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HIGH-RESOLUTION OPTICAL IMAGER

Araz Yacoubian

BACKGROUND OF THE INVENTION

j6001] Optical upaging 18 lunied by the wavelength of light and by the numoerical aperture
of the collection optics. For example, m a high-power microscope, the resolution is mited by the
wavelength of the tlumunation and by the namencal apertuse (NA) of the objective lens. Some
mnprovement of resclubion 1s possibie asing hguid immersion objective lons, bt the increase is
not in orders of magmitude. In addition, the standard microscopic imagmng depth of focus s

timited by the objective lens.

[0} Technologies other than mucroscopic imaging can result in high magnification images
of a surface. such as scanning electron microscope (SEM) or atomic force nucroscope {AFM).
However these methods have Bmitations. For example, SEM requirves a large apparatus to
gencrate and focus electron boams, s limited to a small sample arca, and 15 refatively slow and
expensive. AFM utihizes a scanning tip that wears ont and seeds replacement, and 1s relatively

stow and himited to small sample sizes.

[06003] Interferomeirie optical nucroscopes have been used to produce out-of-plane (2
divection) topographic measurements with accaracy nuuch smaller than optical wavelengths,
However, the n-plane {x.y divection) resolution of the instruments remains fanited by diffraction

Hmit of fght, specifically limited by the source wavelongth and NA of the objective lens.

SUMMARY OF THE INVENTION

[O004] In an ostrative embodimend, an optical imager comprises an intorferomotsar,
MICroscopic optics operative in combination with the mterferometer 1o generate a reference image
and an object wage, and an image caplure dovice configared to capture an interforometnic image
with a phase difference between the reference smage and the object tmage. The optical umager
further comprises a phase shifter operative to selectively control the phase differeace and a
controller operative to captwre a plurality of interferometric images at a selected plurality of phase
differences and combine the phavality of interforometyic images mnto a processed image with in-

plane resolution that is increased over optical wavelength and namerical apertyre charactenstics.
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BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention relating to both structure and method of operation,

may best be understood by refernng to the following description and accompanyving drawings:

LE
o

FIGURE 1 s a schematic pictonal and block dingram illusteating an embodiment of an

optical imager that enables high-resoletion imaging;

FIGURE 2 1s a pictorial diagram that depicts a sample mounied at an angle according to

an entbodiment of an optical imager;

FIGURE 3 15 a pictorial diagram showing changes in the interforeace pattern induced by
phase shift of various types that can be implemented in various embaodiments of an optical

mager;

FIGURE 4 are pictorial diagrams Hustrating a comparison of mucroscope pattoms that
result froms standard microscope imaging and high-resolution imaging using an

embodament of an Hostrative optical imager;

FIGURE 5 ig a schomatic pictorial view showing an embodiment of an optical imager
that can gencrate a phase shified snerference pattern by changing the physical posttion of

the sample;

FIGURE 615 a schemate pictostal view depicting examples of surror motion that can be

implemented in an embodiment of an optical tmager;

FIGURE 7 is a schensatic pictonial diagram illustrating an embodiment of an optical
mmager which can genersite a phase shifted interfereonce pattern by adding a phase shifter

to the reference beam;

FIGURE 8 is a pictonial view depicting an embodinient of an optical imager in wluch a

difference image is gonerated using an interferometric microscope objective;

FIGURE 9 is a combined pictorial and block diagram depicting a lugh-resolution imager

with the microscope objective outside the mterferometer,

FIGURE 10 shows pictorial views respectively depicting an example of an image
produced by a standard microscope and an embodiment of an tustrative Mgh-rosolution
optical imager;

FIGUREs 1A through 111, several pictonial diagrams ilastrate examples of light soarce
optic configurations that can be mmplemented In various embodiments of an optical

mager;
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FIGURE 1215 a schematie pictonal and block diagram that depicts an embodiment of a

high-resolation optical imager for a fully or partially transparent sample;

FIGURE 13 15 a schematio pictonial and block diagram showing another embodiment of

a high-resolotion optical imager for a fully or partially transparent sample;

FIGUREg 14A through 14G are multipke pictorial diagrams depicting various phase
delav methods to shift the fringes which can be used for embodiments of optical wnagers

such as those shown in FIGURE 12 and FIGURE 13;

FIGURE 15 is a schematic pictorial and block diagram iHustrating an embodiment of a
speckle reduction device and associated speckle reduction method using g rotating

diffuser via a rotating motos;

FIGURE 16 is 3 schematic pictorial and bloek diagram depicting an embodimaent of a
speckle reduction device and assoctated speckle reduction method using a scattering

medium embedded between two transparent or senmutransparent electrodes;

FIGURE 17 15 a schematic pictonal and block disgram showing an embodiment of a
speckle reduction deviee and associated speckle reduction method using a flowing

scattening mediam;

FIGURE 18 15 a schomatic pictonal and block diagram illustrating an embodiment of a
speckle reduction deviee and associated speckle reduction method using a lincarly
moving diffuser;

FIGURE 19 is a pictonal view showing an embodiment of a speckie reduction device
and associated speckle reduction method using a partially coberent hight source; and
FIGURE 20 is a schematic pictorial and block diagram iHostrating an emobodiment of a
coherent or partially coherent ight sowrce coapled to an optical fiber via a fens or

combination of lonses that can be used in an optical imager.

1
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BETAILED DESCRIPTION OF THE EMBODIMENTS

[0006] Structures and methods are disclosed to detect microscopic images at resolution much

higher than what is possible to achieve using standard optical microscopes.

[OO07] Blostrative stractares and methods can inchide and use an interferometer coupled to
microscopic oplics, image processing apparatus and phase shift control electromes to produce
high resolution images of a sample surface. The llustrative optical imagers and associated
methods can be non~contact, relanively fast, and image the sample at resolution much higher than
is possible to achieve using standard pucroscopes. The structures and methods also increase the

depth of focus and image contrast.

j8008] The embodiments, configurations, and associated techiiques disclosed heremafter
avercome the optical resoletion of the micrescope by atilizes interforence, phase shifting and
tmage capture and computation methods, and produce images that are higher resolution than
himited by the optical wavelength of the hight source and the numerncal aperture of the opical
svstem. Additionally, the images have higher contrast than 2 conventional nucroscope mage, and

have much fonger depth of focas than vsing a microscope with a sinmlar objective lons.,

[6009] The fringe shift in an mterforence image of a sample obtamned with an interforometsic
micrascope 18 nranly due to time delay of hight, for instance the optical path length difference,
between one point and another on the sample. For a sample with topographic variations, the
wterference imags contains shified fringes wherever a variation i height exists, The wavelength
and NA of the optival systom hant €he n-plane (x.v dircetion) resolation of the inage, which 1s
fimited by the diffeaction of fight at cdges of the topagraphic vanation in the sample. Edges that
have much smaller dimension than the optical wavelkength look rounded due to the difiraction
fmt. Fringe shuft at varous poimnts on the topographic pattern however is due to time delay
between one point of the sample and the other, which s an out-of-planc (z direction)
phenomenon, IHustrative optical imagers and associated methods make use of the kev difference

between the m-plane and out-of plane phenomenon to overcome the aptical fmut.

6010} The same considerations are applicable for a sample with a pattern other than
topographic vanations, such as a sample with embedded phase objects with features smaller than

the optical wavelength.

6011} Referring to FIGURE 1, a schematic pictorial and block diagram iHastrates an
eatbodiment of an optical imager 100 that enables lugh-resolution bnaging. The lusteative
optical imager 100 comprises an interferometer 120, microscopic optics 122 operative m
combination with the interferometer 120 to generate a reference image 107 and an object image

108, and an smage capture device 110 configured o capture an interforometnic image with a phase



i

2

fad

O

“h

20

30

L

WO 2007/121175 PCT/US2007/066326

difference between the reference image 107 and the object image 108, The optical imager 100
further comprises a phase shifter operative to selectively control the phase difference and a
controller 116 operative to capture a pluralny of interferometric images at a selected pluralty of
phase differences and combing the plurality of inderferometric images mio 3 processed image with
m~plane resolution that is increased over optical wavelength and sumerical aperture
charactenstics.

01 24 FIGURE 1 depicts the apparatus 100 ased 1o generate lugh-resolution images. The
apparatus 100 is an intorferometer 120 coupled to microseopic objective 106 and eyepicee lenses
111, The troage of the sample is captured by a camera 118, The image displayed on a video
screen 112 contains the microscopic image, and overlapping mterference fringes 114 and 118, If
the reference beam 107 is blocked, the image will be a standard optical image, with resolution
fimited by the wavelength of light and microscope objective numerical apertare. To increase
resofution, the phase difference between the reference beam 107 and the object beam 108 are
changed by varous methods deseribed throughout the deseription, and the image 15 captured at

various phase shifis shown i eguation (1
K?'iv-.}"f‘i):\.}a I{xt‘\»:’?‘i}:\. I¢)'}' S I(X-}~ (i)i’ + (])j' srrom (i )

where J{Gy, $.) 18 the interforometrie image captured with a phase difference 4, between the
reference beam 107 and the object bram 108, 1§ phase 1s delayed by an additional §, or ¢, the
terference twage 1s denoted as 700y g+ or sy, s + §), respeetively, The interferometric
images with reference 1o object phase ditference ¢, +¢, and §. + ¢... are shown in FIGURE 3.
FIGURE 3 depicts changes in the interference pattern, where fringes 314, 318 shuft in the
divection of the arrows 319 if phase is induced either by using a phase shifter in the reference
beam path 187, bv moving the reference mirror 104 or by moviag the sample 105 using the
sample translation stage 109 and 209, as depicted i FIGURES 1 and 2, to form vesulting shifted

fringes 320 and 321,

[B013] The illustrative optical imager 108 can perform a methad for gescrating an morcased-
resolution image comprising tlununating an object with at least partially coherent hight, forming
reference image and an object image, and captuning an ierforometric smage with a phase
difference between the reference image and the object image. The optical umager 100 selectively
controls the phase difference and captures mudiple inferforometric inrages at selected phase
differences. The mueltiple imtorferonetric tmages are combined ito a processed image with -

plane resolution that is increased over optical wavelength and numerical aperture characteristics.
[6014] The controller 116 can be operative 1o selectively control capture of an image at a
fivst phase and a second phase and determing a difference interforometric image as a difference of

aerferometric tmages captured at the first and second phases,

1
4
'
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[0 54 After capturing one intevference image X, v.d. )L one of the beams s phase delaved
Grrther by ¢, resulting o g new nage 700y, de 3 i which fringes ave shifted due 0 the
additional phase delay. After capturing the two mages, the difference of the two bmages is

computed, as depicted in equation {2}

A= By G Y - Iy b {2
o016} The sequence is repeated for each consceutive measurement, as shown in equation
{3}

A= s + P - Ay, &, +) {3)
[6017] Thas, the optical imager 108 can operate by capturing an image at a first phasc and &

second phase and determining a difference imterforometric image as a difference of

tterferometric images captured at the fust and second phases.
{601 8] The controller 116 is operative to acquive mierferometne images at odtiple of the

fizst and second phases and summing multiple of the differcnce imerferometric images.

6019 Each image Af, carnies spatial mformation higher than achievable using standard
micrascope, siace the spatial mformation is obtained micrferometricallv. The new image <Y, is
added to the non-interforometric image obtained by blocking the reference beant 107 to enhance
the resolution of the image, or a numbor of the images <, can be added to produce an average
image which results in an mmage that is hugher resolution than a standard nucroscope image,

according to equation (4}

AL, =D AL {4)

[0020] Thus in some embodiments, the optical imager 100 can acquire non-interferometric
images and average the non-interferometric image with a sum of the plurality of difference

fnterferometric images,

[0021] In some embodiments, the controller 116 can be operative to acquire mterferometric
images at a plurality of first and second phases, sudtiplving a plurality of difference
uerferometnic images by a factor smaller than one that is selected to avord over-saturation. and

sumpming the plorabity of difference hterferometric images.

jo022] To avoid over-saturation of the image, cach difforence image <4, in cquation {4} can

be multiplied by a factor smaller than 1
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[6023] The controller 116 can be configared to be operative o acqoive a nop-interferometric
fmage and average the non-interferometnic image with a sum of the plurality of difference

werferometyic images.

j0024] ‘When phase differcnce is varicd through many eveles., to assure best averaging, & m
equation {4) may be replaced by a corresponding absolute value, as depicted in cquation {3}

AL, = SIAL (3)

avg

[3025] In some mmplomentations, the controller 116 can be operative to select phase change
increments between successive mages to produce a traction of fringe movement and summing

multiple successive images to cover a full fringe cvele.

{6026} For example, to enhance the reselution of the processed image the phase change
between cach consecutive image can be selocted to produce s fraction of fringe movement. For
example, if cach phase-shift moves the fringes by ong-tenth of fiinge, ton shifts produce a
complete set that covers one full fringe cvele. Repeating the process using multiple fringe cveles

results in a better averaged smage than using one fringe cycle only.

[6027] In some implementations or in some conditions, the controlicr 116 can be operative o
selectively control capture an image at a first phase and a second phase and determine a ratio
mterferomalic mage as a ratio of interforometric images captured al the first and second phases.

The controller 116 can be operative to acguine intericrometric images at a plurality of first and

second phases and summing a phurality of ratio mterforometric images.

[0028] Taking the absolute value of the difference in cquation (3) can also reveal fine
features of the sample. Dividing one unage with the next, for example replacing difference
operation in equation {3} with division operation also reveals fine foatures of the sample, as

described 10 more detail hereinafier,

[6029] For example, instead of subtracting cach phase shifted interference image., the image
can be divided. Specifically, mstead of the eperation of equation {2} can be replaced by the
operation given m eguation (9} as follows:

UEL{AS KSR O N 5 ()

and the actions in equations {4} and (5) repeated. Care can be exercised to ensure that the images

do not contain zero pixels. which result in divide-by-zevo errors 1 computation which can be

overcome by adding a constant value to the overall interference tmage, thus avoiding zero valued
pixels,
[0036] Thus in some cmbodiments, the optical imager 100 can capture an image at a first

phase and a second phase, and determine a ratio interferometric inxage as a ratio of mierferometric
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fimages captured at the first and second phases. Interferometnic images can be acquired at

multiple first and sccond phases and maltiple ratio inferferometric images can be semmed.

00311 In an example embodiment, the optical bnager 100 can figther comprise a light
sogrce 101 that is operative fo gonerate at least partially coherent light, a reforence mirror 104, an
objective lens 106, and a beam splitter 103 that is configured to direct the at least partially
coherent light to the reference mirvor 104 for reflecting the hight onto a reference beam path 167
and to a object 195 tuough the objective tens 106 for reflecting the light onto an object bearn
path 108, The illustrative optical imager 100 further comprises an tmagmg kens T arvanged to
pass reflected light along the refergnce beam path 187 and the objoct boam path 108 to the image

capture device 110,

{0032} FIGURE 1 depicts a ugh-resolution optical imager 100, an apparatus that contains
coherent huht source 10 such as a laser, a laser diods, or a partially coheront light source. The
hight soarce 101 1s expanded 102 cither via a now-collimated laser diode, from a cleaved fibor end,
or 1s expanded using a refractive or a diffractive optical component placed in the beam path of a
collimated laser. Laght passes through a beam splitter 103, Pant of the light s divected toward a
reference mirror 104, and the other part 1s directed towards the sample 103 afier passing throagh
ag objective lens 106, The reference beam path s depicted in dashed hines 107, and the object
beam path is depicted in solid hines 108, Sample 15 mounted on a translation stage 109 which
provides x, v, z control as well as rotation and tilt of the sample with respect to the object beam
path 108, Reflecied hight from reference mirror 104 and the sample 108 are divected toward a
camera 119 after passing through an imaging lens 111, The raw image 15 displaved on a video
sereen 112 containing the optical image of the sample pattern 113 and overlapping fringes 114,
Due to topographic variations of the sample patter, the fringes ave shifted 118 The image 113 is
timited by the optical resolution, and at very high magnifications, sharp edges are rounded. After
unage is captured and processed through processing software and processing and controf
eloctrontes 116, the rosulting image is displaved o a second video soreen 117, and the sample
pattern is revealod 118 at mucl higher resolution than the unprocessed image 113, Phase shifling
gither via a phase shifting or moving the fringes is achieved by moving the sample as illustrated in
FIGURE 5 by moving the reference mirror, or by incorporating a phase shifter in the veference
beam path 167, An optional lens 162 can be used to better mateh the reference 187 and object
108 beam diverzence, or to adjust the fringes from circolar to hinear or vise versa. Phase shifting
can be controlled by the processing and control electronics 116,

[B033] For example, since laser light produces speckies to obtain a very high-resolation
clean fmage without speckie nowse, the light sowrce 11 in FIGURE 1 may be switched to a non-
coherent source, or a seoond beam sphitter may be replaced between the hight source 101 and the

beam splitter 103, which directs light towards the sample. An image can be taken using the non-

-8



i

i

2

S

G

5

0

T

T

WO 2007/121175 PCT/US2007/066326

coherent itamination £ which does not contain any speckles. The averaged interferometric
mage A, and the non-nterferometric image e can be added or maltiplied together to prodace a

high-resolution, vet clean image with low-noise and speckle-free,

[034] The operations produce an image of the sample at much higher resolution than is
possible using g standard microscope, as shown mn FIGURE 4, FEIGURE 4 depicts a standard
microscope pattern 422 of the sample which is linited by the optical resolution. The processed
image 418 of the high-resolution imaging apparatus reveals more detail than the microscope

amage, and edges of the image appear sharper than standard nuicroscope bmage.

[B035] Accordingly, in various embodiments an optical isolator increases image resolution,
[6036] FIGURE 1 shows a sample 203 that is placed at noymal incidence to the optical asis

and the object beam 108, b other arvangements, the sample 205 can be placed at an angle as
ilustrated in FIGURE 2. Accordmgly, the illustrative optical imagers and associated technigues
can be mplemented to enable sampling the object at nommal incidence or a sclected angle of
wcidence. FIGURE 2 depicts a sample 205 mounded at an angle with respedct fo the objeet beam
208 on a translation stage 209 whuch holds the sample 205, The stage 15 placed 1 the apparatas

100 shown in FIGURE 1.

[6037] In some embodiments or m selected operation, the phase shuffer can comprise a
device that controllably moves the object. The phase shufier can move the object s selected space
torements or other suitable techmique. In particalar embodiments, implementations, or in
selected operation, a difference iimage can be gonerated by moving the sample. One possible
methed o produce high-resolistion images s to move, tilt or rotate the sample as showo i
FIGURE 3, record the mages, and subtract the images as described in equation (2) and (3). In
this case, when averaging multiple difference images as deseribed in equation (3), each difference
anage should be resct by shifting or rotating, 2V, to the original image location {1.e. x,.v,) before

performing the averaging operation deseribed in equation (4).

{6038] Refernng to FIGURE 3, a schomatie pictonal view shows an embodiment of an
optical mager that can generate 3 phase shifted iterference pattern by changing the physical
position of the sarople at small incremaents, The original position of the sample 505 s shifted to a
now location 323, for example by cither a Hnear movement 524, 825, 82611t 827, rotation 528,
ar combination of motions of the sample 305, Phase shifting by movement of the sample holder
ts controllod by the processing and control electronics 116 which controls the mechanical
movement of the sample holder stage 569, Set 501, 502, 503, 504, 506, 307, 508, 510, 511, and
862, are similar or equivalent to set 100, 102, 103, 104, 106, 107, 168, 110, 111, and 162,

[06039] In some embodiments or in selected operation, the phase shufier can comprise a

device that controllably moves the reference mrror. The reference mirror can be moved in

-9
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selected space increments ov other suitable arrangement. In particular embodiments,
suplementations, or in selected operation, a difference image can be generated by moving the
reference mirror. The phase difference between the reference beany 107, 607 and object beam
108, 608 can be achicved by moving the reference murror 104, 604 as shown in FIGURE 6. Two

3 methods of movement produce a phase shufl, specificaliy by moving 630 the reference mirror 604
to a new location 629, or by tilting 632 the mirvor to a new focation 631, Tilting can be n the

vertical or horizontal direction, or at any selected direction.

j6040] Referring to FIGURE 6, a schematic pictorial view depicting examples of misror
motion that can be implemented i an embodiment of an optical imager. FIGURE 6 depicts a
10 method for shifting the phase wn the interferometer illustrated in FIGURE 1 by changing the
physical posttion of the reference mirroy 604 &t small increments. The ongmal posttion of the
mursor 664 ix shifted to a new location 629 by linear movement 630, tilting 632 the refurence
mirror 664 to a new position 631, or a combination of motions. Phase shifting by moving the

reference murror can be controlled by the processing and control electronics 116,

13 (0041} In some embodiments ov in selected operation. the phase shifter can be positioned in
the reference beam path. Switable tvpes of phase shifters can be selected 1nclading a liguad crvstal
device that changes the optical path length (OPL) of the reforsenee beam with phase shift
controlled by an extemal voltage controller, a retro-reflecting prism in an optical beam path
comprising a plurality of nurrors or a mirror-coated prisn that changes OPL when translated

20 hineady, an optical Plat glass that is tilied to change OPL, an optical wedge that changes OPL
when transiated lingarly, an optical phase shafter devics, an electro-optic phase shifier, a

polarization phase shifter, and a fiber optic phase shufter,

[6042] In particular embodiments, implomoentations, or i selected operation, a difference

wnage can be generated using a pbase shifter. The phase difference between the reference beam

b
“h

107, 707 and object beam 108, 708 can be varied by adding a phase shifter 733 o the veference
heam path as shown in FIGURE 7. The phase shifter 733 changes the optical path length of the
roference beam 707, thes changing the phase difference botweoen the referonce beam 707 and the
object beam T8, The phase shifter 733 can be a hquid ervstal device that changes the optical
path length (OPL) of the reference beam 707, where phase shift is controlled by an external

30 voltage controlier 734, which 1n turm 1s contralled by the processing and control electromies 116,
The phase shifter 734 can be an optical wedge which can changes the OPL when translated
tincarly or rotated, can be an optical fat glass which is titfed to change the OPL, or can be any
suttable selected type of optical phase slufting device, such as an electro~optic phase shifier, a
polarization phase shifter, or a fiber optic phase shifter. Additional phase shifing methods are

depicted in FIGURESs 14A through 14G.

¥
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{6043} Referning to FIGURE 7. a schomatie pictonal diagram ilustrates an embodiment of
an optical imager 700 which can generate a phase shifted interference pattern by adding a phase
shufter 733 to the reference beam 707, The phase shifter 733 can be a liquid ervstal device that
changes the optical path length (OPL) of the reference bean 787, where phase shift is controllied
by an extemal voltage controlier 734, The phase shifter 733 can also be an optical prism which
can changes the OPL when translated hineary as illastrated 1 FIGURE 14(A}, can be an optical
flat glass which is tithed to change the OPL as ithestiated in FIGURE 14(B), a translated optical
wedge as iffostrated in FIGURE 14(D). or can be an arbitrary tvpe of optical phase shufter device,
such as an clectro-optic phase shifter, or a polarization phase shifter, or a fiber optic phase shifter,
Detailed desoription of the iterferometer compoaents 1s described m association swith FIGURE
1. The cutput signals from the camera 7HY are seat fo a screen and processing aad control
clectromses. as Hlustrated i FIGURE | Phase shifting s controlled by the processing and
control electromios 116, Element set 701, 702, 703, 704, 783, 706, 707, 708, 709, 7160, 711, and
762, ave similar or equivalent to set 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, and
161.

jH44] In some embodiments, the optical inrager can comprise an terferometric objoetive
which iz operative to genorate an interforence pattern and shift phase by moving, tilting or rotating
in a selected direction. Referring to FIGURE 8. a pictorial view illostrates an embodiment of an
optical imager 800 in which a difference nage 18 generated using an interferometric nucroscope
objective. In the architectire shovwn in FIGURE 1, terference fringes arc generating by using a
beam splitter 103 that dirccts ight to a reforence mirror 104, which reflects light toward the
camera 118, and the reference 107 and object 108 boams are added cohorently at the camera 118
Ancther approach can use an iterferometnic nicroscope objective 835 15 shown in FIGURE §,
where partially reflective mirrors 836 and 837 produce a refirence beam, which interfores with
the object beam. Phase shift can be achieved cither by moving the mterferometric objeetive 8358
or by moving 824, 825, 826, tlting 827 or rotating 828 the sample, as shown in FIGURE 8, or
by a combination of motions. The caleulations according to the Wustrative equations herem can

be performed 1o produce difference imterforence images and result in a igh-resolation nage.

[06045] FIGURE 8 depicts an appavatus using interferometric objective 838, which containg
partially reflective mirrors 836 and 837, Mirror 836 is the refosence mirvor, which s either
partially reflective, or is transparent optical flat glass with the conter region coated with a high
reflective coating. The interferometaic objective 835 s used o generate the interference pattern.
The interference pattern shown in FIGURE 3 is shified cither by moving the sample as described
i FIGURE 3, or by moving. tilting or sotating the wterferometric objective 835 in an arbitrary
direction 838, The apparatus contains a coherent or @ partially coherent hight source 881, a beam

sphitter 803, an imaging lons 811, and a camera 810, The output of the camera 810 is senf fo a
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sereen and processing and control electromcs, as illustrated in FIGURE 1. Phase shifting by

moving the interferometric objective can be controfled by the processing and control electronics

116. Elomont set 802, 805, and 809 can be simlar or cquivalent to set 162, 105, and 109,

Elomont sct 823, 824, 825, 826, 827 828, andd 838 can be simular or equivalent to sct 823, 8§24,
823,526, 327, 518, and 338.

jo046] In various embodiments, an optical imager can be implemented to increase or

eahance depth of focus.

047 In addition to producing lgh-resolution images, the structures and methods desertbed
herein can also produce longer depth of foces. In a standard mucroscope, the best focas is
achioved at a specific distance 2, between the objective lens and the sample. As distance deviates
from z., the image bocomes blurred. Increasing depth of focus s particularly useful when
yviewing samples at an angle. The stractores and methods desenbed herein can operate by
determining the dilference between interforence pattorns o sharpen the image. Even in arcas of
the sample that fall awav from z,, the blurred image mterference pattern can be compared with a
shifted~phase version of the sample, resulting i a self-referencing image. Afier perfornung the
caleulations according to the dlustrative equations, a sharper image is obtained than using a
standard microscope. Therefore image bhur 15 reduced by the resolution enbancement method.

Since the image is still sharpened at various distances z away fromt z,, depth of focus is enhanced.

[0048] High-resolution reflection tmaging cas be performed with a nucroscope objective
positioned outside the mterferometer. Thus in some embodinents, the beam fspiit{er and the
reference mirrov can be positioned betyeen the objective lens and the object. In other
crmbodiments, a mirror configured whereby the object is positioned between the oljective lens

and the mirror,

[B049] FIGURE 9 15 a combined pictoriat and block diagram depicting a high-resoluation
wnager 900 with the microscope objective 906 outside the mterferometer. an apparatus is similar
to that shown in FIGURE 1 with some differences. An advantage of the imager 900 1n
compansaon to the optical imager 100 shown i FIGURE 1w some conditions and applications is
easier accommodation of a partially coherent source, such as a light emitting diode (LED}. A
partiaily coherent source has coberence fength much sherter than a coberent source such as g
faser. To produce mterference fringes, the optical-path-length (OPL) difference of the reference
arm 107, 907, and the object aym 108, 908 mast be less than the coherence length. The closer the
OPL of the reference and object arms are matched. the higher contrast frimges obtained, thus
mereasing the difference caleulation accuracy. For a partially coherence source, the shorter is the
OPL of cach arm and the more casily OPL of the reference and object beams are matched, a

further advantage of the optical mager 960 over the imager 100, An associated disadvantage of
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the optical inrager 908 is that since the beam splitter is placed between the objective lens 906 and
the sample 903, the working distance of the objoctive lens must be sufficientiy fong to
accommaodate the beam sphitter 903, Therefore cither a low-power objective leas or a long

working distance objective lens is o be used.

3 (0056 FIGURE 9 depicts a high-resolution imager with beam splitter 907 and reference
mirror 904 placed between the microscope objective 906 and the sample 905, A coherent or
partiaily coberent hght source 901 and collimating, focusing or expanding optics 941 direct light
toward the sample 905 and the reference mirror 904, thus producing sterference fringes, The
interference fringes 914 and 9185, alse shown in FIGURE 3, are shifted cither by moving the

10 sample 985 as described in association with FIGURE 8. by moving, tilting or rotating the

reference mirror 904, or by using a phase shifter 934 1 the reference beam path 907, The phase

shift is controfled by the processing and controf clectronics 916, The apparatus contains 8

coherent an #naging lens 811, and a camera 918, The output image of the camera 910 is sent to a

screen and processing and control clectronies, as lustrated i FIGURE 1. Element set 912, 913,
15 914, 915, 916, 917 and 918 are similar or cquivalont to set 112, 113, 114, 118, 116, 117

L LER An optical imager can be implemented to determine hine edge shape. Referning to
FEGURE 10, pictorial views respoctively show an example of an image produced by a standard
microscope and an embaodiment of an ilustrative high-resolution aptical imager. FIGURE 16
depicts a standard nucroscope inage 1039 of a sample viewed at an angle. The tmage is himited
20 by the optical resolution. The processed image 1040 of the high-resolution imaging apparatus

reveals more dotad than the microscope image, revealing odge structure.

[6052] Due to imited resolution, for very fine pattemns such as pattemns found in
semiconductor integrated circunts (FC), standard microscopy is not capable of directly estimating

ge 1s not castly detormined using a

poe

the exact shape of the pattern. For example, an IC line od

b
“h

standard nueroscope becauss of the resolution limit. Using the methods described horein, 18 the
sample is placed at an angle, the shape of the hine edge 18 determined as shown i FIGURE 16
As g comparison, the standard microscope image 1039 of a sample viewed at an angle 15 imited
by the resolution and depth of focus and does not show line edge detarls, The mmage 1040
resulting using the lugh-resolution imaging scheme described here reveals more detail of the Hne
30 edge.

[6053] In particular embodiments, an optical inager can compnse one or more beam shaping
clements configured for shaping a beam from a coberent or partially coherent light source, the

beam shapmg clement comprising a positive fons that collimates, diverges, converges a beam, oy

'
fad
1
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[0054] In vanous embodiments, the optical source 161 can be coherent, noncoherent, or
partiallv coherent. Furthermore, the optical source 114 can be selected to generate ithammation at
a selected wavelength in a range of visible, infrared, oltraviolet, a selected part of light spectra,

and X-rav.

3 [00SS] Various schemes discussed herem throughout utilize coherent or partially coherent
light sources. The schemes are ot inuted to a single optical wavelength and can accommodate
variety of wavelength as appropriate for different apphications. For exanwle, wltraviolet (UV),
visible or mfrared (IR} light sources can be used with the choice of the optics. Furthenmose, the
scheme can be expanded to other parts of the cloctromagnetic spectrum. by modifying the

10 detectors and optical components. For example, if an x-ray source is to be ased, the refractive

optical components can he replaced with ditfractive or reflective optical components, and

standard migrors can be replaced by grazing mxeident mirrors, In addition, the detoctor array of the

camera can be chosen to match the appropriate wavelength.

[B0S6] For the high-resolution imaging schemes depicted herein throughout, to optinuze the
13 light throughput to the optical svstem. the input angle can be closely matehed to the acceptance
angle of the optical svstem. Reforring to FIGUREs 11A throough 111, several pictorial diagrams
Hlustrate examples of light sowrce optic configurations that can be implemented i various
cmbodiments of an optical imager. Smoe the schomes are implomoented using a general coherent
or partially coherent hight source, optical components can be used to generate collimated 11-42,
20 dyverging 1143 or converging T1-44 light input to the optical system by saplementing one or
more refractive composnents, reflective componends such as Concave or COnVeX MIFLors, oF
diffractive components such as diffractive optical clements or holographic optical elements.
Light shaping for an expanding beam such as from an LED or g laser diode is depicted in
FIGUREs 11A throagh 11C. Laght shaping for a pre-collimated beany such as a laser beam i
25 shown in FIGUREs 11D through 11 In other arrangenents, a condnnation of circular and
cyvhindrical optical components can be used to shape non-circelar beams, such as from laser

diodes.

j6057] FIGUREs H A through 111 depict various configurations for shaping the beam from
a coherent or partially coherent hight source 1101 such that Light throughput through the

30 aterferometer can be optinnzed. FIGUREs 11A, 1IB, and 11C illustrate configurabions with g
coherent or a partiatly coherent hight source 11031 with a divergmg beam 1102 and can be shaped
by a positive lens 1141 so that the final cutput light 1s collunated 1142, diverging at a different
angle than 1143 than the beam hefore going through the lens 1102, or converging beam 1144

Beam shaping is achieved by the lens focal length and position from the bight origin. In

¥
L

FIGUREs 11D, HHE, and 11F, configerations include examples in which the light source is pre-

collimated such as in a laser beam, and a combination of two or more positive lenses 1141 and

- 14 -
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1146 are used to geverate an expanded collimated beam 1142, a diverging 1143 or converging
beam 1144, In FIGURE 116G, H1H, and 111 coafigwrations inclade example of a pre-collimated
Heht source such as a laser beam, and a combination of a positive lons 1141 and nogative lens
1147 to geocrate ap expanded collimated beam 1342, a diverging beam F143, or a converging

§  beam 1144,
jOOS8] In a particular embodiment, the optical imager can comprise a modified Mach-
Zebhnder iterferometer arranged with the object positioned i one ann of the interferometer
through the object beam path and a phase shifter positioned in the reference beam path.
59 In some embodiments, the optical imager can have the objective fens positioned

Y inside the mierferometer,

0060 Some configurations can be adapted for high-resolution imaging through transpareat

Or semi-tran sparent S‘ﬂﬂfipi@fi,

{6061} The high-resolution imaging structures and method desceribed 1 assocsation with

FIGURE 1 are sintable for reflective samplos. When the sample 1s transparent or sema-

o
]

trapsparent, topographac vanations as well as variations in refractive index of the material can be
wnaged. Variations in matenial refractive index include density vaniations in the material, or

wnage transparent biological materials. The technique can also be used to obtain high-resolution

HIAges,
j00e2] Methods for imaging through transparent or somi-transparent samples can be

0 performed using the tochiques illustrated m association with FIGUREs £, 5,7, 8. or 9 with a

reflective object placed 1 back of the sample.
[6063] Methods for imaging through transparent or semi~-transparent samples can also be
performod wsing a transnussion mierferometer scheme depicted i FIGUREs 12 and 13,

agcording to phase shifting and smage difference computation described horein throughout.

3
L

[86064] FIGURE 12 is a schematic pictorial and block diagram that depicts a lugh-resolation
optical imager 1200 for a fully or partially transparent sample and includes a cobherent light source
1201 sach as a laser, a laser diode, ov a partially coherent Hght source. The hight expansion s
caontrolied using either a single lens 1241, or a combination of lenses as depicted in FIGURESs
1A through 111 The apparatus is a modified Mach-Zehnder interforometer with the sample

30 1208 placed i one amm of the mterferometer through the object beam path 1208, and a phase
shifter 1233 placed in the refercnce beam path 1207, A set of imaging optics 1206 and 1211 arc
used to image the sample onto the camera 1210, An optional lens 1249 can be used to control the
mterference fringes {circudar, elliptical or lincar) by matching the beam expansion of the reference

and object beams. The apparatus contains beam splittors 1203 and mirrors 1204, The raw image
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is displayed on a video sereen 1212 contains the optical image of the sample pattern 1213 and
overtapping fringes 1214, Due to topographic vasiations of the sample pattem, the fringes are
shifted 1213, The image 1213 s bnuted by the optical resolution, and at very high
magnifications, sharp edges are rounded. After an image 1s captured and processed by the
processing and control clectronics 1216, the resulting image 1s displaved on a second video screen
1217, and the sample pattern is revealed 1218 at much higher resolution than the wiprocessed

unage 1213, Phase shifting is achicved by moving one of the misrors 1204, by # phase shifter

1233, or by moving or fifting the sample 1208, forming umaging ray paths 1248, Phase shifting 18
controlled by processing and control electromics 1216, In the ustrative scheme, the objective
lens 1200 1s placed mside the mterferometer.

[6065] In other embodiments, the objective lens can be positioned outside the interferometer.

[6066] Refernng to FIGURE 13, a schematic piciorial and block diagram depicts a high-
resobution optical imager 1300 for a fdly or partially transparent sample simlar to the mager
showa in FIGURE 12, with the main difference that the objective lens 1306 is placed outside the
tnterferometer, Blement set 1304, 1363, 1304, 1308, 1306, 1307, 1308, 1309, 1310, 13111312,
1313, 1314, 1315 1316, 1317, 1318, 1333, 1341, and 1348 are swinular or equavalent to set 1201,
1203, 1204, 1205, 1206, 1207, 1208 1209, 1210, 1211, 1212, 1213, 1214, 1215, 1216, 1217,
1218, 1233, 1241 and 1248

[00567] The ditference between architectures shown m FIGURE 12 and 13 is that i
FEGURE 12 the objective lens 1206 is placed inside the reference anm of the interferometer. In
FIGURE 13, the objective lens 1306 1s placed outside the interferometer. In FIGURE 12, an
additional lens 1249 may be vsed to mateh the refercace and ebjoct beams and can be omidted in
the FEGURE 13 schome. In addition, due {o a smaller number of optical components i the
reference beam path m FIGURE 13 than i FIGURE 12 schemes, the FIGURE 13 method may
he more suitable for hght sources 1301 with very small coherenee distance, facilititing matching
of the optical path fength (OPL} of the reforence 1307 and object 1308 armis. A disadvantage of
the FEGURE 13 configuration is that the objective lens 1306 has a longer working distance than
the FIGURE 12 sctup due to the beam splitter 1303 between the objective lens 1306 and the
sample 1303, either lmiting the objective 1o low magmification, or calling for a relatively

expensive long working distance objective lens.

[0068] Fringe movement in FEGURE 12 and 13 schemes is achieved cither using a phase
shifter 1233 and 1333 which is detailed m FIGUREs [4A through 14D, or by moving shifting or
moving ong of the mirrors 1302, 1304, ax depicted in FIGUREs 14E and 14F.

- 16 -
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[6069] In vanoos embodiments, an optical inager can comprise a fens configured to control
circutar, elfiptical, or linear mterference fringes by matching beany expansion of reference and

object beams.

6070 In some smplementations, the phase shiffer can comprise a retro-reflecting prism
placed in an optical beam path comprising a sct of two mirrors or a mirror-coated prism, and a

Hnear translator that moves the retro-reflecting prism.

[0071] In other examples, the phase shifter can conprise an optical flat, and a rotating device
that rotates angle of meidence of the optical flat.

[0072) Otherwise, the phase shifter can comprise a hauid orvstal light valve including
trazssparent or semitransparent electrodes and a hiquid crvstal material, driven by an electrical
SOUTE.

[6073] Some implements may include a phase shifter comprising an optical wedge and a

Hinear translator for transiating the optical wedge.

[6074] Any other switable phase shifter can be implemented.
[6075] Refernng to FIGUREs 14A through 14F, multiple pictonal diagrams depict various

phase delay methods (o shift the fringes which can be used for the optical imagers such as those
shows m FIGURE 12 and FIGURE 13, Arrangements i FIGUREs 14A through 14D can also
be used in place of the phase shifters 733 and 933 shown in FIGUREs 7 and 9, respectively,

when placed 1 the reference beam pa‘ihs 1467 FIGURE 144 shows phase delay by linear
translation 1430 of a retro~-reflecting prism 14530 placed in the optical beam path 1407 by using a
set of two mirrors 1404 or a misror-coated prism, which is not shown o promote clarity,
FIGURE 14B depicts phase delay by rotating 1427 the angle of mcidence of an optical flat 1451,
FIGURE 14C illustrates phase delay using a haquid ervstal light valve, mcluding transparent or
semitransparent slectrades 1452, and a Hauid orvstal material 1433 driven by an electncal sowree
1434. FIGURE 14D shows phase defav by lincarly translating 1430 an optical wedge 1452
FIGURE 14E depicts phase delayv by hineardy shifting 1430 one of the mirrors 1404 in the
apparatus of FIGURE 12 or 13, shown as mirrors 1204 and 1304 in the corresponding figures, ©
a new position is 1429, FIGURE 14F shows phase delay by tilting 1432 one of the nurrors 1404
1 the apparatus of FEGURE 12 or 13 shown as nurrors 1204 and 1304 in the corresponding
figures, to a new position is 1431, The phase delay s controlled by the processing amd control

clectronies 116, 916, 1216 and 1316 in the respective figwres.

176 In varous configurations, an optical #nager may impleoment a suitable speckle
2 P ¥ P

reduction method. if desired.

-17 -
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{6077} If a coherent sowres such as a faser is used as the input light source to the high-
resolation imaging schemes desenibed horein throughout, the interference pattern can comtam a
speckie. The speckie pattern can be a source of noise. To reduce or elimmate the speckle noise,
vet stil be able to use a lughly coherent sowree, various speckle reduction methods can be used.
One method involves passing light through a moving random media, such as a rotating diffuser as
depicted in FIGURE 15, a linearly moving diffuser as depicted m FEGURE 18, a moving
random media sach as a liquid crvstal tvpe matesial mixed with a seattering mediem as depicted
i FIGURE 16. or a flowing scattering medium circidated with a pump as depicted in FIGURE
17, Using a suilable technique, speckle is reduced by moving the random media such that
speckies move ag igher rate than the camers soage capture speed, and the interforence pattern 1s
smoothed., A randdomizing apparatus is generally placed af the mput terminal of the interferometer
but may also be placed throughowt the optical path of the optical svstemn, When used at the mput
terminal of the optical system, at feast two lenses or equivalent optical components, one bhefore
the random media and one after, may be desived. One lens controls the spot size of the hght
wctdent on the random media, thus controthing the speckle sizes, and controls the desired image
smoothness without losing the interference pattern. Another lens or a set of lenses as depicted
FIGURESs 11A through 111 can be used following the random medium to control hight
divergonce, convergance or collimation, to wprove or optinuize lght throughput to the optical

svstem.

[6078] An optical imager can include a speckle reduction device configured for asage with a
coherent source comprising first and second {enses configured to receive and pass ilumination
from the coherent source, a rotating diffuser positioned between the first and second lenses, and a

rolating motor. The rotating motor 1s operative o rotate the rotating diffuser whereby a captured

unage is atime average of moving speckls pattems, an interforence image is smoothed, and
speckle poise is reduced or eliminated. Referring to FEGURE 18, a schematie pictorial and block
diagram iflustrates an embodiment of a speckle reduction device 1508 and associated speckle
reduction method using a rotating diffuser 1553 via a rotating motor 1554 when using a coherent
source 1301 as the hght source to the high-resolution imaging apparatus desenibed herein
throughout. When the diffuser 1883 rotates, the speckls pattern generated by the coherent source
1501 also moves. When the speckics move much faster than the image capture rate of the camera
110, the captured mmage is a tme-averaged image of the moving speckie pattems. thus the
wterference mage 1s smoothed and speckie notse s groatly reduces or ehiminated. The spatial
coherence is directly proportional {o the speckle size. To control the speckie size, a fens 18585 s
used to adjust the spot size incident on the rotating diffuser 1533, thus controlling the spatial
coberence of light. Another fons 1341 or combination of lenses as depicted i FIGUREs 11A

through 11 15 used io control the light divergencefconverzence or collimation. An optional

- 18 -
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stationary diffuser 1563 may be placed aBer the moving diffuser 1553 such that speckle

movemeni 1s in random onentation rather than in directional of the diffuser movement.

{0079 In other examples, an optical fmager can wclude a speckle reduction device
configured for usage with a coherent source comprising first and second lenses configused to
receive and pass Hlumination from the coherent source, and an clectrically-motile scattering
medim embedded between two transparent or semitransparent electrodes positioned between the
first and second lenses whereby a captured fmage 1§ a time average of speckle patterns moved by
apphication of voltage across the electrodes, an sterforence image 18 smoothed, and speckie noise
is reduced or eliminated. Referring to FIGURE 16, a schematic pictorial and Block diagram
depicts an embodiment of a speckle reduction device 1608 and associated speckie reduction
method using a scattering mediam 1633 embedded between two transparent or semitransparent
clectrodes 1632 whea using a cohorent source 1681 as the light source to the high-resolution
wmaging apparatus describod herem throughout.  The medium can be a hquid erystal type
material mixed with @ scattering wedium, or any tvpe of medim that can be moved electrically.
By applving a voltage 1634 across the electrodes 1652, the random medivm 15 moved, thus
moving the speckles gonerated by the coherent source 1601, The iderfercnce images captured by
the apparatos discussed herein throughout contain speckie noise if 3 highly coherent hight sowrce
is used. When the speckles move much faster than the image capture mte of the camera 110, the
captured image 1$ & e averaged image of the moving speckle patterns, thus the interference
amage s smoothed and speckle notse is greatly reduces or eliminated. The spatial coherence 18
directly proportional to the speckie size. To control the speckle size, a lens 1655 is used to adju
the spot size mcident on the random medium 1683, thus controlling the spatial coherence of hight
Ancther lons 1641 or a combination of lenses as depicted in FIGUREs 13A through 11¥ 15 used

to control the light divergencefconvergence or collimation.

{0086] In sall other configurations, an optical tmager can inclede a speckie reduction deviee
configared for usage with a coheroat source comprizing first and second fenses configured
receive and pass illumination from the coheront source, a iquid pump, and a scattering medium
circulated by the Liquid pump. I the arrangement a captwred image is a time average of moving
speckie patterns, an interference image 1s smoothed, and speckle noise is reduced or eliminated.
Reteming to FIGURE 17, a schematic pictoriat and block diagram illustrates an embodiment of a
speckle reduction device 1708 and associated speckle reduction method using a flowing scattering
medivm 1753 when using a coberent source 1701 as the ght source to the high~resolution
umaging apparvatus deseribed heretn throughowt.  The scattering hquid medivm 1753 &5 civeulated
by a hiquid pump 1754, thus moving the scattering medium.  Light from the soarce 1701 15
ncident oo an optical window 1756 filled with the flowing seatforing media, and speckics

generated by the coberent source 17H move due to the movement of the scattering medium 1753

- 18-
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When the speckles move mach faster than the wiage capture rate of the camera 110, the captured
gmage 1s a fime averaged image of the moving speckie patterns, thus the interference image s
smoothed and speckie noise is greathy reduces or ehintinated. To control the speckle size, a lens
1735 15 used to adjust the spot stze incident on the random mediarn 1753, thus controiling the
spatial coherence of light. Apother lens 1741, or a combination of lenses as shown in FIGUREs

11A through 11115 used to control the light divergence/eonvergence or collimation.

LI In further arrangements, an opticad snager can include a spockie reduction device
configered for usage with a coheroat source comprising first and second fenses configured to
receive and pass illumination from the cohercnt source, a motion device, and a seatfering nedium
moved by the motion device whereby a captured image is a time average of moving speckle
patterns, an mterference image is smoothed, and speckle noise is veduced or ehminated. In
various embodimnents, the motion device can be a translation stage, a motorized stage, a solenpid-
based moving apparatus, a piezosleetnic moving stage, and a hinear translation driver. Referring
to FIGURE 18, a schematic pictonial and block diagram illustrates an embodiment of a speckle
reduction device 1800 and associated speckle reduction method using a linearly moving diffuser
1833 with a coherent source 1801 as the light soarce to the high-resolation maging apparatus
described heretn throughout, Movement is achioved using moving apparatus 1857 such as a
translation stage, a motorized stage, a solenoid based moving apparatus such as an audio speaker,
a piezoelectric moving stage, or any other means of producing a linear translation. The moving
apparatas 1887 is translated lmearly back and forth 1840, thus producing movement of the
speckle patiem generated by the cohoreont source 1881, The moving apparatus 1837 iz euther
controlled by an electrical source 1834 or by the control clectronics 116, When the speckles
move much faster than the image caplure rate of the camera 116, the captured tmage 15 8 time
averaged image of the moving speckle patterns, thus the interference mmage s smoothed and
speckie poise is greatly reduces or elimunated. The spatial coberence 1s directly proportional to
the speckle size, To control the speckle size, a lens 1855 is used to adjust the spot size incidont on
the rotating diffuser 1853, thus controlling the spatial coherence of light. Asnother lens 1841 ora
combination of lenses as depicted in FIGUREs HLA throagh 111 15 used to control the light
divergence/convergence of collimation. An optional stattonary diffuser 1863 mav be placed after
the moving diffuser 1853 such that speckic movement s i mandom orientation rather than in the

direction of the diffuser movement.

jO082] Another approach to reduce speckios 1s 1o use a low-coherence optical source, such a
fight emitting diode (LED), a halogen Hght, or anv avarlable low-coherence light source, as
depicted in FIGURE 19, A st of lenses can be used to optinnze fight throughpat to the optical
system, also as depicted in FIGUREs TEA through 111 Additionally, an wis 1958 or a spatial

-

filter 1958 mav be inserted betveeen the lenses 1941 to filter out intensity varations of the source
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1901. An optional wavelength fifter 1939 may be used to tune a wide-band optical source to a

desirable narrow-band wavelength range.

6083 Referring to FIGURE 19, a pictorial view shows an embodiment of a speckle
reduction device 1900 and associated speckle redoction method using a pavtially coherent light

3 source 1901, such a halogen lamp, any thermal lamp, Light enitting dicde. super lenminescence
source, or a tow coherence laser. Lenses 1941 or a combination of lenses as depicted n
FIGURESs 11A through 111 i3 wsed to control the light divergencefconvergence or collimation.
An optional irts 1938 or a spatial filter 1958 may be mserted betweoen the lenses 1941 fo filter out
intensity variations of the source 1981, An optional wavelength filter 1959 may boused totung a

10 wide-band optical source to a desirable narrow-hand wavelength range.

6084} A further method to reduce speckies mvolves addition of an non-nterference image
() with the processed maged. Specificatly, Al of cguation (4) or (5} can be added or
multiplied with Zy, to produce a high-resolation, vet clean (fow-nose, speckle-free) mnage. The
non-nterforence tmage can be obtainad cither by blocking the weference beam paths depicted in
15 the figures herein throughout, or to ase an additional beam splitter in the apparatus and fluminate

the sample with a non-coberent hight source,

[06085] In varnous embodiments oy implementations fiber-optic, spectroscopic, and/or

polanmetric components can be added to an optical imager.

[6086] FIGUREs 1,5, 7.8, 9, 12, and 13 depict architectures containing bulk optical

20 components, However, the stractures are not imited for usage with bulk optical components,
which can be replaced by fiber-optic componentz. For example, a fiber-opiic phase shifier can be
mplemented mstead of the bulk optic phase-shifter shown in FIGURE 7, whereby fiber optic
components such as fiber-couplers, fiber optic phase-shifter or a fiber-coupled electro-optic
mochstator can be placed in the path of the reference beam 707, The muirror 704 can also be

25 replaced by a fiber reflector. Fiber-optic components and bulk-optic components can be
combined o utihize the advantage of both svsioms, samely the massive parallel detection

capabiiny of the bulk optic, and the high-speed phase modulation capabality of the fiber optics.

{0087} To add spectroscopic functionality to an apparatus, the hight source 101, T canbe a
mable laser, a multiple wavelength switching laser or a coherent light source of different

30 wavelengths, Wavelength filters can be placed i front of the camera 110, 710 to tune the
detection wavelength. n addition, the camera 110, 710 may replaced with a speetroscopic
wnaging camera. and the light source can be replaced by a broad-band partialiv-coherent light
source. Combining the hvbrid system with the computational capabilitics deseribed in equations

{2) to (4) can result in high-resolufion spectroscopic BUCTOSCOPIC 1IMALSS.

1§
£
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[BO8S] In addition, further inforniation can be obtaned by using polanzation optics, which
are particularty useful for micrrogation of patterned optical thin films and birefringent films. The
devices shown in FIGUREs 1.5, 7.8, 9. 12, and 13 can be combined with polanization optics,
such as replacing the beam splitter with a polarization beam splifier, adding optical wave plates
and polarizers in the paths of the reference and object beams, and using polarization controlling
phase shifters in the reference beam path as shown in FIGURE 7. Combining the hyvbud system
with the computational capabilitios described in cquations {2} o €43, (3) or {6} result in high-

resohution polanimetnic MICTOSCOPIC IMALCS.

0089 Builk optical. fiber-optic. polarization-optic and spectroscopic and wavelength-tuning-
optics can be partly or completely combined to fonm a robust, lugh-resolution nucroscopic,

spectroscopic and polarimetric imaging svstem.

0094 Accordimgly in some embodiments, an optical imager can further comprise a fiber-
coupled optical source. For example, mput hght can be delivered via a optical-fiber 20660 as

depicted in FIGURE 20 for a more flexibility, and to be able for a more remote operation.

60911 Referring to FIGURE 20, a schematic pictorial and block diagran tlustrates an
embodiment of a coherent or partially coherest hight source 2001 coupled to an optical fiber 2060
via a lons or combination of lenses 2061 that can be used n an optical imager. Light at the output
end of the fiber is either loft expanding while entering the high-resolution maging apparatus
described herein throughout, or diverged, converged or collimated using a lens 2041, ora

combination of lenges as depicted 1w FIGUREs 11A through 111

6092 In various embodiments and in selected waplementations, conditions, and/for
applications, the optical smager 100 can be configured to ymage an object such as surface
structures, sub-surface structures and foateres i a transparcnt media, sub-surface structures amd

features 1B a semi-transparcnt media, phase objeets, and other sustable objects or samples.

[6093] The illustrative optical imagers and techniques can MICICAse IMAge Coptrast.
6094 In some mmplementations and applications, the optical imagers and techaiques can

facilitate imaging of edge stractures.

[B095] While the presest disclosure describes various erobodiments, these embodiments are
to be understood as lostrative and do not Himit the claim scope. Many variations, modifications,
additions and improvements of the described embodiments are possible. For example, those
having ordinary skl m the art will seadily implement the steps necessary o provide the stractures

and methods disclosed herein, and will understand that the process parameters, materials, and

dimensions are given by way of example only, The parameters, matenals, and dimensions can be

3
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varied to achieve the desired stractare as well as modifications, which are within the scope of the

claims.

'
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WHATIS CLAIMED IS:

i Ay optical imager comprising:
an mterferometer,
microseopic optes operative in combination with the imterforometer o generale a
3 reference image and an object image;
an image caphure deviee configured to capture an mierferometric image with a phase
difference between the reference tmage and the object image;
a phase shifler operative to selectively control the phase difference; and
a conirolier operative to captare a plurality of ixerforometric images at a selected
Hy plurality of phase differences and combine the plurality of interforometric images
o a processed image with in-plane resolution that s increased over optical

wavelength and sumerncal aperfure charactenstics.

2. The optical imager according to Claim 1 further comprising:
the controller operative to sclectively control caphure an image at a first phase and a
15 second phase and detormine a difference mierforometric image as a difference of
mterferometric images captured at the first and second phases.

-~
]

The optical imager according to Claim 2 further comprising:
the controller operative to acquire interferometric images at a plurality of first and second
phases and sumpnng a pharality of difference mierforometric images.
20 4. The optical imager according to Claim 3 further comprising:
the controlier operative to acqguire a non-tnterforometric image and average the non-

mterferometric tmage with a sum of the plurality of difference interferometyic

HALEs,
5. The optical imager according to Claim 2 further comprising:

23 the controlier operative to acquirs Interferometric umages at a plurality of first and second
phases, meltiplving a plurality of differcnce interforometnic images by a factor
smaller than one that is selected to avoid over-saturation, and summing the
plunality of difference interferometric images.

6. The optical imager according to Claim 3 further comprising:
30 the controller operative to acquire a non-nterferometric image and average the non-

interforometric image with a sem of the plarality of difference mterferometric

HRAZES.
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7. The optical imager according to Claim | further comprising:
the controlier opurative to select phase change increments between successtve images to
produce a fraction of fringe movement and summing priltiple successive images

to cover a full fringe ovele.

8. The optical snager according to Claim | further comprismg
the controller operative to selectively control capture an image af a first phase and a
second phase and determine & ratio interferometic wage as a matio of

arerferometric tmages captured at the first and second phases,

9. The optical imager according to Claim 8 further comprising:
the controller operative to acquire mterferometric unages at a plarality of first and second

phases and sumbung a plurality of ratio interferometric snages.

Hh The optical imager according to Claim 1 further comprising:

a light sowrce operative to generate at least partially coherent light:

a reference mirror;

an objective lens;

a beam sphitter configured to direct the at least partally coherent light to the reference
surror for reflecting the hight onto a reference beam path and 4o an object through
the objective lens for reflecting the light onto an object beam path; amd

an imaging fens arranged to pass reflected light along the reference beam path and the

object beam path to the image capture device.

. The optical imager according to Claim 10 further comprising:

the phase shifler comprising a device that controllably moves the object.

1. The optical imager according to Claim 10 firther comprising:
the phase shifter comprising a device that controtfably moves the object in selected space

nCrenents.

i3, The optical imager according to Claim 10 Auther comprising:

the phase shifter comprising a device the controliably moves the reference mirror.

14 The optical tmager according to Clamm 10 further comprising:
the phase shifter comprising a device that controliablv moves the reference mirror in

selected space increments,

13 The optical ager according to Cham 10 further comprisimg
the phase shifter positioned 18 the weference beam path and selected from a group of phase
shifters consisting of a liquid orystal device that changes the optical path length

{OPL) of the reference beam with phase shift controtled by an external voltage
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controller, a retro-reflecting prism in an optical beam path comprising a plurality
of mirrors or & murros-coated prism that changes QPL when translated lmearly, an
optical flat glass that is tilted to change OPL, an optical wedge that changes OPL

when transiated lincarly, an optical phase shifter device, an electro-optic phase

3 shifter, a polarization phase shifter, and a fiber optic phase shufier,
16, The optical ynager according to Claim 10 further comprising:
an interferometric objective operative to generate an mterference pattern and shuft phase
by maving, tilting or rotating in a selected divection.
17. The optical imager according to Claim 10 farther comprising:
Hy the beam sphitfer and the reference mirror posttioned between the objective lens and the
objeet.
14, The optical imager according to Claim 10 further comprising:
a mirror configured whereby the object is positioned between the objective leng and the
METOL.
i3 i9. The optical imager according to Claim 10 Ruther comprising:
at least ope beam shaping clement configured for shaping a beam from a coberent or
partially coherent light source, the beam shaping element comprising a positive
lens that collimates, diverges, or converges a beant.
20, The optical imager according to Cham 10 further comprisimg
20 a modified Mach-Zehnder interforometer arranged with the object posttioned 1 one arm
of the interforometer through the object beam path and a phase shifter positioned
i the reference beam path.
21 The optical imager according to Claim 20 further comprising:
the objective lens posittonad insids the interforometer,
23 22 The optical imager according to Claim 20 firther comprising:
the objective lens positioned outside the interferometer,
23 The optical imager according to Claim 1 further comprising:
a lens configared to control cireular, elliptical. or lincar inderference fringes by matching
beam expansion of reference and objoct boams.
30 24 The optical imager according to Claim 1 further comprismg,

a speckle reduction device configured for usage with a coherent sowrce comprising
fivst and second lenses configured to receve and pass iHomination from the
coherent sourcs;

a rotating diffuser positioned between the first and second fenses: and

-6 -
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a volating motor operative 1o votate the rotating diffuser whereby a captured
image 1s a ime average of moving speckie pattems, an interference

image is smoothed, and speckle notse is reduced or eliminated.

25 The optical smager according to Claim 1 furthor compnsing,

peckle reduction device configured for usage with g coherent source comprising!

-
54

first and second lenses configured to recerve and pass ilamination from the
coherent source; and

an electricativ-motile svattering swediym embedded between two transparent or
semitransparcnt clectredes posuioned betweon the first and sccond kenses
whereby a captured image is 8 tme average of speckle patterns moved by
application of voltage across the clectrodes, an mterference image 1s

smoothed, and speckle noise is reduced or elinunated.

26, The optical smager according to Claim 1 further compnismg,
a speckle reduction device configured for usage with a coherent source comprising
first and second lenses configured to receive and pass iflomination from the
coherent source;
a liguaid pump; and
a seattermg mediam circulated by the higuid pump whereby a captured image is a
tme average of moving speckle pattemns, an interference mmage 18

smoothed, and speckls noise is veduced or ehaunated.

27. The optical imager according to Claim 1 further comprising:

a speckle reduction device configured for asags with a coherent source comprising:

first and second lenses configured to receive and pass iHumination from the
coherent source;

a motion device: and
a scattering mediom moved by the motion device whereby a captured image s a
time average of moving speckle patterns, an interference image 15

smoothed, and speckle noise is reduced or eliminated.

3. The optical imager according to Claim 27 further comprising:

f-

the motion device selected from a group consisting of 8 transiation stage, a motorized
stage, a solenvid-based moving apparatus, a prezoclectnic moving stage, and a

finear translation driver,

-27 -
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29, The optical imager according to Claim 1 further comprising:
the phase shifter comprising a setro-reflocting prism placed m an optical beam path
comyprising a set of two mirross or a mirror-coated prism, and a lincar transiator

that movaes the retro-reficcting prism,

3 30, The optical smager according to Claim 1 further comprising,
the phase shifter comprising an optical flat, and a rotating device that rotates angle of

incidence of the optical fat,

3L The optical imager accordmg to Claim 1 further comprismyg,
the phase shifter comprising a Hauid ervstal hght vales including transparvent or
10 senutransparent electrodes and a Hiquid crvstal material, driven by an electrical

SOUrCe.
3z The optical imager according to Claim 1 further comprising:
the phase shifier comprising an optical wedge and a hacar translator for translating the

optical wedge.

13 33 The optical timager according to Claim 1 further compnsing,
an optical source that is cohorent, noncoherent, or partially coherent,
34 The optical smager according to Claim 1 further comprising,
an optical source that generates illununation at a selected wavelength in a range of
visible, infrared, altraviolet, a selected past of Light speetra, and X-rav.
20 35 The optical imager according to Claum 1 further comprising:
a fiber-coupled optical souree.
38, The optical mnager according to Claim | whersm:
the optical imager 18 configured to image an objoct selected frony a group consisting of
surface structures, sub-surface structures and foatures in 8 transparent media, sub-~
25 surface structures and features in 8 sean-transparent media, and phase objects.
37. A method for generating an increased-resolution image comprising:
ununating an object with at least partially coherent light;
forming a reference image and an objoct image;
capturing an interforometric image with a phase difference between the reference image
30 and the object unage:

selectively controlling the phase difference;
capturing a plurality of mterferonwetric images at a solected plurality of phase differences;

and

S2% -
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combining the phaalhity of interferometric images into a processed fmage with in-plane
resolution that 13 increased over optical wavelength and numerical apertare

characteristics.

3%, The method according to Claim 37 farther comprising:
capturing an image at a first phase and a sceond phase; and
determining a difference iterferometric image as a difference of interferometrie tmages

captured at the first and second phases.

39, The method according to Clamm 38 further comprising:
acquiriag nterferometric images at a pluvality of first and second phases; and

sumnine a pluralitv of difference iterferometnic imagos.
£ 3

44, The method according to Claim 39 further compnising:
acquiring a nop-interferometne image: and
averaging the nop-inferferometric image with a swm of the phaality of difference

wterferometne images.

41. The method accosding to Claim 38 further comprising:

acquiriag interferometric images at a plurality of first and scoond phases;

nmusttiphving a phurality of difference interferometric images by a factor smaller than one
that is selected to avold over-saturation; and

summing the plurality of difference interferometric images.

42, The method according to Claim 41 furthor comprising:
acquiring a ros-interferometric image; and
averaging the nop-interferometric image with a sum of the plurality of difference

wterferometric bnages.

43, The method according to Clatm 37 further comprising:
capturing an image at a first phase and a second phase; and
determining a ratio interferometric image as a matio of interferometric images captured at

the first and second phases.

44 The method according to Claim 43 further comprising:

acquirmg nterferometric images at a plurality of first and second phases; and
sunmming a pharality of ratio intevforometric images.

43 The method according to Clasm 37 further comprising:

mereasing image mselution.

46, The method according to Claim 37 further comprising:

mcreasing depth of focus.

-39 -
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47. The method according to Claim 37 further comprising:

INereasing image contrast,

48, The method accosding to Claim 37 further comprising:

imaging edge structursss.

49, The method according to Claim 37 further comprising;
sampling the object at normal madence or a selected angle of incidence.

30, The method according to Clamm 37 further comprising.
poagmng an object selected from a group consisting of surface structures, sub-surface
structures and features in a transparent media, sub-swrface structures and features

i a semi-transparent media, and phase objects,
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