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OBJECT TRACKING DEVICE
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HO4N7/18

- cooperative:

Application JP20000085554 20000308

number:

Priority number JP20000085554 20000309
{sh

Abstract of JFI00128T82T (A}

FROBLEM TO BE SOLVED: To provide an object tracking devies by which a
telephotographic camera can easily be controfled and manufactured. SOLUTION. A
wide-angle camera 5 and a telephotographic camera 10 are arrangsd side by side. A
position detecting means 15 is provided for datecling the position of the right sys of a
human figure in the image of the wide-angle camera 5. A photographic range change
means 20 is provided for linking the wide-angle camera 5 and the telephotographic
camera 10, When the human figurs is pholographsed by the wide-angle camera 5, the
photegraphic range change means 20 i3 moved to the prescribed position of the image
of the wide-angle camers 5 and a position for photographing the right eye of the human
figura in the image cenler part of the lelephotograghic camera 10 on the basis of
pasition information detected by the pesition detecting means 15 The right eve of the
human figure can be tracked and photographed by the ieslephotographic camera 10,
When tracking and photographing the right eye of the human figure with the wids-angle
camera S with the telephotographic camera 10, the camera 10 is sasily controlled and
alzo is easily manufaciured.
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FORTABLE WFORMATION TERMINAL, AUTHENTICATION AUXILIARY
TERMINAL AND INDIVIDUAL AUTHENTICATION METHGOD
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Abstract of JP2003242125 {A}

PROBLEM TO BE SOLVED: To realize g safe and easy individual authentication by
use of a portable information terminal [ SCLUTION: An image displayed on the LOD
112 of the portable information terminal is enlarged through a free-form surface prsm
and displaved on the window part of a casing. A cursor displayved on the window part is
controlled according to the instruction fromt an input device 140, When the start of
individual authentication processing is instructad by the input device 140, a CPU 121
radiates infrared ray to the ayebhalls of 2 user from an infrared ray source 172 10 maks
an imaging device 172 acquire irs information. The acquired iris information is
comparad with the individual authentication information stored in a ROM 123, theraby,
the CPL 121 executes he indhvidual authentication. ([COPYRIGHT: (C)2003,JP0
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Also published JP4308220 (B2)
as:
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FROBLEM TO BE SOLVED: To provide an identification device using blood-vessel
imagas, capable of pholographing a good image of blood vessels aven by non-
contacting and identifying a person by means of an identification method suitable for
the non-contact photographing. (SOLUTION: This individual identification device is
sguipped with & position direction and shape indication means for indicating a user how
and whare to put his/her hand over the davice, one or more irradiating means for
irradiating near-infrared rays, ong or more pholographing means for photographing
images using the near-infrarad rays, a photegraphing instrument capabie of
photographing hand biood-vessel images by non-contacting, a blood-vessel pattern
detecting means for detecting bioud-vessel pattems from the bicod-vessel images
faken, a blood-vesszel pattern storing means for storing hand blood-vesssal palferns of
users registered individually, and an individual identification means for identifying
individuals by comparing thelr regislered blood-vessel patterms with the deieciaed blood-
vassel images.; The said photographing instrument is instaliad on a mount capabie of
adjusting its face angle as desired over which a user's hand is {0 be placed.
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Notice

This transiation is machine-generated. It cannot be guaranteed that it is ntelligible, accurate,
complete, reliable or fit for specific purposes. Critical decisions, such as commercially relevant oy
financial decisions, should not be based on machine-transiation cutput.

DESCRIPTION JPHOGZ244444

10001}

The present invention relates to a light sensor, lght such as the Hght-receiving device and the
light excitation laser, such as a photoelectric conversion device - an optical confinement struclure
to be used in the Hght conversion device, and the like, and the Hghi-receiving element using the
same.

{00021

2. Desoription of the Related Art light incident on the substrate, light using the same - light
conversion, light - when performing the elecirical conversion, and the like, effectively capture the
light in the substrate, without wdssing the light to the outside of the substrate, by confining in the
substrate, it is possible {0 increase the efficiency of each conversion as described above, To do
this, the confinement of the light incident to the reflectance reduction and the substrate of the
light at the substrate surface is important.

{00034
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Conventionally, reduction of the reflectance of the incident lght on the substrate surface, were
performead using surface irregularities in the size of the anti-reflection 8im and a few tens of
avean, Also, Bs IDC 89 Dipest 270 pp {1985} (SID 89 DIGEST p270 {1988)) and as described in
Japanese Patent Application No., 3-54371, reflection by the surface fine frregular with fine 5102,
MgFZ tablets it has been carried oul using the anti-film.

[0004]

Metheod of using the conventional antireflection filin [Problems to be sobved by the invention is
ieak across the wavelength of the incident light is extensive, it is lowered sufficiently reflectance
when the incident angle of Hght changes greatly there is a problem that can not be. Further, the
method using several tens g in size of the surface irregularities, since the light path is bent
largely refracted when entering the substrate, as it s difficult {0 perform optical confinement on
ase the {rregularities formed on the back surface there was a problem. In the case of using the
antirellection film of fine surfacs rregularities with fine 5102 grains or the like, because it doss
not constder the refractive index and the surface fine frregular shape of the substrate, it is
difficule to very low reflectivity there is a problevn that there i,

{0005]

The purposs of the present invention is to reduce the surface reflection is to provide a light
recetving slement using a light conflnement structure and the same which can effectively
perform the optical confinement,

10006}

T achieve the above object SUMMARY OF THE INVENTION The optical confinement structure of
the present invention, provided on the subsirate and the substrate surface, made from a
transition layer having an uneven light repeating width of the unevenness confinement

configured to less maln wavelength of light for performing,

0007]
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The refractive index of the transition layer, the direction from the side of the substrate oppuosite
to the substrate side, it is preferable to vary so as to approach the refractive index of the
substrata, Such refractive index from the substrate outside, by continuously changing the
direction of the substrate, a much lower reflectivity compared with the antireflection film by
interference thin Him formed by several layers, obtained over a wide rangs of wavelengiths it can
be,

[3008!

Further, the transition layer has a portion of the first material having arranged unevenness on
the substrate side, the opposite of the irregularities corresponding thereto, the second material
disposed on the side of the substrate opposite partial and more configuration, it is preferable that
the refractive index of the first material as close to the same or refractive index of the subsirate
than the refractive index of the second material and the refractive index of the substrate. Portion
of the first matertal inclode those formed using the substrate itself, for example, may be obtained
by forming rregularitias on the substrate surface, it may be those with a thing other materials on
the substrate surface, Portion of the second material may be alr, it may be a structure buried
hetween the unevenness of the substrate surface in those of other materials.

{0008

The shape of this unevenness, it is preferable that the area cccupied on the plane portion of the
second materfal is configured to decrease toward the substrate from the surface of the transition
layer. Repeating the width of the unevenness, when the main light to perform optieal
confinement is visible Hght and preferably 1 g m or less.

0010

Further, the light confinement stracturs of the present invention can be provided with & second
concave-convex patiern with a greater repetition width than the wavelength of the primary Hght
to perform optical confinement on the back swrface of the substrate. Furthermore, it s possible
to provide a light reflecting layer on the back surface of the substrate.

{0011}
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Further the light-receiving element of the present invention, using the above-described optical
confinement structure, whes the substrate and the Hrst conductivity type, provided with a second
conductivity type region of a first conductivity type opposite to the conductivity type substrate,
desirably further It provided a first conductive type region of high concentration subsiratg,
constituted by providing an electrode to be connected to thess,

0012}

A description will be given of the operation of the present invention by using the laction] Figure
1-8. FIG § {a}, (b} is a partiel perspective view and a sectional view of the vicinity of the substrate
surface. If the light 4 from the external wedium 1 o the substrate 3 is incident, repeatedly width
7 of the unevenness of the substrate surface Is smaller than the wavelength of light, opticel, the
eontinuous refractive index of the transition layer 2 toward the surface of the substrate It acts as
if it were changed to. That is, when the ratlo between the second medivm 5 of the first medium 8
as shown in FIC changes gradually toward the substrate, the refractive Index with the refractive
index with the second medium 5 of the first medium 8 | the vefractive index of the film equivalent

o the transition layer 2 that changes linsarly are formed,

{0013]

State of a change in the transition layer of the refractive index s determined by mixed how the
first medinm and the second mediurn, The film consists of two kinds of media that the effective
refractive index is represented by the average value of the respective mediuro, Figure 2 (g}, (bl
{ch, {d}, (e}, (8}, the frst medium 6 respectively, rectangular, tiangular groove, pyramid,
hemisphere, sphere, reverse when having a shape such as pyramids, a refractive index of the
second medium 5 1.0, and the refractive index of the frst medium 6 to 3.5, the effective
refractive index, such as shown in FIG, 3 | will have,

{0014]

Further, the refractive index 1.0 of the external medium 1 the shape of a pyramid and the sphere,
the refractive index of the second medium 5 1.0, the refractive index of the fivst medium 8 3.5,
the refractive index of the substrate 3 the caleulated value of the reflectivily of the case of the 3.5

23-08-20118 4
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{cl} a spherical Hnear scale and logarithmic scale, respectively the reflactance when the, Shows a
slightly higher reflectance in the trausition layer fiim thickness is 40nm in the pyramid shape, i
shows the very low reflectance with a thick fim thickness than this. The spherical, are also
turned reflectance greater than 10% on average in any of the thickness, shows a slightly higher
reflectivity compared to pyramidal shape,

(D015]

Figure 5 shows the relationship between the amount of light absorbed and the transition layer
thickness on the pyramid shape, The refractive index 1.0 of the external medium 1, the refractive
index of the first medium 6 3.5, the refractive index of the second medium 5 and the refractive
indey of the substrate 3 3.8 is 1.0, 1.5 If the results of caleulation for In either case, the
thickness of the transition layer absorbs almost 100% in the large thickness than this amount of
tight absorbed is increased by several hundred nim before and after,

{03016

Figure 8 shows the relationship between the amount of Hght absorbed and transitdon thickness of
sach shape. The refractive index 1.0 of the external mediiem 1, caloulated for the case where the
refractive index of the second medium § 1.0, the refractive index of the frst mediwn 8 3.5, the
refractive index of the substrate 3 and 3.5 It shows the rasults, The light absorption amount in
the film thickness tallest pyramid shape, until inverted pyramid indicates a respectively high
absorpiion. Howsver, not too light absorption ameunt is larger by increasing the thickness of the
transition layer having a thickness in the rectangle and a spherical shape. As a result, the shape
of the first medium, those with 8 shaps lke are upward in Figure 3 shows that the light
absarption amount is farge. In addideon, in particudar from that show a good result pyramid shape
with a convex curve on the bottom of the upper right in Figure 3, the shape of the Hrst medium 6
of this transition layer pyramid shape, pyramid, cone and convex downward as a shape obialned
by rotating a Hine segment, larger shaps than the proportion of decrease in the rate of decrease of
the area of the substrate divection of the second medium § at the transition layer 2 near the

surface in the transition layer 2 back surface near It was found to be preferable,

{0017}
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Specific substrate shape is describad with reference to FIC. As shown in FIG. 7 {g}, providing the
transition fayer 2 having a width 7 repeatedly on a substrate made of small frregularities.
Accordingly, the refractive index of the transition layer 2 changes continuously from the
refractive index of the outside air to the refractive index of the substrate 3 towards the bottom,
Light 4 incident on the substrate 3 by the transition layer is incident on the substrate with almest
no reflection at the substrate surface. Further, since the repeating width 7 is smaller than the
wavelength of incident light, the incident Hght travels straight up to the back surface of the
substrate al ap angle that §s incident without being reflected obliguely at the slope formed by the

unevenness of the substrate surface,

10018}

This subsirvate, periodic, such as in FIG. 7 {b), by forming an uneven 8 with large repeat width
than the wavelength of the incident Hght, the Hght reflected by the back surface advances in the
substrate at an angle, the substrate surface to reach. When the incident angle at this time is
greater than the critical angle, the light goes again in the substrate is totally reflectad. In this
manner, the light oncs Incident confined effictently substrate 3. Further, by forming an brregular
unevenness 9 with large repeat width than the wavelength of the incident Hght on the back
surface as shown in FIG. 7 {0}, the light is scattered and reflected by the back surface, reach the
majority of the Hght is the substrate surface o have a criticel angle of incidence larger than the
angle when it is, is reflected back into the subsirate, light incident is confined efficiently substrate
3. In these configurations, by forming a reflecting mieror on the back side, it &8 posaible to refloct

light more reliably backside,

{0019

EXAMPLES A embodiment of the present invention will be described with reference to
<Emhodiment 1> FIG, In the present embodiment, on the surface of {100} plane silicon subsirate
3, forming the transition layer, regular width, to form a pyramid 11 size. This pyramid, masks the
backside, only the surface can be easily formed by processing with arn alkaline etching solution.
Further, the heated agueous sohution mainly containing Armuoniya or hydrazine {s used as an
atchant, machining the following micre pyramids. 11 1 mum can be easily formed by
performing,

{00201

23-08-2018 8

SIONYX1403000032.0097

SAMSUNG EX. 1002 - 3242/4148



The average size of the pyramids 11 of the thus obtained surface of the silicon substrate 3, as
measured by SEM (scanning electron microscops) was about 0.3 mum. The surface reflectance
of the silicon substrate was measured, surface reflectance was significantly reduced in the
wavelength range of G.4-1.1 g m. Moreover, when provided with a coating by a thin oxide film on
the silicon substrate 3 surface, the change in refractive index in the transition layer 2 becomass
steep, further surface reflectance is lowersed.

10021}

Another embodiment of the prasent inventon will be described with reference to <Embodiment
2> FIG. Cross section on the silicon substrate 3 was mainly trianguiar in this embodiment, to
form a fine concavo-convex pattern 11 'of irregular size, Fine lrregularities 11 ‘'were formed by
depositing films using CVD {chemical vapor deposition) method. The material of the film, was
used a highly transparent and relatively refractive index of ITO, etc. 2n0Z2 matarial The size of
the fine frregularities 11 'deposition rate and temperature, could be about 0.5 g m on average by
the gas pressure and the like, In addition, with a filler also serves as a surface protection {not
shown) filled between the fine ireegularities 117 This filler was formed a relatively small material
having a refractive index such as 8102 by a spin coating method or CVE method, or the Hke. Was
significantly reduced in the wavelength range of the surface reflectance of the silicon subatrate is
alsn 0.4~1.1 pm.

10022}

A further embodiment of the present invention will be described with reference to <Embodiment
3> FIG. In the present embodiment, the width repetition on the rear surface of the silicon
substrate 3 as described in Example 2 was formed V-grooves 13 of 2 .muam. Accordingly, Hght
incident from the surface is reflected by the back surface, is totally reflected again reach the
surface, it {s confined in the silicon substrate, ‘v’-gr(';ové 13 could be sasily formad by using an
stching mask using a normal photoresist, In this case, i may be a printing resist instead of the
photoresist. Further, the back surface shape may be a shape such as an inverted pyramid or
semi-circle as well ¥V-groove only, the repetition width may be a larger size than the wavelength
of the incident Hght, Further, to form a back reflecting mirror 14 in order to increase the

reflectivity of the back,

10023]
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A further embodiment of the present invention will be described with reference to <Brbodiment
4> FEG, In the present embodiment, to form a pyramidal rregularities 15 on the back surface of
the silicon substrate 3. A transparent glass as the material of the unevenness 15, adhered to the
stlicon substrate 3. As a resulf, i was able to sastly form a Hight trapping structure without

processing the silicon substrate 3. Further, as in Exavople 3, it was formed rear reflection mirror

{not shownt,

0024]

An example of a Hight receiving element of the present fnvention will be described with reference
to <Embodiment 5> FIG. In the same manner a3 in Example 3, on the p-type silicon substrate 21,
cross section is mainly triangular, the winute frregularities 11 rrepular size, width repetition on
the rear surface was formed a V-groove of 2 muan {embodiment back reflector shown in
example 3 is not formad). Next, providad a high-concentration p-type fayer 19, heavily doped o-
type laver 20 s formed by thermal diffusion method, the front and back surfaces in
Passhibeshivon oxide film of p-type silicon subsirate 21 18 {oxide 8lm on the surface is not
shown) , and drilled holes in the oxide filn 18 at a predetermined position, the electrodes 16 and
17 are formed by & vacuurn deposition method o form a Hght-receiving element, The light-
recetving element was improved photoelectric conversion efficiency than a conventional light-

receiving element without the transition layer consisting of fine frregularities 11

{0251

fncidentally, the minute unevenness of shape other than the above, namely, the triangular
groove, spheres, hemispherss, inverted pyramid, with a p-type silicon substrate with & transition
fayer having a rectangular, bas formed the same way the light-recetving element, both of the
conventinnal It was improved photeelectric convarsion efficlency than the lght recelving

slement.

0026}

It was used silicon as the substrate in the above example, in addition to the silicon, Gartumuhiso,
frn FILL UP phosphorus-free, Culnd, single crystals of CdS, ete., polyerystalline, single atom of
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amorphous, and semiconductor wudti-component, etc., glass |, such as those of an insulating
plastic or the Hke, what it may be of a material of course, Further, surface rvegularities, the
structure of the back surface irregularities may be any combination of the structures described
ahove, the croas-sectional shape of the concave-convex is also the shape and described in FIG. 2,
or regular, irvegular no analogous thereto i §s needless tn say may be in the form.

10027}

By using the structure of the present invention, an optical sensor, & light such as the light-
recelving device and the Hght excitation laser, such as a powered conversion devics - when it is
necessary to confine to enable the Hght in the optical conversion devices and the like, sffectively
ight confinement was able to perform. Further, the light receiving element of the present
invention using such an optical confinement structure, could improve the photoelectric
conversion sfficlency.
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IRIS IMAGING TELEPHONE SECURITY MODULE AND METHOD

RELATED APPLICATION DATA
The present application is a continuation-in-part application of U.S. Patent

Application Serial Number 09/199,369, having a filing date of November 25, 1998.

FIELD OF THE INVENTION
The present invention relates in general to identification of physical
characteristics of a human being or other animal. More particularly, the present invention

relates to iris recognition.

BACKGROUND OF THE INVENTION

Various technologies are used for uniquely identifying a person in accordance
with an examination of particular attributes of either the person’s interior or exterior eye.
One of these technologies involves the visual examination of the particular attributes of the
exterior of the iris of at least one of the person’s eyes. The iris of the human eye has
random patterns of striations, ciliary processes, crypts, rings, furrows and other features
which had been shown capable of generating highly unique biometric templates for personal
identification. In this regard, reference is made to U.S. Patent No. 4,641,349, "Iris
Recognition System", issued to Flom et al., and U.S. Patent No. 5,291,560, "Biometric

Personal Identification System Based on Iris Analysis", issued to Daugman. As made clear
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by these patents, the visible texture of a person’s iris can be used to distinguish one person
from another with great accuracy. Thus, iris recognition can be used for such purposes as
controlling access to a secure facility or a bank automatic teller machine, for example. An
iris recognition system involves the use of an imager to video image the iris of each person
attempting access, and image processing means for comparing this iris video image with a
reference iris image on file in a database.

Iris identification systems have been developed that are capable of collecting
images of the iris and processing them to produce biometric templates. These templates
may be used to identify individual irises with extremely low error rates, on the order of 1
in 107%. The systems capture the iris images using stationary optical platforms that are often
large, complex, and expensive. The systems are difficult to use with minimal cooperation
of the subject being identified. As a result their usefulness in many applications is limited.

The cellular telephone industry each year loses an estimated $650 million to
cellular fraud, principally due to cloning of cellular telephones. Cloning involves re-
programming a phone’s electronic serial number and telephone number to those stolen from
a legitimate subscriber. To counteract cloning, some service providers have utilized
personal authentication techniques such as personal identification numbers (PIN) or voice
verification to verify that the authorized subscriber is using the phone. This is unreliable
because PIN number can be stolen or forgotten, and voice verification messages may be
recorded.

Although the art of human recognition systems is well developed, there
remain some problems inherent in this technology, particularly the lack of an iris imager
and security module suitable for integration into a cellular telephone, and the lack of a
method for using biometric information for enabling access to the cellular network.
Therefore, a need exists for a recognition system that overcomes the drawbacks of the prior

art.

SUMMARY OF THE INVENTION
The present invention is directed to a telecommunications device comprising
a telephone security module comprising: iris acquisition means having a front surface for

obtaining an image of an iris of an eye; a lens having a image plane disposed in front of the
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front surface of the iris acquisition means; a mirror disposed on a side of the lens opposite

the iris acquisition means; an illuminator disposed along a side of the mirror; a memory for

storing an iris image obtained by the iris acquisition means; a processor for extracting a

template from the stored iris image; and a communications interface for transmitting the

template to a central station.

According to one aspect of the invention, the iris acquisition means
comprises a camera, and the mirror is a cold mirror. The camera is sensitive to light
having a wavelength in a range between about 400 nm and about 1100 nm. The mirror
reflects light having a wavelength in a range between about 400 nm and about 700 nm and
passes light having a wavelength greater than about 700 nm.

According to another aspect of the present invention, the illuminator emits
light having a wavelength in a range between about 680 nm and about 900 nm towards the
iris of the eye being imaged, and the eye is out of contact with the iris imaging apparatus.

According to another aspect of the present invention, the module further
comprises at least a visible indicator or an audible indicator to indicate when the image of
the iris has been obtained. According to another aspect of the present invention, the module
further comprises a focus assessment processor coupled to the visible indicator and/or the
audible indicator.

According to another aspect of the present invention, the processor unlocks
a telecommunications device responsive to a signal received from the central station.

In a further embodiment within the scope of the present invention, a method
of unlocking a telecommunications device responsive to the identification of a person
comprises the steps of: (a) storing image information of the iris of at least one person’s eye;
(b) illuminating an eye of an unidentified person having an iris; (¢) obtaining an image of
the iris of the unidentified person; (d) determining if the image is an image of sufficient
quality for a step (f) of extracting; (e) repeating steps (b) through (d) until the image of
sufficient quality is obtained; (f) extracting an iris template if the image is of sufficient
quality; (g) comparing the template of the obtained image with the stored image information
to identify the unidentified person; and (h) unlocking the telecommunications device

responsive to a result of the step of comparing. The stored image information used for
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identification can be a code or template extracted from the image, and the comparison can

be performed at a central database maintained by a telephone service provider.

According to one aspect of the present invention, the method further
comprises the step of activating an indicator if the image is of insufficient quality. The
indicator is an audible indicator.

According to another aspect of the present invention, the method further
comprises the step of activating an indicator if the image is of sufficient quality. The
indicator is a visible indicator.

According to another aspect of the present >invcntion, the method further
comprises the step of activating an indicator responsive to the step of comparing. The
indicator is a visible indicator.

In accordance with a further aspect of the present invention, the step of
determining if the image is an image of sufficicnt quality compriscs thc step of focus
assessment processing the image.

According to another aspect of the present invention, the telecommunications
device is unlocked if the step of comparing identifies the person.

In a further e¢mbodiment within the scope of the present invention, a
telecommunications device comprises a telephone security module comprises: iris
acquisition means having a front surface for obtaining an image of an iris of an eye; a lens
having a image plane disposed in front of the front surface of the iris acquisition means; a
mirror disposed on a side of the lens opposite the iris acquisition means; an illuminator
disposed along a side of the mirror; a first memory for storing at least one template of at
least one image of an iris of at least one person’s eye; a second memory for storing an iris
image obtained by the iris acquisition means; a processor for extracting a template from the
stored iris image; and a comparator for comparing the template from stored iris image with
the at least one template to identify the person.

In another embodiment within the scope of the present invention, a
telecommunications device having telephone electronics comprises a telephone security
module. The telecommunications device is unlocked if an iris template of an iris image

identifies the person having the iris.
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BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other aspects of the present invention will become
apparent from the following detailed description of the invention when considered in
conjunction with the accompanying drawings. For the purpose of illustrating the invention,
there is shown in the drawings an embodiment that is presently preferred, it being
understood, however, that the invention is not limited to the specific methods and
instrumentalities disclosed. In the drawings:

Fig. 1 is a schematic diagram of an exemplary iris imager in accordance with
the present invention;

Fig. 2A is a schematic diagram of the imager of Fig. 1 shown in greater
detail;

Fig. 2B is a schematic diagram of another exemplary imager in accordance
with the present invention;

Fig. 3 is a simplified flowchart of a method of operation in accordance with
the present invention;

Fig. 4 is a schematic diagram of an exemplary iris image recognition system
in accordance with the present invention;

Fig. 5 is a schematic diagram of an exemplary iris imager having visual and
aural indicators in accordance with the present invention;

Fig. 6 is a more detailed flow chart of a method of operation in accordance
with the present invention;

Fig. 7 is a schematic diagram of an exemplary iris image recognition system
having a focus assessment processor in accordance with the present invention;

Fig. 8 is a schematic diagram of an exemplary iris imager incorporated into
a telephone in accordance with the present invention;

Fig. 9A is an isometric view of an exemplary telecommunications iris imager
and telephone in accordance with the present invention;

Figs. 9B, 9C, and 9D show rear, side, and front elevational views of another
exemplary device in which the imager of the present invention can be incorporated;

Fig. 10 is a flow diagram of an exemplary method of operation of a

telecommunications iris imager in accordance with the present invention; and
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Fig. 11 is a diagram of a phone and communications server in

communication with each other in accordance with the present invention.

DESCRIPTION OF EXEMPLARY EMBODIMENTS AND BEST MODE

The present invention is directed to a compact, handheld imaging apparatus
and method which can be used to capture high-quality iris images. Preferably, the imager
has sensors and indicators which assist the human operator in aligning and focusing the
device. The imager also automatically captures the image when proper positioning is
achieved. Becausc it is small and compact, it is practical for integration into a cellular
telephone where it is used to authenticate telephone subscribers and eliminate cellular
telephone fraud. Throughout the following detailed description similar reference numbers
refer to similar elements in the figures of the drawings.

Fig. 1 illustrates a preferred embodiment of the handheld imager 100 in
accordance with the present invention. The exemplary handheld, non-invasive, non-
contacting iris imager comprises iris acquisition means 105, an imaging lens 110, a mirror
120, an optional diopter correction lens 125, and an illuminator 130. The imager 100 is
prcferably powered by a standard DC supply provided by a cellular telephone.

The iris acquisition means 105 is preferably a conventional solid state video
camera, such as a charged coupled device (CCD) or complementary metal oxide
semiconductor (CMOS) device. A preferred camera is a 1/3 inch format, monochrome
CCD board camera, such as Computar Model EM200. Preferably, the video camera 105
is sensitive to light of wavelengths in the range of about 400 nanometers to about 1100
nanometers, and is positioned so that its front surface coincides with the image plane of the
lens 110 in front of it. In the preferred embodiment, the cbject plane of the lens is
approximately 89 mm in front of the lens 110. More preferably, the lens 110 is an optical
lens with approximately 14.2 mm focal length.

The mirror 120, preferably a concave cold mirror having a radius of
curvature preferably about 276 mm, is disposed on the side of the lens 110 opposite the
video camera 105 and creates a magnified virtual image of the iris behind the mirror 120.

In the preferred embodiment, the mirror 120 reflects visible light with wavelengths in the
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range of about 400 to about 700 nanometers, and passes light having longer wavelengths,

such as those in the range of about 700 to about 900 nanometers.

The illuminator 130 is positioned just outside the edge of the cold mirror 120
and is used to illuminate the iris of the subject being identified. The preferred illuminator
130 emits light having wavelengths of about 680 to about 900 nanometers. Preferably, the
illuminator 130 is a miniature quartz halogen or krypton gas bulb operating at
approximately 1 watt.

The imager acquires images of an iris with sufficient clarity, focus, and size
for use with conventional image processing and comparison routines, preferably in less than
about 3 seconds. A preferred image processing and comparison routine is described in U.S.
Patent No. 5,291,560, "Biometric Personal Identification System Based on Iris Analysis",
issued to Daugman, and commonly assigned with the present invention to IriScan Inc., and
incorporated herein by reference. However, any processing and comparison technique ¢an
be used with the image that is acquired at the imager, such as the image pixel correlation
technique described in U.S. Patent No. 5,572,596, "Automated, Non-Invasive Iris
Recognition System and Method", issued to Wildes et al. and the techniques described in
U.S. Patent No. 4,641,349, "Iris Recognition System", issued to Flom et al., both of which
are incorporated herein by reference.

Fig. 2A shows the apparatus of Fig. 1 in greater detail. The lens 110 gives
a high resolution image of the eye 150 of the user, who is positioned in front of the lens
110, so that extreme proximity between the eye 150 and the imager 100 is not required
(i.e., no contact is needed between the subject and the imager 100).

The handheld iris imager comprises a solid-state image capture device and
an optical system which forms an image 109 of the iris on the image capture device at the
image plane of the video camera 105 and at the same time produces a virtual image 115 of
the iris which the user can use to position and focus the iris image. As a result, the user
can, using the same eye being imaged, see a reflected image of the iris which can be used
to position the handheld imager 100 so that a good iris image (i.e., an image that can be
processed and compared to those stored in a database) can be obtained.

Fig. 2A also shows an optional dioptric correction lens 125 positioned

between the eye 150 and the cold mirror 120. The dioptric correction lens 125 is an
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adjustable optical element which corrects for the close-range focusing ability of the
individual eye, which varies from subject to subject. When the lens 125 is properly
adjusted, the magnified, reflected virtual image 115 of the subject’s eye appears in sharp
focus to the subject at the same eye-to-mirror distance at which the subject’s eye is sharply
focused on the front surface of the camera. This simplifies use of the imager, because the
subject simply positions the image so that the virtual image 115 of the iris appears sharply
focused.

A preferred embodiment of the dioptric correction mechanism has no
correction lens 125 and instead has a mechanical mcans (not shown) for adjusting the
position of the cold mirror 120 relative to the camera lens 110. This allows the user to vary
the object distance of the cold mirror 120, thus changing the eye-to-lens distance at which
the virtual image 115 of the iris is sharply focused.

The ability to set the dioptric correction mechanism to accommodate a
particular user has a great utility if the imager is used by only one person most of the time.
Once the correction is set, the user can easily position the device to obtain a sharply focused
reflected image. This automatically produces a sharply focused image from the camera and
substantially immediatc acceptance of the image by the focus assessment processor
described below. Image capture time is thereby reduced and overall convenience and utility
is enhanced.

An eye 150 is positioned in front of the imager 100 (e.g., about 3.5 inches
in front), as shown in Fig. 2A, and the illuminator 130 is turned on. This, in turn,
illuminates the eye 150 and the iris therein. Preferably, the light having wavelengths of
about 400 to about 700 nanometers is reflected by the cold mirror 120, thereby forming a
magnified virtual image 115 behind the mirror 120 which the user can see through the eye
being imaged. The radius of curvature of the mirror is selected so that the magnified image
115 of the eye substantially fills the user’s entire field of view. Hence, when the imager
100 is positioned so that the entire eye 150 is visible, it is virtually assured that the eye 150
will be substantially centered in the object plane 140 of the camera 105. Under these
conditions, the light having wavelengths of about 700 to about 900 nanometers is passed

by the mirror 120 and forms an approximately centered image 109 of the eye 150 at the
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image plane 107 of the camera 105. The image is then captured and processed, as

described below.

Although a cold mirror (one which reflects shorter wavelengths and passes
longer wavelengths) is described herein, it is understood that a hot mirror (one which
reflects longer wavelengths and passes shorter wavelengths) could also be used in
accordance with the present invention. Such a configuration is shown in an imager 101 in
Fig. 2B. The eye 150 is illuminated by an illuminator 131 emitting light having
wavelengths in the range of about 680 to 900 nanometers. This light is reflected by the eye
150 and the light having wavclengths in the range of about 700 to 900 nanometers is
reflected by the hot mirror 121 to be focused by the lens 111 onto the front surface of the
camera 106. Light reflected from the eye 150 having shorter (visible) wavelengths in the
range of about 400 to 700 nanometers passes through the hot mirror 121 and strikes a
concave broadband mirror 122 which reflects light having wavelength from about 400 to
900 nanometers. This light forms a virtual image 115 of the eye 150 behind the concave
mirror 122 that the user can see and use to align and focus the device, as described below.

The imager 100 of Figs. 1 and 2A, as well as the imager of Fig. 2B, is used
in a system to identify the iris image that has been captured. As shown in Fig. 3, the eye
is illuminated at step 160, and an acceptable or suitable image of the iris is obtained at step
165. The image is processed to extract an iris template or code at step 170, the template
or code is encrypted (optional) and transmitted to the cellular provider (such as a central
station; e.g., a Mobile Telephone Switching Office) at step 175, and the template or code
is decrypted (if necessary) and compared to pre-existing templates or codes of authorized
subscribers stored in a memory or database for identification and authorization of the user
at step 180. Ifthe user is authorized, the cellular provider enables the call placement at step
185. The cellular provider can either enable the call at the central station or send a signal
to the telephone processor directing it to unlock the telephone.

Fig. 4 is a schematic diagram of an exemplary iris image recognition system
in accordance with the present invention. The imager 100 is coupled to a microprocessor
210 that performs the processing and encryption. The microprocessor 210 resides in a

cellular telephone 200.
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The microprocessor 210 is coupled to the imager 100 via conventional cables
and/or printed circuit boards (PCBs) that are incorporated into the telephone 200. Other
conventional means for coupling the imager 100 and the microprocessor 210 can be
employed. The microprocessor 210 controls the imager 100 and runs software held in read
only memory (ROM) 205. The processor 210 is connected via a bus 207 to the ROM 205,
a random access memory (RAM) 232, another memory such as an erasable programmable
ROM (EPROM) 230, and an input/output (I/0O) controller 225. The RAM 232 is large
enough to hold at least one captured image of an iris. The I/O controller 225 is connected
to the appropriate circuitry and drivers (not shown) for issuing commands to control the
imager 100.

The imager 100 preferably uses a digital camera and transmits digital images
directly to the processing unit 210, "On/off" data is transmitted from the imager 100 to the
processor 210 to initiate the image acquisition function. A digital image could be provided
if a digital camera is used.

The image processing consists of a number of image processing steps (such
as those described in U.S. Patent No. 5,291,560 and U.S. Patent No. 5,572,596, which are
herein incorporated by reference) which lead to extraction of a unique and highly specific
digital biometric template that can be used to identify the individual based on intensity
patterns within the iris. The biometric template is transmitted to the cellular provider where
it is compared against other templates stored in a memory or database. The database stores
selected data representing images of the iris of a plurality of subjects. A match of the
biometric template with a template stored in the database identifies the subject whose iris
is being imaged.

Although an image of the eye is reflected back to the subject in mirror 120,
this may not provide the desired feedback to the user to enable the user to properly position
the imager so that a suitable iris image is obtained. For example, a user may be a novice
in using and positioning the imager 100 with respect to the eye 150, or the user may be
attempting to image the eye of another subject with the imager. Thus, preferably, the
imager 100 comprises a passive feedback mechanism to guide the user in positioning the

eye 150 to an optimum location to allow acquisition of a suitable image.
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The passive feedback mechanism is an indicator or combination of indicators
that provides, on a near real-time basis, an indication to the user that an adequate iris image
has or has not been obtained. Fig. 5 is a schematic diagram of an exemplary iris image
recognition system that includes position indicators in accordance with the present
invention. Preferably, the indicator is visible and/or audible, such as, for example, an
indicator lamp 305 (e.g., a light emitting diode (LLED)) that lights when an acceptable image
has been captured (i.e., "image acquired"), and a aural indicator via a speaker 310, such
as a beep or other tone, that sounds periodically until an acceptable image has been captured
(i.e., "imaging in progress").

Additional indicators 306, 307 can be also be used, either alone or in
combination, for such indications as "subject identified - accept” and "subject not identified
-reject”. These indications would be activated pursuant to the results of the processing and
comparison performed at the database server at the cellular provider, as described above
with respect to Fig. 3. Alternatively, other display devices, such as liquid crystal displays
used for other purposes within the telephone, could be used as indicators.

The imager 100 also preferably has an on/off switch (not shown), such as a
pushbutton, for powering up the imager and initiating the image acquisition process. Power
for the imager 100 is preferably supplied by a battery. The imager 100 receives and acts
on instructions from the processor 210 to perform functions such as lighting or turning off
the indicator lamp(s) 305, providing the audible signals via the speaker 310, and lighting
the ‘accept’ and ‘reject’ indicators.

Fig. 6 is a more detailed flow chart of a method of operation in accordance
with the present invention. The eye is illuminated at step 350 and an image of the iris is
obtained at step 355. At step 360, it is determined if the image is suitable for use with the
image processing and comparison routines. If the image is suitable, the image is passed to
the processor for further processing, at step 370, and transmission to the cellular provider.
A comparison of the template to the templates stored in a database at the cellular provider
is performed at step 373. If the comparison provides a positive match, then authorization
is granted at step 376 for the user to use the phone. If the comparison does not provide a

positive match, then authorization is not granted for the user to use the phone.
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If the image is not suitable at step 360, then at step 380, the indicator(s) is
activated (e.g., a beep sound is issued), and processing continues at step 355 (i.e., another
image is obtained).

Because the eye’s own focusing system automatically adjusts to bring the
virtual image 115 into sharp focus to the user, it cannot be relied upon to always accurately
focus the eye image on the camera 105. For this purpose, a focus assessment system is
used in one embodiment, as shown in Fig. 7. Digital video image information from the
imaging device 100 is stored in a frame buffer memory 410, such as a RAM similar to
RAM 232 described above with respect to Fig. 4, and capable of storing one complete
frame of digitized video information. A focus assessment processor 420 accesses the
digitized image information and applies certain measurement algorithms which are disclosed
ina co-pending application entitled "Video-Rate Focus Assessment”, Serial No. 60/109,960
(Attorney Docket No. ICAN-0067), and incorporated herein by reference. The output of
the focus assessment is used to control an indicator, such as the audible indicator 310. As
long as the focus assessment processor 420 determines that the captured image is not
acceptable for further processing and comparison, the audible indicator 310 is directed to
emit periodic sounds to alert the user. Images are repeatedly acquired and assessed until
an acceptable one is received. After an acceptable iris image has been received, the audible
indicator 310 is turned off and the final image is retained for further processing and
comparison, for example, by the microprocessor 210, as described above.

Any known technique for image focusing can be used with the imager of the
present invention, such as those described in U.S. Patent 4,876,608, entitled "Focus and
Signal to Noise Measurement Routines in Input Scanners"”, issued to Eaton, U.S. Patent
5,151,583, entitled "Focus Adjustment Device Having Restricting Means for Restricting
a Selecting Action According to the Degree of Nearness of a Distance Measurement",
issued to Tokunaga et al., and U.S. Patent 5,404,163, entitled "In-Focus Detection Method
and Method and Apparatus Using the Same for Non Contact Displacement Measurement",
issued to Kubo. The preferred system and method for focus assessment is described below.

A focus score is computed for each video frame (i.e., each captured image).
If the focus score exceeds a predetermined value, then it is determined that the image is

focused enough for further processing and comparison. If the focus score does not exceed
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the predetermined value, then it is determined that the image is not focused enough for
further processing, and an indicator (such as indicator 310, described with respect to Fig.
5) is activated and a further image is captured. Alternatively, a sequence of image frames
can be obtained that cycle through a range of focus distances strobed at the video frame-
rate, and the focus score computed for each frame can enable the selection of the best
focused frame within the sequence of frames. For example, by obtaining image frames at
each of several different lens settings and then fitting a spline curve to their respective focus
scores one can predict the lens position that would deliver substantially the sharpest focus,
by setting the derivative of the parameterized spline curve to zero and then solving the
equation for position.

Specific implementation features of the preferred focus assessment system
and method which enable its real-time operation, include (1) the computation of quantities
in the 2D Fourier domain, without needing to compute an actual 2D Fourier Transform of
an image (this avoids the need for approximately 2.25 million floating-point operations
required for an FFT (Fast Fourier Transform) on a 500 x 500 pixel image, as the
computational complexity of an FFT on n x n data is O(n’log,n)); (2) only 6,400 integer
multiplications (squarings) are performed, which in turn can be eliminated altogether by
using small look-up tables; (3) no floating-point operations are required; (4) computation
of focus scores is based upon simple algebraic combinations of pixel values within local
closed neighborhoods, repeated across regions of the image; and (5) these operations not
only allow the algorithm to execute in real-time, but it also enables a straightforward
implementation in simple, low-cost, hardware devices that could be embedded within a
digital camera or frame grabber.

Preferably, the focus assessment processor 420 is fast enough to determine
a focus score for each frame in a video image stream in less than the time it takes to acquire
a new frame (e.g., approximately 25 ms). The frame-by-frame focus scores can be used
to control a moving lens element for rapid and accurate focus control, or alternatively, to
select which of several frames in a video stream is the one in best focus. The rapid
selection of well-focused video frames for further processing, such as image analysis and
pattern recognition, is important in real-time computer vision because it prevents wasting

processing time on poorly-focused images.
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The preferred focus assessment processor measures the focus quality of video
images at standard rates of 25 (PAL) or 30 (NTSC) frames per second.

It is contemplated that the focus assessment processor 420 can be
implemented in a general purpose personal computer (PC) or by a dedicated, low cost
processor which is small enough to be incorporated into the camera electronics.

The processing of a video frame results in the return of an integer value (on
a scale between 0 and 100) reflecting the quality of focus; the larger the value of the
integer, the better the focus. A value of 0 indicates a completely defocused image whereas
the value of 100 indicates maximum focus quality. A predetermined threshold is used to
determine whether an image is sufficiently focused or whether another image needs to be
retrieved. For example, values greater than about 40 can indicate sufficient quality of focus
to warrant further image processing, while values less than about 40 cause a new image
frame to be grabbed, and optional feedback provided to the focusing mechanism, if one
exists, or to the subject controlling the camera position (via the indicator 310, for example).

Optical defocus is a phenomenon of the 2D Fourier domain. An image
represented as a 2D function of the real plane, I(x,y), has a 2D Fourier Transform F(u,v)

defined as shown in equation 1.

Fu -1 et maxay (1)
(2m?¥
In the image domain, defocus is preferably represented as convolution by the 2D point-
spread function of the defocused optics. This in turn may be modeled as a Gaussian whose
space constant is proportional to the degree of defocus. Thus, for perfectly focused optics,
the optical point-spread function shrinks almost to a delta function, and convolution with
a delta function causes no change to the image. Progressively defocused optics equates to
convolving with a wider and wider point-spread function, which averages together whole
neighborhoods of pixels by such a weighting function, thereby producing an increasingly
blurred image.

If the convolving optical point-spread function causing defocus is modeled
as a Gaussian whose width represents the degree of defocus, then defocus is equivalent to

multiplying the 2D Fourier Transform of a perfectly focused image with the 2D Fourier

SIONYX1403000033.0020

SAMSUNG EX. 1002 - 3268/4148



10

15

20

25

WO 00/31679 PCT/US99/26559 -
-15 -

Transform of the "defocusing” (convolving) Gaussian. This latter quantity is itself just
another 2D Gaussian but in the Fourier domain, and its space constant (o) there is the
reciprocal of that of the image-domain convolving Gaussian that represented the optical
point-spread function. The preferred focus assessment processor uses (1) the duality of
convolution and multiplication in the two domains; (2) the fact that a Gaussian has a Fourier
Transform which is itself a Gaussian, but with the reciprocal width because of (3) the
Similarity Theorem. Thus, the 2D Fourier Transform D,(u,v) of an image defocused to
degree o is related to F(u,v), the 2D Fourier Transform of the corresponding in-focus
image, as given by equation 2.

[ pev?

D (u,v)=e [ o? ) Flu,v) (2)

From the above equation, the effect of defocus is to attenuate primarily the highest
frequencies in the image, and that lower frequency components are virtually unaffected by
defocus since the exponential term approaches unity as the frequencies (u,v) become small.
For simplicity, the present description has assumed isotropic optics and isotropic blur, and
the optical point-spread function has been described as a Gaussian. However, the analysis
can readily be generalized to non-Gaussian and to anisotropic optical point-spread functions.

Thus, an effective way to estimate the quality of focus of an image is to
measure its total amount of energy in the 2D Fourier domain at high spatial frequencies,
since these are the most attenuated by defocus. One may also perform a kind of "contrast
normalization” to make such a spectrally-based focus measure independent of image
content, by comparing the ratio of energy in the highest frequency bands to that in slightly
lower frequency bands. Such spectrally-based energy measurements are facilitated by
exploiting Lord Rayleigh’s theorem for conserved total power in the two domains, shown

in equation 3.

f.:a f:’|l(x,y)]2 dXdy:f_;mf;w‘F(ﬂ:V”zdlldv (3)
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Thus, high-pass filtering or band-pass filtering an image at a ring of high spatial frequency
(using only convolution in the 2D image domain) and measuring the residual energy, is
equivalent to making the corresponding energy measurement in the high frequency bands
of the 2D Fourier domain. The appropriate measurements in the 2D Fourier domain to
assess focus can be performed without computing a time-consuming 2D Fourier Transform.
Indeed, the measurements can be performed without even a single floating-point operation,
and even without any multiplications if appropriate convolution kernels and look-up tables
are used.

A real-time procedure for focus assessment based on these theoretical
principles is used in the focus assessment processor 420. It executes much faster than the
video frame-rate, and so real-time focus assessments can be made on a frame-by-frame
basis. These can be used either to control the position of a focusing lens element, or
alternatively as a type of autofocus system in which frames are grabbed at a variety of focal
depths in order to select only the best one for processing, or to prevent time being wasted
on processing image frames which are assessed to be in poor focus.

The 2D spectral measurements described above can be implemented by
convolving an image with the following convolution kernel, in which pixel values within
a predetermined region, such as, for example, an (8 x 8) neighborhood, are added together

with the weights indicated in each of the cells:

It should be noted that no pixel-by-pixel multiplications are needed in order to impose these

weights. Rather, the pixels in the central region are added together, such as the (4 x 4)
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square, that sum is tripled, and then all pixel values in the outer two pairs of rows and
columns are subtracted from the tripled sum. The result is squared and added to an
accumulator, thus implementing the left-hand side of equation (3) above for this local region
of the image. The complete (8 x 8) convolution kernel is then moved to a new position in
the image, along a sampling grid that selects every 4th row and every 4th column, and the
operation is repeated. Thus, to assess the quality of focus within the central (320 x 320)
region of an image, this set of 64 pixel summations followed by a squaring operation is
repeated a total of (320/4)*=6,400 times.

In the 2D Fourier domain, the spectral consequences of this operation can
be appreciated by examining the 2D Fourier Transform of the convolution kernel above.
The kernel is equivalent to the superposition of two centered square box functions, one of
size (8 x 8) and amplitude -1, and the other of size (4 x 4) and amplitude +4 (for the
central region in which they overlap, the two therefore sum to +3). The 2D Fourier
Transform of each of these square functions is a 2D "sinc" function, whose size parameters
differ by a factor of two in each of the dimensions and whose amplitudes are equal but
opposite, because the two component boxes have equal but opposite volumes. Thus, the
overall kernel has a 2D Fourier Transform K(u,v) which is the difference of two
differently-sized 2D sinc functions, as given by equation 4.

sin{y)sin{v) _sin{2u)sin{2v)

Ky, v)= (4)

muv 4an?uv

This is a high-pass (or ultimately a band-pass) filter, selecting only a high
range of spatial frequencies in all orientations. Towards its center, corresponding to very
low spatial frequencies, its value approaches zero (as can also be inferred from the fact that
the sum of all pixel weights in the convolution kernel shown above is zero). Thus, low
frequencies play little or no role in computing a focus score, and only relatively high
frequencies contribute significantly to the computation of a focus score. Equation (3) shows
that summing the squares of all the local convolution sums across the image is equivalent
to summing the total amount of high frequency energy in the 2D Fourier Transform of the
image. The action of the convolution kernel is to impose the above power spectral

weighting function so that primarily high frequency energy is measured.
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Finally, the summated 2D spectral energy is passed through a compressive
nonlinearity of the form f(x)= 100 x*/(x*>+c?) in order to generate a normalized focus score
in the range of O to 100 for any image.

The focus assessment technique is applied immediately after each image
frame is digitized and stored in the frame buffer memory 410 in order to assess whether the
focus quality is sufficient to warrant any further processing. If the calculated focus quality
value of the captured image is greater than or equal to a predetermined value, the image is
passed to applicable programs for further processing, for example for extraction of a
biometric template. The focus assessment technique can be used to compare the relative
focus of an entire series of images in order to select the one most in-focus (i.e. having the
highest focus assessment score), as well as to measure a single image.

The focus assessment technique can be used to provide a feedback indication
to a system user who controls the position of the imager relative to the object being imaged.
This can be accomplished by activating an indicator which would continue, while successive
images are captured and their focus assessed, until the focus assessment score exceeds a
predetermined value. At this point, the indicator is deactivated and the last image captured
is transferred to the image processor 210 where it is processed to extract the biometric
template.

The application of the focus assessment technique in combination with the
feedback indicator helps resolve the man-machine interface problems associated with the
use of digital imaging devices on the eye. Individuals using the system are provided
positive, objective indicators and feedback as to the quality of image focus. The focus
assessment processor can also be used in any situation where it is required to determine the
quality of focus of video images at industry standard frame rates (NTSC and PAL).

Thus, the image is obtained at the imager and transmitted to an analog to
digital converter 405. The digitized video information is then stored in a frame buffer
memory 410. The focus assessment processor 420 isolates the central 320 x 320 region of
the image. 8 x 8 pixel blocks (each pixel is in only one block) are then processed by first
summing pixels in the central 4 x 4 region, tripling that sum, and then subtracting from this
value all the pixel values in the outer two pairs of rows and columns. This result is then

squared. This process is performed on each 8 x 8 block, and the results are summed. After
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the entire image has been processed, the summed result is compressed nonlinearly to

generate a focus score between 0 and 100. This score is then compared to a predetermined

number for determining if the indicator 310 should be activated.

The focus assessment is preferably performed by the microprocessor 210,
or it can be a separate processor element within the telephone.

It is contemplated that in addition to the focus assessment processor, an auto-
focus lens system could be used in the present invention. The results of the focus
assessment control the lens system, thereby automatically adjusting focus to produce an
optimal image. This would place less of a premium on the accuracy with which the user
positions the eye, and would be helpful if the user could not see or hear the indicators
described above.

The iris imager of the present invention can be used as a security module for
electronic devices such as a telephone. Fig. 8 is a schematic diagram of an exemplary iris
imager incorporated into a telephone in accordance with the present invention. The imager
700 comprises the camera 105, lens 110, mirror 120, and illuminator 130, as described
above with respect to Fig. 1. The imager 700 also comprises visible indicators 555, 556,
557, which are similar to indicators 305, 306, 307, respectively, described above with
respect to Fig. 5. An audible indicator 560, similar to indicator 310, is also disposed
within the imager 700. The imager 700 further comprises electronics and circuitry 500 for
processing and comparing the obtained image. The electronics and circuitry 500 comprises
a microprocessor 510 (similar to microprocessor 210) that controls the imager 700 along
with an I/0 controller 525 and runs software held in a ROM 505. The processor 510 is
connected to the ROM 505, a RAM 532 that is capable of storing at least one captured
image or an iris, another memory 530, such as an EPROM, for storing a plurality of
biometric templates or iris images that are to be compared with the captured iris image.
The electronics and circuitry 500 is also connected to the camera 105, the illuminator 130,
and the indicators 555, 556, 557, 560 for controlling these elements of the imager 700.
The processor can also comprise a focus assessment processor, similar to the focus
assessment processor 420.

It should be noted that in the embodiment of Fig. 8, the database memory

530 of templates is stored within the imager 700 and not at a central station (as described,
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for example, with respect to Fig. 4), as is the processor 510 used in the comparison. In the
embodiment of Fig. 8, the comparison of the captured image template with the stored
templates takes place locally within the telephone, and the biometric template is not sent to
the central station for comparison or authentication. Instead, preferably, a code is inserted
into the call set-up protocol and transmitted to the central station server, as described
below.

The imager 700 is coupled to telephone electromics 570 for transmitting
encrypted or unencrypted data to another telephone or system via an antenna. The
telephone electronics 570 is essentially a telephone and is preferably a conventional cell
phone having telephone electronics and is connected to a transmission antenna. Preferably,
a conventional voltage regulator (not shown) provides the appropriate operating voltage to
the imager 700 from the power supply (e.g., a battery) of the phone.

Preferably, the imager 700 of the present invention is incorporated into a
handset of a telephone 575, as shown in Fig. 9A. The present invention can be
incorporated into a conventional digital cell phone, as shown in Fig. 9A, such as those
manufactured by Qualcomm or Nokia, or a conventional wired phone. U.S. Patent No.
5,448,622, "Cellular Telephone With Plural Telephone Numbers", issued to Huttunen, and
U.S. Patent No. 5,790,957, "Speech Recall In Cellular Telephone", issued to Heidari,
describe cellular telephones and telephone electronics and circuitry, and both of which are
incorporated herein by reference.

Figs. 9B, 9C, and 9D show rear, side, and front elevational views of another
exemplary device 800, also referred to as an IRISPHONE™, in which the imager of the
present invention can be incorporated. A keypad 810 is used to enter phone numbers, etc.,
which are displayed on a display 815, such as an LCD, and a power supply 820 is
preferably a re-chargeable battery. A transmission antenna 830 is also provided. An
illuminator 840, similar to the illuminator 130, and a mirror 850, similar to the mirror 120
are provided on the front of the device 800. Also provided on the front of the device 800
is a microphone 860 and a speaker 865, for use in communications and as an indicator,
similar to the indicator 310, described above. A switch or button 805 is used as an
activator to begin iris image capture. The imager and phone circuitry 870 is encased within
the device 800.
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Fig. 10 is a flow diagram of an exemplary method of operation of a
telecommunications iris imager in accordance with the present invention. A user desiring
to make a telephone call first unlocks the telephone by having his iris identified by the
imager residing within the phone. The eye, and thus the iris, are illuminated at step 605.
An image is obtained of the iris at step 610. At step 615, it is determined if the image is
suitable for further processing and comparison, as described above. If the image is not
suitable, the appropriate indicators are activated at step 620, and processing returns to step
610 with the capture of another iris image.

If the captured image is suitable for further processing, the image is
processed at step 630 (an indicator can be activated to alert the user that a suitable image
has been captured) to extract an iris template. The extracted template is compared to the
stored images residing in a dafabase, for example, in a memory 530, at step 635. If the iris
template is invalid (i.e., if there is no match between the captured image and the stored
images), at step 640, the phone remains off (locked), and the imaging routine exits.
Optionally, indicators can also be activated. In this manner, the telephone remains locked,
and cannot be used because it is determined that the user is unauthorized.

If the iris template is valid at step 635 (i.e., there is a match between the
captured image and the stored images, and thus the identity of the user has been confirmed
by the imager), the phone is turned on (unlocked), an indicator can be activated, and a user
code is transmitted to the service provider (e.g., the central station server 900, as shown
in Fig. 11) at step 650. The user code, also referred to as an IRISCODE™, comprising a
512 byte code for example, is generated and is inserted into the call set-up protocol and
transmitted to the server 900.

At step 660, the server authenticates the IRISCODE™ against stored or pre-
enrolled codes that are stored in a database 910 at the server site. If the code is invalid,
then the user is not authorized to place a call, an indicator is activated at the phone, and the
routine exits at step 670. If the code is valid, then the user can use the phone to place a call
at step 680. The phone can be returned to its locked, secure state either upon being
powered down or upon completion of the phone call.

Thus, in accordance with the present invention, the server can bill against

the user’s identity (responsive to the IRISCODE™) and not the phone number. Thus,
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different users can use the same phone, and be separately billed, according to the identities

that are stored at the server. This provides an additional level of security and user

validation.

It should be noted that any call set-up protocol can be used with the present
invention, including GSM, TAC, and AMPS. For example, in the Group Speciale Mobile
(GSM) cellphone architecture, an "Intel Architecture” microprocessor and "Intel
SmartVoltage" flash memory are preferred components. The basis of this technology is a
microprocessor, such as the Intel 386 microprocessor. The preferred memory is a non-
volatile, re-writeable, low voltage flash memory that enables computer-like functions. In
the case of a Nokia cellphone, for example, a 4-Mbit flash memory storage device stores
the GSM protocol. Intel’s 16-Mbit flash devices can store such things as phone numbers,
fax numbers, calendar information, as well as a Graphical User’s Interface (GUI) operating
system. Similarly, each IRISCODE™ (e.g., 512 bytes) of the users can be stored in these
flash memory devices. Preferably, about 40 pairs of IRISCODEs (one IRISCODE™ for
the left eye and one IRISCODE™ for the right eye for each user) can be stored in the 4-
Mbit devices and about 160 pairs of IRISCODEs can be stored in the 16-Mbit devices.

The operating system performs such functions as: (1) retrieve the live
IRISCODE™ from the IRISPHONE™ image, (2) compare the "live" IRISCODE™ against
the IRISCODE™ database stored in the memory (e.g., flash memory), and (3) transfer,
upon positive identification, the authentication into the GSM protocol for transport to the
wireless GSM server. This is done in a manner similar to the manner in which the
Electronic Serial Number (ESN) is authenticated.

The Wireless Application Protocol (WAP), along with the Wireless
Application Environment (WAE), have been developed to extend Internet content and
advanced services to the cellphone industry. A wireless IRISPHONE™ captures an
IRISCODE™ using the WAE user agent that sends the code to the cellphone memory for
local authentication. An encoded request for authentication and identity is then sent to the
origin server. An encoded positive identification or negative identification is returned, and
either allows the user to make calls via identity-based billing or disallows all calls. For

example, the call reject function would be used to reject the identity of an individual if the
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live IRISCODE™ did not match any stored value. The WAP Mark-up Language (WML)

allows for user defined fields such as IRISCODE:s.

The Electronic Business Card Format of WAP/WAE is compatible with a
512 byte IRISCODE™. The IRISCODE™ can be stored on a card instead of in flash
memory.

Although illustrated and described herein with reference to certain specific
embodiments, it will be understood by those skilled in the art that the invention is not
limited to the embodiments specifically disclosed herein. Those skilled in the art also will
appreciate that many other variations of the specific embodiments described herein are

intended to be within the scope of the invention as defined by the following claims.
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‘What is claimed is:

1. A telecommunications device having telephone electronics for transmitting
and receiving data, comprising:
a telephone security module comprising:
iris acquisition means having a front surface for obtaining an image
of an iris of an eye;
a lens having an image plane disposed in front of said front surface
of said iris acquisition means;
a mirror disposed on a side of said lens opposite said iris acquisition
means;
an illuminator disposed along a side of said mirror;
a first memory for storing at least one template of at least one image
of an iris of at least one person’s eye;
a second memory for storing an iris image obtained by said iris
acquisition means;
a processor for extracting a template from said stored iris image; and
a comparator for comparing said template from stored iris image
with said at least one template to identify the person;
an input device for receiving user input;
a display for displaying said user input;
a power supply;
an antenna;
a microphone;
a speaker; and

an activator to begin iris image acquisition.

2. The telecommunications device according to claim 1, wherein said input

device is a keypad.

3. The telecommunications device according to claim 1, wherein said power
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supply is a re-chargeable battery.

4. The telecommunications device according to claim 1, wherein said activator

is one of switch and a pushbutton.

5. The telecommunications device according to claim 1, wherein said iris

acquisition means comprises a camera, and said mirror is a cold mirror.

6. The telecommunications device according to claim 5, wherein said camera
is sensitive to light having a wavelength in a range between about 400 nm and about 1100

nm.

7. The telecommunications device according to claim 5, wherein said mirror
reflects light having a wavelength in a range between about 400 nm and about 700 nm and

passes light having a wavelength greater than about 700 nm.

8. The telecommunications device according to claim 1, wherein said
illuminator emits light having a wavelength in a range between about 680 nm and about 900
nm towards the iris of the eye being imaged, the eye being out of contact with the iris

imaging apparatus.

9. The telecommunications device according to claim 1, further comprising at
least one of a visible indicator and an audible indicator to indicate when the image of the

iris has been obtained.

10. The telecommunications device according to claim 9, further comprising a
focus assessment processor coupled to said at least one of a visible indicator and an audible

indicator.

11. The telecommunications device according to claim 1, wherein said processor

unlocks the telecommunications device responsive to the results of said comparison.

SIONYX1403000033.0031

SAMSUNG EX. 1002 - 3279/4148



WO 00/31679 PCT/US99/26559 -
-26 - "
12. A telecommunications device having telephone electronics for
transmitting and receiving data, comprising:
a telephone security module comprising:
iris acquisition means having a front surface for obtaining an image
5 of an iris of an eye;
a lens having an image plane disposed in front of said front surface
of said iris acquisition means;
a mirror disposed on a side of said lens opposite said iris acquisition
means;
10 an illuminator disposed along a side of said mirror;
a memory for storing an iris image obtained by said iris acquisition
means;
a processor for extracting a template from said stored iris image; and
a communications interface for transmitting said template to a central
15 station;
an input device for receiving user input;
a display for displaying said user input;
a power supply;
an antenna;
20 a microphone;
a speaker; and
an activator to begin iris image acquisition,
wherein said processor unlocks the telecommunications device responsive to

a signal received from said central station.

25 13. A method of unlocking a telecommunications device responsive to the
identification of a person, comprising the steps of’
(a) storing image information of the iris of at least one person’s eye;
(b) iluminating an eye of an unidentified person having an iris;

(c) obtaining an image of said iris of said unidentified person;
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(d) determining if said image is an image of sufficient quality for a step (f)
of extracting;

(e) repeating steps (b) through (d) until said image of sufficient quality is
obtained; ‘

(f) extracting an iris template if said image is of sufficient quality;

(g) comparing said iris template of said obtained image with said stored
image information to identify said unidentified person; and

(h) unlocking the telecommunications device responsive to a result of said

step of comparing.

14. The method according to claim 13, further comprising the step of activating

an indicator if said image is of insufficient quality.

15. The method according to claim 14, wherein said indicator is an audible
indicator.
16. The method according to claim 13, further comprising the step of activating

an indicator responsive to said step of comparing.

17. The method according to claim 16, wherein said indicator is a visible
indicator.
18. The method according to claim 13, wherein said step of determining if said

image is an image of sufficient quality comprises the step of focus assessment processing

said image.

19. The method according to claim 13, wherein said telecommunications device

is unlocked if said step of comparing identifies said person.

20. The method according to claim 13, wherein said step of unlocking the
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telephone comprises the steps of unlocking the telecommunications device if said iris
template substantially matches said stored image information and generating a user code,
wherein the telecommunications device remains locked if said iris template

does not substantially match said stored image information.

21. The method according to claim 20, further comprising the step of activating

an indicator if said iris template substantially matches said stored image information.

22. The method according to claim 20, further comprising the step of

transmitting said user code to a service provider via a set-up protocol.

23. The method according to claim 22, wherein said set-up protocol is one of

GSM, TAC, and AMPS.

24, The method according to claim 22, further comprising the steps of:
authenticating said user code at said service provider;
if said user code is authentic, authorizing a teclephone call to be placed,

otherwise, preventing a telephone call from being placed.

25. The method according to claim 24, wherein the step of authenticating

comprises comparing said user code to a plurality of predetermined codes.

26. The method according to claim 25, wherein said predetermined codes are

stored in a server database.

27. The method according to claim 24, further comprising the step of activating

an indicator responsive to said step of authenticating.
28. The method according to claim 24, wherein if said user code is authentic,

further comprising the steps of placing a telephone call and billing against an identity of

said person.
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29. A telephone security module comprising:
iris acquisition means having a front surface for obtaining an image of an iris
of an eye;
a lens having a image plane disposed in front of said front surface of said iris
acquisition means;
a mirror disposed on a side of said lens opposite said iris acquisition means;
an illuminator disposed along a side of said mirror;
a memory for storing an iris image obtained by said iris acquisition means;
a processor for extracting a template from said stored iris image; and

a communications interface for transmitting said template to a central station.

30. The telephone security module according to claim 29, wherein said iris

acquisition means comprises a camera, and said mirror is a cold mirror.

31. The telephone security module according to claim 30, wherein said camera
is sensitive to light having a wavelength in a range between about 400 nm and about 1100

nm.

32. The telephone security module according to claim 30, wherein said mirror
reflects light having a wavelength in a range between about 400 nm and about 700 nm and

passes light having a wavelength greater than about 700 nm.

33. The telephone security module according to claim 29, wherein said
illuminator emits light having a wavelength in a range between about 680 nm and about 900
nm towards the iris of the eye being imaged, the eye being out of contact with the iris

imaging apparatus.

34. The telephone security module according to claim 29, further comprising at
least one of a visible indicator and an audible indicator to indicate when the image of the

iris has been obtained.
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35. The telephone security module according to claim 34, further comprising a

focus assessment processor coupled to said at least one of a visible indicator and an audible

indicator.

36. The telephone security module according to claim 29, wherein said processor

unlocks a telephone responsive a signal received from said central station.

37. A method of unlocking a telephone responsive to the identification of a
person, comprising the steps of:

(a) storing image information of the iris of at least one person’s eye;

(b) illuminating an eye of an unidentified person having an iris;

(c) obtaining an image of said iris of said unidentified person;

(d) determining if said image is an imagc of sufficient quality for a step (f)
of comparing;

(e) repeating steps (b) through (d) until said image of sufficient quality is
obtained;

() comparing a template of said obtained imagc with said stored image
information to identify said unidentified person; and

(2) unlocking the telephone responsive to a result of said step of comparing.

38. The method according to claim 37, further comprising the step of activating

an indicator if said image is of insufficient quality.

39. The method according to claim 38, wherein said indicator is an audible
indicator.
40. The method according to claim 37, further comprising the step of activating

an indicator if said image is of sufficient quality.

41. The method according to claim 40, wherein said indicator is a visible

indicator.
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42. The method according to claim 37, further comprising the step of activating

an indicator responsive to said step of comparing.

43, The method according to claim 42, wherein said indicator is a visible
indicator.
44. The method according to claim 37, wherein said step of determining if said

image is an image of sufficient quality comprises the step of focus assessment processing

said image.

45. The method according to claim 37, wherein said telephone is unlocked if said

step of comparing identifies said person.

46. A system of identification of a person for unlocking a telephone, comprising;:

the telephone security module of claim 29;

a second memory for storing at least one template of at least one image of
an iris of at least one person’s eye; and

a second processor for comparing said template of said stored iris image with
said at least one stored template of said second memory to identify the person, and for

unlocking the telephone responsive to the result of said comparison.

47. The system according to claim 46, wherein said second memory and said

second processor are housed in a central station remote from the telephone security module.

48. The system according to claim 46, wherein said second processor unlocks
the telephone when said template of said stored iris image substantially matches said at least

one stored template of said second memory.

49. A telephone security module comprising:
iris acquisition means having a front surface for obtaining an image of an iris

of an eye;
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a lens having a image plane disposed in front of said front surface of said iris
acquisition means;

a mirror disposed on a side of said lens opposite said iris acquisition means;

an illuminafor disposed along a side of said mirror;

a first memory for storing at least one template of at least one image of an
iris of at least one person’s eye;

a second memory for storing an iris image obtained by said iris acquisition
means;

a processor for extracting a template from said stored iris image; and

a comparator for comparing said template from stored iris image with said

at least one template to identify the person.

50. The telephone security module according to claim 49, wherein said iris

acquisition means comprises a camera, and said mirror is a cold mirror.

51. The telephone security module according to claim 50, wherein said camera
is sensitive to light having a wavelength in a rangc between about 400 nm and about 1100

nm.

52. The telephone security module according to claim 50, wherein said mirror
reflects light having a wavelength in a range between about 400 nm and about 700 nm and

passes light having a wavelength greater than about 700 nm.

53. The telephone security module according to claim 49, wherein said
illuminator emits light having a wavelength in a range between about 680 nm and about 900
nm towards the iris of the eye being imaged, the eye being out of contact with the iris

imaging apparatus.

54. The telephone security module according to claim 49, further comprising at
least one of a visible indicator and an audible indicator to indicate when the image of the

iris has been obtained.
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55. The telephone security module according to claim 54, further comprising a

focus assessment processor coupled to said at least one of a visible indicator and an audible
indicator.

56. The telephone security module according to claim 49, wherein said processor

unlocks a telephone responsive to the results of said comparison.
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nitride on monocrystalline silicon wafer
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A new approach for texturing uniform pyramid structures is proposed with technique using a layer of
silicon nitride (Si3N,4). This technique eliminates the pre-treatment processes of native oxide etching or
acid etching and improves on the conventional texturization process. SizN,4 layers with thicknesses of
14 nm, 40 nm, 50 nm, 73 nm, 82 nm and 102 nm are coated on a monocrystalline silicon wafer, serving
as an effective mask in the texturization process. Observation of the influence of the Si; N4 thickness on

pyramid morphology and reflectivity shows that good surface coverage (94.7%) with a small uniform

Keywords:

Pyramid structure
Silicon nitride (SizN4)
Texturization
Reflectivity

pyramid size (~2.6 wm) on the silicon surface results in improved reflectance properties (12.3%). This
simple technique could potentially be used in the texturization processes for commercial optoelectronic
devices and sensor applications.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Reducing surface reflection in a solar cell can increase its short
circuit current and thus increase its conversion efficiency [1].
Nevertheless, the polished silicon surface has a high natural reflec-
tivity {>35%) with a strong spectral dependence. A variety of other
approaches have also been developed to minimize reflection losses
through modifying surface topography, such as texturization of
(100)-oriented monocrystalline silicon with anisotropic etching
using an aqueous alkaline solution [1-4]. Other approaches for
reducing reflection loss include producing porous silicon and sil-
icon nanostructures by electrochemical etching [5}, metal-assisted
electroless etching [G] or physical dry etching {7]. The most
commonly used technique for commercial applications is textur-
ization with alkaline etchants such as sodium hydroxide (NaOH)
{8], potassium hydroxide (KOH) [9] or tetra-methyl ammonium
hydroxide (TMAH) {10}. Nevertheless, this conventional method
requires significant amount of material loss to achieve superior
reflectance properties. Therefore, the study on the transferred thin
film monocrystalline silicon layers for the solar cells has been
adopted as a useful technique to save the exceeding cost of sili-
con wafers [11-14]. Depauw et al. uses the epifree technique to
form thinness of the thin film solar cell {13]. Meng et al. further
presents the integration of an absorbing photonic crystal assisted

* Corresponding author. Tel.: +886 2 27333141#3273; fax: +886 2 27376424.
E-mail address: huangbr@mailntust.edu.tw (B.-R. Huang).

0169-4332/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
htep:f/dx.doi.org/10.1016/j.apsusc.2012.12.001

thin monocrystalline silicon solar cell by using the epifree, lithogra-
phy and physical etching technique [14]. Even so, the cost-effective
methods in texturization of the silicon surface still need to be
developed. In the past few years, several novel texturization tech-
niques have been reported. Chu et al. and Li et al. used a simple
and cost-effective approach for texturing monocrystalline silicon
wafers without adding any surfactant to the alkaline etchants, using
a metal grid to confine the hydrogen bubbles created during the
texturing process [ 15,16]. Similarly, Amouzgar et al. textured crys-
talline silicon using the gas-lift effect (GLE), which takes advantage
of the hydrogen bubbles generated between the etched silicon
wafer and a glass plate. This effect then acts as a pumping mecha-
nism to detach more bubbles from the silicon surface, accelerating
them up and out of the system as quickly as they are generated [17].
Park et al. found that saw-damage etching using an acidic solution
improved the effects of the texturing {1}. Kim et al. demonstrated
a method to form an inverted pyramid on the crystalline silicon
surface without photolithography and with the minimal thickness
of silicon surface removed. Depending on the etching time and the
quality of silicon dioxide, varieties of surface texturing morpholo-
gies are observed [18]. Texturing of (11 1) silicon through a very
thin layer of silicon nitride was reported by K. J. Weber's group
[19]. They formed encapsulated textured silicon surfaces possess-
ing excellent optical and electronic properties, and indicated that
the silicon nitride layer is effective in assisting the texturing pro-
cess. In addition, it has the great contribution of consuming only
a small amount of silicon in the application of silicon based solar
cells.
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Fig. 1. Tilted cross-sectional (left) and top-view (right) FESEM images of the surface morphology for a silicon wafer textured without SizNj.

This study proposes a cost-efficient method to texture
monocrystalline silicon by depositing a layer of SizN4 by sput-
tering to act as an anisotropic etching mask. Anisotropic etching
through this mask forms various pyramid structures depending on
the thickness of the Si; N4 layer. The texturing process is evaluated
in terms of the resulting surface morphology and the reflectivity.

2. Experimental details

The texturization process uses single-sided polished p-type
(100) oriented boron-doped monocrystalline silicon wafers with
a thickness of 520 um and a resistivityof 1-10Q cm. First, the
wafer is cleaned ultrasonically in acetone and isopropyl alcohol
for 20 min in each cleaning solution. Second, the SizN, films are
deposited by RF sputtering at 13.56 MHz using argon as the sput-
tering gas with a base pressure of 3.7 x 1073 Pa. A Si3N, target
(purity 99.9%) with a diameter of 51 mm and thickness of 6 mm
is fixed to the water-cooled target holder. The sputtering pres-
sure and the RF power are 3 Pa and 100W, respectively, and the
deposition time ranges from 10 to 22 min. Following deposition,
the wafers are then anisotropically etched in a solution mixture
of KOH (1.43 M) and isopropyl alcohol (IPA) (0.32M) at 80°C for
15 min. Following texturization, the surface morphologies of the
silicon wafers are examined by field emission scanning electron
microscopy (FESEM, JEOL JSM-6700F, operated at 15 kV). Optical
reflectance spectra measurements in the 300-1100 nm wavelength
range are performed using a UV/VIS/NIR Spectrophotometer (Jasco
V-670) which is equipped with an integrating sphere. The pyramid
surface coverage and uniformity measurements were obtained by
performing image analysis of the FESEM photos using the Image]
image-processing program developed by the US National Institute
of Health.

3. Results and discussion

Fig. 1 shows the FESEM image of the surface morphology for the
silicon wafer textured without the SizN4 layer. Random upright

pyramids are sparsely distributed (42.5% coverage) on the silicon
wafer surface. The average pyramid size is 2 pm.

Fig. 2(a)-(f) shows the tilted cross-section and top-view FESEM
images of the surface morphology for silicon wafers textured with
a Si3Ny layer. Fig. 2 (2) and (b) show results with a thin SizN4 layer
(14 and 40 nm); the surface coverage is poor and non-uniform (20.9
and 70.4%, respectively) on the silicon surface with an average pyra-
mid size of 5.2 and 4.2 pm, respectively. Fig. 2(c) and (d) show that
moderately thick layers (50 and 73 nm) achieve a more uniform
texturization throughout the silicon surfaces, producing pyramids
in a smaller size range (2.6-3.2 wm, respectively), and good surface
coverage (83.3 and 94.7%, respectively). By comparison, Fig. 2(e)
and (f) show silicon surfaces textured using thick SizN,4 layers (82
and 102 nm) obtain larger pyramids ranging (averaging 4.2 and
5.3 pum, respectively) and good surface coverage (96.7 and 95.8%,
respectively). Fig. 2(g) shows the average pyramid size and textur-
ing obtained using various Si3N4 thicknesses. The results indicate
that variation in surface coverage and pyramid size is largely deter-
mined by the thickness of the Si;Ny4 layer.

In the initial stage of the texturing process, the Si;N4 layer is
thinned until small pinholes open up in the nitride, exposing the
underlying silicon. Fig. 3(b) shows the inverted pyramid structures
after 3 min texturization process. As etching continues, more pin-
holes opened up in the Si3;N4 layer, resulting in inverted pyramid
structures of varying sizes on the silicon surface. Subsequently, the
inverted pyramids coalescing to form the individual pyramid. How-
ever, as previously mentioned, the thickness of SizN4 layer is a key
influence on the pyramid structures in the texturing process. Fig. 4
presents a schematic representation of the texturization process
with Si3Ny4 layers of varying thickness. Fig. 4(a) shows a thin SizNy
layer used for a brief texturing time. The Si;N4 layer is removed
to form a sparse inverted pyramid structure, exposing some (11 1)
planes with a lower etching rate. Thus, the inverted pyramid struc-
tures seem to act as a stable starting point for etching. Similar
results were also reported by Hayoung Park's group, which tex-
tured single crystalline silicon by saw-damage etching using an
acidic solution {1]. Fig. 4(b) shows that SizN4 layers of moderate
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Fig. 2. Tilted cross-sectional (left) and top-view (right) FESEM images of the surface morphology for the silicon wafer textured with different SizNy4 layer thicknesses: (a)
14 1, (b) 40 i, (<) 50 mm, (d) 73 ni, (&) 82 1, () 102 . (g) Pyramid size on the silicon surface with varying SizsNy layer thicknesses.

Table 1
Influence of SisN4 layer thickness on average pyramid size, surface coverage and silicon surface reflectivity.
SizNg thickness (rim Average pyramid size (jum} Surface coverage (%) Reflectivity (%)
wio SisNg 2 425 318
14 5.2 20.2 237
40 4.2 70.4 215
50 3.2 83.3 19.3
73 2.6 54.7 123
82 42 96.7 133
102 5.3 95.8 16.3
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Fig. 3. Top-view FESEM image of the surface movphology of the 72 nin SisNy layer on the silicon wafer (a) prior to texturization and (b) after 3min of textusization

(a)

Thin SizNy fil

(b

Fig. 4. Schematic representation of texturing process on differcnt of Si;Ny layer thicknesses.

thickness obtained a corpparatively uniform distribution of the
i pyramid structure and the SizNy layer remains following
the short etching time. Similarly, the inverted pyramid structures
serve as a starting point for etching to fonn small, uniform pyra-
roids, However, thick SizNyg layers result in fewer inverted pyramid
structures than obtained using moderate SisNy lavers with a short
etching time. Subsequently, the etching process is also carried out
from the inverted pyramid structure. The larger, more uniform
pyramids are eventually constructed as shown in Fig. 4(c).

Fig. 5(a) depicts the correlation between the thickness of the
Si3Ny4 layer and the reflectivity of silicon surfaces with respect to
optical wavelength without any anti-reflection coating. The reflec-
tivity of texturing with Si3N4 is mostly less than that obtained
without SizN4. The exception is the use of the 14nm Si3N4 layer
which obtains the poorest surface coverage on the silicon sur-
face. Fig. 5(b) presents a plot of average reflectivity along with
the thickness of the Si3N4 layer, revealing three regimes with
different conditions mentioned in Fig. 4. In regime I, the aver-
age reflectivity is 33.7 and 21.5%, respectively, for texturing with
14 and 40nm Si3N4 layers. The thinner SizN4 layer results in
uneven pyramid size, poor surface coverage and higher average

reflectivity. Average reflectivity clearly decreases in regime II. A
73 nm thick layer of SizN4 improves average reflectivity 21.4 and
19.6% above that obtained with and without 14 nm Si3Ng4, suggest-
ing uniform pyramid size and good surface coverage. Nevertheless,
the average reflectivity increases in regime III. Si3N4 layers with a
thickness of 82 and 102 nm respectively obtain an average reflec-
tivity of 13.3 and 16.3%. Despite the excellent surface coverage in
regime III, the size of pyramid is relatively large and increases with
the thickness of the SizN4 layer, suggesting that the small pyra-
mid structure, good surface coverage and uniformly distributed
pyramids provide excellent anti-reflection properties {1,18}. Thus,
73 nm can be regarded as the optimal thickness of the Siz N4 layer
for texturing, achieving an average reflectivity of 12.3% for texturing
with Si; N4 without any anti-reflection coating. Table 1 summarizes
the pyramid size, surface coverage and average reflectivity, along
with the thickness of SizN,4 layer.

In this work, SizNy is successfully used to assist texturing on sili-
con surfaces, obtaining lower average reflectivity, uniform pyramid
structures and various pyramid sizes. In addition, the surface cov-
erage and pyramid size can be managed by modifying the thickness
of the Si3;N4 layer.
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Fig. 5. (a)Reflectivity spectra of textured silicon wafers with no SizN4 layer and with
layers of different thicknesses. (b) Average reflectivity of textured silicon wafer with
no Si3;N4 layer and with layers of different thicknesses.

4. Conclusion

We have developed a novel approach to texturing crystalline
silicon wafer surfaces using a layer of Si3N4 of varying thick-
nesses, resulting in various pyramid structures. A layer of 73 nm
obtained a good surface, uniform pyramids of 2.6 pm, surface cov-
erage of 94.7% and an average reflectivity of 12.3% without an
anti-reflection coating. The reduction in average reflectivity results
from the reduced means pyramid size and the increased surface
coverage and pyramid uniformity. These results could potentially
be applied to applications in low-cost and high-efficiency silicon-
based solar cells.
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1. Introduction

Siticen profile convol is an Important tople in microtech-
nology. Bspecially, vertical walls are needed to gel high
feature densities. Most commonly, wet chemical eichants
are used to creaio anisotropic profifes, because they are
cheap and eayy 1o uee. However, the stched profile is con-
wolled by the srystal ovientation, so thers {8 minor freedom
in efg hmg different tnpersd profiles. Dry plasma etehing is
becaming a standard tool in mivrotechnoiogy. Although the
basic investmeonts are much higher in doy etching, it 15 pos-
sible 1o etoh conmolleble profiles withont asing the orystal
orizntation. Plasma etching can be divided ints three main
groups; the physical fon beam etching (188), the synergetic
reactive lon eiching (RIg), and the chemical plasma stching
ey, Generally, 8 shows ondy positively tapered profiles,
Iow sich rates snd low selectivity, whereag PE gives tise
to isotropie proflies, high etch rates and high selectivity,
In ®IE i is possibie to provide the plasma with 2 chemi-
val etohant for the oiching of the substate, a passivator for
Blocking the ewching at the sidewalls of a trench, snd an fon
gurce for the local removal of the passivation laver at the
bottom of the stchisg trenches, When thess processes are
gontrolled in the correst manney, R is possibde to oreate ali
kinds of trenches with excellent profile contral, high etch
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rates and sslectivity, I8 processes which use the depost-
tion of & passivating fim to block sponteneous siching ave
knows as iop-inhibitor RIB. To ewch polymers i is cnough
0 pravent spontancous etching by lowering the temperature

woll below thy glaertpapoatans by thesy oaees the etehs

ing 15 mads powible bedsase of jon bombudment, This i

s}’p}(’«ﬁl roactive lon beam stokdng (R¥SE) process, but can
glsor be fdfilled ot higher pressures with a RIR apparsis.
BB processes which use only the incomdag {ons to achisve
dirsctionality are calted: fon-tndyced RE To {ncreass the
stoh rate, standard K18 {5 modified to create a higher-density
plasmma (18], but these eichers are sxpensdve and therafws
iess atpactive,

Nommally, balogen-based plasmss we wsed for the
shemical otehing of silicon [1~14}, becanse of thelr high
sich rates. Except fur the flocrine-based plasmas, these
gases are particniarly hazardouws (o.g. chdoring, bromine
and chiorinated compounds) and epecial precautions are
rocommended., The passivation layer can bz grown: ()
from carhonbalogen polymer precarsors which are let in
o the plasma [8~10]; ) by redeposition of reefalbalopen
mask matoriad [11]; (fif) by inserting gsses which aot #¢
an oxidant forming siliconoxyhalogens [1,12~14% or (%)
by fieezing the normally volatiie siliconbalogen reaction
products of the silicon with the mdicals 3,41, The
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deposition of a polymer flm has the disadvantage that
this film is thermally less stable than & growing inorganic
siliconoxyhalogen film and the freezing of reaction products
uses expensive {oryogenic) coolers, The redeposition of
mask material is not acoepisble because areas whick should
stay clean are also contasminated. Becnuse the passivating
film is very thin, the incoming fong should not be highly
sngrgetio, so the selectivity will be very high and the
substrate damage will be low. Also, hecause of the low
energy of the iong, trenching and faceting are not found,
and it is very easy to change the direction of the inpinging
ions, thus changing the eiched profile, A major problem
during etching silicon vertivally, is the forming of ‘grass’
on the silicon surface, because of all kinds of micromasks
deposited or geown on the silicon [14] (figure 1)

To etch polymers, commonly low pressure oxygen
plasmas are used. However, such a plasma creates a high
bC bias voltage which is responsible for substrate- and
mask-damage. During otching a polymer in low pressure
RIB identical grass problems sre observed as in the case of
ewhing sificon.

In this study, the low-toxic snd sagy-to-handle
¥/ /CHF, gases are chosen for the reactive ion elching
of sibicon and polymers {14]. A short description of the
etch mechanism of siticon and polymers in such 3 plasme
is given and & new method to find the fully venieal profile
regime fs introduced which uses the forming of grass: the
Black siticon method, When this regime is found, CHE,
is added to prevent (e forming of grass. It is shown tha
this method is & practical toof for 8nding the parameter
sotting of an arbitrary WE. The {afluence of the &F power,
pressure and gas composition on, and Us relation to, the
profile is given in a diagram. With the belp of this diagram
it is easy o divect the chemistry for the desired profils.
The aim of this work is the fabrication of high-aspect-ratio
{depth/iwidth) features for use in microelectromechanical
systemns (MEMS). As an cxample, a2 MEM comb driven xy
stage is gives,
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Figura 2, The 8FJ/0/CHF, chemistry,

2. The synsrgstic machaniam of SF/0/CHE,
plasmas

In an SF/O/CHF, plasma, such gas has & kaown specific
fumetion and influence, so e eciched profiic s easily
controlied just by chavging the flow rate of ong of these
pases [14] In such & pissma SFs produces the F radicals
for the chomical etching of the siticon fornunag the volatile
SiFs, O creates the O radicals to passivate the silicon
surface with 810, F,; and CHF; is the source for the CFF
fons which gteh the SiCLF, layer in one direction forming
the volatile COF, {see figure 2. OF course, SF} ions arc
also sbie 1o remove the oxyfluoride by way of the volatile
SO.F, gases, but the 5F; flow is fixed on the O; Bow
to ensure & vertical wall, Thus, the CHF; gas is 2 nearly
independent source of oxyBuoride-ciching ions.

A more or less coutrary mechanism can also explain the
directional ciching. In this mechanism the CF, speries are
passivating the silicon surfaces which are eiched by way of
imparting O ions. However, this mechanisto is fess liksty
in the pressure regime used in our study as will be clarified
farther on.

The 8F0/CHF, chemistry is able to etch highly
controllable profiles in silicon at very kow fon energies (20~
20 &V and high etch rates {up o 3 g min~t) The low
ion energy prevents substrate damage {elecironics), mask
srosion {the selectivity o motal wmasks is practically infinie)
and makes it easy to change the profile of the trench, The
ion energy is ruled by the potemial which is developed
beiween the plasma and the powered elsctrode, the DO self-
biag, (auses like {np and CHF,; create high bigs voltages
whereas SFg gives rise to very low veltage [14]. Thus,
when the oxygen flow i3 incressed the BO self-bias also
increases and fons will gain more energy before coiliding
with the substrete surface. The o setf-bias decreases when
the power decreases or the pressure increasss,

In eiching sificon with the SFRe/Ox/CHE; mixture there
is a constani competition between the etehing fuorine
radicals and the passivating oxygen radicals, The etching
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Figure 3. An solrapic prafile,

is increased directionatly by way of the CF} lons, When
the SF; content is increased, the formstion of the blocking
layer is fess proncunced and thevefore the profile will be
move isotropic {Le, PR-like, figore 33 Increasing the oxygen
content will decrease the chemical etching and the stch
mechaniem will bocome Jess isotropie. Ar higher oxygen
concentrations the stching will become physical, which
vesults in positively tapered profiles (e, me-like, figure 41,
Increasing the CHE; content will increase the removal of
the blocking leyer, thus making the profile less pogitively
taperad. Moreover, the fons are charged postiively, whereas
the substraie is negatively biased and because of this
mechanism # is possible 1o create negatively (i.e. reverse}
apered profiles due 1o ion bowing (fgure 5% At higher
CHF, concenwations CF, specimens will scavenge the
oxygen radicals, thus preventing the blocking layer from
forming, which resuls in a more isotropic profile. Whes
the powsr, prossure, and flows are in the corect balance,
vertioal wall profiles rosult (figure 8). Note that in thig
figure two less attractive effects are vhaerved: i) when the
line spacing is wider, the trenches ave deepor. This offect
is known as ‘Rig-lag’, (i) The bigger aroas have negatively
mapered wall profiles because of fon bowing, Both effects
wifl be described in a follewenp of this paper {151, A
figher pressure or Jower power results in a more positively
tapered profile, because the energy of the hmpinging lons
is lower {DC selfeblagy In these cases, off-normal ions are
more lkely to reflect from the side wall without efching it
When the etching is performed w the isotropie or negatively
tapered regime, thus at low axygen, bigh CHF; flow, low
pressure, of high BF powser, micvomasks such as native
axide, dust, or redeposited mask material will be constantly
underctched and swohed surfaces stay smooth, preventing
the forming of grass (Rgure 7).

When the present process s used in stching silicon
structures, the eilicon loading of the substrate should be
sufficiently high, .g. at least 10%. ¥ the subetrate has »
lowsr silicon loading, additiona! silicon may be added 1o
the etching chamber in any form. Even mors impottand, the
wafer temperature must be stable and low snough 1o ensure
coutroliable profiles. Most times vacunm greass together
with & cooling systern at 20° will do very well

Tha black sificon mathod

Figure 6. A verlical wall profils.

B s also possible to etch polymers, instead of silicon
with high etch rates and sspect ratios with the same
SF/Q,/CHF; plasma, but in these casee the specific
function of each gas is different. Now, o creates the O°
radicals to sich the polymer chemically, but this eiching
is highly emperatwre dependent, Al tomperatires near of
shove the polymer glass transition temperature, the sich
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Figurs 8, The influence of power, prossure and fiow on the
profile.

profile is purely isotropic and the eich rate can be as high
as 5 microns per minute, This process is aonvally fulfilled
in so-cafied plasma ashing systems to gizip resist afler mask
duplication. [n order 10 creste anisouropic profiles, i is
necessary to block this therme-chemical siching, so the

T8

Figure B A misromiehingd xy stage
of the Disck sogn mathod in an §F

substzats i cooled af room temperature amd 2 the same time
O ong are used 1o oich the trench bottom. For this reason
RIB s masd 1o divect the fons from the plasma glow rogion
towards the substeate. Because of the highly anisotropiy
sich, prass will appewr just as in the case of the pig of
sificon, To prevent this formation of geass, again THPy is
added resulting in nearly vertical and smooth surfaces, To
lower the high DO bigs volisge {thes incressing the mask
sefeotivity) which is orasted dusing Go/CUHE, reactive ion
siching 5F; and dummy-silicon are added giving very low
bias voitages (down to 10 &V} The addition of CHP as
well a3 8P 15 not influencing the polymer eteb e (up 1o
2 wra win™?) more than 10%.

3. Tha biack silicon method

OF courae, 3 is possible 1o continue this paper by giving the
recips for the jaE giving a vertical wall profile and show e
influsace of the various parameters on this profile such 2
power, pressure and pas fow, However, thiz information
cannot be used in cther laborstories, capectally when they
bave 2 differsat reactor. This problem has its onigin in the
difference of the configuration of the awcher (planparaliel
disde, triode, hexode, eto.) bt aleo in the reacior geometry,
the fiow nandliing (twbo-, diffusion pomp, et} and many
oifers, For this resson & stroager ool is used fo fnd the
vertical profile regime.  This method uses the fact that
the silicon is wened dMack when the vertical wall recipe
i found, From now on, this meathod will be called the
‘black silicon meatbed’,  Another method using responss
surface methadology hag provinusly heen described by the
authors {14} # includes information over the eguipment
and the actual recipe, Betfore the back silicon method s
Sormulated, the reason fur this effect will be caplatned and
a way o get rid of this blackening will be described.

3.3, The origin of back silicon

As stated in the sbove there IS a constani compelition
between the fluorine radicals that oich and the oxygen
radicals thal passivate the silicom. At B certain oxygen

SIONYX1403000033.0118

SAMSUNG EX. 1002 - 3366/4148



Tabls 1. The kemulation of the hiack silicon muthod,

The biack silicon methad
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content there is such a balance between the etching and
the passivation thet a searly vertiond wall resulis. At
the same moment sative oxide, dust, ete. will ot as
nxicromasks and, because of the directional etching, spikes
will appear. These spikes consist of 2 silicon body with a
thin passivating silicon ongilucride skin, Thay will becorse
figher in thoe i, depending on the ewh wigy they will
exseed the wavelength of incoming Hght after some time.
This Hght will be ‘caught’ in the areas between the spikes
and cannot leave the silicon surface any mors. 3o, oll the
Hight is collected by the stehing surfuce and i is twrned
black, In fact, this optical diffuser could be nsed for ol
finds of sppiications where the reflection of light from
the swroundings is act desired, o laser applications or
sunlight collectors, In figwre 1, a SEM photo is shown
from etohed silicon under directional conditions. The spikes
are 50 pm in height and 2 fow pm i widd, The ornigin
of micromasks s caused by native oxide, dust and s¢ on
which {5 already on the wafer before etching. But, #tis also
formed duting the etching because silicon oxide particles
coming from the plasma are adsorbing st the stlicon surface
or becanse of the oxidation of the sificon surface togather
with the angle-dependent fon etching of this oxide laver.
Another souree of paricles during etching which will act
as micromasks is the redepositioning of ruask maberial due
to ingparting ions,

3.2. Preventing black silicon

Spikes formed because of dirty wafers before ctehing are
sasily controlled by giving the wafer & precleaning step.
For instance, native oxide can be removed with the help of
an HF dip and dust is lese of a problem when using the
lift-off sechnique in applying the mask layer, instead of the
normally used chemical etching of the mask material with
the help of a resist pattern. Howsver, the micromasks which
originate during stehing must be controlied in a different
way. Pirst of all, the redeposition of mask material can
be suppressed when the ifon energy is Jow or when the
right materials are chosen, but this subject will be weated

clsewhere {151, The sificon oxide particles ave less of 3
problem when the selectivity between the silicon and the
silicon oxide is minipszed, but this only coours when the
incoming ions are highly encrgetic and at these moments
the process le not favourable any more because of subsixate
damage and the just mentioned mask srosion. As already
stated, it is possible 1o forbid spikes from forming by
constantly underetching the ruicromasks isotroploally or
stching the foatures with a slightly negative underont, The
isotropic solution only makes sense when B & used 25 2
post-sieh, because otherwise the feature density {s Hmited,
On the other hand, negative underetching I8 sx excellemt
way to control the smocihness of the substrmte swrface
barely Bmiting the feature size density. In this study the
addition of CHF; 0 an SF¢/(3; plasma is described and its
abdlity o prevent prass, Yot another spproach o attack the
grass problem is the application of different masks, but this
will be publiched sleswhers {131

33 The black silicon method

In teble 1, an sasy way to find the vertical wall regime is
described with the belp of the information alresdy given,
A more or lese general ool is reached in which the recipe
for any REE system can be found just by fulfilling the
sequence written down. Av can be concladed from polat 3
of this sequence, pusely vertfcal walls can be achieved
for any pressure, powsr, Oz, CHFs, or SF: flow. This
iy an Important conclugion ‘because now we are able to
create any DC self-bing we want without shasging the
profile. For instance, it i possible fo develop very low
bins voltages (<20 ¢V} at higher pressures giving very
high mask selectivity, maintaining the profile (the sputier
threshold below which no sputtering takes place usually
in the 20-40 &V range). In such cates the ciched llicon
bottom and the side walls are nearly perfect as shown in
figure 7. It is also obszrved in fipure 8 that & vestical wall
profile is found for zero CHE; flow, This meang that the
passivation with silicon oxyfuorides at the side walls is
more likely than the passivation with 2 floorocarbon layer,
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althowgh it is stilf possible that a different pressurs, loading,
ety., the fucroearbon layer is more prosousced.  Also,
the observation that increasing the oxygen fow gives rise
t a more positively tapered profile is a strong indication
that silicon oxyfiueride is the side wal] passivator. Auper
analysis showed that indesd the side walls are covered with
siticon oxide; there is no carbonic species found [14].

The black silicon methed it tesied for three diffsrent
RIE sygtoms.  BMost sxperiments are peformed with a
plan-parailel plate reactor ‘Plasmafab 340" from the 8T8
Company {141 and a second plan-paraiiel plate single-wafer
reactor ‘Plasmafab $00° showed identical resudts, A third
system, the hexode ‘AME-3100 from Appited Materials, is
used for the batch fabrication of silicon wafers and is also
able to achieve vertical profiles. However, the eteh raws
are approximately one order of magnitude lower than for
the aingle-wafer etchers and for this reason less powsrful,
This is because the wafers are sxposed for rowch Jonger
o the aggressive plasma cheralstey, giving rise W surface
roughening when siching very deep wenches in silicon. The
etch rate can be increased by decreasing the reactor loading,
However, decreasing the exposed silicon surfacs arsa 00
much {typically smaller than 10% “open’ silicon susface on
the substrate wafer) will changs the plasma chemistry (thus
changing the profile beyond a point whers adfustment of the
other variables such st pressure, oxygen flow, sie., can ao
longer prevent the uaderstching of the mask. Nevertheless,
it is possible to insert some exira silicon in the veactor
0 snsure 2 ceviain minimal loading, This subjeet will be
wedted more sxtensively elsewhere [18],

Although the hlack silicon method was originally
developed for silioon trench etehing, # i found thet this
method works for pelymer rench stching as well, Although
the appearance of a polymer surface after amisoTopic
eiching is not black but rather ditfuss the mechanism &
the same. For this reason, & more general name for this
mathod is chosen: the black substaie method.

4. Applications and conclusions

Wafers that are purposely pot cleansd or even oxidized in
an oxygen phasma in the Mack silicon regime can be used ag
an optical diffuser for e.g. laser applications. It is possible
o oreate spikes at well defined locations in order to form
a tip for wse in ARM spplications. In our siudy we are
maindy interested in the use of the black silicon method
for wmmMs applications. In figore 9, & wmivromachined xy
stage is shown, The structure is stched during one ran with
standard RS, After the divectional stehing, the side walls
ave passivated wsiag 3 low-pressure CHF: plasmua and the
xy stage is eiched free with the help of an isotropic ¥
plasma. In the same rua the strecture is passivaied with a
fluorocarbon layer using 2 bigh-pressure CHE: plasma [161,

120

Although the black silicon method i fested for
BP0/ CHFy plasmoa anly, §t will also work for other
sificon etch gases, e.g. CFy, MNFs, SiF, OBl ar Cly, In
fact, every plasma mixture which cossists of 2 chemical
sichant, passivator and an iom source can be used for
the black silicon method, sven when the substeate s amt
siticon at ali but 2.8 a polymer. Al together it is ghown
that the black sificon method is a very strong tool for
eiching high structures with excellent profile control using
an SF/O/CHE, plasma,

Referencas

{{] D'Bmie CP D, Chan K K and Bl F 1982 Deep trench
plasma eiching of $C S using SFOQ gas miximres J,
Y, Sl Technol B 30 1105-10
{2} Yeam G-¥, Ono Y and Yamaguohi T 1992 Polysilicon
wtehibuds plagony peovess uadng BB, Cly and 58 gas
wmixtores for Seep-ponch isdlptun & Blectron. Soc. 138
5759
£2} Petri R, Francou &M, Inard & snd Heney 12 1991
Toraperature eifects on 2 RIPE reacior Micrpalesiron,
Eng. 13 455-82
4] Tada T and Kasayama T 1993 Fabiication of 8i
nanostiuctores with elecizon beam Hthography using
AIN a5 a dry-ofch dusable resfst J, Vo Soi. Techmel B
3L 2229~32
1 Pomot O, Mabd B, Petit B, Amal ¥ and Pelleter J 1986
Anisoltropic stehing of siticon using an 88/ Ar
miceowave multipoler plasma L Voo, S, Technel B 4
3-8
8] Paary A and Boswell R W 1980 Past andsotropic etching
of §1 In an 1P reactor Appl, Phys, Less, 55 148-50
£71 Winters B, Cobun I W and Chuang T J 1983 Swince
Processss i plasmi-assisted cichiog environments X
Vae, Sof Technol B 1 469-80
{31 Krings A M, Eden ¥ and Beneking ¥ 1987 R eiching of
dian Srenabag m @3 usig Cﬁrl";; and 8F¢ plasioa

o

i &

91 Shaw J X, Ena.n;, Z L ;md MucDonald N 1994
SCREAM I a single mask $C 8, RE process for MEMS
Sensors Actuatory A 48 63-70

{10} Yuokin V A, Fiecher D and Voges B 1994 Highly
anisotrepic sclective RiE of deep wenches in 81
Microelectron, Eng. 33 373

{113 QGobrecht T Anisotropy enhianceraent by sldewsall protection
using an Al-mask in etcht rate SFs based RIR processes

[12] Syan Y, Baligs B J and Bameker B W 1891 rim of 8§
trenches nsing SF/0; gas mixtures J Blactrochen, Soec
138 307651

137 Zhang J M, Li I D and Wolf B D 19
structuees of sofeotory Teetal silis
Vae, Sci. Fechnol, B 1 10%7-42

{14} Legtenberg B, Jansen H, de Boer M and Elwenspoek M
1§95 Axndsotropic R of Si using SFJO/CHF, gas
mixtures J. Fleciron. Soc.

[15] Jansen H ¥V, de Boor M, Leglenberg R and Wiwenspce%. M
1995 The black silicon method: the influence of masks
and lvading on 3% wwench stohing in rg MNVE {Daves,
Sepy 1994} 27 475388

{16} Jansen H ¥, Gardeniers ¥ G B, Fiders [, Tilmans H A O
and Slwensposk M 1994 Applications of Suorccachon
polymers in micomechandes and sderomschining
Sengors Actuators A 41~42 13640

3 R sebitvot
g and polverdas 4

SIONYX1403000033.0120

SAMSUNG EX. 1002 - 3368/4148



applied
surface science

ELSEVIER

Applied Surface Science 162163 (2000) 599603

www.elsevier.nl /locate / apsusc

Simple nanostructuring on silicon surface by means of focused
beam patterning and wet etching

M. Koh®*, S. Sawara®, T. Shinada®, T. Goto®, Y. Ando ?, I. Ohdomari **

# Kagami Memorial Laboratory for Materials Science and Technology, Waseda University, 2-8-26 Nishi-waseda, Shinjuku,
Tokyo 169-0051, Japan
> Sehool of Science and Engineering, Waseda University, 3-4-1 Ohkubo, Shinjuku, Tokyo 169-8555, Japan

Abstract

Two simple and easy processes have been demonstrated to fabricate two-dimensional (2-D) nanostructure array on Si
surfaces by using only focused beam patterning and wet etching. First, we took advantage of the enhanced etch rate (ER) of
electron-beam-exposed Si0, in HF based solution. A 30-nm thick oxide layer was shot with 30-keV focused-electron beam
with spot doses ranging from 20 to 140 pC/dot. After development of SiO, layer in 1% HF solution, the Si substrate was
etched by hydrazine (N,H,H,0) to form pyramidal etch-pits. By using this process, 50-nm concave nanopyramid array
(NPA) with 100-nm period can be fabricated successfully. Second, we utilized the newly found retarded ER of
ion-beam-exposed Si in hydrazine. 2-D arrays of dots were written directly on the Si substrate with 60-keV Si focused-ion
beam (FIB) with a dose of 5 X 10 ions /¢cm?. The Si substrate was then dipped in hydrazine solution, where the unexposed
region was selectively etched by hydrazine. By using this process, 100-nm convex NPA with 200-nm period can be
fabricated easily. The performance of the proposed processes is compared in terms of pattern size, throughput and process
diversity. © 2000 Elsevier Science B.V. All rights reserved.

PACS: 61.80.Fe; 61.80.Jh; 85.40.Ux
Keywords: Si; 8i0,; Nanopyramid array; Electron beam; Focused ion beam; Hydrazine

1. Introduction lithography and subsequent dry etching. However, as
the pattern density increases, resist patterning by EB
lithography becomes difficult because of the proxim-
ity effects during the EB exposure on the resist. In
addition, transfer of nanometer scale resist patterns
to the Si surface by dry process is not very easy due
to narrow process window [3]. Scanning probe mi-
croscope (SPM) can also be applied to the nanofabri-
cation process [4—6]. Although its high resolution is
suitable for nanostructural fabrication, the throughput

Fabrication of two-dimensional (2-D) nanostruc-
ture arrays is in high demand for tera-bit memory
and nanocompact disks [1], and also, is attractive as
a substrate for control of self-ordering phenomena
[2]. These nanostructures have been generally pro-
cessed by resist patterning by electron beam (EB)

* Corresponding author. Tel.: +81-3-5286-3857; fax: +81-3-

5272-5749.
E-mail address: meishoku@ohdomari.comm.waseda.ac.jp (M.
Koh).

is too low for practical fabrication.
In this work, we have developed two simple
processes to fabricate high density nanopyramid ar-

0169-4332 /00 /% - see front matter © 2000 Elsevier Science B.V. All rights reserved.
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Fig. 1. NPA fabrication process flow.

rays (NPA) on the Si surface by means of focused
beam irradiation and wet etching. In the first process
(which is called ““EB process’’ in this paper for
convenience), a SiQ, mask was patterned directly
with EB by applying the previously reported en-
hanced etch rate {(ER) of an electron-beam-exposed
SiQ, in a HF-based solution [7-9]. The Si substrate
was then dipped in hydrazine anisotropic etchant [10]
to form concave NPA on the Si surface. In the
second process (which is named ‘‘focused-ion beam
(FIB) process’), convex NPA was directly fabri-
cated by utilizing the newly found retarded ER of
ion beam (IB)-exposed Si in hydrazine in contrast to
previously reported ion-bombardment-enhanced
etching [11,12]. This paper demonstrates that these
two processes make it possible to easily fabricate the
NPA on a Si surface.

2. Experiment

The three-step process sequence of the EB pro-
cess is schematically illustrated in Fig. 1(a). The

Table 1
Process flow and parameters

enhanced ER of EB-exposed Si0O, in HF-based solu-
tion has been reported [7-9]. We principally applied
this phenomenon in the EB process to structure the
concave NPA on Si surfaces. Firstly, SiO, layer was
shot with focused EB. The exposed SiO, was then
developed away with HF solution, followed by dip-
ping the sample in anisotropic etchant to form the
2-D concave NPAs.

The FIB process flow is illustrated in Fig. 1(b).
Throughout this work, we have found that the ER of
ion-beam-exposed Si in hydrazine is retarded signifi-
cantly. This phenomenon was utilized in the FIB
process, and the convex NPAs were fabricated by a
two-step process of only FIB patterning of Si surface
and the subsequent wet etching.

The parameters of both processes are summarized
in Table 1. In the EB process, we used n-type
Si(100) with a resistivity of 60 Qcm. The SiO,
mask of 30 nm was thermally grown on the Si(100)
surface and was shot with a 30-keV focused-EB with
a minimum spot size of 2 nm in a Hitachi-modified
S-4200 EB lithography system. The EB current was

Flow EB process FIB process

(1) Oxidation 30 nm 10 nm

(2) Irradiation EB 30 keV 20--140 pC /dot Si, P60 keV 103-10'5 cm ™2
(3) Ashing 3 min 3 min

(4) SiO, etching
(5) Si etching

1% HF 2—5 min RT
hydrazine 15 s 115°C

1% HF 2 min RT
hydrazine 15 s 115°C
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{a) 250 nm Period

430 7 7
4'00 &7 A 7%

(b} 100 nm Period

{c) 50 nm Period

300 7 L 4
2'30 L “

Developing Time

20 50 90 140
Dose [ pC/dot ]

20 50 90 140
Dose [ pC/dot ]

22 27 33 38 44 49
Dose [ pC/dot]

I:] Si0, not opened Completed - Coalescing

Fig. 2. Process window for EB process with periods of (a) 250, (b)
100 and (c) 50 nm.

6.7 nA. In order to explore the extent of the process
window, EB spot dose and developing time were
varied from 20 to 140 pC/dot and from 2 to 5 min,
respectively. The sample was exposed to O, plasma
to facilitate the perfect removal of the contamination
due to EB exposure prior to the development of the
Si0, layer. The development of the exposed SiO,
layer was performed with 1% HF. The ER of unex-
posed SiO, layer by 1% HF is 6 nm/min. Its
selectivity, defined by the ratio of the ER of exposed
region to that of unexposed one, was confirmed to be
about 2, which is consistent with the value reported
in Ref. [8]. The Si substrate was etched by dipping in
hydrazine (N,H,H,0) anisotropic etchant [10] for
15 s at 115°C. Since hydrazine does not contain any
atom species, which could be a contaminant [10], it
is very suitable for the Si device process.

In the FIB process, we used the same wafers as
used in the EB process. A 10-nm thick Si0, was
grown to avoid the influence of the contamination
due to FIB exposure. Si or P ions were irradiated
through a 10-nm thick SiO, at doses of 10*-10%

cm™? at 60 keV by using the FIB system [13] (for
Si) and the conventional ion implanter (for P). Beam
spot size and current for the FIB were about 50 nm
and 5.0 pA, respectively. Base pressure during FIB
exposure was kept below 107% Torr. The samples
were then exposed to O, plasma to remove the
contamination. After oxide stripping by 1% HF dip-
ping, the wafer was patterned by dipping in hydra-
zine for 15 s at 115°C.

3. Results and discussion

Process windows for the concave NPA fabrication
by the EB process are shown in Fig. 2. As desig-
nated by the shaded area in Fig. 2, we succeeded in
obtaining a wide process window for NPA fabrica-
tion with a 100-nm period. The ER of EB-exposed
Si0O, is enhanced as the EB spot dose and pattern
density increase. As a result, the process window
extends to shorter developing time and lower spot
dose as the period becomes shorter. However, Si
etch-pits unfortunately coalesce at 50-nm period as
indicated by the black areas in Fig. 2(c). This is
because SiO, windows merge together during devel-
opment. Further optimization of process conditions,
such as the oxide thickness, and improvement of
developing solution are needed to realize higher
density NPAs.

The scanning electron microscope (SEM) images
of the concave NPAs fabricated by the EB process
are shown in Fig. 3. Although the SiO, layer be-
comes thinner than 10 nm after the development, the

{b) 100 nm Period

Fig. 3. SEM images of concave NPA fabricated by EB process with periods of (a) 250 and (b) 100 nm.
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Si0, layer acts well as a mask. Si etching by
hydrazine stops spontanecusly when the four (111)
planes meet, because the ER of the (111) plane is
significantly lower than that of the (100) plane.
Thus, the size and depth of the concave NPA, and
the minimum period are determined by the size of
the SiO, window after the development. As can be
seen in Fig. 3(b), 2-D NPA with the size of 50-nm
square and with the period of 100 nm was fabricated
successfully. The density of the fabricated NPA cor-
responds to 62.5 Gbit/in.>. This result clearly re-
veals that a high-density nanostructure array can be
fabricated by using this simple process.

The dependence of the ER of Si by hydrazine on
the ion dose is shown in Fig. 4. A Si(100) substrate
was exposed to 60-keV P ions in a conventional ion
implanter. The ER markedly decreases as the ion
dose increases. We have also confirmed that the
fabricated nanopyramids are etched by hydrazine
after recrystallizing the damaged region by annealing
in N, at 850°C for 2 min. So far, it has been reported
that hydrazine dissolves Si substrates electrochemi-
cally and that the ER can be affected by the conduc-
tion type, resistivity and electrical potential of the Si
substrate [14]. Koyama et al. [15] have reported that
the resistivity of irradiated Si by 75-keV Ar ions
increases by two orders of magnitude. Based on our
results and their reports, we conclude that the re-
tarded ER of Si by hydrazine is derived from the
reduced electrochemical reaction between Si and hy-
drazine solution due to the increase in the resistivity
of Si induced by ion irradiation.

The convex NPAs processed by the dot exposure
of 60-keV Si FIB at a dose of 5X 10" cm™* are
shown in Fig. 5. It can be observed in Fig. 5 that the

<23
o

T

e T
- - -\- -ER for Unexposed Si

o

o

RN oW &
(=]

S

N

1013 1074 1015
Dose [ ions/em? ]

Etch Rate [ nm/s]

P* 60 keV

-
=]

YT T T T T T T e e
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Fig. 4. Dependence of ER of Si by hydrazine on the ion dose.

{b) 200 nm Period

{a) 500 nm Period

500 nm

Fig. 5. SEM images of convex NPA fabricated by FIB process
with periods of (a) 500 and (b) 200 nm.

500 nm

IB-exposed regions definitely serve as etch masks.
The minimum size of the pyramids and the minimum
period are determined by the size of apex of the
pyramid, that is, the size of the region damaged by
the FIB exposure. As can be seen in Fig. 5(b), a 2-D
NPA 100-nm square with a 200-nm period was
fabricated successfully. The density of the fabricated
NPA corresponds to 15.6 Gbit/in.?, which is almost
the highest limit of pattern density for the FIB
process.

In Table 2, we compare the performance of two
processes proposed here in terms of pattern size,
throughput and process diversity. As for the pattern
size, smaller NPA can be fabricated with the EB
process because of its smaller beam spot size. The
EB current is three orders of magnitude higher than
that of the FIB. The EB dose necessary for SiO,
patterning is three orders of magnitude higher than
the IB dose necessary for Si patterning. As a result,
the throughput of both processes becomes almost
equal. The FIB process enabled us to easily fabricate
either concave or convex NPAs, while convex NPA

Table 2
Comparison of performance

EB process FIB process
Density 62.5 Gbit/in.? 15.6 Gbit/in.”
Beam current 6.7 nA 5pA
Dose 1.3 x10°% electrons /dot  5.0X 10* ions /dot
Throughput about 10 ms /dot about 10 ms /dot
Diversity concave concave and convex

SIONYX1403000033.0124
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fabrication is very difficult with the EB process.
Also, in the FIB process, the electrical property of
the apex of the nanopyramid can be controlled by
dopant IFIB irradiation. Hence, process diversity is
higher for the FIB process than that for the EB
process.

4. Summary

We propose two simple and easy processes to
fabricate 2-D NPA on Si surfaces by using only
focused beam patterning and wet etching. We have
explored the process window for the EB process
where the enhanced ER of EB-exposed SiO, in
HF-based solution was applied. We have succeeded
in obtaining the process window for fabricating 50-
nm concave NPAs with 100-nm period. It was found
that the ER of IB-exposed Si in hydrazine is retarded
significantly. This phenomenon was utilized in the
FIB process, by which 100-nm convex NPAs with
200-nm period can be fabricated easily.
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All-Solution-Processed Random Si Nanopyramids for
Excellent Light Trapping in Ultrathin Solar Cells

Sihua Zhong, Wenjie Wang, Yufeng Zhuang, Zengguang Huang, and Wenzhong Shen*

nanowires and nanoholes, hence resulting
in lower surface recombination./”

In general, Si pyramids are formed
through anisotropic etching in alkaline
solution and the typical s
To reduce the pyraroid :
a thin dielectric mask such as SiG,
can be deposited on Si surfac
n the Si wafer is directly eict

(]

produced St pyrarnids
f2-4 pm. Free of the mask,
it s reported that emall Si pyramdds

through using a special surface add
and controlling its ratio.'! And Li et al
fabricated Si pyramnids with sizes of
1-3 e by replacing NaOH or KOH solu-
tion with NaClO, which is an alkaline
and strong oxidizing reagent. Amaziagly,
pyramid structure can be alzo formed in
acid solution (HF/H,0,/H,0) by id
of Cu nanoparticles, but the pyramidal
than 2 prn with etching
I Theugh the above methods
ple, they are hard to generate uniform Si pyramids
uanoscale s

depth i
are sir

nie

1. Introduction

Realizing excellent light trapping is the crucial peint for The technigues to form Si nanopyramids have thus become
ultrathin solar cells to maintain the comparable photort abserp- a focus of concern. Nanoimprint lithography (NIL) method is

tion and
Arong various light

3 vparts.  one of the mest popular methods for $i nanopyramid forma-
pping g vies based on Si nanostruc-  ton> ™1 And for most NIL process, first, a dielectric layer
3-48i nanopyramnids {including upright and inverted)  {Si0, or SiN) is grown on i surface as etchi
7 attracted research interests. On the one hand., by the deposit
trapping effect of 8§ pavopyraroids has been  ewching pattern, sud then reactive jou et
demonstrated in both experiment and simulation.” ™ On the ; the residual photoresist and the d
other haud, their sur area is only 1.74cld the planar sur- layer in the opening window, and finally anisotropic etching
face, far lower than that of other Si nanostructures such as  is carried out to form 3i nanopyramids. Ancther techuique
employing focus ion beamn has been introduced by Koh et al.¢
oy gurfac irradiated by focus ion heam,
and the anopyramids are formed by utilizing the retarded
etching rate of the ion bearn expoged $i in N,H,H,0 solu-
tion. Mavrokefalos et al.”} and Branham et al. ® have fabricated
ou jnterference lithography and
ique needs to form 3 Si0; and pho-
interf

ari

i
excellent 1
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Key Laboratory of Art
Control {Ministry of £
f Physic

inverted nanoepyrarpic
wet Si etching. This tec
toresist lavers on the wafe face first, and then uses
ng pattern, followe

een, most of the
structures are either

ence

wel e £
C orative innovation Center of Advanced Microstructures fabrication techuiques of Si nanopyrami
Nanjing 210093, P. R. China complicated or expensive, and the reported $i nanopyramids
DO 10.1002/2dfm 201505538 are periodic.
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However, periodic nanostructures with mirror gymmetry
uch as regular Si nanopyramids will lead to the degeneracy of
the increased

T

the optical resenance modes that coniributes t

tight absorption.®! In contrast, recent lit
random nanostructures are motre helpful to achieve broadband

erthancement of light absarption 120 have

ratures argue tl

U Sturmberg et all2
discerned that random 5i nanowires with various radii perform
better than the ones with identical radius on light absorption
because of more excited resonance modes. Besides
of nanostructures, it is also experimentally demonstrated that
;¥ in position is more beneficial for
photonics to achieve broadband light wrapping as compared to
the periodic counterpact.

Here, we propose a si
ion patible method to £
based on a layver of Ag nanopart
not involve the deposition of die

the size

increasing disord; o~

fective, and mass-produc-

o

« 1 nanopyramids
wet 5 etching. It does
sctric lavers, photoresist, or ion
hinique.

etching process, and is an all-solution pro
The successful fabrication of the Si nanopyramids lies in the
transfer of the resultant electrons in the etching process from
Si to Ag nanoparticles, resulting in the formation of bubbles
on Ag surface rather than on 8i surface o that OH™ can react
with the whole Si surface to naturally formy random and dense

randormn Si nanopyrami
- trapping effect

b 03,
iy

|

--51) with thickness of
30 pro in experivoent, showing a sigrificant echancement of
light absorption as compared with planar surface. We have
aleo carried

cut simdations to further explore the advantages

periodic ones to realize
outstanding broadband light absorption.

2, Formation of Random Si Nanopyramids

Figure 1 shows scanning electron microscepy (SEM
digital photog of the si
reated with different texturing methods. Figure 1a ig
top view of random Si micropyramids formed by the
xturing method for single-crystalline Si solar
wugh most of the Si pyrawmids have a lateral ¢

aph, as well a:

&

e

ventional texturing method, selution temperature needs to
be roaintained at about 80 °C and etching time 30-50 min.

decreasing the solution temperature to 65 °C and
etching time to 20 min, veral pyramids with sizes
of 1-2 wro are spargely forrned ou the 8§ wafer surface (see
Figure 1h}, demonstrating that the surface texture is ineffec-
tive, However, if the $i wafer ¢ decorated with a thin layer
of Ag nanoparticles on the surface by being immersed in
AgNO,/HF solution first, and then etched in NaOH solu-
ion for 20 min at a temperature of 65 °C, it is amazing that
its surface morphology is completely different from the two
samples described above, ag shown in Figure 1cd {zoomed-
in SEM image). The Si pyramids are densely and randomly
disteibuted on the wafer surface {(worse are overlapped),

nly se
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surface texture.

exhibiting a perfe lateral gizes mainly
range from 300 to 600 nom.

To evaluate the optical performance of the nanopyramids,
reflectance (R} and absorptance (A} specira of different
surface condition are compared in Figure le. Compared to the
micropyramid countterpart, the nanepyramid textured wafer
has a little higher reflectance over the whole wavelength range
from 400 to 1100 nm due to ite much smoother surface. But the
gap between these two reflectance specira is reduced when the
Si surfaces are coated by SiN, aniirefiection layer. Also, from
the view of fabric s, the nanotexture has much less
material logs {the thickness loss via the proposed nanotexture

ion prod

wethod can be controlled to 0.8-1.5 pm per side, wh

ghly significant for the appli
. For example, 1l

=

reflectance, as shown in Figure le. This is mainly asc
i hat the thins

mare absorber layer kept. We believe th
film, the advantage of the nanopyramid texture is more
nent. Micropyrarnid texture is oot applicable for ¢
with a thickness smaller than 10 pm 571

Our proposed new technique for random $i nanopyramid
preparation is an all-solution-processed method and thus does
not involve any electron or ion eiching, or dielectric masking
layers as are required juo focus jon beam etching, interfer-
ence lithography, and nanoimiprint lithography techniques.
Although noble metal is contained, the concentration of AgNG
is ultralow (7.8 x 107 wm). Therefore, the fabrication method
ig very girple and o gve. It is worth mentioning that
he pavopyramid texturing me
156 mm X 156 mm wafers. As shown in Figure 1f different
positions of the Si wafer have almost the identical reflectance
over the whole wavelength, demonstrating the uniform surface
texture.

od can

be applied to quasi

3. Formation Mechanism of the 5i Nanopyramids

nts the top-view and cross-sectional SEM
ured Si surface without the removal of Ag
for 20 in

Figure 2ab pre

images of the &

rapeparticles after being etched in alkaline solutio
under the temperature of 65 °C. Distinctly, the Ag nanoy
are raudomly distributed on the top, bottom, and siope facet
of the Si pyramids, unlike the case that Ag
embedded at the bottom of 5i nanopores in
H,0 eiching syst
fore, in our alkaline etchi
not a catalytic agent, or at least they do aot lo
etching. However, the existence of Ag nanoparticle
ts the avisotropic etching process of Si
Ag nanoparticles enhance the dengity of the pyramid nucleus.
With Ag nanoparticles deposited on the surface, highly dense Si
hillocks, which ave the nucleus of Si pyramids, are formed afte

just being etched for 3 min under the solution temperature of
65 °C, a¢ fHlustrated in Figure 2¢, while the St wafer without Ag
nanoparticies has much sparse and smaliler hillocks on the sur-
fa same etching condition, as shown in Figure 24.

2 under th
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Figure 1. Top-view SEM images of the textured $i surface with different texturing condition. a) The conventional micropyramidal texture formed in

alkaline sciution w
etching time of 20 m

emperature of 80 °C and etch
The nancpyramids for
py

On the other hand, we find
ated and escape away rapidly fre
hrough observing the etching pro
81 wafer without Ag nanoparticl ]
1 > produced and then
escape away owly. Moreover, some bubbles adhere on
hie Si gudface, which is cbviously presented in Figure 2e. Frorg
rvation, we speculate that the etching rate is or for
1 coated with Ag nanoparticles. To confirm
ed the mass loss to calculate the effective thickuess
loss per side (AW) and thus extract the etching rate. The AW ig
calculated by the following equation

X 1)
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time of 40 min. b} The extured
wnersing in AgNCG:/HF solution
ching time of 20 min. d) Zoomed-in 3EM image

® 2076 WILEY-VCH Verlag GmbH & Co. KGsA, Weinheim

in alkaline solution with tem

O0stoformath

er of Ag nan
c}. e} Compar fRand A,
nt positions on a large-size

e spectra of the dif

resent the mass of wafer before and

tively, and W is the wafer thickuess before
ess of polished water is around 180 pm).
Figure 2f shows that the AW of the 81 wafer with
Ag nanoparticles is higher compared to the one without Ag
nanoparticles no matter the etching time short or long. And
through linearly fitting the AW versus etching tiroe, the eiching
rate of Ag nanoparticles decorated Si wafer is caleulated to be
0.075 pm win™, indeed higher than that of the naked 5i wafer
{0.060 pm min™).

To get insight into the phenomena above and understand the
role of Ag nanoparticles in the study, it is necessary to kuow the
etching mechanigm of 5i in alkaline goluii a
{100} surface of §i, OH™ ions attack

irjecting two electrons into the conduction band, narpely?®
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Then gilicon-

the positi
roxide further

charged
reacts with the GH™ ions

producing soluble silicic acid

YO

Bl

At the same time, th

e excited electrong are
; c 3t ] . -
transferred to water molecules near the Si
surface, resulting in the following reduction

reag

it

4H,0+ 40 —4H,O

4507 = 40H + 4 - 40H+ 2H, {6)

schematic  diagram
re 2g), for the Si wafer without Ag nano-
particl iong attack the Si surfac
react with 5i atoms to form Si{OH),. Mean-

and

& . i
s Hgseqr B

s a Bnear e

“ut

A {un}
e

P
&

while, the generated electrons are directly
fed near

N

d to the water molecules lo

inje

the Si surface, producing hydrogen atoms.
Then the hydrogen atoms evolve into H,
maolecules and adhere to 5i surface, accumu-
lating to form H, bubbles. The bubbles have
a mask effect so that the Si b
s prevented from reacting with OH™ ious,

eneath them

o

WwoWm M

Eiohing thn {idengs}

N
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Figure 2. a) T

an the Si nanopyramid textured surface.
etched in

a temperature of 65 °C
which characterize the pyramid nucleu
with and without the deposi
cusly different. {) Effective

are ob

NTRNCL
S

7

In the next step, the Si{OH}, groups transform into a posi-
ou hydroxide complex by thermally exciting
band

ively charged sili
e electrons into the conduction

13
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3 age of the surface morphology of the §i
C for 3 min ¢} with and d} without the deposition of Ag nano-
e} Comparison of the etc
ion of Ag nanoparticies on the surface. The bubbles
ness loss {AW) of the Si wafer with and without &g
nanoparticles as a function of etching time. Schematic diagrams of the etching mechanism
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& K hence leading to the lower etching rate and
the sparse Si pyramids. {Note that for con-
ventional wicropyramidal texture proc

ot
erated.
: er and
opic factor is increased too. There-

It

ore, more Si surface is etched and compact
micropyramids can be formed) For the
case with Ag ne les {see Figure 2h),
instead of being injecied into water mol-
ecules from Si directly, we believe that the
i ; are extracted by the Ag

egativity of Ag than
the Ag negatively <
lated electrons are transt
molecules located near the Ag nanopariicles,
: s H, bubbles adhering on the
Ag surface with much smaller size. Without
targe bubbles on the Si surface and that t
Ag particles are nanoscale size, OH™ ions
:arty the whole S gurface to rest
pyramid nucleation, thereby the dense Si nanopyramids, Also,

the etching rate is greatly it should be

erred to the water

g process

can re

it in compact

increased. However,
pointed out here that the Ag nanoparticles do not act as a cata-
lytic agent that accelerates the etching locally but mainly collect
alectrons from the conduction band, which is different from
#26:3% Moreover, we want to clarify

b as isopropyl alcobiol JPA) is needed

/

he case in acid solution.
that a wetting agent suc
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10 obtain sufficient wettability for the Si sur-
> by reducing Sifelectrolyte interfacial
energy. 2 If there is
not good enough.
on the Ag nanoparticles will extend to S sur-
face and combine the adjacent bubbles to
form 1 y, large bu
will sirip off the Ag nan
lead o the etching process similar to the case
ithout depositing Ag nanoparticles.
fore, the success of forming the nanos
Si pyramids is attributed to the comprehen-
sive effect of Ag particles and the IPA.
Considering the fact that IPA is also needed
to obtain good wettability in the micropy-
rarnidal texturing technique, this study will
mainly stress the impact of Ag nanoparticles.

e

ger ones. Eventu

-

4. Influence of Solution
Temperature and Etching Time
on Morphology

novel
ice

ution temperature on the surface mor-

In order to get more knowledge of

ology, sular spectrurm averaged reflectance
3, as well as AW with a fxed etching
of 25 min. When t

s lower than 45

e solution temper-
e wafer surface

,
i same as that before etching
because the etching rate is too slow and

formed
However,

trasmall hillocks
1o shown here

thereby only ul
{whose SEM
when the solution temperature is higher
than 55 °C, the wafer surface looks dark gray
color, suggesting effective surface texture.
Figure 3 shows the SEM images of the Si

85 °C as
ion. It can be seen
are compactly covered
i pyramids of different sizes. The Si
pyramide fabricated under the teraperature
of ve sizes distributed from 100 to
1100 nm with a mean vaiue of 443 nm. The
standard deviation (SD), which is a parameter to quantify the
dispersion of a set of data, of the size of the Si nanopyramid
is 206 nm, indicating that the pyramic are main :
tributed from 250 to 650 nm. With regard to the ones fabri-
cated under the temperature of 65 °C, the si it
from 160 to 1200 nm but m
250-670 nim because their

25 are d
st of them are concentra
1 value is 467 nm and 5D ig 210

nm, showing an extremely slight increase of si compared
to that of the 55 °C ¢ However, when increasing
tion temperature to 75 °C, the mean value and 51 of the size

and 329 nm,
at the sizes are yoainly coucentrated

of the Si pyramids are al
cespectively. This meang
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Figure 3. SEM images of the surface morpt
termperatures of a) 55 °C, b} 65 °C, ¢} 75 °°
of the pyramid size are shown in @'}, (b}, ¢}, and '), respectivel
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rolegies of the 5i wafers etched under the solution
and d) 83 °C. The corresponding statistical data

it 250-900 nm. The increase

of size may be attributed to the
increased difference of etching rate between the {100} and {111}
crystallography plane as solution temperature increasing.?®
When the solution temperature ig increased to 85 °C, the fabri-
¢ Si pyramids have sizes distributed from several huodred
nanometers to about 7 pm with a mean value of 2829 nm and
SD of 1609 nm, presenting a dramatic increase of the pyramid
3! ase, the fabricated Si pyramids are si
rentional 51 anisotropic etching
d difference of ewching rate
between the (100) and {111) crystallography plane, the failure
irt preparing Si nanopyramids under the temperature is algo

¢ 5
method. Besides the ingc
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ted

2 5 surface coverage of Si pyramids fabri
with different etching duration approaches
100% (Figure 4<), even the eiching time as
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Sohutinn temperature (°C) Xkra\seiaggm_ {mm) bo.xes in Figl:li’(_’.%d, z}‘iihqugh“me‘ Si pyra-
‘ mwids have similar size distributions, the
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g £ sad N 5. Light Absorption in Ultrathin ¢-Si
ool e e
B € One of the wmost important applications

) X 36 40 10

s g gy i ; 5 of the Si nanopyramids is to provide light
Etching thne {minutes) B

trapping in ultrathin <Si solar cells. In
55 of ultrathin
of micrometers

Figure 4. a) Variation of R, and AW with solution temperature. b} Reflectance specira, general, the ab‘S()rb?
istribution of the Si wafers etched under the tem-  ¢-St cells is ouly a few ten:
x and min  {<40 pm} or even severa

value of the d whereas the formation o
micropyramids needs a material thick-

suitable ag

¢y pyramid coverage, and d} pyramid size d
perature of 63 °C varying with etching time from 10 to 4G min. In the figure,
represerit the maximum and urn data, respectively. M is the m

micrometers,
f conventional

attributed to that a large number of electrons are fast generated loss of several microme
from the intense reaction, resulting in the injection of ele i
into the water molecules not only from Ag nanoparticles but € stea
also from Si surface directly, thus similar to the conventional  not only effectively reduce su
etching process. little optical absorber loss. However,

On the aspect of optical performance, Figure 4a shows that  structures either lead to high carrier recombination or ueed
3 sophisticated fabrication process. Here, we have success-
fully fabricated random Si nanopyramids, which have low
surface area enhancement, on thin filra ¢-5i layer as surfac
above. When the termperature furth texture through the all-solution-processed technique. Then
R,ve Gramatice s to about 12%. However, both the front and rear surfaces are coated by SiN, laver
rapidly with solution temperature and reaches 4.5 pm at the  together with an Ag film deposited on the rear side as the
s discussed in Section 2, the reflec-  back reflector. Figure 5 shows that the Si nanopyraraids are
vs will diminish after the depo-  densely and randomly distributed on the ultrathin ¢-Si sur-
face with roost lateral gizes of 250-650 nm. The height of the
Si nanopyranids is only about 250350 nm, far lower than

k ultrathin <8 layer, ensuring the minimal
absorber volun

11

ers are conformal

ctrons

ot but also induce
the present Si nano-

temperature of 85 °C. And as
tanice gap between these wafe
sitiont of antiveflection coating. Therefc
prebensive consideration of surface micromorphology, optic
performance, and material loss, from the view of application
in ult 3 . the etching temperature should
be selected as 55-65 °C, under which the formed Si pyramids  coated on the nanopyramid surfaces with a layer t!
possess stable surface roorphelogy {due to its ingensitive to the  of 75 o at the front side and 100 nm at the back side. Ag
temperature in the range}, good antireflection property, and low  film is alse conformally deposited on the back SIN, layer with

N
t

o ¢

s

thickpess loss, a thickness of about 150 nm by electron beam evaporation
We have alse investigated the effect of etching time on technique.
surface micromorphology, reflectance spectrum, and AW Figure 6a displays absorptance of the random Si nano-

under the fixed solution temperature of 65 °C. From Figure  pyramid textured and the planar ultrathin ¢-$i as a function of
4b, it can be geen that the reflectance curves of the wafers  wavelength. The absorptance spectrum of the same ultrathin
with different etching time are lughly closed, indicating the  <8i in the Lambertian light trapping lmit ¢ al

i}

insensitive of reflectance on etching time. This can be also  and presented as reference. With assumption that the external
understood from their surface micromorphologies. All the  reflectance of front surface is ¢, interoal reflectance of rear

& wileyonlinelibrary.com © 2016 WILEY-VCH Verdag Gmbl & Co. KGah, Weinheim Adv. Funct. Mater. 2016,
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Figure 5. a) Top-view SEM image and b} cross-sectional
tructure. The right bottom images ar

the ultrathin ¢
biue and red boxed regions.

-

face is 1, and considering the we

ab
Lambertian limit is expressed asi®?

,23]

AntaW

o3

I

T l+4ntaw

where W is device thick: nd noand o rep-
regent refractive index and absorption coeffi-
i respectively. In ase, it is also often
called Yablonovitch limit® It can be seen
hat the optical absorption of the planar thin
¢-Si layer depe ongly on photon
wavelength, approaching 100% absorptance
only in the ructive interference region

{the thickness of the SiN; layer on the
lanar ultrathin ¢St is about 83 nm), while

ecreaging rapidly outside the region. By con-
trast, the pavopyramid textured ultrathin <8
shows high optical absorptance over a wide
wavelength range, dosely approaching the
Lambertian limit, demoustrating the e
dinary light trapping effect of our fabr
Si nauopyramids. Through the ab;
ra, we calculated the potential tcir-
sait current dengity (fse) of our experimental
ultrathin ¢-Si samples based on the following
egiation

2/adfmn. 207505533

.
o
_

e
i

Tee= [ g A2 IQE(A)AA o
i =

AMLE

A

a1
J

$1%
___

s

where g is elemental charge, A,{2) is the absorptance spectrum,
and IQE(A) is the internal quantum effidency spectrurn (here,
it i be 100% in the whole wavelength). Figure 6b
enits the calculated Jo of the planar, random nanopyramid
red, and Lambertian absorbed ultrathin ¢-8i under AM1.5

ably, the Jsc of the nanopyramid textured
ple is much higher than th
sc to the Lambertian limit, reaching as high as
38.6 raA oo on an ultrathin ©Si with only 30 po io thick-
e absorption in Ag film is not considered in

_

.

s

ed compared
to the absorption in the ¢-Silaver based on the simulation of a
similar ultrathin ¢-Si solar cell with periodic nanopyramid tex-
lifference time-domain (FDTD) calculation (see
i rokefalos
et al’l Such a result is atthbuxted to our rational design of ¢
rear Sil, layer. We have carefully investigated the dependence
of the Ag absorptien oo the thickness of the rear SiN, layer by
FDTD simulation, as presented in Figure 6¢c. When the thick-
he rear 5iN, layer ig O nm, namely, no Si
Ag film clearly has a high optical absorption in the long wave-
length range. Nevertheless, when the thickness of the SiN, layer
N reaches 10 am, the optical absorption 1o the Ag layer is dra-

matically reduced. It will be further decreased with increasi
SiN, layer thickness to the lowest absorptance of about 3%
SiN, thickness larger than 30 nm, which benefits { e
reduced coupling of evanescent wave into the Ag film and thus

ture by finite-d

1ness o

‘M image of
se-Lips of the

he

sorption condition,  the decreased excited surface plasmon resonance ! Therefore,
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Figure 6. a) Cornpariscn of the experimental absorptance spectra of the nanopyramid textured
and planar ultrathin <Si layer with a thickness of 30 um. The absorptance spectrum in the
Lambertian limit is also presented as a referenc e absorptarnce in the Ag film is calculated
by the FDTD method. b} Calcuiated J in o-Si with planar surface, our silicon
nanopyramid text based on the absorptan in {a}.
<) Absarptance in the Ag film varying with the thickness of the rear SIN, fayer by FDTD calculation.
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the optical absorption in the Ag layer can be neglected when
the SiN, layer thickness is 100 nm in our study. However, it
should be pointed out that the SiN, laver needs to be locally
opened by laser to make the Ag laver locally countact the Si for
collecting current in a real solar cell. Therefore, though the
optical advantage of the SiNy/Ag bilayer is basically retained,
he i sorption in a real cell should be smaller than the
result claimed due to the large parasitic absorption in the local
Ag/5i contacts.

6. Advantage and Mechanism of Random Si
Nanopyramids on Light Trapping

of our fabricated St nan-
it trapping
it absorption in
-prn-thick ¢ ic, and random
Si nanopyramid vely, In the
randorn St nanopyramids, both the size and positon are d
dered (sizes are randomly distributed from 300 to 700 nm and
some pyrarpids are overlapped), ¢imilar to our experimentally
fabricated pyramids. In the periodic case, the size of the pyrar
is 500 nm, approaching th of the experime
ones, All are single-side textured instead
pied in the experiment. As

gure 7, double-side-textured <81 film is less efhcient

o further understand the advantag
opyramids and the i
ffect behind th

em, we have
thin film »

o
3

Ce, resg

Ldgnd

AN

ay

DN
100

»a0

4
i
&=

i
A
P

o HRIAL »
sseepeviodic nagopyraid
s FRNIN RRANOPY TRMI
------ double-side texturad

400 600 800
Wavelength (om)

Absorptance (%)

oy
g
Y
<

1000

Figure 7. Structural diagrams of the ultrathin ¢S with a} planar, b} peri-
odic Si nanopyramid, and © random Si nanopyramid textured surface in
the simulation by FDTD. The thickness of the ultrathin ¢-Si fily
nd all front surfaces are covered by SiN, layer with 75 nm in thickness.
are coated with botl 5iN, layer {inner coating) and Ag
layer (outer coating). d) Calculated light absorptance in the ultrathin c5i
with different surface textures as a function of wavelength ranging from
30010 1100 ¥ v of double-side pericdic J

tured device |

is 3 um

back sides

1anapyramid
50 presented for comparison.
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ing light absorptio

increased Ag interface. ;

are generally single-side textured. % Therefore, r
ingfitl to demonsirate the benefit of the random Si nanopyramids
by single-side texture design. The detailed structure conhgura-
tions are illustrated in Figure 7a—c. As can be seen in Figurc 7d,
the planar ultrathin ¢-51 has a high absorption only in a narrew
wavelength range around 660 nim, while the Si nanopyraniid tex-
tured thin Alms {both periodic and random ones) have excellent
light absorption over a broad wavelength. Moreover, the absorp-
tion spectrurm of the random nanopyramid textured Si is much
smeother and higher than that of the periodic one in the long

it is more

wavelength range, except lower a
itly demonstr: i
Si nanopyrami

some peaka. The result explic-
ight trapping effect of random
i of paramcunt impor-
tance for appl know, without additional control
{e.g., masking process}, the naturally forrned Si nanopyramids
are randomized, such as our fabricated ones, because of the
slight varation of reactants and temperatures as well as the
disordered structure nucleus on the surface, The superior light

Y
P

necessary of the ms s to form period e
nanopyramids, and thug the fabrication process is much gimpler
and cheaper without losing the light absorption.

it is well known that random mic also facilitate
the realization of good light trapping jo St wafer by roultiple
internal reflections.*? However, when the size of the Si pyra-
roids is comparable to light wavelength, such as our experi-
mentally fabricated and simulated ones, wave optics instead of
geometrical optics should be used to explain the light trapping
behavior, Here, we inve eld-irtensity distri
butions in the ultrathin
tional light trapping ef the Sinanopyramid textures,
shown in Figure 8. At the short ngth region (451 nmy), the
electric field in the uitrathin ¢St ¢ rather weak for the plagar
surface case because most of the light is reflected back inio the
air by constructive interference from SiN layer, whereas i the

se of Si nanopyramid textured surface, Si nanopyrami
to provide Mie resonance scattering, thus leading to t
ized resonance of electric field that contribyute
bsorption enhancement. At the middle wavelength (603 nmj,

king proc

opyramids

istri-

reveal the origin of the excep-

aveis

t
-

to the great light
igth

electac Beld in the uitrathin <8 with planar surface is
enhanced due to destructive interference and Fabry—
For §i vanopyramidal surfaces, besides Mie
onance and Fabry-Perot x
is also excited by providing phase-matching of inc
to couple to the guid ades.?! Under this circu
the ultrathin c-51 membranes have ultrahigh lig
{see Figure 7d}. At long wavelength (31058 urp), due to
deviation of destru c field intensity

<8

Perot resonance.

sonance, index-guided resonance
ident Jight

I

ve interference, the elect

in the planar ultrathin ¢-8i i decreased but Fabry-Perot re
nance is reserved, thus leading to the decrease of absorption
in oscillation. While for the Si nanopyramid textured surface,

strong Mie resonance, guided resonance, and Fabry-Perot reso-
nance can still be observed, thereby much higher light absorp-
tion than the planar counterpart. Furtbermore, we can also
observe that the localized resonances in the random nanopyr
amid textured ultrathin ¢-Si are distorted as coropared o those

Adv. Furnct. Mater. 2016,
DO 101002/ adfm 201505538

SIONYX1403000033.0134

SAMSUNG EX. 1002 - 3382/4148


http://www.M3terialsVsews.com
rcelibrary.com

M&M
View!S
s MaterialsViews com

planay

b R O R N
S

G5y |

R \\\\}\
X N
\\:§}}“:s~“\§}\\?\\\\}:~~\~§§}}\\\\\~tt,~\~§§}}\\\\\et\m
.
R R TR X
NN o \\\\\\\\\

2o HY S frum )

Figure &. Electric field d

incident wavelength of 451, 60:

5 1d 1058 nm.

but with a larger and more uniferm
spatial distribution, which may be attributed to the excitation
of roore resonant modes. We believe that random Si nano
yramids provide stronger light sca
broadened resonances.?®2 Therefore, the random 5i nanop-
yraraid textured ultrathin ¢-Si po superior light absorp-
tion over the entire spectrum. In fact ent years, superior
broadband light trapping effect indeed
in disordered nanostructures.12031 1
out that the al ptical mechamigsme caunot be fully applied
to an Si film with a rather large thickness. For
instance, the Fabry—Perot interferences would not take place
anymore. Also, the effect of guided resonance weakens or even
sappears. And the shorter the wavelengt
resonance, These phenomena will incur much sinoother light
absorption spectrum such as the 30-um-thick case in experi-
roent. However, our simulation results are sill meaningful to
undergtand the :

in the periodic counterpart

Tie

¥
spectrally

trering to induce

C
been demonstrated
ere, it is worth pointing

e

DOVe opt

ultrathin c-

0

1, the weaker the

varitage and light trapping mechanisms of
randora waunopyramids in ultyd ¢-8i film, especially that

with the thi

33 of only several micrometers.

7. Conclusions

roposed fabrication technique of random Si nanopyranyids
solution processing, free of electron or jon etching pro-
cess or dielectric layer as etching mask, and thus is much siny-
pler and more costeffective. Though Ag nanoparticles play an
important the formation of 51 nanopyramids, the etching
mechanism is completely different from that in the acid golution
systern, where Ag nanoparticles Jocally accelerate the etching. In
our case, the success to form the $i nanopyramids lies in the
transfer of the generation position of b

role in

bles from Si surface

Adv. Funct. Mater 2016,
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pariodic

stributions in the ultrathin ¢Si with planar, perioc

random

%

.................... i}-}\
Si nanopyr and randem Si nanopyramid textured surface at the
Y Y

te Ag nanopatticles surface so that G long can teact with the
entire Si surface to naturally result in random and dense Si
cells, the Si nanopyramids should be fabricated under the
tion te re of 55-65 °C and a short etching tix
the thickn hile keep a good antireflection ability. Also,
the Ag na ed to be thoroughly cleaned before the
in order to avoid destroying
One important character of our fab-

) ;
olar cell
the electrical performance.

ricated 81 nanopyrarnids is the randomization of both pogition
and size {mainly in the range of 250-650 nm). Excitingly, we

ate achieving near-

t the random Si nanopyramids fa
1i -81, performing far better

Lambertian light trapping in ultrathi

than the planar surface and also better than the periodic ones
due to more optical resonance modes excited. Therefore, the

random Si nanopyramids fabricated by the novel all-schution-
processed techrigque open a new opportunity te enhance the
ight absorption of ultrathin ¢-Si solar cells with lower cost.

8. Experimental Section

Sarmiple Fabrication: First, the raw <100> oriented Siwafers {p-type with
resistivity of 1-3 £3 cm and thickness of 190 um) were cleaned in scetone
solution with ultrasonic stirring for 40 min, ed in NaOH
solution with a concentration of 10 f 80 °C for 90 s
to remove the saw-damage layer and form polished surface. After that,
these wafers were immiersed in a mixed solution of 7.8 x 167 m AgNGy
and 9.6 vol% HF for 10 s al room temiperature to form an Ag nanoparticle
layer. Subsequent anisotropic etching in a mixed solution of 1.1% NaDH
and & voi% |PA was carried out to produ
removing the Ag nanoparticles in HNGy solution and remaving silicon
oxide layer in ¢

nanopyramids, followed by

HF solution. Note that, the Si wafers need to be immersed
in deionized water between every two steps mentionad above to remove
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the residual etching solution. 51 micropyramids were also fabricated as
rparts hy anisctrapic etching (1.296 NaOH and 8 vcl‘/ {PA) for

1] S. Jeong, M. D. McCehee, Y. Cui, Nat. Commun. 2013, 4, 2950.
{Z] A. Rahman, A, Ashraf, Xiri, X. Tonig, P. Sutter, M. D. Eisaman,

)

L

k\\. 40 min under the solution temperature of 80 °C. C. T. Black, Nat. Commue. 2075, 6, 5963.
\ \ TF‘e ,(!t'a hin ¢Si -tamp‘es were obtained by etching the bulk p-type 3] T. |. Kemps, R.W. Day, S-K. Kim, H-C. Park, C. M. Lieber, Energy

\ resistivity of 1-3 £ cm and thickness of 130 pm for Environ. Sci. 2013, 6, 719.
§\\\\ NaOH solution under the temperature of 80 °C. The 14] 5. E. Han, G. Chen, Nam Lett. 2018, 10, 4692,
\‘:§ it 1 layer has at 55 of 30 pm. After Si nanopyramids ] Gl HL L LY.L , M. Wong, H. S. Kwok, Nano Lett. 2014, 14,
\‘;\\ were fabricated an the ultrathin ¢-Si surfaces, SiN, layers were deposited 9563
\ on both surfaces with plasma enhanced chemical vapor deposition {the (6] M. S. Branham, W-C. Hsu, 5. Yerci, }. Loomis, 5. V. Boriskina
8] M. S, Branham, W-C. Hsu, S Yerci, | Loomis, 5. V. Boriskina,

esses for the front side and back side were different and controiled
e deposition time}, and then Ag films were deposited onte the back
SiN, |ay5i as back reflector by electron beam evaporation.

B. R. Hoard, 5. E. Harn, G. Chen, Adv. Mater. 2015, 27, 2182,
7] A Mavrokefalos, 5. E. Han, S. Yerci, M. §. Branha i Chen, Nano
Lett. W2, 12, 2792,

FDTD Simwlation: in the simulation, to explore the advan o - . _ e
randorn anopyramids on Win o-Si and reveal the light i8] S. Zhong, Z. Huang, X. Lin, Y. Zeng, Y. Ma, W. Shen, Adv. Mater.
trapping mechanism, a substrate thickness of 3 um was employed ahd . %@15' 27, 555. ‘ . .
periodic Si nanopyramids a5 well as planar surface were simulated for (8] B-R. Huang, Y-K Yang, W-L. Yang, Appl Surf Sci 2013, 266,
comparison. In the periodic case, the size of pyramids and the perioad 245.
are 500 nm (xy-plane). In the random case, 16 5i nanopyramids with  [10] [. Kim, D. inns, K. Fogel, D. K. Sadana, Sof. Energy Mater. Sol. Cells
sizes ranging from 300 to 700 nm were randomly distributed in a 2970 94, 2091
150G X 1500 nm square with periodic boundary cenditions {xy-plane). i1 {. Korean Phys. Soc. 2014, 64, 1239.
Sorne pyramids were partly overlapped, which is consistent with the  {12] G. i, YV Zhouw, F. Liu, . Non-Cryst. Solids 2012, 358, 2223
experi I fact. The results of four distinct random configurations {13 Wang, L. Yang, Y. 7. Mei, W. Chen, j. L, H. Liang,

v
wsre averaged as the properties of random arrays. The ratio of the A Kuznetsoy, X Du, Sei. Rep. 2015, 5, 10843,
height to the botiom length of the 5 F-‘Y"a"'” ds was fixed to be 1.37 N4} ;. Kim, U. Plachetka, C. Moormann, H. Kurz, Microelectron. Eng.
{corresponding to that the angle between the siope facet and the bottom 2013, 110, 403.
facet was § ces {periodic, random, and planar) were 15} iy Chen, M-H. Yu, S.-F. Chang, K. W. Sun, Appl. Phys. Letr. 2013,
covered by SiN, laver with a thickness of 75 nm. Ag layer (200 nm) and 102, 133901 a '
SilN, layer (100 am 1} were coated at the rear side of the ultrathin ¢S, as [16] M. Koh, 5. Sawara, T
showq in re 7. The light source was plane wave directed to the minus ’ ; 2060,
is {(which is normal incidence for the planar surface) wnH wavelength . Surf- sci R P - - ”
N ? f17] Z.Yu, A. Raman, S. Fan, Opt. Express 2010, 18, A366.

1 300 to 1100 nr. The top boundary of s dir ion va C . -
o e ; L o o . , M. Lou, M. Beo, C. Zhao, . Quant. Spectrosc. Raagiat.
s pert atched layer, while the botiom boundary is metal layer A . =
; . ; i taie the D and Transfer 2015, 158, 145.
power monitor was positioned above the light source to obtainthe Rand 77> . £ Riboli B, S, Wi N 20

. e o 1191 K. Vynch Burresi F il Giersma, Nat. g
an absorption monitor was used to obtain the light absorption in the Ag {19 X ?\,zr\/,, M. Burresi, F. Riboli, D. 5. Wiersma, Nat. Mater. 2012, 71
layer (Ang}, scr the absorption in ultrathin c-Si was calculated by 1 - & 10%7.
“rt 2 ok . | - Bob
— Apge Another power monitar focated in the y-normal Dme was used {20 B. C. P. Sturmberg, € 8. Dossou, L. C. Botten, A. A Asatryan,
intensity in the C. G. Poulton, R . McPhedran, C. M. de Sterke, Agpl. Phys. Lest.
ing a comm 2012, 107, 173502,
3}, from which frc optical 211 U. W. Paetzold, M. Srvmms, M. Meier, I Bittkay, T. Merdzhanova,
constants of Si were dnv:x‘t,y extracted. he refractive indexes of V. Smirnoy, D. Michaelis, C. Waechter, R. Carius, U. Rau, Appl. Phys.
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— AMENDMENT PAID FOR
Z | Total 37 cFR B .
[l IERED) Minus = X § =
Independent :
g (37 2R 1161 " Minus = X $ =
onna
E [:] Application Size Fee (37 CFR 1.18(s))
=
< |___| FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 GFR 1.16()))
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NOTICE OF ALLOWANCE AND FEE(S) DUE

136549 7590 04/27/2017 | EXAMINER |
Pepper Hamilton LLP/SiOnyx LLC PHAM, LONG
Attn: Boston IP Docketing Department
125 High Street I ART UNIT PAPER NUMBER |
19th Floor 2814

Boston, MA 02110-2736
DATE MAILED: 04/27/2017

APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO.

14/747,875 06/23/2015 Martin U. Pralle 143705.05211 1722
TITLE OF INVENTION: Pixel Isolation Elements, Devices and Associated Methods

APPLN. TYPE ENTITY STATUS ISSUE FEE DUE PUBLICATION FEE DUE | PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE

nonprovisional SMALL $480 $0 $0 $480 07/27/2017

THE APPLICATION IDENTIFIED ABOVE HAS BEEN EXAMINED AND IS ALLOWED FOR ISSUANCE AS A PATENT.
PROSECUTION ON THE MERITS IS CLOSED. THIS NOTICE OF ALLOWANCE IS NOT A GRANT OF PATENT RIGHTS.
THIS APPLICATION IS SUBJECT TO WITHDRAWAL FROM ISSUE AT THE INITIATIVE OF THE OFFICE OR UPON
PETITION BY THE APPLICANT. SEE 37 CFR 1.313 AND MPEP 1308.

THE ISSUE FEE AND PUBLICATION FEE (IF REQUIRED) MUST BE PAID WITHIN THREE MONTHS FROM THE
MAILING DATE OF THIS NOTICE OR THIS APPLICATION SHALL BE REGARDED AS ABANDONED. THIS
STATUTORY PERIOD CANNOT BE EXTENDED. SEE 35 U.S.C. 151. THE ISSUE FEE DUE INDICATED ABOVE DOES
NOT REFLECT A CREDIT FOR ANY PREVIOUSLY PAID ISSUE FEE IN THIS APPLICATION. IF AN ISSUE FEE HAS
PREVIOUSLY BEEN PAID IN THIS APPLICATION (AS SHOWN ABOVE), THE RETURN OF PART B OF THIS FORM
WILL BE CONSIDERED A REQUEST TO REAPPLY THE PREVIOUSLY PAID ISSUE FEE TOWARD THE ISSUE FEE NOW
DUE.

HOW TO REPLY TO THIS NOTICE:

I. Review the ENTITY STATUS shown above. If the ENTITY STATUS is shown as SMALL or MICRO, verify whether entitlement to that
entity status still applies.

If the ENTITY STATUS is the same as shown above, pay the TOTAL FEE(S) DUE shown above.

If the ENTITY STATUS is changed from that shown above, on PART B - FEE(S) TRANSMITTAL, complete section number 5 titled
"Change in Entity Status (from status indicated above)".

For purposes of this notice, small entity fees are 1/2 the amount of undiscounted fees, and micro entity fees are 1/2 the amount of small entity
fees.

II. PART B - FEE(S) TRANSMITTAL, or its equivalent, must be completed and returned to the United States Patent and Trademark Office
(USPTO) with your ISSUE FEE and PUBLICATION FEE (if required). If you are charging the fee(s) to your deposit account, section "4b"
of Part B - Fee(s) Transmittal should be completed and an extra copy of the form should be submitted. If an equivalent of Part B is filed, a
request to reapply a previously paid issue fee must be clearly made, and delays in processing may occur due to the difficulty in recognizing
the paper as an equivalent of Part B.

III. All communications regarding this application must give the application number. Please direct all communications prior to issuance to
Mail Stop ISSUE FEE unless advised to the contrary.

IMPORTANT REMINDER: Utility patents issuing on applications filed on or after Dec. 12, 1980 may require payment of
maintenance fees. It is patentee's responsibility to ensure timely payment of maintenance fees when due.
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PART B - FEE(S) TRANSMITTAL
Complete and send this form, together with applicable fee(s), to: Mail Mail Stop ISSUE FEE

Commissioner for Patents

P.O. Box 1450

Alexandria, Virginia 22313-1450
or Fax (571)-273-2885

INSTRUCTIONS: This form should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if required). Blocks 1 through 5 should be completed where

maintenance fee notifications.

apgropriate. All further correspondence including the Patent, advance orders and notification of maintenance fees will be mailed to the current correspondence address as
indicated unless corrected below or directed otherwise in Block 1, by (a) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for

CURRENT CORRESPONDENCE ADDRESS (Note: Use Block 1 for any change of address)

136549 7590 04/27/2017
Pepper Hamilton LLP/SiOnyx LLC
Attn: Boston IP Docketing Department
125 High Street
19th Floor

Note: A certificate of mailing can only be used for domestic mailings of the

Fee(s) Transmittal. This certi%cate cannot be used for any other accompanying

Eapers. Each additional paper, such as an assignment or formal drawing, must
ave its own certificate of mailing or transmission.

Certificate of Mailing or Transmission
I hereby certify that this Fee(s) Transmittal is being deposited with the United
States Postal Service with sufficient postage for first class mail in an envelope
addressed to the Mail Stop ISSUE FEE address above, or being facsimile
transmitted to the USPTO (571) 273-2885, on the date indicated below.

(Depositor's name)

Boston, MA 02110-2736 (Signature)
(Date)
APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO.
14/747.875 06/23/2015 Martin U. Pralle 143705.05211 1722

TITLE OF INVENTION: Pixel Isolation Elements, Devices and Associated Methods

I APPLN. TYPE ENTITY STATUS | ISSUE FEE DUE I PUBLICATION FEE DUE l PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE
nonprovisional SMALL $480 30 30 $480 07/27/2017

I EXAMINER | ART UNIT I CLASS-SUBCLASS I

PHAM., LONG 2814 257-432000

1. Change of correspondence address or indication of "Fee Address" (37
CFR 1.363).

[ Change of corress%)ndence address (or Change of Correspondence
Address form PTO/SB/ 122) attached.

[_J "Fee Address" indication (or "Fee Address" Indication form
PTO/SB/47; Rev 03-02 or more recent) attached. Use of a Customer
Number is required.

2. For printing on the patent front page, list

(1) The names of up to 3 registered patent attorneys 1

or agents OR, alternatively,

(2) The name of a single firm (having as a member a 2
registered attorney or agent) and the names of up to

2 registered patent attorneys or agents. If no nameis 3
listed, no name will be printed.

%)

. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON ]

HE PATENT (print or type)

PLEASE NOTE: Unless an assignee is identified below, no assignee data will appear on the patent. If an assignee is identified below, the document has been filed for
recordation as set forth in 37 CFR 3.11. Completion of this form is NOT a substitute for filing an assignment.

(A) NAME OF ASSIGNEE

(B) RESIDENCE: (CITY and STATE OR COUNTRY)

Please check the appropriate assignee category or categories (will not be printed on the patent) : [J Individual [J Corporation or other private group entity [ Government

4a. The following fee(s) are submitted: 4b. Payment of Fee(s): (Please first reapply any previously paid issue fee shown above)

[ Issue Fee
[J Publication Fee (No small entity discount permitted)
[ Advance Order - # of Copies

[ A check is enclosed.
J Payment by credit card. Form PTO-2038 is attached.

[J The director is hereby authorized to charge the required fee(s), any deficiency, or credits any
overpayment, to Deposit Account Number (enclose an extra copy of this form).

5. Change in Entity Status (from status indicated above)
J Applicant certifying micro entity status. See 37 CFR 1.29

| Applicant asserting small entity status. See 37 CFR 1.27

| Applicant changing to regular undiscounted fee status.

NOTE: Absent a valid certification of Micro Entity Status (see forms PTO/SB/15A and 15B), issue
fee payment in the micro entity amount will not be accepted at the risk of application abandonment.

NOTE: If the application was previously under micro entity status, checking this box will be taken
to be a notification of loss of entitlement to micro entity status.

NOTE: Checking this box will be taken to be a notification of loss of entitlement to small or micro
entity status, as applicable.

NOTE: This form must be signed in accordance with 37 CFR 1.31 and 1.33. See 37 CER 1.4 for signature requirements and certifications.

Authorized Signature

Date

Typed or printed name

Registration No.

PTOL-85 Part B (10-13) Approved for use through 10/31/2013.
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UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.USpLO.gov

I APPLICATION NO. FILING DATE FIRST NAMED INVENTOR I ATTORNEY DOCKET NO. |  CONFIRMATION NO. |
14/747.875 06/23/2015 Martin U. Pralle 143705.05211 1722
) | EXAMINER |
136549 7590 04/27/2017
Pepper Hamilton LLP/SiOnyx LLC PHAM, LONG
Attn: Boston IP Docketing Department
125 High Street I ART UNIT PAPER NUMBER |
19th Floor 2814

Boston, MA 02110-2736
DATE MAILED: 04/27/2017

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b)
(Applications filed on or after May 29, 2000)

The Office has discontinued providing a Patent Term Adjustment (PTA) calculation with the Notice of Allowance.

Section 1(h)(2) of the AIA Technical Corrections Act amended 35 U.S.C. 154(b)(3)(B)(i) to eliminate the
requirement that the Office provide a patent term adjustment determination with the notice of allowance. See
Revisions to Patent Term Adjustment, 78 Fed. Reg. 19416, 19417 (Apr. 1, 2013). Therefore, the Office is no longer
providing an initial patent term adjustment determination with the notice of allowance. The Office will continue to
provide a patent term adjustment determination with the Issue Notification Letter that is mailed to applicant
approximately three weeks prior to the issue date of the patent, and will include the patent term adjustment on the
patent. Any request for reconsideration of the patent term adjustment determination (or reinstatement of patent term
adjustment) should follow the process outlined in 37 CFR 1.705.

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office of
Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee payments should be
directed to the Customer Service Center of the Office of Patent Publication at 1-(888)-786-0101 or (571)-272-4200.
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OMB Clearance and PRA Burden Statement for PTOL-85 Part B

The Paperwork Reduction Act (PRA) of 1995 requires Federal agencies to obtain Office of Management and
Budget approval before requesting most types of information from the public. When OMB approves an agency
request to collect information from the public, OMB (i) provides a valid OMB Control Number and expiration
date for the agency to display on the instrument that will be used to collect the information and (ii) requires the
agency to inform the public about the OMB Control Number’s legal significance in accordance with 5 CFR
1320.5(b).

The information collected by PTOL-85 Part B is required by 37 CFR 1.311. The information is required to obtain
or retain a benefit by the public which is to file (and by the USPTO to process) an application. Confidentiality is
governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 12 minutes to complete,
including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary
depending upon the individual case. Any comments on the amount of time you require to complete this form
and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, Virginia 22313-1450. DO NOT
SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box
1450, Alexandria, Virginia 22313-1450. Under the Paperwork Reduction Act of 1995, no persons are required to
respond to a collection of information unless it displays a valid OMB control number.

Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the
requirements of the Act, please be advised that: (1) the general authority for the collection of this information is
35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which
the information is used by the U.S. Patent and Trademark Office is to process and/or examine your submission
related to a patent application or patent. If you do not furnish the requested information, the U.S. Patent and
Trademark Office may not be able to process and/or examine your submission, which may result in termination of
proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (5§ U.S.C 552a). Records from this system of records
may be disclosed to the Department of Justice to determine whether disclosure of these records is required
by the Freedom of Information Act.

2. A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence
to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of
settlement negotiations.

3. A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance
from the Member with respect to the subject matter of the record.

4. A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having
need for the information in order to perform a contract. Recipients of information shall be required to
comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

5. A record related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

6. A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes
of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C.
218(c)).

7. A record from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that agency's
responsibility to recommend improvements in records management practices and programs, under authority
of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations
governing inspection of records for this purpose, and any other relevant (i.e., GSA or Commerce) directive.
Such disclosure shall not be used to make determinations about individuals.

8. A record from this system of records may be disclosed, as a routine use, to the public after either publication
of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a
record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the
record was filed in an application which became abandoned or in which the proceedings were terminated
and which application is referenced by either a published application, an application open to public
inspection or an issued patent.

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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Application No. Applicant(s)
14/747,875 PRALLE ET AL.
Notice of Allowability Eg;\lnggeqw ;\; k’mt Aua (First Inventor to File)
No

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address--
All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included
herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be mailed in due course. THIS
NOTICE OF ALLOWABILITY IS NOT A GRANT OF PATENT RIGHTS. This application is subject to withdrawal from issue at the initiative
of the Office or upon petition by the applicant. See 37 CFR 1.313 and MPEP 1308.

1. X] This communication is responsive to amendment 1/23/17.
A declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filed on .

; the restriction

2. [[] An election was made by the applicant in response to a restriction requirement set forth during the interview on
requirement and election have been incorporated into this action.

3. X The allowed claim(s) is/are 1, 2,4-6.10,12-14,17-19.34-40.41-58. As a result of the allowed claim(s), you may be eligible to benefit
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EPO; JPO;
DERWENT;
IBM_TDB

S15 {145 S14 and (photodiode or pixel {jUS- OR ON 2014/06/25
or light) PGPUB; 15:59
USPAT;
USOCR,;
FPRS;
EPO; JPO;
DERWENT;
| IBM_TDB

S16 {129 §S14 samel10 (photodiode or {US- OR ON 2014/08/25
dpixel or light) PGPUB; 15:59
USPAT;
USOCR,;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S17 §128 S14 same8 (photodiode or Us- OR ON 2014/086/25
pixel or light) PGPUB; 15:59
USPAT;
USOCR;
FPRS;
EPO; JPO;
! DERWENT;
! IBM_TDB

S18 §1204 (reflector or Bragg) nearb us- OR ON 2014/06/25
ibackside PGPUB; 16:09
USPAT;
USOCR;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB
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S19 {71202 j(reflector or Bragg) nearb us- OR ON 2014/06/25
(side or sidewall or edge or PGPUB; 16:09

wall) USPAT;
USOCR,;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S20 {280 S18 same4 S19 us- OR ON 2014/06/25
PGPUB; 16:09
USPAT;
USOCR,;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S21 §195 ¥S20 same4 (photodiode or Us- OR ON 2014/06/25
\pixel or light) PGPUB; 16:09
USPAT;
USOCR,;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S22 {7 S18 same2 S9 us- OR ON 2014/06/25
PGPUB; 16:10
USPAT;
USOCR,;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S23 {7 S22 same4 (photodiode or us- OR ON 2014/06/25
\pixel or light) PGPUB; 16:10
USPAT;
USOCR;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S24 #2217 S18 same S19 us- OR ON 2014/06/25
; PGPUB; 16:13
USPAT;
USOCR;
FPRS;
EPO; JPO;
DERWENT;
|BM_TDB

S25 10 i(light adj2 sensitive adj2 us- OR ON 2014/06/25
dpixel) samed S24 PGPUB; 16:14
USPAT;
USOCR,;
FPRS;
EPO; JPO;
DERWENT;
|BM_TDB

H0 ¥(light adj2 sensitive adj2 us- OR ON 2014/06/25
ipixel) and S24 PGPUB; 16:14

S26
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USPAT;
USOCR,;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S27 {14 \pixel same4 S24 us- OR ON 2014/06/25
PGPUB; 16:14
USPAT;
USOCR;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S28 {7 S27 and index us- OR ON 2014/06/25
PGPUB; 16:18
USPAT;
USOCR;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S29 {26925 §(high adj2 index) near3 uUs- OR ON 2014/06/26
(layer or film) PGPUB; 12:48
USPAT;
USOCR,;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

830 27823 §(low adj2 index) near3 (layer {US- OR ON 2014/06/26
or film) PGPUB; 12:48
USPAT;
USOCR;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S31 §12802 S29 near10 S30 us- OR ON 2014/06/26
PGPUB; 12:48
USPAT;
USOCR,;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S32 {1170 (reflector or Bragg) same us- OR ON 2014/06/26
S31 PGPUB,; 12:49
USPAT;
USOCR,;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

611 (reflector or Bragg) near10 uUs- OR ON 2014/06/26
S31 PGPUB; 12:49

USPAT;
USOCR;

S33
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FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S34 14200 S30 near5 ("between") us- OR ON 2014/06/26
PGPUB; 12:49
USPAT;
USOCR,;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S35 {1972 S34 near10 S29 us- OR ON 2014/06/26
PGPUB; 12:50
USPAT;
USOCR,;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S36 181 (reflector or Bragg) near10 us- OR ON 2014/06/26
S35 PGPUB; 12:50
USPAT;
USOCR,;
FPRS;
EPO; JPO;
DERWENT;
! IBM_TDB

S37 {188 S29 near5 (polysilicon or Us- OR ON 2014/06/26
polycrystalline or poly or PGPUB; 12:53
(amorphous adj2 silicon) or {USPAT;
igermanium) USOCR,;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

$38 12500 S30 near5 (oxide or nitride Us- OR ON 2014/06/26
or oxynitride or oxynitrides) {PGPUB; 12:53
USPAT;
USOCR,;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S39 {14 S37 near20 S38 us- OR ON 2014/06/26
PGPUB; 12:53
USPAT;
USOCR;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB

S40 0 (reflector or Bragg) same us- OR ON 2014/06/26
S39 PGPUB; 12:54
USPAT;
USOCR,;
FPRS;
EPO; JPO;

EASTSearchHistory.14747875_AccessibleVersion.htm[7/15/2016 1:44:54 PM]
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DERWENT;
IBM_TDB
S41 0 S39 near20 ("between") us- OR ON 2014/06/26
PGPUB; 12:54
USPAT;
USOCR;
FPRS;
EPO; JPO;
DERWENT;
| IBM_TDB
542 #51 ibackside near6 (textured Us- OR ON 2014/06/26
¥near2 (layer or film)) PGPUB; 13:12
USPAT;
USOCR;
FPRS;
EPO; JPO;
DERWENT;
IBM_TDB
S43 {10 S42 AND ( (HO1L21/02686  {US- OR ON 2014/06/26
OR H01L27/1214 OR PGPUB; 13:25
H01L21/02532 OR USPAT;
HO1L21/02595 OR USOCR;
H01L31/0236 OR FPRS;
HO1L21/0237 OR EPO; JPO;
HO1L21/02403 OR DERWENT;
HO1L21/0243 OR IBM_TDB
HO1L21/02472 OR
H01L21/02483 OR
HO1L21/02494 OR
HO1L21/02554 OR
H01L21/02565 OR
HO1L21/02573 OR
HO1L21/02587 OR
HO1L21/02609 OR
HO1L21/0262 OR
H01L21/365 OR
HO1L2224/16 OR
HO1L27/14625 OR
HO1L27/14627 OR
HO1L27/14629 OR
HO1L27/1463 OR
HO1L27/14685 OR
HO01L31/02168 OR
| HO1L31/022425 OR
: HO1L31/02363 OR
; HO1L31/042 OR
| HO1L31/0527 OR
HO1L31/0682 OR H01L31/18
OR H01L31/1804 OR
H01L33/0087 OR H01L33/22
OR H01L33/24 OR
H01L33/28 OR H01L33/385
OR H01L33/405 OR
H01L33/483 OR H01L33/60
i OR H01L33/62).CPC. )

S44 5 S39 AND ( (HO1L21/02686  JUS- OR ON 2014/06/26
; OR H01L27/1214 OR PGPUB; 13:25
i HO1L21/02532 OR USPAT;

; HO1L21/02595 OR USOCR;

SIONYX1403000034.0024




