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Abstract. The surface topography of thin, transparent materials is of
interest in many areas. Some examples include glass substrates for
computer hard disks, photomasks in the semiconductor industry, flat
panel displays, and x-ray telescope optics. Some of these applications
require individual foils to be manufactured with figure errors that are a
small fraction of a micron over 10- to 200-mm lengths. Accurate surface
metrology is essential to confirm the efficacy of manufacturing and sub-
strate flattening processes. Assembly of these floppy optics is also facili-
tated by such a metrology tool. We report on the design and perfor-
mance of a novel deep-ultraviolet (deep-UV) Shack-Hartmann surface
metrology tool developed for this purpose. The use of deep-UV wave-
lengths is particularly advantageous for studying transparent substrates
such as glass, which are virtually opaque to wavelengths below 260 nm.
The system has a 1433143-mm2 field of view at the object plane. Per-
formance specifications include 350-mrad angular dynamic range and
0.5-mrad angular sensitivity. Surface maps over a 100 mm diam are
accurate to ,17-nm rms and repeatable to 5 nm rms. © 2004 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1645256]

Subject terms: Shack-Hartmann; optical metrology; wavefront sensing; thin glass
optics.
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1 Introduction

Metrology is essential for successfully shaping foil optic
Metrological feedback closes the loop on the manufac
ing process. Quantifying figure errors permits the eval
tion of process improvements. During assembly, mic
level distortions to the foil optic may occur due to gravi
or friction. Material thermal expansion mismatch may a
cause low spatial frequency distortion. Study of these
fects requires a metrology tool with a large viewing are
high angular resolution, and large angular range.

One application for x-ray telescope foil optics requir
the accurate shaping, patterning, and assembly of thous
of thin, flat grating substrates.1 Depending on the particula
grating geometry, grating substrates are generally recta
lar with dimensions on the order of 140 mm and thickne
ranging from 0.4 to 2 mm. A variety of substrate materi
have been proposed, including borosilicate glass, silic
and silicon carbide. The foil specifications include a fl
ness of 500 nm over the surface of the optic, thickn
variation of 20mm over the length, and surface roughne
tolerance of,0.5 nm. These foil size specifications a
driven by the telescope weight budget and assembly te
nology. Flatness and surface roughness requirements
driven by resolution goals. Here, when we use the te
‘‘flatness,’’ we mean the shape of the front surface of t
optic, and not the thickness variation, which is widely m
used.
742 Opt. Eng. 43(3) 742–753 (March 2004) 0091-3286/2004/$15
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There are three principle functional requirements for t
non-null aspheric metrology system, as described
Greivenkamp et al.2:

• the system must be able to measure the observ
output with sufficient angular dynamic range and p
cision ~angular resolution! to record the large amoun
of asphericity that is present

• the optic system used to create the observable ou
must be designed so that no vignetting of the asph
wavefront occurs

• the system must be calibrated to relate the details
the observable output to the surface under test.

The factory-supplied stock optic foils for our shaping pr
cesses typically have low spatial frequency distortions,
observed with other metrology tools.~Interferometric maps
and Hartmann tests reveal about three waves per o
length of 100 mm.! Stock borosilicate glass sheets~Schott
Glas, model D-263! have large distortions, up to 600mm
over their 100-mm lengths for 400-mm-thick foils. By com-
parison, silicon wafers typically have a flatness of 3mm
over a 10-mm lateral distance, or 0.3 mrad. We specify
mrad as the angular range functional requirement for
metrology tool. We seek to flatten these materials
,0.5mm peak-to-valley ~PV! over one 100-mm-diam
face. This corresponds to a measurement angular sensit
.00 © 2004 Society of Photo-Optical Instrumentation Engineers
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Forest et al.: Metrology of thin transparent optics . . .
of 50 mrad over a 10-mm lateral distance. We desire
sensitivity that is five times better than the allowable, so
angular sensitivity functional requirement becomes
mrad.

1.1 Metrology Technology Candidates: Research
Review

Demand for metrology of thin, transparent materials h
resulted in many solutions to the problem. Here we pres
technical details of related work and discuss their relat
merits and drawbacks.

A key challenge for optical techniques is the measu
ment of the front surface of the object without the effect
the reflection from the rear surface. We consider ph
shifting interferometry~PSI! methods using short cohe
ence length sources in various configurations,3–7 math-
ematically deconvolving the contributions of the two r
flections using wavelength tunable sources8,9 with some
mathematical manipulation,10,11 spatial separation of the
two reflections,12,13 grating interferometers,14,15 and use of
a diode source and optical path difference~OPD! that is a
multiple of the laser cavity length.16 We also consider me
chanical methods, such as coatings and contact pro
Lastly, the Shack-Hartmann technique is presented.

1.1.1 Rear- and front-surface coatings

One method for frustrating rear-surface reflection is the
plication of an appropriate index-matching coating. O
may also apply a highly reflective coating to the front s
face, thereby eliminating the back reflection. Unfortunate
this impairs routine inspection of optic foils by addin
complex application and cleaning procedures. In our ca
coatings induce warp on the thin optics or change th
elastic behavior as well as require subsequent cleaning17

1.1.2 Partially coherent or white-light illumination for
phase shifting interferometry

White light has a much shorter coherence length tha
monochromatic laser, owing to the range of waveleng
that comprise it. This has been exploited in modern in
ferometry to eliminate ghost fringes from the back refle
tion of a transparent material, among other application18

This technique is limited to samples whose warp is l
than their thickness.

A Michelson interferometer has been commonly us
for white-light interferometry. In this setup, unwanted i
terference fringe patterns from parallel surfaces of tra
missive plates are eliminated by limiting the production
interference fringe patterns to reference and test surfa
located at equal optical path lengths along reference
test arms. More precisely, the lengths of both arms are c
fully adjusted, such that the optical path difference~OPD!
is within the source’s coherence length.5–7 Well-matched
optics are required between the reference and test a
which can be prohibitively expensive for measuring lar
test plates. ADE Phase Shift~Tucson, Arizona! has devel-
oped an equal path interferometer for this purpose.3 This
instrument features a 2- to 3-mm coherence length. Th
front or rear face of photomasks and flat panel displa
which are thicker than this, can be successfully measu
since interference fringes will only be formed from on
surface.
t
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,

s
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,

,

A white-light Fizeau interferometer reported b
Schwider4 achieved similar results. Schwider combined
Fabry-Perot interferometer in front of a two-beam Fize
interferometer to obtain white-light fringes. One disadva
tage to this setup is the poor light efficiency caused by
low reflectance of the Fizeau plates, and the low transp
ency of the Fabry-Perot interferometer averaged over
full-width half maximum~FWHM! of the interference fil-
ter.

1.1.3 Wavelength-tuned phase shifting
interferometry

de Groot, Smythe, and Deck10,11 have developed a Fizea
interferometer operating with software that mathematica
separates the interference contributions of plane-para
surfaces. This solution is based on processing the inte
ence data generated with two single-mode waveleng
The cumulative interference produced by three surfacesR,
T, andS ~reference, test, and rear! is measured with a firs
wavelengthl1 and then with a second wavelengthl2 , in
sequence. The sample is then flipped over with the r
surfaceS now facing the reference surfaceR, and the cu-
mulative interference is again measured with the two wa
lengthsl1 and l2 . Thus, four sets of data are generat
from which the desired interference between the refere
and the test beams may be extracted by mathematical
nipulation. The measurement of either or both parallel s
faces of a test plate therefore requires a sequence of p
shift measurements and inversion of the test plate for m
suring both surfaces in two opposite orientations. T
method requires double handling of the sample, wh
should be avoided with our low stiffness foils.

A Twyman-Green interferometer has been developed
Okada et al.8,9 that can obtain separate measurements
surface shapes and refractive index inhomogeneity of o
cal elements using tunable-source phase shifting inter
ometry. Separation of the interferogram from the front a
rear surface becomes possible, since the wavelength ch
is proportional to the OPD of the two arms~reference and
test!. This means that interferograms with different optic
path differences have a different amount of phase sh
This device acquires 60 interference images at a sequ
of wavelengths and least-square fits the first-order term
calculate surface and optical thickness profiles.

A variation on this technique has been implemented
Deck,19 in which a Fourier analysis of the interferenc
spectrum extracts the frequencies and phases of all of
surfaces in a transparent flat. Zygo Corporation~Middle-
field, CT! has successfully implemented this waveleng
tuned Fourier transform PSI in a commercial product t
can measure both the front- and back-surface profiles,
tical thickness variation, and index homogeneity.

1.1.4 Spatial separation of reflections

A grazing incidence interferometer by Dewa an
Kulawiec13 exploits the reflective surface properties
plane-parallel plates to individually measure surface
pologies of either or both parallel surfaces of such test p
in a single mounting position. Illumination at the grazin
incidence laterally shears reflections of a test beam fr
the two surfaces, and spatial coherence of an extended
743Optical Engineering, Vol. 43 No. 3, March 2004
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Forest et al.: Metrology of thin transparent optics . . .
source is limited in relation to the lateral shear to prev
the formation of an undesired interference fringe patt
between the two parallel surfaces of the plate. In additi
this device provides for realigning a reference beam w
the portion of the test beam that is reflected from one of
parallel surfaces, but not the portion that is reflected fr
the other surface. The realignment favors the formation
an interference fringe pattern between the reference sur
and the one parallel test surface, to the exclusion of a s
lar interference pattern between the same reference su
and the other parallel test surface. This technique can
utilized to make the sheet appear thicker~i.e., longer than
the illumination coherence length! for conventional PSI, or
the reflections can be spatially separated for the front
back reflection using a relatively small scanning source

Evans et al.12 has also pursued a method of spatial se
ration of the two reflections. In this work, a Ritche
Common configuration allows testing of flats with a sphe
cal wavefront. With the flat at an angle to the expand
spherical wave propagation direction, a spatial shift in
two surface reflections occurs. This shift is a function of t
thickness of the plate and the tilt angle. Additionally, ra
reflected from the rear surface will be refracted as th
traverse the front surface, producing an aberrated wavef
with focus displaced from the ideal position. Simulatio
and experimentation has demonstrated that this back re
tion can be effectively spatially blocked with a stop.

Our application would certainly extend these techniqu
to their limit. Precise optical alignment will be paramoun
The grazing incidence technique will also require precis
machine design for a translating source and sensor. Lin
and angular errors will directly affect the measurement
curacy.

1.1.5 Grating interferometry

An adjustable coherence depth interferometer has b
studied by de Groot, Deck, and Lega.14,15 This geometri-
cally desensitized interferometer~GDI! uses two beams a
different incident angles to generate an interference pat
with an equivalent wavelength of 5 to 20mm. Recognizing
that the coherence depth is a function of the size and sh
of the light source, the GDI can separate the front and b
reflections of transparent flats if the coherence depth is
than the sample thickness. In this work, the minimum
herence length obtained is 152mm. This is just less than
half of the 400-mm sample thickness for our work, so th
technique may be feasible, although back fringes will
observable, yet attenuated. From the data reported,15 the
back reflection for our samples would be about 13 tim
weaker than the front.

1.1.6 Multimode laser diode

A Fizeau interferometer that utilizes a multilongitudina
mode laser as a light source for testing transparent t
plate samples has been developed by Ai.16 As a result of the
multimode laser operation, interference fringes are obtai
only when the optical separation between the reference
test surfaces is an integer multiple of the laser’s effect
cavity length. By judicially selecting the multimode spe
trum of operation and the effective cavity length of t
laser, the interferometer may be calibrated to produce in
744 Optical Engineering, Vol. 43 No. 3, March 2004
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ference fringes at a workable optical separation between
reference and test surfaces, without ghost fringes from
opposite surface of the thin-plate sample.

For this technology to work in our application, the
would need to be a sufficiently large number of mod
under the gain curve in the power spectrum, so that
spikes in the coherence function would be very narro
According to Ai,16 the spike width,;0.15 mm, was shorte
than the glass thickness of 1 mm in his work, so there w
no interference pattern between the sample’s two surfa

1.1.7 Contact metrology

A contact metrology method was also considered. In t
scheme, a touch probe that uses a high-frequency reso
ing stylus to detect contact with a test object would be u
as a displacement transducer in an application simila
what is found in many contact coordinate measurement
chines ~CMMs!. The probe requires 0.1 mN of force t
detect contact. Application of this force to the center o
simply supported sheet without considering gravity wou
result in a deflection of

dmax5
PL3

48EI
, ~1!

where the loadP50.1 mN, foil optic lengthL5140 mm,
the modulus of elasticity for borosilicate glassE56.3
31010 N/m2, and the moment of inertiaI is further defined
as

I 5
wh3

12
, ~2!

where the foil width w5100 mm and its thicknessh
50.4 mm. The resulting maximum deflection isdmax

5170 nm. The small distortion is below the flatness tol
ance. However, this system would require a vertical, hig
precision stage to map the foil topography. Also, throug
put would be restricted by the serial scanning procedur

1.1.8 Shack-Hartmann

The Shack-Hartmann technology was developed by P
and Shack20 as an improvement to the existing Hartma
concept. Shack-Hartmann sensors do not rely on lig
interference effects, but rather infer local near-field wav
front gradients by measuring a corresponding focused s
position in the far field. To do this, an array of lenslets
placed at the system image plane. This array dissects
incoming wavefront, as shown in Fig. 1. Each lenslet
cuses its portion of the wavefront onto the charge coupl
device ~CCD! detector array. The average wavefront t
across each lenslet aperture results in a shift of the res
tive focal spot. A planar wavefront produces a regular ar
of focal spots, while an aberrated wavefront produce
distorted spot pattern. Comparing these two produce
map of the wavefront slopes, and integration of these slo
allows reconstruction of the test wavefront.2,20 The wave-
front incident on the lenslet array can be the test wavefr
directly ~i.e., 1:1 magnification! or it can be demagnified, a
long as this is accounted for in the wavefront reconstruct
software.
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Forest et al.: Metrology of thin transparent optics . . .
1.2 Justification for Shack-Hartmann Technology
Selection

The Shack-Hartmann technology offers a number of adv
tages over phase-shifting interferometry for our relativ
large-optics metrology application. In the Shack-Hartma
system, temporally incoherent light sources can be u
which are generally cheaper than lasers. The sensors
produce short-duration frames either by shuttering the
tector or by using a pulsed light source, thus mitigating
effects of vibrations and turbulence by allowing many
fectively instantaneous measurements to be averag21

Shack-Hartmann sensors can function in poorly contro
environments, such as a clean room with air turbulence
acoustic noise, that would introduce errors in phase-shif
interferometry measurements or preclude th

Fig. 1 Shack-Hartmann wavefront sensing concept.
-

,
n

-

entirely.22–24 The sensors themselves are much less co
plex and expensive than sequential PSIs and can pro
greater angular dynamic range.

There are, of course, some drawbacks to this select
The advantages are balanced by a reliance on the fidelit
the wavefront reconstruction algorithm, and by low spat
resolution and sensitivity as compared to PSI. According
a study by Koch et al.,21 Shack-Hartmann sensors can me
sure difference wavefronts with a fidelity approaching th
of a PSI, provided an appropriate number of individu
measurements are averaged, and spatial resolution mu
adequate for the application. This is especially true in o
large optic application, where longer scale-length abe
tions ~e.g., due to mounting distortions! are important to
characterize at full aperture, even with reduced angular s
sitivity, but where high spatial frequency distortions can
measured more easily over small subapertures.

2 System Design Overview

The optical design for our deep-UV Shack Hartmann m
trology tool is shown in Fig. 2. Collimated illumination i
spectrally filtered and then focused by a beam expan
lens. This light is then spatially filtered to propagate as
expanding spherical wave. The spherical wave is co
mated by an off-axis paraboloid, which limits the max
mum size of the object under test. The collimated light th
reflects from the test optic, the paraboloid again, and
beamsplitter. The optical information is then recollimat
by the relay lenses, dissected by a lenslet array inside
sensor, and falls onto a charge-coupled device~CCD! de-
tector. From there, software interprets the image of the
tic under test.

The layout is similar to a Keplerian telescope design,
that collimated input from the foil optic is demagnified to
collimated output to the wavefront sensor. Unwrapping t
Keplerian portion of the metrology tool yields Fig. 3. Th
system magnification is accomplished using a large~200
mm diam! off-axis parabolic mirror in conjunction with
relay lenses. The magnification of the system and the
vantage of this layout can be derived from the system m
Fig. 2 Shack-Hartmann metrology tool.
745Optical Engineering, Vol. 43 No. 3, March 2004
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746 Optical Engi
Fig. 3 Portion of the Shack-Hartmann metrology system illustrating the intrinsic Keplerian design.
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where the first lens is replaced by the parabolic mirror a
the second is the relay lens. ChoosingL15 f 15755.5 mm
andL25 f 2575.0 mm, the system magnificationM , given
by matrix elementD, reduces to2 f 2 / f 1 50.1. The sys-
tem has no effective optical power, as indicated by theB
element. ElementC shows that the effective propagatio
distance is zero—the effects of diffraction are minimized
the image plane. The system matrix is diagonal, revea
that position and tilt are decoupled.

3 Detailed Design

3.1 Arc Lamp

To provide the illumination for this optical metrology sy
tem, a 200-W broadband mercury arc lamp was selec
The photon emission is concentrated at the cathode
anode of the lamp, so-called hot-spots. A hot-spot can t
be imaged onto a pinhole.

In operation, the nearly omnidirectional output of th
lamp is amplified by a spherical rear reflector. The lig
then expands from the center of the lamp to fill a collim
ing lens located inside the arc lamp housing. After pass
through the spectral filter, the light is focused by a posit
power lens with anf number matched to the off-axis pa
neering, Vol. 43 No. 3, March 2004
.
d

rabola. At the focus of this lens, a magnified image of t
lamp is formed. The magnification is given by the ratio
the f numbers of the lenses as

arc magnification5
f /#2

f /#1
5

3.8

1.5
, ~4!

where f /#1 is for the collimating lens andf /#2 is for the
beam expander lens. The original arc size of 0
32.2 mm2 is therefore imaged to 1.535.7 mm2. High
spherical abberation will roughly double this image siz
resulting in a 3310 mm2 arc image. This image is the
spatially filtered, as shown in Fig. 2.

A 266-nm pulsed laser was considered for this appli
tion as well. The idea was rejected due to well-known pro
lems of high peak power per pulse in a small beam wa
which could cause a breakdown in the air. However,
obvious benefits of higher power may require a revisitat
of this issue in the future.

3.1.1 Arc instability

A major drawback to the arc lamp as a source is arc in
bility. Although the illumination from the electrodes show
good rotational symmetry.25 there are spatial variations tha
can be detected by the wavefront sensor. These chang
local tilt and intensity are caused by convection curre
inside the lamp, arc migration on the electrodes, and am
ent temperature changes. Assuming these fluctuations
random with a Gaussian probability distribution, the effe

Fig. 4 Optical properties of 0.4-mm-thick borosilicate glass (Schott
Glas, model D-263).
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Forest et al.: Metrology of thin transparent optics . . .
on the metrology measurements have been mitigated
averaging 100 successive images over a two minute t
span.

3.2 Spectral Filter

The optical properties of borosilicate glass~Schott Glas,
model D-263! are shown in Fig. 4.26 From the transmission
curve, light incident on the glass foil at wavelengths grea
than 300 nm will partially transmit through the substra
and reflect off its back surface. This will result in a doubl
set of input data to the wavefront sensor~see Fig. 5!, cor-
rupting wavefront reconstruction. For example, if a long
wavelength HeNe laser were used for illumination, the ra
of the power from the front to back reflection would be 1
This would make the wavefront reconstruction erroneo
Therefore, we ideally seek a filter that passes 100% of
electromagnetic radiation below 260 nm and blocks 10
above. Of course, real filters simply attenuate all wa
lengths to varying extents. We therefore need to balance
attenuation of the visible wavelengths and the total pow
input to the system. Filters considered are shown in F
6.27,28As a baseline for the power measurements, the m
conservative filter was installed in the system. Althou
this filter successfully blocked nearly all of the long wav
length light, only 1.1mW of power was incident on the
sensor. This resulted in a very low signal-to-noise ra
~SNR! with high gain. From this test, it was estimated th
a signal strength increase of five times would be desira

To choose the best spectral filter from the options in F
6, a simulation was created to evaluate 1. the total po
incident on the detector, and 2. the power incident on
detector from the front and back reflections. This algorith
multiplies the lamp spectral irradiance by the filter tran

Fig. 5 Path of light reflected from front and back surfaces of glass
into the sensor. Back reflections (dashed line) should be avoided.

Fig. 6 Transmission curves for a range of spectral filters (Acton
Research, Omega Optical).
y

e

t

.

r

mission curve to calculate the spectra incident on the g
optic under test. Then, accounting for the transmission,
flection, and absorptive properties of the 0.4-mm-th
glass at the incident wavelengths, the spectra returne
the wavefront sensor from the front and back surface
computed. The lumigen-coated CCD responsivity is n
constant over the wavelength band,29 so this quantum effi-
ciency is considered in the simulation as well. Integrati
the resulting spectra yields the total powers returned fr
the respective reflections. These values indicate the rela
intensity of the front and back focal spots on the detec
From this data, Table 1 was generated. For the 254
wideband filter, a plot of the front and back reflected pow
into the sensor is shown in Fig. 7. The ratio of the ar
under the front reflection curve to the area under the b
reflection curve is 40.0, as confirmed in Table 1 for th
filter. The back reflection power is below the sensor no
floor, making the error signal negligible. Also, the 4.1-mW
total power incident on the CCD for the 254-nm wideba
filter was satisfactory. For these reasons, this filter was
lected.

3.3 Spatial Filter

The spatial filter has two functions. It cleans up the illum
nation from the arc lamp, reshaping the profile to an e
panding spherical wave. The spatial filter also plays a k
role in determining a lenslet’s focal spot size on the det
tor. If the former were the sole factor, one would select
smallest pinhole that admitted power above a SNR thre
old. However, the latter role of the spatial filter constrai
the lower bound on the diameter.

Making the pinhole too large would do more harm th
affecting the spherical wave profile. A large pinhole wou
effectively consume the dynamic range of the sensor, si

Table 1 Comparison of spectral filters for Shack-Hartmann metrol-
ogy system. The total power from the front reflection returned to the
sensor is shown, along with the ratio of the power from the front and
back reflection, named the focal spot intensity ratio.

Spectral filter peak l (nm) 254 254 210 220 227

Filter shape narrow wide broad broad broad

Power into sensor (mW) 1.1 4.1 7.2 9.5 7.8

Focal spot intensity ratio .1000 40.0 3.9 4.6 5.5

Fig. 7 Irradiance reflected from glass sheets into wavefront sensors
as a function of wavelength for the 254-nm wideband filter. This
simulation considers the arc lamp spectral output, spectral filter
transmission, optical properties of the borosilicate glass, and lumi-
gen coating on the CCD.
747Optical Engineering, Vol. 43 No. 3, March 2004
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748 Optical Engi
Fig. 8 Power losses throughout the optical path of the Shack-Hartmann surface metrology system.
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a lenslet’s focal spot would then cover all of the pixe
dedicated to it. An upper bound on the pinhole size is th
imposed, such that the size of the focal spot on the dete
should not exceed half of that lenslet’s pixels. For the s
sor selected, there are 16 pixels/lenslet.

To determine the size range for the pinhole, a few c
culations need to be performed. A focal spot on the dete
should cover at least 10 pixels for accurate centroiding
the diameter of the spot should therefore be at least
pixels. Diffraction effects from the lenslet array will in
crease the focal spot size. A collimated input to a lens
will have a focal spot diameter due to diffraction, given

dfocal spot, diffraction only5
2l f lenslet

dlenslet
. ~5!

Using the peak transmitted wavelengthl of 253.7 nm, the
lenslet parameters diameterdlenslet of 224mm, and the focal
length atl, f lenslet, of 17.904 mm, the focal spot diamete
due to diffraction is 40.6mm.

Next, we need to consider the demagnified pinhole c
tribution. This demagnification is given by the ratio of th
focal lengths of the lenslet array and the relay optic. T
other lenses do not contribute to the demagnification si
a conjugate 1:1 magnification of the pinhole occurs
tween the beamsplitter and the relay lenses, as shown
2. Therefore, the diameter of the pinhole image on the
tector is given by

dpinhole image5
f lenslet

f relay optic
dpinhole. ~6!

With f lenslet given before andf relay optic575.0 mm, the pin-
hole diameter on the CCD is 0.239dlenslet. Hereafter,m
will denote the pinhole magnification of 0.239.

These two effects, diffraction and pinhole demagn
cation, are combined by convolution. This is approximat
the same as addition in this case, yielding a total focal s
size on the detector of 40.6mm10.239dpinhole. This focal
spot diameter must cover at least 3.6 pixels for sensitiv
as previously mentioned, but not more than (1/2)
58 pixels for dynamic range. Since the pixel size is 14mm,
we have
neering, Vol. 43 No. 3, March 2004
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t

3.6 pixels,
40.6 mm1~0.239!~dpinhole!

14 mm/pixel
,8 pixels. ~7!

To satisfy this inequality, the pinhole diameter must be b
tween 41 and 299mm in size. To admit as much power a
possible, a 250-mm-diam pinhole was selected.

3.4 Power Considerations

Making sure that enough irradiance would reflect from t
inefficient glass and return to the sensor for a succes
measurement was a prime consideration in the design.
diance from the source is lost at many locations along
optical path, as illustrated in Fig. 8. To keep track of t
power remaining for imaging, we need to calculate t
power into the system and the power lost. This proc
starts with the arc lamp inside of the lamp housing. To fi
the total power coming out of this lamp, the spectral filt
bandwidth ~FWHM! is multiplied by the average powe
from the lamp spectral irradiance curve over this ban
width. From Fig. 6, the FWHM is 40 nm. The average flu
from the lamp over this bandwidth is 35 mW/m2-nm.25 So
the flux from the lamp is 1400 mW/m2.

Three multiplicative factors next affect this power: th
spectral filter transmittance, lamp housing rear reflec
and the housing itself. The filter transmittance at FWHM
approximately 20%, again obtained from Fig. 6. The lam
housing rear reflector acts as an amplifier, yielding a 16
boost.25 The housing itself is naturally very lossy, since th
omnidirectional irradiance is mostly wasted, excluding t
contribution from the rear reflector. The housing factor is
mere 5%.25 So in the exit tube of the lamp housing, w
have 1400 mW/m230.231.630.05522.4 mW/m2.

The antireflection-coated fused-silica beam-expan
lens at the end of the condenser~exit tube! transmits 99.8%
of incident light. So the image of the arc formed at t
spatial filter contains 22.4 mW30.998522.34 mW/m2. As
mentioned in Sec. 3.1, this image size is 30 mm2. About
40% of this power is lost in a ‘‘halo’’ around the image
further reducing our available power to 13.4 mW. Next, w
spatially filter with a 250-mm pinhole, as described in Se
3.3. The ratio of the area of this pinhole to the area of
image is 0.16%, so a mere 21mW makes it through.

This light then goes through a veritable pinball machi
of mirrors and lenses until it is incident on the CCD dete
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tor inside of the wavefront sensor. The percentage trans
ted or reflected by each component in normal operatio
summarized in Table 2.30–34 These data were compile
from intensity graphs as cited. Intensity data can be u
since power is proportional to intensity. So the final pow
incident on the CCD detector is 21mW from the spatial
filter multiplied by 15.6% for the optical elements dow
stream. This theoretical calculation gives roughly 3.3mW
of power centered at 254 nm to excite electrons in
CCD. This light is then divided unevenly by the lensle
over the 102431024-pixel CCD. Is this enough? Tests
the measurable power threshold for this instrument indic
that 500 nW is detectable, but 1mW is needed for a lower
gain, higher SNR measurement. An experimentally incid
power of 4.1mW, as shown in Table 1, is therefore sat
factory. There is good agreement between the theoretic
calculated power of 3.3mW and the measured 4.1mW.

3.5 Wavefront Sensor

There were a number of tradeoffs considered in the se
tion of this device, as identified by Greivenkamp et al.2 The
spot displacement on the detector is equal to the wavef
slope times the focal length of the lenslet. A limitation
the maximum allowable wavefront slope, or dynam
range, is imposed by the detector area allocated to
lenslet. This is primarily a software-based limitation. The
is no inherent requirement that a spot remain within the
of pixels associated with its lenslet. Spots can translate
eral cells as long as the one-to-one correspondence bet
the spots and the lenslets can be mapped or identified.2 For
the same detector, a lenslet array with a shorter focal len
will have greater dynamic range with reduced sensitiv
On the other hand, a longer focal length lenslet will allo
greater accuracy in determining the average incident wa
front slope, since a given slope produces a greater
displacement. So there is a tradeoff of sensitivity and
namic range associated with the lenslet focal length.

The size versus number of lenslets is another impor
tradeoff. As the number of lenslets is increased for a giv
area, spatial sampling and spatial resolution are increa
This results in less averaging of the wavefront slope o
the lenslet aperture, but reduces the number of dete
pixels that are available behind each lenslet to make

Table 2 Optical element transmission (T) and reflection (R) per-
centages from spatial filter to CCD detector. The items are listed in
the order that the light ‘‘sees’’ them. Repeated items are seen twice.
High transmission percentages are due to antireflection coatings.

Optical element T,R % Reference

Beamsplitter T 50 30

Parabola R 87 31

Test optic (Si or glass) R 50 32

Parabola R 87 31

Beamsplitter R 50 30

Relay optic 1 T 99.8 33

Relay optic 2 T 99.8 33

Lenslet array T 95 34

Total 15.6
-

-

t

t

-
n

-
t

t

.

r

measurement. Selecting larger lenslets will allow a m
sensitive measurement of slowly varying wavefronts, b
may not sufficiently sample high spatial frequency wav
fronts, producing artificially smooth surface maps.

Pixel size on the detector and the lensletf number are
also related. The spot size produced by each lenslet mu
sufficiently large~covering at least 10 pixels in area! to
obtain a good centroid calculation, while separation b
tween spots from adjacent lenslets must be maintaine
ensure dynamic range. As a general rule, the spot size
ameter should not cover more than half of the number
pixels dedicated to a lenslet’s diameter for a reasona
balance of sensitivity and dynamic range. The spot s
scales linearly with the wavelength and lensletf number, so
the lenslet diameter and focal length should be selec
wisely.

3.5.1 SMD 1M15 instrument

Wavefront Sciences~Albuquerque, New Mexico! provided
the SMD 1M15 wavefront sensor for our application.35 The
instrument features a 64364 lithographically etched, fused
silica lenslet array. Table 3 displays a summary of the
table physical characteristics of the instrument’s lenslet
ray and detector, along with some system magnificatio
The CCD detector was coated with lumigen by Spec
Instruments36 ~Tucson, Arizona! to increase its quantum ef
ficiency. The lumigen coating is 30 to 40% efficient in a
sorbing the incident light at 250 nm and up-converting
500 nm.~The lumigen coating is actually 60 to 80% effi
cient in absorbing the incident light at 250 nm and u
converting to 500 nm. However, the lumigen is a thin lay
on top of the CCD, so half of the photons are emitted
each direction, thus you lose 50% is lost from the directio
ality!. In selecting this unit, its ability to meet our func

Table 3 Wavefront sensor lenslet array, detector, and system mag-
nification summary.

System

Operating wavelength l 254 nm

System magnification M 20.1

Pinhole magnification m 0.239

Pinhole diameter dp 250 mm

Lenslet

Lenslet diameter dl 0.224 mm

Lenslet focal length at l f l 17.904 mm

Nominal sag 1.378 mm

Active number of lenslets X Nl 64

Active number of lenslets Y Nl 64

Total number of lenslets X 72

Total number of lenslets Y 72

Total aperture X D 16.128 mm

Total aperture Y D 16.128 mm

Detector

Pixel size X p 14 mm

Pixel size Y p 14 mm

Number of pixels X Np 1024

Number of pixels Y Np 1024
749Optical Engineering, Vol. 43 No. 3, March 2004
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tional requirements for sensitivity and dynamic angu
range were paramount. These goals, described in Sec. 1
10 mrad and 0.3 mrad, respectively.

The dynamic range of measurement is limited by
detector area allocated to each lenslet~named the area-of
interest or AOI!. When the focal spot behind a lenslet e
croaches on the edge of its AOI, crosstalk occurs and wa
front reconstruction is compromised. This limitation
focal spot shift is depicted in Fig. 9. The angular range
this instrument can be geometrically estimated from
lenslet diameter of 0.224 mm and operating focal length
17.904 mm to be approximately66 mrad. Taking the sys
tem magnification into account allows one to estimate
measurable dynamic range at the object plane to
u20.136 mradu50.6 mrad. To make a more accurate c
culation, we need to consider the focal spot size. The fo
spot radius on the CCD at the 254-nm operating wa
length,r spot,254, is given by

r spot,2545
f ll

dl
1

mdp

2
. ~8!

From the values in Table 3, the spot size is 50.2mm. This
will effectively reduce the lenslet diameter. So the act
dynamic range, considering the magnification, will be

dynamic range5MF S dl

2
2r spot,254D

f l

G , ~9!

which gives a value of 0.35 mrad. This instrument w
therefore meet the dynamic range requirement of 0.3 m
at the object plane. This angular range is the same for
lenslet or the set of lenslets. For one lenslet with a diam
of 224 mm, which corresponds to 2.24 mm at the obje
plane, a wavefront tilt of 0.78mm can be measured. Sinc
Nl564, the maximum measurable object tilt over the en
lenslet array is 0.78mm364550.18mm over a 143.3-mm
lateral distance.

Estimating the instrument’s sensitivity is a bit more d
ficult. We need to calculate the noise floor after algorithm
wavefront reconstruction. This analysis requires exp
mental data for the centroid estimation error as well

Fig. 9 The high tilt of the incident wavefront results in a focal spot
shift to the edge of the lenslet’s AOI. This is the extent of the instru-
ment’s angular range.
750 Optical Engineering, Vol. 43 No. 3, March 2004
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knowledge about the digital signal processing used for
merical reconstruction of the wavefront shape. We start
by calculating the centroid estimation error at the operat
wavelength,e254. As a baseline, the manufacturer h
tested the centroid estimation error for a similar instrum
at 633 nm, yieldinge63350.0025 pixels. To extrapolate ou
estimate, we need to scale by the square of the diffract
limited spot half widths at this baseline wavelength and
operating wavelength. The square is used to realize an
contribution from a length measurement.

e2545e633F f l~254 nm!

dl

f b~633 nm!

db

G 2

. ~10!

For the baseline sensor tested at 633 nm,f b anddb are its
lenslet focal length and diameter, respectively, which giv
f b(633 nm)/db536.0mm. The resulting e254

50.0079 pixels. Now we must use this information to c
culate our instrument’s rms angular noise floor. This is
function of the angle to the edge of a pixel and centro
estimation error. Including the magnification will transla
us to the object plane. The noise floor is therefore

u rms5M S pe254

f l
D , ~11!

resulting in u rms50.61mrad. The minimum measurabl
variation from flatness, or noise floor, is influenced by t
numerical reconstruction algorithm as follows:

noise floor5ANldu rms. ~12!

The lenslet diameter is included to compute the ‘‘per le
let’’ noise floor. A factor of the square root of the number
lenslets is introduced to effectively account for the erro
random walk over the lenslet array. Equation~12! therefore
gives the final numerically reconstructed noise floor, P
This minimum measurable deviation from flatness is eq
to 1.1 nm. This could occur over a lateral distance as sh
as 2.24 mm~one lenslet’s diameter magnified!. So, this
sensitivity corresponds to an angular resolution of 0.5mrad
for one lenslet. As greater lateral distances are conside
the angular resolution improves, so the sensitivity fun
tional requirement of 10mrad is always met.

Comparing these calculated values back to the fu
tional requirements, for a 10-mm lateral distance in t
object plane, we have theoretically measurable PV he
of 63.5mm with a resolution of61 nm.

4 Performance Evaluation

4.1 Test Optic Surface Mapping

The Shack-Hartmann surface metrology instrument, sho
in Fig. 10, has been successfully used to generate sur
maps of large l/30 reference flats, 0.45-mm-thic
3100-mm-diam polished silicon wafers as are commo
used in semiconductor industry, and 100314030.4-mm3

glass sheets. The system can provide both angular de
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tions from flatness and absolute PV measurements.
former are critical to telescope resolution, while the lat
are of immediate use in polishing and shaping.

Measurement of a 0.4-mm-thick borosilicate glass sh
is shown in Fig. 11. Results from glass metrology show
indication of back reflections in the raw data. The array
focal spots is regular and the frequency of spots is as
pected, one per AOI. Large warp in prefigured stock gl
sheets makes their entire surface unmeasurable; how
subset regions have been successfully measured.

4.2 Repeatability and Accuracy

The repeatability of the measurements has been prima
limited by random variations in the arc lamp caused by
migration on the electrodes and convection currents ins
the lamp.25 Averaging 100 successive images has mitiga
the effects of these variations, reducing the range of
surface maps to 5.0 nm rms! over a minimum 100-mm-
diam object size while the setup is unchanged. To de
mine the repeatability of the instrument for a human-in-th

Fig. 10 Shack-Hartmann metrology system hardware in a class
1000 cleanroom environment at the MIT Space Nanotechnology
Laboratory.
e

t

-

r,

loop environment, specimens were measured, physic
removed from the metrology station, replaced, and rem
sured. Both the reference surface and the silicon wa
specimens were studied; results were similar. Repeatab
measurements ranged 35.6-nm PV with a 13.2-nm stan
deviation. The rms surface variations ranged 14.0 nm w
a 5.1-nm standard deviation.

The accuracy of the system is difficult to quantify, sin
aberrations in the lenses will contribute different angu
errors to measurements at different spatial locations.
roughly estimate the overall accuracy of the system, t
flats with factory-provided interferograms were measur
These interferograms reveal nonflatnesses of 2.6-nm
and 4.9-nm rms, respectively. Comparing the two flats w
the Shack-Hartmann system shows an average rms su
difference of 17.6 nm. Overlapping the interferograms,
rms deviation can be estimated to beA2.6214.92

55.5 nm. The difference between the Shack-Hartmann
interferometric data provides a crude estimation of the
curacy of the tool. Assuming root-sum-squared~RSS!
stacking of errors, a conservative estimate of the accur
yields A17.6225.52516.7-nm rms. Several factors con
tribute to the difference between the interferograms a
Shack-Hartmann measurements. The mirrors are subje
to different temperatures and mounting forces between
instruments. Additionally, the uncertainty in the interfer
metric measurements is estimated to bel/50'13-nm PV.

In operation, the user will make a reference image w
a flat, then substitute the optic under test. Based on
earlier analysis, the test measurement will be accurat
,17 nm and repeatable to;5 nm rms. These results ar
summarized in Table 4.

5 Conclusions

A Shack-Hartmann surface metrology tool is develop
that permits metrological feedback of transparent or opa
optic foils. This instrument can be used to determine i
surface meets the 500-nm global flatness manufacturing
quirement. The surface mapping data is accurate
,17-nm and repeatable to;5 nm rms. Nonflat figures can
Fig. 11 Raw data (left) is collected on the CCD array in the wavefront sensor. Comparison with a
reference image, regular array focal spots from a l/30 flat mirror, enable the wavefront reconstruction
(right), which is equivalent to a surface map at the object plane. The intensity scale (center) indicates
the relative energy density incident on the CCD in 21254096 discrete values.
751Optical Engineering, Vol. 43 No. 3, March 2004
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also be studied up to a dynamic range of6350mrad at the
object plane. The 1433143-mm2 square viewing range ca
accommodate the proposed 1403100-mm2 foil optic sur-
face area.
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