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Abstract of JP200324212S (A)

PROBLEM TO BE SOLVED: To realize a safe and easy individual authentication by
use of a portable information terminal, ;SOLUTION: An image displayed on the LCD
112 of the portable information terminal is enlarged through a free-form surface prism
and displayed on the window part of a casing, A cursor displayed on the window part is
controlled according to the instruction from an input device 140. When the start of
individual authentication processing is instructed by the input device 140, a CPU 121
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Abstract of JP200625S430 (A)

PROBLEM TO BE SOLVED: To provide an identification device using blood-vessel
images, capable of photographing a good image of blood vessels even 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
equipped with a position direction and shape indication means for indicating a user how
and where to put his/her hand over the device, one or more irradiating means for
irradiating near-infrared rays, one or more photographing means for photographing
images using the near-infrared rays, a photographing instrument capable of
photographing hand blood-vessel images by non-contacting, a blood-vessel pattern
detecting means for detecting blood-vessel patterns from the blood-vessel images
taken, a blood-vessel pattern storing means for storing hand blood-vessel patterns of
users registered individually, and an individual identification means for identifying
individuals by comparing their registered blood-vessel patterns with the detected blood­
vessel images., The said photographing instrument is installed on a mount, capable of
adjusting its face angle as desired over which a user's hand is to be placed.
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Patent Translate

Notice
Hiis translation, is machine-generated. It cannot be guaranteed that it is intelligible, accurate,
complete, reliable or fit for specific purposes. Critical decisions, such as commercially relevant or
financial decisions, should not be based on machine-translation output.

DESCRIPTION JPHO6244444

[0001]

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

[0002]

2. Description of the Related Art light incident on the substrate, light using the same - light
conversion, light - when performing the electrical conversion, and the like, effectively capture the
light in the substrate, without missing the light to the outside of the substrate, by confining in the
substrate, it is possible to 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.

[0003]
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[0004]

Conventionally, reduction of the reflectance of the incident light on the substrate surface, were
performed using surface irregularities in the size of the anti-reflection film and a few tens of

Also, Es IDC 89 Digest 270 pp (1989) (SID 89 DIGEST p270 (1989)) and as described in
Japanese Patent Application No. 3-54371, reflection by the surface fine irregular with fine SiO2,
MgF2 tablets it has been carried out using the anti-film.

Method of using the conventional antireflection film [Problems to he solved by the invention is
leak across the wavelength of the incident light is extensive, it is lowered sufficiently reflectance
when the incident angle of light, changes greatly there is a problem that can not be. Further, the
method using several tens p m in size of the surface irregularities, since the light path is bent
largely refracted when entering the substrate, as it is difficult to perform optical confinement on
use the irregularities formed on the back surface there was a problem. In the case of using the
antireflection film of fine surface irregularities with fine S1O2 grains or the like, because it does
not consider the refractive index and the surface fine irregular shape of the substrate, it is
difficult to very low reflectivity there is a problem that there is.

[0005]

The purpose of the present invention is to reduce the surface reflection is to provide a light
receiving element using a light confinement structure and the same which can effectively
perform the optical confinement.

[0006]

To achieve the above object SUMMARY OF THE INVENTION The optical confinement structure of
the present invention, provided on the substrate and the substrate surface, made from a
transition layer having an uneven light repeating width of the unevenness confinement
configured to less main 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 opposite
to the substrate side, it. is preferable to vary so as to approach the refractive index of the
substrate. 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 film formed by several layers, obtained over a wide range of wavelengths it can
be.

[0008]

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 substrate
than the refractive index of the second material and the refractive index of the substrate. Portion
of the first material include those formed using the substrate itself, for example, may be obtained
by forming irregularities on the substrate surface, it may be those with a thing other .materials on
the substrate surface. Portion of the second material may be air, it may be a structure buried
between the unevenness of the substrate surface in those of other materials.

[0009]

The shape of this unevenness, It is preferable that the area occupied on the plane portion of the
second material 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 optical
confinement is visible light and preferably 1 g m or less.

[0010]

Further, the light confinement structure of the present invention can be provided with a second
concavo-convex pattern with a greater repetition width than the wavelength of the primary light
to perform optical confinement on the back surface of the substrate. Furthermore, it is possible
to provide a light, reflecting layer on the back surface of the substrate.

[0011]
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[0012]

Further the light-receiving element of the present, invention, using the above-described optical
confinement structure, when the substrate and the first 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 substrate,
constituted by providing an electrode to be connected to these.

A description will be given of the operation of the present, invention by using the [action] Figure
1 -6. FIG 1 (a), (b) is a partial perspective view and a sectional view of the vicinity of the substrate
surface. If the light 4 from the external medium 1 to the substrate 3 is incident, repeatedly width
7 of the unevenness of the substrate surface is smaller than the wavelength of light, optical, the
continuous 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 ratio between the second medium 5 of the first medium 6
as shown in FIG changes gradually toward the substrate, the refractive index with the refractive
index with the second medium 5 of die first medium 6 , the refractive index of the film equivalent
to the transition layer 2 that, changes linearly are formed,

[0013]

State of a change in the transition layer of the refractive index is determined by mixed how the
first medium and the second medium, The film consists of two kinds of media that the effective
refractive index is represented by the average value of the respective medium, Figure 2 (a), (b).
(c), (d), (e), (1), the first medium 6 respectively, rectangular, triangular 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 first medium 6 to 3,5, the effective
refractive index, such as shown in FIG. 3 It will have.

[00.14]

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 first medium 6 3.5,
the refractive index of the substrate 3 the calculated value of the reflectivity of the case of the 3.5 
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shown in Figure 4. FIG. 4 (a), it shows the reflectance when the (b) is a pyramid shape, FIG. 4 (c),
(d) a spherical linear scale and logarithmic scale, respectively the reflectance when the. Shows a
slightly higher reflectance in the transition layer film thickness is 40nm in the pyramid shape, it
shows the very low reflectance with a thick film 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.

[0015]

[0016]

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
index of the substrate 3 3.5 is 1.0, 1.5 If the results of calculation 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 nm before and after.

Figure 6 shows the relationship between the amount of light absorbed and transition thickness of
each shape. The refractive index i.O of the external medium 1, calculated for the case where the
refractive index of the second medium 5 1.0, the refractive index of the first medium 6 3,5, the
refractive index of the substrate 3 and 3.5 It shows the results. The light absorption amount in
the film thickness tallest pyramid shape, until inverted pyramid Indicates a respectively high
absorption. However, not too light absorption amount 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 a shape like are upward in Figure 3 shows that the light
absorption amount is large. In addition, in particular 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 first medium 6
of this transition layer pyramid shape, pyramid, cone and convex downward as a shape obtained
by rotating a line segment, larger shape than the proportion of decrease in the rate of decrease of
the area of the substrate direction of the second medium 5 at the transition layer 2 near the
surface in the transition layer 2 back surface near It was found to be preferable.

[001'7]
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Specific substrate shape is described with reference to FIG. As shown in FIG. 7 (a), providing the
transition layer 2 having a width 7 repeatedly on a substrate made of small irregularities.
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 almost
no reflection at the substrate surface. Further, since the repeating width 7 is smaller than the
wavelength of incident light, the incident light travels straight up to the back surface of the
substrate at. an angle that is incident without being reflected obliquely at the slope formed by the
unevenness of the substrate surface.

[0018]

This substrate, periodic, such as in FIG. 7 (b), by forming an uneven 8 with large repeat width
than the wavelength of the incident light, the light 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 reflected. In this
manner, the light once incident confined efficiently substrate 3. Further, by forming an irregular
unevenness 9 with large repeat width than the wavelength of the incident light on the back
surface as shown in FIG. 7 (c), the light is scattered and reflected by the back surface, reach the
majority of the light is the substrate surface to have a critical angle of incidence larger than the
angle when it is, is reflected back into the substrate, light incident is confined efficiently substrate
3. In these configurations, by forming a reflecting mirror on the back side, it is possible to reflect
light more reliably backside.

[0019]

EXAMPLES An embodiment of the present invention will be described with reference to
Embodiment 1> FIG. In the present embodiment, on the surface of (100) plane silicon substrate
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 an alkaline etching solution.
Further, the heated aqueous solution mainly containing Anmoniya or hydrazine is used as an
etchant, machining the following micro pyramids. Ill .mu.m can be easily formed by
performing,

[0020] 
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[002 Ij

The average size of the pyramids 11 of the thus obtained surface of the silicon substrate 3, as
measured by SEM (scanning electron microscope) was about 0.3 The surface reflectance
of the silicon substrate was .measured, surface reflectance was significantly reduced in the
wavelength range of 0.4-1,1 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 becomes
steep, further surface reflectance is lowered.

Another embodiment of the present invention will be described with reference to <Embodiment
2> FIG. Cross section on the silicon substrate 3 was mainly triangular in this embodiment, to
form a fine concavo-convex pattern 11 'of irregular size. Fine irregularities 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. Zn02 material. The size of
the fine irregularities 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 irregularities 11 This filler was formed a relatively small material
having a refractive Index such as S1O2 by a spin coating method or CVD method, or the like. Was
significantly reduced in the wavelength range of the surface reflectance of the silicon substrate is
also 0.4-1.1 pm.

[0022]

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 ,mu,m. Accordingly, light
incident from the surface is reflected by the back surface, is totally reflected again reach the
surface, it is confined in the silicon substrate. V-groove 13 could be easily formed by using an
etching mask using a normal photoresist. In this case, it 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 light. Further, to form a back reflecting mirror 14 in order to increase the
reflectivity of the back.

[0023]
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A further embodiment, of the present. Invention will be described with reference to Embodiment
4> FIG. In the present embodiment, to form a pyramidal irregularities 15 on the back surface of
the silicon substrate 3. A transparent glass as the material of the unevenness 15, adhered to the
silicon substrate 3. As a result, it was able to easily form a light trapping structure without
processing the silicon substrate 3. Further, as in Example 3, it was formed rear reflection mirror
(not shown).

[0024]

An example of a light receiving element of the present invention will be described with reference
to Embodiment 5> FIG. In the same manner as in Example 3, on the p-type silicon substrate 21,
cross section is mainly triangular, the minute irregularities 1I 'irregular size, width repetition on
the rear surface was formed a V-groove of 2 ,mu.m (embodiment back reflector shown in
example 3 is not formed). Next, provided a high-concentration p-type layer 19, heavily doped n-
type layer 20 is formed by thermal diffusion method, the front and back surfaces in
Passhibeshiyon oxide film of p-type silicon substrate 21 18 (oxide film on the surface is not
shown) , and drilled holes in the oxide film 18 at a predetermined position, the electrodes .16 and
17 are formed by a vacuum deposition method to form a light-receiving element. The light­
receiving element was improved photoelectric conversion efficiency than a conventional light­
receiving element without the transition layer consisting of fine irregularities 11

[0025]

incidentally, the minute unevenness of shape other than the above, namely, the triangular
groove, spheres, hemispheres, inverted pyramid, with a p-type silicon substrate with a transition
layer having a rectangular, has formed the same way the light-receiving element, both of the
conventional It was improved photoelectric conversion efficiency than the light receiving
element.

[0026]

It was used silicon as the substrate in the above example, in addition to the silicon, Gariumuhiso,
in FILL UP phosphorus-free, CuInS, single crystals of CdS, etc., polycrystalline, single atom of 
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amorphous, and semiconductor multi-component, etc., glass , such as those of an insulating
plastic or the like, what it may be of a material of course. Further, surface irregularities, the
structure of the back surface irregularities may be any combination of the structures described
above, the cross-sectional shape of the concave-convex is also the shape and described in FIG. 2,
or regular, irregular no analogous thereto it. is needless to say may be in the form.

[0027]

By using the structure of the present invention, an optical sensor, a light such as the light­
receiving device and the light excitation laser, such as a powered conversion device - when it is
necessary to confine to enable the light, in the optical conversion devices and the like, effectively
light 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 efficiency.
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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.

5 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

10 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

1 5 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 1078. 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; (c) 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 invention, 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 sufficient quality comprises the 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 embodiment 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. Because 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

preferably 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 object 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 can

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. PatentNo. 4,641,349, "Iris Recognition System", issued to Flomet 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 means (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 immediate 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 wavelengths 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. If the 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/O) 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 (LED)) 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

in a 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 Tokunagaetal., 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(n2log2n)); (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

defined as shown in equation 1.

F{/j,v)=—-—$ h(x,y)e'[,lx+VY}dxdy (1)
(2n)2Xy

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 
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Transform of the "defocusing" (convolving) Gaussian. This latter quantity is itself just

another 2D Gaussian but in the Fourier domain, and its space constant (a) 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 Do(/x,v) of an image defocused to

degree o is related to F(/x,v), the 2D Fourier Transform of the corresponding in-focus

image, as given by equation 2.

Da{fjrv}=e ' 'F(/j,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 (p.,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+“ f +<”|/(x,y)|2 dxdy= f C ™\Fljj,v)\2dfjdv (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:

-1 -1 -1 -1 -1 -1 -1 -1

-1 -1 -1 -1 -1 -1 -1 -1

-1 -1 + 3 + 3 + 3 + 3 -1 -1

-1 -1 + 3 + 3 + 3 + 3 -1 -1

-1 -1 + 3 + 3 + 3 + 3 -1 -1

-1 -1 + 3 + 3 + 3 + 3 -1 -1

-1 -1 -1 -1 -1 -1 -1 -1

-1 -1 -1 -1 -1 -1 -1 -1

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)2—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 "sine" 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(/x,v) which is the difference of two

differently-sized 2D sine functions, as given by equation 4.

Kip v)_sinMsir|('/) sin(2p)sin(2v)
n2//v 4n2//v

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/(x) = 100 x2/(x2+c2) in order to generate a normalized focus score

in the range of 0 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. 8x8 pixel blocks (each pixel is in only one block) are then processed by first

summing pixels in the central 4x4 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 8x8 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 helpfill 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/O 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 electronics 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 WithPIural 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 database, 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 IRISCODEs.
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

5 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

10 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.
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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

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 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;

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,

wherein said processor unlocks the telecommunications device responsive to

a signal received from said central station.

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) illuminating 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 telephone 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 image of sufficient quality for a step (f)

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

obtained;
(f) comparing a template of said obtained image with said stored image

information to identify said unidentified person; and

(g) 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 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.

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 range 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
5 unlocks a telephone responsive to the results of said comparison.
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ABSTRACT

A new approach for texturing uniform pyramid structures is proposed with technique using a layer of
silicon nitride (Si3N4). This technique eliminates the pre-treatment processes of native oxide etching or
acid etching and improves on the conventional texturization process. Si3N4 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 Si3N4 thickness on
pyramid morphology and reflectivity shows that good surface coverage (94.7%) with a small uniform
pyramid size (~-2.6pim) 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
(1 00)-oriented mono crystal line 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 [6] 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 

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 S13N4.

This study proposes a cost-efficient method to texture
monocrystalline silicon by depositing a layer of Si3N4 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 Si3N4 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
(1 00) oriented boron-doped monocrystalline silicon wafers with
a thickness of 520 p.m and a resistivityof 1-10 £2 cm. First, the
wafer is cleaned ultrasonically in acetone and isopropyl alcohol
for 20min in each cleaning solution. Second, the Si3N4 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 10~3 Pa. A Si3N4 target
(purity 99.9%) with a diameter of 51 mm and thickness of 6mm
is fixed to the water-cooled target holder. The sputtering pres­
sure and the RF power are 3 Pa and 100 W, 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 (1PA) (0.32 M) 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 ImageJ
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 Si3N4 layer. Random upright 

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

Fig. 2(a)-(f) shows the tilted cross-section and top-view FESEM
images of the surface morphology for silicon wafers textured with
a Si3N4 layer. Fig. 2 (a) and (b) show results with a thin Si3N4 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 p.m, 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 p.m, respectively), and good surface
coverage (83.3 and 94.7%, respectively). By comparison, Fig. 2(e)
and (f) show silicon surfaces textured using thick Si3N4 layers (82
and 102nm) obtain larger pyramids ranging (averaging 4.2 and
5.3 pm, 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 Si3N4 layer.

In the initial stage of the texturing process, the Si3N4 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 Si3N4 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 Si3N4 layer is a key
influence on the pyramid structures in the texturing process. Fig. 4
presents a schematic representation of the texturization process
with Si3N4 layers of varying thickness. Fig. 4(a) shows a thin Si3N4
layer used for a brief texturing time. The Si3N4 layer is removed
to form a sparse inverted pyramid structure, exposing some (111)
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 Si3N4 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 Si3N4 layer thicknesses: (a)
14 mn, (b) 40nm, (c) 50nm, (d) 73 mu, (e) 82 mn, (f) 102 mu. (g) Pyramid size on the silicon surface with varying SisN4 layer thicknesses.

Table 1
Influence of SisN4 layer thickness on average pyramid size, surface coverage and silicon surface reflectivity.

SisN4 thickness (rim) Average pyramid size (jim) Surface coverage (%) Reflec uvity (%)

w/o SisNz, 2 42.5 31.9
14 20.9 33.7
40 4.2 70.4 21.5
50 j.A. 83.3 19.3
73 2.6 94.7 12.3
82 4.2 96.7 13.3
102 5 7 95.8 16.3
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I’

Fig,, 3. Top-view FFxtM image of the surface morphology of the 73 nm SJ3N4 layer on the silicon wafer (a) prior to texturization and (b) after 3 min of texturization
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Fig. 4. Schematic representation of texturing process on different of S13N4 layer thicknesses.

thickness obtained a comparatively uniform distribution of the
inverted pyramid structure and the Si3N4 layer remains following
the short etching time. Similarly, the inverted pyramid structures
serve as a starting point for etching to form small, uniform pyra­
mids. However, thick S13N4 layers result in fewer inverted pyramid
structures than obtained using moderate Si3N4 layers 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
Si3N4 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 Si3N4. 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 40 nm Si3N4 layers. The thinner Si3N4 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 Si3N4 improves average reflectivity 21.4 and
19.6% above that obtained with and without 14nm Si3N4, 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 Si3N4 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 Si3N4 layer
for texturing, achieving an average reflectivity of 12.3% for texturing
with Si3N4 without any anti-reflection coating. Table 1 summarizes
the pyramid size, surface coverage and average reflectivity, along
with the thickness of Si3N4 layer.

In this work, Si3N4 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 Si3N4 layer.
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Fig. 5. (a) Reflectivity spectra of textured silicon wafers with no Si3N4 layer and with
layers of different thicknesses, (b) Average reflectivity of textured silicon wafer with
no Si3N4 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 jim, 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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Abstract Very 4wV&aoiw ,(up to -209. ./tm) wilfr highfespttet toWr (up to IQ) in
vlsiconand poiymm are etched isorng a iiueutte-oased pusm (SR-AVCHFs).
k str >pte p ivttoriv en't nk’ rdivoiv v <? h eot tapu< J vs wH ' f mIv vdK J
walls with smoctti surfaces arc achieved by controKing too plnsma chemistry. A
enrww.nt wav in litirf 11 ,e pfo.'>''S)5M<j t'enrflliotte trm-dod for n v«tiksi wail rs
rfesoritted: the black silicon method. This new procedures is checked for three
different reactive inn elohara {nrs). two paraifel-ptefo reactors and a hexode. The
rrf unite the ■- f >«!<.. arid tps mvtmt. oft the prohi® wilt lx Ahwn
tfoewiny sfecttoti mwnr (fiw) m otos are irrtrfsto to out -he black
silicon rrOod; ®nta® efifrfe ges^s on theipteW, and Owe okSsfe-.ntethd®.
in fabricating microefeotromechanical systems (mems).

1, Introduction

Silicon profile control Is aa important topic in nsicrotech-
nology. Especially, vertical walls are needed to get high
feature densities. Most commonly, wet chemical etchants
are used to create anisotropic profiles, because they are
cheap and easy to use. However, the etched profile is con­
trolled by the crystal orientation, so there is minor freedom
in etching different tapered profiles. Dry plasma etching is
becoming a standard tool in microtechnology. Although the
basic investments axe much higher in dry etching, it is pos­
sible to etch controllable profiles without using the crystal
orientation. Plasma etching can be divided into tine© main
groups; the physical ion beam etching (IBB), the synergetic
reactive Ion etching (RIB), and the chemical plasma etching
(BE). Generally, IBB shows only positively tapered profiles,
low etch rates and low selectivity, whereas PE gives rise
to isotropic profiles, high eteh rates and high selectivity'.
In R1E it. is passible to provide the plasma with a chemi­
cal etchant for the etching of the substrate, a passivator tor
blocking the etching at the sidewalls of a trench, and an ion
scree for the local removal of the passivation layer at Ute
bottom of the etching tenches. When these processes are
controlled in the correct manner, it is possible to create all
kinds of trenches with excellent profile control, high etch

0860-1317/85/020115+0S$18.50 © 1S3S IOP Publishing Ltd

rates and selectivity. rie processes which use the deposi­
tion of a passivating film to block spontaneous etching ate
known as ton-inhibitor E’.B. To etch polymers it is enough
to prevent spontaneous etching by lowering the temperature
well- below the- gbsa-tempmmro. In these- cases the etefe-
■tog,is made'possible because of ion bomfemhaeat. This -is
a typical reactive ion beam etching (RISE) process, but can
also be fulfilled at higher pressures with a BE apparatus.
res processes which use only the incoming ions to achieve
directionality are called.' ion-induced xto To increase the
eteh rate, standard RIE is modified to create a higher-density
plasma 11—6], but these etchers are expensive and therefore
less attractive.

Normally, halogen-based plasmas are used for the
chemical etching of silicon [ 1-14], because of their high
etch rates. Except for the fluorine-based plasmas, these
gases arc particularly hazardous (e.g. chlorine, bromine
and chlorinated compounds) and special precautions are
recommended. The passivation layer can ba grown: (t)
from carbonhalagen polymer precursors which are let in
to toe plasma [8-10]; (si) by redeposition of metalhalogen
mask material [11]; (iii) by msertirsg gases which act as
ati oxidant forming siliconoxyhaiogens [ i, 12-14]; or (iv)
by freezing the normally volatile- siliconbalagen reaction
products of the silicon with the radicals [3,4]. The

1 . 115
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Figure 1. The formation of grass.

deposition of a polymer film has the disadvantage that
this film is thermally less stable than a growing inorganic
siliconoxyhalogen film and the freezing of reaction products
uses expensive (cryogenic) coolers, The redeposition of
mask material is not acceptable because areas which should
stay clean are also contasfostated. Because the passivating
film is very thin, the incoming tons should not be highly
energetic, so the selectivity will be very high and the
substrate damage will be low. Also, because of the tow
energy of die ions, trenching and faceting are not found,
and it is very easy to change the direction of the impinging
ions, thus changing the etched profile. A major problem
during etching silicon vertically. is the forming of 'grass’
on the silicon surface, because of all kinds of microsnasks
deposited or grown on the silicon [14] (figure 1),

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

In this study, the low-toxic and easy-to-handle
SFj/Oj/CHFj gases are chosen for the reactive ion etching
of silicon and polymers [14]. A short description of the
etch mechanism of silicon and polymers in such a plasma
is given and a stew method to find the fully vertical profile
regime is introduced which uses the forming of grass: the
black silicon method. When this regime is found, CHF;
is added to prevent the forming of grass. It is shown that
this method is a practical tool for finding the parameter
setting of an arbitrary rie. The influence of the RE’ power,
pressure and gas composition on, and its relation to, the
profile is given in a diagram. With the help of this diagram
it is easy to direct the chemistry for the desired profile.
The alm of this work is the fabrication of hlgh-BSpect-ratio
(depth/width) features for use in microelectromechanical
systems (MENS). As an example, a mem comb driven xy
stage is given.

Figure 2, The SF^OjICHF, chemistry.

2. The syswr§@tfc meoharttem of SF®(Os/CHFs
ptesmss

In an SF^/O^/CHF; plasm, each gas has a known specific
function and influence, so the etched profile is easily
controlled just by changing the flow rate of one of these
gases [14], In such a plasma SFg produces the F radicals
for the chemical etching of the silicon forming the volatile
SfF'4; Oj creates the O’ radicals to passivate the silicon
surface with SiOzFt; and CHF; is the source for the CF*
ions which etch the SiO^Fj layer in one direction forming
the volatile CO.J5 (see figure 2). Of course, SFj" sons are
also able to remove the oxyfluoride by way of the volatile
SOxFy gases, but the SF$ flow is fixed on the Oj flow
to ensure a vertical wall. Thus, the CHF3 gas is a nearly
independent source of oxyfiuoride-etching tons.

A more or less contrary mechanism can also explain the
directional etching. In this mechanism the CFj. species ate
passivating the silicon surfaces which are etched by way of
imparting CF ions. However, this mechanism is less likely
in the pressure regime used in our study as will be clarified
further on.

The SFfi/Oj/CHFj chemistry is able to etch highly
controllable profiles in silicon at very Sow ion energies (20-
90 eV) and high etch rates (up to 3 ,um min"1). The low
ion energy prevents substrate damage (electronics), mask
erosion (the selectivity to metal masks is practically infinite)
and makes it easy to change the profile of the trench. The
ion energy is ruled by the potential which is developed
between the plasma and the powered electrode, the DC self­
bias. Gases lite Oj and CHF; create high bias voltages
whereas SF$ gives rise to very low voltage [14], Thus,
when the oxygen flow is increased the DC self-bias also
increases and ions will gain more energy before colliding
with the substrate surface. The DC self-bias decreases when
the power decreases or the pressure increases.

In etching silicon with the SFg/Oj/CHFj mixture there
is & constant competition between the etching fluorine
radicals and the passivating oxygen radicals. The etching
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figure 3. An isotropic proilie

is increased directionally by way of the CFj’ ions, When
the SF§ content is increased, the formation of the blocking
layer is less pronounced and therefore the profile will be
snare isotropic (i.e. PE-like, figure 3). Increasing the oxygen
content wifi decrease the- chemical etching and the etch
mechanism will become less isotropic. At higher oxygen
concentrations the etching will become physical, which
results in positively tapered profiles (i.e. JBS-like, figure 4).
Increasing the CHFj content will increase the removal of
the blocking layer, thus making the profile less positively
tapered. Moreover, the ions are charged positively, whereas
the substrate is negatively biased and because of this
mechanism it is possible to create negatively (i.e. reverse)
tapered profiles due to ion bowing (figure 5). At higher
CHFj concentrations CFX specimens will scavenge the
oxygen radicals, thus preventing the blocking layer from
forming, which results in a more isotropic profile. When
the power, pressure, and Hows are in the correct balance,
vertical wall profiles result (figure 6). Note that in this
figure two less attractive effects are observed: (i) when the
line spacing is wider, the trenches are deeper. This effect
is known as ‘KfE-lag’, (si) The bigger areas have negatively
tapered wall profiles because of ion bowing. Both effects
will Ire described in a follow-up of this paper [ 15]. A
higher pressure or lower power results in a more positively
tapered profile, because the energy of the impinging ions
is lower (DC self-bias). In these cases, off-normal ions are
more likely to reflect from the side wall without etching it.
When the etching is performed in the isotropic or negatively
tapered regime, thus at low oxygen, high CHFj flow, low
pressure, or high rf power, micromasks such as native
oxide, dust, or redeposited mask material will be constantly
underetched and etched surfaces stay smooth, preventing
ths forming of grass (figure 7).

When the present process is used in etching silicon
structures, the silicon loading of the substrate should be
sufficiently high, e.g. at least 10%. If the substrate has a
lower silicon loading, additional silicon may be added to
the etching chamber in any form. Even more important, the
wafer temperature must be stable and low enough to ensure
controllable profiles. Most times vacuum grease together
with a cooling system at 20" will do very well.

Figure 4. Positive tapered profite.

Figure 5. A negative tapered profile.

Figure S. A vertical wai! profile.

It is also possible to etch polymers, instead of silicon
with high etch rates and aspect ratios with the same
SFfj/Oj/CHFs plasma, but in these cases the specific
function of each gas is different. Now, O2 creates the O*
radicals to etch the polymer chemically, but this etching
is highly temperature dependent. At temperatures near or
above ths polymer glass transition temperature, the etch
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Figure 7. An etched structure.

3. The fciaek sHicers method
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4

profile- is purely isotropic and the etch rate can be as high
as 5 microns per minute. This process is rsonnally fulfilled
in so-called plasma ashing systems to strip resist after mask
duplication. In order to create anisotropic profiles, it is
necessary to block this thermo-chemical etching, so the

Of course, it is possible to continue this paper by giving fee
recipe for the ME giving a vertical wall profife and show the
influence of the various parameters on this profile such as
power, pressure and gas flow. However, this information
cannot be used in other laboratories, especially when they
have a different reactor. This problem has its. origin. in the
difference of the configuration of the etcher (plan-parallel
diode, triode, hexode, etc,} but also in the reactor geometry,
the. flow handling (turbo-, diffusion pump, etc.) and many
others, For this reason g stronger tool is used to find the
vertical profile regime. This method uses the fact that
the silicots is turned Mack when the vertical wall recipe
is found. From now r;r., this method will te cal ted the
’black silicon method’. Another method using response
surface methodology has previously been described by the
authors [14J; it includes information over the equipment
ar>d toe actual recipe. Before the black silicon method is
formulated, the reason for this effect will be explained and
a way to get rid of this blackening will be described.

substrate is cooled at room temperature. assd at -he same time
O' tons are used to etch the trench bottom. Ftsr this reason
gffi is used to direct the ions from the plasma glow region
towards the substrate. Because of the highly anisotropic
gid':, grass will appear just as tn the case of the rib of
silicon. To prevent this formation of grass, again CHFj is
added resulting in nearly vertical atsd smooth surfaces. To
lower the high DC bias voltage (thus increasing the mask
selectivity) which is created during O2/CHFj reactive ion
etching Sfo, atsd dummy-silicon are added giving very tew
bias voltages (down to 10 eV). The addition of CHF?, as
well as SFg is not mfiuencing the polymer etch rate- (up to
2 A-trt rain'"1) more than 10%,

I

Rgurfs if. A microtwbtedd xy stage W®W ftp help
of too black slfetto rttetocxl..in an plasma.

3.1. The arigiss cf Maels silken

As stated tn the above there is a coastant competition
between the fluorine radicals that etch and toe oxygen
radicate that passivate the silicon. At a certain, oxygen

p (mTorr)..... -
Figure 8> Ths influsne® of power, pressure and flow on ths
profile.
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Tabfe 1. The formulation of the black silicon method,WWWWA-AVAV."*  »:•:■.:♦•■■.■•■•■■>*■■•  •V«.1.«.W.W.W.V.'.V.'.V.'.W.W»VVAV,'V,'Vl."«V1.aAW.W>.'A»A'A«-AMAW«WAVAVAVAVAV,-A..>.V.'.W.V.V>WW>WAW
1 hl see i of tewcm so ths amtei ate atete ths tew so oower ana ‘■'svtete tor an ftT /to t’fos'te Ftrh

te.. 1 of ssiificsn, opte Ite lfe'dtete.teafeljdtt;aridfo<jk if is btesk- if not, dtehb saw teste b;-'t
fewate th® uxygte Sow,. Ftetote. with• fetewiUte® nhfe tte wf®Is black. Jtettetete tbs oxygon tte ftete wHF sffl
give rise to black-. or better gray-, silicon since there axfeto a positive tapered profile witexft any uteetedteg.
AttortetiteteK: te ptesfefe t«>"Btete ?te Ot sfeari wife fee heft? sf 'a iitePtetefeOtetto:<sOtp>. Nefef fed tote ■
Inal the ■hemal reniact ot th® sample with fee e,g. water cooled powered electrode la property rentroited t.e trss
vacuum gtas&e, mechan’csl clamping. hetero tedtete cooling, ate so tote-

2, Ater the black' siltesm rngiw ts. found. add same CSHS te lte"mixifte ted iterate® this tew. tetft iterator Is elate
again Too much GHFj, will mate she proffea feotepi1' (and strerte) tecauee the CF, species are scavenging fee axvgsn
radicafe nested te the bfctofete feyte

3. Mow a wafer wife the mark pattern ci irtettef *s  rnsartte in the mentor and the etched ptofils is checked, iremmteg file­
s' cnntnhl wilt eraefe :ft Wteite jiteifo jiftgte M Atefcgite mteh:iteygte: Wfeteite tte?prolte PteiSyW;tte®fed
,n j rm 4) ati 1 ®xtf>. CH $ will mate t m re m -»<' fefwmd (ngure fo Add ng at tt »•> ♦> . w at v CHfw with
feteiTtei Wtete will crtefeltetyismoofe ate teatiy yerScsl'waife 7).(figure.foeraasiog ths pmssam er
dteitesfes fee poww will mte® the ptete mor® posliitely fetemte fe terne ;tehtente®tes> of OgZGHFj licwted the
■pmsaiitebower te tte teW fe gfeen, 'Iteteatotete fee tern^dfe® ■tte^rsnd' EfelFs Mw. pttesfes and OHFa ffete power
red Cg few. or power wfe hatey change fee ptete. However, sute an tremas® tel iteraasa th® te self-bite and a highm
te sstote feiitgite .fori Wtetehl Iste' •srsaiigh teargy in sfeh tte fete wafts,: thua ■tetegfeg the pfoffe a fete,:
Sirutew tefoite.pf tQdrem/wt-hi.antetertetcflteS fete 1 fom. fofo atefewd.

contest there is such a balance between the etching and
the passivation that a nearly vertical wall results. At
the same moment native oxide, dust, etc. will act as
micromasks and, because of the directional etching, spikes
will appear. These spikes consist of a silicon body with a
this passivating silicon oxy fluoride skin. They will become
higher in liras and, depending on the etch mfe, iffey will
exseed the wavelength of incoming light after some time.
This light will be ‘caught’ in the areas between the spikes
and cannot leave the silicon surface any more. So. all the
light is collected by the etching surface and it is turned
black, In fact, this optical diffuser could be used for all
kinds of applications where the reflection of light from
the surroundings is not desired, e.g. laser applications or
sunlight collectors. In figure 1. a SEM photo is shown
from etched silicon under dlrectmal conditions. The spikes
are 50 ;.?.m in height and a few /rm in width. The origin
of micromasks is caused by native oxide, dust and Sts on
which is already on the wafer before etching. But. it is also
formed during the etching because silicon oxide particles
coming from the plasma are adsorbing at the silicon surface
or because of the oxidation of the silicon surface together
with die angle-dependent ion etching of this oxide layer.
Another source of particles during etching which will act
as micromasks is the redepositioning of mask material due
to imparting ions,

3.2. Preven&sg black silicon

Spikes formed because of dirty wafers before etching are
easily controlled by giving the wafer a precleaning step.
For instance, native oxide can be removed with the help of
an HF dip and dust is less of a problem when using the
lift-off technique in applying the mask layer, instead of the
normally used chemical etching of the mask material with
ths help of a resist pattern. However, the micromasks which
originate during etching must be controlled in a different
way. First of all, toe redeposition of mask material can
be suppressed when the ion energy is low or when the
right materials are chosen, but this subject will be treated 

elsewhere [15]. The silicon oxide particles are less of a
problem when the selectivity between the silicon and the
silicon oxide is minimized, but this only occurs when the
incoming ions are highly energetic and at these moments
the process is not favourable any more because of substrate
damage and the just mentioned mask erosion. As already
stated, it is possible to forbid spikes from forming by
constantly underetching the micromasks isotropically or
etching the features with a slightly negative undercut. The
isotropic solution only makes sense when it is used as a
post-etch, because otherwise the- feature density is limited.
Ou the other hand, negative underetching is an excellent
way to control fee smoothness of the substrate surface
barely limiting the feature size density. In this study fee
addition of CHF? to an SF^/Ch plasma is described and its
ability to prevent grass. Yet another approach to attack the
grass problem is the application of different masks, but this
will be published elsewhere [15],

3.3. The black silicon method

In table 1, an easy way to find the vertical wall regime is
described with the help of the information already given.
A more or less general tool is reached in which the recipe
for any Rffi system can be found just by fulfilling toe
sequence written down. As can be concluded from point 3
of this sequence, purely vertical walls can be achieved
for any pressure, power, Oj, CHF?, or SFg flow. This
is an important conclusion 'because now we are able to
create any DC self-bias we want without, changing the
profile. For instance, it is possible to develop very low-
bias voltages (<20 eV) at higher pressures giving very-
high mask selectivity, maintaining the profile (the sputter
threshold below which no sputtering takes place usually is
in the 20-40 eV range). In such cases the etched silicon
bottom and the side walls are nearly perfect as shown in
figure 7. It is also observed in figure 8 that a vertical wall
profile is found for zero CHFj flow. Tills means that the
passivation with silicon oxyfluorides at the side walls is
more likely than fee passivation with a fluorocarbon layer,
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although it is still possible that a different pressure, loading,
eto., the fiucsrocarbcti layer is more pronounced. Also,
the observation that increasing the oxygen flow gives rise
to a more positively tapered profile is a strong indication
that silicon oxyfiuoride is the side wall passivator, Auger
analysis showed that indeed the side walls are covered with
silicon oxide; there is no carbonic species found [14],

The black silicon method is tested for three different
RIB systems, Most experiments are performed with a
plan-parallel plate reactor ‘Plasmafab 340’ from the STS
Company [14] and a second plan-parallel plate single-wafer
reactor 'Piasmafab 500' shewed identical results. A third
system, the hexode ‘AMB-S100’ from Applied Materials, is
used for th© batch fabrication of silicon wafers and is also
able to achieve vertical profiles. However, Use etch rates
are approximately one order of magnitude lower than for
the single-wafer etchers and for this reason less powerfol.
This is because the wafers are exposed for much longer
to the aggressive plasma rfierms&y, giving rise to surface
roughening when etching very deep trenches in silicon.. The
etch rate can be increased by decreasing the reactor loading.
However, decreasing the exposed silicon surface area too
much, (typically smaller than 10% ‘open’ silicon surface- on
the substrate wafer) will change the plasma chemistry (thus
changing the profile beyond a point where adjustment of the
other variables such as pressure, oxygen flow, etc,, can no
longer prevent the uaderetohing of the mask. Nevertheless,
it is possible to insert some extra silicon in the reactor
to ensure a certain minimal loading. Tills subject will be
treated more extensively elsewhere [15].

Although fee black silicon method was originally
developed for silicon trench etching, it is found that this
method works for polymer trench etching as well, Although
the appearance of a polymer surface after anisotropic
etching is not black but rather diffuse the mechanism is
the same. For this reason, a more general name for this
method is chosen: the black substrate method.

4, Applications and conclusions

Wafers that are purposely not cleaned or even oxidized in
an oxygen plasma in the black silicon regime can be used as
an optical diffuser for e.g, laser applications. It is possible
to create spikes at well defined locations in order to form
a tip for use in AFM applications. In oar study we are
mainly interested in the use of the black silicon method
for MBMS applications. In figure 9, a micromachined xy
stage is shown. The structure is etched during one nm with
standard Ri£. After the directional etching, foe side walls
are passivated using a low-pressure CHF- plasma and the
xy stage is etched free with the help of an isotropic SFg
plasma. In tbs same run the structure is passivated with a
fluorocarbon layer using a high-pressure CHFs plasma [16].

Although the black silicon method is tested for
SFg/Oj/CHFg plasma only, it will also work for other
silicon etch gases, e.g. CF4, Nfo, SiF*,  CFjBr, or Ch, In
fact, every plasma mixture which consists of a chemical
etchant, passivator and an ion source can be used for
the black silicon method, even when the substrate is not
silicon at all but e.g. a polymer. All together it is shown
that the black silicon method is a very strong tool for
etching high structures with excellent profile control using
an SFg/Oa/CHFs plasma.

fosfersrroeis
[I] D'Bmte CP®, Chan K K end Slum J 1992 Deep trench

plasma etching of sc Si using SFg/Oj gas mixtures J,
Vac. &s, 'techno! B 10 1105-10

[2] Yearn G-Y, Otto Y and Yamaguchi T 1992 Polysilicon
ctohbapk plasm process WngrflBc. Clj and SF« gas
rffetores tor ifesp-pwh isolation .Ofe-tm Soc. 139
575-9

[3] Petri R, Francou J-M, Icard A and Henty D 1991
Temperature effects on a ripe reactor Micrveteetron,
Eng. 13 459-62

[4] Tada T and Kanayama T 1993 Fabrication of Si
nanostructures with electron beam lithography using
AIN as a dry-etch durable resist J. [&?. Sci. Techsiol B
11 22-29-32

[5] Pomat C. Mahi B. Petit B, Acnal Y and Metier J 1986
Anisotropic etching of silicon using an SF«/Ar
microwave multipolar plasma Z fee. See. techno!. B <4
1-5

[6] Parry A J and Boswell R W 1989 Fast anisotropic etching
of Si in an ice reactor Appl. Phys, Lets. 55 148-50

[7] Winters H, Cobum J W and Chuang T J 1983 Surface
processes & piSsma-assisted etching environments J.
%c. M Tfeciwf B, I 469-80

[8] Krings A M, Eden K and Benekirig H 1987 RtE etching of
deep-Wiebes fnSl using; C&F3 and SF« plasma
Mtowtotw, to«t. 5 55'5-4

[9] Shaw J k, Zhang Z L and MacDonald N C 1994
SCREAM I: a single mask sc Si, me process for MEMS
5«i«<?rs Actuators A 40 63-70

[10] Yunkin V A, Fischer D and Voges E 1994 Highly
anisotropic selective rib of deep trenches in Si
Miawlectron, Eng. 23 373-6

[11] Gobrecht J Anisotropy enhancement by side-wall protection
using aa Al-mask in etch rate SF$ based rib processes

[1'2] Syau T, Ballga B J and Hamaker R W 1991 rie of Si
trenches using SFrfOj gas mixtures J. Electrochem. Soc.
138 3076-81

[13] Zhang J M, Li IZ and Wolf E D 1983 suit for ssbmkwt
sttucttBtes of stifostiesy tarfrf silseSM and ptilycidas A
Wk.-, Sci. Tecknoi. B 1 1037-42

[14] Legtenberg R, Jansen H, de Boer M and Blwenspoek M
1995 Anisotropic rie of Si using SFj/Oj/CHFj gas
mixtures J, Electron. Soc.

[15] Jansen H V, de Boer M, Legtanberg R and Elwenspoek M
1995 The black silicon method: the influence of masks
and loading on Si trench etching in rie MNE (Davos,
Sept 1994) 27 475-80

[16] Jasisen H V, Gardeniers .1 G E, Elders J, Tilmans H AC
and Elwenspoek M 1994 Applications of fiuorocarbon
polymers in nticromechanics and micromachining
Sensors Actuators A 41-42 136-40

120
6

SIONYX1403000033.0120

SAMSUNG EX. 1002 - 3368/4148



Applied Surface Science 162-163 (2000) 599-603

applied
surface science

www.elsevier.nl/locate/apsusc

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

M. Koha’ *,  S. Sawarab, T. Shinadab, T. Gotob, Y. Andob, I. Ohdomariab
a Kagami Memorial Laboratory for Materials Science and Technology, Waseda University, 2-8-26 Nishi-waseda, Shinjuku,

Tokyo 169-0051, Japan
b School 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 SiO2 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 SiO2 layer in 1% HF solution, the Si substrate was
etched by hydrazine (N2H4H2O) 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 1014 ions/cm2. 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.

FACS: 61.80.Fe; 61.80.Jh; 85.40.Ux
Keywords: Si; SiO2; Nanopyramid array; Electron beam; Focused ion beam; Hydrazine

1. Introduction

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).

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
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.
PII: 80169-4332(00)00257-9
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Irradiation Development
by HF

Oxide
..............

(a) EB Process | & —*
Damaged

Etching
by Hydrazine

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 SiO2 mask was patterned directly
with EB by applying the previously reported en­
hanced etch rate (ER) of an electron-beam-exposed
SiO2 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 

enhanced ER of EB-exposed SiO2 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, SiO2 layer was
shot with focused EB. The exposed SiO2 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 fl cm. The SiO2
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

Table 1
Process flow and parameters

Flow EB process FIB process

(1) Oxidation 30 nm 10 nm
(2) Irradiation EB 30 keV 20 140 pC/dot Si, P 60 keV 1013 1015 cm 2
(3) Ashing 3 min 3 min
(4) SiO2 etching 1% HF 2-5 min RT 1% HF 2 min RT
(5) Si etching hydrazine 15 s 115°C hydrazine 15 s 115°C
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Fig. 2. Process window for EB process with periods of (a) 250, (b)
100 and (c) 50 nm.

cm”2 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 10“8 Torr. The samples
were then exposed to O2 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.

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 O2 plasma
to facilitate the perfect removal of the contamination
due to EB exposure prior to the development of the
SiO9 layer. The development of the exposed SiO2
layer was performed with 1 % HF. The ER of unex­
posed SiO2 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 (N2H4H2O) 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 SiO2 was
grown to avoid the influence of the contamination
due to FIB exposure. Si or P ions were irradiated
through a 10-nm thick SiO2 at doses of 1013—1013

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
SiO2 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 SiO2 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 SiO2 layer be­
comes thinner than 10 nm after the development, the

(a) 250 nm Period

200 nm

(b) 100 nm Period

200 nm
Fig. 3. SEM images of concave NPA fabricated by EB process with periods of (a) 250 and (b) 100 nm.
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SiO2 layer acts well as a mask. Si etching by
hydrazine stops spontaneously 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 SiO2 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.2. 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 N2 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 5 X 1014 cm-2 are
shown in Fig. 5. It can be observed in Fig. 5 that the
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Fig. 4. Dependence of ER of Si by hydrazine on the ion dose.

(a) 500 nm Period

500 nm

(b) 200 nm Period

500 nm
Fig. 5. SEM images of convex NPA fabricated by FIB process
with periods of (a) 500 and (b) 200 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.2, 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 SiO2
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.2 15.6 Gbit/in.2
Beam current 6.7 nA 5 pA
Dose 1.3 X 10s electrons/dot 5.0 X 104 ions/dot
Throughput about 10 ms/dot about 10 ms/dot
Diversity concave concave and convex
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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 FIB 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 SiO2 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*

Si nanopyramids have been suggested as one of the most promising Si nano­
structures to realize high-efficient rdtrathin soiar cells or photodetectors due
to their low surface area enhancement and outstanding ability to enhance
light absorption. However, the present techniques to fabricate Si nanopyra­
mids are either complex or expensive. In parallel, disordered nanostructures
are believed to be extremely effective to realize broadband light trapping for
solar ceils. Here, a simple and cost-effective method is presented to form
random $i nanopyramids based on an all-solution process, the mechanism
behind which is the successful transfer of the generation site of bubbles
from Si surface to the introduced Ag nanoparticles so that OH” can react
with the entire Si surface to naturally form random and dense Si rmdeus. For
optical performance, it is experimentally demonstrated that the random Si
nanopyramid textured ultrathin crystalline Si (c-Si) can achieve light trapping
approachingthe Lambertian limit. Importantly, it is revealed, by numerical
calculations, that random Si nanopyramids outperform periodic ones on
broadband light absorption duo to more excited optical resonance modes.
The finding provides a new opportunity to improve the performance of
rdtrathin c-Si solar cells with a simpler precess and lower cost.

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

In general, Si pyramids are formed
through anisotropic etching in alkaline
solution and the typical sizes are 5-10 pm.
To reduce the pyramid size and thickness
loss, a thin dielectric mask such as SiO,
or SiN., can be deposited on Si surface
and then the Si wafer is directly etched
in alkaline solution without lithography
process.;9,lcl The produced Si pyramids
have a size of 2-4 pm. Free of the mask,
it is reported that small Si pyramids
with sizes around 2 pm can be produced
through using a special surface additive
and controlling its ratios11! And Li et al.L12i
have fabricated Si pyramids with sizes of
1-3 pm by replacing NaOH or KOH solu­
tion with NaClO, which is an alkaline
and strong oxidizing reagent. Amazingly,
pyramid structure can be also formed in
acid solution (HF/H2O2/H2O) by the aid
of Cu nanoparticles, but the pyramidal

1. introduction

size is still larger than 2 pm with etching
depth in the range of 1-5 pm.!“! Though the above methods
are simple, they are hard to generate uniform Si pyramids with
nanoscale sizes.

Realizing excellent light trapping is the crucial point for
ultrathin solar cells to maintain the comparable photon absorp­
tion and thus the efficiency with their bulk counterparts.
Among various light trapping strategies based on Si nanostruc­
tures,!1”li Si nanopyramids (including upright and inverted)
have particularly attracted research interests. On the one hand,
excellent light trapping effect of Si nariopyramids has been
demonstrated in both experiment and simulation.'4”6' On the
other hand, their surface area is only 1.7-fold the planar sur­
face, far lower than that of other Si nanostructures such as
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The techniques to form Si nanopyramids have thus become
a focus of concern. Nanoimprint lithography (N IL) method is
one of the most popular methods for Si nanopyramid forma­
tion. i5-14-15! And for most NIL process, first, a dielectric layer
(SiO2 or SiNx) is grown on Si surface as etching mask, followed
by the deposition of photoresist layer and NIL to define the
etching pattern, and then reactive ion etching and HF solution
are used to remove the residual photoresist and the dielectric
layer in the opening window, and finally anisotropic etching
is carried out to form Si nanopyramids. Another technique
employing focus ion beam has been introduced by Koh et al.'16'
The Si wafer surface is selectively irradiated by focus ion beam,
and the Si nanopyramids are formed by utilizing the retarded
etching rate of the ion beam exposed Si in N,H4H?O solu­
tion. Mavrokefalos et al.'7' and. Branham et al.'6' have fabricated
inverted nanopyramids based on interference lithography and
wet Si etching. This technique needs to form a SiO, and pho­
toresist layers on the wafer surface first, and: then uses interfer­
ence .lithography method to define etching pattern, followed by
wet etching in alkaline solution. As can be seen, most of the
fabrication techniques of Si nanopyramid structures are either
complicated or expensive, and the reported Si nanopyramids
are periodic.

Adv. Fund. Mater. 2016,
DOS: 10.1002/adfm. 201505532
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However, periodic nanostructures with mirror symmetry
such as regular Si nanopyramids wil 1 lead to the degeneracy of
the optical resonance inodes that contributes to the increased
light absorption.'41''! In contrast, recent literatures argue that
random nanostructures are more helpful to achieve broadband
enhancement of light absorption.i1-"21! Sturmberg et air20' have
discerned, that random Si nanowires with various radii perform
better than the ones with identical radius on light absorption
because of more excited resonance modes. Besides the size
of nanostructures, it is also experimentally demonstrated that
increasing disorder in position is more beneficial for nano­
photonics to achieve broadband light trapping as compared to
trie periodic counterpart?21'

Here, we propose a simple, cost-effective, and mass-produc­
tion compatible method to fabricate random Si nanopyramids
based on a layer of Ag nanoparticles and wet Si etching. It does
not involve the deposition of dielectric layers, photoresist, or ion
etching process, and is an all-solution processing technique.
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 Si surface so that OH" can react
'with the whole Si surface to naturally form random and dense
Si pyramid nucleus. Utilizing the random Si nanopyramids
as surface texture, near-Lambertian light trapping effect'22’23!
is achieved in ultrathin crystalline Si (c-Si) with thickness of
30 pro in experiment, showing a significant enhancement of
light absorption as compared with planar surface. We have
also carried out simulations to further explore the advantages
of our fabricated Si nanopyramids on 3 pm ultrathin c-Si sub­
strates and reveal that random Si nanopyramids can excite
more optical resonance modes than periodic ones to realize
outstanding broadband light absorption.

2. Formation of Random Si Nanopyramids
Figure 1 shows scanning electron microscopy (SEM) images,
digital photograph, as well as reflectance of the silicon sur­
face treated with different texturing methods. Figure la is
the top view of random Si micropyramids formed by the
conventional texturing method for single-crystalline Si solar
cells.'24' Although most of the Si pyramids have a lateral size
of about 5 pm, one can still see that the pyramid sizes differ
noticeably in the range of 1-10 pm. Note that for the con­
ventional texturing method, solution temperature needs to
be maintained, at about 80 °C and etching time 30-50 min.
When decreasing the solution temperature to 65 °C and the
etching time: to 20 min, only several pyramids with sizes
of 1-2 pm are sparsely formed on the Si wafer surface (see
Figure lb), demonstrating that the surface texture is ineffec­
tive. However, if the Si wafer is decorated with a thin layer
of Ag nanoparticles on the surface by being immersed in
AgNO3/HF solution first, and then etched in NaOH solu­
tion 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, as shown in Figure lc,d (zoomed­
in SEM image). The Si pyramids are densely and randomly
distributed on the wafer surface (some are overlapped),

...............................................Rfe
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exhibiting a perfect surface texture. Their lateral sizes mainly
range from 300 to 600 nm.

To evaluate the optical performance of the nanopyramids,
the reflectance (R) and absorptance (A^,) spectra of different
surface condition are compared in Figure le. Compared to the
micropyramid counterpart, the nanopyramid textured wafer
has a little higher reflectance over the whole wavelength range
from 400 to 1100 nm due to its much smoother surface. But the
gap between these two reflectance spectra is reduced when the
Si surfaces are coated by SiNx an tireflection layer. Also, from
the view of fabrication process, the nanotexture has much less
material loss (the thickness loss via the proposed nanotexture
method can be controlled to 0.8-1.5 pm per side, while that of
the micropyramid texture reaches around 5 pm per side), ’which
is highly significant for the application in ultrathin c-Si solar
cells. For example, the nanopyramid textured c-Si film with a
thickness of 73 pm possesses a superior A^ in the long wave­
length than the micropyramid textured one despite its higher
reflectance, as shown in Figure le. This is mainly ascribed to
more absorber layer kept. We believe that the thinner the c-Si
film, the advantage of the nanopyramid texture is more promi­
nent. Micropyramid texture is not applicable for the c-Si film
with a thickness smaller than 10 pm.'6,7!

Our proposed new technique for random Si nanopyramid
preparation is an all-solution-processed method and thus does
not involve any electron or ion etching, or dielectric masking
layers as are required in focus ion beam etching, interfer­
ence lithography, and nanoimprint lithography techniques.
Although noble metal is contained, the concentration of AgNOj
is ultralow (7.8 x 10"’ m). Therefore, the fabrication method.
is very simple and cost-effective. It is worth mentioning that
the nanopyramid texturing method can be applied to quasi
156 mm x 1S6 trim wafers. As shown in Figure If, different
positions of the Si wafer have almost the identical reflectance
over the ’whole wavelength, demonstrating the uniform surface
texture.

3. Formation Mechanism of the Si Nanopyramids
Figure 2a,b presents the top-view and cross-sectional SEM
images of the textured Si surface without the removal of Ag
nanoparticles after being etched in alkaline solution for 20 min
under the temperature of 65 °C. Distinctly, the Ag nanoparticles
are randomly distributed on trie top, bottom, and slope facet
of the Si pyramids, unlike the case that Ag nanoparticles are
embedded at the bottom of Si nanopores in HF-H2O,/HNO5-
H2O etching system because of their catalytic role.'2’’26-1 There­
fore, in our alkaline etching system, the Ag nanoparticles are:
not a catalytic agent, or at least they do not locally accelerate the
etching. However, the existence of Ag nanopartides significantly
affects the anisotropic etching process of Si. On the one hand,
Ag nanoparticles enhance the density of the pyramid nucleus.
With Ag nanoparticles deposited on the surface, highly dense Si
hillocks, which are the nucleus of Si pyramids, are formed after
just being etched for 3 min under the solution temperature of
65 °C, as illustrated in Figure 2c, while the Si wafer without Ag
nanoparticles has much sparse and smaller hillocks on the sur­
face under the same etching condition, as shown in Figure 2d.

2 wileyonli3eiibrary.com © 20’6 WILEY-VCH Verlag GmbH g. Co. KGaA, Weinheim Adv. Fi,'nct. Muter. 2016,
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Figure 1. Top-view SEM images of the textured Si surface with different texturing condition, a) the conventional rmcropyramida! texture formed in
alkaline solution with temperature of 80 °C and etching time of 40 min. b) The surface textured in alkaline solution with temperature of 65 °C and
etching time of 20 min. c) The nanopyramids formed by immersing in AgNO3/HF solution for 10 s to form a thin layer of Ag nanoparticles, followed
by etching in the alkaline solution with temperature of 65 °C and etching time of 20 min. d) Zoomed-in SLM image of (c). e) Comparisons of R and Ab
of the micropyramid and nanopyramid textured wafers with and without SiN. coating, f) Reflectance spectra of the different positions on a large-size
nanopyramid textured Si wafer surface (quasi 156 mm X 156 mm). I he numbers schematically show the measured positions.

On the other hand, we find that ultrasmall bubbles are gener­
ated and escape away rapidly from the Si wafer decorated with
Ag nanoparticles through observing the etching process, in con­
trast to this, for the Si wafer without Ag nanoparticles, relatively
larger bubbles in the etching process are produced and then
escape away more slowly. Moreover, some bubbles adhere: on
the Si surface, which is obviously presented in Figure 2e. From
the observation, we speculate that the etching rate is faster for
the. Si wafer coated with Ag nanoparticles. To confirm this, we
have monitored the mass loss to calculate the effective thickness
loss per side (AW) and thus extract the: etching rate. The AW is
calculated by the following equation 

(1)

where mbef01e and mafter represent the mass of wafer before and
after etching, respectively, and W is the wafer thickness before
etching (the thickness of polished wafer is around 180 pm).
Figure 2f explicitly shows that the AW of the Si 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 time, the etching
rate of Ag nanoparticles decorated Si wafer is calculated to be
0.075 pm min"', indeed higher than that of the naked Si wafer
(0.060 pm min"1).

To get insight into the phenomena above and understand the
role of Ag nanoparticles in the study, it is necessary to know the
etching mechanism of Si in alkaline solution. For example, for a
(100) surface of Si, OH" ions attack the Si surface and two ions
are bound to per surface atom through dangling bonds with
injecting two electrons into the conduction band, namely;27l

Adv. Fund. Mater. 2016,
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Figure 2. a) Top-view and b) cross-sectional SEM of the distribution of Ag nanoparticles
on the Si nanopyramid textured surface. SEM image of the surface morphology of the Si
etched in a temperature of 65 °C for 3 min c) with and d) without the deposition of Ag nano­
particles, which characterize the pyramid nucleus, e) Comparison of the etching process
of the Si with and without the deposition of Ag nanoparticles on the surface. The bubbles
are obviously different, f) Effective thickness loss {AW} of the Si wafer with and without Ag
nanoparticles as a function of etching time. Schematic diagrams of the etching mechanism

(2)

In the next step, the Si(OH)2 groups transform into a posi­
tively charged silicon hydroxide complex by thermally exciting
the electrons into the conduction band

si-LzoT ^zo^'h.,..-.
Sif"■ fof-xs-id ' (3)

Then the positively charged silicon­
hydroxide further reacts with the OH” ions
producing soluble silicic acid

’’ . >> up-) (4)

At the same time, the excited electrons are
transferred to water molecules near the Si
surface, resulting in the following reduction
reaction

4H2O + 4e" -a. 4H2CT (5)

4H/O” -> 4014"+ 414 --> 4OH”+ 2H2 (6)

As shown in the schematic diagram
(Figure 2g), for the Si wafer without Ag nano­
particles, OH~ ions attack the Si surface arid
react with Si atoms to form Si(OH)4. Mean­
while, the generated electrons are directly
injected to the water molecules located near
the Si surface, producing hydrogen atoms.
Then the hydrogen atoms evolve into H2
molecules and adhere to Si surface, accumu­
lating to form H2 bubbles. The bubbles have
a mask effect so that the Si beneath them
is prevented from reacting with OH" ions,
hence leading to the lower etching rate and
the sparse Si pyramids. (Note that for con­
ventional micropyramidal texture process,
the solution temperature is 80 °C, so the
etching process is significantly accelerated.
Furthermore, the etching time is longer and
the anisotropic factor is increased too. There­
fore, more Si surface is etched and compact
micropyramids can be formed.) For the:
case with .Ag nanoparticles (see Figure 2h),
instead of being injected into water mol­
ecules from Si directly, w7e believe that the
generated electrons are extracted, by the Ag
nanoparticles first due to the higher electron­
egativity of Ag than Sfz-, z8l and thereby make
the Ag negatively charged. Then the accumu­
lated electrons are transferred to the water
molecules located near the Ag nanoparticles,
which produces H2 bubbles adhering on the
Ag surface with much smaller size. Without
large bubbles on the Si surface and that the
Ag particles are nanoscale size, OH” ions

can react with nearly the whole Si surface to result in compact
pyramid nucleation, thereby the dense Si nanopyramids. Also,
the etching rate is greatly increased. However, it should be
pointed out here that the Ag nanoparticles do not act as a cata­
lytic agent that accelerates the etching locally but mainly collect
electrons from the conduction bat’d, which is different from
the case in acid solution.X2©29! Moreover, we want to clarify
that a wetting agent such as isopropyl alcohol (JPA) is needed

4 wileyonlir’elibrary.com © 20’6 WILEY-VCH Verlag GmbH 8. Co KGaA, Weinheim Adv, Fund. Mater. 2016,
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to obtain sufficient wettability for the Si sur­
face by reducing the Si,'electrolyte interfacial
energy!24! If there is no IPA, the wettability is
not good enough. Thus the bubbles formed
on the Ag nanoparticles will extend to Si sur­
face and combine the adjacent bubbles to
form larger ones. Eventually, large bubbles
will strip off the Ag nanoparticles and thus
lead to the etching process similar to the case
without depositing Ag nanoparticles. There­
fore, the success of forming the nanoscale
Si pyramids is attributed to the comprehen­
sive effect of Ag nanoparticles and the IPA.
Considering the fact that IPA is also needed
to obtain good wettability in the micropy-
ramidal texturing technique, this study will
mainly stress the impact of Ag nanoparticles.

4, influence of Solution
Temperature and Etching Time
on Morphology

In order to get more knowledge of the novel
method, wet have investigated the influence
of solution temperature on the surface mor­
phology, solar spectrum averaged reflectance
(Rave), as w'ell as AV7 with a fixed etching
time of 25 min. When the solution temper­
ature is lower than 45 °C, the wafer surface
looks almost the same as that before etching
because the etching rate is too slow and
thereby only uitrasmall hillocks are formed
(whose SEM is not shown here). However,
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
surface etched under the solution tempera­
tures of 55, 65, 75, and 85 °C as well as their
statistical size distribution. It can be seen
that ail the surfaces are compactly covered
with Si pyramids of different sizes. The Si
pyramids fabricated under the temperature
of 55 °C have sizes distributed from 100 to
1100 nm with a mean value of 443 nm. The
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Figure 3. SEM images of the surface morphologies of the Si wafers etched under the solution
temperatures of a) 55 °C, b) 65 °C, c) 75 °C, and d) 85 °C. The corresponding statistical data
of the pyramid size are shown in a’), (bF), c’), and d’), respectively.

standard deviation (SD), which is a parameter to quantify the
dispersion of a set of data, of the size of the Si nanopyramids
is 2,06 nm, indicating that the pyramid sizes are mainly dis­
tributed from 250 to 650 nm. With regard to the ones fabri­
cated under the temperature of 65 °C, the sizes are. distributed
from 100 to 1200 nm but most of them are concentrated in
250-670 nm because their mean value is 467 nm and SD is 210
nm, showing an extremely slight increase of size as compared
to that of the 55 °C case. However, when increasing the solu­
tion temperature to 75 °C, the mean value arid SD of the size
of the Si pyramids are also increased to be 579 and. 329 nm,
respectively. This means that the sizes are mainly concentrated 

in 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.130!
When the solution temperature is increased to 85 °C, the fabri­
cated Si pyramids have sizes distributed from several hundred
nanometers to about 7 pm with a mean value of 2829 nm and.
SD of 1609 nm, presenting a dramatic increase of the: pyramid
size. In this case, the fabricated Si pyramids are similar to
the ones formed by the conventional Si anisotropic etching
method. Besides the increased difference of etching rate
between the (100) and (111) crystallography plane, the failure
in preparing Si nanopyramids under the temperature is also
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Figure 4. a) Variation of Rave and AV? with solution temperature, b) Reflectance spectra,
c) pyramid coverage, and d) pyramid size distribution of the Si wafers etched under the tem­
perature of 65 "C varying with etching time from 10 to 40 min. In the figure, max and min
represent the maximum and minimum data, respectively. M is the mean value of the data.

surface coverage of Si pyramids fabricated
with different etching duration approaches
10096 (Figure 4c), even the etching time as
short as 10 min . Moreover, the sizes of the
Si pyramids are insensitive to the etching
time. The mean values and SD of the Si
pyramids fabricated with etching time from
10 to 40 mirt are about 4S0 and 200 nm,
respectively, indicating that most of the
pyramid sizes are distributed from 250 to
650 r-m, as presented by the data in the
boxes in Figure 4d. Although the Si pyra­
mids have similar size distributions, the
AW increases obviously with the etching
time, as presented in Figure 2f. Hence,
shorter etching time (10-20 min) is pre­
ferred to control the thickness loss without
losing optical performance.

5. Light Absorption in Uitrathin c-Si
One of the most important applications
of the Si nanopyramids is to provide light
trapping in ultrathin c-Si solar cells. In
general, the absorber thickness of uitrathin
c-Si cells is only a few tens of micrometers
(<40 pm) or even several micrometers,
whereas the formation of conventional

attributed to that a large number of electrons are fast generated
from the intense reaction, resulting in the injection of electrons
into the water molecules not only from Ag nanoparticles but
also from Si surface directly, thus similar to the conventional
etching process.

On the aspect of optical performance, Figure 4a shows that
the i?aves °f the Si wafers are almost equivalent (14.5%—15.2%)
when the solution temperature is between 55 and 75 °C, which
is ascribed to their similar surface morphology as discussed
above. When the temperature further increases to 85 °C, the
Rsve dramatically reduces to about 12%. However, AW increases
rapidly with solution temperature and reaches 4.5 pm at the
temperature of 85 °C. And as discussed in Section 2, the reflec­
tance gap between these wafers will diminish after the depo­
sition of antireflection coating. Therefore, based on the com­
prehensive consideration of surface micromorphology, optical
performance, and material loss, from the view of application
in ultrathin c-Si solar cells, the etching temperature should
be selected as 55-65 °C, under which the formed Si pyramids
possess stable surface morphology (due to its insensitive to the
temperature in the range), good antireflection property, and low
thickness loss.

We have also investigated the effect of etching time on
surface micromorphology, reflectance spectrum, and AW
under the fixed solution temperature of 65 °C. From Figure
4b, it can be seen that the reflectance curves of the wafers
with different etching time are highly closed, indicating the
insensitive of reflectance on etching time. This can be also
understood from their surface micromorphologies. AU the 

micropyramids needs a material thick­
ness loss of several micrometers, making it unsuitable as
the light trapping layer due to the concerns of retaining the
absorber thickness. Instead, Si nanostructure textures can
not only effectively reduce surface reflection but also induce
little optical absorber loss. However, the present Si nano­
structures either lead to high carrier recombination or need
a sophisticated fabrication process. Here, we have success­
fully fabricated random Si nanopyramids, which have low
surface area enhancement, on thin film c-Si layer as surface
texture through the all-solution-processed technique. Then
both the front and rear surfaces are coated by SiNx layer
together ’with an Ag film deposited on the rear side as the
back reflector. Figure 5 shows that the Si nanopyramids are
densely and randomly distributed on the uitrathin c-Si sur­
face with most lateral sizes of 250-650 nm. The height of the
Si nanopyramids is only about 250-350 nm, far lower than
the 30-pm-thick ultrathin c-Si layer, ensuring the minimal
loss of the absorber volume. SiNk layers are conformally
coated on the nanopyramid surfaces with a layer thickness
of 75 nm at the front side and 100 nm at the back side. Ag
film is also conformally deposited on the back SiNx layer with
a thickness of about 150 nm by electron beam evaporation
technique.

Figure 6a displays absorptance of the random Si nano­
pyramid textured and the planar uitrathin c-Si as a function of
wavelength. The absorptance spectrum of the same uitrathin
c-Si in the Lambertian light trapping limit is also calculated
and presentee, as reference. With assumption that the external
reflectance of front surface is 0, internal reflectance of rear
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Figure 5. a) Top-view SEM image and b) cross-sectional SEM image of
the ultrathin c-Si structure, The right, bottom: images are close-ups of the
biue and red boxed regions.

surface is 1, and considering the weak absorption condition.,
then the Lambertian limit is expressed asi22,23' 

f q-Ab(A)IQE(A)dA
AM 1.5

where q is elemental charge, Ab(A) is the absorptance spectrum,
and IQE(A) is the internal quantum efficiency spectrum (here,
it is assumed to be 100% in the whole wavelength). Figure 6b
presents the calculated Jsc of the planar, random nanopyramid
textured, and Lambertian absorbed ultrathin c-Si under AMI.5
spectrum. Remarkably, the Jsc of the nanopyramid textured
ultrathin c-Si sample is much higher than that of the planar
one and is close to the Lambertian limit, reaching as high as
38.6 mA cm"2 on an ultrathin c-Si with only 30 pm in thick­
ness. Though the absorption in Ag film is not considered in
the calculation above, we find that it can be neglected, compared
to the absorption in the c-Si layer based on the simulation of a
similar ultrathin c-Si solar cell with periodic nanopyramid tex­
ture by finite-difference time-domain (FDTD) calculation (see
Figure 6a), which also agrees with the result of Mavrokefalos
et al.! /l Such a result is attributed to our rational design of trie
rear SiNx layer. We have carefully investigated, the dependence
of t he Ag absorption on the thickness of the rear SiNx layer by
FDTD simulation, as presented in Figure 6c. When the thick­
ness of the rear SiNx layer is 0 rim, namely no SiNx layer, the
Ag film clearly has a high optical absorption in the long wave­
length range. Nevertheless, when the thickness of the SiNx layer
reaches 10 nm, the optica] absorption in the Avg layer is dra­
matically reduced. I t will be further decreased with increasing
SiNx layer thickness to the lowest absorptance of about 3% for
SiNx thickness larger than 30 nm, which benefits from the
reduced coupling of evanescent wave into the Ag film and thus
the decreased excited surface plasmon resonance.I311 Therefore,

4n2aW
1 + 4m2ck W

where W is device thickness and n and a rep­
resent refractive index and absorption coeffi­
cient, respectively. In this case, it is also often
called Yablonovitch limits2-’! ft can be seen
that the optical absorption of the planar thin
film c-Si layer depends strongly on photon
wavelength, approaching 100% absorptance
only in the destructive interference region
(the thickness of the SiNx layer on the
planar ultrathin c-Si is about 83 nm), while
decreasing rapidly outside the region. By con­
trast, trie nanopyramid textured ultrathin c-Si
show’s high optical absorptance over a wide
wavelength range, closely approaching the
Lambertian limit, demonstrating the extraor­
dinary light trapping effect of our fabricated
Si nanopyramids. Through the absorptance
spectra, we calculated the potential short cir­
cuit current density (Jsc) of our experimental
ultrathin c-Si samples based on the following
equation

IM
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Figure 6. a) Comparison of the experimental absorptance spectra of the nanopyramid textured
and planar ultrathin c-Si layer with a thickness of 30 urn. The absorptance spectrum in the
Lambertian limit is also presented as a reference. The absorptance in the Ag film is calculated
by the FDTD method, b) Calculated JTC of the ultrathin c-Si with planar surface, our silicon
nanopyramid textured surface, and Lambertian surface based on the absorptance spectra in (a).
c) Absorptance in the Ag film varying with the thickness of the rear SiNx layer by FDTD calculation.
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the optical absorption in the Ag layer can be neglected when
the SiNx layer thickness is 100 nm in our study. However, it
should be pointed out that the SiN. layer needs to be locally
opened by laser to make the Ag layer locally contact the Si for
collecting current in a real solar cell. Therefore, though the
optical advantage of the SiNx/Ag bilayer is basically retained,
the light absorption in a real cell should be smaller than the
result claimed due to the large parasitic absorption in the local
Ag/Si contacts.

6. Advantage and Mechanism of Random Si
Nanopyramids on Light Trapping
To further understat’d the advantage ot our fabricated Si nan-
opyramids and the mechanism of excellent light trapping
effect behind them, we have simulated the light absorption in
3-um-thick c-Si thin film with planar, periodic, and random
Si nanopyramid textured surface, respectively. In the case of
random Si nanopyramids, both the size and position are disor­
dered (sizes are randomly distributed from 300 to 700 nm and
some pyramids are overlapped), similar to our experimentally
fabricated pyramids. In the periodic case, the size of the pyramid
is SOO nm, approaching the average size of the experimental
ones. All the ultrathin c-Si films are single-side textured instead
of double-side textured that is adopted in the experiment. As
shown in Figure 7, double-side-textured c-Si film is less efficient

wo

■SO
(d)

o

•40

•20

&«•«**  planar I
periodic nanopyramid

«»»»random nanopyramid
■■■■■■■doable-side textured

400 600 800 1000

Wavelength (nm)
Figure 7. Structural diagrams of the ultrathin c-Si with a) planar, b) peri­
odic Si nanopyramid, and c) random Si nanopyramid textured surface in
the simulation by FDTD. The thickness of the ultrathin c-Si film is 3 pm
and all front surfaces are covered by SiNs layer with 75 nm in thickness.
The back sides are coated with both SiNx layer (inner coating) and Ag
layer (outer coating), d) Calculated light absorptance in the ultrathin c-Si
with different surface textures as a function of wavelength ranging from:
300 to 1100 nm. Absorption of double-side periodic. Si nanopyramid tex­
tured device is also presented for comparison. 

in increasing light absorption in Si due to the higher absorp­
tion in the back Ag reflector. One of the possible reasons is the
increased Ag interface. Fortunately, real ultrathin c-Si solar cells
are generally single-side textured?161 Therefore, it is more mean­
ingful to demonstrate the benefi t of the random Si nanopyramids
by single-side texture design. The detailed structure configura­
tions are illustrated in Figure 7a-c. As can be seen in Figure 7d,
the planar ultrathin c-Si has a high absorption only in a narrow
wavelength range around 600 nm, while the Si nanopyramid tex­
tured thin films (both periodic and random ones) have excellent
light absorption over a broad wavelength. Moreover, the absorp­
tion spectrum of the random nanopyramid textured Si is much
smoother and higher than that of the periodic one in the long
wavelength range, except lower at some peaks. The result explic­
itly demonstrates the outstanding light trapping effect of random
Si nanopyramids in ultrathin c-Si, which is of paramount impor­
tance for application. As we know, without additional control
(e.g., masking process), the naturally formed Si nanopyramids
are randomized, such as our fabricated ones, because of the
slight variation of reactants and temperatures as well as the
disordered structure nucleus on the surface. The superior light
trapping property of the random Si nanopyramids releases the
necessary of the masking process to form peri odic or ordered Si
nanopyramids, and thus the fabrication process is much simpler
and cheaper without losing the light absorption.

It is well known that random micropyramids also facilitate
the realization of good light trapping in Si wafer by multiple
internal reflections. 74 However, when the size of the Si pyra­
mids 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 investigate the electric-field-intensity distri­
butions in the ultrathin c-Si to reveal the origin of the excep­
tional light trapping effect of the Si nanopyramid textures,
shown in Figure 8. At the short wavelength region (451 nm), the
electric field in the ultrathin c-Si is rather weak for the planar
surface case becau se mos t of the light is reflected, back into the
air by constructive interference from SiNx layer, whereas in the
case of Si nanopyramid textured surface, Si nanopyramids tend
to provide Mie resonance scattering, thus leading to the local­
ized resonance of electric field that contributes to the great light
absorption enhancement. At the middle wavelength (603 nm),
the electric field in the ultrathin c-Si with planar surface is
greatly enhanced due to destructive interference and Fabry-
Perot resonance. For Si uanopyramidal surfaces, besides Mie
resonance and Fabry-Perot resonance, index-guided resonance
is also excited by providing phase-matching of incident light
to couple to the guided modes.t3’l Under this circumstance, all
the ultrathin c-Si membranes have ultrahigh light absorption
(see Figure 7d). At the long wavelength (1058 nm), due to the
deviation of destructive interference, the electric field intensity
in the planar ultrathin c-Si is decreased but Fabry-Perot reso­
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. Furthermore, we can also
observe that the localized, resonances in the random nanopyr­
amid textured ultrathin c-Si are distorted as compared to those
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Figure S. Electric field distributions in the ultrathin c-Si with planar, periodic Si nanopyramid, and random Si nanopyramid textured surface at the
incident wavelength of 451, 603, and 1058 nrn.

in the periodic counterpart but wi th a larger and more uniform
spatial distribution, which may be attributed to the excitation
of more resonant modes. We believe that random Si nanop­
yramids provide stronger light scattering to induce spectrally
broadened, resonances/20,21' Therefore, the random Si nanop­
yramid textured ultrathin c-Si possesses superior light absorp­
tion over the entire spectrum. In fact, in recent years, superior
broadband light trapping effect indeed has been demonstrated
in disordered. nanostructuresJ1-,'2l,,3'|l Here, it is worth pointing
out that the above optical mechanisms cannot be fully applied
to an ultrathin c-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
disappears. And the shorter the wavelength, the weaker the
resonance. These phenomena will incur much smoother light
absorption spectrum such as the 30-pm-thick case in experi­
ment. However, our simulation results are still meaningful to
understand the advantage and light trapping mechanisms of
random nanopyramids in ultrathin c-Si film, especially that
with the thickness of only several micrometers.

7. Conclusions
Tire proposed fabrication technique of random Si nanopyramids
is all-solution processing, free of electron or ion etching pro­
cess or dielectric layer as etching mask, and thus is much sim­
pler and more cost-effective. Though Ag nanopartides play an
important role in the formation of Si nanopyramids, the etching
mechanism is completely different from that in the acid solution
system, where Ag nanopartides locally accelerate the etching. In
our case, the success to form the Si nanopyramids lies in the
transfer of the generation position ot bubbles from Si surface 

to Ag nanopartides surface so that OH" ions cart react with the
entire Si surface to naturally result in random and dense Si pyr­
amid nucleus. Focusing on the application in ultrathiri c-Si solar
cells, the Si nanopyramids should be fabricated, under the solu­
tion temperature of 55-65 °C and a short etching time to limit
the thickness loss while keep a good antireflection ability. Also,
the Ag nanoparticles need to be thoroughly cleaned before the
rest of the solar cell is processed in order to avoid destroying
the electrical performance. One important character of our fab­
ricated Si nanopyraroids is the randomization of both position
and size (mainly in the range of 2S0-6S0 nm). Excitingly, we
find that the random Si nanopyramids facilitate achieving near-
Lambertian light trapping in ultrathin c-Si, performing far better
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-solution-
processed technique open a new opportunity to enhance the
light absorption of ultrathin c-Si solar cells with lower cos t.

8. Experimental Section
Sample Fabrication: First, the raw <100> oriented Si wafers (p-type with

resistivity of 1-3 D cm and thickness of 190 prri) were cleaned in acetone
solution with ultrasonic stirring for 40 min, and then etched in NaOH
solution with a concentration of 10% at a temperature of 80 °C for 90 s
to remove the saw-damage layer and form polished surface. After that,
these wafers were immersed in a mixed solution of 7.8 x 10“" m AgNCX?
and 9.6 vol% HF for 10 s at room temperature to form an Ag nanoparticfe
layer. Subsequent anisotropic etching in a mixed solution of 1.1% NaOH
and 8 vol% I PA was carried out to produce Si nanopyramids, followed by
removing the Ag nanoparticles in HNO3 solution and removing silicon
oxide layer in HF solution. Note that, the Si wafers need to be immersed
in deionized water between even/ two steps mentioned above to remove
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the residua: etching solution. Si micro pyramids were also fabricated as
the counterparts by anisotropic etching (1.2% NaOH and 8 vol% I PA) for
40 min under the solution temperature of 80 °C.

The ultrathin c-Si samples were obtained by etching the bulk p-type
c-Si wafer with resistivity of 1-3 D cm and thickness of 190 urn for
80 min in 10% NaOH solution under the temperature of SO °C The
resultant thin him layer has a thickness of 30 pm. After Si nanopyrarnids
were fabricated on the ultrathin c-Si surfaces, S:NX layers were deposited
on both surfaces with plasma enhanced chemical vapor deposition (the
thicknesses for the front side and back side were different and controlled
by the deposition time), ano then Ag films were deposited onto the back
SiNx layer as back reflector by electron beam evaporation.

FDTD Simulation: In the simulation, to explore the advantage of
random Si nanopyrarnids on ultrathin c-Si film and reveal the light
trapping mechanism:, a substrate thickness of 3 pm was employed and
periodic Si nanopyrarnids as well as planar surface were simulated for
comparison. In the periodic case, the size of pyramids and the period
are 500 nm (xy-plane). In the random case, 16 Si nanopyrarnids with
sizes ranging from 300 to 700 nm were randomly distributed in a
1500 x 1500 nm square with periodic boundary conditions (xy-plane).
Some pyramids were partly overlapped, which is consistent with the
experimental fact. The results of four distinct random configurations
were averaged as the properties of random arrays. The ratio of the
height to the bottom length of the Si pyramids was fixed to be 1.37
(corresponding to that the angle between the slope facet and the bottom
facet was 54°). Al! the surfaces (periodic, random, and planar) were
covered by SiNx layer with a thickness of 75 nm. Ag layer (200 nm) and
SiNx layer (100 nm) were coated at the rear side of the ultrathin c-Si, as
shown in Figure 7. The light source was plane wave directed to the minus
z-axis (which is normal incidence for the planar surface) with wavelength
ranging from 300 to 1100 nm. The top boundary of the z-axis direction
is perfectly matched layer, while the bottom boundary is metal layer. A
power monitor was positioned above the light source to obtain the R and
an absorption monitor was used to obtain the light absorption in the Ag
layer (AAo), so the absorption in ultrathin c-Si was calculated by 1 — R
— ?%g. Another power monitor located in the y-normal plane was used
to obtain the distribution of electric field intensity in the ultrathin c-Si.
Al! the above simulations were performed using a commercial software
package (FDTD Solutions v8, Lumerical 2013), from which the optical
constants of Si were directly extracted. The refractive indexes of SiNx
were set to be a constant value of 2 without considering the extinction
coefficient.

Characterization: The micromorphologies of the Si surface were
investigated by field emission scanning electron microscopy. The mass of
the Si was ’weighted by electronic balance with accuracy of 0.0002 g. The
polished wafer thickness was measured by optical microscope, image
Tool as well as Nano Measurer software was employed to calculate
the size and coverage of Si pyramids. The R and transmittance (Tran)
of the ultrathin c-Si were measured by UV-vis-NIR spectroscopy with
integrating sphere, and thus the Ab in the ultrathin c-Si can be calculated
to be 1 — R — Tr5...
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Filed as Small Entity

Filing Fees for Utility under 35 USC 111 (a)

Description Fee Code Quantity Amount Sub-Total in
USD($)

Basic Filing:

Pages:

Claims:

Miscellaneous-Filing:

Petition:

Patent-Appeals-and-lnterference:

Post-Allowance-and-Post-lssuance:

Extension-of-Time:
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Description Fee Code Quantity Amount Sub-Total in
USD($)

Miscellaneous:

SUBMISSION- INFORMATION DISCLOSURE STMT 2806 1 90 90

Total in USD ($) 90

SIONYX1403000033.0138

SAMSUNG EX. 1002 - 3386/4148



Payment information:

Electronic Acknowledgement Receipt

EFS ID: 28140483

Application Number: 14747875

International Application Number:

Confirmation Number: 1722

Title of Invention: Pixel Isolation Elements, Devices and Associated Methods

First Named Inventor/Applicant Name: Martin U. Pralle

Customer Number: 136549

Filer: Andrew W. Schultz

Filer Authorized By:

Attorney Docket Number: 143705.05211

Receipt Date: 23-JAN-2017

Filing Date: 23-JUN-2015

Time Stamp: 17:15:46

Application Type: Utility under 35 USC 111 (a)

Submitted with Payment yes

Payment Type CARD

Payment was successfully received in RAM $90

RAM confirmation Number 012417INTEFSW17162300

Deposit Account

Authorized User

The Director of the USPTO is hereby authorized to charge indicated fees and credit any overpayment as follows:
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File Listing:

Warnings:

Information:

Document
Number Document Description File Name File Size(Bytes)/

Message Digest
Multi

Part /.zip
Pages

(ifappl.)

1 Fee Worksheet (SB06) fee-info.pdf

30646

no 2
ddded8979d53194b339281596c96a74382

13c0e5

Total Files Size (in bytes):

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. Ill
If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371
If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office
If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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PTO/SB/06 (09-11)
Approved for use through 1/31/2014. 0MB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
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.

PATENT APPLICATION FEE DETERMINATION RECORD
Substitute for Form PTO-875

Application or Docket Number
14/747,875

Filing Date
06/23/2015 I I To be Mailed

ENTITY:  LARGE SMALL  MICRO

APPLICATION AS FILED - PART I
(Column 1) (Column 2)

FOR NUMBER FILED NUMBER EXTRA RATE ($) FEE ($)

 BASIC FEE
(37 CFR 1.16(a), (b), or (c)) N/A N/A N/A

 SEARCH FEE
(37 CFR 1.16(k), (i), or (m)) N/A N/A N/A

 EXAMINATION FEE
(37 CFR 1.16(c), (p), or (q)) N/A N/A N/A

TOTAL CLAIMS
(37 CFR 1.16(i)) minus 20 = * X $

INDEPENDENT CLAIMS
(37 CFR 1.16(h)) minus 3 = * X $

□application SIZE FEE
(37 CFR 1.16(s))

If the specification and drawings exceed 100 sheets
of paper, the application size fee due is $310 ($155
for small entity) for each additional 50 sheets or
fraction thereof. See 35 U.S.C. 41(a)(1)(G) and 37
CFR 1.16(s).

E] MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j))

* If the difference in column 1 is less than zero, enter “0” in column 2. TOTAL

APPLICATION AS AMENDED - PART IS

(Column 1) (Column 2) (Column 3)

AM
EN

D
M

EN
T 01/23/2017

CLAIMS
REMAINING
AFTER
AMENDMENT

HIGHEST
NUMBER
PREVIOUSLY
PAID FOR

PRESENT EXTRA RATE ($) ADDITIONAL FEE ($)

Total (37 CFR
1.16(i)) * 36 Minus ** 33 = 3 x $40 = 120
Independent
(37 CFR 1.16(h)) * 2 Minus ***3 = 0 x $210 = 0

I I Application Size Fee (37 CFR 1.16(s))

I I FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j)J

(Column 1) (Column 2) (Column 3)

TOTAL ADD’L FEE 120

AM
EN

D
M

EN
T

CLAIMS
REMAINING

AFTER
AMENDMENT

HIGHEST
NUMBER

PREVIOUSLY
PAID FOR

PRESENT EXTRA RATE ($) ADDITIONAL FEE ($)

Total (37 CFR
1.16(i)) * Minus ** X $

Independent
(37 CFR 1.16(h)) Minus = X $

I I Application Size Fee (37 CFR 1.16(s))

I I FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j)J

TOTAL ADD’L FEE

* If the entry in column 1 is less than the entry in column 2, write “0” in column 3.
** If the “Highest Number Previously Paid For” IN THIS SPACE is less than 20, enter “20”. /LINDA A WASF
*** If the “Highest Number Previously Paid For” IN THIS SPACE is less than 3, enter “3”.
The “Highest Number Previously Paid For’' (Total or Independent) is the highest number found in the appropriate box in column

dINGTON/

1.
This collection of information is required by 37 CFR 1.16. 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, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS
ADDRESS SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PTO-9199 and select option 2.
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United States Patent and Trademark Office
UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450
Alexandria, Virginia 22313-1450
www.uspto.gov

NOTICE OF ALLOWANCE AND FEE(S) DUE

136549 7590 04/27/2017
Pepper Hamilton LLP/SiOnyx LLC
Attn: Boston IP Docketing Department
125 High Street
19 th Floor
Boston, MA 02110-2736

PHAM, LONG

EXAMINER

ART UNIT PAPER NUMBER

2814

DATE MAILED: 04/27/2017

14/747,875

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

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

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

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

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.

Page 1 of 3
PTOL-85 (Rev. 02/11)

SIONYX1403000034.0001

SAMSUNG EX. 1002 - 3390/4148

http://www.uspto.gov


PART B - FEE(S) TRANSMITTAL

Complete and send this form, together with applicable fee(s), to: Mail

or Fax

Mail Stop ISSUE FEE
Commissioner for Patents
P.O. Box 1450
Alexandria, Virginia 22313-1450
(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
appropriate. 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
maintenance fee notifications.

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

Note: A certificate of mailing can only be used for domestic mailings of the
Fee(s) Transmittal. This certificate cannot be used for any other accompanying
papers. Each additional paper, such as an assignment or formal drawing, must
have its own certificate of mailing or transmission.

136549 7590 04/27/2017
Pepper Hamilton LLP/SiOnyx LLC
Attn: Boston IP Docketing Department
125 High Street
19 th Floor
Boston, MA 02110-2736

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)

(Signature)

(Date)

14/747,875

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

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 $480 07/27/2017

EXAMINER CLASS-SUBCLASS

PHAM, LONG 2814 257-432000

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

 Change of correspondence address (or Change of Correspondence
Address form PTO/SB/122) attached.
Q "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 -------------------------------------------------
registered attorney or agent) and the names of up to
2 registered patent attorneys or agents. If no name is 3 
listed, no name will be printed.

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE 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 category7 or categories (will not be printed on the patent): Q Individual Q Corporation or other private group entity Q Government

4a. The following fee(s) are submitted:
Q Issue Fee
Q Publication Fee (No small entity discount permitted)
Q Advance Order - # of Copies_____________________

4b. Payment of Fee(s): (Please first reapply any previously paid issue fee shown above)
Q A check is enclosed.
Q Payment by credit card. Form PTO-2038 is attached.
Q 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)
Q Applicant certifying micro entity status. See 37 CFR 1.29

Q Applicant asserting small entity status. See 37 CFR 1.27

Q 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 CFR 1.4 for signature requirements and certifications.

Authorized Signature

Typed or printed name

Date

Registration No.

PTOL-85 Part B (10-13) Approved for use through 10/31/2013.

Page 2 of 3
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United States Patent and Trademark Office
UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450
Alexandria, Virginia 22313-1450
www.uspto.gov

Boston, MA 02110-2736

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

14/747,875 06/23/2015 Martin U. Pralle 143705.05211 1722

136549 7590 04/27/2017
EXAMINER

Pepper Hamilton LLP/SiOnyx LLC
Attn: Boston IP Docketing Department
125 High Street

PHAM, LONG

ART UNIT PAPER NUMBER

19 th Floor 2814

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 l-(888)-786-0101 or (571)-272-4200.

PTOL-85 (Rev. 02/11)
Page 3 of 3
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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 tlie 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 tlie 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 tlie 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.

SIONYX1403000034.0004
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Application No.
14/747,875

Applicant(s)
PRALLE ET AL.

Notice of Allowability Examiner
LONG PHAM

Art Unit
2814

AIA (First Inventor to File)
Status

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.

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

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

3.0 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
from the Patent Prosecution Highway program at a participating intellectual property office for the corresponding application. For
more information, please see http://www.uspto.gov/patents/init_events/pph/index.jsp or send an inquiry to PPHfeedback@uspto.gov.

4.  Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f).

Certified copies:
a)  All b)  Some *c)  None of the:

1.  Certified copies of the priority documents have been received.
2.  Certified copies of the priority documents have been received in Application No..
3.  Copies of the certified copies of the priority documents have been received in this national stage application from the

International Bureau (PCT Rule 17.2(a)).
* Certified copies not received:.

Applicant has THREE MONTHS FROM THE “MAILING DATE” of this communication to file a reply complying with the requirements
noted below. Failure to timely comply will result in ABANDONMENT of this application.
THIS THREE-MONTH PERIOD IS NOT EXTENDABLE.

5.  CORRECTED DRAWINGS ( as “replacement sheets") must be submitted.

 including changes required by the attached Examiner’s Amendment I Comment or in the Office action of
Paper No./Mail Date.

Identifying indicia such as the application number (see 37 CFR 1.84(c)) should be written on the drawings in the front (not the back) of
each sheet. Replacement sheet(s) should be labeled as such in the header according to 37 CFR 1.121(d).

6.  DEPOSIT OF and/or INFORMATION about the deposit of BIOLOGICAL MATERIAL must be submitted. Note the
attached Examiner’s comment regarding REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL.

Attachment(s)
1.  Notice of References Cited (PTO-892) 5.  Examiner's Amendment/Comment
2.0 Information Disclosure Statements (PTO/SB/08), 6.  Examiner's Statement of Reasons for Allowance

Paper No./Mail Date 1 /23/17
3.  Examiner's Comment Regarding Requirement for Deposit 7.  Other.

of Biological Material
4.  Interview Summary (PTO-413),

Paper No./Mail Date.

/LONG PHAM/
Primary Examiner, Art Unit 2814

U.S. Patent and Trademark Office

PTOL-37 (Rev. 08-13) Notice of Allowability Part of Paper No./Mail Date
20170414

SIONYX1403000034.0005
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Issue Classification
Application/Control No.

14747875

Applicant(s)/Patent Under Reexamination

PRALLE ET AL.

Examiner

LONG PHAM

Art Unit

2814

CPC

Symbol Type Version

H01L 27 / 1463 F 2013-01-01

H01L 27 / 14627 I 2013-01-01

H01L 27 / 14629 I 2013-01-01

H01L 27 / 14685 I 2013-01-01

H01L 27 / 14625 I 2013-01-01

H01L 27 1462 I 2013-01-01

H01L 27 f 14607 I 2013-01-01

H01L 27 } 14645 I 2013-01-01

H01L 27 t 14689 I 2013-01-01

t

f

t

I

/

f

CPC Combination Sets

Symbol Type Set Ranking Version

|| f

Part of Paper No.U.S. Patent and Trademark Office

NONE
Total Claims Allowed:

(Assistant Examiner) (Date)
37

/LONG PHAM/
Primary Examiner.Art Unit 2814 04/14/2017 O.G. Print Claim(s) O.G. Print Figure

(Primary Examiner) (Date) 1 3.6
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yDERWENTj
yiBM_TDB |

OR s ON |2o74?O6725
16:09
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S19 J 71202 (reflector or Bragg) near5 i
(side or sidewall or edge or i
wall) 1

i
i
i
i

US- i
PGPUB;
USPAT; i
USOCR;
FPRS; i
EPO; JPO; i
DERWENT J
IBM_TDB s

OR ! ON 2014/06/25
16:09

S20 280 S1 8 same4 S1 9 I
i

i
i
i
i
i

US- i
PGPUB; i
USPAT; ;
USOCR; ;
FPRS; i
EPO; JPO; I
DERWENT J
IBM__TDB |

OR ON I 2014/06/25
16:09

S21 | 195 S20 same4 (photodiode or ;
pixel or light) i

i
i
i
i
i
i

US- i
PGPUB; J
USPAT;
USOCR; i
FPRS;
EPO; JPO;
DERWENT; s
IBM_TDB

OR ! ON 2014/06/25
16:09

S22 7 S1 8 same2 S9 I
i
i

i
i
i
i

US- i
PGPUB; i
USPAT; i
USOCR; ;
FPRS; ;
EPO; JPO; i
DERWENT; |
IBM_TDB |

OR ON i 2014/06/25
16:10

S23 j 7 | S22 same4 (photodiode or I
pixel or light) §

i
i
i
i
i
i

US- s
PGPUB; J
USPAT; J
USOCR; i
FPRS; i
EPO; JPO;
DERWENTj
IBM_TDB

OR ! ON 2014/06/25
16:10

S24~l 217 siVsamVsTg i USE
PGPUB; i
USPAT; i
USOCR; s
FPRS; ;
EPO; JPO; ;
DERWENT;!
IBM_TDB s

OR s ON I
16:13

S25 0 (light adj2 sensitive adj2 i
pixel) same4 S24 i

i
i
i
i
i
i

US- !
PGPUB; i
USPAT; |
USOCR; J
FPRS;
EPO; JPO; i
DERWENTJ
IBM_TDB |

OR s ON 2014/06/25
16:14

S26 0 (light adj2 sensitive adj2 I
pixel) and S24 ;

US- i
PGPUB;

OR s ON I 2014/06/25
16:14
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$

;
;
;
;
;

USPAT; ;
USOCR; ;
FPRS; ;
EPO; JPO; I
DERWENT J
IBM_TDB |

S27 | 14 pixel same4 S24 ;
;
;
;
;
;
;
;

US- i
PGPUB; J
USPAT;
USOCR; i
FPRS;
EPO; JPO;
DERWENT; s
IBM_TDB

OR s ON
;
2014/06/25
16:14

S28 7 S27 and index ;
;
;

;
;
;
;

US- i
PGPUB; i
USPAT; i
USOCR; ;
FPRS; ;
EPO; JPO; ;
DERWENT; |
IBM_TDB |

OR ON i
;
2014/06/25
16:18

S29 j 26925 (high adj2 index) near3 I
(layer or film)

;
;
;
;
;
;

US- !
PGPUB; ;
USPAT; J
USOCR; s
FPRS; i
EPO; JPO;
DERWENTj
IBM_TDB

OR s ON
;
2014/06/26
12:48

S30~] 27823 (low adj2 index) near3 (layer;
or film) ;

;
;

;
;
;

USE
PGPUB; i
USPAT; i
USOCR; i
FPRS; s
EPO; JPO; ;
DERWENT;;
IBM_TDB s

OR s ON I
;
25^4766/26'
12:48

S31 12802 S29 nearl 0 S30 i
;
;
;
;
;
;
;

US- ;
PGPUB; |
USPAT; |
USOCR; J
FPRS;
EPO; JPO; i
derwentJ
IBM__TDB |

OR ON
;
2014/06/26
12:48

S32 1170 (reflector or Bragg) same I
S31

;
;
;

;

US- i
PGPUB;
USPAT;
USOCR; i
FPRS; i
EPO; JPO; ;
DERWENT;;
IBM_TDB s

OR s ON I
;
2014/06/26
12:49

S33 611 § (reflector or Bragg) nearl 0 ;
S31

;
;

US- ;
PGPUB; ;
USPAT; ;
USOCR; I

OR ON
;
2014/06/26
12:49
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$
;
;
;

FPRS; ;
EPO; JPO; ;
DERWENT;!
IBM_TDB s

s

S34 J 4200 S30 near5 ("between") i
;
;
;
;
;
;
;

Cis- 1
PGPUB; |
USPAT; I
USOCR; s
FPRS; i
EPO; JPO; i
DERWENT J
IBM_TDB |

OR | ON
;
2014/06/26
12:49

S35 1972 S34 nearl0 S29 I
;
;
;
;

;
;

US- §
PGPUB;
USPAT; i
USOCR; i
FPRS; s
EPO; JPO; ;
DERWENT;;
IBM__TDB s

OR s ON 1
;
2014/06/26
12:50

S36

____ 1

81

_________J

(reflector or Bragg) nearl 0 ;
S35

;
;
;
;
;
;

US- ;
PGPUB; ;
USPAT; |
USOCR; I
FPRS; J
EPO; JPO;
DERWENT J
IBM_TDB

OR ON ;
;
2014/06/26
12:50

S37 188 S29 near5 (polysilicon or 1
polycrystalline or poly or 1
(amorphous adj2 silicon) or ;
germanium) ;

;
;

US- i
PGPUB; i
USPAT; §
USOCR;
FPRS; i
EPO; JPO; i
DERWENT;;
IBM_TDB |

OR ! ON I
;
2014/06/26
12:53

S38 J 2500 S30 near5 (oxide or nitride
or oxynitride or oxynitrides) ;

;
;
;
;
;
;

US- S
PGPUB; ;
USPAT; ;
USOCR; ;
FPRS; I
EPO; JPO; 1
derwentJ
IBM_TDB

OR ON 2014/06/26
12:53

S39 | 14 S37 near20 S38 i
;
;
;
;
;
;

US- i
PGPUB;
USPAT; i
USOCR;
FPRS; i
EPO; JPO; i
derwentJ
IBM_TDB ;

OR ! ON
;
2014/06/26
12:53

S40 6 (reflector or Bragg) same I
S39 |

;
;
;

US- i
PGPUB; i
USPAT; ;
USOCR; ;
FPRS; ;
EPO; JPO; 1

OR ON I
;
2014/06/26
12:54
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DERWENT; s
IBM_TDB |

S41 6 S39 near20 ("between") ;
s
s
s
s
s
s
s

US- S
PGPUB; s
USPAT; s
USOCR; |
FPRS; J
EPO; JPO;
DERWENTJ
IBM_TDB

OR ON 2014/06/261
12:54

S42 J 51 backside near6 (textured i
near2 (layer or film)) I

s
s
s
s
s

US- i
PGPUB; i
USPAT; i
USOCR;
FPRS; i
EPO; JPO; i
DERWENT; j
IBM_TDB s

OR s ON 2014/06/26^
13:12 i

S43 10 S42 AND ( (H01 L21/02686 I
OR H01 L27/1214 OR
H01 L21/02532 OR I
H01 L21/02595 OR
H01 L31/0236 OR
H01 L21/0237 OR I
H01 L21/02403 OR i
H01 L21/0243 OR
H01 L21/02472 OR
H01 L21/02483 OR I
H01 L21/02494 OR I
H01 L21/02554 OR
H01 L21/02565 OR
H01 L21/02573 OR I
H01 L21/02587 OR I
H01 L21/02609 OR
H01 L21/0262 OR
H01L21/365 OR i
H01 L2224/16 OR i
H01 L27/14625 OR
H01 L27/14627 OR
H01 L27/14629 OR I
H01 L27/1463 OR I
H01 L27/14685 OR
H01 L31/02168 OR
H01 L31/022425 OR I
H01 L31/02363 OR I
H01L31/042 0R
H01 L31/0527 OR
H01 L31/0682 OR H01 L31/18 i
OR H01 L31/1804 OR i
H01 L33/0087 OR H01 L33/22
OR H01 L33/24 OR
H01 L33/28 OR H01 L33/385 I
OR H01 L33/405 OR I
H01 L33/483 OR H01 L33/60
OR H01 L33/62) .CPC. )

US- i
PGPUB; s
USPAT; ;
USOCR; s
FPRS; |
EPO; JPO; I
DERWENT J
IBM_TDB

OR ON 2014/06/261
13:25

S44 5 S39 AND ( (H01 L21/02686
OR H01 L27/1214 OR
H01 L21/02532 OR
H01 L21/02595 OR I

US- i
PGPUB; i
USPAT; i
USOCR; ;

OR ON i 2014/06/26^
13:25
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