grating has a remarkable improvement.

2. EXPERIMENTAL DETAILS

In this study, a piece of 520 mm x 420 mm x 200 mm
neoceramic glass was used as substrate material that has
an extremely low expansion coefficient, lower than con-
ventional glass materials. Thick Al films were deposited
on the electron-beam evaporation coating system with
a chamber diameter of 1800 mm, which was equipped
with two electron guns (TeleMark II). Figure 1 shows
schematic structure diagram of the deposition system. The
substrate was loaded on a rotated plane fixture instead
of planetary fixture after chemical cleaning in acetone
and ethanol, because large-area thickness uniformity was
more conveniently obtained by adjusting fixture height.
In order to ensure the radial-quality uniformity of Al films,
the double electron-beam co-evaporation reported in our
previous work was performed to deposit thick Al films
at a pressure of 2 x 107* Pa. The deposition rate was
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Fig. 1. Direct polishing instruments (a) SPDT, (b) CMP.

controlled at 100 A/s, which was monitored by quartz
crystal.

Here we utilized two mechanical polishing methods to
reduce the surface roughness of thick Al coatings through
single point diamond turning. In other words, we used vac-
uum chuck to fix and cut the part as a rotational symmetry
mirror as shown in Figure 1(a). Another method involved
chemical mechanical polishing. In this case, the polishing
tool was made on a thick aluminum pack plate attached
with a polishing cloth. Al coating substrate was pressed
onto a polishing pad by a wafer carrier while polishing
powder was provided to the coating and pad interface.
Si0, polishing powder (abrasive particle size was 50 nm)
was applied in the polishing operation with 100 rpm orbital
motion and 0.05 MPa pressure under pH 8 condition as
shown in Figure 1(b). The uniformity of Al coating within
700 mm diameter was less than £2% after the CMP proce-
dure. Besides, we evaluated coating thickness, inner struc-
ture, surface reflectance, surface roughness and hardness of
thick Al films by using stylus profiler (Nanomap SOOLS of
CAEDP), scanning electron microscope (SEM, JSM-6510 of
JEOL), spectrophotometer (Lambda 1100 of PerkinElmer),
atomic force microscope (AFM, EDG of Bruker) and nano
indentation (Nano Indenter G200 of Agilent), respectively.

3. RESULTS AND DISCUSSION

The SPDT method was preferred for its sophisticated and
stable process at the beginning of our polishing experi-
ment. The required thick Al coating for echelle grating
had exact film hardness and it was rather soft, different
from other Al reflection mirror coating and Al alloys.
So, polishing pressure was controlled as low as possible
during the SPDT process. The surface roughness of Al
coatings prepared by multi-step deposition method had a
30.4 nm Sq. in our previous work as shown in Figure 2(a).
Figures 2(b), (c) show experimental results from AFM of
Al coating surface after SPDT method. As seen, period-
ical polishing marks were left after the SPDT process,
showing single-line marks (Fig. 2(b)) or multi-line marks
(Fig. 2(c)). The Al coating treated with SPDT method
could not be used as echelle grating ruling substrate for
the polishing marks although the surface roughness Rq
of thick Al coating was extremely lowered to 3.84 nm,
because the marks directly influence the blazed face flat-
ness of echelle grating.

The SPDT method was abandoned and chemical
mechanical polishing method was put forward as the new
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Fig. 2. Top surface AFM image of thick Al coating prepared by multi-step deposition method (b), (c) Top surface AFM images of thick Al coating
after SPDT process. (d) Top surface AFM image of thick Al coating after CMP process.

approach. Figure 2(d) shows the top surface AFM image of
thick Al coating after the CMP process. Surface roughness
exhibited novel reduction from 30.4 nm to 5.26 nm. It can
therefore be concluded that, for thick Al coating, the pol-
ishing effect of SPDT was a little better than that of CMP
but the surface quality of treated Al coating after CMP
was just good. There were no obvious polishing marks left
after the CMP process. The CMP process was thus decided
as the final polishing method for surface roughness further
reduction of Al coating.

Thick Al coating was applied as the echelle grating
ruling substrate in our experiments, with strict thick-
ness requirement. As known, mechanical polishing method
causes thickness reduction, so the thickness change should
therefore be investigated. Figures 3(a), (b) show the Al
coating thickness measurement before and after the CMP
process. In the microscope photographs of Figures 3(a)
and (b), the left halves are thick Al coatings and right
halves are glass substrates. The thickness of the Al coat-
ings was measured by calculating the altitude intercept
of two areas. The thickness of Al coating prepared by
multi-step deposition technique was 10.6385 um as shown
in Figure 3(a). The thickness changed to 10.4671 um
as shown in Figure 3(b). 171.4 nm-thick Al film was
lost during the polishing process, and such thickness
attrition had nearly no influence on the echelle grating
ruling.
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Besides the thickness, surface reflectance is a key
parameter to evaluate the thick Al coating quality.'®"?
Figure 4 shows the surface reflectance of thick Al coating
before and after the CMP process. The surface reflectance
of thick Al coating had nearly 40% improvement after
the CMP process. We also demonstrated in our last study
that the radial-quality uniformity, as surface reflectance
difference along the radial direction, should be analyzed
in detail, to assess which has great impact to diffraction
efficiency uniformity of large-size echelle grating. The sur-
face roughness is determined by surface roughness and
internal compactness. The surface reflectance of Al coating
increased remarkably when introducing the CMP process.
The radial-quality uniformity has also great improvement
by surface reflectance enhancement of whole Al coating.

As known, the inner quality should also be investigated
adequately besides the surface quality of the Al coat-
ing. The thick Al coating prepared by multi-step deposi-
tion method has a special four-layer micro-structure unlike
the conventional thick Al coating. For the polishing tech-
nique is a process of exerting pressure on the Al coat-
ing, the inner structure and multi-layer interface possibly
changed. Figures 5(a) and (b) show the cross-sectional
SEM images of Al coating before and after the CMP pro-
cess. By comparing the photographs, the multi-layer struc-
ture had no obvious change, and by surface morphology
comparison, the Al coating after the CMP process had a
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Fig. 3. Al coating thickness measurement (a) before and (b) after CMP process.

much flatter surface. In this way, it can be concluded that
the CMP process could not only achieve further reduction
of surface roughness, but also guaranteed stability of inner
micro-structure,

Figure 5(c) shows the enlarged SEM image of
Figure 5(a) where different component parts of multi-layer
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Fig. 4. Al coating surface reflectance before and after CMP process.
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thick Al structure are shown. The black area represents
the upper surface of the first Al layer. The SEM image in
Figure 5(c) is a cross-sectional image. The perfect cross-
sectional sample was very difficult to prepare because
of high ductility of Al material. Sometimes the prepared
cross-sectional sample presents overlapped layer behavior,
while sometimes the cross section presents a separated-
layer behavior as shown in Figure 5(a). In this case the
cross-sectional image shows a dark area between two sin-
gle Al layers.

Lifetime of an aluminum coating oxidized by limited
exposures to atomic oxygen can be substantially extended
by periodic recoating of the oxidized aluminum surface
with new aluminum coatings.’’ So the Al oxidation in
the long-time deposition process should be considered. We
proved in our last study that there was no redundant oxi-
dized oxygen between the Al coating layers. Neverthe-
less, it was doubted that if an extremely thin aluminum
oxide film could be formed or not formed between two
Al layers during the long-time polishing process. To clar-
ify this problem, we also did an energy dispersive X-
ray (EDX) analysis on the interface between the two Al
layers. The test results are shown in Figure 5(d). The
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Fig. 5. Al coating cross-sectional SEM images (a) before and (b) after CMP process. (c) The enlarged image of Al coating cross-sectional SEM
image. (d) Energy dispersive X-ray analysis on the interface between two Al layers.

scan mode of EDX is line scan with a scan length of
4 um, shown by the white line. The green line and red
line represent the Aluminum and Oxygen content, respec-
tively. The signal intensity of Al was about 100 times
higher than that of O. Although the intensity of Al
dropped a little around the interface due to its loss in the
shadow, it was still much higher than that of O. We there-
fore believed that there was no obvious oxidation effect
of Al coating during the coating deposition and CMP
process.

The film hardness of thick Al substrate is fatal to the
final ruling consequence in the echelle grating ruling pro-
cess. The film hardness of Al coating was appropriately
around 0.5 Mpa and the used measurement instrument was
nano indentation of Agilent. The measurement method was
G-Series DCM CSM Standard Hardness, Modulus and Tip
Cal. Figure 6 shows the Al coating hardness and modu-
lus changing along with displacement into surface before
and after the CMP process. The average hardness between
400 nm and 500 nm of displacement into surface before
and after the CMP process were 0.483 GPa and 0.516 GPa,
respectively, showing that the CMP process made the Al
coating hardness a litter larger. But the film hardness was
still in the allowed region.

Figure 7 shows the ruled echelle grating on the thick
Al coating treated by CMP process. The torque equilib-
rium method was used in the ruling of this echelle grating.
The scatter light results for the fabricated echelle gratings
was 3.1 x 107 and used ruling machine was CIOMP-2
ruling engine. The scatter intensities and ghost of gratings
ruled with CIOMP-2 were low and no Rowland ghosts
were visible. CIOMP-2 can also produce varied-line-space,
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bend-line, and aberration-reducing gratings and echelle
gratings. After analyzing the AFM image of echelle grat-
ing surface, the grating groove density was 79 gr/mm
and the measured diffraction efficiency at 632.8 nm and
36th order was 50%, where the diffraction wave front was
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Fig. 6. Al coating hardness and modulus (a) before and (b) after CMP
process.
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Fig. 7. (a) Fabricated echelle grating sample; (b) AFM image of echelle
grating surface.

A/3. Stray-light level was 1 x 10~ during the measurement
process. Finally, the grating groove depth was 5.5 um and
Blaze angle was 64.5°.

4. CONCLUSION

In summary, based on our previous investigation of Al
coating surface roughness reduction by multi-step deposi-
tion method, we put forward mechanical polishing method
to improve surface quality of echelle grating ruling sub-
strate. The CMP method was chosen as the new approach
which almost left no polishing marks on the soft thick
Al coating, unlike the SPDT process. The thickness loss,
surface reflectance, inner structure, oxidation problem and
film hardness were investigated in detail respectively. The
thicknesses loss of the CMP process was 171.4 nm by
different measurement methods, and Al coating surface
reflectance had nearly 40% increase. The inner four-
layer microstructure and film hardness had no obvious
change. Besides, there was hardly any oxidation effect
introduced during the multi-step deposition and CMP pro-
cess. A large-size echelle grating ruling Al coating sub-
strate was finally obtained, and the Rq of Al coating was
significantly reduced to 5.26 nm and the diffraction effi-
ciency of ruled echelle grating was 50%.
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