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The phase type computer generated hologram (CGH) plays an important role in aspherical surface optical testing,
especially for low reflectivity material mirror surfaces, owing to its high diffractive efficiency. With the increasing
demand for high precision CGHs, traditional methods such as reactive ion etching and focusing ion beam, have
difficulty realizing the fabrication of a large aperture and high accuracy phase type CGH. In this study, fabrication
of a high precision CGH has been demonstrated via a new method called scanning ion beam etching (SIBE), which
is suitable for most common optical materials and the fabrication of high performance CGH. On the basis of the
movable radio frequency ion source, we determine an etching depth calculation method to realize high accuracy
etching regardless of whether the removal function is a perfect Gaussian distribution. Experiments are conducted
to verify the etching depth accuracy. Moreover, the linewidth, sidewall angle, roughness, and etching uniformity
results of the CGH are superior to the fabrication of CGH via the conventional method. As a proof of concept,
a phase type CGH with an aperture of 80 mm is fabricated, and the wavefront accuracy is 6.2 nm, which can
meet the processing requirements of a high precision aspheric mirror. Thus, a SIBE method is developed for high

performance CGH, which may aid in the development of high accuracy diffractive optics.

1. Introduction

Precision is one of the most important aspects of optical manufactur-
ing. High precision creates high imaging quality, reliability, and added
value for optical elements. In the past decades, remarkable advances
have been achieved in the area of high-precision optical elements, where
form accuracy is approaching the nanometer level, and surface rough-
ness is approaching the atomic level.

Aspherical surfaces have been widely used in optical systems to pro-
vide improved imaging performances as well as reduced size and min-
imized weight. Form accuracy of aspherical surface is one of the most
important factor to affect the imaging performance. For example, Our
research team has produced a SiC aspherical mirror with a diameter of
4 m, a form accuracy of 18 nm RMS, and a surface roughness of 1 nm
[1,2].

In recent years, diffractive optical elements (DOEs) have played an
important role in the field of imaging systems [3], X-ray focusing [4],
laser beam shaping [5], information storage [6], and optical system test-
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ing [7]. A computer generated hologram (CGH) is a special-designed
DOE that can generate reference wavefronts of arbitrary aspherical sur-
faces. Therefore, it is a convenient and efficient “ruler” used in testing
the form accuracy of aspherical lenses [8]. There is a saying that the
highest accuracy of the aspherical surface depends on the precision of
the CGH “ruler.” However, it is very hard to fabricate a CGH to the
nanometric level with surface roughness at the atomic level.

CGHs can be divided into amplitude and phase types. The former has
chrome patterns on glass, while the latter has patterns etched into glass.
Because the diffraction efficiency of a phase CGH is theoretically four
times that of the amplitude type, it has obvious advantages in aspher-
ical testing. Phase CGHs are usually fabricated by laser-direct lithogra-
phy on a photoresist layer, followed by reaction ion etching (RIE) on
fused silica substrate. The former step controls the horizontal positions
of the CGH patterns, while the latter determines its vertical depth. It is
proved that CGH patterns on a photoresist layer could be realized using
high-precision laser-direct lithography. Nevertheless, it is difficult for
RIE to simultaneously achieve both an accurate etching depth and a high
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Table 1
Comparison of different etching methods.
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Etching methods  Principle Advantange in CGH etching Disadvantage in CGH ethcing

RIE Chemical reaction &Physical sputtering  High etching rate Worse etching roughness

ICP Chemical reaction &Physical sputtering  High etching rate and accuracy Limited processing range

FIB Physical sputtering Directly etching microstructure Limited processing range&efficiency

uniformity when etching a large substrate. Generally, the depth unifor-
mity achieved by commercial RIE equipment for a diameter of up to
100 mm is typically not better than 5%; hence, the wavefront accuracy
of the RIE etched CGH is 13-17 nm in RMS, which could not be used
directly in high-precision testing.

The etching depth error and substrate error of CGH can be canceled
by subtracting the first-order measurement results from the zero-order
results to achieve a CGH with an accuracy of 1 nm [9]. However, not all
CGH can calibrated using this method, especially those designed for an
off-axis aspherical mirror. In fact, this kind of aspherical mirror, with
high steepness and large off-axis, relies heavily on CGH during optical
manufacturing. Therefore, it is necessary to develop a high precision
etching method to improve the wavefront accuracy of CGH.

Moreover, chemical reactions etching (RIE) process will worsen the
roughness of the etched area [10,11]. Having a rough etching area is
equivalent to introducing both amplitude error and etching depth er-
ror, which directly affects the accuracy of CGH [12,13]. Therefore, to
achieve high precision phase CGH, the etching roughness should be rig-
orously restricted to being sub-nanometric [14,15]. In addition to the
RIE method, inductively coupled plasma (ICP), and focusing ion beam
(FIB) are common methods for DOE etching, but they have similar prob-
lems of limited processing range and low etching efficiency [16-18].
Table 1 summarizes the advantages and disadvantages of these etching
methods for CGH fabrication.

To solve these problems, we develop a new method called scan-
ning ion beam etching (SIBE) to simultaneously improve the etching
depth uniformity and the surface roughness. SIBE is a physical etching
method based on the movable inductively coupled radio frequency (RF)
ion source, which can provide stable and pure plasma [19]. In this pa-
per, first, we present an etching depth calculation method based on the
imperfect Gaussian distribution of the ion source. Second, designed ex-
periments are conducted to verify the etching performance by testing
and analyzing all the characteristic parameters. Finally, a phase type
CGH with an 80 mm aperture is fabricated. Nanometric accuracy wave-
front and a sub-nanometric surface roughness are achieved. Therefore,
the fabricated CGH could be directly used in high-precision aspherical
testing. The results also indicate the feasibility and effectiveness of the
SIBE method for etching DOE microstructures with extremely high pre-
cision.

In Section 2, the principle of the SIBE method is explained in de-
tail. In Section 3, experiment are conducted to demonstrate the etching
performance of SIBE. In Section 4, an 80 mm CGH is fabricated using
the SIBE, the wavefront accuracy is tested and the error of this CGH are
discussed.

2. Working principle of the SIBE

Since the 1970s, ion beam technology has been successfully applied
to the correction and polishing of mirrors. High-energy, spatially dis-
tributed inert gas ions (mostly Ar ions) interact with atoms on the work-
piece surface to achieve strictly controlled material removal, which can
theoretically achieve atomic-scale removal [20,21].

In this work, we proposed to use a similar setup to achieve high-
precision etching with the help of a photoresist mask with DOE patterns.
As shown in Fig. 1, the ion beam source has a Gaussian-shape energy dis-
tribution, and its sputtering area radius is far less than the characteristic
size of the diffracted element [22,23]. By scanning the Gaussian-shape

source along a raster path, large-area etching could be easily achieved.
Most importantly, the etching time T; (also called dwell time) at each
specified etching point along the scanning path is one of the variables
in the algorithm of dwell time optimization, which could be utilized for
improving the etching uniformity.

In addition, because the Gaussian-shape ion beam was originally
used for the corrective polishing of aspherical and freeform surfaces
[24], the etching of large-aperture CGHs via this method enables the
simultaneous etching and corrective polishing of the treated substrate.

Moreover, the SIBE can be used to remove materials with almost no
restriction on the material type, which fundamentally determines that
SIBE can be used for etching of most kinds of optical materials such as
silica, fused silica, zerodur, aluminum, chromium, and so on.

To account for the low denaturation temperature (145 °C) of the
photoresist mask, a low ion energy and current should be adopted dur-
ing etching process. Owing to this restriction, the shape of the removal
function will usually have a relatively large deviation with a Gaussian
type, which can incur a large residual error after Gaussian fitting, thus
affecting etching accuracy. According to the traditional deconvolution
method [25],

h(x,y) = R(x,y) %% T(x, ) )

where h(x, y) is the calculated etching depth distribution, R(x, y) is the
removal function distribution, and T(x, y) is dwell time distribution of
the ion beam during the etching process. To obtain a mean etching depth
distribution h(x, y) or actually hy, the T(x, y) must also be a mean dis-
tribution t,. The h, is always proportional to the t, regardless of the
distribution of the removal function.

According to this principle, we present a new concept called “SIBE
velocity” to describe the etching process. As shown in Fig. 1, the veloc-
ity is related to the scanning step distance d, dwell time of single point t,
and etching parameters of SIBE. Generally, once the parameters are con-
firmed, they will not change. Through the first calibration experiment,
the relationship between etching depth hy and the velocity parameter
can be expressed as

v = hydg /tg (@)

To acquire the anticipated etching depth h;, the dwell time distribu-
tion t; can be calculated through the velocity after the stepping distance
is confirmed, as follows:

t = hldlz/u
= hyd}1y/hody ©)

Based on the dwell time calibration experiments, the designed etch-
ing depth can be accomplished with high accuracy regardless of whether
the removal function is perfect Gaussian distribution.

To verify the stability and accuracy of the RF ion source, a stability
experiment was carried out under a set of fixed parameters for the ion
beam processing of fused silica as shown in Table 2. In the 8 h time
span, single point dwell processing was performed 10 times for 100 s
each, and the processing result is shown in Fig. 2.

The characteristic value of the removal function of each point can be
obtained by Gaussian fitting. The RMS value of fitting residual error is
smaller than 2 nm. The error of characteristic values is given in Table 3,
which shows the stability of removal functions.
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Fig. 1. Schematic of the SIBE process.

Table 2
Parameters of ion source for stability testing experiment.

Item Ion Energy (eV) Beam Current (mA)

Grid Size (mm)

Neutralization (mA) Etching Time (s) Distance (mm)

Value 1000 1.5 10

50 100 30

Valley

Table 3
Stability results of removal functions (PV Error).

Item Etching Rate FWHMX FWHMY  Volume Etching Rate

Value  3.127% 0.947% 0.965% 2.894%

3. SIBE experiments

To verify the etching performance of the SIBE method, etching struc-
tures with common stripe lines of CGH from 3 to 100 micrometers with

Fig. 2. Processing result of the stability experiment.

a 0.5 duty cycle were designed to conduct the experiments. Considering
the properties of photoresist mask will be affected by the temperature
change, the etching process was divided into several segments to reduce
the thermal effect [26]. The parameters of the ion source are shown in
Table 4. For each instance of the etching process, the scanning step dis-
tance d is 0.5 mm and the dwell time of single point t is 20 ms. The four
fused silica substrates with designed structures are etched from 1 to 4
times.

After SIBE, the stripe profiles of the four test substrates were tested,
and the results are shown in Fig. 3. Fig. 3(c) shows the test results
for etching depth. The abscissa represents the measured width of the
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Table 4

Parameters of the ion source for etching experiment.
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Item Ion Energy (eV) Beam Current (mA)

Grid Size (mm)

Neutralization (mA) Distance (mm)

Value 700 22
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Fig. 3. Test results of four test substrate. (a) Stripe profile as tested by AFM; (b) Three-dimensional profile of etching stripes; (c) Etching depth test results; (d)

Linewidth change test results.

line while the ordinate represents the measured depth. The mean val-
ues of the four test substrates are 73.3 nm, 144.9 nm, 219.9 nm, and
292.8 nm, showing a good linear relationship between etching depth
and etching time. The standard deviation of etching depth is calculated
as oy = 2.453 nm, 64 = 3.177 nm, o3 = 5.147 nm, and ¢4 = 6.940 nm. It
can be observed that with the increase in etching depth, the uniformity
fluctuates slightly but is still less than 7 nm. The width of the line would
not affect the etching depth or the uniformity. The measurement results
will be used as input parameters for the etching process to guide the
fabrication of CGH.

Although SIBE belongs to anisotropic etching, which can effectively
avoid linewidth broadening, because the lithographic exposure forms a
trapezoidal structure on the photoresist, the thin bottom angle will be
consumed first and the substrate etching will then cause the linewidth to
broaden. Fig. 3(d) gives test results of linewidth change. The linewidth
broaden with the etching number and the etching depth increase, the
linewidth change is related to the etching depth h and the angle 6 of the
trapezoidal photoresist, which can be expressed as

2h
1= 4
tan @ @

The test substrate achieved the angle of 65°, and the test results
showed that the substrates S1 and S2 hold the linewidth change within
1.5%, whereas the linewidth broadening of S3 and S4 increased obvi-
ously along with the etching depth and number to larger than 3%, which
could not be accepted. The linewidth change caused by SIBE was much
smaller than that with the isotropic etching method, and this change
can also be compensated during the photolithograph. The sidewall an-
gle after etching is about 50°, which is far better than RIE.

The roughness test results for the top and bottom area of the stripes
are shown in Fig. 4(a) and (b), and both have Ra values of 0.4 nm. Be-
cause the SIBE belongs to physical removal, the roughness of the etched
area (bottom of stripes) will not change, and may even be homogenized.
Because SIBE shows excellent performance in etching roughness, it has
great advantages in the fabrication of high precision phase CGH.

4. Fabrication of the CGH

To investigate the performance of SIBE in the fabrication of a CGH,
we designed and fabricated a phase CGH with a diameter of 80 mm.
The designed CGH pattern was firstly exposed on a photoresist layer
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Fig. 5. Profile test results of phase CGH with a diameter of 80 mm; (a) The etching process in SIBE; (b) Phase CGH after etching; (c) Duty cycle test results with a
sampling interval of 2 mm; (d) Etching depth test results with a sampling interval of 2 mm.

by laser direct writing (DWL4000, Heidelberg Instruments, Germany).
After development and hardbaking, the physical etching process is per-
formed using SIBE equipment as shown in Fig. 5(a), and Fig. 5(b) shows
a photo of the phase CGH.

Along the radial direction of the CGH, the cross-section profile was
measured at a sampling interval of 2 mm. The linewidth of sampling

points changed from 50 ym at the center to 1.8 ym at the margin. As
shown in Fig. 5, the mean square deviation of etching depth in the full
aperture range is 3.5 nm, and the etching depth uniformity is less than
1.5%.

Next, the wavefront accuracy of the fabricated CGH was tested.
Fig. 6(a) showed the light path of the CGH wavefront accuracy test. A



R. Wang, Z. Zhang, Y. Bai et al.

Optics and Lasers in Engineering 139 (2021) 106503

+0.05571

wave

-0.05846

Fig. 6. (a) Light path of CGH’s wavefront accuracy test; (b) Wavefront test result of CGH test area.

calibration ball was used as the CGH’s test surface. After passing through
the CGH, the divergent spherical waves emitted by interferometer were
transformed into convergent spherical waves. The +1 diffractive light is
converged in the center of the calibration ball.

The interferometer is a Zygo Verifire PE (wavelength = 632.8 nm),
and the size of the reference lens is 4 inches, F# = 3.3. The calibra-
tion ball has a diameter of 20 mm and an accuracy of 0.6 nm, which is
far higher than the CGH accuracy. During the test, first, the CGH was
aligned with the interferometer using the alignment area of the CGH,
and then the position of the calibration ball was adjusted to achieve
zero fringe in the test area. The test result is shown in Fig. 6(b). The
wavefront accuracy was 6.2 nm, which can fully meet the requirements
of high precision optical lens.

5. Conclusions

In this study, we develop the SIBE method, a novel etching method
to achieve a phase CGH with nanometric precision. The SIBE velocity
was proposed to achieve accurate etching depth through calculation and
calibration. A phase CGH with an aperture of 80 mm is fabricated using
SIBE and achieves etching uniformity better than 1.5%. The etching area
has the same roughness of 0.4 nm with the unetched area. The wave-
front accuracy is 6.2 nm, which can meet the processing requirements of
a high precision aspheric mirror. It can be proved that the SIBE is an ef-
fective method for the etching of high precision micro-nano structures.
In this study the SIBE method shows good performance in microstruc-
ture etching, SIBE can also be used to fabricate large substrates with a
possible maximum aperture of 1500 mm. This potential is of great im-
portance for improving the fabrication precision of larger-aperture FZP,
especially in the building of next-generation giant space telescopes. One
existing problem now is the low etching rate. Although the etching rate
can be increased by increasing the ion energy, the heat accumulation of
high ion energy will lead to the denaturation of the photoresist mask,
thus reducing the etching accuracy. Our future work will focus on the
thermal effect control to improve the etching efficiency.
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