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The silicon diffractive optics we have been develgpover the past 15 years
have reached the level where they compete with amdsome cases, exceed the
performance of commercially available diffractiomagings. The main goal of our
program is to produce high quality immersion grggirwith coarsely spaced grooves
appropriate for use in the near-infrared (1.1 4m), as well as a set of grisms for the
near-IR and longer wavelength bands (5 489. We tested all gratings as front-surface
devices as well as immersed gratings or grismssuleof our testing show that our
echelles behave according to the predictions oftiadar efficiency model and that tests
done on front surfaces are in good agreement \eglks tdone in immersion. Relative
efficiencies of all gratings were better than 6086l as high as 97% at 632.8 nm. All
gratings except our older prototype had diffractianited performance at 632.8 nm.

Having produced several diffraction gratings orcesit substrates up to 75 mm in
diameter, we evaluate the current state of theosilgrating technology as well as discuss
further developments necessary for making gratomgkarger silicon substrates.
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Chapter 1.

Introduction

The goal of this dissertation is to describe thenmf@cturing process and testing
of silicon diffraction gratings, a novel technoloffyr infrared spectroscopy. Gratings
with grooves immersed in a material with the indéxefractionn and with the incident
beam passing through the material before hitting ginating are called immersion
gratings. An immersion grating can be manufactmed hypotenuse of a prism made of
a dielectric material with a high index of refraxti Silicon is a particularly interesting
material in the infrared because of its high indérefraction i ~ 3.4) and good material
properties. Silicon immersion gratings offer sfgrant improvements over front surface
devices in areas of resolving power and angulapedson while maintaining small
grating dimensions. Silicon grisms not only offieicreased resolving power and
dispersion over grisms made with currently usedenmds but also enable us to make
very compact straight through cross-dispersed systesing two silicon grisms.

Current high resolution spectrographs for obseowsti at 1-5pum include
PHOENIX on Gemini South (Hinkle et al. 1998), CSHEtn IRTF (Greene et al. 1993),
NIRSPEC on Keck Telescope (McLean et al. 1998), @GRIRES on VLT (Wiedemann
et al. 2000). Only NIRSPEC is a cross-dispersetttspgraph while the other three are
single order instruments. None offer a continuspectral coverage of more than a small
fraction of the wavelength within a given atmosph&indow. The maximum resolving
power of these instruments ranges from 20,000 {6000 If one were to increase the

resolving power, it would be at the expense ofwldth (currently in the range 0.15"-



0.25” for 8 m telescopes), thus decreasing througfgr seeing-limited systems. A new
instrument with higher resolving power would neddrger grating length to achieve the
improvement while keeping the slit size constafie existing instruments do not satisfy
the needs of the astronomical community for a edisgersed near-IR instrument with
high resolving power (up to 100,000) with simultane coverage of a large range of
continuous wavelengths.

The resolving power of a diffraction grating scadessthe beam diameter divided
by wavelength. The beam diameter is equal to thdyzt of the length of the used area
of the grating and the cosine of the blaze anglhile most conventional gratings aim at
increasing the resolving power by increasing either length of the grating, the blaze
angle or both, another approach was offered byhdaland Neuhaus (1954). It involves
decreasing the effective wavelength at which thatigyg operates. The wavelength
decrease comes from immersing the grating insid&rgsparent medium so that light
passes through the medium before reaching thengrafThe effective wavelength of an
“immersion grating” is decreased by the index ofragtion of the medium thus
increasing resolving power by a corresponding faicioa given grating length.

The idea of immersing the grating in a transpanmeedium is actually much older
than the references normally made to it in the enirditerature and dates back to
Fraunhofer (1822). He experimentally determinedgtating equation inside a refracting
medium by immersing his gratings in various liquid$ulthén and Neuhaus rediscovered
the idea in 1954 but it was not immediately implabted. Immersion gratings for visible
wavelengths did not offer a great promise becahseatailable materials for visible
wavelengths have small indices of refractior-(1.5). Not until semiconductor materials
became available and processing techniques beaasible has this idea been taken up

again. A number of new materials with high indicégefraction became available for

2



use in infrared systems. The advantage of usirgsethmaterials to make IR
spectrographs more compact lies not only in thgelasize reduction factor enabled by
the high index of refractiom(~ 3-4) but also in the fact that thermal backgroorakes

it necessary to cool the spectrographs to cryogemperatures, something that is not
normally necessary at visible wavelengths. Amoramynmaterials used in IR systems,
silicon is one of the most important ones. Theemalt properties of silicon are very well
matched to cryogenically cooled infrared systemd igs index of refraction is among
highest available. Also, the advent and rapid bgreent of Very Large Scale
Integration (VLSI) and micromachining technologyshgiven us access to large
guantities of inexpensive yet pure monocrystalkileon as well as to two decades of
manufacturing experience and processing equipmédrte first silicon gratings were
chemically etched on thin wafers in 1975 (Tsang &ngy 1975). However, silicon
processing equipment was available only for smaisgrate sizes and thicknesses (up to
2" in diameter and 1 mm thick) until early 1990Since then, the rapid increase in the
size of available silicon substrates forced théefakechnological development of silicon
processing equipment. The development of diffoacti gratings chemically
micromachined on large, bulky silicon substrates &gtronomical applications has
followed.

We have used the existing knowledge and experfiséiao-Electro-Mechanical
Systems industry to develop gratings chemicalljedcin silicon and optimize them for
spectroscopic applications. In Chapter 2, we desaur current manufacturing process
for making silicon immersion gratings on large dwdies. Our current gratings are
manufactured on substrates up to 4” in diameter ymdo 1” thick. An R2 echelle
grating recently completed is an example of theenurstate of art of immersion echelles.

We are currently able to manufacture gratings Hrat appropriate for high resolution
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cross-dispersed near-IR spectrographs (resolvimgepérom 50,000 to 100,000). The

results of tests performed at several wavelengthsun completed echelles are analyzed.
We measured relative efficiencies of our echellath las front surface and as immersion
devices. Diffraction limited performance was tdsising interferometric tests and direct
observation of the point-spread function of thetiggs. We also performed a detailed
analysis of grating defects (scattered light insgraliffuse scattered light and ghosts) to
determine where the bulk of the wave front erraraming from.

In Chapter 3, we report on the results of the ngsand analysis of our old
prototype grating. The results are significant use the technology used for the
production of the prototype is simpler and morexpensive and can be used for mass
production of silicon gratings if one is not coroed with diffraction limited
performance at the shortest wavelengths (Jun2

Silicon grisms were a natural by-product of our edeh program. The
requirements on the quality of grating patternsdsier to meet for grisms than it is for
immersion grating by a factor d&n/(n-1) and they were easy to make compared to
immersion gratings. The results of our grism paograre described in Chapter 4. In
addition to the grism manufacturing process andopmance of the completed grisms,
we discuss the transmission of silicon from 585 and the limitations of using silicon
grisms over the entire range.

Finally, Chapter 5 is devoted to summarizing therent state of art of making
gratings on silicon substrates and discussing éutmprovements and changes. The next
generation of immersion gratings will be manufaeturon substrates up to 12”7 in
diameter and diffraction limited resolving powers €10°%A. The Giant Magellan
Telescope Near-Infrared Spectrograph (GMTNIRS) tfee Giant Magellan Telescope

has been proposed to enable large instantaneoesagavat very high resolving power
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(2x10* - 2x10°) by utilizing such a grating. However, large grgs necessitate changes
to our process and we will discuss some technaddg@iaprovements to our process that

are either available now or will become availabléhe near future.



Chapter 2.

Silicon Diffraction Gratings and Their Applications as Front-Surface
and Immersion Devices

2.1INTRODUCTION

The University of Texas IR group has spent the &Styears developing
techniques for etching precisely placed grooves mmbnocrystalline silicon substrates in
order to produce silicon grisms (see Chapter 4) esfeelle gratings (Graf et al. 1994,
Jaffe et al. 1998, Keller et al. 2000, Ershov e2803). The goal of our silicon echelle
program is to produce gratings chemically etchedsilcon which can be used as
immersion echelles from 1.1 tgusn.

An immersion grating is a diffraction grating in wh the light incident on the
grooves passes through a medium with the indexfohction,n, greater than 1. Upon
being diffracted, light exits through the same amte face. The advantage of immersion
gratings over front-surface devices is that of keeg power vs. grating length (and
therefore the overall mass and volume of the ggatimThe maximum attainable resolving

powerR for an immersion grating when used in Littrow agafation is given by:

_2nLsind _ 2nW taro _
A A

R mN (2.1)

wherelL is the illuminated grating lengthy is the beam diameted,is the blaze anglel
is the vacuum wavelength is the number of illuminated grooves, amds the grating
order. The difference between a front-surfaceiggaand an immersion grating of the

same size is that the wavelength of light in aadiglc is decreased by a factormoivhich
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makes the phase difference between the extremtg afiuminated parts of the grating
surfacen times larger (see Figure 2tdp, middle and increases the resolving power by

the same factor. The grating equation inside tedium is

mA =on(sina + sing) (2.2)

where g is the groove periody and S are the incident and diffracted angles inside the
material, and1 is the vacuum wavelength. Eq. 2.2 implies thatithmersed echelle is
operating in an order which istimes the order of a non-immersed echelle. Intaofdto

the increased resolving power of an immersion ggattompared to a front-surface
device of the same size, another advantage of isiaregratings is the large angular

dispersion and compactness of orders. The andidpersiondf/dA is given by

%: m _ sina + sing
dA ocoso A coB

(2.3)

wherea andg are the incident and diffracted angles outsideriheerial.

The n-fold increase in the angular dispersion of an imseé echelle can be
thought of as resulting from the refraction of ligdxiting the material-air interface or as
resulting from the grating operating in order m evhis n times the order of the front
surface grating at the same wavelength. The legtiting the material is diffracted
according to the Snell's law resulting in the hmyhgular dispersion of the immersed
grating. The free spectral range (FSR) is giveniny and isn times smaller when the
grating is used in immersion making immersion eelsed perfect choice for compact

spectrographs in which a combination of large asgdispersion and small orders are
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Figure 2.1. Difference in optical paths betweernoatf surface devicedp) and an
immersion gratingroiddlg. The phase difference between the first and the
last groove i times larger when the light passes through a naatgith an
index of refractiom before hitting the grating than for the front suod
device. The relationship between the groove sgaeiror and the phase
error is given b¥EspacingEphasdSin & (bottom).
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desired. While the increase in the phase differener the whole illuminated length of
the grating due to the immersion of grooves in eediric works to our advantage by
producing a significant increase in the resolviryver of the grating, it also imposes
stricter tolerances on the groove positioning (Sgere 2.1 pottomand the discussion of
tolerances in Section 2.2.1).

The principle of immersion gratings has been knd@malmost 200 years since
Fraunhofer experimentally determined the gratinguadign for diffractive optics
immersed in various fluids (Fraunhofer 1822, Leitd875). It was rediscovered by
Hulthén and Neuhaus half a century ago (Hulthén &iNaus 1954), but not many
practical attempts were made to follow up on thi®iaept. The immersion grating
concept was patented in 1984 (Sica 1984) and dtappearing in astronomical literature
in the late 1980s and early 1990s. Early investiga used diffraction gratings
immersed in BK7 (Dekker 1987) and quartz (Wynnel)99These papers mark the shift
from using liquids to using glasses and dielectassmmersing media. In the infrared,
silicon became the primary choice for several gsoupthe early and mid 1990s which
experimented with diffraction gratings chemicallicleed in silicon (Wiedemann &
Jennings 1993, Graf et al. 1994, Kuzmenko et @41&aufl et al. 1998, Ebizuka et al.
1998, Vitali et al. 2000) and remains the top cho&wen though diamond-machined
gratings in germanium (Kuzmenko et al. 2003), Zd@8Se (Smith et al. 1998), and
thallium bromoiodade (KRS-5; Rayner 1998) have mdgdeen produced.

The most commonly chosen dielectric for productahinfrared grisms and
immersion gratings has been silicon not only beedtidias a high index of refraction
(n=3.45 at 1.5um) but also because of the rapid technological ldgveents in the
semiconductor industry in the past 30 years whichb& us to micromachine small

structures in silicon. In addition to highly demeéd technological methods for
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production of silicon devices, silicon is readilyadlable in various boule sizes and
purities (resistivity from a fewQ cm to a few thousandQ cm) and is relatively
inexpensive unlike other IR materials (see Chagtdior the summary of materials
suitable for IR diffractive optics). Propertiessificon as a material are very well suited
to the needs of IR spectroscopy (Hinkle 1994).dte coefficient of thermal expansion
(between -0.%10° K'@77K and 2.&10° K*@300K) translates into small changes in
the blaze wavelength when the grating is cooled @mdhigh thermal conductivity
(between 1300 W mK@77K and 160 W mR@300K) results in short cool-down times
for silicon optics inside cryogenic systems. Cailste silicon has a very small
coefficient of absorption from 1.2 tolbn (Sze 1981). It transmits light at wavelengths
greater than 1.2um but the cutoff wavelength shifts to shorter wawngths at low
temperatures (MacFarlane et al. 1958).

A large amount of silicon processing takes advanti#grystal plane geometry of
monocrystalline silicon and the effect of anisotcoptchants like aqueous potassium
hydroxide (KOH) which etches {100} planes much éusthan {111} planes (Bassous
1978). When making a diffraction grating in silicaf we cut a silicon wafer so that a
(100) plane is exposed, the high anisotropy ratitne® KOH etchant solution (anisotropy
ratio is the ratio of the etch rates of crystalngls) for (100) and (111) planes will
produce symmetric, V-shaped grooves with their svaikfined by slow etching (111)
planes (Tsang & Wang 1975). The grating will bazled at 54.74°. We often need
echelles and grisms with a blaze angle differeanhtB4.74° resulting from the crystal
geometry of (100) oriented wafers, so we exposafase which does not correspond to
any of the major crystal planes (Fujii et al. 198ilippe et al. 1985; also see Figure

2.2). The etchant will expose (111) planes in tlaise as well but the resulting profile

10
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Figure 2.2. Relationship between silicon crystahgls and blaze angle. The positions of
the (111) and (100) planes are indicated by dabhesl. Cutting a surface
in the silicon boule at the (100) plane resulta inlaze at the “natural” angle

of 54.74°. Cuts 1 and 2 will result in blaze &g (<54.74°) and,
(>54.74°) respectively.
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will be asymmetric and blazed at the desired adgléAn illustration of an immersion
grating produced in silicon is shown in Figure Z2.@ht enters through the entrance face
and, after hitting the grating inside the materitals diffracted back toward the entrance
face (which now becomes the exit face). At theriisice between the prism material and
air, light is refracted and produces the finalrdiftion pattern.

The process of making a monolithic silicon grataogsists of many steps shown
in Figure 2.4. The basic steps are: growing debofisilicon, orienting the boule, dicing
the boule into disks, polishing disks and coatihgm with a layer of passivation
material, depositing photoresist and transferringatiern from a photolithographic mask
onto photoresist by exposing through the masksfearing the pattern down onto the
passivation layer which now becomes an etch masking grooves in silicon, removing
the remaining passivation layer, and shaping tis& dhto a prism and polishing the
entrance face. Coatings can be deposited basdwontéended application of the grating.
If the grating is used as an immersion gratingnthe anti-reflection coating needs to be
applied to the entrance face and a reflection ngateeds to be applied to the surfaces of
grooves.

The groove profile of diffraction gratings etched silicon differs from that of
their ruled counterparts in two ways (see Figur@sa®d 2.3). The angle between groove
sides is determined by silicon crystal geometrynooye specifically, the angle between
two (111) planes is 70.5° whereas most ruled gyathrave right triangular groove shape.
Silicon gratings have a flat groove "top". Thet figoove top occurs as a result of the
manufacturing process and is also not presentledrgratings. However, groove tops
are irrelevant for high order gratings used in imsren since they are hidden behind

groove walls and result in no loss of light.
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%(a nce face

Figure 2.3. Immersion grating etched in silicorheTetail inside the red circle shows the
groove geometry resulting from the orientation yistal planes in silicon.
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The effects of the unorthodox groove shape anddhwant groove tops on the
efficiency behavior of silicon gratings represenéedoncern when gratings were used as
front-surface devices. When used in high ordenatjrggs operate in the scalar limit and
the efficiency performance of an error-free siligormersion grating is indistinguishable
from that of an error-free ruled grating with treer®e groove constant. However, in low
orders, a more rigorous approach using vector nmogledhould be used because the
wavelength at which the grating operates is a faamit fraction of the groove width and
grooves are no longer simple reflecting surfacese(en et al. 1977). Our group
investigated the efficiency behavior of low-ordeatings (Moore et al. 1992) before we
began extensively experimenting with methods to engkatings on thick substrates.
Graf et al. (1994) measured the efficiency of orat gratings produced on silicon wafers
and confirmed that no significant differences ekistween ruled and etched gratings and
that etched gratings are a feasible alternativales gratings.

We outline here the results for three completedirgga (see Table 2.1 for the
summary of grating parameters and process detad4).completely cut and coated, was
designed for the use in a spectrograph proposedthfer NASA IRTF telescope
(Immersion Grating Echelle Spectrograph, INGE$3. ptedecessor GO, also completely
cut and coated, was the first grating we succdgséiithed on a thick silicon substrate
and we used it as a prototype in order to test n@mcepts which we subsequently
applied to G1. G1's successor G3 is a completatingr cut but not yet coated. In
Section 2.2, we will talk about the process of cloafty ruling grooves into silicon
crystal as well as tolerances. Section 2.3 costegsults from tests performed on our
gratings and the analysis of errors and their ssurdn Section 2.4, we summarize the

results of our research up to date.
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Table 2.1. Summary of grating parameters of tlatirgys discussed in this dissertation.

Grating Blaze  Groove  Groove Passivation Mask
angle  spacing top material
6000 A of thermal
GO 54.7° 142um 10pum Ruled
oxide
600 A of silicon
Gl 63.4° 80um 6um Photolithographic
nitride

600 A of silicon
G3 32.6° 87um 6um Photolithographic
nitride

15



2.2MATERIAL PROCESSING

There are three distinct stages in the processtabiing grooves in silicon: substrate
preparation (outsourced to contractors which inelggowing the boule, orientation,
cutting, polishing and coating), production of tgeooves (chemical “ruling”), and
shaping and coating for use in immersion. Figure i® a flow chart of our process

whose details are discussed in Sections 2.2.2.5.2.2

2.2.1 Tolerances

We will now examine the strict requirements durkey steps of the process of
making gratings on bulk silicon substrates. THertmces at each step are determined by
our goal to make an echelle grating with >80% plelake efficiency in immersion at 2
um (Jaffe et al. 1998). From the standpoint of gty to manufacturing errors, a
silicon immersion grating operating at |#n is equivalent to a front-surface device
operating at 580 nm. To get an initial estimate, agsumed that all errors are due to
randomly misplaced grooves which produce wave fanit of phase with the rest of the
grating. These wave fronts are not completely ablenterfere constructively with the
light coming from periodically placed groove facetsd some of the light therefore
propagates in undesired directions. We used tHewimg formula to estimate the

allowable RMS groove positioning error (Mahajan 200

7 - EXP{_(Z_” zgRMSj :l (2.4)
1To A

where 17 is the grating efficiencyso is the maximum efficiency, angwusis the RMS

wave front error. If the error is a result of trendom groove displacement from the
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grating constany, then the groove placement erfiwirus= &wmsSin o. For 17/ nye>80%,
the maximum allowable wave front errorgsus = 22 nm from Eq. 2.4. Assuming we
want to make an R2 echelle, the groove placemeot ean be up tAorms=24.6 nm.

Errors in groove positioning can be separated, asepart of the process from
which they originate, into errors in the substritger flatness, errors in the pattern
transfer from the mask to the passivation layeclgiging errors in the mask itself), and
errors in the etching of grooves in silicon. Sirereors resulting from each step are
uncorrelated, the tolerances imposed on each séepuah that errors produce less than
grvd/3=12.7 nm RMS wave front error. We examine eacthese errors and how they
translate into manufacturing tolerances. In tixigzneple, tolerances are calculated for G1
(63.4° blaze angle) but formulae are given so #raescalculation can be repeated for
different blaze angles.

The first source of error is due to the disk cuftand polishing steps. Uncoated
substrates inevitably deviate from a perfectly flatface. The approximate RMS error of
the surface is calculated from the maximum allowabave front error of 12.7 nm for
each source of error. Through groove geometrycaleulate the allowable RMS error of
the surface as being equal to 12.7 nmigesl2.7 nm/cos 63.4° = 28.3 nm RMS V20
at 580 nm. This estimate is not exact since thwatlen from a perfectly flat surface is
more likely to occur on large scales for cuttingl golishing errors so the error is not
truly Gaussian.

The second source of error is the combined errtinepattern transfer steps (first
from the mask to photoresist and then from photstrde the passivation layer). The
mask itself contains errors that propagate throsighsequent production steps. If the

photoresist thickness varies over the area ofubstgate, it will displace images of mask
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lines. The final pattern in the passivation lagan deviate from a perfectly periodic
pattern by 12.7 nm/sid= 12.7 nm/sin 63.4° = 14.2 nm RMS.

Errors during chemical etching of grooves intocsifi are the direct result of etch
rate variations, both temporal and spatial. Thgression for the RMS wave front error

resulting from etch rate variations is

ERUS = AR ey =12.7 00 (2.5)

ARy11 is the RMS deviation from the mean etch rate inXk3 direction andeth is the
time needed to etch a complete groove. Here weédegco neglect the temporal
variations in the etch rate because the goal isetp the etch rate uniform across the
whole surface and not necessarily over the whale &tne. IfR.qois the etch rate in the
<100> direction anth is the groove depth, theg., =h/ Rigo. In all casesh is the depth

of the symmetric groove profile (see Section 2f@r4he explanation of etch times), so

_ o —groovetop Iengtrt1
2

h an54.7 (2.6)

The wave front error is given by

Erus _ AR, 0 —groove toplengtktm

NE R > an54.7 (2.7)

If we want to calculate the etch rate variatiorowkd during the KOH etch, we can

rewrite the above formula

18



10.

11.

12.

13.

= =passivation layer I =photoresist

=Silicon
s =quartz

4\
LN
; ~ 100 um cut-out *:

\/\__ \/\_ \/\

UV illuminate throuih mask

f
@

>
>
5
+

0
1
I

S A

~
-
//4\
~
-~

~Cut prism bottom

Purchase a boule of high resistivity Si,
orient by exposing a 110 plane. Typical
boule sizes are 75-100 mm in diameter.

Cut, clean and polish silicon substrate.
Substrates are generally shaped like cylinders
(75-100 mm in diameter, 5-30 mm thick).

Deposit passivation layer

Spin-on photoresist layer

UV exposure through contact

7] photolithography mask: quartz

substrate with Chromium lines (in
black)

Remove UV-exposed photoresist in
developer bath

Etch passivation layer (areas protected by
unexposed photoresist remain on the
substrate)

Remove photoresist (remaining
pattern is a positive image of the mask)

Silicon anisotropic etch (KOH bath etch
rates for <100>:<111> are ~100:1,
produces V-shaped grooves between
unetched lines of passivation material)

Remove remaining passivation material

Cut the disk into a prism so that the grating
surface is the hypotenuse side of the prism.

Final steps are: 1. depositing anti-reflection coating on the
entrance face and 2. depositing reflection coating on the
groove surfaces (final steps not shown here - see Figure 2.10
for the photograph of the finalized grating).

* cross-sections of schematic region cut-out of a silicon substrate, groove top widths
are exaggerated to illustrate the masking process.

Figure 2.4. Steps involved in chemically “rulinggeating in silicon material.
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%=17.8nm I:2100/ Rlll (2.8)
R o —groove top lengtt

Now it becomes obvious that having high anisotrogyos, Riod/R11:>100, is desirable.
For groove periods of approximately 1Qth and anisotropy ratios of ~100, we would
need to keep the etching rates constant to witk28olacross the whole surface of the
grating. If the anisotropy ratio dropped to 50 tequirement would be twice as strict
and the conditions would have to be such that tble etes could change by only 0.5-
1%.

Even though the flatness of the entrance facdastar in the performance of the
finished device, we found that it is generally reotsource of significant error with
vendors delivering surfaces wit50 flatness or better for immersion gratings viétlge
blaze angles (>30°). It becomes an issue for thgrypieces which are normally used as

grisms so we will discuss it in Chapter 4.

2.2.2 Substrate Preparation

Gratings can be etched in silicon substrates ofcarality. However, we avoid
using substrates with low resistivities and crystgtown using the Czochralski (CZ2)
method and instead use high purity float-zone (§i3on boules up to 3" in diameter
with resistivities of approximately 2000 cm. There are no significant differences in the
surface quality of anisotropically etched silicoratings in CZ vs. FZ type silicon
(Kuzmenko & Ciarlo 1998). We already procured hmlrity FZ silicon for our grism
project because of its low oxygen content whichriowps transmission at several long
wavelengths relevant for mid-IR grisms (see Chag}erin order to make the subsequent

processing steps more convenient and easier, wdedeto dice the boule into a set of
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disks. We contracted an outside vendor for di¢chregboule and polishing disks. Their
task was to locate a (110) plane using x-ray dittvenetry and grind in a wide flat (~40-
50 mm), a so-called precision flat, correspondimghis plane with a precision of 0.05°
or better (the boule is illustrated in step 1 igufe 2.4). The boule was then mounted
and diced into disks (step 2 in Figure 2.4) at 8&td 22.14° away from the (100) plane
(but in opposite directions) toward the (111) pRmerresponding to 63.4° and 32.6°
blaze angles. Errors larger than 0.05° in grindiihg precision flat would result in
groove defects, such as dislocations in the gremlts (Kendall 1990). Tilting the boule
relative to the (100) plane during the dicing proehll asymmetric disks which are not as
convenient as circular disks because they are avkweaspin during step 5. The tilt is
still necessary in order to blaze gratings at andlféferent from 54.7° (see Figure 2.2).
These asymmetric disks were ground on one sideesiratl flathess and then
polished using the chemical mechanical polishingIRE method which does not cause
sub-surface damage to the crystal lattice. Thedks of silicon substrates was measured
interferometrically by the polisher. Over the inf86% of the area of the 3" disk, the
RMS error of the polished silicon surface was serathanA/100 at 632.8 nm for all
disks, which is well within our tolerances (see t®er 2.2.1). In addition to the
interferometric tests performed by the vendor, vsp dested the surface quality of
selected samples by etching them in a KOH solutorseveral hours. Any subsurface
damage would be magnified and made visible durimg test since lattice defects and
lattice damage represent sites where the etchargrdar the silicon crystal and etch pits
and crevices. After inspecting etched substratesalty and with the help of a
microscope, we did not notice any damage other thannormal roughening of the

surface.
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Polished substrates were coated with a passivédiger (step 4 in Figure 2.4).
There are two generally accepted materials usgassvation layers for silicon - silicon
dioxide and silicon nitride. We have used botloun processing but recently we favored
silicon nitride because of its negligible etch ratdKOH solutions. Silicon dioxide has a
significant etch rate in KOH of ~100 nm/hr (Kend&llShoultz 1997) and tends to falil
causing groove wall defects (Kuzmenko & Ciarlo 19R8ller et al. 2000). The typical
thickness for an oxide layer is 600 nm and it isited by the requirement that it be at
least as thick a&, teich (R0, 1S the etch rate of Si For a nitride layer, the thickness
can be as low as 60-100 nm with the nitride thiskneniformity as good as 5% P-V over
the whole surface which is well within our calcelttolerance for substrate flatness.
The thickness of the passivation layer also affdetsgroove positioning errors. Thicker
passivation layers tend to cause larger transfeorserthus diminishing grating

performance (Jaffe et al. 1998).

2.2.3 Pattern Transfer

Before we even start the pattern transfer stagegl@an the substrate thoroughly.
Each piece is cleaned using acetone, isoproparathanol and water. After drying with
a stream of dry nitrogen gas, the substrate neetle tbaked for 1 hr to evaporate any
water and solvent remains.

Standard silicon processing techniques make ugghatolithographic masks to
define the pattern which needs to be transferraiegassivation layer. We use contact
masks consisting of several hundred to severalstma parallel chrome lines (a feun
wide by 50-100 mm long) on quartz substrates. irat,fwe tried to have the pattern ruled
in the chrome layer by a manufacturer of rulediggst because it was the only way we

could use very thick (2") and flat mask substratel®wever, we quickly discovered that
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the ruled mask suffered from significant periodimes in the pattern (Keller et al. 2000,
Marsh et al. 2003). Since then, we have used ptimigraphic masks, a standard in
VLSI processing. Our supplier is able to produedétgyns on 6X6" quartz substrates
which are up to 0.25" thick. These masks tendex When they are placed in contact
with silicon substrates smaller than the mask setfaWe determined that the mask
flatness, when placed on a large flat surface, stifisbetter thand/20 using an optical
flat as reference and observing the number offertence fringes between the optical flat
and the mask. When placed in contact with a silisabstrate, however, we observed
fringes resulting from the mask flexure. The maatesproduced using photolithographic
techniques. The quartz substrate is coated fitkt avuniform chrome coating and then a
photoresist layer. The process used to write #ieem on our photolithographic masks
uses laser beams to “write” the whole length of lthe in one pass in the photoresist
layer and the interferometrically controlled stagakes highly accurate line positioning
possible (Grenon et al. 1995). The pattern indlm®me layer is produced by etching
between unexposed photoresist lines. This proe#ssnates errors present in ruled
masks (ghosts) and older photolithographic maskgtenr using e-beam systems
(stitching errors made by writing only small suleas of the whole pattern in one pass).
The mask vendor performed measurements of lindiposion a random sample of lines
on completed masks. The measured RMS error indiaeement (relative to the first
measured line) of 5 nm and 10 nm for two testedksased to make G1 and G3
respectively was well within the required precisi@ee Section 2.2.1). The patterns
defined by the masks now need to be transferrecetwntil their images are formed in
the passivation layer.
The first step in the pattern transfer involves theposition of a uniform

photosensitive organic emulsion (photoresist) op td the passivation layer and
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exposure through the mask (steps 5 and 6 in Figdie The exposed areas are removed
(step 7) thus transferring the mask image to thelgon. After the initial substrate
cleaning and baking, we quickly transfer the su#tstto the spin table and mount it in a
holder which keeps substrates in place during spgnThe role of the spin table is to
spin the substrate up to 3500-4500 RPM spreadinggpiand photoresist evenly over the
whole surface. The primer only promotes the adimesif the photoresist layer to the
passivation layer but has no role in the chemieattion during the exposure step. We
deposit photoresist in the center of the substaaig then spin it for approximately 1
minute. The uniformity of primer+photoresist cae Yerified by observing the color
change across the substrate due to reflection ®ibicon and interference inside the
photoresist layer. Shipley S1805 photoresist ptedua layer approximately 500 nm
thick. After baking photoresist for 20 minutesharden it, we are now ready to "write"
the pattern in photoresist.

The mask needs to be precisely oriented to thetrswibsprecision flat (either
parallel or perpendicular to it) and we do thisrhgnually aligning mask chrome lines
and the substrate flat while keeping the mask m ¢lose vicinity of the substrate
(without physical contact between the two at tlisf) with the help of a microscope. If
the mask lines deviate by more than 0.1° from tientation defined by the flat, we start
to see defects in grooves such as breaks in grangogs (Kendall 1990, Keller et al.
2000). Once we are satisfied with the mask aligntmee contact the mask with the
photoresist and expose uncovered areas betweemehines using our custom UV-
exposure system. The UV exposure system is hansad enclosure open only on the
side where a stage moves in and out of it. Attdipeis the UV lamp 6” in length whose
output is collimated by a parabolic mirror. Theiesg of 6 baffles is positioned directly

under the lamp-collimator system in order to redastray uncollimated light coming
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directly from the lamp. Both the substrate andrttesk on top of it are mounted on the
moving stage which slides them through the colleddieam of UV light and back out so
that the whole area receives the same amount @Hti@u After exposure, the substrate
is rinsed in a developer solution which dissolVesaxposed parts of the photoresist. We
now have a positive image of the mask in photoresiBhe substrate is then quickly
transferred into a water bath to stop the devetppirocess and to clean the remaining
developer and exposed photoresist from the surface.

The second stage is the transfer of the mask ifeagesd in photoresist down to
the passivation later (step 8 in Figure 2.4). &kact mechanism for removal depends on
the type of passivation layer used. For a,J@ssivation layer, we need to immerse the
substrate in a buffered oxide etch (BOE) which wilth SiQ between photoresist lines.
The process takes about 15 minutes for a 600 rok kayer of SiQ at room temperature
and is followed by a water rinse. The resultin@Sstripe profile is not rectangular but
rather bowl-shaped as a result of an isotropiciegcbf SiQ in a BOE solution. The
spacing between the stripes will be maintainedoag ks conditions are uniform across
the whole surface of the substrate (temperaturecandentration). The isotropic nature
of SiO, etch in BOE and KOH solutions provides a fundarmlkelinit on the minimum
width of mask lines as they have to be sufficiemtlge to withstand both etches. For a
SisN4 passivation layer, we use reactive ion etcher JRIEemove the exposed portions
of nitride while the photoresist protected stripgsnitride remain intact. RIE uses a
combination of sputtering and chemical reactionrdmove the exposed areas of the
passivation layer. The PlasmaTherm 790, the etokaused, employs a combination of
trifluoromethane (CHgE and oxygen (& gasses to etch silicon nitride. It is optimized
for thin wafers (up to a few mm thick) so we fouhdt it was necessary to use focusing

rings in order to make the plasma density acrossstlirface of the substrate more
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uniform. Our average etch rates for this particaanbination of substrate thickness and
focusing rings was 350 A/min which is slightly labsn the published rates (Mele et al.
1984) but it was not unexpected due to the lowesmh density close to the upper
electrode. After RIE, the remaining photoresisstispped in acetone (step 9 in Figure
2.4) and we are left with the final etch mask cstiisg of parallel stripes of S®r SgN4

on a pure silicon substrate.

2.2.4 Etching Grooves

We are now ready to etch grooves into silicon usaingater based KOH etch
(step 10 in Figure 2.4). V-shaped grooves inailiare a result of anisotropic etching of
silicon when a rectangular mask is applied. Twdomalanes in silicon crystal are
affected differently by different etchants andle case of KOH-ED system, the ratio
of (100):(111) rates has been reported as higtD@sl4cited in Madou 1997). In order
to produce a good grating, we must minimize ermorgroove spacing over a large area
(see Figure 2.1lhottomfor the relationship between groove spacing araselerrors and
Section 2.2.1 for the discussion of tolerances)e Wanted to optimize the anisotropy
ratio to be as high as possible because we wabnt@dirtimize our groove positioning
errors which are due (partially) to the underceiated by the finite (111) etch rate. The
variation in the undercut rate is a result of viagyconditions in the etch solution, so we
must keep the temperature and concentration unifioside the bath in order to keep the
etch rate within 1% over the whole area of the sabs  Silicon etch rates in agueous
KOH solutions are empirical and experimental result the literature vary widely
(Kendall & Shultz 1997), so we measured our owresator both symmetric and

asymmetric groove profiles and found that theyadmeost identical.
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Figure 2.5. SEMs of gratings etched on silicon wsa(&rshov et al. 2003). Shown are
gratings blazed at 6.16fof), 54.7° (middle, and 63.4°l§otton).
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The KOH etching apparatus is another custom pié@goipment consisting of
an outer container modified into a recirculatinghbahich keeps the inner container and
its contents at constant 68°C (the temperatureeterchined empirically as providing the
maximum etch anisotropy in our etching setup) alé ageproviding ultrasonic agitation.
The 35 wt.% KOH solution is premixed in a beaked #me beaker, once covered, is then
used as the inner bath where the etching takes.pl@ace it has been placed in the outer
bath, we add 100-200 mL of isopropanol which serassa surfactant (Baum and
Schiffrin 1997), start the recirculating bath aatithe temperature stabilize at 68°C. The
substrate is immersed into the etchant. The m@acthich takes place in several steps,

can be summarized in this equation (Seidel 1990):

Si + 20H + 2H,0 — SiO(OH),” + 2H,

An important by-product of the reaction is molecuigdrogen which forms into bubbles

and floats up to the surface of the solution arifiisiés into air. However, as they form

and grow, these bubbles block the surface of silicoystal and cause small localized
changes in the etch rate resulting in the micronoegs of the exposed surface. The
addition of isopropanol and the ultrasonic vibraticserves the purpose of promoting
quicker detachment of hydrogen bubbles and prodoictf smoother surfaces (Baum and
Schiffrin 1997). After the etch time elapses, wecgly transfer the substrate from the

KOH etch into a beaker with clean, distilled watestop the etch. Then, it is transferred
into a second beaker, also filled with distilledt@rawhere it stays for at least 15 min in
order to thoroughly rinse the substrate. We hawvdyced gratings on large silicon disks

with various blaze angles and groove periods (sg&€2.5). The scanning electron
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Figure 2.6. We used SEMs of etched gratings torchete etch rateR; oo andRy 11 for
(100) and (111) planesipois calculated by measuring the etch depth from
the top SEM (etching was not completed so thateugdcaccurately
determine the etch depth) and dividing by the &tole. R;i:is determined
from the bottom SEM by measuring length of expasikdon nitride layer
and multiplying that length by sin 54.7°
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Groove top

Figure 2.7. Material at the top of the groovexpased to the etchant for longer than
material near the vertex. As a result, the opeaimgle of the groove
increases with time causing a change in the blagkea
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microscope (SEM) and profilometer were indispensabbls in directly measuring etch
rates and anisotropy ratios and we used them &atfine the etch times for our chosen
temperature and KOH concentration. We can medsomgontal and, to some extent,
vertical distances from SEM images. The etch ratedetermined from SEM images by
measuring the etched depth in the <100> and <1lireetibns and dividing each by the
etch time (see Figure 2.6). Our measurementstrgsRioo= 28 um/hr andR;11= 0.46
pm/hr. The anisotropy ratio R;oo Ri11= 60 which fell short of the desired value of 100
(see Section 2.2.1). Because the finite (111) eath causes the angle at the groove
bottom to differ from the ideal 70.5° (see Figur&)2we can also use the vertex angle
measured with a profilometer to determine the dropic etch ratio. We found the rate
of change in this angle to be 0.4°/hour and infeare anisotropy rati®od Ri11= 69, in
good agreement with the value determined from tB®& Sneasurement of the mask
undercut. One implication of this result is thatprder to attain the desired blaze angle,
the finite value of the (111) etch rate must beetakto account during the design and
material cutting. For example, after etching GdZdours, the blaze angle has changed
from 63.4° to approximately 63.0°. Atin in immersion, when the grating is operated
in the 247" order, the blaze wavelength will shift from thesgicted 1.998im for J =
63.4° to 1.991um for 0= 63.0°, a shift of -0.00[dm, or approximately one full order.

2.2.5 Shaping and coating

We now have a diffraction grating etched into theface of a thick disk. Before
we send it out for shaping into a prism, we neestiip the remaining etch mask (step 11
in Figure 2.4). To etch the remaining silicon idligr strips, we suspend the grating (or the
whole disk if one wishes to clean the back sidaval) in a commercially available

concentrated phosphoric acid solution (85%) cloghé boiling point (158°C).
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Figure 2.8Top: SEM of a grating etched on a thin wafer showirig #trips of residual
passivation layer. A byproduct of KOH etching,(3H)4, polymerizes and
creates white graindBottom: The same grating after hot phosphoric acid
etch. Both nitride strips and etch residue areonagrd by the phosphoric
acid.
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Phosphoric acid etches silicon nitride at 10-20 id/ifvan Gelder and Hauser 1967) at
150°C but the exact rate depends strongly on timpeeature. The etch rate of silicon
under these conditions is less than 1-2 A/min. $tigping of the remaining nitride
layer is accompanied by the removal of polymer fations of Si(OH) which are a by-
product of KOH etch and tend to settle near th@gedop (see Figure 2.8). If left intact,
these formations would become a source of scattgyieid Even more important than for
decreasing scattered light (in immersion, this miatein fact, does not contribute to
scattered light), the residue removal is vital douniform and unbroken deposition of a
reflective coating (see the second paragraph balamWFigure 2.%op, middlé.

We contracted outside vendors to perform the postgssing cutting steps. The
grating, which is etched into one side of a thidikcen substrate, is shaped into a prism
with the grating covering the hypotenuse side drel @ntrance side tilted by a small
amount from the groove surface (usually ~1° butetk&ct tilt depends on the grating and
instrument specifications) thereby introducing spthcement between incident light and
diffracted light thereby removing unwanted refleos in the spectra (step 12 in Figure
2.4). We also introduced a wedge shaped botto@imn order to further minimize and
redirect secondary reflections and stray light Itesy from diffracted light hitting the
bottom surface of the prism in an attempt to tuoe grating for performance as an
immersion grating (see Appendix A).

Anti-reflection coating on the entrance face waselby 11-VI Inc. for two out of
three gratings evaluated in this paper (GO and GIhe coating was optimized for
transmission in the 1.1-Bm band because of the requirements of IMGES fochvhi
grating G1 was designed. The quality of both cwmtiwas very good and the maximum

reflectivity measured in 1.148m band was 10% at 11Bn. The reflectance of the AR
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Figure 2.9. SEM of an aluminized grating showingesal groovestpp) and a corner
detail of one grooventiddlg. The thickness of the aluminum reflective
coating is approximately @m. Bottom: The aluminum layer starts to peel
after many thermal cycles (immersing the whole edatafer in liquid

nitrogen and warming it to room temperature). Atigg in an instrument
would never be exposed to such rapid temperataeges.
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Figure 2.10.Left: Grating G1 — shaped to its finished prism fornthwhe entrance face
coated with an anti-reflection coating optimized I2-5um. Right:
Grating G1 after a reflection coating (aluminum)svaeposited on the
grating surface. The ellipse drawn on the grailingtrates the boundary of
the 23 mm collimated beam projected on the gratefdce.
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coating between 1.6 and|Bn was 3% or less. The reflective coating on theoge
surfaces was done in-house and consists of a Eyaluminum approximately 2m
thick which was deposited on the groove surfacesgua sputterer (see Figure 2.10

showing photographs of the completed grating G1).

2.3MEASURED PERFORMANCE OF COMPLETED GRATINGS

We have used thin silicon wafers to test all agpetour in-house processing, to
tune all steps, and to test our equipment. Oncev@re confident in our ability to process
thin silicon substrates, we moved on to thickerssates adjusting the parameters in our
processing steps to accommodate larger silicon raaslsarea. Once a grating is
completed, we visually inspect it for large arededes (any visible damage on the
surface, scratches, breaks in the groove patteh}reen conduct optical tests which can
provide further clues about our process. Optieatst are designed to provide us with
information about wave front shape and error, pspread function and efficiency of our
gratings. Analyzing the errors using optical tegtiof the etched gratings gives us
valuable clues about how we should improve the gsecand what area needs

improvement the most.

2.3.1 Imaging/Visual Confirmation of Our Process

SEM is a useful tool for verifying the groove shapee and orientation (see
Figure 2.5) as well as for estimating the numbet gype of surface defects. We have
also used it to estimate etch rates by measuriagathount of undercutting (see Figure
2.6), to test our nitride removal process usinggimsphoric acid (see Figure 2.8), and to

test the metallization of groove surfaces (seeéi@i9). The use of SEM is limited to
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wafers especially when we observe groove profiegha vertical clearance inside the
SEM chamber is only a few millimeters. Large defeén etched substrates can also be

observed with a naked eye or with a microscope.

2.3.2 Efficiency

Our method for measuring grating efficiency utiizenonochromatic spectra
taken at several wavelengths. Monochromatic lightliffracted into discrete orders
given by the grating equation (Eq. 2.2). The istgndistribution in diffracted orders for
high order echelle gratings is given by the blagection (e.g. Born & Wolf 1997):

2

o) _ sin[zs(sinﬂ— sim)}
lo [T(sin[z’— sina)}

(2.9)

wheres is the effective groove width. Because the thgestings analyzed here are in
high orders, their order intensity distributiondlwe determined by Eq. 2.9. For gratings
operating in the scalar limit such as GO, G1 and ®8 can correct the measured
efficiency at an arbitrary wavelength to the efficcy at the blaze wavelength. In this
paper, we measure the relative grating efficientyctv is equal to the intensity of light
diffracted by the grating divided by the intensitiylight incident on the grating surface
but with the effects of silicon reflectivity/transssivity and groove tops removed. In
doing so, we are only testing the quality of gromwafaces deconvolved from the
material properties.

Our test setup consists of two bench spectrograjithsa layout identical to that

of a Twyman-Green interferometer (see Figure 2.1Tfhe first spectrograph uses two
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visible light HeNe lasers (543.5 nm and 632.8 nng) the second uses an IR HeNe laser
(1.523um) as a light source. In both setups, light frdma tasers is collimated using
Oriel collimators (the IR collimator does not canta spatial filter but the optical one
does). The beam diameter was changed to accomendifferent grating sizes and beam
splitter clearance. For the visible light setue beam size is 15 mm for GO and 25 mm
for G1 and G3. For the IR setup, the beam sia®isxm for all gratings. Beam splitters
in both setups direct light into two arms. One almays contains a reference mirror and
the other the grating being tested. With the exfee mirror image always present in the
recorded spectra, we can measure relative effi@enof our gratings by comparing
intensities of light in diffracted orders to thetdansity of the reference mirror image.
Light from both spectrograph arms is focused on@Cd or an IR camera and recorded
as a monochromatic spectrum. The CCD contains24X0024 array of 131m square
pixels. The IR camera is an Indigo AlphaNIR cameith an InGaAs array consisting of
320x 256 pixels (3Qum square pixels) sensitive in the 0.9-iv bandpass. The CCD is
cooled with a fan and the IR camera is cooled waitPeltier cooler. They both operate at
ambient temperature (no cryogenic cooling is reg)ir Camera lenses in both setups are
interchangeable. We use eithef=425 mm (for IR setup) of=200 mm (for visible
setup) lens to record a spectrum consisting of &+tlérs on the detector of=838 mm
lens to resolve the diffraction spot and analyze dghating point-spread function (PSF).
When recording a monochromatic spectrum, we ol#@ib0 exposures with the CCD or
IR camera as well as dark frames which are useertiove features intrinsic to the
detector. To extract a 1D spectrum, we sum ove2d@ows or columns of the image
centered on the brightest order in the cross-dssperdirection and subtract the nearby

area of the same size. Monochromatic spectrahanersin Figures 2.12 and 2.13 for
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Figure 2.11. Bench test setup.
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green and infrared light. At 543.5 nm, gratinge ased as front-surface devices. At
1.523um, gratings are used as immersion echelles.

The results of our relative efficiency determinatidor all three wavelengths are
summarized in Table 2.2. Our method for measuitiegrelative efficiency of a grating
using monochromatic light consists of adding tHatiee efficiencies of several observed

orders closest to the blaze order and normalizitgythe maximum efficiencyjo:

ZUi

Relative efficiencyz 22eredorders (2.10)
1o

o is the maximum relative efficiency that can be sugad in the observed orders which
accounts for geometrical losses due to the preseingmove tops, efficiency losses due
to the finite number of orders observed, and, gassary, the difference between the
reflectivity of the reference mirror and the gratin

There are several steps involved in correcting rasasured efficiencies. The
first step is integrating light in all orders tregipear on the detector and comparing it to
the output from a silicon reference mirror (for aated gratings) or a gold reference
mirror (for coated gratings) to g@lmeasures T1he effect of silicon reflectivity is thus
removed from the measurement of uncoated gratimgs the measured efficiencies
reflect only the performance of the grating itselfhe second column in Table 2.2
contains /measured COrrected for the beam splitter transmission in tarons ("arm
coefficient”). The arm coefficient is the conseqgee of the displacement of the beam
coming from the reference mirror with respect tollkam coming from the grating. The
beams from two arms hit the beam splitter at shghdifferent angles so the

reflectivity/transmissivity of the beam splitterabghtly different for the two arms. The
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Spectrum of GO at 543 5 nm, reflection mode
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Spectrum of G1 at 5435 nm, reflection mode
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Figure 2.12. Front-surface, monochromatic spedtad(top), G1 (middle), and G3
(bottom) at 543.5 nm. The lower scale on the x-gkiss position along
the spectrum in pixels while the upper scale ide#ithe order number of
the peaks. The y-axis scale is in counts intedrater several rows in the
cross-dispersion direction. The gratings show adstémprovement in
eliminating scattered light and ghosts going fréwa ¢arliest work (GO) to
our most recent effort (G3).
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Spectrum of GO at 1523nm, immersion mode
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Figure 2.13. Monochromatic spectra of GO (top),

Gid¢te), and G3 (bottom) in

immersion at 1.528m. The lower scale on the x-axis gives positiomglo
the spectrum in pixels while the upper scale ide#ithe order number of
the peaks. The y-axis scale is in counts intedrater several rows in the
cross-dispersion direction. The gratings show adstémprovement in
eliminating scattered light and ghosts going fréwa ¢arliest work (GO) to

our most recent effort (G3).
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arm coefficient varies for all three wavelengths aitsl value was determined
experimentally to be 1.038-1.100. Data recorded thighIR camera is also corrected for
the apparent non-linear behavior of the camera ibidg by 1.3 (also determined
empirically for a set ratio of reference mirrorrsidfgrating signal).

Two factors determingyp in most cases. The first one is the light loss ttuthe
presence of groove tops which direct light out af thnge of our observations. This
factor is only taken into consideration for visib@avelengths where the gratings are used
as front-surface devices. When used in immergjoogve tops are hidden and therefore
do not play a role in the diffraction of inciderght (correction factor is 1). The second
factor is due to the mismatch between the blazetifumeninima and the interference
maxima effectively causing light loss into adjacerders (Schroeder & Hilliard 1980).
This factor was determined by calculating positiamsl intensities of all propagating
orders and dividing the sum of intensities for osd@e were able to observe by the sum
of all intensities in propagating orders. The lt@@rrection factor is then equal to the
product of two correction factors and is given fack case in the third column of Table
2.2. Relative efficiency is given in column 4 iallle 2.2 and is the ratio of measured to
maximum efficiency. Calculation of peak blaze @fincies (given in column 5 in Table
2.2 for reference) is based on the method outlme8chroeder and Hilliard (1980). The
device throughput can be calculated by multiplyeetumns 4 and 5. Our measurements
indicate that our gratings have been steadily imipg in quality and we can now
achieve throughput efficiencies of 70% or bettetlua blaze for the shortest wavelength
in our measurements. G3 meets our requirementrfoechelle grating with relative
efficiency >80% at 2um in immersion. All three gratings are comparalyid an most

cases even better than commercially available Eshel
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Table 2.2. Measured relative efficiencies at tidi#ferent wavelengths.

Grating Nmeasured Mo nino Theoretical blaze
efficiency

A=543.5 nm

GO 63% 91% 69% 86%

Gl 63% 88% 72% 86%

G3 78% 91% 86% 86%
A=632.8 nm

GO 62% 91% 68% 87%

Gl 64% 88% 2% 86%

G3 78% 90% 87% 87%
A=1523 nm

GO 48% 95% 62% 92%

Gl 68% 96% 71% 97%

G3 80% 93% 86% 93%
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2.3.3 Resolving power and point spread function

Visible wavelength interference analysis of the giativas done with an optical
(Zygo) interferometer. It was a very valuable tooltesting the wave front shape and
predicting the point spread function of our grasind he limitation of the data taken with
the Zygo interferometer is that the light sourcetfe Zygo is a HeNe laser at 632.8 nm
and therefore we had to perform tests of the gratingreflection and then predict its
performance in immersion at 1.528n. In Figure 2.14, we show the point-spread
function (PSF) of G1 directly measured in immersionl the PSF of G1 predicted from
the Zygo measurements for G1 used in immersion. Zjge gives an accurate picture of
what the grating performance will be in immersion arawill rely on it in the future to
estimate the PSF of our gratings before we cutshiaghe them into prisms. We measured
the infrared PSF of all three gratings with our nfiedi bench setup. The beam size is
limited by the size of the beam splitter to 10 mmdiameter. The short focal length lens
was replaced with ah= 838 mm lens which produced diffraction limited gea. The
diameter of the Airy disk is 1.2%/(Dpean¥pixe)=5.2 pixels wheredxyixe=30 pm is the
pixel size for the IR camera. Images like the am@wn for G1 PSF were dark
subtracted. The first step in analyzing the imagas to fit a 2D Gaussian function in
order to measure the width of the diffraction spofthe results of this step are
summarized in Table 2.3. Predicted resolving poRgkdiced IS calculated using EQ.
2.1. Demonstrated resolving powéRgemonstratedWas calculated using the following

formula for angular dispersion in the Littrow mode:

% _ 2ntand
dA A

(2.11)
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Figure 2.14. Comparison of PSFs measured direttly523um (left) and predicted from
the wave front measured by Zygaght).
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and corrected for pixel sampling. From this ecqugtive can calculate

A

A=————Ax (2.12)
2nf tand

where Ax=30 pmXxXFWHMy (in pixels) and RyemonstratedA/44. We demonstrated
measured resolving power of as much as 75,000 &31uf using our immersion
gratings.

The next step is to obtain 1D PSFs shown in Figut® By summing over 10
pixels in the cross dispersion direction aroundpbak of the diffraction spot in order to
determine Strehl ratios of GO, G1 and G3. The Stadhd is defined as the peak value of
intensity (normalized to the total power in the P&#)an aberrated image relative to its
value for an unaberrated image. Optical systems avi@trehl ratio greater than 0.8 are
usually considered diffraction limited. A systemlwthe Strehl of >0.8 would have an
RMS wave front error of A/14. We calculated the area under the 1D spec8&l fer
each grating and normalized the PSF by the ratibaifarea to the area under the mirror
PSF which is in this case our unaberrated PSF. p€hk value of the normalized grating
PSF is the Strehl ratio. The Strehl ratios fotiggs GO, G1, and G3 are shown in Table
2.3. The last two columns contain values of Stratibs measured directly from the
infrared spectra in immersion and calculated frbm wavefront errors determined from
the Zygo interferometers shown in Figure 2.16. Taesyin agreement and the biggest
discrepancy was seen in GO, where the measured Sti@hl0.71 and the Zygo
determination of the Strehl was 0.82 but it is at $urprising because the quality of GO
varies across the surface and it depends stronglyloch part of the grating surface is

used.
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We conclude that the performance of G1 and G3ffgadtion limited at 1.523
pum when used as immersion gratings and that GO caain atliffraction limited
performance in some areas of the grating ain2 The agreement between the front
surface tests using the Zygo interferometer ane@ctiimmersion tests is another
confirmation of our method that uses front surfamasurements, both spectroscopic and

interferometric, to test and predict the perforneaatechelles in immersion.

2.3.4 Wave front aberrations and grating defects

Errors in the groove shape and spacing and groaoface roughness are factors
that degrade the performance of diffraction gratity lowering their efficiency and
causing unwanted features in the observed spedihese errors and defects manifest
themselves as ghosts, satellites, grass, and diffeatter (Palmer et al. 1975). We
discuss our observations of these errors as wellags to improve the performance of

future gratings.

2.3.4.1 Grass

Random errors in groove positions cause a smallbeuraf grooves to be out of
phase with the rest of the grooves so that the tondior constructive interference is
destroyed for these grooves. They are seen ass'griee. scatter between orders in a
monochromatic spectrum. We have previously obsegvass in the spectrum of GO and
concluded that the intensity distribution of lightthe grass matches that of the blaze
function for a single groove (Marsh et al. 2003 a@tier 3). In this paper, we estimated
the fraction of light in grassyyrass (We user; to denote the fraction of light in the grass

because the value is measured relative to a refemirror and corrected for the
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Table 2.3. Width of PSF and measured resolving power

from IR PSF from Zygo

Mirror 4.78 4.90

GO 5.99 5.11 45,500 64,100 0.71 0.82
Gl 5.10 4.79 75,400 90,500 0.91 0.90
G3 4.74 4.90 26,000 28,900 0.99 1.0

50



0.160
0.127
0.085
0.063
0.031
-0.001
-0.033
-0.065
-0.098
-0.130

Range (PV)= 0.2894 waves, RMS = 0.0682 waves, Strehl= 0.8324

ange (PV)= 0.3969 waves, RMS = 0,0596 waves, Strehl= 0.8693

G3

0.0206
0.0142
0.0078
0.0015
-0.0049
-0.0112
-0.0176
-0.0239
-0.0303

Range (PV)= 0.0572 waves, RMS = 0.0099 waves, Strehl= 0.9962

Figure 2.16. Interferograms GO, G1, and G3 taken \ughzygo interferometer. All
three gratings exhibit diffraction limited perfornee on the scales shown.
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presence of groove tops rather than uncorrectednsity), from our spectra by

integrating over 10-20 rows of the spectrum imageshtain a 1D spectrum (the same
method we used to measure efficiencies), and thietnasing out previously determined
efficiency Jmeasuredin Observed orders as well as any observed ghdsts.angular range

of integration in the cross dispersion direction waty 0.07° so the diffuse scattered
light, while it may raise the value of light intetysiscattered in grass, should not
contribute to it significantly. Measured values &eattered light in grass are given in

Table 2.4. The intensity of light in grass is givey (Palmer et al. 1975):

2
Myrass _ (277725 sindj (2.13)

spacing
o

Eqg. 2.13 is an approximation derived from Eq. 2ddmall values 0&spacing Using the
above equation, we estimategacing that is, the portion of the spacing error we can
assign to random displacements of groove positiosis,g the measured values/pfass

Mo is given in Table 2.2. This is the error thatresggnts the accuracy with which we can
position lines in the passivation layer and subeatiy etch grooves. We immediately
notice that the random spacing errggacing derived from the observed grass intensity
are both very small and close to the same valualfdhree gratings. This result implies
that we have good control over the pattern transfecess and good repeatability, even
for thick silicon substrates. The total measurewrs, &nase derived from the Zygo
interferograms, are larger than the spacing eandsdiffer more strongly from grating to
grating. As we will show, the larger values &f.s derived for GO and G1 result from
repetitive errors which produce ghosts rather thasg(see Section 2.3.4.3). Also, GO

has a somewhat larger RMS error which is most likedyresult of using a S{O

52



Table 2.4. Scattered light due to random errograove positions.

Grating ”;ﬁ Espacing Ephase &nasefrom Zygo
i interferograms?
GO 7.9% 17 nm 14 nm 43.2 nm
Gl 4.6% 12 nm 11 nm 37.7 nm
G3 1.9% 13 nm 6.9 nm 6.3 Nm

®Even though we recorded interferograms of the whoi¢ing surface (which for G1 and
G3 was the whole etched area of the silicon disk), wateghere the RMS front error
estimated from areas shaped and sized to mat@r¢heused in the spectroscopic

measurements for whicpacingWas determined (see Figure 2.16).
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Figure 2.17. By taking several thousand exposoirése monochromatic spectrum of
G3 at 543.5 nm, we were able to observe the grasstai.d
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passivation layer. SiOis subject to destruction when etching in a watesedakKOH
solution therefore needs to be thicker than thedeitpassivation layers used in G1 and
G3. SiN4 by contrast is not attacked by KOH solutions allowirsgto use much thinner
(up to 10 times) layers of it.

The scattered light in grass of our most recentiggaG3 (see Figure 2.17) is
comparable to a commercially produced R2 echeklel us the 2d coudé spectrograph on

the 2.7 m telescope at the McDonald Observatory @tdl. 1995).

2.3.4.2 Diffuse scattered light

Any deviation in the height of a groove surface framperfectly smooth surface
up to scale sizes of the order afis called groove microroughness. Small scale
roughness of the groove surfaces causes incidght tio be scattered in random
directions. In extreme cases where the amountaifesed light is large, we can observe
a halo around the center of the spectrum. More&jly, the large angular scale of the
diffuse scattered light makes it very difficult perform direct measurements. Instead,
we have to use indirect techniques involving praofigary and atomic force microscope
(AFM) to measure the surface roughness.dnnes). We have done this for one of our
grisms, G2 (see Chapter 4), but due to height canssrin an AFM (vertical travel <4
pum), we are unable to measure any of the gratingsudsed in this chapter. There is a
wealth of information published about the temporabletion of roughness of (100)
surfaces (e.g. Palik et al. 1991, Findler et a@2)9but very little is available about (111)
surfaces. Sato et al. (1998) discuss the rouglofegdd 1) surfaces but only for aqueous
KOH solutions without the addition of isopropanol attdasonic energy which we know
improve the surface finish of etched (100) surfg@sim and Schiffrin 1997).

Total integrated scattering is given approximatstyBennett & Mattsson 1999):
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Table 2.5. Estimate of microroughness from the Addvha and calculated total diffuse
scattered light at three key wavelengths.

diffuse

diffuse diffuse

Grat|ng 8roughne$ at at at
I, I, I,
632.8 nm  1.523um? 3.5um*
G2 1.7 nm 0.1% 0.2% 0.04%

®Estimates are given for grating used in immerstch323um and 3.59um. The
corresponding internal wavelengths are 441 nm &23 him.
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y 2£r0ughnessj (2 . 14)

IO

where &oughnessiS the RMS surface roughness as measured by the. AW measured
average&oughnessOf 1.7 nm on a Jumx2 pm area of groove surface for G2. The
summary of predictedyisuse for G2 using Eq. 2.14 for several wavelengths ieigiin
Table 2.5. These values are lower limits for GO, &id G3 for diffuse light due to
microroughness.

Surface microroughness can be traced to sevetar$aégmperfections in silicon
crystal (e.g. when the etch encounters an oxygem)atd, bubbles that linger on the
surface after the reaction took place, impuritreghe KOH solution itself (Hein et al.
1997), temperature variations in the etch solutioduring the etch, etc. In our etching
method, we have used both ultrasonic agitation smpropanol to promote the,lHubble
detachment. Silicon material we procure is of vargh purity with low oxygen
concentration even though it is unclear how muchuinties actually affect immersion
grating manufacture (Kuzmenko & Ciarlo 1998). Therface is treated with hot
phosphoric acid after the KOH etch to remove resighaymers. This combination of
materials and etch process variables resulted iexaallent groove surface quality even
at the shortest wavelengths at which silicon trarsiRtradiation.

There are other sources of diffuse scattered lggith as large groove defects
(breaks in grooves, pyramid formations due to ints in the crystal) that we are
unable to account for in the predicted value frbw AFM roughness measurement. We

have observed these “macrodefects” using both leisidgght microscopes and SEM.
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2.3.4.3 Ghosts

When grooves are displaced from the perfect spagimith a periodic variation,
they result in the appearance of secondary imaggbasts. When ghosts are near the
parent line, they are called Rowland ghosts. Weelahserved Rowland ghosts in GO
which are the result of errors in the ruled masldusepattern the substrate (Keller et al.
2000, Marsh et al. 2003). The period and amplitofdine periodic groove spacing error
are P=780 um andA=13.5 nm. In an attempt to eliminate ghosts, weaumed standard
photolithographic masks which do not suffer frontcéiing and periodic errors. The use
of the new masks eliminated the periodic error mdispersion direction in G1 and G3.
We still observed ghosts in both gratings, howelat these ghosts were displaced from
the dispersion direction by an angle of 30° (sepifé 2.14) and they matched very well
the directionality of the periodic wave front eremasily spotted in the Zygo image of G1
(see Figure 2.1aniddle. We decided to apply the analysis appropriateRowland
ghosts and compare the results to the Zygo daterder to determine whether the
periodic pattern really is the source of ghostfhase two gratings.

The relationship between the period of the spaeimgr and the distance of the

Rowland ghost from the parent line in Littrow configtion is given by (Stroke 1967):

Af
Ax, =M 2.15
Al Pcoso ( )

where4xy, is the distance between the parent line lsith order Rowland ghosM is
the ghost order? is the period of the spacing error. From Eq. 28 deducd=5.6
mm for G1 andP=0.61 mm for G3. In the wave front space observedhe Zygo
interferogram, these distances will be shorteneddsy in the cross-dispersion direction.

The projected period in the wave front space israrh which agrees well with the
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measured 4.0 mm from the fringes seen in the mtegram of the whole surface of
grating G1 (not shown here). The displacement of ghests from the dispersion
direction and the size of the period indicates thatspacing error is not due to errors in
the mask pattern but rather to problems duringctiteéact printing of the mask lines onto
the photoresist layer which we also confirmed vigubill observing interference fringes
while contacting the mask with the photoresist codiskis.

The relationship between the ghost intensity andptrent line intensity for the

first pair of Rowland ghosts is given by (Stroke 796

| 27m ?
Igh"st = (T Asinéj (2.16)

line
whereA is the amplitude of the spacing error, dgds:andliine are intensities of the ghost
pair and the parent line respectively. We deAw23 nm for G1 and=9.2 nm for G3.
From the interferogram of G1, we estimate28 nm/sind=31 nm in excellent agreement
with the direct measurement. Integrated intengityhie ghosts is 8.2% and 0.5% of
parent line intensities for G1 and G3 respectively.a23um in immersion.

Depending on the application the ghosts seen irgmaings may not represent a
problem. Since they are displaced in the spaiiattion as well as dispersion direction,
we can define the extent of each order in a crosgedsed spectrograph so it doesn't
include any contribution from ghost lines. Sinte tintensities scale asA#/ their
contribution will drop down to 1.5% level in the spacof G1 (integrated in a pair of

ghosts) around 3.pm for G1.
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2.4CONCLUSION

We have produced gratings appropriate for use igh hresolution IR
spectrographsR from 20,000 to 100,000) as immersion devices fofinto 5um. We
have developed a method to reliably produce gratiitg any blaze angle and groove
spacings from a fewum to a few hundrequm. We tested and used both kinds of
passivation layers with silicon nitride yielding tegtresults and more robust process than
silicon oxide. Standard photolithography mask® gdeoduced results superior to glass
ruled masks (diffraction limited performance in ahses and less scattered light
indicating smaller number of surface defects andather groove surfaces). However,
the simplicity and relatively inexpensive naturetrainsferring patterns to a silicon oxide
layer should not be neglected in cases where diffradimited performance is not a
requirement at all wavelengths or the gratings aexlwat sufficiently long wavelengths.
We thoroughly tested and evaluated these gratiagsoat surface as well as immersion
devices and found the results to be consistent. t€3ting method is now established and
we are confident that, in the future, front surféests can be used reliably to predict the

performance of gratings in immersion.
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Chapter 3.

Silicon Grisms and Immersion Gratings Produced by Aisotropic
Etching: Testing and Analysisl

3.1INTRODUCTION

Silicon diffraction gratings and grisms are veryefu$ devices in the infrared
because they can be compact and still maintain t@gblving power. The wavelength of
light in silicon isn = 3.4 times shorter than in air. When silicon rdi¢tion gratings are
used as immersion devices (light passing through ghicon prism before being
diffracted by the grating and then leaving the mpribirough the same entrance face), the

resolving powerR=A/44, of such a grating scales with n:

_2nLsind
A

R (3.1)

wherelL is the length of the illuminated part of the gngtanddis the blaze angle. If we

want to obtain the same resolving power as with rdstal, front-surface grating, we can
make the silicon grating 3.4 times shorter (antkiincated beam 3.4 times narrower)
which will result in a significant reduction in thelume and therefore mass of our
spectrometer. On large telescopes, where the owpaditrometer throughput at a given
resolution is often driven by the mismatch betwedendiit size and the size of the seeing
disk, an immersion grating spectrometer with the esame grating as a conventional

instrument with the sanf® can have a slit that rstimes wider on the sky.

1 Chapter 3 contains previously published work (Magsal. 2003).
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For a grism, the resolution scales witf:

_ (n-1)Lsino
A

R (3.2)

so a silicon grism would have a resolving power athga ranging from a factor of ~1.8
(compared to KRS-5 with ~ 2.4) to a factor of ~4.8 (compared to a glassngnvithn ~
1.5) with the same dimensions. As with the immersjpatings, we can use this
advantage to either design a smaller grism or ortd hwigher resolving power. In
addition to the gain in resolving power we would imalfrom the use of silicon, the
anistropic etching of the grating grooves offers possible advantages. The first is that
the etching process produces almost perfectlyaftet smooth groove walls, properties
that are especially important for efficiency in igrders where loss of power into nearby
orders is a potential problem (Ershov et al. 200Ihis high groove quality may not be
achievable when ruling or machining other high-indeaterials. The second advantage
is that etching allows us to produce much coarseo\gs than can be made by ruling.
This capability is important for long wavelengthsgnis and for devices to be used in high
order or with small detectors. The high qualitytleé groove walls and the possibility of
making coarse grooves can also make etched gragpirejerable in some applications
calling for conventional, front-surface gratings.

When producing infrared dispersive elements byaropic etching of silicon,
the difference between a grism, an immersion gyadimd a front-surface grating is in the
basic design (groove period and blaze angle) amoatings (e.g. immersion grating will
have an AR coating on its entrance face and a taféecoating on the grooves whereas a

grism will have AR coatings on both the grooves dreddntrance face). For purposes of
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Figure 3.1Left pannel Sample prism used in this work for evaluation of o
manufacturing process (Ershov et al. 2001). Tierpopening angle is
54.70. The entrance face (the side facing the)ridel7 mmx 42 mm and
the hypotenuse face, which is 30 m2 mm, has the grating etched into
it. The grating pattern consists of symmetric geowith a 142um period.
Right pannellllustration showing the prism and the groove peof
Grooves are symmetric with an opening angle 70.%fe groove period is
142 um and the groove tops are [ wide (artifacts of the process used to
make the grating (Tsang & Wang 1975).
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testing, however, a single (uncoated) grating camdssl in all three modes. We have
produced a prototype grating (Ershov et al. 20Qdfable for optical evaluation in all
three modes. The grating was etched on an optiflatiyisk (15 mm thick, 70 mm in
diameter). It has symmetric grooves spaced at |[if2(see Figure 3.Iright). We
contracted Janos Technologies Inc. to cut the idittka prism and optically polish the
entrance face. The prism (see Figure &ft) has a 54.7° opening angle so the grating
has a 54.7° blaze angle. The entrance face ish¥42 mm and the grating surface
etched into the hypotenuse of the prism is 30 xd& mm. The device was tested
previously as a front-surface grating using two He&seils (red at 632 nm and green at
543 nm; Ershov et al. 2001). We reported 70% iefficy at 632 nm, consistent with a 37
nm RMS error in groove spacing (the estimated RM®rein groove spacing from
interferograms was 30 nm). The prism was left utemavith the intention of testing the

grating in immersion and transmission in the irdthat a later date.

3.2TESTING SETUP

Silicon is opaque at optical wavelengths. Until newe, have only been able to
test our gratings as front-surface devices and ma#lgect conclusions about their
performance as immersion gratings and grisms (Kelleal. 2000, Ershov et al. 2001).
However, we recently acquired an Alpha NIR camera X336 InGaAs array with 30
pm square pixels sensitive in the 0.9 - Lun region) from Indigo Systems which
allowed us to expand our tests into the near-infrardhe thermoelectrically cooled
detector operates after only a short cooldown tin facusing is made straightforward
by a real-time image display.

Figure 3.2 illustrates the optical setups used rodyce the spectra that we

evaluated here. In the reflection (immersion) malde grating to be tested is positioned
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Figure 3.2. Test setup for immersion grating/freatface gratingléft) and grism right).
In both cases, the light source is an IR HeNe las&r523um with a
collimator producing a 10 mm beam. After passimgulgh the beam
splitter, the light is reflected by the referencerar in Arm 1 or diffracted
by an immersion or front-surface grating in ArmIf.the grism mode, there
is no Arm 2 and light passes through the grism enathy to the detector.
The red HeNe laser was used for alignment.
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in Arm 2 and a reference mirror in Arm 1. The rdiilee from the reference mirror and
the spectrum from the grating are offset slightiyangle and both focused by a camera
lens (usually of focal length 200 mm) onto the ceamdn the transmission mode, there is
no Arm 2 and the light reflected from the mirrorAnm 1 passes through the grism on
the way to being focused by the camera lens ontod#tector. In this mode, the
reference signal is obtained in a separate expadtee removing the test sample from
the beam.

We use a HeNe laser at 1.523 as a light source for our spectrometer setup and
a red HeNe laser at 632 nm for alignment. First, Wgned the IR laser and all the
optical elements in the light path to make the bgamallel to the optical bench surface
and centered on the detector. Then we alignedetthéleNe laser beam to coincide with
the optical discharge from the IR laser and made guvas still parallel to the surface.
We had to observe the discharge from the IR lasgmpasition the red beam in the center
of the collimated discharge representing the IRTbég eye since the IR camera cannot
detect light at 632 nm. When test pieces are teddanto the setup, we insure that the
gratings operate in Littrow by orienting them sotttee principal order at 632 nm returns
to the entrance aperture of the red HeNe laser.aM/@ow able to use reflected red light
for alignment in the reflection mode or diffractesdl light in the immersion/transmission
mode. Because the entrance face is cut at a sifsgt (~1) from the direction parallel
to the grooves in order to redirect reflected lighe had to rotate the grating through a
small angle to ensure the grating was in Littrow wl@erating in the reflection mode.
This extra step was avoided in the grism mode hyirigrthe grism so that light hits the
grating side first allowing us to align diffracteedr light from the grism with the

incoming red beam.
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Science images are stored on the host computeatasets which include raw
data as well as three arrays containing non-unifyroorrections and a bad pixel table.
Images were corrected (gain, bias and bad pixeéctbons) using the algorithm supplied
by Indigo Systems and then saved as 2D FITS imagefufther analysis with IDL.
Exposures were also taken with the laser turned roférder to remove background
intrinsic to the camera. The first step in anaysas to subtract this background from all
2D images. The dispersion direction is along thvesrof the camera so we summed 30-
40 pixels along columns to get a 1D spectrum. Défbackground is removed at this
point by interactively fitting a line to the seledtparts of the spectrum (usually close to

endpoints) and the spectrum is then saved in FbTiA4dt.

3.3RESULTS

We made throughput measurements in all three madésy an uncoated,
polished silicon prism as a reference mirror sinoae of the grating surfaces had been
coated. The performance of our grating in all nsod&as determined by integrating
intensity in all observed orders and comparing vaisie to the reflection from the silicon
mirror (the reflectivity of a single silicon surfaat normal incidence is 30.6%). The
measured arm coefficient of 1.09 (the differencthmreturn loss for the two arms due to
the slightly different incidence angles of the eefed beams at the beam splitter) was
used to correct all measurements in immersionttde but not for grism measurements
since there was no Arm 2 in transmission. The summiameasurements and predicted
performances is given in Table 3.1. The measureneerors mostly result from
uncertainties in the arm coefficient measuremeritse upper bound on arm coefficient

measurement error is 3.0%. The absorption coefftdor silicon is 0.0103 cthat 1.5
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Table 3.1. Measured throughputs at 1.5#8compared to a silicon grism (front surface
reflectivity of 30.6% for normal incidence). Pretid s/, values given in
the last column are based on the RMS spacing efi®f nm calculated
from the measured throughput at 632 nm. Due tosmmHtaneous
measurements of grisms and the reference mirnarsein efficiency
determination in the transmission mode are largeltiag in measured
efficiencies >100%.

Mode Measured Ideal Measured  Predicted n/nofor
throughput  throughput nlno Adrws=37 nnf
(n) (110)

Reflection

(at 632 nmf 70.0 93.0 76.3 76.3
Reflection 85.5 93.0 91.8 95.4
Immersion 25.9 48.2 53.7 56.8
Transmission 30.5 28.1 108 93.1

4Ershov et al. 2001)
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pum at 290 K (Eagle Picher) resulting in 0.86% ofideat light being absorbed by a
silicon disk 10 mm in thickness. The error in @atculation resulting from neglecting
absorption in silicon is then 1.7% for immersiom &19% for transmission.

When used as a front surface grating, our devicd hat throughput of
85.5%+3.0% in three orders at 1.5@@. This measurement is compared to an ideal
throughput ofr7p=93% (values given in column 3 of Table 3.1). Madue of 77, differs
from 100% because of losses resulting from shadomngroove tops which effectively
constitute a grating blazed at 0° thus removingofdght from the spectrum. Table 3.1
also lists a throughput predicted based on an RM$ & the groove positions of 37 nm
(column 5). This value was derived from the reftatthroughput measurements at 632
nm (Ershov et al. 2001) listed in the first row béttable. The difference between the
measured relative throughput of 91.8% and predigtdde of 95.4% is consistent with
the measurement error for the grating in reflectidince our grating is not blazed at
exactly 1.523um, we calculated the throughput of our grating fanmchromatic light at
the blaze wavelength (Schroeder and Hilliard 1980)got 57%.

In transmission, the measured throughput was 30.39%&0n four orders at
1.523um. The large blockage from the adjacent groovethatblaze angle of 54.7°
(46% of the surface is shadowed by adjacent groaessits in large geometrical losses
and distribution of light over many orders (duewmening of the blaze function with
smaller effective groove width). Our calculationsligate that only 28.1% of incident
light on the grism should be diffracted into ordarsl that the rest should be lost in two
reflections from silicon surfaces and geometridahdowing. This shadowing effect
becomes much smaller at shallower blaze angles.rélagve throughput of our grism is
108% compared to the expected 93.1%. Clearly,sthetion where the geometric

blockage is very large requires more attentionrande careful modeling. The measured
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shown in more detail in Figure 3.6.
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Figure 3.4. Spectrum of the grating used as a{sarface device at 632 nrtop) and
1.523um (bottom).
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throughput of our grating in immersion was 25.9%%4.7n three orders (after
subtracting out scattered light and ghost contiimsf). There is no loss in immersion
from geometrical blockage. In this mode, the besbergoes two transmissions and one
reflection at uncoated air/silicon interfaces. Tiheximum achievable throughput is
therefore 48.2% relative to the silicon referencaron The measured relative
throughput in three orders was 53.9%+4.7% in agesgnvith the predicted 56.8%
(again, assumingorus=37 nm as determined from the front-surface measenés at
632 nm). Another 15.1% is recovered in blazed scadt light and 1.5% in Rowland
ghosts (see Figure 3.6). In immersion, the blazeeleagth is very close to 1.5328n
and the throughput of our grating on the blaze (&ather & Hilliard 1980) would be
33%.

The presence of Rowland ghosts (small satelliteslioeind on each side of the
parent spectral line) in the immersion spectrumicawgs periodic errors in groove
spacing in our case transferred from the photdjitaphy mask. The distance of

Rowland ghosts from the parent line is given byqi&#r1967):

Af
Pcoso

Ax=M

(3.3)

at Littrow incidence wher® is the ghost ordeR is the period of the spacing error, dnd
is the focal length of the camera lens. The naaintensity of Rowland ghosts is
proportional to the square of the amplitude ofikeodic spacing error and for a grating

in immersion it is given by (Stroke 1967):

| 27m ?
% = (T Asinéj (3.4)

line
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Figure 3.5. Grism spectrum at 1.523.
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From the measured distance (22.5 pixels) and inye(2.6%) of Rowland ghosts, we
determined the period and amplitude of the spaemg P=780um andA=13.5 nm. The
result is very close to the result we got previgy#eller et al. 2000)P=726 um and
A=17.5 nm, using front surface tes#s=543 nm) of a grating etched on a silicon wafer.
The periodic error causing Rowland ghosts in ouctspds solely the result of using a
ruled mask. We have already used new e-beam masiké whow no evidence of
Rowland ghosts.

Scattered light normally present in a grating speotis usually a result of
imperfections in groove walls. However, we also ficdtered light in the immersion
spectrum spread within the envelope defined by Bwelfunction. Blazed scattered light
is most likely due to random errors in groove poeg. The presence of both types of
scattered light degrades the performance of outingraat 1.523 um (which, in
immersion, is the equivalent of 437 nm for a freatface device). One of our primary
goals for the immersion gratings project is to proala device with good performance in
the 3 - 4um band. We therefore modeled the performance afhamersion grating with
our current level of groove position error but withthe now avoidable repetitive error at
3.5um. Figure 3.7 shows the result of this calculatidine throughput of this grating on
the blaze at 3.5m would be 61% in 227order.

3.4CONCLUSION

We tested a diffraction grating produced by wehiig of a silicon disk and then
cut into a prism with the grating covering the hypise side. Leaving the grating
uncoated enabled us to test the grating in immeysieflection and transmission and
compare its performance in all three modes. Welode that the performance of our

grating is very close to the performance we expedbeded on our previous
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measurements. The errors in groove spacing tlggade the performance of our grating
in immersion can be attributed to mask imperfectiofVe have addressed this problem

and are now able to acquire e-beam masks that doanetperiodic errors.
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Figure 3.6. Immersion grating spectrum detailingtigred light and ghosts. Rowland
ghosts are at a distance of 22.5 pixels from tlmerndine and their intensity
ranges from 2.6% to 8.5% of the parent line. ®cadt light has the shape
of the blaze and in this case was fitted by theesthlaze function.
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Figure 3.7. Simulated grating spectrum at|8d The intensity if scattered light is
significantly diminished and the grating performarnme significantly
improved.
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Chapter 4.

Micromachined silicon grisms for infrared optics

4.1INTRODUCTION

Gratings mounted on or fabricated on wedged substcmbine the dispersive
action of a diffraction grating with the varying agatl path length across the prism, and
are therefore called grisms, or Carpenter prisnigpically, grisms are inserted into a
beam of collimated or nearly collimated opticalimirared light and used to disperse the
light as it is transmitted through the device. Thenary geometrical parameters are the
grism wedge angl& and the grating periog these specify into which angles the various

wavelengths and orders are diffracted. The gramgation applied to a grism is:

m:nsin{d'— sin’l(wﬂ+ sing (4.1)
o n
wherem is the order where the grating is usddis the (vacuum) wavelength, amnd
specifies the index of refraction of the grism miale The angle is the prism wedge
angle, andx andg specify the angles of the incident and transmiiedms with respect

to the normals at the entrance and grating (exd@$ of the prism (see Figure 4.1). A

2 This chapter contains the paper authored by Dal, MP. Marsh, and D.T. Jaffe, to be submitted to
Applied Optics. The author of this dissertatiomtriouted some of the text and made a significant
intellectual contribution to this work. A substahfraction of the material presented here is daseher
research.
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Figure 4.1Left Schematic diagram of a grism with wedge armgld he incident angle
and diffracted anglg are measured with respect to the corresponding
normal to the surface of the grism and the sigrventon is that both
angles are positive in the sense draRight Detail of a silicon grating
surface showing groove peried The plane of the figure is the (110) crystal
plane. For the Littrow configuration shown here, Itkezed facets are
parallel to the entrance surface d@xd, whered is the blaze angle between
the groove facet and the grating surface . Himosi grisms in which the
facets are adjacent {111} crystal planes, the yadlegle measures 70.53°.
For the situation in which the facets are non-adjgdee valley angle is
109.47° (not shown in figure, but see Ershov e2@03). As shown, for
acute valley angles, the projection along the apagis of the unused facet
and the groove toppartially coincide, reducing the geometric trarssion
loss.
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beam that passes through without deflection sadigfie - 6, and Eq. 4.1 becomes

m _ nsin[é’— sin‘l(wﬂ+ sing- 3 (4.2)
o n
Figure 4.1 shows an example of a blazed grating iclwihe groove facets are parallel to
the entrance face. For grisms that are blazedwhis the blaze wavelength condition

occurs wher=4:

Mhize — (_1)sing (4.3)
g

and light at the blaze wavelength passes througgrieen undeviated. For modest angle
grisms ¢<40°) used in low order, reasoning from scalar ebecagnetic theory predicts a
maximum in the efficiency at wavelengths nelp.e although for largew a more
rigorous treatment may be necessary (Neviere 19Fhg diffraction-limited resolving

power for nearly normal incidence~0) is given by

A D
=——=(n-1) tand — 4.4
Iy (n-1) y (4.4)

whereD is the pupil diameter. For a given wavelengthnd resolving poweR, D is
inversely proportional ton-1. Thus, the size of the pupil (and hence thecabt
apparatus) can be reduced by selecting grisms fahehigh index material rather than
low index material. Equivalently, for a givé@i ratio, the resolving power is increased
by choosing a material with a high refractive indse&e Table 4.1), or by going to larger
grism angles.
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The grating side of a grism is a periodic arrayddfracting elements, and is
usually formed by one of four methods: ruling, liegtion, diamond-machining or
patterning/etching. For visible wavelengths, rujgdtings in glass or replica gratings in
resin that can be mounted on prisms are commer@atilable (Carl Zeiss, Inc. 2004,
Newport 2005). At longer wavelengths, however, optticahsmission properties can
limit the choice of material, as most resins becaingorbing beyond about 3 um. Also,
the groove spacing of an infrared grating is tylbyckarger than that for a visible light
grating by about an order of magnitude. This catlpde the selection of ruled grisms,
as it is difficult to control the blaze when remayilarge amounts of substrate material.
Diamond-machining techniques (Davies et al. 2003) ganerate both intricate and
coarse structures on many substrates (includingalmeSi, ZnSe, Ge, and many
polymers) with very low surface roughness (~5 nm}, the surface may still possess
long-wavelength machining defects such as cuttirap @nd ripple. For large area
gratings, there can still be issues with cuttingviipar, due to the serial way in which
each groove is created. This serial processimglagively slow and therefore demands
high thermal and mechanical stability during thechiaing. An alternative fabrication
method using lithography and anisotropic etchingbig contrast, a parallel method.
These processes can produce coarser groove spagthgsxcellent blaze characteristics
and surface quality. They are particularly sufi@dsingle-crystal materials in which the
crystalline directions are maintained throughowd #ntire substrate. In this work we
focus on near and mid-infrared applications usiigos (see Section 4.2).

In optical applications, grisms are often used @®pact dispersers that do not
appreciably deviate the direction of a collimateain at the blaze wavelength. From Eq.
4.1 it can be shown that

sina

m 2
sinf=—-nsind + siny co® + O(—j (4.5)
o n
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Table 4.1. Potential infrared grism materials praperties.

Reference Material Indext  Grism type® Bandpass Comment

(microns)

Carl Zeiss resin/BK- 1.5/1.5 replica, hybrid 0.3-25

Inc. 2004) 7

CaF2 1.4 ruled
Rayner KRS-5 2.4 ruled 0.5-35
(1998)

Ebizuka, lye, LINbO3/ 2.2/2.2 etched, hybrid 0.35-4.6 birefringent
and Sasaki ZnS

(1998)
ZnSe 2.5 ruled 0.6-21 brittle, low
efficiency
Si 3.4 etched 1.2 - 15, monolithic
17 -35
Kaafl, Kahl Si/ Ge 3.4/4.0 ruled, hybrid 1.8-23
and Vogel
(1998)

*The indices of refraction are for comparison pugsosnly, since the actual index varies
with wavelength and temperature.

PHybrid grisms are formed by fabricating the gratimga thin substrate and then
attaching the grating to a thicker prism substfatg. resin on BK-7).
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This implies that small misorientations of the grigre not catastrophic (Kaufl et al.
1998). For example, for a Si grism with3.4,0=6.16°, ancb=87 um operating at=1,
a device tilt of 1° in the dispersion axis leadsatadeflection of the central blaze
wavelength of less than 0.001°. It can also bewshérom Eqg. 4.1 thadp/dA is
approximately constant with small changes in inc@eangleda. Since the transmitted
light through a grism is not very sensitive to #regular orientation of the device (see
Section 4.1), grisms may be mounted in filter whea®l similar inexpensive mechanisms
that do not have extremely tight tolerances oratigular positioning.

The incident beam may in fact be slightly uncollieth To estimate to what
degree this is acceptable, we require that thegghamu across half the f/cone results in
an outgoing angle change corresponding to less liadinthe angular sizef=R"/2=

Al[2D(n - 1) tand]. For smallx andg, Eq. 4.5 leads to

Aa =A(sina)=A(sing)/cod=AL /cod=A [[B n— 1)sid (4.6)

For A=5 um,D=25 mm,n=3.4, ando=6.16°, Eq. (6) yield\a=0.4 mrad=1.3 arcmin.
Because the light rays pass through the grism uatklor nearly so, downstream optics
can support both imaging or spectroscopic modepering on whether or not the
grisms are in the path of the beam or not. Theafisgrisms can thereby simplify the
design of a multifunction instrument. They therefthave found a place in many near-
infrared (IRCS-Subaru, Kobayashi et al. 2000; NIR€:k, Matthews and Soifer 1994;
NICMOS-Hubble, e.g. Freudling 1997), and mid-iné@(TIMMI2-ESO, Reimann et al.
1998; MIRSI-IRTF, Deutsch et al. 2003; VISIR-ESGygage et al. 2004) astronomical
spectrographs. Other potential applications fesngs include dispersion of wavelength-

multiplexed light signals into an array of beamberéby providing simultaneous
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demultiplexing with a “single grating coupler” elent instead of a bank of filters for

optical communication in the near-IR (Philippe et1®85, Zhao et al. 2001) or confocal

microscopy (Tearney et al. 1998, Pitris et al. 2088visible wavelengths. Another

potential application uses combinations of grismsdmpensate higher order dispersive
effects when compressing and stretching light mjlse technique that makes them
potentially useful for time-domain laser pulse @miions Tournois 1993, Kane and

Squier 1997).

The work here demonstrates the fabrication of Igghlity silicon grisms with
coarsely spaced grooves for near and mid-infrapedtsoscopy applications (see Table
4.2). We discuss the choice of silicon as a sletaiaterial, report on the techniques and
methods used to fabricate the grisms, discussriattat can limit their performance, and
display finished devices that have high efficiermsser large (2.5 cm and up) aperture
diameters. As a direct consequence, the grismgbieath here will provide a mid-
infrared camera on an airborne astronomical obsamvawith moderate resolution
spectroscopy capabilities. Large, coarsely-ruldidos grisms may be combined in
cross-dispersed configurations to enable a newbdéga moderate to high-resolution

spectroscopy in the near-IR using all-transmisejp#cs.

4.2 SILICON

Silicon is an important and useful optical mateti@cause of its optical and
mechanical properties, and because process tegie®ldave been developed for
semiconductor VLSI electronics and MEMS applicasiorHigh-purity silicon transmits
well in the near and mid-infrared (1.2 to 40 um)velangth regions (Fan and Becker
1950, Spitzer and Fan 1957, Runyan 1965, Schrddair €978) and beyond, although

there are some sub-regions in which silicon absoltisared lattice absorption can be
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Table 4.2. Summary of design parameters for silgasm devices shown in this paper.
See Figure 4.1 for the definitions of the variousehsions.

Grating o (°) 0 (") o ((um) t (um) designed for
m Ablaze (LM)
G2 6.16 6.16 25 2.5 1 6.6
G3 32.6 32.6 87 6.0 14-23 8.2
G4 6.16 6.16 87 6.0 1 22.8
G5 11.07 11.07 142 10.0 2 33.3
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observed from 8 to 25 um (Collins and Fan 1953)xcelpt for particularly strong
absorption near 16 um, the absorption can be redbgelowering the temperature.
Narrow and strong absorption features due to oxygenoccur near 9 um and 19 um
(Kaiser et al. 1956, Hrostowski and Kaiser 195%rgston et al. 1984). For infrared
applications from 1 to 40 um, the use of float-z¢RE) silicon is preferred because its
lower oxygen content reduces these absorptions Fegpere 4.2). Other absorption
features occur to 40 um (Lord 1952). The short ekenvgth cutoff occurs at a
wavelength of approximately 1.1 to 1.2 um (Dash Hedvman 1955, MacFarlane et al.
1958) at the silicon bandgap. At lower temperauhe cutoff moves slightly towards
shorter wavelengths (~1.07 um at 77 K). For siiddiffraction gratings that are
fabricated using wet-etch processes to create iffi@ating surfaces, a low oxygen
content also contributes to the facet smoothnesga(lét al. 1995, Merveille 1997),
although it is not clear that the surface roughmésbe facets is the dominant scattering
process (Kuzmenko and Ciarlo 1998). The high inofesefraction i = 3.44 atd = 2.4
Km) permits large dispersing power in a small devas the resolving power in Eq. (4)
can be larger by a factor of 5 than for a grism ensdm modest index material such a
Cak; or from a resin. The optical index decreases frf@®4 to ~3.41 as the temperature
is lowered from 300 K to 77 K (Schroder et al. 19M8cCaulley et al. 1994).
Mechanically, silicon is hard, possesses a hightielanodulus, and can be polished to
high optical flatness. It is vacuum-compatible atsdoptical transmission in the near-
infrared improves slightly with decreasing hydraistpressure (Neuringer 1959). When
cooled to the cryogenic temperatures required fensiive infrared optical
measurements, it is mechanically stable and hasdesh thermal contraction relative to
those of metals and other mounting materials. slpassible to apply antireflection

coatings to a polished silicon surface to enhaheatar-IR (1.2 - fim) transmission
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Figure 4.2.
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Infrared transmission from 3 to 27 pfm 0.5 mm thick sample of high-
purity float-zone Si, measured at 300 K using Ferufiransform Infrared
Spectroscopy (FTIR). Except for lattice absorptear 16 um, the sample
has good transparency. The oxygen absorptioariesaat 9 and 19 um
(Kaiser et al. 1956, Hrostowski and Kaiser 195¥jrigston et al. 1984) are
largely absent in this case but will still causggnificant drop in
transmission for thicker substrates. The reflétstiof a single silicon
surface is 30% at 34om and the resulting transmission is 55% when
contributions from all re-reflected light are acnted for.
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at the silicon-vacuum (or silicon-air) interface.

Fabrication of diffraction gratings in silicon egjfbk lithographic processes that
have been developed for industrial application$ie Ppatterning of precisely positioned
periodic grooves can be accomplished by photolitdyolgy methods (Thompson et al.
1994) that permit precise pattern transfer ontdlieos surface that has been polished
optically flat. In combination with anisotropic wetch techniques that preferentially
etch along the <100> directions hundreds of tinasset than along the <111> directions
(Lee 1969, Seidel et al. 1990), lithography perrtiitsfabrication of precisely positioned
and aligned {111} facets in the grating surfaceafig and Wang 1975). Control of the
groove orientation is achieved by the underlyingmat structure. For single crystal
silicon, the orientation of the grooves is essdigtiperfect. The high etch anisotropy
leads to groove profiles that are flat and smoobdimfthe groove top to the valley (see

Figure 4.3).

4.3 FABRICATION

Over the past decade, several groups have develmgtidods for fabricating
diffraction gratings on silicon substrates (Wiedemand Jennings 1993, Kuzmenko et
al. 1994, Graf et al. 1994, Keller et al. 2000,a\iiet al. 2000, Ershov et al. 2001, Vitali
et al. 2003, Ershov et al. 2003, Ge et al. 2003DM4tt et al. 2004). Substrates that are
considerably thicker than standard semiconductdemsanecessitate some modifications
to semiconductor processing methods. We have dgedlmethods to produce gratings
with asymmetric groove profiles (see Figure 4.3heaessary step for the production of
low-order grisms (Ershov et al. 2003). We havenbseccessful in producing high-
quality gratings on monolithic substrates, thusdpmng grisms designed for use

between 5 and 38 um that are complete (see Figdy@xXcept for commercial anti-
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Figure 4.3. Scanning different blaze anglesd groove constants (a)0=6.16° and
o0=25um, (b)o=54.7%and 0=25pum, and (cp=63.4° ando=80um. The
grooves in (b) are symmetric with respect to thedorface. In all three
panels the sloping faces are very nearly parallél11} crystal planes.
From surface profilometry, we obtain valley angdé§2.12° with a
measurement uncertainty of 0.05°. The small défiee between this value

and the c0%(1/3)=70.53° angle between nearby {111} planesex§
undercutting arising from the finite etch anisofyof his figure is taken
from Ershov et al. (2003).

89



reflection coating. Our fabrication methods areadied in this section.

Our production starts from blanks of high-purity moorystalline silicon. Silicon
is commercially available as boules of various diters (e.g. 100 mm, 150 mm, 200
mm) and resistivities. For the lowest infrared apson atA>5 pm, single-crystal
material with low-oxygen content is used. Duringtytch processes, crystal defects can
produce pits and hillocks (Tan et al. 1996) that seatter light in optical applications.
These issues have led us to favor float-zone (F&eral with resistivities in excess of
1000 ohm-cm. The crystal growth axis of silicorules is accurate to within ~1°. This
level of accuracy is insufficient to prevent disiions from appearing during the
micromachining of long grooves. We therefore hthe boule oriented more precisely
by using x-ray diffractometry to locate the crysdakctions to within 0.05°. A precision
{110} flat is then ground on one side of the boul&his flat is perpendicular to the
grating surface and to the groove facets (seeirtgge in Figure 4.1) and serves two
purposes: it provides a stable platform upon whamount the boule for subsequent
cutting, and serves as an alignment marker in latergraphic steps. The boule is then
sliced into blanks of sufficient thickness (typigal0-20 mm) to accommodate the grism
and to guarantee its rigidity. The blaze arjle determined by bias-slicing the boule at
the appropriate angle. For example, if the surtagesed by the slice is a {100} plane, a
symmetric §=54.7°) grating will result (see middle panel ofiliie 4.3), whereas rotating
the boule around the <210> axis by some angle millpce gratings with asymmetric
groove profiles (see Ershov et al. 2003 and left eght panels in Figure 4.3). The
exposed surfaces are then ground, etched to resawalamage, and the top surface is
polished to optical flatness (surface figures kbss 1/50 wave RMS at 632.8 nm) using
chemical-mechanical planarization (CMP) processé&his results in an extremely flat

surface (RMS errors under 6 nm) while minimizingcmenical stresses at and near the
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Figure 4.4.
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Images taken of silicon gratingsraiftet etching, beforddft) and after
(center, righ} devices have been shaped into wedges. Thehefograph
is taken in Littrow (note the image of the camexa)l the camera flash has
been dispersed left-right by the grating. The majes measures 76 mm.
For the grisms in the center and right imageswbege angles8 are clearly
visible and the ruled surfaces are towards the eievin the center image,
the polished entrance face of the grism on the (igitating area 51 mmx50
mm) is seen reflected in the ruled surface of tiengon the left (grating
area 51 mmx57 mm). In the right image, the coordmg area is 37
mmx32 mm. Only commercially-available anti-refieatcoatings are
needed to complete the wedged grism devices. ko right, these four
gratings are G2, G5 & G4, and G3 as listed in Tdlie
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surface (Nanz and Camilletti 1995). The blanksthes coated with a thin (60-100 nm)
low pressure chemical vapor deposition (LPCVDsiti nitride as a passivation layer.

At this point, we create a series of regularly gghlines on the nitride layer using
photolithography. Many of the lithography stepe described in previous papers (Graf
et al. 1994, Keller et al. 2000, Ershov et al. 20Btshov et al. 2003). Our lithographic
process employs a positive photoresist that isdfilaminated by g-line (436 nm) and i-
line (365 nm) light from a mercury-gallium lamp.o Bpin-coat the photoresist onto the
massive blanks, we employ a custom-built spin tawth sufficient torque to spin the
combined moment of inertia of the puck and holderta several thousand rpm in a
period of a few seconds. Once the photoresistoleas cured by heating the blank to
110°C for 20 min, a chrome-on-quartz mask contginine negative of the desired
grating pattern is placed in contact with the phedcst layer. The flood illumination
through the mask transfers the mask pattern topti@oresist layer. The exposure
system is a custom designed apparatus that camatadate a wide range of substrate
thicknesses (0.5-35 mm). During the exposure skeptemperature of the silicon blank
and the quartz mask are held to within a few *@s&ithe grating, thereby preventing
potential pattern transfer errors arising from thiferent thermal expansions of the
substrate and mask.

After the photoresist has been exposed, an imagfeeainask pattern is produced
in the photoresist layer by immersing the photatesbated blank in a commercial
developer solution. Next, the nitride layer istpated using a dry (plasma) etch. The
photoresist layer serves as an etch mask durirsgstep. Thick substrates undergoing
plasma etching can display nonuniform etching, tueariations in the electric field
profile and in the plasma density within a reactiva etch (RIE) chamber that is

normally used to process thin semiconductor wafevge have modified our plasma
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etcher to maintain uniformity of the plasma in @mtwith the patterned surface. After
the dry etch, the photoresist is stripped by immearsn acetone. The groove facets
themselves that form the grating are then creayednisotropic etching in an aqueous
solution of potassium hydroxide and isopropanolintagned at 68°C by immersion in a

recirculating water bath. Ultrasonic vibrationssias in detaching bubbles from the

etched surface. During the wet etch, the etch aatkorientation anisotropy determine
the amount of undercutting within the silicon. Baif these quantities are temperature-
dependent. To prevent the temperature from drgpappreciably and affecting the rate

and anisotropy when the silicon blank is immersed the solution, we generally preheat
the solution by several degrees.

Etching in potassium hydroxide creates a blazetngraver the entire patterned
area of the silicon surface. A photograph of acpssed blank is shown in the left panel
of Figure 4.4 and scanning electron microscope (BHEiitrographs of micromachined
silicon gratings are shown in Figures 4.3 and 4The nitride strips that protected the
groove tops (see Figure 4.5) during anisotropitiats are removed by immersing the
grating in hot concentrated phosphoric acid. Rexhof/the nitride promotes adhesion of
antireflection coatings that are subsequently agpio the grating surface.

To form a complete grism, the blank is cut into tlesired prism shape. For the
devices in this paper, the entrance faces are fbqpaeallel to the grating faceté=<0).
These faces are optically polished to high flathesth final surface figures less than
~1/20 of a wave RMS at 632.8 nm. These devicesnaw complete (see middle and
right panels in Figure 4.4) except for anti-reflentcoating on the entrance and grating

of the prism.
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Figure 4.5. SEM micrographs of symmetiée$4.7°) gratings immediately after etching
in potassium hydroxide, viewed normal to the gigface. The grating
period iso=142 um. The thin dark vertical lines are the getwps and
valleys. The detailed view at right correspondth®white box inset in the
left panel. One can see the strip of silicon dédrcovering the darker groove
top and overhanging by approximately 2 um at eadge ®f the groove top.
The silicon nitride and the silicon hydroxide ppatates are effectively
removed by washing the part in hot (150°C) orthoggoric acid.
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4.4 FACTORS AFFECTING GRATING PERFORMANCE

For applications such as infrared spectrographshwtiemand high sensitivity to
faint sources, overall efficiency is a primary coesation. As light passes through the
grism substrate and is diffracted by the gratings isubject to losses that can limit the
ideal optical performance of the grating: indexsmatch loss at the entrance and exit
faces, geometric losses, absorption and scattexitigjn the bulk, scattering at the
surface, and various types of groove errors (Jetfid. 1998). In this section we describe
these potential sources of error and their possithéets on the grating performance.
Index mismatch losses (or Fresnel losses) takeepédcinterfaces where there is a
discontinuity in the index of refraction. Becaubke index of silicon is largen€3.4), the
substantial reflection loss at each of the two riates limits the transmission to
[4n/(n+1)*]>=49%. By applying broadband anti-reflection optim@atings to the entrance
and exit faces of the grism, the transmission camaised to ~95%. Thick multilayer
coatings might have even better throughput acrossda wavelength range, but may
suffer from variations in thickness or uniformityat lead to phase errors, and may be
challenging to apply to coarse gratings.

Losses occur where portions of the beam area anejecally shadowed. For
example, consider the right panel of Figure 4.1or & normally-incidentd=0) beam
from the left, most of the light passes through trestical facet and is diffracted
according to Eq. 4.1. However, at the top anddmotbf each vertical facet, the light
must pass through the shorter sloping facet intfobthe groove top. Depending on the
value ofa and on the details of the groove geometry, tlyghtlis diffracted into other
directions and thereby lost from the main beamgdneral, this loss is kept small when

the projected areas of the unused facet and tlw/grop overlap as much as possible.
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Figure 4.6.
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Geometric loss as a function of grasrgles, for a=0 and fixed valley angles
of 70.53° (solid curve) and 109.47° (dotted cutvefween the facets of the
grooves, fot/0=5%. These curves include both the loss due tonlsed
area of the beam and the accompanying loss duéracton into

undesired orders. For shallow angle gristss(), the groove top
dominates the shadowing and the curves are flat.
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In the case of normal incidence and blaze paratiethe entrance face, the loss is
minimized by using valley angles near 90° and kegghe groove topg as short as
possible. However, a full EM calculation must lmne to model the efficiency behavior
of grisms in low order. The valley angle dependglee material and on the processing
steps used to fabricate the grism. For silicoms possible to produce valley angles of
either 70.53° or 109.47° depending on the crygiahtation (Ershov et al. 2003). Figure
4.6 shows that the choice of 70.53° is preferatilgge the areas lost to the unused facet
and to the groove top partially coincide in thaseand therefore sustain less shadowing
loss. The actual loss is a combination of geometnadowing and diffraction (Babinet)
loss. Scattering and absorption within the bulkcen can also lower the optical
throughput. To minimize these bulk effects theiagbtpath length through the material
should be kept as short as possible. The optathl length difference across the beam is
the product of the beam diameter amdan 6. Some additional substrate thickness is
required to prevent flexure. By using high-resisyi (p>1000Q cm) float-zone silicon,
for which the absorption coefficient can be smelg(a<10° cmi* for A between 1.2 and
~10 um; Runyan 1965, Schroder et al. 1978), ankdhdayring that the grating fabrication
steps neither create excessive damage to thersiittice nor introduce impurities that
can scatter light, the absorption losses can be &efive few percent level. Absorption
features near 9, 16, and 19 um, if present, mayriceshe range of operating
wavelengths. Processing silicon at elevated teatpexs around 800-1000°C appears to
be beneficial in reducing the infrared activityamfygen defects (Hrostowski and Kaiser
1957); in our case, this processing is achievednduthe deposition of the LPCVD
nitride layer. Because the grism is a wedged dgvidifferential bulk
absorption/scattering occurs across the aperfline. linearly varying path length through

the wedge results in an intensity that tapers eeptially across the grating and slightly
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broadens the point spread function in the directibthe taper thus reducing the contrast
in the sidelobe pattern. As illustrated in Figdt&, the effects on the width of the PSF
are negligible.

Light can be scattered from imperfections at thetigg surface. Some of these
defects are randomly distributed, such as pointéatefand surface roughness. Leftover
silicon nitride and other debris left on the suefgsee the right panel of Figure 4.5) can
also contribute to scattering. To assess the aarfondition of the gratings on
nanometer length scales, we use atomic force nuopys(AFM). Figure 4.8 shows an
AFM scan of a 5 um5 pum portion of a groove facet of grism G2. Aswhpthe
grooves are smooth: the surface roughness ishaes2 nm RMS and the groove facet is
free from hillocks and etch pit formations (Tanaét1996, Campbell et al. 1995). Even
if the grooves themselves are smooth (Figure 4®) #at (Figure 4.3), the overall
grating performance could be degraded by any eirorthe groove orientations and
locations. Orientation errors are unlikely sinbe groove facets are aligned with the
underlying silicon lattice, which is monocrystaéin Piston-type errors due to variations
in groove placement arise from lithographic noisdgroduced during fabrication.
Localized “jog” defects—abrupt changes in displaeatrwithin a single groove—could
occur. Jog defects arise from pinholes in theailinitride, imperfections and impurities
in the silicon lattice, or from irregularities ime width of the nitride lines that are
patterned by the plasma etch. Ring-shaped vansiio the density of jog defects were
visible on early prototype devices. These pattevese attributed to variations in the
plasma density during the RIE dry etch. After wade modifications to homogenize the
electric field and plasma density in the plasmaetcsubsequent devices were largely
free of these patterns. In other prototypes, #feals were visible across many adjacent

grooves and were arranged in curved lines, indigatiechanical subsurface damage
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Figure 4.7. Computed point spread function fongraission of a 25 mm diameter
collimated beam through a silicon grism wi#h32.6°, showing effect of
absorption and tapering due to differential absorpin the silicon across
the beam. The untapered (blue line) and taperaid)(durves are calculated
for Si absorption coefficients=0 cni* and 0.2 crit respectively. As
shown, the main effect of absorption is to atteadlae intensity across the
beam: the peak maximum has dropped by 16%. Td#hwi the best
Gaussian fit to the tapered profile (dotted lina$ Increased only slightly
(approximately 0.1%) over the width of the bes{ibt shown) to the
untapered profile (solid line). At the center logé tbeam, the length in the Si
is 8 mm.
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Figure 4.8. Three-dimensional representation efsilrface of a groove facet obtained
using an atomic force microscope (AFM). The figldasures 5 pmx5 pm.
The surface roughness over this area is measutsel 166 nm RMS. The
roughness is unchanged across the entire facet.bdimp at the upper left

is 4 nm in height. The scan is taken from an dftfigrism G2 ¢=6.16°
and o=25 um).
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introduced during the CMP polishing step. If thgggdisplacements are large compared
with the wavelength, they lead to inter-order powethe blaze. Assuming that these

errors are Gaussian and uncorrelated, the grissepsraor is

o= 2rmr(n-1)
A

AOgsSINO 4.7)
where Aorus is the RMS deviation across the grating surfacthendispersed direction

only. The phase errors degrade the peak efficientlye following Strehl expression:

A =exp(—£2) = ex{—(MAJRMS sinb'j } (4.8)
o A

wherer is the maximum possible efficiency (see Chapter Zp maintain at least 80%
of the incident power in a diffraction-limited spikEq. 4.8 implies that in silicom%£3.4),
the RMS errors must be maintained\akussin 0<A/23. If the silicon grating is used as a
front surface reflective device in Littrow, the oegsponding expression to Eq. 4.7 for the
phase errors i8,=2(2r)(Aorussin 6/A) and the corresponding 80% criterion is similar:
AormsSin 0<A/19. The actual errors in the groove positionstoam combination of both
Gaussian random errors and slow variations ovegdorspatial wavelengths. These
long-wavelength errors could be introduced by waisteps in the lithography, such as
imperfectly flat substrates, imperfect contact lesw the lithography mask and the
substrate, non-uniformity during the plasma etch, variations in the wet etch
environment (Jaffe et al. 1998).

To better understand these error sources, we havelaped an array of

diagnostics including SEM and AFM scans, surfacefijpmetry, and optical
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measurements in the visible and infrared. Thermétion gained has been used to
improve our grating fabrication procedures. Manpoye error sources have been
eliminated and those that remain are very smallthé next section we will demonstrate
the excellent optical performance of our fabricaggidms and discuss what the results

imply for the geometric, bulk, surface, and groevers loss mechanisms discussed here.

4.5 PERFORMANCE MEASUREMENTS

To establish the extent to which the various saumeerrors could affect the
optical performance, we evaluate our fabricateccail grisms by a combination of
methods, including atomic force microscopy, scagnetectron microscopy, surface
profilometry, and optical measurements taken ideotibon and transmission. The
geometrical shape of the grooves across the suagry good. From AFM and SEM
scans, we know that the groove facets are smoaé Esgures 4.3 and 4.8), with
roughness less than 2 nm RMS. Using surface proéitry and SEM micrographs of
etch undercut, we obtain valley angles of 72.12¢hwprofilometry measurement
uncertainties less than 0.05°. This value is ckoseos'(1/3)=70.53°, the theoretical
maximum value determined by the intersection ofaeeipt {111} families of crystal
planes. The difference in angle is due to a fiaitesotropy ratio of the etch rates in the
<111> and <100> crystal directions and it leada tglobal tilt of the grating facets (see
Chapter 2). Although finite, the anisotropy ratlarge (~60) and nearly constant,
leading to groove facets that are smooth, flat, @ardllel to each other. If the anisotropy
is known in advance, one should account for thib@trientation step in the processing.
Absolute control of the blaze angle is particulartyportant at low orders for properly
setting the blaze wavelength, as can be seen fpnd B. Of course, uniformity of the

blaze across the grating is important for any gptipplication.
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To evaluate the transmission performance of theseng, we illuminate them using a
collimated beam 0f=1523 nm laser light and then focus the diffradie@ams onto an
InGaAs focal plane array. The beam diameter igdidito 10 mm by our test equipment.
By suitable choices of the camera focal ratio, ae @btain a point spread function (PSF)
by measuring the shape of a single diffraction oféegure 4.9), or we can estimate the
device throughput by imaging a series of adjacemers (Figure 4.10). Figure 4.9 shows
the normalized one-dimensional PSF of grism G3.siW®@wvn, the shape and width of the
diffraction spots are virtually identical to thosbtained for a flat mirror and agree with
the theoretical curve for a circular aperture, fyerg diffraction-limited performance
over the beam aperture. Before normalizing thesP8fe peak value of the grism PSF is
48% of that measured for the mirror, consistentwiite Fresnel losses at the two air-
silicon interfaces{=49% forn=3.4). Figure 4.10 shows transmission spectragfsms
G3, G4, and G5. These data were obtained usingdhee beam (10 mm diameter,
A=1523 nm) as for Figure 4.9, but the camera opires faster and the field-of-view
correspondingly greater. Each of the spectragurfé 4.10 consists of a series of orders,
because the laser wavelength is not on the blazthése grisms. Between orders, no
ghosts are visible. By summing up thepower in sbges of orders, we measure the
efficiencies listed in Table 4.3. The raw transsius is simply the ratio of power in the
observed diffraction orders to the power incidenttbe entrance face, and should be
nearly equal to the efficiency on the blaze. Sitiee grisms are not yet equipped with
anti-reflection coatings, the raw transmission cdrexceed the value permitted by index
mismatch (49%). The relative transmission efficiemalues include corrections for the
Fresnel losses and geometric losses due to thegtop (see Chapter 2). The remaining
power is almost certainly scattered, since absamps expected to be negligible for the

substrate thicknesses (less than 2 cma¥2523 nm. As the efficiencies are 75-90% of
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Figure 4.9. Normalized one-dimensional PSF takemansmission using a 10 mm
diameter beam with=1523 nm. Red points show the PSF measured for
grism G3, and is a magnification of the brightafftaction order shown in
the first plot of Figure 4.10, below. The horizalraxis is the dispersion
direction. Blue points show the corresponding dakan from a reference
mirror. Both the data from the grism and the orimearly coincide with
the theoretical curve (green) calculated for autancaperture, indicating
diffraction-limited performance. Before normaligirthe peak value of the
grism PSF was 48% of that measured for the mir&¥#,Rs expected for
nearly perfect transmission through two uncoatesu#aces.
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the theoretical maximums permitted by geometric emagtx mismatch limitations, this
indicates that the grisms are of excellent optigellity.

This picture is strengthened by external reflectmeasurements using HeNe lasers at
green (543.5 nm), red (632.8 nm), and near-infr§t®23 nm) light. In Figure 4.11 we
show reflection spectra taken using a collimatedrzb beam from a green HeNe laser
with A=543.5 nm. Since this wavelength is not on thedfar any of the grisms shown,
the incident beam is diffracted into multiple orslerAs before, no diffraction ghosts are
visible between the orders. By summing up the pawehe series of orders, we can
obtain an estimate of the on-blaze efficiency (€bapter 2). For the three spectra in
Figure 4.10, these reflection efficiencies rangarfr70-90% of the theoretical maximum
permitted by geometry (see Figure 4.5) and theasilirefractive index. The relative
reflection efficiencies are close to the relativensmission efficiencies, indicating that
reflection tests in the visible may be used asogate measurements to assess the quality
of the grating without requiring a transmission sweament in the infrared. This is
reasonable since the two measurements have congpaftdrtive wavelengths and place
roughly the same demands on the phase accurahg gfating surface.

Grism G3 is intended to be used at moderate ofder$4-23). We may estimate
the device throughput at the blaze wavelength &tisg from the efficiency measured in
high order and accounting for what transmission &e&n expected for a suitable
commercial anti-reflection coating. Assuming agéeapass coating transmission of 95%,
we estimate that G3 has an end-to-end throughpu(0®5)2(0.25)/(0.49) = 46%.
Somewhat higher throughput values are expectedyriems G4 and G5 because their
geometric losses will be approximately one-third tbat for G3. To estimate the

throughput accurately for G4 and G5 at their blaagelengths requires a detailed
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Spectrum of G3 at 1523nm, transmission mode
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Figure 4.10. Transmission spectra of grisms B8f)( G4 ente)), and G5 lfotton),
taken using a 10 mm diameter collimated beam %#tt623 nm. Order
numbers are indicated near the bottom of each peak.
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Table 4.3.

Efficiencies for the three grisms whwaasmission spectra are shown in
Figure 4.10. The raW measures the ratio of transmitted to incidenttlagh
/=1523 nm. The relativé corrects for expected Fresnel (the grisms are
uncoated) and geometric (see Figures 4.1 andd@s5¢$ and reflects the
overall quality of the fabricated gratings. Théuwes >100% are consistent
with efficiencies ~100% in the transmission moder (@stimated systematic
errors were 10-15%). The relatiRds measured using reflected light at
2=543.5 nm (Figure 4.11), corrected for Fresnel gemimetric losses. For
details about the correction calculations, see @b

Grism Orderm RawT (%) RelativeT (%) RelativeR Relative T

at 1523 (1523nm) (1523 nm) (%) (%)
nm (543.5 nm) predicted
from R
G3 77 31 109 80 96
G4 15 44 104 78 95
G5 44 48 114 70 94




electromagnetic calculation, since these devicedasigned for use in low orders. We
have not done that in this paper.

Reflection measurements also provide the (extersatlace error plot and the
two-dimensional point spread function (PSF) showrrigure 4.12. The surface plot is
obtained using a Zygo interferometer by illumingtithe grating in Littrow using
collimated red HeNe light. As shown by the surfadet, the surface deviations are
correlated into structures with spatial wavelengtdggproaching 10 mm or more.
However, these deviations are small and the overaface figure forms<10? waves
RMS) is excellent. Clearly, we can expect excelp@rformance of these grisms at their

design wavelengthd£1 to 40 um).

4.6 APPLICATIONS

The silicon grisms whose performance is describeBidction 5 were designed to
equip FORCAST, a cryogenic mid-infrared (5-40 pm@nera operating at liquid helium
temperatures (4 K) with medium resolution specwpsc capability (Keller et al. 2000,
Keller et al. 2003). All four of the gratings habeen fabricated successfully and
demonstrate optical performance at a level at whkwehcan expect diffraction-limited
performance over the 22 mm collimated beam of tiegrument. Three of the four
grating blanks have been successfully shaped insmg, while the fourth was not cut
according to specification and will have to be rdma To finish these devices requires
the application of suitable broadband antireflattomatings to the entrance and grating
faces of each grism. This is challenging for thd-mfrared bands (17.1-28.1 pum and
28.6-37.4 um) where the choice of available coatimgterials is limited and some
development work will be necessary. Initial deyahent is encouraging, though, and a

suitable coating has already been developed fot.the 8.1 um wavelength range. This
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Spectrum of G3 at 543.5 nm, reflection mode
1 T ‘ T 1 1 T T T

2x10°

Q.

°

Il IIIIIIIIIIIIIIIIIHIIIIIIIIHIIIIIIIIHIIIIIIIIHIIIIIIIIH|I

170 71 172 173 174 175 176 77

11l IHIIIIII|IHIIIHI|IIIIIIHI|IIIIIIHI|IIIIIIHI|IIIIIIHI|

L L L
200 400 600 800

Spectrum of G4 at 5435 nm, reflection mode
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Spectrum of G5 at 5435 nm, reflection mode
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Figure 4.11. Reflection spectra of grisms G3 (16 (middle), and G5 (bottom), taken
using a 23 mm (G3) or 25 mm (G4, G5) diameter g@ted beam with
2=543.5 nm. Order numbers are indicated near ttternof each peak.
The panels correspond to those in Figure 4.10.
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Figure 4.12. Surface error plot of grism G225 um and=6.16°), as obtained from
front-surface reflectivity measurements usir$32.8 nm laser light. Each
color contour represents approximately 1/150 obaev The RMS
deviation over the indicated 25 mm diameter aperisiapproximately 18

waves, although the actual surface variations areampletely
uncorrelated.
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coating can be applied to Si grating facets witbdyaniformity, is mechanically robust,
can survive multiple rapid thermal cycles betweéf B and 77 K, and raises the single-
interface transmission from ~70% to better than @®%r this region.

Grism G5 §=6.16° 0=87 um, right grism in center panel of Figure 4ig)
uncoated, but has been installed into FORCAST sesasits performance when installed
into a cryogenic environment. An early spectrurketawith this grism is shown in
Figure 4.13. Line fits to some of the deep absomnpines between 19 and 27 um yield a
resolutionA/AA = 150, limited by the slit. This verifies that tigeism resolution is at
least as great as this value.

These large, coarsely-ruled silicon grisms can d@@hbined in cross-dispersed
configurations to provide moderate resolution sscopy in the near-IR using all-
transmissive optics. For example, the cross-dégukrconfiguration (G8G2) in
FORCAST, provides a resolution 81200 with a coverage from 4.9 to 8.1 um in a
single exposure.

These grisms are developed in conjunction witltailiimmersion gratings (see
Chapter 2), which require deeply blazed gratings @msequently thicker blanks. The
optical tolerances on the groove placement are rsiiggent in the case of immersion
gratings, and we have developed methods that ampatible with production of both
immersion and transmission devices. As a beribtpptical performance for the grisms

shown here exceeds what is required for application
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Figure 4.13. Grism lab transmission spectrum (feda 2.9 pixel slit showing water
absorption lines taken using grism G5 (see cerawelpof Figure 4.4).
Shown in blue is an ATRAN calculation for atmospbéransmission
expected from SOFIA for 7.3 um of precipitable watgpor and 45from

zenith at a spectral resolution of 200. The mesament resolution is limited
by the slit.
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Chapter 5.

Future Developments

The next generation of silicon diffractive opticdlwequire substrates larger than
the current state of art. As we move toward lagédrstrates, we will need to change
some steps in our process and replace a few pmceguipment. We outline here
several key improvements and changes to the pralkassvill need to take place in the
near future.

Our current process is limited to boules up tortliameter and disks up to 1.5"
thick. The current substrate sizes and the matwifag equipment are adequate for the
current generation of immersion gratings (e.g. If8Gffating G1) but they will be unable
to accommodate larger grating sizes. The Giantdifag Telescope (GMT) proposal
calls for a near-IR high resolution spectrograptthw~100,000. This goal can be
accomplished with an R3 immersion echelle with beam diameter of 83 mm and
diffraction limited resolving power of 860,000 atutnh (Jaffe et al. 2006). In order to
make a grating with grooves that cover a gratindeafth of 300 mm, we will need
substrates at least 12" in diameter and 3.5” thicBur spin table and UV exposure
equipment will need to be replaced or upgradedigger substrates. Photolithography
masks also become an issue. While masks can barpobin larger sizes (¥7”) their
thickness is only 0.125” and therefore their flathdecomes a much bigger issue. An
alternative approach is a direct method for writing pattern onto the photoresist coated
substrate using a custom laser system. Prototypesach systems are still being built

and tested but none are available for testing ntlyre However, if we were able to
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successfully use one of these direct writing systetineir advantage over the contact
mask method we currently use would be clear — waldveliminate all errors due to
photolithography masks (transfer errors from thekrta the passivation layer, errors due
to masks warping due to thin masks, and the emdoes to possibly non-flat mask
substrates used for photolithography masks).

The method of photoresist deposition would alsageaor large substrates from
the spin-on method currently used to vapor deposivhich yields better results (more
uniform photoresist layer with smaller number offed¢s). Currently, the grating
performance is limited by the periodic errors i guatings which we attribute to the
imperfect photoresist deposition and mask contddte resulting photoresist layer has
very good quality in the middle but, at the suldstradge, it accumulates producing a
raised area around the rim in some places. Subs#yuthe mask contact with
photoresist is not perfect and the mask tilt ipoesible for the periodicity of groove
spacing error tilted relative to both the spectnatl spatial planes. We modeled errors
present in the G1 wave front at 632.8 nm using mbksnation of a random groove
displacement errorggms=11 nm/sind=12.3 nm) and a periodic error wi#5.5 mm and
A=28 nm (both estimates from the direct Zygo deteation and from IR PSF
measurements agree — see Section 2.3.4.3). dimisication yields an RMS wave front
error of 25.7 nm or an RMS wave front error of 2Bmxsin 23 nm. The estimated
RMS wave front error is smaller than the total RM&ve front error observed in Figure
2.16 for G1 (32 nm) but it gives us an estimatenofv much we could improve our
grating performance. The wave front error of otatiggs is clearly dominated by the
periodic error, and now that we have the experiemte using photolithographic masks
on thick substrates, we will be able to elimindte periodic errors from our gratings.

The improvement we could achieve by eliminating ksas1 our process would be
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considerable if we eliminated ghosts from our gigdi  Our measured RMS error would
drop from 32 nm 4/20) to 11 nm A/57) or better if we improve our control over the
photoresist deposition and pattern writing. Thatteced light in grass of our most recent
grating G3 (see Figure 2.17) is comparable to anceruially produced R2 echelle used
in the 2d coudé spectrograph on the 2.7 m telesabfiee McDonald Observatory (Tull
et al. 1995).

Current RIE systems at J.J. Pickle Center areduinlity the depth of the chamber,
i.e. the distance between two electrodes positicatethe top and the bottom of the
chamber. With our 1.5" high substrates, we areringathe top electrode and
compromising the directionality of the plasma imsidhe chamber. Decreased
directionality causes some side etching into tleasmasked by the photoresist and the
thinning of the nitride lines. This thinning doest necessarily occur uniformly over the
whole area of the substrate and represents a corfoereven larger and thicker
substrates. We are already looking into purchaam&IE system with a taller chamber
which will be altered to accommodate substratesoup” thick. This will substantially
improve anisotropy of the silicon nitride etch aneld more vertical walls in the silicon
nitride etch mask. The resulting pattern will beremuniform across the whole area of
the substrate.

Temperature control has not been much of a probbetiate since substrates have
not exceeded 0.5 kg in weight. However, futurestnalbes will cross the 1 kg limit and,
even though silicon has a very high thermal condigt the change in the temperature
of the bath when a large piece of silicon at roemgerature is submerged will be large.
As an example, we calculated the temperature ofstarrdard KOH bath after a silicon
disk 262 mm in diameter and 74 mm high (approprifie an R3 echelle grating

according to GMTNIRS requirements) was submersatl itf we assume that the mass
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of the KOH solution is the same as the mass ofdibk, and that the disk is at room

temperature while the KOH bath is at 70°C, we fimak the bath temperature will drop to

62°C. Since the etch rate of the (100) silicomplpeaks between 60 - 70°C, the rate
change is not very steep but it is significant. fdrevent large temperature changes
during the etching process and minimize the tentpexaeffects on etch rates, we will

need to preheat the substrates to temperaturesr ¢w$8°C and include stirring in our

bath.

In order to move on to the next generation of elidiffractive optics, we will
need to make extensive changes to our processingregnt and even use new
technologies which are not yet available or fultgted. Our knowledge of the grating
production process has steadily been improving dher last 15 years and we are
confident that we can continue to make use of theamaces in the silicon processing

technology to make gratings on very large subsrate
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Appendix A

Directing stray light in an immersion grating

When deciding on the final shape of the silicorsipri we have two tilted surfaces
to consider: the entrance face and the bottom @d)usze of the prism. Here we discuss
each surface separately and ways to decrease tbanarof stray light due to the
immersion grating in a cross-dispersed spectrograjde work out the example of the

grating G1.

A.1 ENTRANCE FACE TILT

The reflectance of silicon in the near-IR is 30%@atmal incidence. Therefore, it
is necessary to coat the entrance face of a silioumersion grating with an anti-
reflective coating to prevent large losses duevio rieflective light losses at the entrance
face (the first time is when the light goes in d@ne second time is when the light comes
out). While commercially available AR coatings flicon have excellent performance,
they are still imperfect, and we can expect somallsinaction of light (typically ~1%) to
be reflected back. For an echelle grating with éh&rance face parallel to the groove
surfaces, the light reflected back from the AR edagntrance face will be dispersed by
the cross-disperser and will be seen as a brigipestn the detector. Even though the
amount of light reflected back is only a few petceas it is dispersed by the cross-
disperser alone, its intensity on the detector k@lmuch larger than the light dispersed
by both gratings. To remedy this problem, we miistthe entrance face of our

immersion echelles in the cross-dispersion diradi@reby making a quasi-Littrow
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Light reflected from
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dispersed in silicon Light reflected from
the entrance face
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Figure A.1. View from top demonstrating the effettilting the entrance face. Blue
arrows are used to mark the path of diffractedtlayid red arrows mark the
path of reflected light.
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setup. The modified grating equation accountingtfi@ non-normal grating incidence

inside silicon is:

mA =on(sinag + sing)coy (A.1)

If we are only redirecting the reflection from tAR coated entrance face, we will
need to tilt the entrance face by some anglgance Which can be estimated using the
following calculation (illustration is given in Rige A.1 and the calculation uses the same
notation). We assume parameters given in the Im@Bfosal for the array and camera
lens and use G1 as the grating. For a 202818 array, 1&m pixels, total length of the
chip=36.9 mm, offset length=total length of theagf=18.4 mm. Focal length of the

camera isf =320 mm. At each of the normals, m and n, to the entrance face or

camera
grating surface (see Figure A.1), we have threensda consider: incident, reflected, and

refracted. Below is the summary of the most imguairones for our calculation:

Incidence angle atin pincident

Refracted angle atn sin yncident= 3.45 Sinysi 1
Incidence and reflection angle at:rysi2 = }si 1 Ventrance
Incidence angle atn ysi3= ysiz Ventrance= Ji, - 2Ventrance

Refracted angle agn 3.45 sinysi 3= SiN Jitiracted

For ysi 2 Ventrance the total beam displacement jigcidentt Vaitiracted @Nd the incident beam
reflection will be offset from the diffracted beavy pincident Jdifiracted  FOT J/si < Ventrance
the total beam displacement jigcigent| yaifracted @nd the incident beam reflection will be

offset from the diffracted beam bMncidenr|)aifiracted- If We wanted a grating in the
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Littrow mount (inside silicon), then we need to ggt=0. If we also choose the entrance
face tilt of pentrance1°, then ysi1= yentrance=1® and yincigen=3.45. The diffracted beam is
parallel to the incident beam but offset from if.we, however, allowys; =1° (i.e. the
grating is now in the quasi-Littrow mount), the 2#ds shifted by 5A, thepcigen=6.87
and yuirracte=0°.  The total offset between the incident and diffed beams is 6.87r
fcamera@angular beam displacement=38.4 mm. The inciderd@m reflection from the
entrance face will be displaced bk .87 from the incident beam and 68ifom the
diffracted beam. This displacement is sufficienehsure that the unwanted reflection is
moved in the cross-dispersion direction so thdoésn't hit the array.

Now we need to examine what happens to the difthbeam inside silicon that hits the
entrance face on the way out (see Figure A.2). Iigid in this beam will have the
incidence angle at, of ysi3=psi 2 Ventrance)/si -2V entranceIN the cross-dispersion direction
and a range of angles in the dispersion directivargby 90-(a-4) whereg is given by
the grating equation. Upon reflection from thet éxce, this light will be re-dispersed by
the grating with the newsl)) coordinates. We only consider the first reflexthere.
After the light hits the grating with (63.4si2) the first time, the diffracted light will
have coordinatess|ysi ), and the reflected beam incident on the gratorgtlie second
time will have coordinatesat(a-6),ysiz2Ventrancd- SO, for our previous example
(Ventrance1°, psi=1°), the light will simply retrace the path of thecident beam in the
cross-dispersion direction. For different tiltse will need to calculate all the dispersion
angles for the light reflected inside the dielectriHowever, we can estimate that the
intensity of redispersed light will beT,-whereT is the transmissivity of the AR coating,
of the light in the observed spectrum at each wength but displaced from it in one or

both directions.
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Figure A.2. View from the side. The light markedhwred arrows is reflected from the
exit face and re-dispersed by the grating.
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A.2 BOTTOM TILT

Stray light can come from the light partially refled from the bottom side of the
prism (see Figure A.3). This light will be refradtin the dispersion direction, and
depending on the exact grating and spectrograpimeep, may end up on the detector.

We denote the angle at which diffracted light khis bottom edge of the entrance
face withfitcai. For all&sbeiical, the light diffracted at the angiwill hit the bottom of

the prism. To calculate the critical angle for @&, use the following parameters:

Entrance face = 25mm

Beam size = 22mm (diameter)

J=63.4

Length of the bottom side of the prism = 49.9 mm

Grating length = 55.8 mm

The clearance on either size of the beam is 1.5(marked green in Figure A.3). The

anglec¢ is given by

= arctanl'—5 = 1.83 wherex, = 23.5*tan63 (A.2)
X

Light reflected from the bottom will be incident ¢ime entrance face at the angland

refracted at the angle 3.45in & The range of for which light will be transmitted
outside is 1.83< ¢ < arcsin (Ih) = 16.85. The corresponding range of anglis then

given by 46.56< /= a-£< 61.57.
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Figure A.3. Diagram showing the critical angle &ieth a fraction of diffracted light
starts to hit the bottom of the prism.
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To estimate the intensity of stray light, we musplere the intensity profile of a
single groove in order to determine the intensftditiracted light,I(£)/1o, at the range of

angles 46.56< £< 61.57. The normalized intensity profile is given by:

| sin@ 2
B - kss (A.3)
2

lo

where k=2mm/A (insilicon), p=sinB- simr. The effective groove widths, is
determined by the groove geometry (illustratedigufe A.4). For G1s=35.8um. The
partial blaze function for G1 is shown in FigureésAor the 140th orderA(aze=3.5 um).
Throughout the discussion here we assume thantieint light is white, i.e. that it fills
the blaze function shown in Figure A.5. To estentlite fraction of reflected light from
the bottom surface, we correct the intensity peofiyy multiplying by the fractional area
of a circular beam given in Figure A.6. Figure Aldstrates the product of fractional
area and the intensity profile. The stray lighttcioution resulting from the light hitting
the bottom of the prism is on the order of <0.1%aimy given direction. The total
integrated scattered light in the transmitted radges6<8<61.57, is 2%. However, the
range of angles used in this calculation well edsdbe range of angles within which the
light will land on the array and it will depend dime spectrograph geometry. We can
further influence where this light goes by tiltitige bottom side of the prism. In Figure
A.8, we show two suggested cuts. In the first c@se Figure A.8left), we have
effectively changed thg angle of the outgoing light bgi:. In the second case, we have
effectively changed thg angle of the diffracted beam hitting the bottomfacte. We

have chosen the first cut because it allowed s$eter all the stray light completely
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Figure A.4. Groove geometry. The effective groawéth is highlighted in red.
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outside of the beam and it only required a singlie dhe second case would require an
additional cut to produce the V-shaped bottom.

In conclusion, the two sources of stray light calubg the grating geometry and
finite reflectance of the AR coating do not seencaatribute more than a total of a few
percent to the scattered light caused by grooveaseirroughness and other “normal”
defects in gratings. We can also remove evenwiiat small contribution by cleverly

orienting the entrance face as well as the bottboubimmersion grating.
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Intensity profile of a single groove
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Figure A.5. Intensity profile of a single grooveside silicon normalized to 1.0. The x-
axis is the diffracted angl@,
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Figure A.6. The shaded area of the circle is thetional area of the beam hitting the
bottom of the prism.

12¢



Intensity of scattered light
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Figure A.7. Intensity of scattered light as a fumetof angle of diffraction (in silicon).



Entrance face

Prism bottom

Figure A.8.Left First suggested cut which effectively changesthngle of outgoing

light. Right Second suggested cut which effectively chanigeg angle of
outgoing light.
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