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Science	Overview	
•  Goal	is	to	understand	the	2me	resolved	behavior	of	CO,	CO2,	and	

CH4	in	the	Earth’s	atmosphere.		This	requires…		
–  High	cadence	to	understand	temporal	varia2ons	in	sources	and	sinks	
–  High	spa2al	resolu2on	to	get	accurate	measurements	against	a	ground	

background	
–  High	spectral	resolu2on	to	get	accurate	abundances	and	ver2cal	sounding	

informa2on	
•  Infrared	immersion	gra2ngs	are	an	enabling	technology	because	

they	can	shrink	instrument	volumes	by	about	an	order	of	
magnitude	and	can	be	less	polariza2on	sensi2ve.	
–  Complete	spectral	coverage	over	a	wide	swath	of	wavelengths	using	a	

cross-disperser	to	get	many	orders	on	a	detector	with	no	spectral	gaps.	
–  Long-slit	spectra	in	side-by	side	units	to	increase	the	field	of	view	
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Technology	Overview	

the resolving power by the same factor. The grating
equation inside the medium is

m! " #n!sin $! % sin &!", (2)

where ! is the groove period, and $! and &! are the
incident and diffracted angles inside the material.
Equation (2) implies that the immersed echelle oper-
ates in an order which is n times the order of a non-
immersed echelle. In addition to the increased
resolving power, immersion gratings have a larger
angular dispersion. The angular dispersion outside
the immersing medium, d&#d!, is given by

d&

d!
"

m
# cos '

"
sin $ % sin &

! cos &
, (3)

where " and # are the incident and diffracted angles
outside the material. There is an nfold increase in the
angular dispersion, which one can think of as result-
ing either from the increase in the diffraction order by
a factor of n, or as a result of Snell’s law and the
refraction of light at the material–air interface.

In IR astronomy and in atmospheric science, it is
often helpful to be able to cover large continuous wave-
length regions in single exposures at high resolv-
ing power. At optical wavelengths, cross-dispersed
echelle spectrometers with large-format CCD detec-
tors routinely cover bands of (!#! " 0.2 at resolving
powers of 40,000 or more [7–9]. In the IR, there are as
yet no high resolution instruments at comparable
resolving power with continuous wavelength cover-
age larger than (!#! " 0.014 [10]. The difference
stems from the limited size of current IR detector
arrays and, more importantly, from the limitations
on the maximum groove spacing available in ruled
gratings !$50 )m". While gratings with larger groove
spacings do exist [11,12], they are neither readily
available nor precise enough for high diffraction effi-
ciency in the near-IR. With micromachined immer-
sion gratings, the increase in the order number by a
factor of n, coupled with an ability to produce coarse
grooves, makes possible the design of cross-dispersed
echelle spectrographs with continuous spectral cov-
erage over large ranges in wavelength. The number
of diffraction-limited spectral resolution elements per
order equals the number of illuminated grooves, N.
Since the resolving power R of a grating equals the
product of the order number m and the number of
illuminated grooves N, higher resolving power at a
fixed order number leads to larger numbers of reso-
lution elements per order. In the IR, where detector
array sizes are limited, it is hard to sample an entire
order adequately unless the grating is of very high
order. This result makes immersion echelles a per-
fect choice for compact, cross-dispersed spectrographs
covering large stretches of continuous wavelength
space.

B. History

The principle of immersion gratings was first de-
scribed by Fraunhofer who experimentally determined
the grating equation for diffractive optics immersed in
various fluids [13,14]. It was rediscovered half a cen-
tury ago [15]. An immersion grating concept based on
ion milling of germanium was patented in 1984 [16]
but was never put into practice. Work on immersion
gratings started appearing in the astronomical litera-
ture in the late 1980s. Early investigations used dif-
fraction gratings immersed in BK7 glass [17] and
quartz [18], with additional work continuing in recent
years [19,20]. In the IR, several groups began to ex-
periment with diffraction gratings chemically etched
in silicon [3,21–27]. Other groups have produced
prototype immersion gratings by diamond-machining
grooves in various materials [28], including germa-
nium [29,30], ZnS, ZnSe [31,32], and thallium bro-
moiodide [33].

Fig. 1. Schematic of an etched silicon grating used in different
modes: (top) front-surface grating with light incident from the
right; (middle) immersion grating with light incident from the
left. The phase difference between the first and the last groove is
n times larger when the light passes through a medium with
index of refraction n. The bottom panel shows an enlarged view
of the ruled surface. The ruled grooves are separated by flat groove
tops that served as etch stops during the manufacturing process.
The groove spacing and allowable spacing error are related to the
projected spacing and the groove piston error through the blaze
angle $ (see text).
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First	described	200	years	
ago	by	Fraunhofer.	

nSi	~	3.4	



By	correctly	orien2ng	the	disk	surface	with	respect	to	the	silicon	
crystal	planes,	we	can	produce	a	gra2ng	with	any	blaze	angle.			

6.16o	

63.4o	

54.7o	

Technology	Overview	



The	perfect	shape	and	low	
roughness	of	etched	grooves	
means	low	sca]ered	light	levels.	

The	high	placement	precision	
leads	to	high	efficiency	and	
spectral	purity.	

Technology	Overview	



Deployed	Technology	
	

Silicon	grism	flight	parts:	
•  James	Webb	Space	Telescope	NIRCam		
•  FORCAST	on	SOFIA	Telescope	

Echelle	immersion	gra2ngs:	
•  Immersion	GRa2ng	Infrared	

Spectrograph	(IGRINS)	installed	at	
McDonald	Observatory	

•  iShell	for	the	NASA	InfraRed	Telescope	
Facility	

•  Planned	GMT	Near	InfraRed	
Spectrograph	(GMTNIRS)	for	the	Giant	
Magellan	Telescope.	

– 12 –

Fig. 4.— Photograph of the completed but not yet coated JWST grism UT-A6-I. The part is ⇠ 45 mm in
diameter. The grooved surface faces the viewer. The clocking flat is on the upper right corner
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Fig. 5.— R=40,000 IGRINS spectrum of the K0-giant HD 142091 taken during commission-

ing at McDonald Observatory in March, 2014. No telluric correction has been applied so

both stellar and atmospheric lines are present. The spectral range covers all of the near-IR

H and K bands, 1.48�2.48 µm.

flexibility not only in how this instrument mates to telescope mounts but also in mobility:

with relative ease it will be possible to transport and deploy IGRINS at other facilities. In

addition to guaranteed time at McDonald as members of the extended science team, and

access to the regular time allocation process there, we also anticipate an arrangement which

brings IGRINS to the DCT for 1�2 months per year where our team can obtain extended

multi-week allocations. Conservative estimates indicate that IGRINS on the McDonald 2.7-

meter can achieve a continuum S/N ratio of 40 per resolution element in about 10 minutes

for a K=9 mag star. Estimating that the �1 µm spectral grasp will yield an average of 300

spectral lines with an average S/N ratio of 30 at the bottom of the line, and given the 1.9

km/s pixel width for the 2048⇥2048 detector (Campbell & Walker 1979), our instrumental

RV precision will be comparable to the threshold permitted by use of deep telluric lines for

Spectrum	from	the	IGRINS	instrument	
	

IGRINS:	
1.45-2.5	μm	
R	=	45,000	



REVIEW	OF	JOINT	UTEXAS/JPL	ACT	
PROJECT	



Summary	of	research	goals	

•  To	build	and	thoroughly	test	a	set	of	silicon	
immersion	gra2ngs	customized	for	the	needs	
of	Earth	observa2on	systems	using	a	variety	of	
pa]erning	methods	through	a	collabora2on	
between	The	University	of	Texas	at	Aus2n	and	
Jet	Propulsion	Laboratory	



Overview	

•  Spectrometer	conceptual	design	
•  Process	

– Materials	prepara2on	
– Manufacturing	methods	
–  Tes2ng	

•  Lithography	methods	studied	
–  Contact	prin2ng	with	wet	etching	
–  Binary	e-beam	lithography	with	wet	etching	
– Grayscale	lithography	with	plasma	transfer	etching	

•  Summary	
•  Instrument	designs	



Spectrometer	design	

•  Conceptual	design	completed	by	JPL	for	three	
infrared	channels:	
–  1.598-1.659	μm	
–  2.045-2.080	μm	
–  2.305-2.385	μm	

•  Gra2ng	parameters	op2mized	for	efficiency	vs.	
blaze	angle	
–  Blaze	angle	defines	the	silicon	material	prepara2on	
– Gra2ng	constants	(i.e.,	distance	between	grooves)	
defines	the	photomask	or	electron	beam	pa]ern	



Spectrometer	Design	
	

10:48:08

 Scale: 0.87
Positions: 1-5

     09-May-12 

28.74   MM   

Spectrometer	layout	 Detail	of	immersion	gra2ng	

25	cm	



Background:	process	flow	
Precision orienting and 

cutting substrates 

Optical polishing 

Apply nitride hardmask 

Clean and spin on 
photoresist 

Expose photoresist 
(contact print or e-beam) 

Evaluate 
photoresist 

Evaluate 
line quality 

Silicon nitride etch 
(Plasma etch) 

Groove etch 
(KOH Wet Etch) Zygo 

Spectrum 

dirty	

clean	

Strip PR and clean 

good	

Surface 
good? 

bad,	rework	

good	

Shape into prism 

AR coating 

Final 
evaluation 

poor	

Outside vendor 

At UT or JPL 

At UT 

SEM Silicon nitride strip 
(Hot phosphoric) 

At UT 



Silicon	substrate	prepara2on	

Material	prepara2on	requires	
coordina2on	of:	
1.	Float-zone	silicon	boule,	
resis2vity	of	>10,000	ohm-cm.	
2.	X-ray	crystallography	to	
orient	to	0.04°.	Tilt	and	slice	
boule.	
3.	Chemically	mechanically	
polished	to	λ/10		
4.	LP-CVD	silicon	nitride	600	Å	
±	5%	

Completed	substrate	ready	
for	manufacturing	

100	mm	

30	mm	



Manufacturing	

Resist	
(AR/lisoff	layer)	
Silicon	nitride	

Silicon	
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Tes2ng	and	analyzing	

Test	 Specifica<on	
Front	surface	
interferogram	in	
Li]row	at	633	nm	
(~2.15	μm	in	
immersion)	

λ/4	in	immersion	
or	~120-180	nm	
peak-to-valley	

Laser	spectrum	 Ghosts	<	2	x	10-3	

Imaging	with	
scanning	electron	
microscope	(SEM)		

Smooth	surface,	
<<1%	defect	
area,	confirm	
blaze	



Modeling	and	interpre2ng	the	
interferogram	

Interpre2ng	the	interferogram	
– We	model	the	interferogram	
using	the	first	few	Zernike	
terms	to	model	the	large	
scale	aberra*ons	

– We	subtract	the	large	and	
medium	scale	aberra2ons	
from	the	full	interferogram	

– We	call	what	it	les	the	
residual	error	

Zom-B	at	en.wikipedia,	CC	BY	3.0,	h]ps://
commons.wikimedia.org/w/index.php?
curid=15880824	

piston	

2p/2lt	

as2g/focus	



Modeling	and	interpre2ng	the	
interferogram	

30mm	beam	
71°	gra2ng		
PV	=	187	nm	(0.29	waves	at	633	nm)	

Zernike	terms:	
Large-scale	error	

Residual	error	Full	interferogram	



Laser	spectrum	
	

HeNe	
Laser	

Beam	Expander/Collimator	

Aperture	

Beam	Spli]er	
Plano-

Convex	Lens	 Op2c	to	measure:	
Gra2ng	in	Li]row	or	
Mirror	

CCD	Camera	

K04	



Focus	of	work	

•  Step-by-step	process	analysis.		
– Lithography:	non-uniformi2es	are	directly	
pa]erned	into	the	silicon	

– Plasma	etching:	op2mized	for	uniformity	
– Wet	etching:	op2mized	for	uniformity	

•  Largest	contributor	to	the	quality	of	the	
gra2ngs	is	the	lithography	step	

•  Focus	of	work	is	improving	and	op2mizing	
lithography	



Lithography	methods	studied	

Method	 Advantage	 Disadvantage	
Contact	prin2ng	
(UTexas)	

Established	process	 Larger	grooves	à	
higher	order	
gra2ngs	

E-beam	lithography	
with	wet	etching	
(JPL/UTexas)	

Small	grooves	à	
low	order	gra2ngs	

Complex	process	
Rowland	ghosts	

Grayscale	
lithography	with	
transfer	etch	(JPL)	

No	pre-aligned	
silicon	needed	

Less	precise	blaze	
Lower	efficiency	



Method	1:	Immersion	gra2ng	built	using	
contact	lithography	

1.  Process	improvements	in	contact	print	lithography	
2.  Manufacture	of	contact	printed	gra2ng	
3.  Shaping	of	gra2ng	into	prism	and	tes2ng	



1.1	Process	improvements	in	contact	print	
lithography	

60	s	

130	s	

70	s	
80	s	

90	s	
100	s	

110	s	120	s	

Substrate	pa]erned	with	varying	
exposure	dose.	Phase	front	with	
laser	interferometry		

Line	edge	has	shis	with	respect	
to	changes	in	exposure	à	phase	
shis	vs.	dose	varia2on	

Method	to	understand	what	UV	exposure	uniformity	is	required	
to	achieve	gra2ng	quality	necessary	to	meet	instrument	spec.		



1.2	Manufacture	of	contact	printed	gra2ng	
	

K01	PV	phase	=	0.042	waves	 K03	PV	phase	=	0.044	waves	

Results	of	gra2ngs	manufactured	on	18°	blazed	silicon	substrates.	



1.3	Shaping	of	gra2ng	into	prism	and	
tes2ng	
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1.3	Shaping	of	gra2ng	into	prism	and	
tes2ng	

SEM	of	scrap	pieces	aser	cuyng	
showing	the	v-grooves.	



Method	2:	Binary	e-beam	lithography	with	
wet	etching	of	grooves	

1.  Process	development	for	binary	e-beam	lithography	
2.  Manufacture	and	tes2ng	of	e-beam	gra2ng	
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Method	2:	Binary	e-beam	lithography	with	
wet	etching	of	grooves	

1.  Nega2ve	photoresists	
–  Limited	success	

2.  Posi2ve	resists	using	two-
stage	wri2ng	
–  Limited	success	

3.  Chromium	lisoff	
–  Successful!	



2.3	E-beam	with	using	chromium	lisoff	
	



2.3	E-beam	lithography	with	posi2ve	resists	
using	chromium	lisoff	technique	

Chromium	lisoff	results	on	test	wafers	

Steps	1-3b	have	been	
completed.	The	chromium	
line	remaining	is	350	nm	
wide.	

Steps	1-5	have	all	been	
completed.	Groove	top	is	now	
222	nm	because	of	undercuyng	
in	step	5,	the	KOH	groove	etch.		



2.4	Manufacture	and	tes2ng	of	e-beam	
gra2ng	

Photograph	of	part	K04	
pa]erned	by	e-beam	and	
chromium	lisoff.		

SEM	of	finished	gra2ng	K04	
La
nd

	

Gra2ng	
surface	

2.3	μm	

0.5	μm	

Chromium	lisoff	results	on	blazed	substrate	



2.4	Manufacture	and	tes2ng	of	e-beam	gra2ng	
	

•  Front	surface	interferogram	in	Li]row	at	18°	for	a	30	mm	beam.		
•  Phase	PV	is	0.06	waves	at	633	nm,	corresponding	to	~2.0	μm	in	

immersion.		
•  Easily	meets	our	specifica2on	of	<	0.25	waves.	



2.4	Manufacture	and	tes2ng	of	e-beam	
gra2ng	

!
High	dynamic	range,	front	surface	monochroma2c	spectrum	of	
same	gra2ng.	Specifica2on	for	ghosts	is	that	they	are	<	2x10-3	of	
the	central	peak;	these	are	<10-4.	



Dan Wilson and Rich Muller 
Jet Propulsion Laboratory 

© 2016 California Institute of Technology. Government sponsorship acknowledged. 

Method 3: Grayscale e-beam lithography and 
transfer etching 



Fabrica2on	of	2.47	μm	period	gra2ng	for	the	2.045-2.080	μm	spectrometer	design	
•  Chose	to	demonstrate	smallest	period	required	à	most	challenging,	others	easier	
•  Designed	e-beam	pa]erns,	exposed,	and	developed	resist	profile	

Resist	profile	aGer	grayscale	e-beam	lithography	

•  Blaze	angle	in	resist	≈	6.2°	
•  Desired	blaze	angle	in	silicon	≈	21°	
•  Etch	is	used	to	amplify	depth	

Process	

Grayscale	E-beam	Lithography	Fabrica<on	of		
Silicon	Immersion	Gra<ngs	
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Transfer	Etch	of	Resist	Profile	
•  Induc2vely	coupled	plasma	(ICP)	reac2ve	ion	etching	(RIE)	in	JPL	MDL	
•  Adjust	gas	mixture	and	RF	powers	to	achieve	grayscale	transfer	of	resist	profile	into	Si	

•  Blaze	angle	in	silicon	≈	15°	(goal	21°)	with	some	rounding	at	bo]om	
•  Simulated	diffrac2on	efficiency	from	AFM	profile	had	peak	of	~48%	

Silicon	profile	aGer	transfer	etching	–	Atomic	Force	Microscope	(AFM)	profile	

Grayscale	E-beam	Lithography	Fabrica<on	of		
Silicon	Immersion	Gra<ngs	
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(Gra2ng	55	mm	diameter,	Prism	an2reflec2on-coated	on	non-gra2ng	side)	

•  Etched	gra2ng	was	measured	to	be	uniform	across	the	full	aperture	
•  Blaze	angle	~18	deg,	simulated	efficiency	53%	peak,	43%	in	band	

Grayscale	E-beam	Gra<ng	Etched	into	Silicon	Prism	
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•  JPL	Spectrometer	Testbed	used	to	demonstrate	modular	immersion	
gra2ng	spectrometer	design	and	components	

•  System	was	aligned	and	well-focused	images	of	the	slit	were	observed	
to	move	across	the	detector	as	the	illumina2ng	monochromator	
wavelength	was	scanned	

Silicon	Immersion	Gra<ng	Used	in	Spectrometer	Testbed	
	

38	

Silicon	Immersion	
Gra2ng	



Summary	

•  Three	infrared	channel	spectrometers	
designed	for	Earth	science	applica2ons	
– 1.6	μm,	2	μm,	2.3	μm	

•  Manufactured	three	immersion	gra2ngs	
– Contact	prin2ng	process	
– E-beam	pa]erning	with	chromium	lisoff	
– Grayscale	e-beam	pa]erning	with	plasma	transfer	

•  Placed	immersion	gra2ng	in	the	JPL	
Spectrometer	Testbed	



Instrument	designs	for	Earth	science	
applica2ons	

•  Take	advantage	of	increased	dispersion	in	
silicon	(n	=	3.4)	in	the	infrared	

•  Two	op2ons	to	consider:	
–  Immersion	gra2ngs	

•  Complete	spectral	coverage	with	cross-disperser	
configura2on	

•  Long-slit	spectra	in	side-by	side	units	to	increase	the	
field	of	view	

– Transmission	gra2ngs	
•  Can	be	laid	out	linearly	in	compact	instrument	
•  Mul2ple	spectrometers	could	be	stacked	in	an	array	



Transmission	gra2ng	spectrometer	

~30	cm	

– 5 –
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Fig. 2.— Generic Grism Instrument. �x is the physical width of the slit (or, in the case of a slitless
instrument, the image size). The grism sits at or near the pupil formed by the collimator (focal length f1).
The camera (focal length f2) images the dispersed light onto the detector. For use as an imager, the slit and
grism are removed from the beam.

A	Grism	Design	Review	and	the	As-Built	Performance	of	the	Silicon	
Grisms	for	JWST-NIRCam	
Casey	P.	Deen,	Michael	Gully-San2ago,	Weisong	Wang,	Jasmina	
Pozderac,	Douglas	J.	Mar,	and	Daniel	T.	Jaffe	



Cross-dispersed	spectrometer	
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