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Abstract—n this paper, we describe the progress toward the nuclear-to-cytoplasmic ratio, hyperchromasia, pleomorphism,
development of miniaturized imaging systems with applications angiogenesis, and increased metabolic rate. These changes
in medical imaging, and specifically, detection of pre-cancer. The currently can only be assessed through invasive biopsy. Early

focus of the article is a miniature, optical-sectioning, fluorescence detecti f bl h th tential to sianifi
microscope. The miniature microscope is constructed from etection of curable pre-cancers has the potential to signin-

lithographically printed optics and assembled using a bulk micro- cantly lower cancer mortality and morbidity. Many visual exam
machined silicon microoptical table. Optical elements have been procedures, such as colonoscopy and bronchoscopy, are rou-
printed in a negative tone hybrid glass to a maximum depth of 59 tinely used to identify pre-malignant changes and early cancers;
pmand an rms surface roughness between 10-45 nm, fulfilling the 1,5y ever, these techniques do not assess the microscopic and/or
requirements of the miniature microscope. Test o_ptlcal elemen_ts biochemical changes which are the hallmark of pre-cancer
have been assembled using silicon-spring equipped mounting ; By an e :
slots. The design of silicon Springs is presented in this paper. ThUS, these teChanueS' SenSItIVIty a.nd SpeCIfICIty are ||m|ted.
Optical elements can be assembled within the tolerances of aA The long-term goal of our research is to develop a class of
= 0.4 miniature microscope objective, confirming the concept of miniature microscopes that utilize the interaction of light with
simple, zero-alignment assembly. tissues in many modalities to image morphology and biochem-
Index Terms—Biomedical imaging, biomedical microscopy, istry in vivo, yielding tools that provide better delineation of
hybrid sol-gel meterials, microassembly, microoptics, photolithog- tumors. We envision battery-powered, pen-sized multi-modal
raphy. miniature microscopes (4Ms) designed to specifically image
microscopic and molecular features of pre-cancer (see Fig. 1).
|. INTRODUCTION The proposed miniature microscopes are multi-modal because
. . f their potential for enabling different imaging modalities such
HE AMERICAN Cancer Society estimates that 1 220 10%3 optical sectioning, 3-D spectral fluorescence imaging, and re-

In th people wil he:_)\gez 288” diagnosed with ca?cgrt in 200 ectance imaging. The size and cost of these microscopes can
nhe same year, persons were expected lo succ eventually small enough so that they can assist in guiding

o cancer [1]. Despite significant advances in treatment, €aagnostic biopsy and in margin detection during tumor resec-
detection of cancer and its curable precursors remains the q 4M devices, suitably adapted, will have broad applicability

way Fq ensure patient 5‘.”""’5" and_ quality O_f life. Thus, h'g_h% many organ sites due to their very compact size and capability
sensitive and cost-effective screening and diagnostic techniq imaging. Because of the easy accessibility of the oral cavity
to identify curable pre-cancerous lesions are urgently needg1

P h terized b holoai 4 bioch d uterine cervix, we are aiming the initial development of 4M
re-cancers are characterized by morphologic and bIOChERy ;e 1o improve detection of pre-cancers in these organ sites.

ical changes that include increased nuclear size, INCreaFE have shown that both morphologic and biochemical changes
that accompany pre-cancer can be probed using reflectance and
. . . ) ﬂLforescence. Therefore, we are designing 4M devices to image
Manuscript received June 6, 2001 This work was supported by the Nationa h refl d liah d fl
Science Foundation (NSF) (BES-0086736) and by NSF SGER Ecs-0074578th reflected light and autofluorescence. _
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Finland. . . __complete 4M device. This 4M device is configured as an
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Fig. 1. Pen-sized miniature microscope. (a) A conceptual, scaled diagram of a pen-sized imaging probe equipped at the tip with a multi-moéal miniatur
microscope (4M). (b) A magnified view of the 4M-device layout. The 4M device measures 9 mm in length, 5 mm in width, and 3 mm in height.
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Fig. 2. Optical design of a miniature microscope objective. The figure shows the design form\ef an 0.4, m = —4 microscope objective with a field of
view of 300xm. This is the microscope objective used in the complete 4M device shown in Fig. 1.

beam-splitter before being directed by the microscope objectiffeig. 7). The most recent results of printing mechanical and
onto the tissue being examined. The microscope objectivedptical structures are shown in Figs. 8 and 9, respectively.
Fig. 1(b) consists of three lithographically printed lenses, a
folding flat mirror, and a plano-convex objective lens. The
scanning grating provides structured illumination of the tissue
and therefore the optical-sectioning capability. FluorescentMiniaturization of a microscope system requires an instru-
emission from the tissue propagates back through the mmient-design approach that differs fundamentally from the de-
croscope objective. The dichroic beam-splitter reflects trs#gn of a conventional compound microscope [2].
emitted longer wavelengths to an image sensor in the form of @A compound microscope is a visual instrument that consists
photodetector array. All active and passive components of thiea microscope objective and an eyepiece. The image sensor is
4M device are embedded in a microoptical table (MOT) that @ssumed to be the human eye. The microscope objective forms
micromachined in a 5 mm by 9 mm silicon chip. an intermediate, real image at the front focal plane of the eye-
This paper describes the technology foundations of 4Mece. The eyepiece presents to the eye a virtual image located
devices such as the one shown in Fig. 1(b). Section Il contaipstween a minimum viewing distance of 250 mm (the so-called
a discussion of optical-design guidelines associated witlear poin} and a maximum viewing distance of infinity.
miniature imaging systems. A resultant microscope-objective The visual magnificationn,, of a compound microscope is
design is shown in Fig. 2. Sections Ill and IV emphasize simpigven bym, = mqnimeye, Wheremgy,; is the transverse mag-
assembly and fabrication methods of miniature imaging sysiication of the microscope objective amdl. is the magni-
tems. Section lll describes progress on the development offgimg power of the eyepiece. By considering the eye’s visual
accurate, “snap-together” method of building optical systenasuity (0.3 mrad), the near-point viewing distance (250 mm)
(Figs. 3 and 4). Preliminary assembly results are presentut the Rayleigh resolution criterion &t= 680 nm, the op-
(see Figs. 5 and 6) and are compared to the requirementdimfal visual magnification is calculated to e, ~ 180NA;
the optical system shown in Fig. 1(b). Section IV provideR]. Strictly speaking, visual magnification above this optimal
a description of lithographic printing of refractive lenseshreshold does not reveal further information about the object.
and opto—mechanical structures using hybrid-glass materielswever, a rule followed for comfortable viewing ia, =

Il. OPTICAL DESIGN CONSIDERATIONS
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500NA.p;. Note that a given visual magnification,, can be TABLE |

achieved through different combinations of objectives and eye- SELECTED TIGHTEST ASSEMBLY TOLERANCESASSOCIATEDWITH THE
. . . o . . NA = 0.4 MICROSCOPEOBJECTIVE SHOWN IN FIG. 2

pieces. Typical eyepiece magnifying powe. is 10x . Higher

values ofm.,. are undesirable because of reduced eye reli Tolerance Type Tolerance Value

and more complex optical designs. Typical dry microscope 0 gy gearciement pitch rotation $046°
jectives satisfy the relatiomon; ~ 50NA; [2], [3]. — i o

A requirement of miniaturizing a microscope is that th, OPice! clementyaw rofation '

distance between the object plane and the image plane, Optical clement translation along slot +10 pm
so-calledthrow, be minimized. Throw]’, is itself a function

pf Mobj i.e.!T = —fobj mobj((l/mol?j) - 1), Wh_ere_fobj

|s_the effective focal length of the microscope objective. The The form of the microscope objective in Fig. 2 was selected
minimum throw occurs atnq,; = —1 andTuin = 4fob;.

to be compatible with lithographic fabrication of optical ele-

This is not a practical solution because it requires that Spacif@nts and bulk-micromachining of a silicon substrate as a mi-
betwegn image—ple}ne detector elements be equal tq the desgr%%ptical table. In order to increase th&i of the objective,
sampling at the object plane, e.g., on the order qf mlcrometgtrﬁe lithographically printed lenslets need to exhibit an increased
ConseqLJ_e_rltI)A,mobj| neec_is to be gre"?‘ter tha_n unity bu_t re_maleag’ i.e., the height difference between the center of the lenslet
low to m_|n|atur|ze _the microscope size. This constr_alnt is NQL - ure and the edge. For example, the three lithographically
present in the design of conventional compound m|crosc0p§ inted lenses in the Fig. 2 design require a sag ofiB0 The

where|mop;| > Meye- . .

A . . need for increased sag motivated the development of new hy-
In the 4M approach described here, the image recorded o 1y glasses describedgin Section IV. P y
|mﬁlgfe sensor W'llol be magnlilrelzd_electron_|li:gllyd_ratrl1er tzan OPU-Taple | lists representative tightest assembly tolerances asso-
callyforviewing by €ye, 1.€., tn€ image will be displayed resams a0 wjth the microscope objective shown in Fig. 2. These tol-

pled and expanded. Such electronic magnification is equivalee%nces have to be met for the optical system in Fig. 2 to remain
to the optical function performed by an eyepiece. In each ca raction-limited in imaging performance

the user perceives the final image at a comfortable viewing dis-
tance, e.g., 250 mm.

The following quantitative example clarifies these considera-
tions. GivenVA,,; = 0.3, thenm,, = 150. The transverse mag-  Miniaturization of microscopes requires a simple and accu-
nification of the miniature microscope.,; is defined by the rate method of building such optical systems. We are devel-
ratio of image size to object size. For the 4M device in Fig. 1(bdping a novel method of constructing compact, 3-D imaging
mob; = —4. This value ofm.,; means that the recorded imagesystems that consist of optical elements, e.g., lenses and mir-
needs to be scaled up for viewing by a factoraf,. = 37.5t0  rors, micro-mechanical components, photo-detectors, and light
yieldm,, = 150. The field of view of the microscope is given assources [5]. All these components, both active and passive, are
250 um on a side and the size of the image at the image seng@sunted on a specially prepared substrate [see Fig. 1(b)]. We
is, therefore, 100@m on a side [see Fig. 1(b)]. The final imageaefer to the substrate as a MOT, in analogy with the macro-
displayed on a video monitor, assuming a viewing distance &opic version routinely used in optics laboratories. The MOT is
250 mm, measures 37.5 mm on a side. The resolution of the 4Mero-alignment microscopic optical-system concept. In prac-
device is currently expected to be detector-limited rather th@gal terms, the zero-alignment concept translates into assembly
diffraction-limited. The spacing between two adjacent detectefrors that are smaller than the tolerances dictated by the per-
elements, assumed to be Afn, exceeds the resel distance &ormance of the optical system (e.g., see Table I). Very low as-
the image plane [4]. However, we expect that detector spaci§@émbly errors will be achieved through positioning features on
(a.k.a., detector pitch) will continue to decrease along with th&ch 4M-device component and a silicon spring in each compo-
continuing decrease in the minimum feature size of integratgént mounting slot (see Figs. 3 and 4). The accurate positioning
circuits. of each optical element relative to other optical elements on the
MOT is achieved through the sub-micron-precision layout of the
photomask from which the MOT is made.

Based on the above considerations, we have developed a sdhe cross section of each mounting slot includes a silicon
ries of microscope-objective designs that feature a combinatigpring (Fig. 3). Each mounting slot also features V-shaped guide
of high numerical aperture and low transverse magnificatiochannels that match complementary positioning features in the
The highVA yields high spatial resolution. The low transverseptical element that is inserted within the slot (see Figs. 5 and 7).
magnification keeps the size of the microscope objective smdihe role of the silicon spring is to press the positioning features
Typical distances from the tissue sample to the image plane arean optical elementinto the V-shaped guide channels, thereby
on the order of 6-8 mm. achieving accurate positioning of the optical element. The depth

A typical miniature microscope-objective design is shown ito which the optical element is inserted into the slot is defined
Fig. 2. The design consists of a commercial plano-convex lebg stops printed on the optical element. We expect to eventually
that is followed by a folding mirror and three lithographicallyachieve optical-element alignment to an accuracydfum in
printed lenslets. The objective is designed to function with watposition and=0.5 mrad in rotation using the assembly method
as an immersion medium. illustrated in Figs. 3 and 4.

Ill. A SSEMBLY OF MINIATURE OPTICAL SYSTEMS

A. Optical Design of Miniature Microscope Objective
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Fig. 4. Assembly of optical elements and MOT substrate. 3
S Silicon wafer
Fig. 3 serves to illustrate the current assembly method from " B
a top-view perspective. An optical element is first inserted into i =
the open section of the mounting slot. The initial positions of ')'
the optical element and the silicon spring are indicated by clear Positioning
outlines of these two structures. Next, the element is translated
under the silicon spring. The penultimate positions of the op-
tical element and the silicon spring are shown by filled-in, green
outlines of the optical element and the silicon spring. At this
stage, the stresses in the silicon spring reach a maximum value.
In the final step, the positioning features on the optical element
are press-fitted into the V-shaped grooves that are part of the
mounting-slot cross section.
A collection of silicon-spring mounting slots were fabricated. ih)
The silicon-spring designs are most readily distinguished by the
minimum thickness of the beam segment of the spring. The mifig. 5. Implementation of positioning features. (a) Perspective view
imum thickness occurs within the circled region in Fig. 3. Wef a partially inserted, 15@m-thick glass plate patterned with two
. . .. . . ctangular-cross-section positioning features. (b) Top view of the same glass
eXpe”mented with minimum-thickness values ranging from te, now fully inserted into the mounting slot. Note the fit of the;6@-wide
to 80um. In each case, the deflection of the spring was adjustgdkitioning feature into a V-shaped groove designed in the cross section of the
to not exceed the failure stress of silicon. The forces exerted rﬂlzunting slot. The width of the narrowest section of the silicon spring is 40
the silicon spring on the optical element within the mounting" -
slot ranged from 0.0175 N (3@m minimum-thickness spring)
t0 0.116 N (80xm minimum-thickness spring). ements coated with a hybrid glass were printed with positioning
Fig. 5 shows two experimental results of the procedure fégatures using hinary photomask. As a result, the positioning
assembly of optical elements into the MOT. In this case, test &atures have a rectangular cross-section that measunpes 35

Test element

Silicon spring
SHllicon wafer
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TABLE I the round aperture. Furthermore, a 1of-thick glass plate
MEASURED POSITIONING ACCURACIES OF THEASSEMBLED TEST has been inserted into each of the three mounting slots. In the
ELEMENTS IN FIG. 5 . . . . .
final configuration, each glass plate will have a height of 2 mm
Position Test-element Position Measurement  @above the surface of the MOT silicon wafer and a width of 2
Pitch rotation 04 rooe M.
Yaw rotation (Left) -5 arc min % 2 arc min
IV. FABRICATION OF MICRO-OPTICS
Yaw rotation (Right) 5 arc min £ 2 arc min ) i . )
Our preferred approach to fabrication of microoptical and
Translation along slot 3umtlpm  gpto—mechanical structures is based on simultaneous printing

of such structures using lithography and the hybrid sol—gel
method (Fig. 7) [6], [7]. Conventionally, the fabrication of mi-

in thickness and 50m in width [see Fig. 5(b)]. The rectangularcroc’ptical glass structures is carried out by a multi-step process

positioning features fit into a V-shaped groove that is etched i@t includes exposure of a deposited resist film through a
part of the mounting slot. The resultant positioning accuracy Bpotomask, development, and wet or dry etching transfer of the
a test element is reported in Table 1. optical structure into the substrate material [8]-[10]. The hy-

The pitch rotation equals the tolerance calculated for the nlﬂfid sol-gel method has the unique potential for simultaneous

croscope objective shown in Fig. 2. The measured angle is pf&lgrication of microoptical and opto—mechanical structures by

tially the result of a broadening of the mounting slot with deptHV patterning in a single lithography step [11]: No etching

within the silicon wafer. We predict that the pitch angle can H&ansfer of patterned structures is required when using the
—gel method. The elimination of the etching—transfer

reduced by adjusting the height of the positioning features Ii’é'brid sol ) ) , -
compensate for the observed broadening. step potentially improves the surface quality of the finished

The yaw rotations were measured in the proximity of the |e|ﬁ1icrooptical elements and speeds up the fabrication process

V-shaped groove and the right V-shaped groove (see Figs. 3 59@\? v;/]hen very thliclé structures e(ljrehfa?rikc):gted'. f micro-|
4) in the mounting slot. High-magnification images of the posi- '*¢ "aVe recently demonstrated the fabrication of micro-lens

tioning feature within a VV-shaped groove were used to estimgtdays With lens thickngsses up to 1@_@1, using photosengi-
tiye, negative-tone hybrid glass materials and grayscale lithog-

the magnitudes and signs of the yaw rotations [see Fig. 5(b)]. hv 1121 [18]. Previous| h | d diff
negative value of the yaw-rotation angle indicates clockwise Py [. ], [18]. reviously, we have also patterne arrac-
optical elements using binary photomasks [see Fig. 7(a)].

tation. The angles are referenced to the edge of the mounting 6t bi hot K patterni ) s d trat
etched in the silicon substrate. The measurements indicate (ASFEN Pinary-photomask patlerning experiments demonstrate

the yaw rotation of the inserted element is small compared fgucture thicknesses greater than 100 and a rms surface

the acceptable tolerance (see Table I). Furthermore, the cha hness inthe range (?f 10-20 nm [see Fig. 8]. High film thicl§—
in the sign of the yaw-rotation angle indicates a deflection of t sses are a prerequisite to optical elements of greater optical

optical element caused by the force applied by the spring. Thawer, i.e., shorter focal length. Reduced rms surface rough-

deflection is estimated to be between 1«2 at the midpoint ness means a reduction in undesired scattering from lithograph-

between the two positioning features located 1580apart ically fabricated optical elements. These results in patterning of
' brid glass with a grayscale photomask indicate that we have

The translation along the slot was also measured usiﬂéﬁa ; o ;
: e L .. réached a patterned thickness of significant practical value. The
high-magnification images of the positioning feature withify ical desFi)gn shown in Fig. 2 reqSires a mF():lximum patterned

a V-shaped groove. The position accuracy can be further ”?]pak—to—valley thickness, i.., maximum sag, 0{60. The po-

proved by using the intended circular cross-section positioniR ioning feat ; i t d denth of
features rather than positioning features with a rectangu oning features require a maximum patierned depin of ap-
proximately 35.m.

cross-section as shown in Fig. 5(b).

The position measurements compare favorably with the as-
sembly tolerances listed in Table I. Further characterization of
assembly accuracy is required. Nevertheless, the data collected/hen using a binary photomask and a mercury UV lamp in
thus far support the hypothesis that simple, zero-alignment #se exposure step, fabrication of binary optical structures can
sembly of miniature imaging devices is possible. be performed. Fig. 7 shows an early version diffractive-lens

Fig. 6 shows progress on the fabrication and assembly elément and a recent test element, both patterned using a binary
a complete microscope objective according to the design miiotomask and mercury UV-lamp exposure. Both elements
Fig. 2. Fig. 6(a) shows the layout of the microscope objectientain positioning features that are used in the assembly
isolated from other microscope components as presenfgdcedure outlined in Section Ill. Fig. 7(a) shows an earlier
Fig. 1(b). Fig. 6(b) shows a segment of a silicon wafer etchelgsign in which the positioning features were recessed relative
with an aperture and three slots that will accommodate theethe surface of the optical element. Fig. 7(b) shows the current
optical elements needed to build the objective in Fig. 6(ajesign in which all hybrid-glass material is cleared from
The mounting slots are separated by 8d@. The diameter the substrate, leaving behind protruding positioning features
of the objective-lens aperture is 10@n. Fig. 6(c) shows a (see Fig. 5). The optical surface and the positioning features
mock-up of the final microscope-objective. At this stage, are printed simultaneously using the same photomask, thus
commercial plano-convex glass lens has been cemented ietsuring sub-micron alignment of the two.

Patterning With Binary Photomasks
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Fig. 6. The first step: a miniature microscope objective. (a) Scaled layout of a minfsiture 0.4, m = —4 microscope objective. (b) Silicon MOT substrate

micromachined with an objective-lens aperture and three mounting slots. (c) Partially assembled miniature microscope objective.
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The thickness of the hybrid material is 17:81. The positioning features are 008
of an earlier, recessed design [11]. (b) A more recent test element made with m
hybrid glass material patterned to a depth ofi@4. The positioning features 006 B
now protrude from the substrate.
004 4
Fig. 8 shows current results obtained with binary-photomask oo2
patterning of hybrid glass. Thicknesses greater than 100 microns_ = J B
have been achieved. Fig. 8(a) shows a 1000-micron diametel 1 mm

cylindrical test feature patterned to an average height of 110 mi-  0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40
crons. Fig. 8(b) shows positioning features patterned to an av- (c)

erage height of 11@m. Fig. 8(c) shows height data along the-y g |ithographically patterned opto—
profile shown in Fig. 8(b).

mechanical structures using binary
photomasks.
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[LFTI ally symmetric surfaces. The surface shown in Fig. 9(a), for
: example, is highly aspheric. A wide selection of surface types
:;z: offers additional freedom in the design of optical systems that
e are no longer constrained to consist entirely of spherical sur-
oo faces. A desired surface figure can be printed by appropriately
:::-‘:: choosing the optical densities of circular zones on the grayscale
+mo Photomask.
20 We evaluated the surface figure in Fig. 9(a) by estimating the
==0  departure of that surface from rotational symmetry. We fitted the
o surface shown in Fig. 9(a) with a Zernike-polynomial expansion
aan  [13]. Specifically, a surface model consisting only of four ro-
@43 tationally symmetric Zernike polynomials was subtracted from
(@ the measured surface topography after removal of tilt. The four
X: 336.3 um rotationally symmetric Zernike polynomials wefg (p) = 1,
v Zy(p) = V3(2p* = 1), Zu(p) = V/5(6p* — 6p* + 1), and
' Zyo(p) = VT7(20p° — 30p* + 12p? — 1), wherep is a radial
i coordinate normalized by the aperture radius. We found that
0 e » the greatest departures from rotational symmetry surface oc-
: curred near the interfaces between adjacent lenslets in the array.
For example, within a subaperture of 146 radius, the peak
i , departure from a rotationally symmetric surface was jin6
-30 \/ ’ edm | The corresponding rms departure from rotational symmetry was
-40 T ) € ,,1m 300 nm. We anticipate a reduction in the departure from rota-
0 100 200 300 400 500 600 700 tional symmetry when isolated lenslets such as those required
®) by the optical design of Fig. 2 are printed.
Fig. 9. Segment of a lenslet array patterned in hybrid glass using a grayscale
photomask. Each lenslet aperture is a square measuringr4th a side. () C. Hybrid Glass Material
Isometric view of the grayscale-patterned surface. (b) Diagonal profile of the
surface. Missing data occur due to regions of high slope on the patterned surfaceT he negative tone hybrid glass materials are used to fabricate

optics and opto—mechanics structures. These hybrid materials
contain an inorganic base matrix that is prepared by hydrolysis
o . ] . ] and condensation of alkoxysilanes. The inorganic base matrix

The fabrication of optical structures with varying thicknesss provided with side chains containing terminal carbon double
e.g., lenslets, cannot be performed by using just a singigngs that provide the material with photopolymerizability. In
binary photomask. A grayscale photomask has to be usedifyition, acrylate monomers can be added to the material to in-
such 3-D-structure fabrication. The features in a grayscalgsase the crosslinking density of the prepolymer solution. The
photomask contain zones that have different transmissigRcosity of the prepolymer solution needs to be high to resultin
values or equivalently, different optical densities. In our casgyctures of large thickness. In addition, the material adhesion
when fabricating convex lenses using negative tone hybidhe substrate material, e.g., glass, has to be high. The adhe-
glass material, the grayscale photomask exhibits the highggl problems of the hybrid glass material are associated with
transmission value in the center of a lens pattern and the lowgst densification, e.g., shrinking, of the patterned hybrid glass
transmission value at the edge of the lens aperture. Magk,ctures during the final baking step.

transmission decreases gradually between the center and thgy careful design and control of the hybrid glass material’s

edge of the lens. . synthesis, we have demonstrated the fabrication of opto—me-
This spatial distribution of mask transmission and, thereforg,anical and optical structures with large thicknesses (see

exposure dose leads to full polymerization of the hybrid glaﬁgs_ 8 and 9). A more detailed description of the material
material in the center of the lens pattern and a gradually d§§7nthesis is given elsewhere [12].
creasing extent of material polymerization toward the edges Ofthe nyhrid glass material features an index of refraction of
the lens pattern. A decrease in the extent of polymerization des3 at 632.8 nm. The fabricated surfaces exhibit a rms sur-
creases the thickness of the developed structure and a conyg¥ roughness in the range of 10-45 nm. The transmission of a
lens shape is fabricated. 150-um-thick film of this hybrid glass material deposited on a
Fig. 9(a) shows a surface-topography measurement ofj @ mm-thick glass substrate is greater than 97% at wavelengths
lenslet patterned using a grayscale photomask and mercyqing from 450 to 1600 nm. An uncoated glass substrate was

UV-lamp exposure. Fig. 9(b) shows a profile of the samgseq as a reference in the transmission measurements.
lenslet. The achieved patterned depth in this case waah9

The rms surface roughness was measured to be in the range of
10-45 nm.

Grayscale lithography permits the fabrication of nearly arbi- We have presented progress toward the construction of
trary optical surfaces, e.g., aspheric surfaces and non-rotatisimple, potentially low cost, miniature imaging devices that are

un6'8G A

B. Fabrication of Lenslets Using Grayscale Photomasks

V. SUMMARY
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based on novel materials and microfabrication technologies{7] P. Ayras, J. T. Rantala, R. Levy, M. R. Descour, S. Honkanen, and N.
We have reported a “Snap_together ” Zero_a“gnment method Of Peyghambarian, “Multilevel structures in sol—gel thin films with asingle
. . L . . . UV-exposure using a gray-scale maskHin Solid Films vol. 352, pp.

assembling optical elements using a bulk micromachined sil- g 15 7999

icon substrate in the role of a microoptical table. The assembly(g] H. Nishihara, M. Haruna, and T. Suhar@ptical Integrated Cir-

of compound optical systems such as a miniature microscope  cuits New York: McGraw-Hill, 1989. . o
biective i isted by th f sili . h 9] M. Eisner and J. Schwider, “Transferring resist lenses into silicon by

objective is a§§|st_e y t_ e use of silicon springs that p_romot RIE,” Opt. Eng, vol. 10, pp. 2979-2982, 1996.

accurate positioning of individual optical elements (Fig. 5).[10] E. J. Gratix, “Evolution of a microlens surface under etching condi-

The measured position parameters of test elements are equal tons,” Miniature and Micro-optics and Micromechanigsp. 266-274,

. 1993.
to or better than the tolerances calculated for the microscopgy) 3 T Rantala, R. Levy, L. Kiviméki, and M. R. Descour, “Direct UV
objective shown in Figs. 1(b) and 2. patterning of thick hybrid glass films for micro-opto—-mechanical struc-

Optical elements are fabricated using a hybrid glass in @ _ tures,"Electron. Lett vol. 16, no. 6, pp. 530-531, Mar. 16, 2000.
that eliminates th t f etchi t fer f th%Z] A. H. O. Kéarkkainen, J. T. Rantala, and M. R. Descour, “Fabrication of
process that eliminates the step of etching transrer from micro-optical structures by applying negative-tone hybrid sol-gel mate-

conventional method of lithographic fabrication of optics. We rials and grayscale lithographyElectron. Lett, June 2001, to be pub-

have reported patterning of the hybrid glass to heights in excess, lished. . . .
. . . . . 13] R. Noll, “Zernike polynomials and atmospheric turbulencke Opt. Soc.
of 100 pm. A height of this magnitude implies that 1-mm Amer, vol. 66, no. 3, pp. 207-211, Mar. 1976.

diameter refractive optical elements of effective focal length ag14] M. A. A. Neil, R. Juskaitis, and T. Wilson, “Method of obtaining optical

short as 2.5 mm can be printed using a grayscale photomask. sectioning by using structured light in a conventional microscopet:
Furth he hvbrid ql . I ited he fabri . Lett, vol. 22, no. 24, p. 1905, Dec. 15, 1997.
urthermore, the hybrid glass Is well-suited to the fabrications; . G. L. Gustafsson, “Surpassing the lateral resolution limit by a factor

of microopto—mechanical structures that aid in the accurate  of two using structured illumination microscopyl” Microscopy pt. 2,

alignment of multiple optical elements [see Figs. 5(b) and 7(b)], _ Vo!- 198, pp. 82-87, May 2000. . .
The inclusi £ mi devi in th fth 16] J. T. Frohn, H. F. Knapp, and A. Stemmer, “True optical resolution be-
e Inclusion of micro-actuator devices in the context of t yond the Rayleigh limit achieved by standing wave illuminatid?NNAS

microscope-on-a-chip can significantly enhance the capabilities  vol. 97, no. 13, pp. 7232-7236, June 20, 2000.

of such a miniature imaging device. The scanning grating showHl7] M. R. Harris, “Scanning confocal microscope including a single fiber
for transmitting light to and receiving light from an object,” U.S. Patent

in Fig. 1(b), for instance, enables optical sectioning by means 5150953 June 9 1992.
of structured illumination [14]. Lateral resolution may be en-[18] A.H. O.Kérkkéinen, J. T. Rantala, A. Maaninen, G. E. Jabbour, and M.

hanced in a similar fashion by means of a grating capable of R Descour, ‘Siloxane based hybrid glass materials for binary and gray-
. . scale mas| otoimaging&dvanced MaterialsOct. , submitte
both translation and rotation [15], [16]. photoimagingAdv ! o

N o - o L for publication.

A significant remaining challenge is to combine in one minia-
ture imaging device the capabilities to image a large field of
view with low resolution and a smaller field of view with high

; ; _ ; ichael R. Descourreceived the B.S. degree from the University of Colorado,

re,SOI,u“o,n' In aconventional benCh, top mlcroscqpe, SUC.h aco oulder, in 1990, and the M.S. and Ph.D. degrees from the Optical Sciences
bination is effected through a rotating turret equipped with a Vaenter, University of Arizona, Tucson, in 1992 and 1994, respectively.
riety of microscope objectives. The concept of a rotating turretHe is currently an Associate Professor at the Optical Sciences Center. He

has not yet been translated into the micro-scale but other ada;}@ﬁ-pre"ious'y with Ball Aerospace Systems Group, Boulder, CO, and Sandia
ational Laboratories, Albuguerque, NM, as a post-doctoral Appointee. His

tions exist such as a translating optical subsystem that operaigsarch group is developing miniature and micro-optical imaging and non-
in series with one of two fixed sets of optics [17]. imaging sensors aimed at applications in the health sciences.
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