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Abstract Slitless spectral sky survey is a critical direction of imi@tional astronomical research.
Compared with ground-based sky survey, space-based skgyscan achieve full-band observation, and
its imaging quality and resolution capability are resettby the efficiency and size of dispersive elements.
Transmission blazed gratings are often used as the digpes®ments in the UV band. Holographic
interference lithography produces the photoresist mask gfating, and the ion beam etching vertically
transfers the pattern to the substrate to form3fi@, mask of a grating. To reduce the effect of ion beam
divergence on the uniformity of the groove shape, the ggatiask is etched tilted by the ion beam passing
through a narrow slit to obtain a blazed grating with comsiststructural parameters. Moreover, two-
dimensional scanning of the sample stage enables the gtohiarge-size samples. A UV transmission
blazed grating with a linear density of 333 lines mima blazing angle of 11°8 and a dimension of
99.2mmx 60.0 mmx 6.0 mm was successfully fabricated with an average difivactfficiency of 66%,

a PV diffraction wavefront of 0.169(A=632.8 nm) and low stray light.

Key words: instrumentation: spectrographs — methods: data analydischniques: interferometric

1 INTRODUCTION and can achieve extremely high angular resolution. For
example, the angular resolution of the Hubble Space
Relying on the space station's construction, China haselescope (HST) exceeds 0.1 arcsecdButiidge 1978
started to develop large-scale sky survey observatioyoreover, space-based sky surveys reduce the influence of
projects, usually using large-field telescopes to comgtmospheric absorption and scattering, making it possible
prehensively observe the sky’an 201} According to observe the whole spectral band. As an essential
to the difference of terminal instruments, observationcomponem of space spectral sky survey, the slitless
projects can be divided into multi-color imaging surveysspectrometer covers 255nm 1000nm (UV to NIR
and slitless spectral surveys. The slitless spectral $urveyand). Considering the position relationship between the
obtains information about celestial bodies by placing asjitiess spectrometer and the telescope focal plane, Ghina
spectrometer on the focal plane, and it can determingpace station multi-color photometry and slitless spéctra
not only the composition of celestial bodies, but also thesyrvey project often select transmission grating as the
physical conditions such as temperature, pressure, giensitlispersive element, which has a simple structure and
magnetic field and velocity of motion, which has becomenjgh stability. The incident light is diffracted from the
a breakthrough in astronomical observation in the 21sfack of the grating at a fixed angle, so low alignment
century Zhao 2014 accuracy is required. A blazed grating is selected by
Compared with ground-based sky surveys, spaceeptimizing the groove structure to meet the need for high
based sky surveys overcome atmospheric perturbations
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diffraction efficiency. The highest resolution capability 6.0 mm is fabricated according to the design requirements
is realized by expanding the grating size and increasingf the slitless spectral sky survey project for the UV band.
the number of grating linesChen etal. 2019 Three First, in Section2, the basic principle of holography-ion
groups of gratings GU (Ultraviolet), GV (Visible) and GI beam etching is described, and the relationship between
(Near Infrared) operating in different wavelength bands ar the incident angle of the ion beam and the blazing angle
spliced together at designed angles and inserted into thg established. Then, SectioBand4 analyze the effect of
converging optical path in front of the telescope focus taon beam divergence on the blazing angle in conventional
achieve wide-band spectral observation. GU, GV and Gbne-dimensional scanning and propose an etching with
work in the wavelengths from 255 nm 420nm, 400nm a narrow slit to correct the relationship between the
~ 650nm, and 620 nm- 1000 nm, with line densities of divergention beam and the blazing angle to achieve precise
333 lines mnt!, 235 lines mnt!, and 150 lines mm!  control of groove parameters. Meanwhile, the sample stage
respectively, with the largest grating size of 99.2mxm is scanned in two dimensions to achieve large-size grating
60.0mmx 6.0 mm. fabrication. Finally, the fabricated UV transmission ldez

For the visible and near-infrared bands, the HST usegratmg is analyzed and discussed in Secfion

replica gratings made by HORIBA Jobin-Yvon (HJY),
Cotel et al. (2014 made masters by scribing, selected,, PRINCIPLE OF BLAZED GRATING
high transmittance transfer glue for replication, and final FORMATION
obtained transmission gratings in bulk. However, due to
the absence of high transmittance transfer glue in thehe process of fabricating a blazed grating by holography-
UV band, the replica grating technique cannot producgon beam etching is shown in FiguPeFirst, a photoresist
UV transmission gratings. With the use of holography-jayer (a) is spin-coated on fused silichiqtrman et al.
ion beam etching, a photoresist grating mask is obtainedoo5 Qiu et al. 2007. Next, a photoresist grating mask (b)
by holographic interference lithography, and ion beams obtained by holographic scanning exposiMa & Zeng
etching is used for pattern transfer to get a relief grating015 Lin etal. 2018. A photoresist grating mask with
on the substrateZpuang et al. 1981Xu et al. 20042009.  dentical thickness and profile requires complicated pho-
The substrate material is often used fused silica, whickoresist coating and holographic exposure. Therefore, ion
has good transmittance and high stability. In additionpeam vertical etching is used to transfer photoresistrgati
the holographic pattern has no ghost lines and low strayhasks with poorly controlled profiles to the substrate to
light. Liu etal. (2013 of Soochow University proposed form SiO, grating masks (c). Finally, the ion beam is tilted
the ion beam tilt etching of homogeneous quartz maskg etch theSiO, grating mask until it is entirely etched,
to produce blazed gratings, which would overcame thgorming the blazed grating (d).
difficulty to control the consistency of the photoresist knas Theoretically, we can obtain arbitrary blazing angles
profile. Dong et al. (201§ of the University of Science by varying the incident angle of the ion beam. As shown in
and Technology of China have fabricated three types ofjg e, the angle between the incident direction and the
transmission blazed gratings with 360 lines mhand a |, ma) direction is defined as The point where the tilted
blazing angle of 16:8as well as 400 lines mm and o, peam reaches the bottom of the groove is defined as
a blazing angle of 35and 43 by holography-ion beam 5int o' Due to the blocking of thgiO, grating mask, the
etching, and the measured diffraction efficiency can reacfug and right sides of point A receive different fluxes of ion
more than 75% of the theoretical value. However, the effeche 51y hombardment, resulting in the formation of a blazing
of the ion beam divergence is not uniform at differente; ot \we replace theiO, grating mask profile with line
locations from the ion source, resulting in variations & th segments, which move in the direction of their respective
obtained blazed grating groove parameters, which affeqiomais under the ion beam bombardment. At the next
the luminous flux of the dispersive elemerRap et al. moment, the new profile is formed by the connection
1992. The influence of ion beam divergence is moreyt hoints where the line segments intersect each other
significant when making large-size transmission gratings'(RangeI/ow 1983Smith & Tagg 1986Jewett et al. 1977

To solve this problem, a method of two-dimensionalBased on the geometric relationship between the rates of
scanning etching with a narrow slit is proposed toline segment motion, the following equation is established
fabricate large transmission gratings. In this paper, a
UV transmission blazed grating with 333lines mh a Vi(p + 605) Vi(ip) cos (a + ¢)
blazing angle of 11.8 and a size 0f 99.2 mm 60.0 mmx sin (6s) T T sin (@) cos () @)
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Fig.3 Diagram of the one-dimensional scanning etching

Fig. 1 Process of fabricating blazed gratings.
structure.

hole Ryan et al. 1990Whealton 1978 The relationship

in Equation () is based on the premise that the ion beam
, is perfectly collimated. If considering the divergence of
h the ion beam, it can be viewed as a Gaussian distribution
centered on the incident anglein the collimated state,
possessing an angular expansion gf2at 1/2 intensity.
The actual etching rate is obtained by weighted averaging
; of the ion beam etching rat&; () with the Gaussian

PVale +65) angle distribution, then finding the incident angleg

Fig.2 Geometric relationship between the incident angl®’ the effective ion beam that matches ¢toq is used

of the ion beam and the blazing angle. to replacey in Equation () to obtain the blazing angle
given the ion beam divergence. Figudéa) shows the

where Vi(¢), Vi(¢ + 65) denote the moving rate of theoretically calculated relationship between the blgzin
the top edge and the blazing faceét, ¢, o denote angle and the ion beam incident angle under different
the blazing angle, the ion beam incident angle, and theivergence anglesYy). With the same ion beam incident
inclination angle of the sidewall of tH& O grating mask, angleyp, the smaller the divergence angle is, the smaller the
respectively, andh, w denote the height and width of the blazing angle is. Therefore, different blazing angles will
SiO2 grating mask. be formed when etching a large-size grating substrate at a
TheSiO4 grating mask is etched at the incident anglefixed tilt angle due to different divergence. The diffractio

 of the ion beam. When the heightand widthw shrink  efficiencies of the grating under collimated and divergent
to a point simultaneously, the etching of the blazed gratingon beam etching are simulated by rigorous coupled wave

is completed. analysis (RCWA) theory, and the diffraction efficiency of
the grating etched by divergent ion beam is characterized

3 TRADITIONAL ONE-DIMENSIONAL by the average of the diffraction efficiencies simulated
SCANNING ETCHING by different blazing angles, and the results are shown in

Figure4(b). The non-uniformity of the blazing angle leads
lon beam etching is often used to transfer the pattern g, yhe decrease of the diffraction efficiency of the grating,
the substrate. In this paper, we USHF'; as the working  hich significantly affects the luminous flux of the grating.
gas for reactive ion beam etching. The ion beam etching
machine uses a 6 cm 66 cm Radio Frequency (RF) strip 4 1\wo-DIMENSIONAL SCANNING ETCHING

ion source developed by lon Tech, USA. As shown in FOR UV TRANSMISSION BLAZED GRATINGS
Figure 3, the sample to be etched is scanned uniformly

along the x-direction to achieve a large etching area.ln the one-dimensional scanning, the distribution of the
The beam diaphragm structure is used to improve thélazing angle along the-direction is more uniform than
uniformity of the beam flux on this surfac®¢ng etal. the y-direction. To ensure that the blazing angle is also
2007 Qiu et al. 2012 uniform in they-direction, a new scanning etching along
First, the substrate is placed tilted so that the distancthey-direction is added, while a narrow slit is used to limit
from the surface to the ion source varies linearly inthe range of the effective ion beam. The smaller the slit
the y-direction and the sputtering yield by the ion beamwidth is, the smaller the effect of ion beam divergence
bombarded will also change. Secondly, the ion beanis, and accordingly, the slower the etching velocity is.
divergence is not completely uniform after leaving the gridOn the basis of a large amount of experimental data, we
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Table 1 lon Beam Etching Parameters agid)> Mask Parameters

Incident angle of ion beamy) Grating period Mask heighty Mask width (v)
65.5° 3003 nm 790 nm 800 nm
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ion beams on diffraction efficiency.
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Fig.5 (a) Schematic of the two-dimensional scanning etchingT (& motion state af-direction andy-direction.

determined the opening size of the slit was 20 mm, and thdistribution of the diffraction efficiency of the fabricate
graphite baffle was placed 10 mm high above the samplegrating.

as shown in Figurés(a). Thus, they-direction takes a

step scanning, half a cycle in thedirection, and a step

of 20mm in they—direc.tior?, where the step d.istance i35 RESULTS AND DISCUSSION

referenced from the slit width, as shown in Fig®),

the cycle timel" indicates the time spent for one round trip As shown in Figures, a UV transmission blazed grating

of the workbench. with 333lines mnT!, a blazing angle of 11°8 and a

Based on the analysis of the relationship between theize of 99.2 mmx 60.0 mmx 6.0 mm was fabricated by
divergention beam and the blazing angle in Sectbasd ion beam etching of the tilted sample with a narrow slit
3, the optimized ion beam etching parameters anéifle  two-dimensional scanning. The SEM image and digital
mask parameters are shown in Talileand the groove camera photo are shown in Figuie Compared with
shape of the fabricated large-size grating was measurdgtle conventional one-dimensional scanning etching, the
using an atomic force microscope (AFM) to analyze theuniformity of the blazing angle has been dramatically
variation of the blazing angle and the anti-blazing angleimproved, and the overall diffraction efficiency of the
and the self-built optical path was used for the spatiagrating has been greatly enhanced.



Z.-W. Chen et al Fabrication of Large UV Transmission Blazed Gratings flitless Spectral Sky Survey 307-5

graphite baffle effective ion beam
narrow slit f

workbene

Fig.6 Internal structure of the two-dimensional scanning etghmrachine.

)
2 IHT- LGNV SG A iMlens ARG BEGEE WE- &Tmm  LHIG .

(a)

Fig. 7 (a) SEM image of cross section and (b) Digital camera photb@fabricated GU grating.

80 T T T T T
20 i =—TProfile of the GU grating
4 Test points

/é\60
g sl 2:(20, 50) 1:(40, 50) £:(60, 50 &:(80, 50)
=
S0t
151
g 30| (20, 30) ;2:(40, 30) £:(60, 30) £:(80,30)
7
=20

10k 4120, 10) 4:(40, 10) k:(60, 10) J:(80, 10)

O L L L L
0 20 40 60 80 100

x-direction (mm)
Fig. 8 Spatial distribution of test points.

5.1 Uniformity of Blazing Angle Distribution

the axes of Figure8, the positions of the different test
points are expressed by the coordinatey)(of their
projection in thexoyplane, as shown in Figu&

(abcd, efgh, ijkl), (ahi, bgj, cfk, del) are the test
points in thex andy directions respectively. Figurgé(a)
and Figure 9(b) show the angle distributions after
one-dimensional scanning etching and two-dimensional
scanning etching with the narrow slit, respectively. From
the x-direction, the ranges of blazing angles for the one-
dimensional scanning are 2,11.2° and 1.2, and for
the two-dimensional scanning are 1.10.9 and 1.7,
respectively. This result is consistent with the statement
in Sections3 and 4, where the sample stage is moved
in the x-direction, and the effect of the ion beam on
the blazing angle is consistent. From theirection, the
ranges of blazing angles is 3,23.2°, 3.7° and 3.3 for
the one-dimensional scanning and 9.95.5°, 0.7 and
0.5° for the two-dimensional scanning, respectively. The
two-dimensional scanning etching with the narrow slit

To verify the effect of the two-dimensional scanning significantly improves the uniformity of the blazing angles
etching with the narrow slit on the uniformity of the along they-direction. The average value of the blazing
blazing angle distribution, we performed scanning tests oangle for the whole grating surface is 11.825hus,

different positions of the grating with AFM. Combining compared with the traditional one-dimensional scanning
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Table 2 Measurements of the Stray Light

Intensity Ration of the Oth order

Intensity Ration of thést order

UV transmission blazed grating

403073

3.87x10°3

etching, the two-dimensional scanning etching with theof the samples made by one-dimensional scanning etching
narrow slit can effectively solve the problem of uniformity and two-dimensional scanning etching with a narrow slit,
of the blazing angle for large-size blazed gratings.

5.2 Diffraction Efficiency

5.2.1 Spatial distribution of diffraction efficiency

Using a laser beam in the non-polarized state, th
diffraction efficiency of the+1st order at the positions
a~| (positions corresponding to Fig8) were teste

at an

255nm-420nm, and the results are shown in Figtte

where (a) and (b) are the overall diffraction efficiencies”’

respectively. As shown in the contour plots, the diffractio
efficiency of the samples made by two-dimensional
scanning at a certain wavelength does not fluctuate much
with position, and the overall diffraction efficiency is
more uniform, while the one-dimensional scanning is
gxactly the opposite. Taking 295nm as an example, the
diffraction efficiency with position distribution of the

d sample after two-dimensional scanning etching tends to be
incident angle of 3°8 and wavelengths of more linear than one-dimensional scanning etching. The

diffraction efficiency with position distribution at thersa
avelength is arithmetically averaged to obtain the ovVeral
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Fig. 13 (a) The roughness of the blazing facet. (b) Diffraction sgitthe Oth and-1st orders.

diffraction efficiency of the grating with wavelength, grating. The average diffraction efficiency can be incrdase
as shown in Figurell(a), and the trend is the same from 52% to 66%. Figurell(b) shows the variation of

with Figure 4(b). The two-dimensional scanning etching diffraction efficiency of UV transmission blazed grating
reduces the influence of the divergent ion beam on thender different polarization light. The TE transmittance
blazing angle and improves the luminous flux of theis slightly higher than TM near the visible band, but the
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PV 0.169A
RMS 0.038A

Fig. 14 Results oft-1st order diffraction wavefront of UV transmission blazedtmg by a Zygo interferometer.

maximum deviation of transmittance @tlst order is not 5.3 Stray Light and Diffraction Wavefront
more than 4%. Therefore, UV transmission blazed gratin
is not sensitive to polarization light and can be applied t
any polarization of light passing through.

olographic scanning exposure averages out high-
frequency errors in the interference field by controlling th
substrate to scan a shorter distance along the grating line,
reducing the grating line curvature and surface roughness
of the grating and achieving an improvementin the grating
stray light level. Figurel3(a) shows the roughness of
the blazing facet with an Rqg value of 0.538nm, and

Figure 13(b) shows the spots of Oth anglst orders

The actual groove shape of the blazed grating fabricated bé(y irradiating the UV transmission blazed grating with a

holography-ion Peam etching is obtained by AFM, a_nd th%ZS nm laser beam, which shows no significant stray light
two terminal points of the bottom are connected with theSpots around the area.

top point of the groove to form the ideal groove shape, and The stray light test is similar to that of the diffraction

the dlf.'feren.ce Is shown in Flgur:EQ(a),. which shows that efficiency. A laser beam with a wavelength of 325nm is
there is an internal curve of the blazing facet. Under non-

larized liaht. the diffracti ici btained frofe incident on the grating surface with an incident angle of
polarized light, the diffraction efficiency obtained frofret 3.8, producing the+1st order of diffraction. We used a

R.CWA S|mu|aj[|on of the ideal groove shape is CornloaredsmaII aperture with a diameter close to that of the laser
with that obtained from the actual groove test, as showrg)eam to filter out the central spot of thelst order, and

in Figure12(b). The variation of the diffraction efficiency the rest was considered as stray light. The stray light

curve shows that the blazing wavelength position of thee]‘ficiencies around the spots of thd st and the Oth orders

actual groove shape shifts towards the long wavelength aqﬁere measured by an integrating sphere, as shown in

the peak diffraction efficiency decreases. The movemen};ablez_ The holography-ion beam etching technique was

of the blazing wavelength position is caused by the CUNVGemonstrated to enable the fabrication of UV transmission

of th? bla_zmg facet. The blue I|ne_ in Figuie(a) is the blazed gratings with low stray light producing a diffractio
auxiliary line parallel to the blazing facet of the ideal at the-t 1st order.

groove, and the blazing angle of the upper left part of The diffraction wavefront in the +1st order of the

the auxiliary line is larger than the blazing angle of theUV transmission blazed grating was detected by a Zygo

ideal groove, and the upper right part is smaller than th?aser interferometer\(= 632.8 nm). Its detection results
blazing angle of the ideal groove. From the proportion, .. <t own in Figurd4, with a PV value of 0.169 and

of its (_Jlistribution, it can be seen t.hat the overall blaz.i_ngan RMS of 0.038), which meets the requirement of a
angle is large, resulting in the blazing wavelength positio PV value of less than 0.5 for UV transmission blazed
moving to the long wavelength. The decrease in the pea&ratings

diffraction efficiency is mainly caused by the combination

of different blazing angles, as described in Secti®asnd 6 CONCLUSIONS

5.2.1 If there is a need to further improve the diffraction

efficiency of the UV transmission blazed grating, this canThis paper presents a method for the fabrication of
be achieved by controlling the flatness of the blazing facetiarge-size blazed gratings by two-dimensional scanning

5.2.2 Effect of of groove shape on diffraction efficiency
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