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Abstract: A swing ion-beam etching method to fabricate convex blazed gratings used in
shortwave infrared hyperspectral imaging spectrometers is presented. This method solves the
consistency problem of blaze angles by swing etching through the meridian direction of the
gratings. The mathematical relationship of the curvature, aperture, and diffraction efficiency
of convex gratings is studied to demonstrate the limitation of conventional translational
lithography and the necessity of swing etching. A geometric model is built to analyze the
influence of swinging speed and beam slit width on groove evolution. Convex gratings with a
45.5 gr/mm groove density, 67 mm aperture, 156.88 mm radius of curvature, and 2.2° blaze
angle have been fabricated and measured where the peak and average diffraction efficiency in
the shortwave infrared band reach 90% and 70%, respectively. Experimental results validate
that high-efficiency convex gratings of small blaze angle and high groove consistency can be
produced by swing etching, which satisfy the requirements for high spectral resolution and
miniaturization of imaging spectrometers.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction

The hyperspectral imaging spectrometer [1-6] is a spectral instrument combining spatial
imaging technology and spectral acquisition technique which can obtain spatial information
and spectral features of the object simultaneously. It plays an important role in many fields
such as geological exploration, environmental monitoring, biochemical analysis, clinical
medicine and spaceborne remote sensing [7—11]. The Offner imaging spectrometer [12—-14] is
one of the most widely used hyperspectral imaging spectrometers with the advantages of
large field-of-view, compact structure and low distortion of spectral line. A standard Offner
imaging spectrometer consists of three concentric spherical optical elements (two concave
mirrors and one convex grating).

As the key component of Offner imaging spectrometers, the convex grating requires the
properties of large relative aperture, high diffraction efficiency, high precision of groove
density and low stray light to meet the requirements for resolution and portability of imaging
spectrometers. There are several methods to fabricate convex gratings: mechanical ruling,
direct-write electron-beam lithography [15-18], X-ray lithography [19] and holographic ion-
beam etching [20]. Ruled gratings on curved substrates will suffer from low consistency of
grating pattern and poor surface roughness and include a high cost and difficulty of
manufacture, so it is not applied to fabricate curved gratings. The Jet Propulsion Laboratory
in the US have successfully fabricated convex blazed gratings using electron-beam direct
writing method [21] and X-ray lithography [22] with a relative peak diffraction efficiency of
90% and 88% respectively. These two methods provide excellent results of high diffraction
efficiency and controllable groove profile but also have drawbacks such as low throughput,
high cost, limited aperture and ghost lines. In consequence, these methods are not widely
used. Nevertheless, the technology for making curved gratings by holographic ion-beam
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etching (H-IBE) is mature. Officine Galileo, NASA, Headwall Photonics, Soochow
University [23-26] and other institutions have reported the successful production of convex
gratings for imaging spectrometers by holographic ion-beam etching. Compared with the
methods above, holographic ion-beam etching has the advantage of no ghost lines, large
aperture, low cost and time efficiency. Despite all these strengths, there still exists a problem
of the H-IBE method. When we fabricate convex gratings using existing translational ion
beam lithography, the blaze angle varies along the grating surface owing to the curvature of
the convex substrate and the parallel ion beam. Part of the substrate is not even etched while
the designed blaze angle is very small (a few degrees), as show in Fig. 1. This causes low
diffraction efficiency and small relative aperture of the convex blazed gratings fabricated by
the conventional holographic ion beam etching technology.

Ion beam
e e B S L

Convex grating

Fig. 1. Sketch of convex grating grooves etched by parallel ion beam.

To solve this problem, the swing ion-beam etching method to fabricate convex blazed
gratings of high diffraction efficiency and large relative aperture is presented. In this paper,
the relations of the curvature, aperture, blaze angles and diffraction efficiency are studied to
illustrate the limitation of conventional translational lithography first. Diffraction efficiencies
of convex gratings under different parameters are calculated in Section 2. Then a geometric
model of the swing etching process is established to simulate groove evolution under different
process parameters in Section 3. The fabrication process of convex gratings with a 45.5gr/mm
groove density, 67mm aperture, 156.88mm curvature radius and 2.2° + 0.2° blaze angle is
described in Section 4. These convex gratings would be applied in a meteorological
spaceborne hyperspectral imaging spectrometer which requires a wavelength range of
900nm—-2500nm and a diffraction efficiency of >65% on average. Finally, the surface
topography and diffractive performance of the samples are measured and the experimental
results are discussed in Section 5.

2. Limitation of conventional translational lithography

When traditional H-IBE method is used to make a convex grating, the grating pattern on the
surface is not consistent, and some parts of the convex substrate are not even etched. We
discuss the mathematical relation among the curvature, aperture, ion beam incident angle and
diffraction efficiency of the convex grating fabricated by conventional etching method.

2.1 Effect of consistency of blaze angles on diffraction efficiency in meridian direction

A rectangular coordinate system whose origin is the center O of the convex surface is built, as
shown in Fig. 2(a). The included angle between the parallel ion beam and the convex surface
at the central vertex (tangent plane over the vertex) is 6, (grazing angle of ion beam). The
curvature radius of the convex surface is R and the aperture of the substrate is L. The equation
of the convex surface can be expressed as

X +y +z22 =R, )
P(x, y, z) is an arbitrary point on the grating surface, where a is the included angle of PO

and the positive direction of y axis, £ is the included angle of PO and the positive direction
of x axis. The direction vector of the parallel ion beam is

1=(0,-cos6,,—siné,). ()
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The normal vector of the tangent plane over point P is n.

n=(-x,—y,—z). 3)

Ion beam
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Fig. 2. (a) Schematic diagram of convex surface etched by ion beam. (b) Principal cross-
section diagram of the convex grating in the meridian direction.

The included angle of / and n is ¢@. Define 6 = 90°—¢, so we elicit
sin0=cos¢=cos<n,l>. @)

6 = arcsin LA = arcsin (M] %)
o1 R

When ¢<90°, >0, ¢is the incident angle of the ion beam on the substrate at point P and 6
means the grazing angle of the ion beam; when ¢>90°, §<0, it means the ion beam would no
longer graze point P, and this part of substrate surface would remain unetched.

In the case of conventional ion beam etching, we simply consider the effect of curvature
in the meridian direction on the consistency of the blaze angles first, that is, calculations are
only conducted in the yoz plane (the principal section of the grating), as shown in Fig. 2(b).
Equations (4) and (5) become

sin @ = cos &z cos , +sin arsin 00=sin(00 +90° —a). (6)

0=6,+90"-a. @)
When the ion beam etches the rectangular photoresist mask with a small grazing angle
(6<12°), the blaze angle y is considered to be approximately equal to & multiplied by & [27]
(the coefficient £ is related to the etching rate ratio of the ion beam on substrate materials and
photoresist mask; in our experiment & = 0.63), namely, y = k6. From Eq. (7) we can infer the
relation between y and the position on the convex surface is

=17 +k(90° —0!) s (90" —arc sin(%j <o <90 +arcsin (%j} ®)

where y, is the designed blaze angle, that is, the blaze angle of the groove pattern on the
center of the substrate. The magnitude of a is determined by L and R. According to the given
parameters such as aperture, radius and grazing angle of the ion beam, the blaze angles at
different positions through the meridian direction can be calculated. We can work out the
diffraction efficiency curves versus wavelength #(a, 4) at different points on the grating
surface further by using the software PCGrate. Then we fit the results into the overall
diffraction efficiency #(yy, 4) of the entire convex grating. What calls for special attention is
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that when « is larger than 6, + 90°, the value of 8 and y are less than zero, at this time the ion
beam will pass over the surface and these areas will remain unetched. Owing to the excellent
anisotropy of the ion beam, the unetched areas will keep the original profile of the photoresist
mask after etching and still contribute to the diffraction efficiency. They should not be
neglected while calculating the diffraction efficiency of the whole grating, so we calculate
unetched areas as rectangular photoresist groove profiles. The proportion y of the unetched
area to the entire surface can be expressed by Eq. (10).

- ° +arcsin L
n(7.4)= [2 arcsin (%ﬂ I;imsm(iz*)jn (o, A)do. 9)

6, <arcsin(L/(2R))

.- {(arcsin(L/@R))—90)/(2arcsm(L/(2R))) . (10)

0 6, > arcsin(L/(2R))

The diffraction efficiency of convex gratings under different parameters are calculated.
The grating groove density is 45.5 gr/mm, spectral range of the wavelengths is 900-2500 nm,
the diffraction order is —1 level, and the light incident angle is 23.1°. The proportion 7 of L
and R is taken at 0.05 intervals from 0.05 to 0.5, the grazing angle 6, of ion beam at the
central vertex is taken at 1.5° intervals from 2° to 8°, that is, ¢ = L/Re[0.05,0.5] and
6pe[2°,8°]. The proportion of unetched area and the range of blaze angles y on the grating
surface with different parameters are given in Table 1. It indicates that there exists unetched
areas on the grating surface to every 6, when L/R is larger than 0.25. The inconsistency of
blaze angles and the size of unetched area are both positively correlated to L/R. 6, has little
effect on the range of blaze angles, so increasing 6, cannot solve the problem of blaze angles’
inconsistency.

Table 1. The proportion of unetched area and the range of blaze angles y under different

parameters.
Oy(Degree) 2° 3.5° 5° 6.5° 8°
0.05 | 0% (0.36,2.16) 0% (1.30,3.11) 0% (2.25, 4.05) 0% (3.19, 5.00) 0% (4.14,5.94)
0.10 | 15.1% (0, 3.07) 0% (0.40, 4.01) 0% (1.34,4.96) 0% (2.29, 5.90) 0% (3.23, 6.85)
0.15 | 26.8% (0,3.97) 9.3% (0,4.91) 0% (0.44, 5.86) 0% (1.39, 6.80) 0% (2.33, 7.75)
0.20 | 32.6% (0, 4.88) 19.5% (0, 5.82) 6.4% (0, 6.77) 0% (0.48, 7.71) 0% (1.42, 8.66)
LR 0.25 | 36.1% (0, 5.78) 25.6% (0, 6.73) 15.2% (0, 7.67) 4.7% (0, 8.62) 0% (0.52, 9.56)
0.30 | 38.4% (0, 6.70) 29.7% (0, 7.64) 21.0% (0, 8.59) 12.3% (0, 9.53) 3.6% (0, 10.48)
0.35 | 40.1% (0, 7.61) 32.6% (0, 8.55) 25.2% (0, 9.50) 17.8%(0,10.44) 10.3% (0, 11.39)
0.40 | 41.3% (0, 8.53) 34.8% (0,9.47) 28.3% (0, 10.42) 21.8%(0,11.36) 15.3% (0, 12.31)
0.45 | 42.3% (0, 9.45) 36.5% (0,10.40) 30.8% (0,11.34) 25.0% (0, 12.29)  19.2% (0, 13.23)
0.50 | 43.1%(0,10.38) 37.9%(0,11.33) 32.7%(0,12.27) 27.6%(0,13.22) 22.4% (0, 14.16)

Calculation results of diffraction efficiency are shown in Fig. 3. Figure 3(a) shows the
ideal diffraction efficiency curve of the convex blazed grating (blaze angle is 2.2172°, at this
time the ion beam grazing angle is 3.5°) whose groove profiles are absolutely consistent. The
diffraction efficiency curve of the rectangular profile of the photoresist mask without etching
is also presented in Fig. 3(a). As seen from Fig. 3(a), the ideal diffraction efficiency curve
(colored in black) is much higher than the rectangular mask (colored in red) at each
wavelength and its peak value is more than 95%.

Figures 3(b)-3(f) show the diffraction efficiency curves of the convex gratings etched
under different curvatures, apertures and grazing angles. Diffraction efficiencies under all
parameters are much lower than ideal. The diffraction efficiency of the entire convex grating
decreases when L/R increases. This is because when L/R increases, the inconsistency of blaze
angles and the size of unetched area become larger as presented in Table 1. Figure 3 also
shows the effect of 6. The more 6, deviates from 3.5°, the lower the diffraction efficiency
becomes. Because the variation of the value of blaze angle y caused by 6, will decrease the
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light energy in the designed wavelength band which manifests the left or right shift of the
peak of diffraction efficiency curves and the reduction of average diffraction efficiency.

It is concluded that convex gratings with a small blaze angle having good consistency of
blaze angles and high diffraction efficiency cannot be fabricated by conventional translational
lithography. In our experiment, the grazing angle of the ion beam is 3.4728° and the L/R of
the convex substrate is 0.4271. From Fig. 3 and Table 1 we find that convex gratings of such
parameters made by conventional method are far from the design needs as the variation range
of blaze angles is larger than 0-9.47° and the average diffraction efficiency is less than 20%.
Therefore, it is necessary to investigate the swing etching process which can solve the
consistency problem.
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Fig. 3. Diffraction efficiency-wavelength curves. (a) Comparison of diffraction efficiency
between ideal grooves and rectangular mask grating; (b)—(f) Comparison of diffraction
efficiency between ideal grooves and calculated results of grazing angle 6 2°-8° and 7 0.05—
0.5.
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2.2 Effect of consistency of blaze angles on diffraction efficiency in sagittal direction

Swing etching technique sets the curvature center of convex surface as the swinging center O
and the curvature radius of the grating as the swinging radius so that the reciprocating
swinging motion of the substrate is carried out along the meridian direction around the axis
perpendicular to the principal plane which passes through point O, as shown in Fig. 4(a). This
method ensures that every point on the convex surface is etched at the same ion beam incident
angle in the meridian direction. This makes blaze angles in the meridian direction consistent,
but it cannot eliminate the deviations arising from the ion beam incident angles and blaze
angles in the sagittal direction. It is impossible to achieve perfectly consistent blaze angles
along the entire substrate surface just by swing etching. Therefore, a partition-swing etching
method is proposed to solve this problem, as shown in Fig. 4(b). The partition method
improves the consistency of the blaze angles by reducing the variation range of ion beam
grazing angles in the sagittal direction. Here the effect of the consistency of the blaze angles
in the sagittal direction on the diffraction efficiency is investigated.

The ion beam grazing angles are consistent in the meridian direction by swing etching,
that is, the variation of grazing angle is irrelevant to y, calculations are only conducted in the
xoz plane. Taking y = 0, then Eq. (5) becomes

@=arcsin (sin Asin 6, ). (11)
y =karcsin(sin Ssin6, ). (12)

According to the given parameters of the gratings and etching process, the diffraction
efficiency curves 7(f, 1) at different points in the sagittal direction are calculated by PCGrate.
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Fig. 4. (a) Sketch of swing ion-beam etching; (b) Partition method in sagittal direction.

Divide the convex surface into n strip-shaped areas along the sagittal direction. The
central angle of each strip-shaped area in the sagittal direction is 2arcsin(L/(2R))/n and the
grazing angle at the area center is 6, as required. In each area we have

90" - Larcsin[ £ SﬂS90°+larcsin L) (13)
2R 2R

n n

The range of blaze angles is

k arc sin[cos {larc sin(in sin 6’0] <Y<, (14)

n 2R
Owing to the symmetry of the convex surface, the diffraction efficiency of each area is
expressed in Eq. (15). Through the partition method, the groove patterns of the strip areas are
the same for they are etched under the same conditions. Therefore, the overall diffraction
efficiency of the entire convex grating #(y,, 1) is equal to #,,.
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(15)

0

n(%,4)=n, = ”{arcsin(ﬁﬂ (. 4yda

Equations above are utilized to calculate the diffraction efficiencies and blaze angles under
the same parameters used in Section 2.1. Table 2 presents the deviation range of blaze angles
under different parameters while the number of striped areas is 1(not partitioned). It illustrates
that the variation range of blaze angles is positively correlated to 6, and L/R in the sagittal
direction, and the variation ranges of blaze angles under all parameters are very small as the
maximum range is no more than 0.2°. This means that when the ion beam grazing angle
varies from 2° to 8°, the blaze angles just change slightly and do not have a distinct effect on
diffraction efficiency, as shown in Fig. 5. Calculation results of the diffraction efficiency
curves under each parameter are close to those of gratings having completely consistent blaze
angles. In our experiment, the range of blaze angles is calculated as 0.049° by swing etching
which fully meet the requirement 2.2° + 0.2°.

Table 2. The deviation range of blaze angles y under different parameters on grating
surface while n = 1.

0y(Degree) 2° 3.5° 5° 6.5° 8°
0.05 | (12666, 1.2670) (2.2166,2.2172) (3.1665,3.1675) (4.1165,4.1178) (5.0664, 5.0680)
0.10 | (1.2654, 1.2670) (2.2145,2.2172) (3.1635,3.1675) (4.1126,4.1178)  (5.0616, 5.0680)
0.15 | (12634, 1.2670) (2.2110,2.2172) (3.1586,3.1675) (4.1061,4.1178) (5.0536, 5.0680)
0.20 | (12606, 1.2670) (2.2061,2.2172) (3.1516,3.1675) _ (4.0970,4.1178) _ (5.0424, 5.0680)
Lr 1025 [ (12571,12670) (2.1998,22172) (3.1426,3.1675) (4.0853.4.1178) (5.0280, 5.0680)
030 | (12527, 1.2670) (2.1921,2.2172) (3.1316,3.1675) (4.0710,4.1178) (5.0103, 5.0680)
035 | (1.2474, 1.2670) (2.1830,2.2172) (3.1185,3.1675) (4.0539,4.1178)  (4.9893, 5.0680)
040 | (1.2414,1.2670) (2.1724,2.2172) (3.1033,3.1675) (4.0342,4.1178) (4.9650, 5.0680)
0.45 | (12345, 1.2670) (2.1603,2.2172)  (3.0861,3.1675) (4.0117,4.1178) (4.9372, 5.0680)
0.50 | (1.2268, 1.2670) (2.1468,2.2172) (3.0667,3.1675) (3.9865,4.1178) (4.9061, 5.0680)

It is concluded that when we fabricate convex gratings by swing etching, the variation
range of blaze angles in the sagittal direction is so small that it has little influence on the
diffraction efficiency if the grazing angle is small. Therefore, the partition-swing etching
method is unnecessary when fabricating convex gratings with a small blaze angle. The
requirements for diffraction efficiency could be met simply by swing etching in the meridian
direction.
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Fig. 5. Comparison of diffraction efficiency between gratings with completely consistent blaze
angles and gratings by swing etching. (a) 7= 0.4, §,=3.5°; (b) t= 0.5, 6, = 8°.

3. Modeling the swing ion-beam etching process

In general, for pattern transfer during the etching process, it is important to find the
relationship between etching rate and incident angle of the ion beam, because the incident
angle varies along the convex surface under parallel ion beam while other parameters like ion
energy, beam density remain constant. In this paper, we obtain the relationships between
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etching rates of different materials and incident angles of the ion beam through experimental
measurements combined with the empirical formula given by Ducommun [28]. When the ion
beam approaches the normal incidence (¢<12°), the etching rate is approximately linear to the
incident angle ¢ when the ion beam grazes the surface (6<12°), the etching rate is nearly
proportional to the grazing angle 6.

The groove evolution under ideal conditions (ion beam incident angles are constant) is
analyzed at first. The height and width of the rectangular photoresist mask on the substrate are
h and w respectively. The grating period is d and the grazing angle of the ion beam is 6. The
designed blaze angle is y and the anti-blaze angle is . The etching rate of the ridge and the
sidewall of the mask are V), and V,, respectively, and the etching rate of the blazing facet and
the anti-blazing facet are V, and ¥ respectively. To obtain a standard sawtooth groove pattern
at the end of the etching process, the mask must be etched out completely just in time, as
shown in Fig. 6, so the mask’s aspect ratio satisfies Eq. (16). The projection cut-off point E of
the ion beam and the blazing facet move along as the height of the mask decreases and they
should have the same speed in the horizontal direction [27].

of \on bea™™

- oction
Rectangular Mask pirect!
W o
0

’T% ”””” | : v,

Substrate

Fig. 6. Groove evolution under ideal condition.

hw=V, V.. (16)
tan 8,=h/(d — w). (17)
V,[siny=V,/tan§,. (18)

The ion beam grazing angle # is small enough to apply the small angle approximation in
Eq. (19) when making a convex grating with a small blaze angle. k, and k,, and k, and k; are
the etching rate coefficients of the mask and substrate materials respectively. The following
equations could be derived.

sing, = 6, = tan G,. 19)
V, =k,6,
K’V =k%’60 +%
. 20
v, =k (6,~7) (20)

V/,=k/,(90°—90—ﬂ)+V0'

y=k,0, [(k, +k,). 1)

As shown in Fig. 7, the substrate is swept repeatedly by the ion beam throughout the baffle
slit as the 3D-stage swings reciprocally. The effective etching time 7 refers to the time only
when the substrate surface was bombarded by the ion beam. The total time of swing etching
is T, the etching time in a single swing is #,, the frequency of swings (semi-periodic number)
is n, the swinging speed is w, and the width of the slit 4B is D (D is the width of the
projection of the ion beam on the substrate passing through the slit). The variation range of
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the grazing angle caused by the slit is —min{A8,6,} to Af. The central angle of the convex

substrate is g qring.

T=6,,,T./(A6+min{A6,6,}). (22)
T.=n-t,=n-(A6+min{A6,6,})/. (23)
D =2Rsin((A0+min{A6.6,})/2). (24)
h=V,T. =k,6, nt,. (25)

(26)

w= an = (kwgo + VO ) ’ ntn'
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Fig. 7. Parameters of swing etching model.
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Fig. 8. Groove evolution when the slit width is bigger than the critical width.

The mask is just etched out after time 7 under the ideal condition. Practically, the ion
beam grazing angle, etching time and groove evolution are definitely affected by swinging
speed @ and slit width D. In each swinging period, the ridge height reduction and mask width
shrinkage are 4, and w, respectively. The total etching amount of the mask during the entire

etching process is 4 “and w”
(a). When A#<0,, that is, 6,—AH<H <0, + A, the ion beam grazing angle can be written as

0'(t1)=6,-A0+w-t ,te0,1,]. 27
b= [0V, (e)de= [k, (8, - 60+ w-1)dt = k6, 1, (28)
[V, (0)de=["Tk, (6, ~A6+@-1)+V, Yt = (k,6,+V,) 1, (29)

w =
" 0
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After effective etching time T,
W =nh,=k,6, nt, =h. (30)

w=nw, =(k,0,+V,) -nt, =w. (€2))

In this case, the mean value of the grazing angle is still §,, and the blaze angle y " is
unchanged. The evolution of the groove profile is just the same as the ideal situation,
so the swinging speed and the slit width do not affect the groove evolution.

(b). When AG>0,, that is, 0<%, + A, a portion of ion beam passes over the surface and
cannot bombard the substrate. The mean value of the grazing angles is greater than
6y, and the blaze angle y ” is increased.

g'(t)=w-t ,te|0,z,]. (32)

hy= [0V, (e)de = [ kyorde =k, (860+8,)/2] 1, (33)

w, =j0" v, (t)de =j0" [k, +V, Jdt = (k, (A6 +8,)/2+V,)t,. (34)
V) =h, 11, =k8,+k,(06-6,)[2>V,. (35)

V) =w,/t =k,0,+V,+k, (06-6,)/2>V,. (36)

k
, Y A9+90. 37)

The average etching rate V;,” and V,,” of both the ridge and sidewall of the mask are
larger than those of ideal situation in each swinging period, which indicates that the
mask will be etched out before the scheduled effective etching time 7. Furthermore,
the etching rate of the ridge increases more than that of the sidewall, that is, the mask
will be etched out in the vertical direction in advance so that a flat roof will appear
on the top of the groove profile. The over etching of the substrate in the remaining
time will increase the width of the flat roof, as shown in Fig. 8.

After time T, the mask height is reduced to 0, the width of the flat roof is w, and the
groove depth is h;. After time T, the final width of the flat roof is w, when the
etching process is finished. In fact, the grating pattern will not evolve into a standard
trapezoidal shape owing to the facet effect. The apex and slot of the groove profile
will turn into an arc with a continuously varying slope.

W =[k,(A6+6,)/2]-T, = h. (38)
w=(k,(AO+6,)/2+V,)T,. (39)

T, =26,T./(A6+6,). (40)

w =w—w =V,T, (A0-6,)/(A0+6,). 41)

d-w k,(46+6) v, v/

Y

h, 2 siny/ " sin i

(T.-T,). (42)

W2=Wl+
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We have concluded that, without considering its uniformity, swinging speed has no effect
on etching time and groove evolution in the appropriate range (excessive or tiny speed affects
the uniformity of the swing and the stability of the workbench). The variation range of
grazing angles of the ion beam is positively correlated to slit width. The wider the slit is, the
less the total etching time it will cost. When the slit width is less than the critical width
2Rsind, it will not affect the final groove profile; when the slit width is greater than 2Rsin6,,
the blaze angle will increase and a flat roof will appear on the top of groove profile after
etching, as well as the size of the blaze angle and the width of the flat roof will be positively
correlated to the slit width.

4. Experiment

In Section 2, we concluded that the diffraction efficiency of convex gratings fabricated by
conventional method is so low that the swing etching method should be adopted. In Section 3,
we investigated the influence of the slit width and swinging speed on groove evolution and
several conclusions were reached. In this section, we conducted a series of experiments to
verify the consistency of swing etching and the influence of the slit width and swinging
speed.

The convex grating specimens were designed for the —1st order in the wavelength range
900—-2500nm at the incident angle 23.1° and fabricated according to the optimized designed
parameters calculated by the methods in Sections 2 and 3, as shown in Table 3. We spin-
coated the positive photoresist on a finely polished and cleaned K9 convex substrate of 67mm
x 67mm in area and lum in thickness [29,30]. Then we followed the conventional
holographic exposure and development steps to form a 45.5 gr/mm grating mask whose
ridges were approximately rectangular [31,32]. The real-time monitoring technique [33] and
stripe locking technology [34,35] were applied in the exposure and development steps to
ensure good groove profile and line precision. Next, we performed ashing with O, by
inductively coupled plasma etching to remove the residual photoresist in the slot and sidewall
burrs of the mask. Meanwhile, the surface roughness and the slot linearity were improved and
the duty cycle was reduced by ashing. After that, we transferred the groove pattern from the
mask to the convex substrate by swing ion beam etching with the LKQ-200 multifunctional
ion beam etcher. The ion beam was generated by the 16cm four-grid RF ion source from
Veeco company, whose divergence angle is less than + 0.1°. The substrate was placed on a
3D hydrocooling stage that could move in arbitrary trajectories by a curve fitting algorithm.
We set the ion source and etching parameters according to Table 4. Swinging speed, swing
period and slit width were variable while parameters of the ion source were constant to
facilitate the study of the etching process. The swing etching process was investigated by
changing the combination of these parameters. During the etching process, the substrate on
the stage swung reciprocally over a radius of itself. The entire sample was equably scanned at
a fixed incident angle by the ion beam coming through the slit, as shown in Fig. 7. After
etching, the aluminum coating was deposited on the gratings by magnetron sputtering at the
National engineering research center for diffraction gratings manufacturing and application of
China. This was to improve the reflectivity and protect the surface. We made a number of
grating samples with different swing speeds and slit widths to study the effect of these
process parameters on etching results and seek the best process parameters. The morphology
of the gratings was tested by an atomic force microscope (AFM). The diffraction efficiency
was measured by a homemade multifunctional diffraction efficiency tester.

Table 3. Designed parameters of the mask and convex grating

Aperture Radius Period Mask height Mask width  Duty cycle Blaze angle Roughness
67mm 156.88mm__ 21.978um 1000nm 5498.8nm 0.25 2.2°40.2° <Inm
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Table 4. Swing etching parameters

Ion energy  Beam current  Accelerate voltage ~ Working gas Chamber pressure T.
500eV 250mA 250V Ar:CHF; = 5:3 ~5x 107 Pa 165.88min

5. Results and discussion

5.1 Effect of slit width on groove pattern
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Fig. 9. 3D profile images of samples No.1-4 measured by AFM.

Samples No.1, No.2, No.3, and No.4 were etched with the swinging speed of 0.1277rad/s and
slit widths of 23.1mm, 24.8mm, 25.9mm, and 27.3mm, respectively. The slit widths are all
larger than the critical width 19mm. Figure 9 shows the 3D surface profiles of the four
samples tested by AFM. Figure 10 shows a comparison between the measured cross-section
diagrams of the four samples and the simulation results of the swing etching model. As
known from the test results, the blaze angles of No.1, No.2, No.3 and No.4 are 2.5979°,
2.7950°, 2.9696° and 3.1301°, respectively. Figures 9 and 10 show that a flat roof appears on
the top of the groove profile, and its width becomes larger as the slit width increases. This
demonstrates that when the slit is wider than the critical width, the blaze angle is greater than
the designed value. Both the size of the blaze angle and the width of the flat roof are
positively correlated to the slit width. These results accord with the conclusions elicited in the
etching model.
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Fig. 10. Measured (solid) and simulated (dashed) cross-section images of samples No.1—4.
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Fig. 11. Measured and calculated results of diffraction efficiency of samples No.1-4.

The groove profiles of the samples are in basic agreement with the simulations of the
etching model in Section 3, but there is a certain difference: the measured flat roof width is
greater than the calculated result and the flat roof surface is irregular which has ups and
downs. The reasons for the discrepancy are as follows: First, the etching model is a simplified
geometrical model in which some approximate methods are adopted, so the results are
certainly a little different from reality. Second, the incident angle of the ion beam is always
changing during the etching process whose influence on the groove formation has not been
considered. Third, the total working time cost for the etching process is nearly 10 hours.
Therefore, the stability of the ion source would influence the experimental results.

Figure 11 shows the measured and calculated diffraction efficiency curves of samples
No.1-4. The calculation results are basically in line with the varying trend of the measured
curves. When the slit width is greater than the critical value, the diffraction efficiency will
reduce significantly owing to the change of blaze angle. The wider the slit becomes, the lower
is the diffraction efficiency. The diffraction efficiency of the grating is severely affected by
the increase of blaze angle and groove variation caused by the overwide slit.

5.2 Effect of swinging speed on groove pattern

Figures 12(a) and 12(c) show the groove profile of sample No.5 etched with a swing speed of
0.0064rad/s (linear velocity 1mm/s). Figures 12(b) and 12(d) show the groove profile of
sample No.6 etched with a swing speed of 0.0255rad/s (linear velocity 4mm/s). The slit width
of both samples is 13.2mm. Figure 13 shows the contrast between the measured diffraction
efficiency curves of the two samples and the ideal diffraction efficiency curve. As seen from
the diagram, the two samples both exhibit good sawtooth grooves, and their blaze angles are
2.1910° and 2.1928° respectively, which basically meet the designed requirements.
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Fig. 12. AFM images: (a) 3D surface profile of sample No.5; (b) 3D surface profile of sample
No. 6;(c) cross-section profile of sample No.5; (d) cross-section profile of sample No.6.
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Fig. 13. Comparison between the measured and ideal diffraction efficiency of No.5 and No.6.

The groove patterns of the two samples are basically the same, but the profile of No.6
seems to be a little smoother. This agrees with the conclusion inferred by the model in
Section 3, that is, the swinging speed has no effect on the basic shape of grooves, but the
influence on the profile details has not been investigated yet. The difference between the two
samples may be caused by the effect of swinging speed on the stability of movement of the
stage. In this paper, the relation between etching rate and incident angle of the ion beam is
approximately treated in the etching model. The effect of the swing uniformity on the incident
angle of the ion beam is not considered. Since the track of the stage is controlled by a fitting
algorithm, the swing speed is determined by the fitting precision and the motor speed. It is
complicated to determine how the swing speed affects the groove evolution in detail.
Swinging too slow or too fast will reduce the stability of the stage and the uniformity of
motion, which will affect the uniformity of ion beam etching. Therefore, there is an optimal
range for the swinging speed that will benefit the etching process.

The diffraction efficiencies of the two samples are similar to the ideal diffraction
efficiency, but there is some loss. The peak diffraction efficiency of sample No.5 is 88.03%,
and the average diffraction efficiency in the whole wavelength range is 65.07%; the peak
diffraction efficiency of sample No.6 is 88.08%, and the average diffraction efficiency is
65.61%. The loss of diffraction efficiency may arise from the following reasons: first, defects
on the grating surface reduce the efficiency; second, the inconsistency of blaze angles in the
sagittal direction will also have a slight effect on the diffraction efficiency.
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5.3 Blaze angle consistency of swing etching

To verify that the swing etching method can solve the problem of the consistency of blaze
angles, groove profiles at different locations on the same convex grating were measured. The
location of the different test points is represented by the coordinates (x, y) of their projections

Table 5. Blaze angles at different locations on the substrate surface.

Coordinate (a) (b) (©) (d) (e) ® (2 (h) (@)
(mm) (=30,-30) (=30,-0) (=30,30) (0,30)  (0,0)  (0,30)  (30,-30)  (30,0) (30,30
Blaze angle 2.1583° 2.1701°  2.1631° 22072° 22057° 2.1976° 2.1723° 2.1671° 2.1596°
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Fig. 14. Cross-section diagrams at different locations on the grating surface by AFM.

on the xoy plane. Figure 14 shows the AFM testing results at nine different locations on
sample No.7, which was etched with a swinging speed of 0.0lrad/s and a slit width of
13.2mm. Table 5 shows the coordinates and the tested blaze angles of different test points.
Groove profiles in different locations are basically the same and demonstrate good sawtooth
shape. The ranges of blaze angles of three groups of test points (abc, def, and ghi) are
0.0118°, 0.0096° and 0.0127°, respectively, which indicates the high consistency of blaze
angles in the meridian direction; the range of blaze angles of three groups of test points (adg,
beh, and cfi) are 0.0489°, 0.0386°, 0.0380°, respectively. This shows that the consistency in
the sagittal direction is slightly worse. The experiment is basically in line with the calculation
results in Section 2. The average blaze angle of the whole grating is 2.1780°, the standard
deviation is 0.0187°, the inconsistency is less than 2.2° + 0.0417°, which satisfy the
requirements of the designed tolerance. Compared with conventional methods, the irregularity
of the blaze angles of the convex gratings produced by swing etching is much smaller, which
proves that the problem of the consistency of the blaze angles on the convex surface could
effectively be solved by swing etching method.

5.4 Experimental result of optimized parameters

Considering the effects of the uniformity, stability, etching time and the divergence angle of
the ion beam, it is appropriate to choose a moderate swinging speed and a slit width a little
less than the critical value. We chose a swinging speed of 0.0127 rad/s and a slit width of 16.5
mm (constrained beam width is 1 mm) to fabricate sample No.8. AFM test results are
illustrated in Fig. 15. The sample exhibits a standard sawtooth groove and a blaze angle of
2.2057°. The peak diffraction efficiency of sample No.8 is 90.03% and its average diffraction
efficiency of the whole band is 70.25% at the —1st order. The surface roughness of sample
No.8 is 0.730 nm (Ra) and 0.893 nm (Rq).

As a contrast, sample No.9 which is fabricated by conventional etching method and
sample No.10 which is a rectangular groove grating (laminar) are also measured and
exhibited. Figure 16 shows the physical photograph of a convex grating and measured
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diffraction efficiency of samples No.8, No.9 and No.10. The diffraction efficiency curve of
sample No.8 is close to the ideal one and much higher than that of samples No.9 and No.10.
This strongly validates the necessity and advantage of swing etching and the theoretical
calculations in Section 2.
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Fig. 15. AFM images of sample No.8: (a) 3D surface profile; (b) cross-section image.

] (a ~~No.8

o] (@ = (b)
0.9 —<—No.l0
08] *— Ideal

] 7 3

o 0.7 £

5% 4

2 0.5

= g

m 0.4+ A oSl Ty
03 4 f T e e
0.2 ""/i/« % v
: 4 e alan VIS i
0.1 ﬁff B

0+ T T T T T T T T — |
800 1000 1200 1400 1600 1800 2000 2200 24002600 ¢
Wavelength(nm) I

Fig. 16. (a) Comparison between the measured diffraction efficiency of samples No.8, No.9
and No.10 with the ideal efficiency; (b) Photograph of a convex grating.

6. Conclusion

We propose a swing etching method to obtain convex blazed gratings by etching rectangular
photoresist masks with the mixture of Ar and CHF;. First, the influence of the curvature
radius and aperture of the grating and the incident angle of the ion beam on the diffraction
efficiency of the convex gratings produced by traditional etching method is analyzed. Convex
gratings with a small blaze angle made by conventional methods have a low diffraction
efficiency. The larger is the relative aperture, the less the diffraction efficiency becomes. This
indicates the limitation of conventional translational lithography and the necessity of swing
etching in the fabrication of high efficiency and large relative-aperture convex gratings with a
small blaze angle. Second, a simple swing etching model is established and the influence of
the parameters in the swing etching process on groove evolution is investigated. In good
working conditions and appropriate ranges, the swing speed has little effect on the grooves.
When the slit is wider than the critical width, the variation of ion beam grazing angles will
increase the blaze angle, and a flat roof will appear on the top of the groove after etching. The
size of the blaze angle and the width of the flat roof are positively correlated to the slit width.
These lead to an appreciable reduction of the diffraction efficiency. This model can be used to
calculate the parameters of the swing etching process required by some experiments.

By means of swing etching, we fabricate well-shaped convex gratings with a 45.5 gr/mm
groove density, 2.2° + 0.2° blaze angle, 156.88 mm radius and 67 mm aperture. Convex
gratings etched by this method will be of great benefit to imaging spectrometers. The
measurement results of AFM and the diffraction efficiency tester show the favorable
performance of the samples. An excellent agreement between simulations and measurements
is perceived, thereby validating the etching model. Mixing the current working gas with O,
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can increase the etching rate of the mask thus reducing etching time. However, its flow and
effect on the groove evolution need systematic investigation. This requires the optimization of
the etching model and process as well as a lot of experimental work. Future works will also
include the study of the performance of convex gratings applied in imaging spectrometers.
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