UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PO. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

APPLICATION NUMBER I FILING OR 371(C) DATE I FIRST NAMED APPLICANT I ATTY. DOCKET NO./TITLE |
14/945,003 11/18/2015 Shih-Yuan WANG 309-0004US
CONFIRMATION NO. 1200
139982 POA ACCEPTANCE LETTER
Wissing Miller LLP
The Lofts at Manhattan West O 0 A
434 West 33rd Street 000000T213433599
12th Floor

New York, NY 10001
Date Mailed: 11/17/2020

NOTICE OF ACCEPTANCE OF POWER OF ATTORNEY

This is in response to the Power of Attorney filed 11/10/2020.

The Power of Attorney in this application is accepted. Correspondence in this application will be mailed to the
above address as provided by 37 CFR 1.33.

Questions about the contents of this notice and the
requirements it sets forth should be directed to the Office
of Data Management, Application Assistance Unit, at
(571) 272-4000 or (571) 272-4200 or 1-888-786-0101.

/afessehaye/
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office

Address: COMMISSIONER FOR PATENTS
PO. Box 1450

Alexandria, Virginia 22313-1450

WWW.USPLO. g0V
| APPLICATION NUMBER | FILING OR 371(C) DATE | FIRST NAMED APPLICANT | ATTY. DOCKET NO./TITLE |
14/945,003 11/18/2015 Shih-Yuan WANG 5176-88184-2
CONFIRMATION NO. 1200
23432 POWER OF ATTORNEY NOTICE
COOPER & DUNHAM LLP

845 Third Avenue, 6th Floor ORI R AR
NEW YORK, NY 10022 000000121343357

Date Mailed: 11/17/2020

NOTICE REGARDING CHANGE OF POWER OF ATTORNEY
This is in response to the Power of Attorney filed 11/10/2020.

* The Power of Attorney to you in this application has been revoked by the assignee who has intervened as
provided by 37 CFR 3.71. Future correspondence will be mailed to the new address of record(37 CFR 1.33).

Questions about the contents of this notice and the
requirements it sets forth should be directed to the Office
of Data Management, Application Assistance Unit, at
(571) 272-4000 or (571) 272-4200 or 1-888-786-0101.

/afessehaye/
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Doc Code: PA.
Document Description: Power of Attorney

PTO/AIA/82A (07-13)

Approved for use through 03/31/2021. OMB 0651-0035
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.

TRANSMITTAL FOR POWER OF ATTORNEY TO ONE OR MORE
REGISTERED PRACTITIONERS

NOTE: This form is to be submitted with the Power of Attorney by Applicant form (PTO/AIA/82B) to identify the application to which the
Power of Attorney is directed, in accordance with 37 CFR 1.5, unless the application number and filing date are identified in the Power of
Attorney by Applicant form. If neither form PTO/AIA/82A nor form PTO/AIA82B identifies the application to which the Power of Attorney is
directed, the Power of Attorney will not be recognized in the application.

Application Number 14/945,003

Filing Date November 18, 2015

First Named Inventor

Yu Chen

Title MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE
DEVICES

Art Unit 2893

Examiner Name Eduardo A. Rodela

Attorney Docket Number |309-0004US

SIGNATURE of Applicant or Patent Practitioner

Signature /Gerard M WlSSIng/

Date (Optional)

November 10, 2020

Name

Gerard M. Wissing

Registration
Number

36309

Title (if Applicant is a
juristic entity)

Applicant Name (if Applicant is a juristic entity)

NOTE: This form must be signed in accordance with 37 CFR 1.33. See 37 CFR 1.4(d) for signature requirements and certifications. If
more than one applicant, use multiple forms.

v

*Total of 1 forms are submitted.

This collection of information is required by 37 CFR 1.131, 1.32, and 1.33. 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
1.11 and 1.14. This collection is estimated to take 3 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-PT0-9199 and select option 2.
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Doc Code: PAL.

, ‘ oo e E A PTOMINESR D713
Document Descriplion: Fower of Altorney ' cugh D320, OME 0854-0058
FRARTMENT OF COMMERDE
y$:R vilid OMB conieo! numper

equired fo respend 1{.\ 2 cciw ison ot ity ro*rms fiors ugtess HJ

POWER OF ATTORNEY BY APPLICANT

Under the Papsrwor Reduotion Actof 1838, no persas

| hereby revokes all previous powens of storney given in the application identified in either attached ransmiltal letler or
the hoxes below,

Application Nunitber Fiting Date

{Naote: The boxes abovemay ke eff blank information is provided on form FTOAIABEA.)

| hereby appoint the Patent Praciitioner(s) associated will the following Customar Mumber as my/our attorney{(s) or agent(s}, and
to fransact all businass in the United States Patent and Trademark Office connected therawith for the application referenced in
the attached tranamittal lotter Sorm PTOMIABZAY or identifiad above: S

oR 1139982

E} | hereby appoint Practitions{s) named in the altached st Jorm PTQAINVEZC) ax myfour altorney(s) o agenifs), and to transaci
al business in the United States Patent and Trademark Dffice connacied therewiih for e patent application referenced inthe
aftachad transmitiaileller foan PTOIMABEA) or identied above. {(Mote: Complete form PTQAIAERC)

§‘-‘£ease recagmze or change the correspondence address for the application identified in the sttached transvitial
intter orthe boxes above o

The address associated with the above-mentionad Customer Number
' OR -
[:] The adgress associated with Customer Number:

. OR
[:j Firmor
! Individual Name
Addrass

City I Slate i § Zip I
Country 7
Telephone _— - ”iEmaiﬁ [

fam the Applicard (i7 the Applicant is a juristic entity, list the Applicant name in the ok}

W&WSens Deavices, Ené{

D wventor or Joint invantor dille not requined below]

D Legal Representative of & Decensed or Legally Incapaciiated Invenior {title not required below)
Assigiés of Person to Whaom the Inventoris Under an Obligation to Assign {provide signacs tile if applicant i g furislic entity)

[] Person Who Otherwise Shows Sufficient Froprietary Interast (e.q., a petifion under 37 CFR 1.46(b){2) was granted in the
application or is soncurrerdly being fled with this document) (provide signer’s title # applicant s & juristic. endity)
SIGNATURE of Applicant for Patent

The undersigned (whosa tifie is sasmiiiad bejow) ig authorized 1o act on behalf of the apphcsnt (cs 5., where the 3pp acant is & juristic entity).

Signature N | Dats (Optionsa(} f, ot S TERE
Name £
)
Title ,“’ﬁ,{%ﬁ:‘: n "\T";{:’%&rr wam \.-) ,
HOTE: Signalure ~ This formm miust be signed by the appl § t in accordarice with 37 CFR 1.33. Sze 37 CFR 1.4 for signature requiremsnis
and certifications. f rnora than ane appficant, use minitighs {orne,
{:}T-otai of fonns are submiﬁzed.

ulred o y\mm Of siain 5 banadil by e publiz which is to fle (and by thie
and 344 This coffzation is estimaied to ake % minules fo complets,

= URPTO. 'I'smf- Wil vary d *p»m} na Upn e indiVidust case. Ay comments on e amount

ourgden, should be sent o the Chial information (ificer, ULE, Palant and Trademark Ofice, U,

T SEND FEES R COMPLETED FORME TO THIS ADDRESS SEND TO: Commissioner

i ted 2P
e you re'*u"e el m o sk
Depanment ol Co m'nu;‘ Pu S 2y
for Patents, .0, Box 3&50 Nex;smirl:s VA 223134»&50

Fyvou peed assistance i completing the forrm, oaff 1-800-PTO-§188 and select aplion 2
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Electronic Acknowledgement Receipt

EFS ID: 41089561
Application Number: 14945003
International Application Number:
Confirmation Number: 1200

Title of Invention:

MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES

First Named Inventor/Applicant Name:

Shih-Yuan WANG

Customer Number:

23432

Filer:

Gerard Michael Wissing/Mary Ellen Finnegan

Filer Authorized By:

Gerard Michael Wissing

Attorney Docket Number:

5176-88184-2

Receipt Date: 10-NOV-2020
Filing Date: 18-NOV-2015
Time Stamp: 19:28:57

Application Type:

Utility under 35 USC 111{(a)

Payment information:

Submitted with Payment no
File Listing:
Document Document Description File Name File Size( B){tes)/ Multl- 'Pages
Number Message Digest | Part/.zip| (ifappl.)
121334
1 Assignee showing of ownership per37 | 309-0004US_StatementUnder3 o
CFR3.73 7CFR373.pdf
c09abcaa37cd43429f5e31d42670fd73dfb9)
b9b7

Warnings:
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Information:

643066
2 Power of Attorney 309-0004US_POA.pdf no 2
3ef96d23916db226500080125815f668ccfY
6831
Warnings:
Information:
Total Files Size (in bytes): 764400

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. 111

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/AIA/96 (08-12)

Approved for use through 01/31/2013. OMB 0651-0031

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.

STATEMENT UNDER 37 CFR 3.73(c)
W&WSens Devices, Inc.

Application No./Patent No.: _14/945,003 Filed/lssue Date: November 18, 2015
Titled: MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES

W&WSens Devices, Inc. _ g corporation

Applicant/Patent Owner:

(Name of Assignee) (Type of Assignee, e.g., corporation, partnership, university, government agency, etc.)
states that, for the patent application/patent identified above, it is (choose one of options 1, 2, 3 or 4 below):
1. The assignee of the entire right, title, and interest.

2. |:| An assignee of less than the entire right, title, and interest (check applicable box):

|_| The extent (by percentage) of its ownership interest is %. Additional Statement(s) by the owners
holding the balance of the interest must be submitted to account for 100% of the ownership interest.

|:] There are unspecified percentages of ownership. The other parties, including inventors, who together own the entire
right, title and interest are:

Additional Statement(s) by the owner(s) holding the balance of the interest must be submitted to account for the entire
right, title, and interest.

3. |:| The assignee of an undivided interest in the entirety (a complete assignment from one of the joint inventors was made).
The other parties, including inventors, who together own the entire right, title, and interest are:

Additional Statement(s) by the owner(s) holding the balance of the interest must be submitted to account for the entire
right, title, and interest.

4. |:| The recipient, via a court proceeding or the like (e.g., bankruptcy, probate), of an undivided interest in the entirety (a
complete transfer of ownership interest was made). The certified document(s) showing the transfer is attached.

The interest identified in option 1, 2 or 3 above (not option 4) is evidenced by either (choose one of options A or B below):

A. An assignment from the inventor(s) of the patent application/patent identified above. The assignment was recorded in
the United States Patent and Trademark Office at Reel _040072 , Frame 0570 , or for which a copy
thereof is attached.

B. D A chain of title from the inventor(s), of the patent application/patent identified above, to the current assignee as follows:

1. From: To:

The document was recorded in the United States Patent and Trademark Office at
Reel , Frame , or for which a copy thereof is attached.
2. From: To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

[Page 1 of 2]
This collection of information is required by 37 CFR 3.73(b). 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 1.11 and 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.

Samsung Exhibit 1003, Page 7 of 1137



PTO/AIA/96 (08-12)

Approved for use through 01/31/2013. OMB 0651-0031

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.

STATEMENT UNDER 37 CFR 3.73(c)

3. From: To:
The document was recorded in the United States Patent and Trademark Office at
Reel , Frame , or for which a copy thereof is attached.
4. From: To:
The document was recorded in the United States Patent and Trademark Office at
Reel _ ~~~ ,Frame__ , orforwhich a copy thereof is attached.
5. From: To:
The document was recorded in the United States Patent and Trademark Office at
Reel , Frame , or for which a copy thereof is attached.
6. From: To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

|:| Additional documents in the chain of title are listed on a supplemental sheet(s).

As required by 37 CFR 3.73(c)(1)(i), the documentary evidence of the chain of title from the original owner to the
assignee was, or concurrently is being, submitted for recordation pursuant to 37 CFR 3.11.

[NOTE: A separate copy (i.e., a true copy of the original assignment document(s)) must be submitted to Assignment
Division in accordance with 37 CFR Part 3, to record the assignment in the records of the USPTO. See MPEP 302.08]

The undersigned (whose title is supplied below) is authorized to act on behalf of the assignee.

/Gerard M. Wissing/ November 10, 2020
Signature Date

Gerard M. Wissing 36309

Printed or Typed Name Title or Registration Number

[Page 2 of 2]
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Privacy Act Statement

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

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

1.

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

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.

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

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

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)).

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.

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.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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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

| APPLICATION NO. ISSUE DATE PATENT NO. ATTORNEY DOCKET NO. CONFIRMATION NO.
14/945,003 12/20/2016 9525084 5176-88184-2 1200
23432 7590 11/30/2016
COOPER & DUNHAM, LLP
30 Rockefeller Plaza
20th Floor

NEW YORK, NY 10112

ISSUE NOTIFICATION

The projected patent number and issue date are specified above.

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

The Patent Term Adjustment is O day(s). Any patent to issue from the above-identified application will include
an indication of the adjustment on the front page.

If a Continued Prosecution Application (CPA) was filed in the above-identified application, the filing date that
determines Patent Term Adjustment is the filing date of the most recent CPA.

Applicant will be able to obtain more detailed information by accessing the Patent Application Information
Retrieval (PAIR) WEB site (http://pair.uspto.gov).

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 Application Assistance Unit (AAU) of the Office of Data Management
(ODM) at (571)-272-4200.

APPLICANT(s) (Please see PAIR WEB site http://pair.uspto.gov for additional applicants):

Shih-Yuan WANG, Palo Alto, CA;
W&Wsens, Devices Inc., Los Altos, CA;
Shih-Ping Wang, Los Altos, CA;

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location
for business investment, innovation, and commercialization of new technologies. The USA offers tremendous
resources and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation
works to encourage and facilitate business investment. To learn more about why the USA is the best country in
the world to develop technology, manufacture products, and grow your business, visit SelectUSA.gov.

IR103 (Rev. 10/09)
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Receipt date: 03/27/2018 14945003 ~ QAU: 289
Application Number 14945003
Filing Date 2015-11-18
INFORMATION DISCLOSURE First Named Inventor | Shih-Yuan WANG et al.
STATEMENT BY APPLICANT [ —
( Not for submission under 37 CFR 1.99)
Examiner Name RODELA, EDUARDO A
Aftorney Docket Number 5176/88184-2
1 |vo20121404a182 o 2012-1101 |[CHANG-HASNAIN,
[Connie et al.
International Search
2 PCT/JP2014/39208 5 WO 2014-11-28 Report
(:kange s)ap;ﬁed
h)docunent
/FPH.,/ |3 |PCTUS1561120 8 \WO 2015-11-17  |WANG, S
11/17/2016
4 PCT/US1439208 8 WO 2014-05-22 |MWANG, S
5 PCT/US15/61120 He- \WO 2015-11-17  |WWANG, S
6 PCT/US11/51091 Hs WO 2011-09-09 |MWANG, S
0%,/2012
7 W02012034078 WO 2046-02-06. |MWang, S
8 W02014190189 WO 2014-11-27 |MWang, S
If you wish to add additional Foreign Patent Document citation information please click the Add button | Add
NON-PATENT LITERATURE DOCUMENTS Remove
. .. | Include name of the author (in CAPITAL LETTERS), title of the article (when appropriate), title of the item
Examiner| Cite S . . '
(book, magazine, journal, serial, symposium, catalog, etc), date, pages(s), volume-issue number(s), TS

Initials* | No

publisher, city and/or country where published.

M. K. Emsley, O. Dosunmu, and M. 5. Unlu, "High-speed resonant-cavity-enhanced silicon photodetectors on
reflecting silicon-on-insulator substrates,” leee Photonics Technology Letters, vol. 14, pp. 519-521, Apr 2002.

EFS Web 2.1.17

ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /E.A.R/
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Receipt date: 07/19/2016 14945003 - GAU: 2893

Agpdication Moembaer

INFORMATION DISCLOSURE
STATEMENT BY APPLICANT

{ Not for submission under 37 OFR 4.88)

First Named inventar | Shibeyy

Exdmiveyr Nama natyet ansigrad

ABiornay Docket Number

g AOURGTAREST Wang, st
Memders et al.
¥ (RURERA4Y | sy

f"\

- kange(s) aPPIied ;

5. Fublished Application ¢
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=
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Pagea. Dolumns Lings
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& whie Qa 'i'“
Mo | Numbep Coded| Date sment Pag
] {“ 1 ;
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1 WORITISAtA e PHEATDY CHANG HASNAI L3
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e - WO AL I s B

(Change(s) applied

fo document,
P a0 ieevusisey
§1,/17/2016

ICAEILAY

“ WO

WANG B

&I POTSIARNN0R B WO JOIACERZ  LWANG, B Y

n
s
b
4
fons
e
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J
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ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /E.B.R/
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Receipt date:

08/27/2016

14945003 - GAU:

2893

INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Application Number

14945003

Filing Date

2015-11-18

First Named Inventor

Shih-Yuan WANG et al.

Art Unit

Examiner Name

RODELA, EDUARDO A

Aftorney Docket Number

5176/88184-2

5 0100193768 P010-08-05 Habib
6 20100197068 P010-08-05 Poon
7 20100126548 P010-05-27 UANG, ET AL.
8 0080265449 P008-10-30 Meinders et al.
9 20090188557 P009-07-30 Mang, et al.
10/2008 Meinders et al.
10 0080265449 PELE-80-225 [eideari
(ﬁhznZe(s)aF lied
to qocument|
/F}ﬂy 0080047604 P008-02-28 Korevaar et al.
11/17/2016
12 20090267049 P009-10-29 Cho et al.
20080102582 05,2008
13 Peo61e12662- PE68=-G4-85 Takei
(:hange@>apphed
o K‘I(\{'I iment
FH.
]]//2]//21)1% 0070190434 P007-08-16 Suda
15 20100313941 P010-12-01 Huang

EFS Web 2.1.17

ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /E.A.R/
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Application/Control No. Applicant(s)/Patent Under Reexamination

Issue Classification | ;4945003 WANG ET AL
T

EDUARDO A RODELA 2893
CPC
Symbol Type Version
Ho1L F 2013-01-01
Ho1L | 2013-01-01
Ho1L | 2013-01-01
Ho4B | 2013-01-01
Ho1L | 2013-01-01
Ho1L | 2013-01-01
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2893
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Please find below and/or attached an Office communication concerning this application or proceeding.

The time period for reply, if any, is set in the attached communication.

PTOL-90A (Rev. 04/07)
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Response to Rule 312 Communication

Application No.

Applicant(s)

14/945,003 WANG ET AL.
Examiner Art Unit
Eduardo A. Rodela 2893

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address —

1. X] The amendment filed on 19 October 2016 under 37 CFR 1.312 has been considered, and has been:

a) X entered.

by [J entered as directed to matters of form not affecting the scope of the invention.

c)[J disapproved because the amendment was filed after the payment of the issue fee.

Any amendment filed after the date the issue fee is paid must be accompanied by a petition under 37 CFR 1.313(c)(1) and

the required fee to withdraw the application from issue.

d) [] disapproved. See explanation below.

e) [ entered in part. See explanation below.

/Eduardo A. Rodela/
Primary Examiner, Art Unit 2893

U.S. Patent and Trademark Office

PTOL-271 (Rev. 04-01) Reponse to Rule 312 Communication

Part of Paper No. 20161021
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OK To Enter - /EAR/ - 10/21/2016
Dkt 5176/88184-2
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE
Application of: Shih-Yuan WANG Group Art Unit: 2893
Application No.: 14/945,003 Examiner: Eduardo A. Rodela
Date Filed: November 18, 2015
For: MICROSTRUCTURE ENHANCED ABSORPTIOCOON PHOTOSENSITIVE DEVICES
Cont. No.: 1200 Class-Subclass: 257-432000

Issue Fee Due Date: January 17, 2017

This  correspondence is  being filed || 30 Rockefeller Plaza, 20" Floor
electronically with the US. Patent and]i New York, New York 10112

Trademark Office via EFS-Web. Tel.: (212) 278-0400
/maria arap/ Qctober 19, 2016
Maria Arap

Mail Stop Issue Fee
Commissioner for Patents
PG Box 1450

Alexandria, VA 22313-1450

AMENDMENT AFTER NOTICE OF ALLOWANCE
PURSUANT TO 37 C.F.R. 81.312¢(a)

Sir;
Amendments to the claims are reflected in the Listing of Claims section which begins on
page 2. (Only claim 12 is amended.)

Remarks begin on page 11 of this paper.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PO. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

| APPLICATION NUMBER | FILING OR 371(C) DATE | FIRST NAMED APPLICANT | ATTY. DOCKET NO./TITLE |
14/945,003 11/18/2015 Shih-Yuan WANG 5176-88184-2
CONFIRMATION NO. 1200
23432 PUBLICATION NOTICE
COOPER & DUNHAM, LLP
30 Rockefeller Plaza IR AU
20th Floor 000000086626687

NEW YORK, NY 10112

Title:MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES

Publication No.US-2016-0308075-A1
Publication Date:10/20/2016

NOTICE OF PUBLICATION OF APPLICATION

The above-identified application will be electronically published as a patent application publication pursuant to 37
CFR 1.211, et seq. The patent application publication number and publication date are set forth above.

The publication may be accessed through the USPTO's publically available Searchable Databases via the
Internet at www.uspto.gov. The direct link to access the publication is currently http://www.uspto.gov/patft/.

The publication process established by the Office does not provide for mailing a copy of the publication to
applicant. A copy of the publication may be obtained from the Office upon payment of the appropriate fee set forth
in 37 CFR 1.19(a)(1). Orders for copies of patent application publications are handled by the USPTO's Office of
Public Records. The Office of Public Records can be reached by telephone at (703) 308-9726 or (800) 972-6382,
by facsimile at (703) 305-8759, by mail addressed to the United States Patent and Trademark Office, Office of
Public Records, Alexandria, VA 22313-1450 or via the Internet.

In addition, information on the status of the application, including the mailing date of Office actions and the

dates of receipt of correspondence filed in the Office, may also be accessed via the Internet through the Patent
Electronic Business Center at www.uspto.gov using the public side of the Patent Application Information and
Retrieval (PAIR) system. The direct link to access this status information is currently http://pair.uspto.gov/. Prior to
publication, such status information is confidential and may only be obtained by applicant using the private side of
PAIR.

Further assistance in electronically accessing the publication, or about PAIR, is available by calling the Patent
Electronic Business Center at 1-866-217-9197.

Office of Data Managment, Application Assistance Unit (571) 272-4000, or (571) 272-4200, or 1-888-786-0101

page 1 of 1
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PART B - FEE(S) TRANSMITTAL

Complete and send this form, together with applicable fee(s), tor Mail  Mail Stop ISSUE ¥FEE
Commissioner for Patents
P.0. Box 1459
Alexandria, Virginia 22313-1456

or Fax (871)-273-2885

INSTRUCTIONS: This form should be used for transmitting the ISSUE PFEE and PUBLICATION PEE (if required). Blocks 1 through 5 should be completed where
appropriate. All further correspondence including the Patent, advance ot and potification of maintenance fees will be mailed to the curtent L"l"e”p'deﬂCt, address as
indicated unless comrected below or directed otherwise in Block 1, by \J) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for
maintenance fee notifications.

\Im& A certificate of mailing can only be used for domestic mailings of the

“eels) Transmittal. This certificate cannot be used for any other ac companying

CURRENT CORRESPONDENCE ADDRESS (Note: Use Block 1 for any change of address) des Fach additional paper, such as an assignment or formal dr awing, musi
have its own cettificate of mailing or transmission.

5425 - (07172016 Certificate of Mailing or Transmission
23432 1o50 Rt ¥ hereby certity thar this Fee(s) Transmittal is being deposited with the United

COOPER & DUNHAM, LLP Staies Postal Service with sufficient postage for first class mail in an envelope

/ SR TTRI addressed to the Mail Stop ISSUE FEE address above, of being facsimile

30 lag?ka“ilL'i Plaza transmitted to the USPTO (571) 273-2885, on the date indicated below.

20th Floor =

NEW YORK. NY 10112 fvan §. K?},Vﬂikﬂv (Depositor's name)
/tvan s_kavrukov/ (Siguature)
October 20, 2016 (Date)

APPLICATION NO. FILING DATE FIRRT NAMED INVENTOR l ATTORNEY DOCKET NQ. CONFIRMATION NG.

14/945 603 131/18/2015 Shih-Yusn WANG 5176-88184-2 1200

TITLE OF INVENTION: MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES

E APPLN. TYPE ENTITY STATUS i 18SUE FEE DUE E PUBLICATION FEE DUE l PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATEDUE
nopprovistonal SMALL $480 S0 $0 $480 0171772017
E EXAMINER ; ART UNIT E CT.ASS-SUBCLASS l
RODELA. EDUARDO A 2893 257-432000
1. Change of cotrespondence address ot indication of "Fee Address” (37 2. For printing on the patent front page, list ~
CFR 1.363). e )  Cooper & Dunham LLP
(1) The names of up to 3 registered patent attorneys

L3 chan ve of correspondence address (or Change of Correspondence or agents OR, alternatively,
Address form PTO/SR/122) attached.

: (2) The same of a single firm (having a3 a member a 2
i "Fee Address” indication (or "Fee Address” Indication form registered attorney or agent) and the names of up to
PTOISBMAT, Rev 03-02 or more rec::m) attached. Use of a Customer istered P“(/m attorneys or agents. If no pame is
Mumiber is required. listed, no name will be printed.

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type)

PLEASH NOTE: Unless an assignee is identified below, #o assignee data wilf appesar on the patent. If an ass
recordation as set forth in 37 CFR 3.11. Completion of this form is NOT 4 substitute for filing an assignment.

{A) NAME OF ASSIGNEE (B) RESIDENCE: (CITY and STATE OR COUNTRY)

W& Wsens Devices, Inc. Los Altos, CA

Please check the appropriate assignee category of categories {(will not be printed on the patent) [d tndividual M Corporarion or other private group entity L3 Government

(o]

nee is identified below, the document has been filed for

4a. The following fee(s) are submitted: 4b. Payment of Fee(s): (Please first reapply any previousiy paid issue fee shown above)
B3 1ssue Fee [ A check is enclosed.
[ Pubtication Fee ( {No small entity discount permitied) LJ Payment by credit card. Form PTO-2038 is attached.
fd Advance Order - % of Copies JXhThs director is hereby authorized to charge the seguinedtee(s), any deliciency, or credits any
overpayment, to Deposit Account Number bj’g‘iﬁ" ,,,,, (enciose an extra copy of this form).

5. Change in Eatity Statas (from status indicated above}
L Applicant certifying micro entity status. See 37 CFR 1.29

vsent a valld ce tificati(m of Micro Entity Status ( see forms PTO/SBASA and 15BR), issue
at the risk of application abandonment.

the :mrl ication was prevmuxh under micto entity status, checking this box will be taken

b Applicant asserting small entity status. See 37 CFR 1.27
to be a notification of foss of entitlernent to micro entity stams.

Checking this box will be taken to be a notification of loss of entitlement to small or micro

-
b Applicant changiag to regular undiscounted fee status.
tatus, as apphcm]e

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

Authorized Sjgiia’{ure IV"(H’! S . KaVﬂlk oV Date (_)Ct()bﬁﬂ” 26,. 2@ E 6
Typed or printed name fivan s. kavrukov/ Repistration No. 25 5 161
Page 2 of 3
PTOL-85 Part B {10-13) Approved for use through 10/31/2013. OMB 0651-0033 U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
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First Named Inventor/Applicant Name: Shih-Yuan WANG
Customer Number: 23432
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Filer Authorized By: Ivan Kavrukov
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Receipt Date: 20-0CT-2016
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Time Stamp: 10:21:15
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Submitted with Payment yes
Payment Type DA
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Deposit Account 033125
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File Listing:

Document .. . File Size(Bytes)/ Multi Pages
Document Description File Name . . .
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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. 111

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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Dkt. 5176/88184-2

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE
Application of: Shih-Yuan WANG Group Art Unit: 2893
Application No.: 14/945,003 Examiner: Eduardo A. Rodela
Date Filed: November 18, 2015
For: MICROSTRUCTURE ENHANCED ABSORPTIOO0ON PHOTOSENSITIVE DEVICES
Conf. No.: 1200 Class-Subclass: 257-432000

Issue Fee Due Date: January 17, 2017

This  correspondence is being filed || 30 Rockefeller Plaza, 20" Floor
electronically with the U.S. Patent and|| New York, New York 10112

Trademark Office via EFS-Web. Tel.: (212) 278-0400
/maria arap/ October 19, 2016
Maria Arap

Mail Stop Issue Fee
Commissioner for Patents
P.O. Box 1450

Alexandria, VA 22313-1450

AMENDMENT AFTER NOTICE OF ALLOWANCE
PURSUANT TO 37 C.E.R. §1.312(a)

Sir:
Amendments to the claims are reflected in the Listing of Claims section which begins on
page 2. (Only claim 12 is amended.)

Remarks begin on page 11 of this paper.
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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. 111

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
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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
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Shih-Yuan WANG Dkt.5176/88184-2
Application No. 14/945,003
Page 2

Listing of Claims

The following listing of claims will replace all prior versions, and listings, of claims in the
subject application:

1. (Previously Submitted ) An integrated detector/processor circuit for data communication
comprising both a photodetector with microstructure-enhanced photoabsorption and an
electronic processor formed into a single semiconductor chip, comprising:

a photodetector formed on a semiconductor substrate and comprising a photon absorbing
region configured to absorb photons from an optical source signal modulated for
data communication and provide an output electrical signal corresponding thereto;

said photon absorbing region comprising an I-region that is between an N-region and a P-
region and comprises a substantially continuous layer interrupted by a plurality of
holes extending in said I-region toward said substrate and configured to
concurrently receive the same source signal at a plural number of the holes;

an electronic processor also formed on said semiconductor substrate and operatively
associated with said photon absorbing region to receive therefrom and process
said output electrical signal into a processed output, thereby forming a single
semiconductor chip that receives the optical source signal and outputs the
processed output;

wherein said photon absorbing region and said electronic processor have respective
thicknesses that are of the same order of magnitude; and

a cathode region and an anode region operatively associated with said photon absorbing
region and reverse biasing circuitry configured to apply a voltage between said
cathode and anode regions such that said cathode region is driven to a more

positive voltage than said anode region.

2. (Original) The integrated detector/processing circuit of claim 1, wherein the thickness of the

photon absorbing region is in the range of 0.5 to 5 micrometers.

3. (Original) The integrated detector/processing circuit of claim 1, wherein the electronic
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Shih-Yuan WANG Dkt.5176/88184-2
Application No. 14/945,003
Page 3
processor comprises an application specific integrated circuit (ASIC) comprising at least
one of complementary metal oxide semiconductor (CMOS) devices, bipolar (Bi) devices,

and BiCMOS devices.

4 (Original) The integrated detector/processing circuit of claim 1, wherein the photon absorbing
region is configured to absorb in excess of 60% of the incident source signal at
wavelengths from 800 nm to 900 nm and provide an output electrical signal

corresponding thereto.

5. (Original) The integrated detector/processing circuit of claim 1, wherein the photon absorbing
region is configured to absorb the incident source signal at an absorption percentage that
varies by less than 20% over selected wavelength spans of at least 20 nm of source signal

wavelengths from 800 nm to 900 nm.

6. (Canceled) The integrated detector/processing circuit of claim 1, wherein the photon
absorbing region is configured to absorb the incident source signal at an absorption
percentage that varies by less than 20% over selected wavelength spans of at least 20 nm

of source signal wavelengths from 800 nm to 900 nm.

7. (Original) The integrated detector/processing circuit of claim 1, wherein the photon absorbing
region is configured to absorb in excess of 60% of the incident source signal at
wavelengths from 800 nm to 900 nm and provide an output electrical signal

corresponding thereto

8. (Previously Submitted) The integrated detector/processing circuit of claim 1, further including
one or more additional photodetectors formed on said semiconductor substrate and
having respective photon absorbing regions receiving respective additional source signals
and providing respective output electrical signals corresponding thereto, and one or more
additional electronic processors also formed on said semiconductor substrate and

operatively associated with the respective photon absorbing regions of said additional
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Shih-Yuan WANG Dkt.5176/88184-2

Application No. 14/945,003
Page 4

photodetectors to receive therefrom and [procces] process said respective output

electrical signals therefrom.

9. (Previously Submitted) The integrated detector/processing circuit of claim 1, wherein the
plurality of holes enhances absorption of photons compared to a hole-free but otherwise

same photodetector at a range of wavelengths that includes a wavelength of said source

signal.

10. (Original) The integrated detector/processing circuit of claim 1, wherein the electronic

processor includes one or more types selected from a group consisting of’ transimpedance

amplifier, signal processing electronics, and routing electronics.

11. (Original) The integrated detector/processing circuit of claim 1, wherein a capacitance
associated with the photodetector is decreased compared to an otherwise same

photodetector having its anode and cathode regions operatively connected to a

conventional bond pad.

12. (Currently Amended) A photodetector with microstructure-enhanced photoabsorption
comprising:

a photon absorbing region that comprises an I-region between an N-region and a P-
region, said I-region having a thickness between 0.5 and 5 micrometers and
configured to absorb photons from a source signal modulated for data
communication and provide an output electrical signal corresponding thereto;

said photon absorbing region comprising silicon in a substantially continuous layer
interrupted by a plurality of holes extending through at least a portion of the
thickness of the I-region and configured to concurrently receive the same source

signal at a plural number of the holes; and

said photon absorbing region being configured to absorb in excess of 40% of the incident

source signal at wavelengths in at least one of the ranges from 800 nm to 900 nm

and from 1400 nm to 1700 nm and provide an output electrical signal
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Shih-Yuan WANG Dkt.5176/88184-2
Application No. 14/945,003
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corresponding thereto.

13. (Original) The photodetector of claim 12, wherein the photon absorbing region is configured
to absorb in excess of 40% of the incident source signal at wavelengths from 800 nm to

900 nm and provide an output electrical signal corresponding thereto.

14. (Original) The photodetector of claim 12, wherein the photon absorbing region is configured
to absorb in excess of 50% of the incident source signal at wavelengths from 800 nm to

900 nm and provide an output electrical signal corresponding thereto.

15. (Original) The photodetector of claim 12, wherein the photon absorbing region is configured
to absorb the incident source signal at an absorption percentage that varies by less than
20% over wavelength spans of at least 20 nm of source signal wavelengths from 800 nm

to 900 nm.

16. (Original) The photodetector of claim 12, wherein each hole has a cross-section parallel to
the upper surface of the substrate and has a maximum dimension of between 400 nm and
2500 nm, and each hole has a center that is spaced apart by less than 3500 nm from a

center of a nearest adjacent hole of the plurality of holes.

17. (Previously Submitted) The photodetector of claim 12, wherein the photodetector comprises
a reflecting structure configured to cause multiple reflections of the source signal thereby

traversing the photon absorbing region with said source signal multiple times.

18. (Previously Submitted) A photodetector with microstructure-enhanced photoabsorption
comprising:
a cathode region,
an anode region;
reverse biasing circuitry configured to apply a voltage between said cathode and anode

regions such that said cathode region is driven to a more positive voltage than said
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Shih-Yuan WANG Dkt.5176/88184-2
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Page 6
anode region;
a substrate material having an upper surface; and
a photon absorbing I-region comprising silicon, operatively associated with the cathode
and anode regions, and configured to absorb photons from a source signal, said
photon absorbing I-region including a substantially continuous layer interrupted
by a plurality of holes each having a cross section parallel to the upper substrate
surface having a maximum dimension of between 400 nm and 2500 nm, and each
hole having a center that is spaced apart by less than 3500 nm from a center of a
nearest adjacent hole of the plurality of holes, said I-region being configured to
absorb photons from a source signal that has a substantially continuous profile

illuminating an area that includes plural holes in the I-region.

19. (Original) The photodetector of claim 18 wherein the source signal has a wavelength that is

greater than 800 nm and less than 1000 nm.

20. (Canceled) The photodetector according to claim 18 wherein the plurality of holes are

arranged into a periodically-spaced array.

21. (Canceled) The photodetector according to claim 20 wherein the periodically-spaced array

has a hexagonal or square lattice pattern.

22. (Previously Submitted) The photodetector according to claim 18 wherein the plurality of
holes enhances absorption of photons compared to a hole-free but otherwise same
photodetector at a range of wavelengths that includes a wavelength of said source signal.

23. (Previously Submitted) The photodetector according to claim 18 wherein each of the holes

has a predominately circular cross-section parallel to the upper substrate surface.

24. (Original) The photodetector according to claim 18 wherein the cathode and anode regions
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are operatively connected to integrated circuit electronics and the photodetector and

integrated circuit electronics are integrated into a single silicon chip.

25. (Canceled) The photodetector according to claim 24 wherein the integrated circuit
electronics includes one or more types selected from a group consisting of:

transimpedance amplifier, signal processing electronics and routing electronics.

26. (Canceled) The photodetector according to claim 18 wherein said photodetector is
configured to detect said source signal at a data bandwidth of greater than 2.5 gigabits per
second at source signal wavelengths of 850 nanometers with a quantum efficiency of at

least 30%.

27. (Canceled) The photodetector according to claim 18 wherein said photodetector is
configured to detect said source signal at a data bandwidth of greater than 2.5 gigabits per
second at source signal wavelengths of 850 nanometers with a quantum efficiency of at

least 50%.

28. (Original) The photodetector according to claim 18 wherein said photodetector is configured
to detect said source signal at a data bandwidth of greater than or equal to 5 gigabits per
second, at source signal wavelengths of 850 nanometers with a quantum efficiency of at

least 30%.

29. (Original) The photodetector according to claim 18 wherein said photodetector is configured
to detect said source signal at a data bandwidth of greater than or equal to 5 Gb/s, at

source signal wavelengths of 850 nanometers with a quantum efficiency of at least 50%.

30. (Original) The photodetector according to claim 18 further including a substrate and wherein
the cathode, absorbing and anode regions are formed above the substrate and the
photodetector is configured to receive the source signal from directions facing a side of

the photodetector opposite of the substrate.
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31. (Previously Submitted) A single silicon substrate on which are fabricated and integrated a
photodetector, an active electronic circuit, and electrical interconnects that operatively couple the
photodetector and the active electronic circuit to each other and provide an output for use by
other circuits, comprising:

a photodetector fabricated on the single silicon substrate and comprising a P-doped
region, an N-doped region, and an I-region that is between the P-doped region and
the N-doped region and is not intentionally doped or is doped to a lower dopant
concentration than the P-doped region and the N-doped region, wherein:
said I-region:

comprises at least one of silicon and germanium;
is no more than 5000 nanometers thick in a direction from one toward the
other of said P-doped region and said N-doped region;
comprises a substantially continuous layer interrupted by intentionally
formed holes, said holes being spaced from each other and
extending in said direction from one toward the other of said P-
doped region and N-doped region;
said photodetector is configured to receive an optical beam that:
is modulated at 10 Gigabits per second or more;
is substantially continuous in cross-section; and
impinges on plural ones of said holes at the same time;
said photodetector is further configured to provide, in response to impingement
thereon of said optical beam, a photodetector electrical output that:
represents the modulation of said optical beam; and
has a bandwidth of 10 Gigabits per second or more;
said photodetector has quantum efficiency of at least 30% (i) when the optical
beam wavelength in 850-1000 nm and the I-region comprises silicon, and
(1) when the optical beam wavelength is 1550-1600 nm and the I-region
comprises germanium; and

an active electronic circuit that:
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is fabricated on the substrate on which the photodetector is fabricated,
comprises at least one of CMOS and BiCMOS integrated circuit fabricated
with at least one of silicon and germanium; and
is configured to:
receive the photodetector electrical output from the photodetector; and
process the received photodetector electrical output to thereby produce a
processed electrical output that has at least some different
characteristics compared with the photodetector electrical output;
and
electrical interconnects that:
also are fabricated on the same silicon substrate;
are configured to operatively couple said photodetector and said active electronic
circuit to each other, including by transferring said photodetector electrical
output from said photodetector to said active electronic circuit; and
are further configured to output the processed electrical output from the active

electronic circuit for use by other circuits.

32. (Previously Submitted) The single silicon substrate of claim 31 in which the I-region

comprises said holes.

33. (Previously Submitted) The single substrate of claim 32 in which the holes are arranged in

an aperiodic array.

34. (Canceled) The single silicon substrate of claim 31 in which the I-region comprises said

pillars.

35. (Canceled) The single silicon substrate of claim 31 in which said pillars are arranged in an

aperiodic array.
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36. (Previously Submitted ) The single silicon substrate of claim 31 in which said pillars or

holes are tapered.
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REMARKS
This Rule 312 Amendment corrects a minor error in the text added to claim 12 by the
Examiner’s Amendment included in the Notice of Allowability mailed 10/17/2016.
The claims in this paper include the text added by said Examiner’s Amendment and the

cancelation of claims 34 and 35.

Respectfully submitted,

/Ivan S. Kavrukov/

Ivan S. Kavrukov, Reg. No. 25,161
Attorney for Applicant

COOPER & DUNHAM LLP

30 Rockefeller Plaza, 20" Floor
New York, NY 10112

Tel.: (212) 278-0400
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Office is hereby authorized to charge any fees that are required for consideration of this Information
Disclosure Statement, and to credit any overpayment during prosecution of this application, to our

Deposit Account No. 03-3125.

Respectfully submitted,

/ivan s. kavrukov/

Ivan Kavrukov, Reg. No. 25,161
Attorney for Applicant
COOPER & DUNHAM LLP

30 Rockefeller Plaza, 20" Floor
New York, New York 10112
Tel.: (212) 278-0400
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CERTIFICATION STATEMENT

Please see 37 CFR 1.97 and 1.98 to make the appropriate selection(s):

That each item of information contained in the information disclosure statement was first cited in any communication
from a foreign patent office in a counterpart foreign application not more than three months prior to the filing of the
information disclosure statement. See 37 CFR 1.97(e)(1).

OR

That no item of information contained in the information disclosure statement was cited in a communication from a
foreign patent office in a counterpart foreign application, and, to the knowledge of the person signing the certification
after making reasonable inquiry, no item of information contained in the information disclosure statement was known to

[ ] any individual designated in 37 CFR 1.56(c) more than three months prior to the filing of the information disclosure
statement. See 37 CFR 1.97(e)(2).

See attached certification statement.
The fee set forth in 37 CFR 1.17 (p) has been submitted herewith.

A certification statement is not submitted herewith.

SIGNATURE
A signature of the applicant or representative is required in accordance with CFR 1.33, 10.18. Please see CFR 1.4(d) for the
form of the signature.

Signature fivan s. kavrukov/ Date (YYYY-MM-DD) 2016-09-27
Name/Print Ivan S. Kavrukov Registration Number 25161

This collection of information is required by 37 CFR 1.97 and 1.98. 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.5.C. 122 and 37 CFR
1.14. This collection is estimated to take 1 hour 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.
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Privacy Act Statement

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

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

1.

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

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.

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

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).

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

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.5.C. 181) and for review pursuant to the Atomic Energy Act (42 U.5.C. 218(¢)).

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.

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 inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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Application No. Applicant(s)

. -, ] 14/945,003 WANG ET AL.

Applicant-Initiated Interview Summary i i
Examiner Art Unit
Eduardo A. Rodela 2893

All participants (applicant, applicant’s representative, PTO personnel):

(1) Eduardo A. Rodel, Examiner. (3) .

(2) Ivan S. Kavrukov, Applicant's Representative. (4) .

Date of Interview: 05 October 2016.

Type: [X Telephonic [] Video Conference
[] Personal [copy given to: [] applicant  [] applicant’s representative]

Exhibit shown or demonstration conducted: [] Yes X No.
If Yes, brief description:

Issues Discussed [J101 [112 X102 X103 [JOthers

(For each of the checked box(es) above, please describe below the issue and detailed description of the discussion)

Claim(s) discussed: 1,12,18 and 31.

Identification of prior art discussed: Dutta (US 8,357,960).

Substance of Interview
(For each issue discussed, provide a detailed description and indicate if agreement was reached. Some topics may include: identification or clarification of a
reference or a portion thereof, claim interpretation, proposed amendments, arguments of any applied references etc...)

A discussion took place on how to differentiate the instant application from the prior art of Dutta Fiqures 3, 4A and 6B,
where Dutta teaches SiGe PIN diodes. The distinction was agreed upon that the instant application's current claim set
was focusing on holes within a light absorbing layer and that to specify beyond the pillars of Dutta by specifying that the
photon absorbing region comprising an I-region is a single layer with a plurlaity of holes therein. Applicant's
Representative suqggested lanquage the Examiner agreed would place the application in condition for allowance. The
limitation of the holes in the photon absorbing region being one of several additional distinctions.

Applicant recordation instructions: The formal written reply to the last Office action must include the substance of the interview. (See MPEP
section 713.04). If a reply to the last Office action has already been filed, applicant is given a non-extendable period of the longer of one month or
thirty days from this interview date, or the mailing date of this interview summary form, whichever is later, to file a statement of the substance of the
interview

Examiner recordation instructions: Examiners must summarize the substance of any interview of record. A complete and proper recordation of the
substance of an interview should include the items listed in MPEP 713.04 for complete and proper recordation including the identification of the
general thrust of each argument or issue discussed, a general indication of any other pertinent matters discussed regarding patentability and the
general results or outcome of the interview, to include an indication as to whether or not agreement was reached on the issues raised.

[ Attachment

/Eduardo A. Rodela/
Primary Examiner, Art Unit 2893

U.S. Patent and Trademark Office
PTOL-413 (Rev. 8/11/2010) Interview Summary Paper No. 20161005
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Summary of Record of Interview Requirements

Manual of Patent Examining Procedure (MPEP), Section 713.04, Substance of Interview Must be Made of Record
A complete written statement as to the substance of any face-to-face, video conference, or telephone interview with regard to an application must be made of record in the
application whether or not an agreement with the examiner was reached at the interview.

Title 37 Code of Federal Regulations (CFR) § 1.133 Interviews
Paragraph (b)

In every instance where reconsideration is requested in view of an interview with an examiner, a complete written statement of the reasons presented at the interview as
warranting favorable action must be filed by the applicant. An interview does not remove the necessity for reply to Office action as specified in §§ 1.111, 1.135. (35 U.S.C. 132)

37 CFR §1.2 Business to be transacted in writing.
All business with the Patent or Trademark Office should be transacted in writing. The personal attendance of applicants or their attorneys or agents at the Patent and
Trademark Office is unnecessary. The action of the Patent and Trademark Office will be based exclusively on the written record in the Office. No attention will be paid to
any alleged oral promise, stipulation, or understanding in relation to which there is disagreement or doubt.

The action of the Patent and Trademark Office cannot be based exclusively on the written record in the Office if that record is itself
incomplete through the failure to record the substance of interviews.

It is the responsibility of the applicant or the attorney or agent to make the substance of an interview of record in the application file, unless
the examiner indicates he or she will do so. Itis the examiner’s responsibility to see that such a record is made and to correct material inaccuracies
which bear directly on the question of patentability.

Examiners must complete an Interview Summary Form for each interview held where a matter of substance has been discussed during the
interview by checking the appropriate boxes and filling in the blanks. Discussions regarding only procedural matters, directed solely to restriction
requirements for which interview recordation is otherwise provided for in Section 812.01 of the Manual of Patent Examining Procedure, or pointing
out typographical errors or unreadable script in Office actions or the like, are excluded from the interview recordation procedures below. Where the
substance of an interview is completely recorded in an Examiners Amendment, ho separate Interview Summary Record is required.

The Interview Summary Form shall be given an appropriate Paper No., placed in the right hand portion of the file, and listed on the
“Contents” section of the file wrapper. In a personal interview, a duplicate of the Form is given to the applicant (or attorney or agent) at the
conclusion of the interview. In the case of a telephone or video-conference interview, the copy is mailed to the applicant’s correspondence address
either with or prior to the next official communication. If additional correspondence from the examiner is not likely before an allowance or if other
circumstances dictate, the Form should be mailed promptly after the interview rather than with the next official communication.

The Form provides for recordation of the following information:

— Application Number (Series Code and Serial Number)

—Name of applicant

—Name of examiner

—Date of interview

—Type of interview (telephonic, video-conference, or personal)

—Name of participant(s) (applicant, attorney or agent, examiner, other PTO personnel, etc.)

—An indication whether or not an exhibit was shown or a demonstration conducted

— An identification of the specific prior art discussed

— An indication whether an agreement was reached and if so, a description of the general nature of the agreement (may be by
attachment of a copy of amendments or claims agreed as being allowable). Note: Agreement as to allowability is tentative and does
not restrict further action by the examiner to the contrary.

—The signature of the examiner who conducted the interview (if Form is not an attachment to a signed Office action)

It is desirable that the examiner orally remind the applicant of his or her obligation to record the substance of the interview of each case. It
should be noted, however, that the Interview Summary Form will not normally be considered a complete and proper recordation of the interview
unless it includes, or is supplemented by the applicant or the examiner to include, all of the applicable items required below concerning the
substance of the interview.

A complete and proper recordation of the substance of any interview should include at least the following applicable items:

1) A brief description of the nature of any exhibit shown or any demonstration conducted,

2) an identification of the claims discussed,

3) an identification of the specific prior art discussed,

4) an identification of the principal proposed amendments of a substantive nature discussed, unless these are already described on the

Interview Summary Form completed by the Examiner,

5) a brief identification of the general thrust of the principal arguments presented to the examiner,

(The identification of arguments need not be lengthy or elaborate. A verbatim or highly detailed description of the arguments is not
required. The identification of the arguments is sufficient if the general nature or thrust of the principal arguments made to the
examiner can be understood in the context of the application file. Of course, the applicant may desire to emphasize and fully
describe those arguments which he or she feels were or might be persuasive to the examiner.)

6) a general indication of any other pertinent matters discussed, and

7) if appropriate, the general results or outcome of the interview unless already described in the Interview Summary Form completed by

the examiner.

Examiners are expected to carefully review the applicant’s record of the substance of an interview. If the record is not complete and
accurate, the examiner will give the applicant an extendable one month time period to correct the record.

Examiner to Check for Accuracy

If the claims are allowable for other reasons of record, the examiner should send a letter setting forth the examiner’s version of the
statement attributed to him or her. If the record is complete and accurate, the examiner should place the indication, “Interview Record OK” on the
paper recording the substance of the interview along with the date and the examiner’s initials.
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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

| EXAMINER |
23432 7590 10/17/2016
COOPER & DUNHAM, LLP RODELA, EDUARDO A
30 Rockefeller Plaza
20th Floor | ART UNIT PAPERNUMBER |
NEW YORK, NY 10112 2893
DATE MAILED: 10/17/2016
APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. |  CONFIRMATION NO.
14/945,003 11/18/2015 Shih-Yuan WANG 5176-83184-2 1200

TITLE OF INVENTION: MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES

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

nonprovisional SMALL $480 $0 $0 $480 01/17/2017

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

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

HOW TO REPLY TO THIS NOTICE:

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

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

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

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

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

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

IMPORTANT REMINDER: Utility patents issuing on applications filed on or after Dec. 12, 1980 may require payment of
maintenance fees. It is patentee's responsibility to ensure timely payment of maintenance fees when due.

Page 1 of 3
PTOL-85 (Rev. 02/11)
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PART B - FEE(S) TRANSMITTAL
Complete and send this form, together with applicable fee(s), to: Mail Mail Stop ISSUE FEE

Commissioner for Patents

P.O. Box 1450

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

INSTRUCTIONS: This form should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if required). Blocks 1 through 5 should be completed where
é)roprlate All further correspondence including the Patent, advance orders and notification of maintenance fees will be mailed to the current correspondence address as
icated unless corrected below or directed othérwise in Block 1, by (a) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for

malntenance fee notifications.

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

23432 7590 10/17/2016
COOPER & DUNHAM, LLP
30 Rockefeller Plaza
20th Floor

NEW YORK, NY 10112

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

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

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

(Depositor's name)

(Signature)
(Date)
APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. | CONFIRMATION NO.
14/945,003 11/18/2015 Shih-Yuan WANG 5176-88184-2 1200
TITLE OF INVENTION: MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES
| APPLN. TYPE ENTITY STATUS | ISSUE FEE DUE | PUBLICATION FEE DUE | PREV. PAID ISSUE FEE | TOTAL FEE(S) DUE DATE DUE
nonprovisional SMALL $480 $0 $0 $480 01/17/2017
| EXAMINER | ART UNIT | CLASS-SUBCLASS |
RODELA, EDUARDO A 2893 257-432000

CFR 1.363
| Chan%e of correspondence address (or Change of Correspondence
Address form PTO/SB/122) attached.

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

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

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

(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 category or categories (will not be printed on the patent) : [ ndividuat Corporation or other private group entity [ Government

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

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

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

(1 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)
| Applicant certifying micro entity status. See 37 CFR 1.29

| Applicant asserting small entity status. See 37 CFR 1.27

| Applicant changing to regular undiscounted fee status.

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

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

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

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

Authorized Signature

Date

Typed or printed name

Registration No.

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

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

| APPLICATION NO. | FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. |  CONFIRMATION NO. |
14/945,003 11/18/2015 Shih-Yuan WANG 5176-83184-2 1200
| EXAMINER |
23432 7590 10/17/2016
COOPER & DUNHAM, LLP RODELA, EDUARDO A
30 Rockefeller Plaza
20th Floor | ART UNIT PAPERNUMBER |
NEW YORK, NY 10112 2893

DATE MAILED: 10/17/2016

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

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

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

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

Page 3 of 3
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Samsung Exhibit 1003, Page 75 of 1137



OMB Clearance and PRA Burden Statement for PTOL-85 Part B

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

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

Privacy Act Statement

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

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

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

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

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

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

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

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

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

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

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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Application No. Applicant(s)

. -, ] 14/945,003 WANG ET AL.

Applicant-Initiated Interview Summary i i
Examiner Art Unit
Eduardo A. Rodela 2893

All participants (applicant, applicant’s representative, PTO personnel):

(1) Eduardo A. Rodel, Examiner. (3) .

(2) Ivan S. Kavrukov, Applicant's Representative. (4) .

Date of Interview: 05 October 2016.

Type: [X Telephonic [] Video Conference
[] Personal [copy given to: [] applicant  [] applicant’s representative]

Exhibit shown or demonstration conducted: [] Yes X No.
If Yes, brief description:

Issues Discussed [J101 [112 X102 X103 [JOthers

(For each of the checked box(es) above, please describe below the issue and detailed description of the discussion)

Claim(s) discussed: 1,12,18 and 31.

Identification of prior art discussed: Dutta (US 8,357,960).

Substance of Interview
(For each issue discussed, provide a detailed description and indicate if agreement was reached. Some topics may include: identification or clarification of a
reference or a portion thereof, claim interpretation, proposed amendments, arguments of any applied references etc...)

A discussion took place on how to differentiate the instant application from the prior art of Dutta Fiqures 3, 4A and 6B,
where Dutta teaches SiGe PIN diodes. The distinction was agreed upon that the instant application's current claim set
was focusing on holes within a light absorbing layer and that to specify beyond the pillars of Dutta by specifying that the
photon absorbing region comprising an I-region is a single layer with a plurlaity of holes therein. Applicant's
Representative suqggested lanquage the Examiner agreed would place the application in condition for allowance. The
limitation of the holes in the photon absorbing region being one of several additional distinctions.

Applicant recordation instructions: The formal written reply to the last Office action must include the substance of the interview. (See MPEP
section 713.04). If a reply to the last Office action has already been filed, applicant is given a non-extendable period of the longer of one month or
thirty days from this interview date, or the mailing date of this interview summary form, whichever is later, to file a statement of the substance of the
interview

Examiner recordation instructions: Examiners must summarize the substance of any interview of record. A complete and proper recordation of the
substance of an interview should include the items listed in MPEP 713.04 for complete and proper recordation including the identification of the
general thrust of each argument or issue discussed, a general indication of any other pertinent matters discussed regarding patentability and the
general results or outcome of the interview, to include an indication as to whether or not agreement was reached on the issues raised.

[ Attachment

/Eduardo A. Rodela/
Primary Examiner, Art Unit 2893

U.S. Patent and Trademark Office
PTOL-413 (Rev. 8/11/2010) Interview Summary Paper No. 20161005
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Summary of Record of Interview Requirements

Manual of Patent Examining Procedure (MPEP), Section 713.04, Substance of Interview Must be Made of Record
A complete written statement as to the substance of any face-to-face, video conference, or telephone interview with regard to an application must be made of record in the
application whether or not an agreement with the examiner was reached at the interview.

Title 37 Code of Federal Regulations (CFR) § 1.133 Interviews
Paragraph (b)

In every instance where reconsideration is requested in view of an interview with an examiner, a complete written statement of the reasons presented at the interview as
warranting favorable action must be filed by the applicant. An interview does not remove the necessity for reply to Office action as specified in §§ 1.111, 1.135. (35 U.S.C. 132)

37 CFR §1.2 Business to be transacted in writing.
All business with the Patent or Trademark Office should be transacted in writing. The personal attendance of applicants or their attorneys or agents at the Patent and
Trademark Office is unnecessary. The action of the Patent and Trademark Office will be based exclusively on the written record in the Office. No attention will be paid to
any alleged oral promise, stipulation, or understanding in relation to which there is disagreement or doubt.

The action of the Patent and Trademark Office cannot be based exclusively on the written record in the Office if that record is itself
incomplete through the failure to record the substance of interviews.

It is the responsibility of the applicant or the attorney or agent to make the substance of an interview of record in the application file, unless
the examiner indicates he or she will do so. Itis the examiner’s responsibility to see that such a record is made and to correct material inaccuracies
which bear directly on the question of patentability.

Examiners must complete an Interview Summary Form for each interview held where a matter of substance has been discussed during the
interview by checking the appropriate boxes and filling in the blanks. Discussions regarding only procedural matters, directed solely to restriction
requirements for which interview recordation is otherwise provided for in Section 812.01 of the Manual of Patent Examining Procedure, or pointing
out typographical errors or unreadable script in Office actions or the like, are excluded from the interview recordation procedures below. Where the
substance of an interview is completely recorded in an Examiners Amendment, ho separate Interview Summary Record is required.

The Interview Summary Form shall be given an appropriate Paper No., placed in the right hand portion of the file, and listed on the
“Contents” section of the file wrapper. In a personal interview, a duplicate of the Form is given to the applicant (or attorney or agent) at the
conclusion of the interview. In the case of a telephone or video-conference interview, the copy is mailed to the applicant’s correspondence address
either with or prior to the next official communication. If additional correspondence from the examiner is not likely before an allowance or if other
circumstances dictate, the Form should be mailed promptly after the interview rather than with the next official communication.

The Form provides for recordation of the following information:

— Application Number (Series Code and Serial Number)

—Name of applicant

—Name of examiner

—Date of interview

—Type of interview (telephonic, video-conference, or personal)

—Name of participant(s) (applicant, attorney or agent, examiner, other PTO personnel, etc.)

—An indication whether or not an exhibit was shown or a demonstration conducted

— An identification of the specific prior art discussed

— An indication whether an agreement was reached and if so, a description of the general nature of the agreement (may be by
attachment of a copy of amendments or claims agreed as being allowable). Note: Agreement as to allowability is tentative and does
not restrict further action by the examiner to the contrary.

—The signature of the examiner who conducted the interview (if Form is not an attachment to a signed Office action)

It is desirable that the examiner orally remind the applicant of his or her obligation to record the substance of the interview of each case. It
should be noted, however, that the Interview Summary Form will not normally be considered a complete and proper recordation of the interview
unless it includes, or is supplemented by the applicant or the examiner to include, all of the applicable items required below concerning the
substance of the interview.

A complete and proper recordation of the substance of any interview should include at least the following applicable items:

1) A brief description of the nature of any exhibit shown or any demonstration conducted,

2) an identification of the claims discussed,

3) an identification of the specific prior art discussed,

4) an identification of the principal proposed amendments of a substantive nature discussed, unless these are already described on the

Interview Summary Form completed by the Examiner,

5) a brief identification of the general thrust of the principal arguments presented to the examiner,

(The identification of arguments need not be lengthy or elaborate. A verbatim or highly detailed description of the arguments is not
required. The identification of the arguments is sufficient if the general nature or thrust of the principal arguments made to the
examiner can be understood in the context of the application file. Of course, the applicant may desire to emphasize and fully
describe those arguments which he or she feels were or might be persuasive to the examiner.)

6) a general indication of any other pertinent matters discussed, and

7) if appropriate, the general results or outcome of the interview unless already described in the Interview Summary Form completed by

the examiner.

Examiners are expected to carefully review the applicant’s record of the substance of an interview. If the record is not complete and
accurate, the examiner will give the applicant an extendable one month time period to correct the record.

Examiner to Check for Accuracy

If the claims are allowable for other reasons of record, the examiner should send a letter setting forth the examiner’s version of the
statement attributed to him or her. If the record is complete and accurate, the examiner should place the indication, “Interview Record OK” on the
paper recording the substance of the interview along with the date and the examiner’s initials.

Samsung Exhibit 1003, Page 78 of 1137



Application No. Applicant(s)
14/945,003 WANG ET AL.
H i i i AlA (First Inventor to File)
Notice of Allowability Egz::g;e; Fodela ggg"“ Statue
Yes

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

1. X This communication is responsive to telephone interview 10/5/2016.
OaAa declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filed on

2. [J 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. [X] The allowed claim(s) is/are 1-5, 7-19, 22-24, 28-33 and 36. 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. [J Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f).
Certified copies:

a)[dJ Al 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. [J CORRECTED DRAWINGS ( as “replacement sheets”) must be submitted.

[0 including changes required by the attached Examiner's Amendment / 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. X Notice of References Cited (PTO-892) 5. [X] Examiner's Amendment/Comment

2. { Information Disclosure Statements (PTO/SB/08), 6. ] Examiner's Statement of Reasons for Allowance
Paper No./Mail Date See Continuation Sheet

3. [ Examiner's Comment Regarding Requirement for Deposit 7. [ Other .

of Biological Material
4. X Interview Summary (PTO-413),
Paper No./Mail Date 10/5/16 .

/Eduardo A. Rodela/
Primary Examiner, Art Unit 2893

U.S. Patent and Trademark Office

PTOL-37 (Rev. 08-13) Notice of Allowability Part of Paper No./Mail Date
20161005
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Continuation Sheet (PTOL-37) Application No. 14/945,003

Continuation of Attachment(s) 2. Information Disclosure Statements (PTO/SB/08), Paper No./Mail Date: 7/19/16, 8/10/16, 9/27/16.
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Application/Control Number: 14/945,003 Page 2
Art Unit: 2893

The present application, filed on or after March 16, 2013, is being examined under the
first inventor to file provisions of the AIA.
DETAILED ACTION
This office action is in response to the telephonic applicant initiated interview dated

October 6, 2016. Claims 1-5, 7-19, 22-24, 28-33 and 36 are under consideration.

Terminal Disclaimer
The terminal disclaimer filed on October 6, 2016 has been reviewed and is accepted. The

terminal disclaimer has been recorded.

EXAMINER’S AMENDMENT

An examiner’s amendment to the record appears below. Should the changes and/or
additions be unacceptable to applicant, an amendment may be filed as provided by 37 CFR
1.312. To ensure consideration of such an amendment, it MUST be submitted no later than the
payment of the issue fee.

Authorization for this examiner’s amendment was given in an interview with Ivan S.
Kavrukov on October 6, 2016.

The application has been amended as follows:

In the Claims:

With respect to the September 29, 2016 claim set:
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Application/Control Number: 14/945,003 Page 3
Art Unit: 2893

Regarding claim 1, on line 8, between “comprises” and “a”, please insert “a

substantially continuous layer interrupted by”.

Regarding claim 12, on line 7, please replace “with” with “a substantially continuous

layer interrupted by”.

Regarding claim 18, on line 11, please insert between “including” and “a” the following,

“a substantially continuous layer interrupted by”.

Regarding claim 31, on lines 13 and 19, please delete all instances of “pillars or”. On

line 13, between "comprises” and “intentionally”, please insert “a substantially continuous layer

interrupted by”.

Please cancel claims 34 and 35.

Regarding claim 36, on line 1, delete “pillars or”.
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Application/Control Number: 14/945,003 Page 4
Art Unit: 2893

REASONS FOR ALLOWANCE
Claims 1-5, 7-19, 22-24, 28-33 and 36 are allowed.
The following is an Examiner's statement of reasons for allowance: The PIN diode
photodetector with plurality of holes therein to enhance performance characteristics as recited in

the claims of the instant invention fail to be taught by the prior art cited of interest.

Regarding claims 1, 12, 18 and 31, the prior art of Dutta (US 8,357,960) teaches a PIN
diode photodetector created by a plurality of neighboring PIN diode columns, but fails to
disclose the specific characteristic recited in the claims of the instant invention e.g. wherein the

PIN diode detector is made of a continuous layer with a plurality of holes therein.
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Application/Control Number: 14/945,003 Page 5
Art Unit: 2893

Fax / Telephone Information

Any inquiry concerning this communication or earlier communications from the
examiner should be directed to Eduardo A. Rodela whose telephone number is (571)272-8797.
The examiner can normally be reached on M-F, 9 AM - 5:30 PM.

If attempts to reach the examiner by telephone are unsuccessful, the examiner’s
supervisor, Tom Thomas can be reached on (571)272-1664. The fax phone number for the
organization where this application or proceeding is assigned is 571-273-8300.

Information regarding the status of an application may be obtained from the Patent
Application Information Retrieval (PAIR) system. Status information for published applications
may be obtained from either Private PAIR or Public PAIR. Status information for unpublished
applications is available through Private PAIR only. For more information about the PAIR
system, see http://pair-direct.uspto.gov. Should you have questions on access to the Private PAIR
system, contact the Electronic Business Center (EBC) at §66-217-9197 (toll-free). If you would
like assistance from a USPTO Customer Service Representative or access to the automated
information system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000.

/Eduardo A. Rodela/
Primary Examiner, Art Unit 2893
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Application/Control No. Applicant(s)/Patent Under Reexamination
H““H““ ““H““ ““Hm “ “m m “‘ o o

EDUARDO A RODELA 2893
CcPC
Symbol Type Version
Ho1L 02363 F 2013-01-01
Ho1L 02327 | 2013-01-01
Ho1L 1443 | 2013-01-01
Ho1L 1446 | 2013-01-01
Ho1L 103 | 2013-01-01
Ho4B 691 | 2013-01-01
Ho1L 09 | 2013-01-01
Ho1L 0232 | 2013-01-01
Ho1L 02 | 2013-01-01
Ho1L 0236 | 2013-01-01

CPC Combination Sets

Symbol Type Set Ranking Version

NONE

Total Claims Allowed:

29
(Assistant Examiner) (Date)
/EDUARDO A RODELA/
Primary Examiner.Art Unit 2893 10/13/2016 O.G. Print Claim(s) O.G. Print Figure
(Primary Examiner) (Date) 1 6B
U.S. Patent and Trademark Office Part of Paper No. 20161005
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Issue Classification

Application/Control No.

Applicant(s)/Patent Under Reexamination

14945003 WANG ET AL.
Examiner Art Unit
EDUARDO A RODELA 2893

US ORIGINAL CLASSIFICATION

INTERNATIONAL CLASSIFICATION

CLASS SUBCLASS CLAIMED NON-CLAIMED
H|o L 31/0236 (2006.01.01)
CROSS REFERENCE(S)
CLASS SUBCLASS (ONE SUBCLASS PER BLOCK)
NONE

Total Claims Allowed:

29
(Assistant Examiner) (Date)
/EDUARDO A RODELA/
Primary Examiner.Art Unit 2893 10/13/2016 O.G. Print Claim(s) O.G. Print Figure
(Primary Examiner) (Date) 1 6B

U.S. Patent and Trademark Office

Part of Paper No. 20161005
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Application/Control No. Applicant(s)/Patent Under Reexamination

Issue Classification | ;445003 WANG ET AL

H““H““ ““H““ ““Hm “ “m m “‘ o o

EDUARDO A RODELA 2893
O Claims renumbered in the same order as presented by applicant O CPA X T.D. O R.1.47
Final Original Final Original Final Original Final Original Final Original Final Original Final Original Final Original

1 1 16 17 28 33

2 2 17 18 34

3 3 18 19 35

4 4 19 20 29 36

5 5 21

6 20 22

6 7 21 23

7 8 22 24

8 9 25

9 10 26

10 1 27

11 12 23 28

12 13 24 29

13 14 25 30

14 15 26 31

15 16 27 32
NONE

Total Claims Allowed:
29
(Assistant Examiner) (Date)
/EDUARDO A RODELA/
Primary Examiner.Art Unit 2893 10/13/2016 O.G. Print Claim(s) O.G. Print Figure
(Primary Examiner) (Date) 1 6B
U.S. Patent and Trademark Office Part of Paper No. 20161005
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PO. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

APPLICATION FILING or GRP ART
NUMBER 371(c) DATE UNIT FIL FEE REC'D ATTY.DOCKET.NO TOT CLAIMSJIND CLAIMS
14/945,003 11/18/2015 2893 1810 5176-88184-2 30 3
CONFIRMATION NO. 1200
23432 CORRECTED FILING RECEIPT
COOPER & DUNHAM, LLP
30 Rockefeller Plaza A0 R0 O A
20th Floor

NEW YORK, NY 10112
Date Mailed: 10/07/2016

Receipt is acknowledged of this non-provisional patent application. The application will be taken up for examination
in due course. Applicant will be notified as to the results of the examination. Any correspondence concerning the
application must include the following identification information: the U.S. APPLICATION NUMBER, FILING DATE,
NAME OF APPLICANT, and TITLE OF INVENTION. Fees transmitted by check or draft are subject to collection.
Please verify the accuracy of the data presented on this receipt. If an error is noted on this Filing Receipt, please
submit a written request for a Filing Receipt Correction. Please provide a copy of this Filing Receipt with the
changes noted thereon. If you received a "Notice to File Missing Parts" for this application, please submit
any corrections to this Filing Receipt with your reply to the Notice. When the USPTO processes the reply
to the Notice, the USPTO will generate another Filing Receipt incorporating the requested corrections

Inventor(s)
Shih-Yuan WANG, Palo Alto, CA;
Shih-Ping Wang, Los Altos, CA;
Applicant(s)
W&Wsens, Devices Inc., Los Altos, CA;

Power of Attorney: The patent practitioners associated with Customer Number 23432

Domestic Priority data as claimed by applicant
This appln claims benefit of 62/232,716 09/25/2015
and claims benefit of 62/213,556 09/02/2015
and claims benefit of 62/209,311 08/24/2015
and claims benefit of 62/205,717 08/15/2015
and claims benefit of 62/199,607 07/31/2015
and claims benefit of 62/197,120 07/27/2015
and claims benefit of 62/188,876 07/06/2015
and claims benefit of 62/182,602 06/21/2015
and claims benefit of 62/175,855 06/15/2015
and claims benefit of 62/174,498 06/11/2015
and claims benefit of 62/171,915 06/05/2015
and claims benefit of 62/157,876 05/06/2015
and claims benefit of 62/154,675 04/29/2015
and claims benefit of 62/153,443 04/27/2015
and claims benefit of 62/139,511 03/27/2015
and claims benefit of 62/111,582 02/03/2015
and claims benefit of 62/100,025 01/05/2015
and claims benefit of 62/090,879 12/11/2014
page 1 of 4
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and claims benefit of 62/081,538 11/18/2014

Foreign Applications for which priority is claimed (You may be eligible to benefit from the Patent Prosecution
Highway program at the USPTO. Please see http://www.uspto.gov for more information.) - None.

Foreign application information must be provided in an Application Data Sheet in order to constitute a claim to
foreign priority. See 37 CFR 1.55 and 1.76.

Permission to Access Application via Priority Document Exchange: No
Permission to Access Search Results: No

Applicant may provide or rescind an authorization for access using Form PTO/SB/39 or Form PTO/SB/69 as
appropriate.

If Required, Foreign Filing License Granted: 12/02/2015

The country code and number of your priority application, to be used for filing abroad under the Paris Convention,
is US 14/945,003

Projected Publication Date: 10/20/2016
Non-Publication Request: No

Early Publication Request: No
** SMALL ENTITY **
Title

MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES
Preliminary Class

257
Statement under 37 CFR 1.55 or 1.78 for AlA (First Inventor to File) Transition Applications: No

PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing
of patent applications on the same invention in member countries, but does not result in a grant of "an international
patent” and does not eliminate the need of applicants to file additional documents and fees in countries where patent
protection is desired.

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific
foreign countries to ensure that patent rights are not lost prematurely.

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must

issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
page 2 of 4
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serves as a request for a foreign filing license. The application's filing receipt contains further information and
guidance as to the status of applicant's license for foreign filing.

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents” (specifically, the
section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html.

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative,
this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific
countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may
call the U.S. Government hotline at 1-866-999-HALT (1-866-999-4258).

LICENSE FOR FOREIGN FILING UNDER
Title 35, United States Code, Section 184

Title 37, Code of Federal Regulations, 5.11 & 5.15
GRANTED

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under
37 CFR 5.13 or 5.14.

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This
license is not retroactive.

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national
security or the export of technical data. Licensees should apprise themselves of current regulations especially with
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of
Treasury (31 CFR Parts 500+) and the Department of Energy.

NOT GRANTED

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12,
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b).
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SelectUSA

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to
promote and facilitate business investment. SelectUSA provides information assistance to the international investor
community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states,
and regions competing for global investment; and counsels U.S. economic development organizations on investment
attraction best practices. To learn more about why the United States is the best country in the world to develop
technology, manufacture products, deliver services, and grow your business, visit http://www.SelectUSA.gov or call
+1-202-482-6800.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS
PO. Box 1450
Alexandria, Virginia 22313-1450
WWW.uspto.gov

| APPLICATION NUMBER

FILING OR 371(C) DATE [ FIRSTNAMED APPLICANT | ATTY. DOCKET NO/TITLE |
14/945,003 11/18/2015 Shih-Yuan WANG 5176-88184-2
CONFIRMATION NO. 1200
23432 POA ACCEPTANCE LETTER
COOPER & DUNHAM, LLP

30 Rockefeller Plaza IR 0 M RRCE
20th Floor 000000086348127

NEW YORK, NY 10112

Date Mailed: 10/07/2016

NOTICE OF ACCEPTANCE OF POWER OF ATTORNEY
This is in response to the Power of Attorney filed 10/05/2016.

The Power of Attorney in this application is accepted. Correspondence in this application will be mailed to the
above address as provided by 37 CFR 1.33.

Questions about the contents of this notice and the
requirements it sets forth should be directed to the Office
of Data Management, Application Assistance Unit, at
(571) 272-4000 or (571) 272-4200 or 1-888-786-0101.

/lgchau/
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Application Number

Application/Control No.

Applicant(s)/Patent under
Reexamination

e
Document Code - DISQ Internal Document — DO NOT MAIL
TERMINAL
DISCLAIMER X APPROVED [] DISAPPROVED

Date Filed : 06 October,
2016

This patent is subject
to a Terminal

Disclaimer

Approved/Disapproved by:

CHARRISSA BROWN

Technology Center: PLRC
Telephone: (571)272-1558

U.S. Patent and Trademark Office
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Electronic Patent Application Fee Transmittal

Application Number: 14945003

Filing Date: 18-Nov-2015

Title of Invention: MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES
First Named Inventor/Applicant Name: Shih-Yuan WANG

Filer: Ivan Kavrukov/Benjamin Han

Attorney Docket Number: 5176-88184-2

Filed as Small Entity

Filing Fees for Utility under 35 USC111(a)

Description Fee Code

Quantity

Amount

Sub-Total in
UsD($)

Basic Filing:

Pages:

Claims:

Miscellaneous-Filing:

Petition:

Patent-Appeals-and-Interference:

Post-Allowance-and-Post-Issuance:

Extension-of-Time:
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Description

Fee Code

Quantity

Amount

Sub-Total in
UsD($)

Miscellaneous:

STATUTORY OR TERMINAL DISCLAIMER

2814

1

160

160

Total in USD ($)

160

Samsung Exhibit 1003, Page 96 of 1137




Electronic Acknowledgement Receipt

EFSID: 27137527
Application Number: 14945003
International Application Number:
Confirmation Number: 1200
Title of Invention: MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES
First Named Inventor/Applicant Name: Shih-Yuan WANG
Customer Number: 23432
Filer: Ivan Kavrukov/Benjamin Han
Filer Authorized By: Ivan Kavrukov
Attorney Docket Number: 5176-88184-2
Receipt Date: 06-0CT-2016
Filing Date: 18-NOV-2015
Time Stamp: 10:29:11
Application Type: Utility under 35 USC 111(a)
Payment information:
Submitted with Payment yes
Payment Type Deposit Account
Payment was successfully received in RAM $160
RAM confirmation Number 10649
Deposit Account 033125
Authorized User Finnegan, Mary Ellen

The Director of the USPTO is hereby authorized to charge indicated fees and credit any overpayment as follows:
Charge any Additional Fees required under 37 CFR 1.16 (National application filing, search, and examination fees)

Charge any Additional Fees required under 37 CFR 1.17 (Patent application and reexamination processing fees)
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Charge any Additional Fees required under 37 CFR 1.19 (Document supply fees)
Charge any Additional Fees required under 37 CFR 1.20 (Post Issuance fees)

Charge any Additional Fees required under 37 CFR 1.21 (Miscellaneous fees and charges)

File Listing:

Document .. . File Size(Bytes)/ Multi Pages
Number Document Description File Name Message Digest | Part/.zip| (ifappl.)

775300

1 Terminal Disclaimer Filed 5176_88184_2.pdf no 1

1dace5de461693b88ad2115e3e6b2f5b46d|
70e28

Warnings:

Information:

30672

2 Fee Worksheet (SB06) fee-info.pdf no 2

20d9056da72ff6112687c19f15701508cdd 6|
3b57

Warnings:

Information:

Total Files Size (in bytes): 805972

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. 111

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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Corrected ADS FTOIAIA4 (07-14)
Appraved for use through 04/30/2017. OMB 06810032

.8, Palent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1895, no perscns are required to respond o a collection of information unless it contains a valid OMB contral number.,

e o

SNe ':\\{ \:

L Attorney Docket Number | 2804884842  S178.8%
Application Data Sheet 37 CFR 1.76 —
Application Number

.
T -
Qe

)

Title of nvention | MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES

The application data sheet is part of the provisional or nonprovisional application for which it is being submitted. The following form contsins the
bibliographic dats arranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.78.

This document may be completed electronically and submitted to the Office in slectronic format using the Electronic Filing System (EFS) or the
document may be printed and included in a paper filed application.

Secrecy Order 37 CFR 5.2

— Portions or all of the application assaciated with this Application Data Sheet may fall under a Secrecy Order pursuant o
~- 37 CFR 5.2 (Paper filers only. Applications that fall under Secrecy Order may not be filed electronically.)

inventor Information:

inventor 1 | Remove

Legal Name

Prefix! Given Name Middie Name Family Mame Suffix
Shih-Yuan WANG

Residence Information (Select One} (8 US Residency () NonUSResidency () Active US Military Service

City | Palo Atto | State/Province | CA | Gountry of Residencd | US

Mailing Address of Inventon:

Address 1 786 Encina Grande Dr.

Address 2

City Palo Alio State/Province CA
Postal Code 94306 | Countryi L us

inventor 2
Legal Name

Prefix| Given NMame Middie Name Family Name Suffix
Shih-Ping WANG
Residence Information {(Select One}) () US Residency () Non US Residency () Active US Military Service

City Los Alios I Siate/Province ) CA Country of Resicﬁ@ncé Us

Mailing Address of Inventor:

Address 1 38 3rd Sireet, Suite #307

Address 2

City Los Altos [ State/Province GA
Postal Code [ 94022 l Couniry! uUs

All Inventors Must Be Listed - Addilional Inventor Information blocks may be
generated within this form by selacling the Add button.

Correspondence Information:

Enter either Customer Number or complete the Correspondence information section below.
For further information see 37 CFR 1.33{).

EFS Web 2.2.12
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PTOAIAM4 (07-14)

Approved for use through 04/30/2017. OMB 0851-0032

U.5. Patent and Trademark Office; 1.8, DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1885, no parsons are required 1o respond to a collection of information urdess it contains a valic OMB control number.

Attorney Docket Number

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | MICROSTRUCTURE ENHANCED ABSCRPTION PHOTOSENSITIVE DEVICES

Customer Number 23432
Email Address patenidocketing@coonperdunham.com
Email Address ikavrukov@cooperdunham.com

Application information:

Title of the Invention MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES
Attorney Docket Number| 2001-858184-2 % Small Entity Status Claimed
Application Typs Nonprovisional

Subiect Matter Uility

Total Number of Drawing Shests (if any) 88 Suggested Figurs for Publication (if any)

Filing By Reference :

Cnly complete this section whern filing an application by reference under 35 US.C. 111{c} and 37 CFR 1.57(a). Do not cormplete this section if
f Y t :

application papers including a specification and any drawings are being filed. Any domestic benefit or foreign priority information must be

provided in the appropriate section(s) below {i.e., “Domestic Benefit/National Stage Information” and “Foreign Priority Information”),

For the purposes of a filing date under 37 (FR 1.53(b), the desaription and any drawings of the present application are replaced by this
reference to the previously filed application, subject to conditions and requirements of 37 CFR 1.57(a). ]
{ -
Application number of the previously Filing date {YYYY-MM-DD} Intellectual Property Authority or Country
filed application

Publication Information:
[ Request Early Publication (Fee required at time of Request 37 CFR 1.219)

Request Not to Publish. | hereby request that the altached application not be published under

35 U.B.C. 122{b) and certify that the invention disclosed in the atlached application has not and will not he the
subject of an application filed in another country, or under a multifateral international agreement, that requires
publication ai eighteen months after filing.

Representative Iinformation:

Representative information should be provided for all praciitioners having a power of attorney in the application. Providing
this information in the Application Data Sheet does not constitute a power of attorney in the application {(see 37 CFR 1.32).

Either enter Customer Number or complate the Representative Name section below. If both sections are completed the customer
Number will be used for the Representative Information during processing.

Please Select One: (¢} Customer Number () U8 Patent Practitioner ; (O Limited Recognition (37 CFR 41.8)
Customer Number 23432

EFS Web 2.2.12
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PTOIAIAI4 (07-14)

Approved for use through 04/30/2017. OMB 06851-0032
U.8. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1895, no persons ara required o respond to s collection of information unless it contains a valid OMB control number.

Application Data Sheet 37 CFR 1.75

Attorney Docket Number

Application Number

Title of Invention

MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES

Domestic Benefit/National Stage Information:

This section allows for the applicant to either claim benefit under 35 US.C. 119(e), 120, 121, 365(c), or 386(c) or indicate National
Stage entry from a PCT application. Providing this information in the application data sheet constitutes the specific reference

required by 35 US.C. 11%{e) or 120, and 37 (FR 1.78.
When referring to the current application, please leave the application number blank.

Prior Application Sfalus

Pending

Application Number

Continuity Typs

Prior Application Number

Filing Date (YYYY-MM-DD)

Claims benefit of provisional

82/2327186

2015-08-25

Prior Application Status | Pending | Remove
Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD)

Claims benefit of provisional

62/213556

2015-08-02

Prior Application Status | Pending
Application Number Continuity Type Prior Application Number{  Filing Date (YYYY-MM-DD)}

Claims benefit of provisional

§2/209311

2015-08-24

Prior Application Status

Pending

_Remove |

Application Number

Continuity Type

Prior Application Number

Filing Date (YYYY-MM-DD)

Claims beneflt of provisional

621205717

2015-08-15

Prior Application Status

Pending

Remove

3
]
i
1
H
4

Application Number

Centinuity Type

Prior Application Numbser

Filing Date (YYYY-MM-DD)

Claims benefit of provisional

82/198607

2015-07-31

Prior Application Status

Pending

Femove |

Application Nurmber

Continuity Type

Prior Application Number

Filing Date (YYYY-MM-DD)

Clairns benefit of provisional

621187120

2015-07-27

Prior Application Status

Pending

Application Number

Continuity Type

Prior Application Number

Filing Date (YYYY-MM-DD)

Claims benefit of provisional

82/183876

2015-07-06

Prior Application Status

Pending

Application Number

Continuily Type

Prior Application Number

Filing Date (YYYY-MM-DD)

Claims benefit of provisional

§2/182602

20156-08-21

Prior Application Status

Pending

Application Number

Continuity Type

Prior Application Number

Filing Date (YYYY-MM-0D)

Claims benefit of provisional

82/175855

2015-08-18

Prior Application Siatus

Panding

Application Number

Continuity Type

Prior Application Number

Filing Date YYYY-MM-DD)

Claims benefit of provisional

62/174498

2015-08-11

EF5 Web 2.2.12
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Under the Paperwork Reduction Act of 1965, nu persons are required to respond to a coliection of information uniess

PTO/AIAN4 (07-14)

Approved for use through 04/30/2017. OMB 06851.0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

ntains a valid OMB control number,

Appilication Data Sheet 37 CFR 1.78

Adterney Docket Number

Application Number

Title of invention

MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES

Prior Application Status

Pending

i
i

Application Number

Continuity Type

Prior Application Number

Filing Date (YYYY-MM-DD)

Claims benefit of provisional

82/171918

2015-06-05

Prior Application Status

Pending

Remove |

Application Number

Continuity Type

Prior Application Number

Filing Date (YYYY-MM-DD)

Claims benefit of provisional 62/167878 2015-05-08
Prior Application Status | Pending Remove
Application Number Continuity Typs Prior Application Number | Filing Date {YYYY-MM-DD)

Claims benefi of provisional

52/154875

2015-04-29

Prior Application Status | Pending | Remove
Application Number Continuity Type Prior Application Number |  Filing Date (YYYY-MM-DD)

Claims benefit of provisional

62/153443

2015-04-27

Prior Application Status

Pending

Application Nurnber

Continuity Type

Prior Application Number

Claims benefit of provisional

62/138511

2015-03-27

Prior Application Status

Pending

Application Number

Continuity Type

Prior Application Number

Filing Date (YYYY-MM-DD)

Claims benelit of provisional

62/111582

2015-02-03

Prior Application Status

Pending

Application Number

Continuity Type

Prior Application NMumber

Filing Date (YYYY-MM-DD)

Claims benefit of provisional 862/100028 2015-01-05
Prior Application Status | Pending | Remave |
Application Number Continuity Type Prior Application Number |  Filing Date (YYYY-MM-DD)

Claims benefit of provisional

§2/080878

2014-12-11

Prior Application Status

Panding

Application Number

Continuity Type

Prior Application Number

Filing Date (YYYY-MM-DD)

Claims benefii of provisional

52/081538

2014-11-18

Additional Domestic Benefit/National Stage Data may be generated within this form
by selecting the Add button.

Foreign Priority Information:

This section allows for the applicant to claim priority to a foreign application. Providing this information (n the apglication data sheet
constitutes the claim for priority as required by 35 U.8.C. 119(b} and 37 CFR 1.55. When priority is claimed to a foreign application
that is eligible for retrieval under the prictity document exchange program {F’i:))()i the information will be used by the Office to
autemnatically attempt retrieval pursuant to 37 CFR 1.55(D){(1) and (2}. Under the PDX program, applicant bears the ultimate
responsibility for ensuring that a copy of the foreign application is received by the Office from the participating foreign intellectual
properiy office, or a certified copy of the foreign priority application is filed, within the time period specified in 37 CFR 1.55(g){(1).

EF3 Web 2.2.12

Samsung Exhibit 1003, Page 103 of 1137



PTOIAIAM 4 {07-14)

Approved for use through 04/30/2017. OMB 0851-0032

1.8, Patent and Trademark Office; U.S. DEFARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persans are required o respend to-a collection of information unless it contains a valid OME control number,

Atiorney Docket Number

Application Data Sheet 37 CFR 1.76

Appilication Number

Title of Invention | MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES

Application Number Cc::a,arm’yE Filing Date (YYYY-MM-DD) Access Codel {if applicable)

Additional Foreign Priority Data may be generated within this form by selecting the
Add buiton.

Statement under 37 CFR 1.55 or 1.78 for AlA (First Inventor to File) Transition
Applications

This application (1) claims priorily to or the benefit of an application filed before March 18, 2013 and (2) also

contains, o contained ai any time, a claim 1o a claimed invention that has an effective filing date on or after March
[ 18,2013,

NOTE: By providing this statement under 37 CFR 1,55 or 1.78, this application, with a filing date on or after March

16, 2013, will be examinead under the first inventor to file provisions of the AlA.

Authorization to Permit Access:

[ ] Authorization to Permit Access 10 the instant Application by the Parficipating Offices

if checked, the undarsigned heraby grants the USPTO authority to provide the Europsan Patent Office (EPO),

the Japan Patent Office (JPO), the Korean intellectual Property Office (KIPQ), the World Intellectual Property Office (WIPD),
and any other intellectual property offices in which a foreign application claiming priority fo the instant patent application

is filed access to the instant patent application. See 37 CFR 1.14{c) and {h}. This box should not be checked if the applicant
does not wish the EPQ, JPQ, KIPO, WIPC, or other intellectual properly office in which a foreign application claiming priority
¢ the instant patent application is filed to have access to the instant patent application.

In accordance with 37 CFR 1.14(h){3), access will be provided 1o a copy of the instant patent application with respeact

to: 1) the instant palent application-as-filed; 2} any foreign application to which the instant patent application

claims priority under 35 U.85.C. 118(a}-{d} if a copy of the foreign application that satisfies the certified copy requirement of
37 CFR 1.55 has been filed in the instant patent spplication; and 3} any U.S. application-as-filed from which benafit is
sought in the instant patent application.

in accordance with 37 CFR 1.14(c), access may be provided to information concerning the date ¢ f filing this Authorization.

Applicant information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title 37 of CFR
o have an assignment recorded by the Office.

EFS Web 2.2.12
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PTO/AIAI4 (D7-14)

Approved for use through 04/30/2017. OMB 0851-0032

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

Under the Paperwork Reduction Act of 1995, ne persons are required te respond to a collection of information unless it containg a valid OMB control number.

Attorney Docket Number

Application Data Sheet 37 CFR 1.78

Application Number

Tile of Invention | MICROSTRUCTURE ENHANCED ARSORPTION PHOTOSENSITIVE DEVICES

Applicant 1
lf the applicant is the inventor (or the remaining joint inventor or inventors under 37 CFR 1.48), this section should not be completed.

The information to be provided in this section is the name and address of the legal representative who is the applicant under 37 CFR
1.43; or the name and address of the assignee, person to whom the inventor is under an obligation to assign the invention, or persaon
who otherwise shows sufficient proprietary interest in the matier who is the applicant under 37 CFR 1.46. If the applicant is an
applicant under 37 CFR 1.46 (assignee, person to whom the inventor is obligated to assign, or person who otherwise shows sufficiant
proprietary inlerest) ingether with one or more joint inveniors, then the joint inventor or inventors who are also the applicant should be
identified in this section,

& Assignee (O Legal Representative under 35 U.S.C. 117 {3 Joint invenior
(3 Person to whom the inventor is obligated to assign. (O Person who shows sufficient proprietary interest

if applicant is the legal represeniative, indicate the authority to file the patent application, the inventor is:

Name of the Deceased or Legally Incapacitated Inventor :

If the Applicant is an Organization check here.

Prefix Given Name Middle Name Family Name Suffix

Address 1

Address 2

City State/Province
Country S Postal Code
Phone NMumber Fax Number
Email Address

Additional Applicant Data may be generated within this form by selecting the Add button,

Assignee Information including Non-Applicant Assignee Information:

Providing assignment information in this section does not subsitute for compliance with any requirement of part 3 of Title 37 of OFR o
have an assignment recorded by the Office.

Assignes 1

Compilete this section if assignee information, including non-applicant assignes information, is desired to be included on the patent
application publication . An assignee-applicant identified in the "Applicant Information” section will appear on the patent application
publication as an applicant. For an assignee-applicant, compilefe this section only if identification as an assignes is also desired on the
paient application publication.
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PTO/AIAI14 (07-14)

Approved for use through 04/30/2017. OMB 0851.0032

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

Under the Paperwork Reduction Act of 1885, no persons are required to regpond 1o a collection of information untess it contains a vaild OMB control number.

Atiorney Docket Number | 290897882 ¢

o RARAD
3 "

NORRIR
Qe i

Application Data Sheet 37 CFR 1.78

Application Number

Title of invention | MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES

if the Assignes or Non-Applicant Assignee is an Organization check here,

Prefix Given Nams Middle Name Family Name Suffix

Mailing Address Information For Assignes including Non-Applicant Assignes:

Address 1

Address 2

City ! State/Province
Country g Postai Code
Phone Number Fax Number

Email Address

Additional Assignee or Non-Applicant Assignes Data may be generated within this form by
selecting the Add bution.

Signature:

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

Signature  {/lvan 8. Kavrukow/ Date (YYYY-MM-DD)

First Name | Ivan Last Name | Kavrukov Registration Number | 25181

Additional Signature may be generated within this form by selecting the Add button.

This collection of information is required by 37 CFR 1.76. The information is required io 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.8.C. 122 and 37 CFR 1.14. This
collection is estimatad to take 23 minutes to complete, including gathering, preparing, and submitting the completed application data
sheet form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of ime you reguire 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 TGO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-14508,
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UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

APPLICATION NO. FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. | CONFIRMATION NO.
14/945,003 11/18/2015 Shih-Yuan WANG 5176-88184-2 1200
23432 7590 09/30/2016

EXAMINER
COOPER & DUNHAM, LLP |
30 Rockefeller Plaza RODELA, EDUARDO A
20th Floor
NEW YORK, NY 10112 | ART UNIT | PAPER NUMBER
2893
| MAIL DATE | DELIVERY MODE
09/30/2016 PAPER

Please find below and/or attached an Office communication concerning this application or proceeding.

The time period for reply, if any, is set in the attached communication.

PTOL-90A (Rev. 04/07)
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Application No. Applicant(s)

) .. ) 14/945,003 WANG ET AL.
Applicant-Initiated Interview Summary
Examiner Art Unit
Eduardo A. Rodela 2893

All participants (applicant, applicant's representative, PTO personnel):

(1) Eduardo A. Rodela, Examiner. (3) .

(2) lvan Kavrukov, Appilcant's Representative. (4) .

Date of Interview: 9/28/2016.

Type: [X Telephonic [] Video Conference
[ Personal [copy given to: [] applicant  [] applicant’s representative]

Exhibit shown or demonstration conducted: [ Yes X No.
If Yes, brief description:

Issues Discussed []101 [J112 [J102 []103 [XOthers
(For each of the checked box(es) above, please describe below the issue and detailed description of the discussion)

Claim(s) discussed: 1.

Identification of prior art discussed: copending application 14/943,898, US 2003/0127608, US 8604511.

Substance of Interview
(For each issue discussed, provide a detailed description and indicate if agreement was reached. Some topics may include: identification or clarification of a
reference or a portion thereof, claim interpretation, proposed amendments, arguments of any applied references etc...)

As per timeliness requirements, Examiner previously agreed to conduct a prior art search in preparation for discussion
of the claims in today's interview. Several prior art were discovered that would aid in potentially crafting claim lanquage
that would lead to furthering prosecution. However, it was pointed out that the allowed copending application
14/943,898 would require a terminal disclaimer. Applicant's Representative indicated that he would consult Applicant's
and return to communications once a decision was reached as to how to proceed.

Applicant recordation instructions: The formal written reply to the last Office action must include the substance of the interview. (See MPEP
section 713.04). If a reply to the last Office action has already been filed, applicant is given a non-extendable period of the longer of one month or
thirty days from this interview date, or the mailing date of this interview summary form, whichever is later, to file a statement of the substance of the
interview

Examiner recordation instructions: Examiners must summarize the substance of any interview of record. A complete and proper recordation of the
substance of an interview should include the items listed in MPEP 713.04 for complete and proper recordation including the identification of the
general thrust of each argument or issue discussed, a general indication of any other pertinent matters discussed regarding patentability and the
general results or outcome of the interview, to include an indication as to whether or not agreement was reached on the issues raised.

] Attachment

/Eduardo A. Rodela/
Primary Examiner, Art Unit 2893

U.S. Patent and Trademark Office
PTOL-413 (Rev. 8/11/2010) Interview Summary Paper No. 20160928
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Summary of Record of Interview Requirements

Manual of Patent Examining Procedure (MPEP), Section 713.04, Substance of Interview Must be Made of Record
A complete written statement as to the substance of any face-to-face, video conference, or telephone interview with regard to an application must be made of record in the
application whether or not an agreement with the examiner was reached at the interview.

Title 37 Code of Federal Regulations (CFR) § 1.133 Interviews
Paragraph (b)

In every instance where reconsideration is requested in view of an interview with an examiner, a complete written statement of the reasons presented at the interview as
warranting favorable action must be filed by the applicant. An interview does not remove the necessity for reply to Office action as specified in §§ 1.111, 1.135. (35 U.S.C. 132)

37 CFR §1.2 Business to be transacted in writing.
All business with the Patent or Trademark Office should be transacted in writing. The personal attendance of applicants or their attorneys or agents at the Patent and
Trademark Office is unnecessary. The action of the Patent and Trademark Office will be based exclusively on the written record in the Office. No attention will be paid to
any alleged oral promise, stipulation, or understanding in relation to which there is disagreement or doubt.

The action of the Patent and Trademark Office cannot be based exclusively on the written record in the Office if that record is itself
incomplete through the failure to record the substance of interviews.

It is the responsibility of the applicant or the attorney or agent to make the substance of an interview of record in the application file, unless
the examiner indicates he or she will do so. It is the examiner’s responsibility to see that such a record is made and to correct material inaccuracies
which bear directly on the question of patentability.

Examiners must complete an Interview Summary Form for each interview held where a matter of substance has been discussed during the
interview by checking the appropriate boxes and filling in the blanks. Discussions regarding only procedural matters, directed solely to restriction
requirements for which interview recordation is otherwise provided for in Section 812.01 of the Manual of Patent Examining Procedure, or pointing
out typographical errors or unreadable script in Office actions or the like, are excluded from the interview recordation procedures below. Where the
substance of an interview is completely recorded in an Examiners Amendment, no separate Interview Summary Record is required.

The Interview Summary Form shall be given an appropriate Paper No., placed in the right hand portion of the file, and listed on the
“Contents” section of the file wrapper. In a personal interview, a duplicate of the Form is given to the applicant (or attorney or agent) at the
conclusion of the interview. In the case of a telephone or video-conference interview, the copy is mailed to the applicant’s correspondence address
either with or prior to the next official communication. If additional correspondence from the examiner is not likely before an allowance or if other
circumstances dictate, the Form should be mailed promptly after the interview rather than with the next official communication.

The Form provides for recordation of the following information:

— Application Number (Series Code and Serial Number)

—Name of applicant

—Name of examiner

—Date of interview

—Type of interview (telephonic, video-conference, or personal)

—Name of participant(s) (applicant, attorney or agent, examiner, other PTO personnel, etc.)

— An indication whether or not an exhibit was shown or a demonstration conducted

— An identification of the specific prior art discussed

— Anindication whether an agreement was reached and if so, a description of the general nature of the agreement (may be by
attachment of a copy of amendments or claims agreed as being allowable). Note: Agreement as to allowability is tentative and does
not restrict further action by the examiner to the contrary.

—The signature of the examiner who conducted the interview (if Form is not an attachment to a signed Office action)

It is desirable that the examiner orally remind the applicant of his or her obligation to record the substance of the interview of each case. It
should be noted, however, that the Interview Summary Form will not normally be considered a complete and proper recordation of the interview
unless it includes, or is supplemented by the applicant or the examiner to include, all of the applicable items required below concerning the
substance of the interview.

A complete and proper recordation of the substance of any interview should include at least the following applicable items:

1) A brief description of the nature of any exhibit shown or any demonstration conducted,

2) an identification of the claims discussed,

3) an identification of the specific prior art discussed,

4) an identification of the principal proposed amendments of a substantive nature discussed, unless these are already described on the

Interview Summary Form completed by the Examiner,

5) a brief identification of the general thrust of the principal arguments presented to the examiner,

(The identification of arguments need not be lengthy or elaborate. A verbatim or highly detailed description of the arguments is not
required. The identification of the arguments is sufficient if the general nature or thrust of the principal arguments made to the
examiner can be understood in the context of the application file. Of course, the applicant may desire to emphasize and fully
describe those arguments which he or she feels were or might be persuasive to the examiner.)

6) a general indication of any other pertinent matters discussed, and

7) if appropriate, the general results or outcome of the interview unless already described in the Interview Summary Form completed by

the examiner.

Examiners are expected to carefully review the applicant’s record of the substance of an interview. If the record is not complete and
accurate, the examiner will give the applicant an extendable one month time period to correct the record.

Examiner to Check for Accuracy

If the claims are allowable for other reasons of record, the examiner should send a letter setting forth the examiner’s version of the
statement attributed to him or her. If the record is complete and accurate, the examiner should place the indication, “Interview Record OK” on the
paper recording the substance of the interview along with the date and the examiner’s initials.
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For:

Dkt. 2901/88184-2

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

Application of: Shih-Yuan WANG
Application No.: 14/945,003

Date Filed: November 18, 2015

Conf. No.: 1200

This  correspondence is being filed
electronically with the U.S. Patent and
Trademark Office via EFS-Web.

/erin finnegan/ September 29, 2016
Erin Finnegan

Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450

MICROSTRUCTURE ENHANCED ABSORPTIO00N PHOTOSENSITIVE DEVICES

30 Rockefeller Plaza, 20" Floor
New York, New York 10112
Tel.: (212) 278-0400

FOURTH PRELIMINARY AMENDMENT

Prior to examination of the above-identified patent application, please enter this

Amendment.

Amendments to the claims are reflected in the Listing of Claims section which begins on

page 2.

Remarks begin on page 10 of this paper.
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Listing of Claims

The following listing of claims will replace all prior versions, and listings, of claims in the
subject application:

1. (Currently Amended ) An integrated detector/processor circuit for data communication
comprising both a photodetector with microstructure-enhanced photoabsorption and an
electronic processor formed into a single semiconductor chip, comprising:

a photodetector formed on a semiconductor substrate and comprising a photon absorbing
region configured to absorb photons from an optical source signal modulated for
data communication and provide an output electrical signal corresponding thereto;

said photon absorbing region comprising an I-region that is between an N-region and a P-

region and comprises a plurality of holes therets extending in said I-region toward

said substrate and configured to concurrently receive the same source signal at a
plural number of the holes;

an electronic processor also formed on said semiconductor substrate and operatively
associated with said photon absorbing region to receive therefrom and process
said output electrical signal into a processed output, thereby forming a single
semiconductor chip that receives the optical source signal and outputs the
processed output;

wherein said photon absorbing region and said electronic processor have respective
thicknesses that are of the same order of magnitude; and

a cathode region and an anode region operatively associated with said photon absorbing
region and reverse biasing circuitry configured to apply a voltage between said
cathode and anode regions such that said cathode region is driven to a more

positive voltage than said anode region.

2. (Original) The integrated detector/processing circuit of claim 1, wherein the thickness of the

photon absorbing region is in the range of 0.5 to 5 micrometers.

3. (Original) The integrated detector/processing circuit of claim 1, wherein the electronic
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processor comprises an application specific integrated circuit (ASIC) comprising at least

one of complementary metal oxide semiconductor (CMOS) devices, bipolar (Bi) devices,

and BiCMOS devices.

4 (Original) The integrated detector/processing circuit of claim 1, wherein the photon absorbing
region is configured to absorb in excess of 60% of the incident source signal at
wavelengths from 800 nm to 900 nm and provide an output electrical signal

corresponding thereto.

5. (Original) The integrated detector/processing circuit of claim 1, wherein the photon absorbing
region is configured to absorb the incident source signal at an absorption percentage that
varies by less than 20% over selected wavelength spans of at least 20 nm of source signal

wavelengths from 800 nm to 900 nm.

6. (Canceled) The integrated detector/processing circuit of claim 1, wherein the photon
absorbing region is configured to absorb the incident source signal at an absorption
percentage that varies by less than 20% over selected wavelength spans of at least 20 nm

of source signal wavelengths from 800 nm to 900 nm.

7. (Original) The integrated detector/processing circuit of claim 1, wherein the photon absorbing
region is configured to absorb in excess of 60% of the incident source signal at
wavelengths from 800 nm to 900 nm and provide an output electrical signal

corresponding thereto

8. (Previously Submitted) The integrated detector/processing circuit of claim 1, further including
one or more additional photodetectors formed on said semiconductor substrate and
having respective photon absorbing regions receiving respective additional source signals
and providing respective output electrical signals corresponding thereto, and one or more
additional electronic processors also formed on said semiconductor substrate and

operatively associated with the respective photon absorbing regions of said additional
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photodetectors to receive therefrom and [procces] process said respective output

electrical signals therefrom.

9. (Previously Submitted) The integrated detector/processing circuit of claim 1, wherein the
plurality of holes enhances absorption of photons compared to a hole-free but otherwise

same photodetector at a range of wavelengths that includes a wavelength of said source

signal.

10. (Original) The integrated detector/processing circuit of claim 1, wherein the electronic

processor includes one or more types selected from a group consisting of’ transimpedance

amplifier, signal processing electronics, and routing electronics.

11. (Original) The integrated detector/processing circuit of claim 1, wherein a capacitance
associated with the photodetector is decreased compared to an otherwise same

photodetector having its anode and cathode regions operatively connected to a

conventional bond pad.

12. (Currently Amended) A photodetector with microstructure-enhanced photoabsorption

comprising:
a photon absorbing region that comprises an I-region between an N-region and a P-

region, said I-region having a thickness between 0.5 and 5 micrometers and

configured to absorb photons from a source signal modulated for data
communication and provide an output electrical signal corresponding thereto;

said photon absorbing region comprising silicon with a plurality of holes extending
through at least a portion of the thickness of the phetenabserbing I-region and

configured to concurrently receive the same source signal at a plural number of

the holes; and
said photon absorbing region being configured to absorb in excess of 40% of the incident

source signal at wavelengths in at least one of the ranges from 800 nm to 900 nm

and from 1400 nm to 1700 nm and provide an output electrical signal
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corresponding thereto.

13. (Original) The photodetector of claim 12, wherein the photon absorbing region is configured
to absorb in excess of 40% of the incident source signal at wavelengths from 800 nm to

900 nm and provide an output electrical signal corresponding thereto.

14. (Original) The photodetector of claim 12, wherein the photon absorbing region is configured
to absorb in excess of 50% of the incident source signal at wavelengths from 800 nm to

900 nm and provide an output electrical signal corresponding thereto.

15. (Original) The photodetector of claim 12, wherein the photon absorbing region is configured
to absorb the incident source signal at an absorption percentage that varies by less than
20% over wavelength spans of at least 20 nm of source signal wavelengths from 800 nm

to 900 nm.

16. (Original) The photodetector of claim 12, wherein each hole has a cross-section parallel to
the upper surface of the substrate and has a maximum dimension of between 400 nm and
2500 nm, and each hole has a center that is spaced apart by less than 3500 nm from a

center of a nearest adjacent hole of the plurality of holes.

17. (Previously Submitted) The photodetector of claim 12, wherein the photodetector comprises
a reflecting structure configured to cause multiple reflections of the source signal thereby

traversing the photon absorbing region with said source signal multiple times.

18. (Currently Amended) A photodetector with microstructure-enhanced photoabsorption
comprising:
a cathode region,
an anode region;
reverse biasing circuitry configured to apply a voltage between said cathode and anode

regions such that said cathode region is driven to a more positive voltage than said
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anode region,
a substrate material having an upper surface; and
a photon absorbing I-region comprising silicon, operatively associated with the cathode
and anode regions, and configured to absorb photons from a source signal, said
photon absorbing I-region including a plurality of holes each having a cross
section parallel to the upper substrate surface having a maximum dimension of
between 400 nm and 2500 nm, and each hole having a center that is spaced apart
by less than 3500 nm from a center of a nearest adjacent hole of the plurality of

holes, said I-region being configured to absorb photons from a source signal that

has a substantially continuous profile illuminating an area that includes plural

holes in the I-region.

19. (Original) The photodetector of claim 18 wherein the source signal has a wavelength that is

greater than 800 nm and less than 1000 nm.

20. (Canceled) The photodetector according to claim 18 wherein the plurality of holes are

arranged into a periodically-spaced array.

21. (Canceled) The photodetector according to claim 20 wherein the periodically-spaced array

has a hexagonal or square lattice pattern.

22. (Previously Submitted) The photodetector according to claim 18 wherein the plurality of
holes enhances absorption of photons compared to a hole-free but otherwise same
photodetector at a range of wavelengths that includes a wavelength of said source signal.

23. (Previously Submitted) The photodetector according to claim 18 wherein each of the holes

has a predominately circular cross-section parallel to the upper substrate surface.

24. (Original) The photodetector according to claim 18 wherein the cathode and anode regions

Samsung Exhibit 1003, Page 124 of 1137



Shih-Yuan WANG Dkt. 2901/88184-2
Application No. 14/945,003
Page 7

are operatively connected to integrated circuit electronics and the photodetector and

integrated circuit electronics are integrated into a single silicon chip.

25. (Canceled) The photodetector according to claim 24 wherein the integrated circuit
electronics includes one or more types selected from a group consisting of’

transimpedance amplifier, signal processing electronics and routing electronics.

26. (Canceled) The photodetector according to claim 18 wherein said photodetector is
configured to detect said source signal at a data bandwidth of greater than 2.5 gigabits per
second at source signal wavelengths of 850 nanometers with a quantum efficiency of at

least 30%.

27. (Canceled) The photodetector according to claim 18 wherein said photodetector is
configured to detect said source signal at a data bandwidth of greater than 2.5 gigabits per
second at source signal wavelengths of 850 nanometers with a quantum efficiency of at

least 50%.

28. (Original) The photodetector according to claim 18 wherein said photodetector is configured
to detect said source signal at a data bandwidth of greater than or equal to 5 gigabits per
second, at source signal wavelengths of 850 nanometers with a quantum efficiency of at

least 30%.

29. (Original) The photodetector according to claim 18 wherein said photodetector is configured
to detect said source signal at a data bandwidth of greater than or equal to 5 Gb/s, at

source signal wavelengths of 850 nanometers with a quantum efficiency of at least 50%.

30. (Original) The photodetector according to claim 18 further including a substrate and wherein
the cathode, absorbing and anode regions are formed above the substrate and the
photodetector is configured to receive the source signal from directions facing a side of

the photodetector opposite of the substrate.
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Application No. 14/945,003
Page 8

31. (Currently Amended) A single silicon substrate on which are fabricated and integrated a
photodetector, an active electronic circuit, and electrical interconnects that operatively couple the
photodetector and the active electronic circuit to each other and provide an output for use by
other circuits, comprising:

a photodetector fabricated on the single silicon substrate and comprising a P-doped
region, an N-doped region, and an I-region that is between the P-doped region and
the N-doped region and is not intentionally doped or is doped to a lower dopant
concentration than the P-doped region and the N-doped region, wherein:
said I-region:

comprises at least one of silicon and germanium;
is no more than 5000 nanometers thick in a direction from one toward the
other of said P-doped region and said N-doped region;
comprises intentionally formed pillars or holes, said pillars or holes being
spaced from each other and extending in said direction from one
toward the other of said P-doped region and N-doped region,;
said photodetector is configured to receive an optical beam that:
is modulated at 10 Gigabits per second or more;
is substantially continuous in cross-section; and
impinges on plural ones of said pillars or holes at the same time;
said photodetector is further configured to provide, in response to impingement
thereon of said optical beam, a photodetector electrical output that:
represents the modulation of said optical beam; and
has a bandwidth of 10 Gigabits per second or more;
said photodetector has quantum efficiency of at least 30% (i) when the optical
beam wavelength in 850-1000 nm and the I-region comprises silicon, and
(i1) when the optical beam wavelength is 1550-1600 46606 nm and the I-
region comprises germanium; and
an active electronic circuit that:

is fabricated on the substrate on which the photodetector is fabricated,
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comprises at least one of CMOS and BiCMOS integrated circuit fabricated
with at least one of silicon and germanium; and
is configured to:
receive the photodetector electrical output from the photodetector; and
process the received photodetector electrical output to thereby produce a
processed electrical output that has at least some different
characteristics compared with the photodetector electrical output;
and
electrical interconnects that:
also are fabricated on the same silicon substrate;
are configured to operatively couple said photodetector and said active electronic
circuit to each other, including by transferring said photodetector electrical
output from said photodetector to said active electronic circuit; and
are further configured to output the processed electrical output from the active

electronic circuit for use by other circuits.

32. (Previously Submitted) The single silicon substrate of claim 31 in which the I-region

comprises said holes.

33. (Previously Submitted) The single substrate of claim 32 in which the holes are arranged in

an aperiodic array.

34. (Previously Submitted) The single silicon substrate of claim 31 in which the I-region

comprises said pillars.

35. (Previously Submitted) The single silicon substrate of claim 31 in which said pillars are

arranged in an aperiodic array.

36. (New) The single silicon substrate of claim 31 in which said pillars or holes are tapered.
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REMARKS

This Fourth Preliminary Amendment clarifies independent claims 1, 12, and 18 based on
the disclosure that holes exist at least in the I-region of PIN or NIP devices. In addition, this
paper corrects a typing error in claim 31 (correcting a wavelength range from 1550-1660 nm to
1550-1600 nm), and cancels claim 6 that is a duplicate of claim 5 and adds in its place a
dependent claim 36. The total number of claims remains 30, of which 4 are independent.

Applicants believe that the permissible number of claims for this application is 30 total of
which 4 are independent. Their petition to make special based on age was granted on January 21,

2016 under 37 CFR 1.102(c)(1). The Rule is reproduced below, with pertinent parts underlined:

37 CFR 1.102 Advancement of examination.

¢ (a) Applications will not be advanced out of turn for examination or for further action except as
provided by this part, or upon order of the Director to expedite the business of the Office, or upon
filing of a request under paragraph (b) or (e) of this section or upon filing a petition or request
under paragraph (c) or (d) of this section with a showing which, in the opinion of the Director, will
justify so advancing it.
¢ (b) Applications wherein the inventions are deemed of peculiar importance to some branch of the
public service and the head of some department of the Government requests immediate action
for that reason, may be advanced for examination.
e (c) A petition to make an application special may be filed without a fee if the basis for the petition
is:
e (1) The applicant’s age or health; or
¢ (2) That the invention will materially:
¢ (i) Enhance the quality of the environment;
¢ (ii) Contribute to the development or conservation of energy resources; or
¢ (iii) Contribute to countering terrorism.
e (d) A petition to make an application special on grounds other than those referred to in paragraph
(c) of this section must be accompanied by the fee set forth in § 1.17{h}.
¢ (&) Arequest for prioritized examination under this paragraph must comply with the requirements
of this paragraph and be accompanied by the prioritized examination fee set forth in § 1.17i¢}, the
processing fee set forth in § 1,47{i}, and if not already paid, the publication fee set forth in §
1.48{d}. An application for which prioritized examination has been requested may not contain or
be amended to contain more than four independent claims, more than thirty total claims, or any
multiple dependent claim.

The limitation to 20 claims does not apply to applications that are made special based on

age of an inventor, as explained in the portion of MPEP reproduced below with added
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underlining of pertinent portions:

708.02(a) Accelerated Examination [R-07.2015]

All petitions to make special, except those based on applicant’s health or age or participation in the
Patent Prosecution Highway (PPH) pilot program must meet the requirements set forth in subsection |
below. See MPEP & 7(8.02 subsection | or Il (where appropriate) for the requirements for filing a petition
to make special based on applicant’s health or age. For prioritized examination under 37 CFR 1.102{e},
see MPEPR & 748 22ih). For participation in the Patent Prosecution Highway program, see MEER §

708.02(c}.

.REQUIREMENTS FOR PETITIONS TO MAKE SPECIAL UNDER ACCELERATED EXAMINATION
A new application may be granted accelerated examination status under the following conditions:

¢ (A) The application must be filed with a petition to make special under the accelerated
examination program accompanied by either the fee set forth in 3¥ CFR 4,174l or a statement
that the claimed subject matter is directed to environmental quality, the development or
conservation of energy resources, or countering terrorism. See 37 CER 1.182{c}{2}. Applicant
should use form PTO/SB/28 for filing the petition.

¢ (B) The application must be a non-reissue utility or design application filed under 3£ 1.& ¢,
iiliz

¢ (C) The application, petition, and required fees must be filed electronically using the USPTO’s
electronic filing system (EFS), or EFS-Web. If the USPTO’s EFS and EFS-Web are not available
to the public during the normal business hours for these systems at the time of filing the
application, applicant may file the application, other papers and fees by mail accompanied by a
statement that EFS and EFS-Web were not available during the normal business hours, but the
final disposition of the application may occur later than twelve months from the filing of the
application. See subsection VIII.F. below for more information.

¢ (D) At the time of filing, the application must be complete under 37 CFR 4.5% and in condition for
examination. For example, the application must be filed together with the basic filing fee, search
fee, examination fee, and application size fee (if applicable), and an executed inventor’s oath or
declaration (under 37 CFR 1.63 or 1.84) for each inventor. See subsection VIII.C. below for more
information.

¢ (E) The application must contain_three or fewer independent claims and twenty or fewer total
claims. The application must also not contain any multiple dependent claims.
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The Patent Office is hereby authorized to charge any fees that are required in connection

with this amendment and to credit any overpayment to our Deposit Account No. 03-3125.

Respectfully submitted,

/Ivan S. Kavrukov/

Ivan S. Kavrukov, Reg. No. 25,161
Attorney for Applicant

COOPER & DUNHAM LLP

30 Rockefeller Plaza, 20" Floor
New York, NY 10112

Tel.: (212) 278-0400
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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. 111

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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Dkt. 5176/88184-2
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE
Application of: Shih-Yuan WANG et al.
Application No.: 14/945,003
Confirmation No.: 1200
GAU: 2893
Filed: November 18, 2015
Examiner: Rodela, Eduardo A.

For: MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES

This cortespondence is being filed electronically with the U.S. Patent 30 Rockefeller Plaza 2Oth Floor
nd Trad k Office vi S-Web. ?

and Trademark Office via EFS-ve New York, New York 10112
/erin finnegan/ September 27, 2016 Tel.: (212) 278-0400

Erin Finnegan Date

INFORMATION DISCLOSURE STATEMENT

It is respectfully requested that the information cited in annexed form be considered by the
Examiner in connection with the above-identified patent application, To the best of Applicant’s
knowledge, this Information Disclosure Statement is being filed before the date of mailing of a first
Office Action on the merits in connection with this application.

The citation of the listed items is not a representation that they constitute a complete or
exhaustive listing of the relevant art or that these items are prior art. The items listed are submitted
in good faith, but are not intended to substitute for the Examiner’s search. Itis hoped, however, that
in addition to apprising the Examiner of the particular items, they will assist in identifying fields of

search and in making as full and complete a search as possible.
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The filing of this Information Disclosure Statement is not an admission that the information
cited herein is, or is considered to be, material to patentability as defined in 37 C.F.R. §1.56(b).

According to the August 5, 2003 OG Notice published by the Patent and Trademark Office,
the Office has waived the requirement under 37 C.F.R. §1.98(a)(2)(1) for submitting a copy of each
cited U.S. patent and each cited U.S. patent application publication for all U.S. national patent
applications filed after June 30, 2003 and for all international application that have entered the
national stage under 35 U.S.C. §371 after June 30, 2003.

Accordingly, copies are submitted herewith for only references listed on the annexed form
that are not a U.S. patent or U.S. patent application publication.

The Patent Office is hereby authorized to charge any fees that are required for consideration
of this Information Disclosure Statement and to credit any overpayment during prosecution of this
application to our Deposit Account No. 03-3125.

Respectfully submitted,

/ivan s. kavrukov/

Ivan Kavrukov, Reg. No. 25,161
Attorney for Applicant
COOPER & DUNHAM LLP

30 Rockefeller Plaza, 20" Floor

New York, New York 10112
Tel.: (212) 278-0400
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from a foreign patent office in a counterpart foreign application not more than three months prior to the filing of the
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That no item of information contained in the information disclosure statement was cited in a communication from a
foreign patent office in a counterpart foreign application, and, to the knowledge of the person signing the certification
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[ ] any individual designated in 37 CFR 1.56(c) more than three months prior to the filing of the information disclosure
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See attached certification statement.
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A signature of the applicant or representative is required in accordance with CFR 1.33, 10.18. Please see CFR 1.4(d) for the
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public which is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.5.C. 122 and 37 CFR
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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.
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attached form related to a patent application or patent. Accordingly, pursuant to the requirements of the Act, please be advised
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result in termination of proceedings or abandonment of the application or expiration of the patent.
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The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act
(5 U.5.C. 552) and the Privacy Act (5 U.5.C. 552a). Records from this system of records may be disclosed to the
Department of Justice to determine whether the Freedom of Information Act requires disclosure of these record s.

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.

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

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 1874, as amended, pursuant to 5 U.S.C. 552a(m).

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

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.5.C. 181) and for review pursuant to the Atomic Energy Act (42 U.5.C. 218(c)).

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.

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.5.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 inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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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.

Samsung Exhibit 1003, Page 154 of 1137




=

134078

r
K

H

{743

F AFPLICATION PUBLISHED UNBERTRE PR}

NTCOODPERATHANTREAYY {F(fi'}

4

o \%u etes

T

(38} Indorantionad Peblicaiivn Numbey

WO 2013/034078 Al

{43} Inderantional Publicalinn Tale
S Mlaveh 2012 (18432830

{313 forernationd Patont Claseiioatiow:
FRL 3B 8h

{34 Intovawiional Applostion Nuwmbes,

33 Bnlersatieanst Filtap Tt

MW, MK WY,
B PP D)
' o,r \'\

{28y Fillng Languags

{35 Fublicatiow Languape kS

Frioviy i‘mizz
: «mi*

cale, £ (R

R, T
iz, 2h Flor New Yok, 3

e N Cooper & Unnkerg LLE

EER I

%fﬁ 2012

Y g

F R
f

{

H

\ \
% 4 3

Y
\* BGT

}imz\ ‘i’
iy V‘*"’i‘}\‘

sy
'\\‘ -
2 FX

-1;:,\ it

Samsung Exhibit 1003, Page 155 of 1137



WO s PCTURMILBIUIE

FHOTOVOLTAIC NANOWIRE STRUCTURES ARND
RELATED FABRICATION METHQDS

CROSE-REFERENCE TO RELATER APRLICATIONS
{8001]  This application & ralaled o, and olaims the banafit of, saoh of the
fntfowdng U8, Provisional Palent Applicstions: LLE. Prov. Sar. No. 8§1/381,830,
fited Septamber 10, 201G LS, Prov. Ser. No, BH00,732, flsd Octabear 7, 201
0 U8 Prov, Ser, No. 8141589 200 U8 Frov, Ser. No.
SRR, 107, filod Margh 7, 2011 and UL, Prow Ser. No, 8UEIEH28, fled &3

August 2011, This application is related fo the subjact matter of the following

3; fled Novembey 22,

£

spplications: U, Prov. Sor. No 81236, 144, fled Auguet 34, 2008; 1.8, Prov. Sar.
No. 81/263,315, filad November 20, 200%: LS. Frov. Ser No. §1/284,184, filed

18 November 24, 2008 US. Prov, Sar, No. 81285500, fled Jaruary 18, 2010, U8
Prov. Ser. No. 17205578, filed January 18, 301G; US. Prov. Ser. Mo, 817285808,
filed January 15, 2040; LS. Prov. Ser. No. 814308 414, ed Mareh 1, 2018,
intarnationsl ,&p;:;imaiso n No, POTAUISI0M4E8334 fled August 23, 2810 and U8
Proy, Ser. No. 8U376.388, fled Auguat 34, 2010, Each of the ghowve-rslerenced

4
280 auplications i incorporated by reforence horein in g entirgty.

FiELD
{00031 This patent specification ralates fo photovnllaic snergy Dorwversion

devices, such as roay be used in photovollaie solarcells and solar pansls. Morg

25 paricularly, this patent specification relstes o namowire-based photvoltale SRSV

sonversion devices, a8 well as systems ard methods for bricating such davices.
BALKGROUNG

{00831 Solar slecide power generation sysiams, padiculatly those based o

30 photovoliaic solar pansls, contings © gain populanty In afforts o shift away from
supphy-limtted, grearhouse-gas produning fossi fusls to move smvirorgmenially
randly and sustainabls forms of energy. Mostof loday's conventions! reoflop
shotovollaln solar panels comprise sida-Dy-side arangemerts of relativaly farge
ey, Domon & am, 10 om o 10 o) bk menosrysialiing or bulk multicrystaling

35 silicon wafers processed o form depthwise en }umz‘iiana, Manufacture of the butk

Samsung Exhibit 1003, Page 156 of 1137



WO HHZT8 POEAISIILAS 189

crysialling silfcon walors 18 highly snergy-niansivs and sxpensive, and the power

coniversion sificlenoy of the resuilant devives & beplcaliy only intherarge o 15% ©

fs

a

2
% ohrosin sharbage In e supply of bulk orystaliing sificon wafers has

olagued the industry in ravent vears, a shortage thal is expecled by some

ke
«4\
"G

casters (o reach arisis proporiions in coming vears. Although thinof
phctovoliaic pells fabricatsd fom smorphous sticon or chalpogenids compourids
repre lass semivonductor material than those hagsed on budk arysiatiing siicon
walers and are loss snergy-indensive and lags cosliy o pradung, their powst
sonvarsion sfficiencies are sven lower, usually in the 8% o 10% range.

10 [B084]  Froposals have baer set forth for using semiconducting nanowires a8 &
basla for pholovoliaio stlar energy convarsion, Nancwires are small seif

assernbled struntures having lengihs typically in the range of 0.8 gm ~ § pm and

diamatars dypioally i the range of 10 nm 1000 . Qnie msihod of iabresting

nanowires uses & vaportguidesalid CVLEavathasis grocess, somatimes termed

ke
f41]
o3
2%
’»:u

atalylic growth process. A catalyst materal such as gold or tlantum is

»r

wited on ysubsirale at g large number of spois thereagross, sach spot baing &

&
L
X3
[
&
Z}

al wiilch a nanowdre will b gfown. The subsinate with e calabvel is then
placed 4 réaction chamber and hested o high tomperatvas {e.g., 38085 C -
10007 O} Precurses gasas, including the clomenis of compouwy 'i that will fornt the

20 manowlres, are introduced infe the chamber. Under the influenice of the catalyst,
the precursor gases af feast parfially decormpose info thelr raspective alaments,
some of which are wansported on or through the catalvel in figuified phase o the
nmediately underlying solid surface provided t:»y the substrate. Atesach spol &

nanocwire epilasially grows gubwardly from the subsitrals as the process procesds

o

25 e catalyst ot each spol remaining at the tip ol the nanowire and rsing away from
surface of the substrate as the nanowsre grows.  The resultant nanowites sxhils
Iong-range slomic order .8, single-orystal thal can polentialy be exploited fora
varisty of different useful gpplications. So-catled self-catalytic growth of nancwires
has alan been rapordad in the lteraturs,

30 18008 During nanowirs formation, the slemenis of compounds usad 1o form

the nanhowires can be variad, such that the malerial composition andfor
semiconducion doping level of aach nanowire is variable along the longludin

fength of thal nanowire, In one known scenaddo ralavant 1o the praferrad

Samsung Exhibit 1003, Page 157 of 1137



s

15

ot
>

[
[

-
S0

WO s PCTURMILBIUIE

gmbodiments hereln, the longitudinally varving melerdsl andior doping profile can
asignad such that each nanowire sxhibits & photovaliaic wroperly, fe., 8
capabie of absorbing Incident photons and providing an associasted pholocurrent
an axtarnal load G propasly slectrically connecied o that load) As used hersin,
PV nanowire refars o any of @ variety of nanowires themsadves or ralated
struchass thet employ nanowires and are capabls of exthibiting photowsiiaio
properies, such photovoltale propertias anging from any of a varety of difforeett

34

materal seleclions, material compusitional arybspatial chemicyl profites, sndfor
doping profiles thareol, By way of non-limiting exanpie, PV nanovdares gan
comprise one o mors longitidingl homojunctions {e.g., -0, Bl 9RD, DD
homoluinctions), one or more iam;ituﬁins:%i e?em;\mhcms &4y, materials coniaining
yanous chemical eloments andfor vanous chemical compositions and-vanons
bandgaps), sandfor portions of such *zmmps clions.or hedargiunctions that ars
vompletad by vinue of the materials andisr doping mrofiles immadintely opposite
the longittdingl endis) of the nanowira. One axample of & PV nanawira-hassd
sotar cell is deseribad in UR 2007/0287628 &1, which is incorporsated by refersncs
hereds in #a sntirety.
506] Advantageously, BY nanowira-based solar cells can provide pows
convarsion efficiencies that are as great, o sven g* Aer, than solar cells based on
bulk arystaliing walers made of @ same matedal. Forexample, s belleved &
east thearetically possible to achiove PV nancwidre-based solar eslls composad of
W sampiconductor matesial having 38 percsnt, and perthape sven 4 peroent,
snergy conversion afficiency, which iz as high or belier than photovaltaic cells
sade with bulk orysialiine semiconductor walers. Al tha sams time, because they
can b bl upiol owecest stbatrates with Iow matedsl pliization and

L0 ‘.mmi vsw Iow arargy requiraments, PV nanowire-based solar cells can be
Inbricated st o fraction-of the cost of comparable solar cedls based on bulk
srysiating wafers.
BOO7]  One or more besues may anse in the design andfor fabirication of PY
nanowire-based solar cells that ia at feast parlially resolved by one or more of the
proferred embodimants describad hersin, One lssug that may anise in PV

nowire-based solar celis relales o the need for an dactrods obe providsd o

=3

sach side of the PV nanowire array, including s roobside slettrode comesponding

Samsung Exhibit 1003, Page 158 of 1137



s

10

15

ot
>

[
[

-
S0

WO s PCTURMILBIUIE

b

o the rootsof e PV nanpwives and a teside shectrode cornssponding o the tips
of the PV nanowires. The nead o provide goeod sleclrion! contact and oonduntivity
at these slectrades car prasent substantial imilations on the type. soraplexity, and
oreniation of the oversll PY nanowira-hased solar oolls, bacause struntures
providing the good electrical contant and conduclivity canvofien grove o be tight

staorbing orlightrefiecting, thersby reducing the ;}emenmga of pholong atde {o

7

rpach he PV nanowire junctiong. For PV nencwire-based solar cells that are
pased on longitudinal o0 pnchions, another ssus that may anseg relates 1 ihs
guatity of ptyps, intrinsio-dypa, and ntype semiconductor material that physically
formns the PV nanowirs for achipving optimum photovoliaic performance,
{ﬁﬁﬁ&?} One issup that can affect the performance of PV nanowire-based solar
celis is carvier loes dus fo sharge resombingtion seownng dann{; the surface of the
Y nanowires. Charge reoombingtion is 8 loss process inwhich an electros, which
has Bonn photo-gxcitad fromm the valencd band to the contuction bandof g
santoonductor, falls back o an empty slats (hole) in the valenos band. Charges
fhat recombing do gt produce sny photocument and, herge, do not condributs
towand solar cell sfficiency. Chargs recombination iosaes can b particularly
strong slong the sudface of @ semiconductor mateial, whars {38{3@?5&1} boruds a}w
fae o pertain swrface slates that greatly Tacilitate the electiron-hole recombinatic
procass, Beoause the ranambination losses assodisted with surfaces scalp with
folal surfacs ares, the piobleam bacomes pariculary amplified fof navowhes having
:§°ség*= surfaca-do-volume ralic. Generally speaking, e recembination loases at
surfaces lend fo be mors problematic for BV pampound semitonductor PY
nanowires than for silicon PV nannwiras for which stable natursl oxide {La., S0y}
that van ba sasily formed on S surfaces 3o greatly reduce the density of surface
states. Other igsuss may avise a5 would be apparent 1o one skiled ithe sriupon
reading the present disclosurs.
SLIMMARY
RS G Ascording o some ermbudiments, & mathod for fabricaling s
phctovolialc snergy oomversion device is descrbad. The method inalude
providing @ substrale including a substrate surface Inyer Jdoped i o firstdopant
o (8.9 typs or pelype) growing & plurality of photoveliaic (PV) nanowires

oubwardly from the substrate surface layer, gach PV nanowire having g root end
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5.

near the subatrate aurface layer angd @ ip end oppuosiie the root end; forming
layer of collar matanial that rtarally surrounds gnd s i conlact with the PY
nanowires alpng at least 8 rootward portion of their lengths, the collar material
dopsd in the first dopant typs; and farraing & Hip-side doped mslerial doped ina
second dopantiype, the fip-sids doped matesiad iy cosiact with ihe Hip endsof the
BY nanowires
B8] According 1o soms embadiments he layer of coller matedial is grewn in
& loteral divaction from the PV nancwires, and g laver of oplicaslly transparant
sipciioaly hsulsling solid filler materig! s provided thatfalarally sugounds tha PV
nanowires along an oubward porticn of thelr lengths. A longitdingl peba function i
praforably gssoviated with egch PV nanowire. According o some embiodiments,
tha growing of PV nanowires s parti iy carried out bafore the forming of the oollar
material and partially cariad out after the forming of the collar material, such that a

sar betwean 0.2 microns and § micrans Is formed bebwoan an swtward-most

porfion of the oollar matenal o rootward most portion of the tp-side malerial. The
PV nanowirss ars nolintentiooally doped. according 1o some smbodiments. In

such cases the PV nanowires pre f@mbiyh ve impurity lovels lees than 10" per
oyl cantimeter,
011l According to some embodiments, a method for fabricating 8

pholovoliaic energy conversion devios # describad that includes: providing a

subsivate inchuding an :nvda{:segi aubsirate surfacs iayer: gmwéng & ;ﬁmaiity of -

wite the oot end) f@m g a iay@r of @;}t‘é-{;‘aiéy :tf‘ansg}a{em; slectrically insulatin
sofid filler material that laterally surrounds the BY nanowires along & portion of thele
lenaths; and forming & Hp-aide pedoped maledal i contast with the pends ofthe
BY nanowires. Acvarding o some smbodiments, the Hipeside pedoped material i3
ot or pr+tvpe dopad,

B0431 According lo soms embudiments, & mathod for fsiraim &
phctovoliale snsrgy sonversion devics s desaribed that indudas proviging g 6" by
8" square substrate -.éméu-:iéng a subsinie surfacse lgyver on which the PV nanowirss

arid othar shructures ars formead.
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80131 According to sume smbodiments, a method for fabricating 8
pholovolaic energy conversion devioa is deacribed, that includes forming a mask

layer on the subsirale surfaoe lgver the mask having a pluraiity of spaned apad

)

3

vouds such that povtions of the subsiale surface laver gre axposed al the inngtions
of thevoids. The photovollsio {PX SEToWiTes e grovers outweardly from the
sxposed portions of the subsirate surfans %’ayash
B4l According o soms embadiments, @ method for fabrinaling &
photovoliaic ehergy conversion device is desaribad hat includes groviding &
substrate vcluding 2 long range stomic order (LRAD) substrate surface layer (such
as a highly retype doped <1 > arystaliographio plane of the silioon wafery, and
growing 8 pluralily of a-doped photovoltaic (PV) nancwires aulwardly from the
LRAD subsirale surfacs layern,
18] Acoording o soms embodiments, & method for fabwicating &
phodovniiaio privrgy conversion device is desoribed that indudes providivg a rollsr
based subsirale material including a substrate surfane layer with short range
atomic order {SRADY such as polysificon or amorphous sticon, on which the PV
cwvires and other struotures am brmed,
Uk Agodrding o somg embodimeniz,. g photbvoliale endrgy convarsion

device is provided thal is fabricated acourding to the methods described herein,

SGRIEF DESCRIPTION OF THE DRAWINGS
e Fig. 1 ilusimtes fabricating a BY nanowive structre-aconeding o some
preferred embodiments;
{H018]  Fig. 24 fllugiraies g simplified oross-sectional visw of ona of tha PV
sanowire structures formed aonotding to the method of Bg. 1
LRt Fig. 2B Hlustrates & simplified persprciiveview theraof;
{00261 Figs. 380 ilusinate an slfemative method of manufecture using a thin
mashk structure, according 1o some embodimenis,
ey g4 Hustrales 8 gross-sactionsd view of & PV nanowirssbased solar
cell, acconding 1o some embodinenis;
B0221 Fig § Hlustrates some fabrication steps of the device of Fig. 4 according

o soms ambodiments;
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{80231 Fig 6 Hlusirates Tabrication of 8 BY nanowire-bassd solar cell acoerding

i some embodiments;

{00341 Fig. ¥ s s block disgram showing sialions of a continunus substrale roli
manufacturing process for fabricaling PV nanowire-hased solar oalls, acsording fo

some ambodimants;

3

{00281 Figs. BA-B schematically dlustrate roli-bazed pontinuous subsirats

manufaciuring processes for FY nanowive-based solar cells, acoording o some

arvibodimeants;

fag2el Fig. 8 is diagram schematically Hustrating & heating andior cosling

station, acuerding 1o some smbodiments;

03T Figs. 1048 show cross seclions of 8 processing chamber having a

moveable id, sccording o some smbodiments;

{{33233 Fig. 11 is@ oross section of @ propessing chamber having high
mpadance wall saction, asccording to somg smbodiments;

0029 Fig. 1818 a cross section of & processing chamber having double roliers

acrording 10 some smbodimants;

{80381 Fig. 13 is & plan view of @ provessing slation used {o spray on nanowine

catalyst material, amzmding 0 sume smbodimenis

80311 Fig. 14 schemetioally Hustrales g large areg discrels subsirale

manuiachuing procass for BY nanowira-based solar cgdls, according o some

ambadiments; and

-

083 Fig, 15 usitate o sbucturs that ngludes an nedopesd PY nancwire anid 8
heavily doped p-ivoe Ho-side electrode material, sonording o some ambodiment
SQURIPTION

8331 Ofgor miore aspecis of the Qi‘&fﬁi‘i‘%d smbodiments hersinbelow mey be

further understeod i viaw of selectad background refargacss from the non-patent
Hevatire identified iy the st thal ollows. The iistedd references, sany of which ia

incorporated by referance herein in s enliraty, ars referenced further hersinbelnw

by thelr respeciive idenlfying numerals.

8034] {1} Kobayashi, st al., "Metal Orgenic Chemical Vapor Deposiion of

indivm Phosphide Nanonsadies on Non-Single CrgstaiS

BRIE, Vol 8370, 83700518 (2008}
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{80381 {2} Kobayashi st 2l "Growth and Characlerzation of indium
Phosphide Single-Crysial Nanonesedies o Microcrpsialiine Burfaces.” Appl. Phys.
& Vol 85, 1-8 {200 \}\

Ba3el {3 Kobavashl st al, "Ensarbles of indium Phosphide Nanowires:
Fhysical Propertiss And Fanctiongl Devicss integrated On Non-Single Crystal
Platforms,” Appl. Phye, &, Vol 28, 10085012 {2008y,

ma3rl Wie
Application by Sslective-Area Melal OQrganic Vapor Phase Epitaxy.” Applied
Physics Express 2, 3500413 (2008,

D38 {5 Singh, el gl "Redustion in Surface Charge Density By New Gads
Fassivation Method" J. Phys, I Apgl. Phys,, Vol 8, 142-43 (1878}

EEIRR {%‘»3 Kathor, ot s, “Avnesting Bffects on Oplo-sigcteonic Properiies of

Gota, ot gl "Growth of Core-Ghell InP Nanowires for Pholovollain

{,

J}

Thermally-Evaporated ITQAQITO Mulllayersd Filrs Tor Use in Color Filler
Electredas,” World Appliad Solances Journal 8 (1% 88-87 (2008
FO040] {7} Parking shoal "Combinatordal Qpi%mizsi&m of Trarsparant

Conducting Oxides {(TOOs for PV, 31Y IBEE Fhotovollsics Specialisiy
Colargnce and Exhibition, Laks Busng Vistz, Flonds, Jan. 37, 2008, NRELCH

SR0-37 4240 {2008y,
{ﬁ}i}»‘i’%} {8} Fem, ot gl "Accslerated Exposirs Teals of Encapsulated Si Solar
Gelis and Encapsulstion Malevials” National Canter for Photovnligios Program
Ravigw Mesling: Denver, Colorady, Bepl 811, 1888, NRELAPRESZ5-25381
{1988},
0421 {9 Guilien, sb gl TTQMREIATO Mulilayer Structures Basad On Ag

w o

arid Qu Metat Bl fof{réaqh Rarformance Transparent Rlanirodes” Solar Energy
Materials and Solar Osl alis, Vol 82, lssue 8, pp. 538841 {2008}
88431 £30% bver, R, CSulfur sxoa Surface Passteation for inF" Appl, Fhvs, Letl
88 {23 (1988)
{H0dd] {11} Vovles, sl
Potverysialling o Amormphous in Silloor with Deposttion Temperature” Phys. Raev.
Ladt 88 (24), po. 5514-8517 2001 and

i

48] (121 Gao, L., alodl, "Self-Calalyzad Epflaxial Growth of Vertical Indlum

an

al. “Absence of an Abrupt Phase Change from

Fhosphide Nanowires an Sificon,” Nang Lell 818}, pp 22232228 {20081

¢
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80481 PV nanowires can be formed (e.g.. calalvticatly grown or atherwiss
genersted) upon subsirates having different types of surace characteristics, PV
nanowiras can, of course, be foemed upon sutislrates that exhibll bngrange

Srysiafiogranhio order slong thelr surfaces, including cost-intensive Bulk orystaliine

water substrales, However, 38 desaribed iy (883}, supra, PY nanoedres tan alzg

be foemsd upon substrgles that do not exhibit lengerange grysialiographic arder
along thelr surfaces, but thal do exhibit shorbrange ervslaliographic order alang
their surfacey 2t the eations of the netowirss o beformed. For purposes of the
rrasant desoription, the term short rangs atomic arder (SRADY is used
interchangeably with the term short range orystallographic order. The matanal
providing the shorbrangs slomic order, lermed heneln BRAQD matergl nant be
difgrent o the same as the underlying maleng! that forms this btk of the subsirale.
Whan ditfersnt from the underiving subsirate malerial, the SRAQ matenal can be
formed 8% a very thin layet thereupon. which can be tlermad a lompinte layer.
Acbezriageously, the substrals materisl enderiying the SRAD lemplste laysr canbe
any material suitable to provide mschanical andfor slecinicat support for the 8RAQG
tempdate layer regardiess of the precencs or shsance of arysialing charactsr,
provided only that its propertias are stherwise consisienbwith the parpose of the
apparatus to be bullt,. By way of example, the bulk of the substrate can comprise
smarphous sllioon diodde, quants, stalniess sdasl, or chromium, By way of
axample, he SRAD templale layer can bea 100w thick filrn of hydrogenaled
amomphous silicon or hydrogaenated microcrystaliing sificon.
8047 i the PY nenowires are formed upon g subslrale whose surface exhibis
ong range atomic order, s more Jikely thal 5 hah persentage of the nanowires
will be in geomatric alignment with sach other and that their Hps will tise 1o similar
haighis above the substrate surfacs. Hihe PV panowires are formead upnn g
substrate having an short range atomic order (SRAD) materia! surface. the
sopulation of BV nanowires will be mors likaly {0 have o losser dagres of aligrment
due o the multiple ditferant orysialiographio direclions imposed upon the
popuistion of PV nanowires, and there will be greater variation i the heighis of
ihair Bps above tha subsirale surfane. The praferiad PV nanopwirs-coupling
fabrication: methods desonibad hereinbelow are proserisd in the contexd bf Py

nanowires formed upon subsirates hoving SRAG maledal swfsces, I addifon o
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SAQ.

represanting the more difficult {and more general} cese dus to graster vanation in

PV nanpwirs dip heighis, the aiter also represenis & morg commasgially dosirabis

case due o the availability of ower-cost fabrivation processes, such as reli-based
manufaciuring processes, assodiated with the wids Hexibility in budk subsinple

s

rraterial choiges, His noverthelsss o be apprecisted, howaver, that the desoribed
methods are readily applivaids in the pontedd of PV nanowires formead upon
substrales whoae surfaces exhitdl long mnge alomin order, such as bulk orysigliineg
waler substrales,
SIS A n relation to the desadgtion that follows,; 148 30 be seadily wnderstood
10 that the “positive” and "negative” slectrical polaritiss can of course ba rovarsed
depanding on the maternial structures and doping profifes of the PV nanowires. For
ane or move of the examples presentad herein, the o’ dirgction corresponds i
n oubward  divgclion relative 1o g surlacs of the subsirie fom which the BY
MERRvIres ars grman. Howaver, 11 is W be appreciatad thal the terms “lop” and
15 “hotton” are used for converdence of dascription snd do notimply any partionlay

ortentahion relative o gravily, noe-do thay rapdy any particulse dirsclon of 50

sar
raciation eny into the PV nanowie aray.

Sl Figo 1 Hlustisles falnicating @ PV nanowite siraciure acooading o some
praferred sribodiments, Fig. S& Hushates o simpliified crosesactional view of ons
of Fig. 4, whils Fig,

28 Hlusirates g simplified porspective view thersol - Al step 108, a boltomm elsctody

20 of the PV nanowirs siructures-fonmad asco fjmgi themetho

£

5y

faver 1584 I dormed upon g substrate 152, and 3 oy 158 of netype amorphous

"'s

R,

[

Y is formed onthe boltom slecirods layer 1

B

hydragenated allinon {(n-type 88

The bulk of the subsirate 182 subsirste can compriss for example. amorphous

[
[

silicon dioxida, quartz, sia infess steal, chrominm, or an ophoally ransparant glass.
The botton electrode laver ooy comprise, for sample, a metsbsuch.as
molvbdenunt or aluminum

BORG]  Alstep A4 srnenoparicle calabestisiand 188, comprising for example
gold or platinuny, s formed on the s-typs a-80H layer 158 at each localion whare 3
30 nanowite (3 © be grown. The catalyst istand 188 will be shaped and dimensionad
genarding to the desirad profile of the nancwire 1o be grown, In ang example, the

catalyst island 183 can ba genenily ciroular with & diameter In the rangs of 80 nm
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B8 Avstep 108, catalylic nanowirs growth s commencsd, foresampis at g
famperature of 430 degrees Celslus for InF nanowiras, o conjunction with the
introduction of appropriale pracursor gasss info the growdh chamber, However,

sonavding (o o praferred embodiment, the nanowire growth process procsads only

s

o & e when the nsnowirg s ars ot o pradelermined infermediate haight, such
a8 500 nyn, above the surface of the nivpe 388 leyer. Al this point, ag Hlustrated

i Fig. 1. only & root saction 180a of 8 nanowira has been formed.
a5 Arsten 108, tho lemperaiute i then raised B 800600 dagress, and the
precursor pases uzedin slep 108 arg-kept the same sxcept that nlype dopanis

10 are also introduced into the reaction chambier. Due o the ralsed ompearature, the
wpward nanowirs gmwéﬁ, as catalyzed by the nanoparticle catalyst istand 188,
stops oourning. Instead a more standard {non-catalylic} orpsts i:(}gra;;ma(: growth of

the InP matsdst ocours, with the lsleral sides of the rool section 180a serving as g

“subsirste” forthat growth. Accordingly, 8t slep 108 the growth proceeds lalerally,
15 mather than apwardly, o form what 16 sssentially a oylindrival shell 182 of P
rrasterdal around he root section 180, and becsuse nuiyne dopants are-indroduced,
the InP shall 182 ja anny ype shell. The iaterad growth of the ne type shall 182
provesds unt s igiingss (Le., the amount that Hagends iaterally outward from
the rout sectiory 1808} ls comparatde to the diameter of the rood section 1808, eg.,

1Y

about 500 nmy,  Ruilabls niyoe dopants for step 108 nclude, for axample, Ts, Bny,

ot
>

and B for thecaseof InPnanowires. Notably, it is acdspiable and canindesd be
advantageous if some nedoping of the nanowive roct section 180a socurs dwing
the step 108,

00531 Abtsiep 1100 subssguent in the formation of the o+ lyps shell 182, the

[
[

tamperaturg is again lowerad i the provious catalylic nanowdre growih
termparature, such as 430 degress Celslus o InP nanowiras, and the upward
catalyiic nantwire growth process is resumed 1o form Upper nanowire porfiong
160b, procaading untl complelad nanowires 180 al thelr full ullimate Infendsed
haioht {such as betwasn S o 5 um, sihough the scope of the present

30 teachings is nod solimited) are formed. Optionally, after nancwive (rowith, a thin

passivation layer tan be applied on the surface of the nanowires to chemically ang

v

phvsicatly protent the nanowires and stabllize the surface of the nenowires to

£
4

raducs the density of unfavorable surfacy stales.  Such thin passivalion layercan
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be mads by a fechnigue such aa atomic layer deposition that refies uporn st
imiting surlfgce chemical reaclion of precursors containing desired chemicgl
alements such theat the voids among the nancwires witf not ba flled,

Bang] Alslap ‘%*iiliamcatisaiiy trangparent, alnatrically nsulsting solid sy

s

matorial ayer 164 is applied, such as by i&;}if}ﬂ' 5, SUch hat the tips of the

ped

g

nancwires 180 arp coversd, For ong preferred smbodiment, the filler iaw 164
comprises a spincoating matengl, such as apin-0n alass (206G or eycluipneg, that
i spplind o the lop of he nahowire gy and et spun on, Nolably, a vanety of
different matsrists for the solid filler layer 184 and mathods for achisving the result

10 of ste;} 12 are within the scope of the proferred embodiments, For sxample, the

olict filler laver 184 can alfernalively cormprise one or moere of 81 oxides, 8i nittides,

Al i{}_x_é{ie‘, A vatride, or other materiads that are optically fransparent snd electrically
naulating, and mathods of apgdication other than spinning such as spraying angd
inpacting via inkjet could b used.

15 [B058] &b stap 114, the solid filler layer 164 is subject to 2 dry stoh, such as

&

with O2 plasma, so that most of the nanowires 180 ut outwardly from an outwesnd
surface of the solid filler fayer 164 and ave avaliable 1o make good physiogt and
slactrical contact with a tip-side electrode layer. Since the nanowines 180 are lass

affectod by the stching, thelr ip ends will fook much ke stubble or whiskers

ot
>

shicking cut of the solid filler layer 184, The sofid fille %w 164 may
advantagecusly provide ot lpast somy degree of passtvation of the nanowire

[BOB8]  Abstep VIS, the temperture {s agein raisad to B00-800 degrees Celsiug

b

and tha InF precursor gases inroduced into the charmber, this time i the presenics

N

of p-iypedopants, o form a p+ type shall 188 ground e Hp ands of the nanowires

[
[

160 I & el nonostalytic gmwsﬁ'z process similar o that desorted above for
T and Mg for the

case of InP nanowires. Notably, Vs acceplable and can indesd he advaniagecus

step 108, Suilable dopants for sleg 116 includs, for exampls, Zn

3

if some p-dopdng of the nantwdre B seclions oocurs during the lateral growth

30 processof step M8, MoreGver, His alse acceptable gnd can be sdvantageous, 88
shown e the prograess drawing :«t@j;ae:e wae 0x 118 of Fig. 1, for the p bvpe shalls
168 of adiacent nanowires 180 1o merge together. Altermatively, heve can be

arrned a ok fype layer uging any of g varisty of materials having 8 bandgap greater
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than the 1.35 sV bandgas of InP, such as InGaF which has @ bandgap of 182 sV,
With refarence back 10 slep 108 and a5 Hlusirated by the dotled fine in the progress
drawing adiacent 1o box 118 of Fig. 1. its also acoepdable and can indesd be
advanizgeous for the oy Yype ghalls 162 10 mergs opsther during sfep 18, Nola
that aithough the shellz 186 e showry as commeclad in Fig. 122, theremay be g
ap betvees them, as shown by the dotted lines 128,
{{mﬁ‘?} Finally, at step 118, & transparant conductive oxida layver (TOL) 188 s
formd upoiy and around the p ps shalls 188, and grid-styde matal glectrode 17
i formed o complete 8 tip-side sleotrade for the overall PV nanowire structure. As
Hustrated in Figs. 24-28, cach PV nangwive siructurs takaes on an overall shaps
sienitar to that of a dumbbell, by virtue of the pt type shells 108 near the nanowire
fip and the ne tvpe shell 182 near the nanowire ol The resuliant BV nanowire-
based davice ;};‘Q‘wid@& an sdvantageously optimized combination of good pin
photovnliaic progerties, gond rootside and tp-sitds slectrade conmaativity and
conductivity, machanical and elactrival statiily, snd amenability to oli-haged
fabrigation methods,
{8088]  Figs. 3AC Husirate an slfemative msthod of manufacture Lsing a thin
mask sbucture, according o soms embodiments - Ong o ore aspeats of such
gmbodimants may be further underatood i view of selected background
roferences fore the norrpatent Revalure identifiad i the st et folicws, The listed
refarences, sach of which g incorporated by reference herdin in ity enlirety, are
referanced further hersinbelow liy thelr respactive identifying nurherals,
{Qiﬁﬁﬁg {131 L4, RR and Daplus, D, st al, "Dense arrays of orderad Safs
anostructures by selective ares growth on subsirates patierned by blogk
copolyimer \a\hf}qm;*iﬂy App. Phys, Latt, T8{13), pp. 1888-1801 {27 March 2000,
{{§{§§{§} {14 Zhang, Y.t al, "Paltermed growth and fTield emission of Zn(
ancwiras,” Materials Letters 80, pp. 522-536 {3008},
{Q@ﬁ’i} {?5} Ho, 8.7, el gl “Calalystiree selpotive-area growth of vertically
aligred gine oxide nevowdres,” Cluamical Physios Lelterg 483, pp. 141144 {3008):
80821 118} Thang, Y., 8l e, "Sedeclive-ares growth and fisld smission
properiies of Jnc oxide nanowirg micropatienm amave,” Physies B 382, pp. 78-8
{S066)

Vs
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00831 {17} Bauser, Jd. el b, "Gals nanowires grown by MOVPE” Phys, Status
Solidi B 247, No. 8, 12841308 (2010
{00841 {18} Dalacy, et ol "Seleciive-area wapowr-tiquid-solid growth of P

¥oand

manowires,” Nanotechnology 20, SR8802 {8 pp )y {20085

{8088 Hrovided sccording o @ preferred embodinnsnt s msthods for forming
phctovoliaic (PY) nanowire-bassd solar oplls; along with the resuliant solsr oalis
thamselvag, based an the mathods of the Incorporated patent efarences, together

with the selachive grea growth stralegies of the sewna\s 13} - {18} above, byt

with certain kay diferences ss set forth herginbelow, As illusirated in Fg. i‘w‘& fere

is wovided & shorbrangs atomic order (SRAD) substrate 310, such aa no8EH, In
Fig. 38, there is then provided 1 very thin mask fayer of SIGR {or ather suitable

axide) 31& above the SRAD layer, a mask layer 312 is praferably so hin {or

axample, 2-5 om; hatbintinsically contains @ sevies of randomly and irregularly

diztribided, sized and shapad openings thersthvough, The opanings oan

siternatively be catled "holes™ or "voids,” and the mask fayer can be catind @ "holey
filv” The SRAC laverty axpused through those openmgs, and s not exposed
sisewhere. i Fig, 30, the PV nanowirs pracureor gases are infroducsd info the
chamber st & relatively high lemperature as neaded for nui-catalylio growth {in
comgarison io catalvtic growth], and the PY nanowires grow norsoatatytically
twough the random, rsgular openings in the rensk Iayer. The PV nanowires do
notgrow through s remaining mask sreas, but rathyr only ths‘augh the ppenings,

The result is photovoligic nanowirss Tormaed i spgtially randam clusters over the

strfaos, as showr in Fig. 30,

{H088]  Statsd -:.\Ii’ffwamiiy, there is provided what it balioved to polentialiy be g
belier altemative {o the pattermad selective aras growth {886} mathod of grawing
nanowires without using catalvst. In contrast 1o the Dapbus ides in which a

distectric patiern is provided over a cryvstalline surface, the nanowirss growing

through arsas not covered by the dislectric, soeovding W soms smbodimants, 8

very thin theleotico Mo with lote of "holes,” such ag SI02 Say 3010 ran thick or

&0, is depoaiied © serve 88 a random pallern oves orystalling of amorphous 8§

ra
surface, and the nancwires will grow In areas not covared by the “holey“ §
Netably, the PV nanowires grown in this fashion coudd alsa be
B8H87) Notably, the BV ¥ this fashi

3

snoouwraged o grow laterally, by changing the growth lempetature and olher

Samsung Exhibit 1003, Page 169 of 1137



15

ot
>

[

-
S0

WO s PCTURMILBIUIE

N E

x

condiions, soihst o the nanowires could beoome et B isalso possible that the
fat nanowires could simpdy grow tegether © form 8 quaskoartinuous keyer o fim,
Again, the nanowires could be made of InP, Gads, GaN and other BN malerials,
MNotably, aconrding 1 some smbodiments, the latera! growth leghnigues desoribed

herein can b added 1o-the ideas of e incorporated patent references above

Thars would be no need o depost 8 largss oatalyst grain, The nanowines could
grow fal by changing the growih conditions and still have g tny caiglyst cap. Tha
fal nanowirss could agam grow logether o form § quastoontinuous film as
dasoribadd above,

0881 A mathod of making BV ndcrowlre solar cell maduiss compatible to
stinon onestal moduies will now be desaribed, acoording to some embodiments.,
The modules nan use minimally modified silicon cryatal module manufactuning and
haodiing squipment as wall ssfilting inlo the stondard panals for siticon Srysial

modules, This is pariculatly important for cost angd manudaciuning yisld

ynns(
4
o
o
w0
L aacd
U"

nog approxirnatsly 80% of thesolar cell modules are-reade of silicon
crystal and the onsts of such manuwfaciuring and handling equipmeant are wel
designed and prover at g much fower gost than specislized equipment for typicst

thinsfilny solar ool modides. Thisoost advaniage slso spplies o the standard
panels and mounting fixlures,

AL

R Atypical siticon solar cell moduls s she-inch dguare {68, made from
wy eight-ingh (8 sitioon wafar. 1 lakes approx. 43 of these modules wadd wp o &

squars mater. Thus, each slivon orysial module typically delivers 3.5W or Isss.

%
5 < ’ B

o

.

YWheraas, sach such size (8"xE") -V microwirs solar celf roodule should deliver
YW, For a silicon orysial solar call manufacturing plant of QWhear {ons biflion
wattfvear) capacity, it would have 1o produns 800 000 such §'x8” modules per day
x J8G . davsfvenr. ¥ vicld werg 80%, then the daily run sato would be ever ang
mifficr modulas par day.

RO Ascording o onspreferred embodimenst, WY microwies solar calls are
{abricated according toang or more of the methods described iy the above-
refevencet gppdicgtions that arg incorporated hy refarencs hersin, with the
additional constraint that they are roads in disorais, indix«‘iduaii‘y maripuiable plates

zoctions having unlt sizes that comegpond to the sizes of converdional siicon
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crystal wafers: The HWY microwire solar ol units o plates are formed such that
thay oan be "substitited” in place of the sarventional sllican crystel walers ing

corventional solar cell module-making process, with ardy selathealy minor

modifications o that process, The result s solar panel modules that have the
ganarat 1ok, feel, and sprlicability of comventional solar panels, except that they
are advariageousty based on HEY microwire-bassid solar cell tachnology instead of
convantional sifcon orystal wafers,
oy Thus, forasample, sccording fo one preferred ambodirnant, the Y
microwire solar ool module i mads on 1A 88" (o similar size 85 orvsial siticon
standards change) glass o other fransparent subsirate, o on (B1878 noneglass
apagque or matal subsirate. & manufaciuning provess has been disclosed in the
shovasreftranced prior disclosures. A key 310 ha able 1o use standard mudtawaler
silleon orysial module manufachring snd handing sauipmsnt with minimal
modifications, This would stalantialiv roduss the equipment costs Tor iy
migrowire sclar call modulss.
Ba7 3 Ary additional bevefilis the visid rate will be much higher than making 8
much larger modigle than 878", which most curvent thinfiim solar call

manulacturers do. For sxample, Applied Matanials thin-im module was resently
moressad from 1.4 square melers o 8.7 square metors, which iz respective

asquivalent in 60 1o 245 imes the slze of 88" modules. For soample, # the visld of
& 88" module 5 85%, than T4 and &7
respective yiaklof (§.85180 = 4.86% and {85124 5 = § L003%. That vield s a very

squang meter moduies would have

importantoost facior,

@

spacialy during the sarly years of the manufactudng ramp

up period.

HaTdl A methodo ‘fm‘miﬁg SOl BTBQY coNvarsion davices with -V pholo
coftaio nanowires fermed on <> grestalling silicon substrates will now be

a%&scﬁb«s«:i acaarding e sume srebodimants, The embodinefis s related B the
tnachings of WORDTHORSTEZAT, which i intorporatad by referance herain inilg
entivaly, and fs more particularly directad to WV photovoliane (PV) nanowire-based
solar energy covwersion devices, Generally speaking, the many sxamples setforth
W20 10287 33AT for the growlhy of PV nandwires and the formation of

aparabda photovoltaic solar panals therefrom, including methods Tor PV nanowlre

B

¥

stabiization and forming operable slecirode structures suilable for feld uss, arg
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sppdicabls for contaxts in which the Y PV nanowirss are formed unon subsirstes

ug
whose surfaces exhibit long range atomic arder, sunh as bulk arystaliine waler

m

ubstrates. Accoriing 1o one embodiment, B is desirable 1o loverage the many
tmachings set forth in WO 0B TI3AT fr BV nanowirg-based solar oalf
formation fo aparficulsr context inwhichy Y BY aanowires are grivwn o a highly
medype {or piypel doged < orysialiographic plaae of g sificon walsr,

BT Onewayis o grow the PY nanowires using golad catadyst on g highly n-
fype doped sticon’s <111s arystaliographic plans of the sificon waler, The surface
gould opt junsily buffed, reactive slohed, or shightly roschanically roughsned fo
promote the lighion of growth, Sinee the growtiy i o sgme orysial ioqra;;?\;c
plang the nanowires will grow more pargiist to sach another, which & differs

frotn themoore random orisniaiion ongrowing on non-orystaiing surfaces sovared
with & layer of amaorphous stivon. The gs‘awﬁ process couwld sl be gimiler fo that
we disslozed for growing on nortorvataiiing swfaces, using MOCVD fiw example.

Aftargrowth, we cgn dothe same alomic iayer dapozition passivation, it and eich

back, and deposition of pdype-8L, TC o. 8t tsught in WO 2B TI3A L
Altomatively, we could alst dope ticdh snds of the nanpwires, p-type and n-type, a8

wehave distiosed beforg ity the commonly assigred UE 817381 880, supra.
{B078] Each of the following refersnnes GiISCUSSES DS OF MONg gapecis of

growing H-V nanowirss on grvstaliing siicon <111> subsirales, and sach of the

follo *mg reforonces iz 03;,\;*;3;{3:‘3 bv referstice Bersin i s antively

Matal C}s’giﬁm o Gheminal Vapor B@;}O%atm"z “Manoe Lait 8 .{”i’i}, ATREATR0 (2008,
and M, et a8l Y Compound Sersicondustor Nanostruchaes On E%iiéc{m:
Epilavigl Growdh, Properties, And Applications In Light Erpilting Diodes Ang

Lasers,”.J. Nonopholonios, Vol. 3, 031802 (23 January 3008 According o ong

preferrad snbediment, Bis destrable o form the PV nantwires such thatthe b

ragion of sach nanowire Is atleast 0.2 um in length.
{ﬁﬁ??} Cartain oost advantages associated witly using SRAD subsirates {a.g.,

**0;“;3“ ihility with rodb-based processes, sic ) are not shared for the currently
discingad embodiment of using silinon walers a5 subsirates for growing the N BY
nanowireg, and therefore the oosts may be higher in comparisonio grawing on

non-orystatiing surfaces, Howsyer, glncs the Y nanowire PV oall describsd
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herein inherently has mush higher conversion efficlency than crystaliine alficon, the
resultant cost per walt will stifl ba lower than conventional photovaliaic cells made
of arysiatiing siicon,
Ba7vel Mathods for fabidasting nanowire-bassd photovalisic solar pelis on
rofier-based substrate matenal wdl now be desonbed, according o some
smbodimants. According to some smboediments, high-efficlency solar cells are
fabricated on g continuous substrate, sunh s 8 ralioroll based substrate,
Actording o some embodiments orysialized W based solar oalls are fabnicated
w1 a fexible substrate, such as rolio-roll based subsirates. Acourding fo som
smbodiments, FY nanowire-basad solar eslls asefabricatsd on g cantiswc:;;s

substrate, such as a roli-t-rol based subsirate cmrémg to some embodiments,

sui} rate, ssuch as g rolo-ol based subsirale.
0781 Aspects of the curendly disclossd embodiments may b more
tharoughly understood In view of the following refersnces, sach ofwhich is
ngorporsied by raferance herein brils entiredy (181 Goly, st gl "Growih of Core-
Shell InP Nanowlres for Photoveliaic Application by Selective-Area Matal Organic
Vapor Phase Epitaxy” Applied Physios Express 2, 83800413 {2008, 2O UL,
Fatent No. ?,@G&ﬁfﬁi‘.&; {24} PCT intemationgt Patent Application No.
CTAISTOMEEE4: {28} U3, Patant No. 7,808,830, issued Cntober &7, 2008 o
Kai‘;@ya@shi sod Wang, enliisd "Hetera-Crystaliing Slruchug and Method of Making
Same’; {23} Singhrand Hartnaged, "Redudtion in-Surface Charge Density By New

Gahs Passivalion Mathod ™1 Phys. O Appl, Phys,, Vol 8, pp. L42-143 (1878}
angd {24} Para and Giick, “Ameiamied Exposuryg Tests of Encapsulated 81 Solar

)

Cells and Encapsuiation Malevials,” National Caenter for Photovoltaios Program

.‘{3
oy
B3
Cﬁ
N
«’J"'
%

Cj 3
oS

Raview Mesting, Denver, Colorado, Sapl. 811, 188, NRELICH

{Ootobear 1888

RGO Fig. 4 flustrates 3 cross-ssclional visw of a BY nanpwira-hazed solar
cell, acotrding o some smbodiments, PV nanowirsissed solar sl 402 (PY
nancwire-based photovoliaic snemgy corversion dewv sﬁ). includes an aray of BV

nanowirss 404, More specifinally, for g praferrad embadiment of Fig, 4, thearray
of FY nancwires 404 {8 sandwiched bebweaian § root-sids electode $07 and a dp-

¥

side elantrodedi8. The rootaide slestiode 407 includes an SRAD yer 410 oy
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sxampls, n-type amorphous hydrogenated sificon or 2-8iH) and 3 metailic ia‘er

408 {for exampde, molybdenun of aluminum]. The reobside eledrode 407 18
disposad upon a nontinuous subsirate 408, w arding o some embodiment
s zininloss slpsl. According o some embodiments, subsirgls 408 is eken from g
rotl and call 402 18 manufactved on substrate 408 as part of a roll manufactunin

process. According o soms embadiments, the aubsirats 408 i3 slectriaally
conduntive, and can be considared a5 panl of the mob-side eactrods.
sieckode 415 comprises g layer 418 of ey optically transparent slectnoally

sonduative material, such as an optically rsnsparent sloctrically conductive

senticondustor matenial ing iads"xg <dype a-8SUH, and 2 ansparentt conductive fayer
{TCLI 418, Although the anowires 404 gre showd as having reclangular

cross-sechions, they can Hkewiss have 3 nanoneadie charaeler, without depariing
fram the scops.of the preforred embodimants, According o some smbodimants, 8
solid laver 414 of tansparant insulating filer material to disposed it the spans
between the mot-side glactrnde 40T and Hip-side slectrods #1458, but i doss not i

AN 3

all of the airepace ameng e B aanowires 404 »whe

IY}

raby oo is an air gap layer
412 dispossd betwasn an inwardly Tacing surface 4141 of the solid filler layer 414

&)

r\

and the roob-sids electrode 4407, The i ends of the BY nanowires 404

gutwardly beyond an pulwardly fasing surface 4140 of the solid fller §ay¢3r 414 o
physioat and aleotrdcal contaat with the tio-side eledtrode layer 448,
(a8 The designof Fig. 4 can be arvaniagacus iy reducing the adversa
gifacts, such as abeorption, healing, and darkaening over time, that woulid be
brotght gbowt by an insulator material that fully extends over the lengths of the PV
nanowires, while ol the same fime providing gond lateral slahilization of tha PV
ranowires and providing & stable platfor upon ahich to fabricate the tip-aid
slectrode layers of the device. Additionally, by the jttsbls-edension of the fip

s of the FY nancwires 404 beyond the cubeardly Tacing surfasedidoof the

sofid filler layer 444 andd well into the material of the lp-side slectrode layer 415,

P

Sy

superior electrical conlact with the tip-aide slectnde layer 418 18 achiaved |
proraoling supstnr overgl performangs.

B082] According v soms embaodiments, the air gap 412 ocouples ol lenst
twenty-five peroerd of the verlical space between the solid filer layer 414 and the

roobside electrods 407, For ancther preferred ambodimend, the air gap 412
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grcupies stisast ity percent of the vertiva! spacs bebweern the solid fller lryer 414
and the rootside electrode $07. Focanpther preforrad embadirnent, the air gap
412 oonupias ot loas! sevenbe-five percent of the verling! spane between the solid
filler layer $14 and the root-side slectrode 407, Notably, inview of the mgtedal

choracteriziios of the solid ey laver 4944 {oplically rarngy

&

avend, slecincatly

33
nsulsting), itia not requived that the air gap 412 be g»s‘@vi-éeé gver ong hundred

2

percart of the lateral extent of the rontside alantrods 407, because the devics

would st be substantially sperabls in the svent heve i goniact betwean portions
of the solid filler Iaver444, sthough the advardapes of the air gapwould noibe
anjovad gt foss contact locations.. Acoordingly, soms drcoping o sagging of the
solid fifler laver 414 toward e rootside electrode 407 a5 may ooowr during device
fabrication, including soreg areas of conlaat therabetwesn that are not slatistically
ovarnhisiming relative 1o the overall laters! axtent of the device, may be accspliable.
05831 Acnording tosome smbodiments: each of tw PV nanowiros 40418
ntringically doped glong el or substantinlly all of #s length helween the wolside
slectrode 407 and tip-side slecirode 418, with a photovoltaie cell being formed by

virtug of the p-doped layer 418 of the to end and the r-doped fayer 410 at the root

&

'

and. For iy prefersed embodimend the renowine array 404 aols a8 the rsgion,
that s, sach PV nanoware 404 is an bregion along s entire i:zzng;ih. Aa used
hemin, iragion refers 1o 8 seminenductor region thatis an imrinsic.aéiy doped
serniconductor region, of g semicondudtor region thatis nol intentionslly doped, a
contrasted with pregion or p-doped region { intentionally o do@ea\ and nereginn or
n-cioped region (ntentionally nedoped). Acoording to some other embodiments, the
fips of the PV nanowires 404 can be doped of 5 similar ype as the comasponding

sleclrode. Forsmbodiments having an opagus substrale 408 such as in Figs. &8,

yor

the Hight photons anter the devios from the top {psside) through the transpavent
conductive fayer {TCLY 418, then through the in 00 1o 20 nm) ransparent plyps
stectode fayar 416, and then 1o the argy of PV nanowires 404, TCL 418 can

comprise & ranaparent conductive akdde, such as TO {ndhum B oxide), or

"t

afernatively any of a variety of different materials known B be both cunductive and
fravisparent, prefarably with more than B0% light tansmission. Biglobe
appreciated hat R s within the geope of the preferred smbodimends for the

desaribed doping sonfigurations o be reversed, for example, for the plype
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slacimds aver {and p-iype nanowie Hpst 10 be o the oot side of the devios of Fig.

4 and n-lype slectrods laver {and n-typs nanowire Hips) o be near the tip side of
the davice, According 0 some embadiraents, the ool 402 ncludes & ;f‘i’fm” schive
glass layer 420 on top (e, on the Hp-side of the PV nanowire-based solar cell

s

devicsl.

{00841  Fig. & illusirates some fabrication sleps of the device of Fig. 4 acpording
o s omiboditnents, According o thase smbodinnents siainless sieat subst

B08 I g continuous form such as g roll 5 used. Al glep 532, the slainlsss slesd
surface can be textured or roughensd, which will inorease Hght apping by allowing

»,

10 the incldent Bght photons o back-refisct, When the PV nanowires to be grown will
have high aspeo! ratios {greater than 201, for example), they will generally be
saturally light trapping and so ihe ledonng of the substate may bBe leas bensficial,

Howsver, when the PV nanowires (o be grown will be short and stubby according

10 aome embociments {fess Wan 201, foraxamptal, they may be less naturally

15 light-teapping and thersfors hwill be morg beneficial io odiurize he slainiess steel
strface as i slep 884,

{%85} At step 554, the siainlees stead sirface ia spullered or evaporation

CO

Lé 3

costed with o laver of metal 408 such s molvbdenum o atuminum o sther metals,

5

the layer 408 thus aiso facilitales botlom electode foctside slectrods)

ot
>

functionality in oargunction with the n-type slectrode iaysr 410, The matal syer
408, on the taxiured substrate surace, could also reflect back into the nanowirg
array any ransmited pholons, Also gl stap 554, the electrode fayer 410 of ttype
-3l iz deposited, for e‘xamma by PECVD {plasmag enhanoad chamiosl vapor

deposition). Also al slap 554, the PV nanowires 204 ave growny, such as by

!‘1
[
Z
s
s.j

VD frosdal \,-rqam, chemioal vapor deposii won} or VD {chamical vapor
deposition) outwardly from the slectrode fayar 440 with o without the need ot

catalysts, using for sxample ong oF mors eohnigues discussad in US, Palent Mo,

FHO8.830. The nanowires grown by such fechnique could attow for the design of

PY nanowins aravs with batler geomsiry. Acording losoms enbadiments, the
30 FY nanowives 404 shouid have a diamater In e range of 100 10 500 nym. Broader

ranges, such as 20 0 1000 nm are also vaable. One partiouiardy important featire

i the vrass-sectional gapect ratio of the PY nanowires 404 {ratio of fenglh o ront

P

sross-sectiona] dimens o). For beBer performancs, lower aspeot ratios are more
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A

desirable, preforably in the rangs of 1ot 2001 which is i corttrast o known gelar
art PV nanowirg aspect miins hat gre much larger than 200t
{60881 Al sleps BR8-508, the laver 414 of oplically fransparent, elecnically

R)

insuiating solid fler matevial s formed that sterally surmunds the PV nanowires

s

404 glong 2 porbon of thair lengths, wharein the foming is canied oul such that ()
the aiv gap 412 romaing between the root-side electrode 487 and an inwardly
facing surface 4141 of the soiid fller ver 414, and (i the tip ends of the BY
nanowies 104 are jultediy &\x;mqm} beyond s outwardly facing surfase 414g of

thesohid filler laver 414, Al sley

?Z)
/j,
%
23
fo)
o]
5
-,
5‘;

Hy transparent, slecinoally

10 insulating solid fller material is applind, such 8 by spaying or injecting via inkjet,
Forone preferrad embodiment the fillar material coraprises a spray-coating
material, such 38 sprav-on ghasy, thatis sppled o i’ha top of e PY nanowins siray
vig one or more sprayer heads, Note that according 1o some preferrsd
smbodimants, the filer matenial Is spraved-on such hat $ gap 412 remsin

18 Abstep 5588, the solid Bller layer 414 4 sublect o o dy atch, such as with Oy
plasreg, 80 that most ol the PY nanowires $04 jut outeardly from thecubward
surface 4 4o of the solid Hlier layer 414 and are available 1o make good physica

aryl slectrics! wontach with the Hp-side electinds laver 415 Sincethe PY nanowires

A are less offectsd by the elohing, thelr B ends look much Bke stubble or

ot
>

whiskars glicking out of the solid filier layer 414,

(687 Notably, 2 variely of different materiale for the solid ller fover 414 and

&

methads for schieving the result o fsif‘;:' % 558-558 are within the scope ot the
preferred ernbodiments. For example, the solid Biler laver 414 can altlernatively

comprise one o more of St oxides, 81 nitrides, Al oxide, Al niftide, or other

[
[

matenals hat are sptically ransperent and electncally insulating, Acuording (o
somne embodimants, thedepth space botwedry the PV nanowires is left partially
untliliad, thereby leaving the alrgap 412, In this way, the filler matenal wilt not

gbsarh substantial amounts of the innidant photons befora eaching the bregion ol
rar

rv-h

fe PV nanowirss. A optically transparent, sleatiically insulating filler material that

38 is somewhat phobic 1 the PY nanowires so that  does not “wet” wall io the
nanowires may be prefarred. Advaniagacusly, upon completion of step 553, the
outwarsily facing swriface 4140 of the soiid filler faver 414 i avaliable as o stabls

platiorm for the formation of the Yp-side electrods layers 416 and 418, Az uzed
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haradn, the tem "layer” should not be conglrued as limiling such tem to 3 single
material, but rathar 8 lgyer recited herein such as the solid fillar ayer 414, the
passivation layer 6586 {in Fig. 8}, rootsida slectrode aver 407, or ip-side slectrode
layer 415 nan comprise mudliple sublavers of different materials.

[OOBRY  Absten 580 for s preferred embodirsest, & oy layar 416 of
am@rgah::m& S is deposited on the cutwardly facing sufacs 4140 of the solig filler

s

tayer 414 by o PECVR process. Finally, at slep 568, the TCL 448 gtaamparam
conductive faver) is deposited. Thare are & number of well-known mialarials tha
can be used for the TOL 418 that arg suttabls in photovollaie celis, such a5 Snl
10 v oxide), indiumeiin oxides (TO), 200, sie., a8 wall a8 nonvoide msterials that
are substantially Conduntive and substantially transparent,
RO in another praferrad smbodinent as will be discussed fwther infra,
befure forming the solid Sler feyer 414, @ atomie %.a‘yei‘ of & oxide o Al oxideis
depatted mito the nancivires 10 ceat the PV nanowires using atonun iaysr

15 deposiionmethod for passivaling the surfaces of the PV nanowiies and ingreasing

overal
{80881 Prosanied by way of example, and not by way of imitation, are typicst
dimensions and materials for the vanous lgyers of the PV nanowire-based solar

cell 402 of Fig. 4. The metat layor 408 will typically be graater than 100 nny thick

ot
>

and comprise 3 melal andior metallic affoy such as Mo, Gr, NIBE elo. Then-
aieciode laysr 410 will ypically be n-byps a-80H (B doped a8, el having 8
thickness gregter than 80 .. The PV nanowires 404, which have the preferr &d
dimensions andaspect ratios desoribed supns, tan comprise Sroup B IRV orif-

Y samniconduntors and related alloys, Forone praferrsd smbodiment, the

[
[

nanowdres 404 will have fengihs and diaroeiers of about 10/ or grealer, again 8o
as praferably to koo thelr aspect ratins low 1o make thelr surdace area to volume
ratios low. The prelactrods laver 418 will typlcally have.s thickness grealerthan 1
arvard sy comprisewids bandgap non-single-crystal semiconducitons such ag -
ype 80, pelvpe meSEN, ptyvpe BIC, sio. The TOL AR will typivally have s

30 thicknese greater than about 500 nm and will praferably comprise & wids bandgap
iransparent semicondusior T, ZNO, sle). The PV nanowire-bagsed solarosll
4472 will also compnse g mesh-siyle slectrods layer (not showry in Fig. $ialop the

TOL 418, the mesh-stvle glectrade layer being oplimally degignad o provide
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sincirical connectivity to the various areas of TOL 418, while at the same time nut
onvearkig toe much ateral arag s &8 10 albow most of the inodent light o pass

through  the TCL 418 and e underlying lavers.

el Fig. S illustrates fabrication of a PV nanowira-haged solar oall according
£ foosome embodiments, At step 802, PV nanowires B32 are Tormad upon a

gontinuous subsirate §54, such a8 stainless stegd from o ofl sourcs; The subsirste

[55]
Lo
3%
Oy
‘:‘
23
pxed
7
53
&G
o
=
o
£2:
m.
o
(2]
&
-~
<
£
Lo
o
WL
£y
s::
E'.“.
“’?
P
)
o

i shown) inclusing an SRAO
surface {not shown ) similar 1o those desoribed shove frony which the PY nanowires
852 arg grown, hisse slemeants baihg omitied fom the present descnption for

10 cladity of disclosurs. BY nanowires amenable o passivation mathods acooeding o
g of morg of the preterred embodimants can bg foomed upon substrgtes that

sxhibit long-rangs afomic order, subshatas having SRAD material surfages, or
other sultable substrates

0584 Atstep B, the PV nantavires 882 arp passivaded v forming &

15 passivation layer 858 {which mav itself comprise mullipls individual passivation
lavers ) orveach ndividust PV nanowire 882, The passivation laver 888 cart bhe

&

formed using methods including, bt not fmited to, alomdc layer deposilicn. Atomic
H Ve

&

layar deposition can by pardiculely advantageous for rardomily otianted snsembiis
of nanowires with high gepect ratio for which conventional chemicat vapor

o

20 deposilion may not be syfficiently functionsl, Alomip layer deposition will provide
sonformat deposition that uniformby covers complicated qmme:z sl swrtaces

resuiting oy randomly grienied snsembles of nanowires.. Sulable matarisls for
the passivation laver B8 Include, but are nod imited fo, slurminum oxide, in oxide,

5

fitanium oxide, sificon oxids and corlain nitidas. o one prefared smbodimentfor

[
[

which the PV nanowires 852 are formed frory InP materizl, he passivation process
comprises depositing a thin layer of SiGy on the PV nanowives 852 by placing the

bo

assemily in an attmic laver deposition reactir and introducing twi precursors

i
i
s
Zor
%
=
x
C}
?;
&)
=
3
pos
pers
<
x®
>

o]
ey
3
s
e
a3
=
bl

reach spontansoushy even at room lemperature.
Frive 1o the deposition of a paasbeation laver, the swiaces of the PY nanowires 882

30 could be chemically pretreated {0 saturate dangling bonds on the surfape. For
rslance, 3 process that employs chemicals that contain sulfur using ammonium
sutfide was found very efeclive way to mdupe adverse surfane sifects as

¥

desoribed i e, RUSutfur ag o Surface Passheation for inP Appl. Phvs, Lelt 83

T
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{2} {1988), which i3 incorporatad by rederence hersin in i3 sntively. However, an

o4
b

samble of nanowires is inharertly hydrophobic, thus a surface beatment based
ot sodudion will not work as uniformsdy an all nanowires within an ensamble.

twskead, # s morg prefarsbie o place ¢ sroall amount of solidh sulfur i atomie iavar
depositionreacton chamber during the deposition of a paesivation layer, The sulfur
pretresiment process serves 1o protest: or at leasd siabilize, the surlface of the PV
nanowires 852 against thermal degradation dwing the depogition of @ passivation
fayar,

aneal Subssuuent 1o the passivation of the PV nanowires 557 ot step 804, the
remainder of the solar cell fabrication protess can recead aeeording o ane oy
more mothods describad ghove with respectio Fig 5. The remainder of slepsof
Fig. § gre similar 1o the latter steps of the fabrication method of Fig. & ihat rasulis in

the davies of Fig. 4. Al slep 808, @ layver of subsiantislly transparent insulating flfer
riatarial 658 is applied, g\\,fm* ¥ in a maer thal lnaves an air gap 680, Alsiep
B0, ha Bler laver 8

VU\I

R8s subjectio g dry efch, such as with Oy plasme: Bincs the
PV nanowires 558 ars loss slfeciad by the dry sloh, the appearance s much ke
whiskers sticking oul of the ransparent sy ieing fillor 88, Advantageously. a

sigmi&ﬁ(‘;am ongiudingd portion of the PV nandwires 852 @i now avallabls o make

£'3

sieotricsl contactwith the P lavers, rather than just the top tips of e PV
ranowires. In addition 1o atching back the filer matenal 658, the dry etoh siep 808
should wlso ssrve o sioh back ths ;}:\q‘f‘w-s on laver B56 above the surfaas of the
filer miglenal 558 5o © apose the tszts:a and upper sidewalls of the PY nandwies
552, o faililste slactical contacl with the subsequently applied ptype layer of

amorphous S Abslep 812, the pHlyps layer 882 of amorphous StH s deposisy

oy ihe filler layer by PECVD process. Advaniageousty, by virlus of tha slohing

step B0B, & better shimic contact is sstablished bebtwesn sach PY nanowire 852
and the a-SiH laver BB2, sinte the 381N laver 882 now can maks substantial
sontactwdth the upper sidewalls of the PY namoadres 887 rather than just the very

B

tips of the PV nanowires 8520 Finglty, at slep 8144, ¢ tansparent conductive layer

Uz

‘o, comprsing tn oxids, ndiunedin oddes, zing oxide, or other substantiaity

Iy

{
conductive and substantially ansparent material) Is formed above the ShH layer
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B084] Corsventionsl uses of & passivation laver o 3 semibondustor sindacs i
rather passive in ihe sense gt dlectronic states associated with the presense of 3
surface grednactivated 5o that they do not condribute 1 the electringl ranspont
proporiies of hulk-semiconducior undermesth the swface. In contrast, within our

3

frame work of passivalion of PV nanowdres, we axplicilly control the alectrioat

s

fransucst propenies of PV oanowires by luning the slectronie stuctives ssiablished
behwear 3 passivalion layer and & sentconduciy surfane
oaas] Explicli contral of the electronio struciures can be sstablishad belweana
rassivation layer and 8 semivonductor surfacs by controlling, for instancs,

10 mm:igav of @ passivation layer or the densily of bulltinelonised impwites ia
passivation layer, whioh oan be very advantageous for PY nanowires, Untke 3
semiconductor surfane that axisls on s bulk samicondustor that has infinile
fhickness, the diameler of 3 nencwdre i vary small, thus an slectronic band thet
deforme &l the surfade of & nancwire carn e interacied Inside of & rastowire. Aga

15 resull, photo-ganarated exosss slsotron and holes can be confined sither near the
ocurier of @ nanowire o reesy s swrface of 8 nanowis, The band banding stthe
surface of 8 nanowire can be intentionally controliad by, for instance, having a
passivatian lgver conlaln sithernegsatively of pusitively charged ions.

{8098} iy the PV sirpciure that empiovs BV nanowires desoribed bereinabove,

S0 s panowires i an ensembla of nanowires have g buitin gectin figld garsie 0
he long axis of nanowirss, thus, charged carrans confingd near the canter of g
nEnowing pan be sweptaway by drilt withowd gediing scattered at the suwifaonof 8
manowire white charged cariers cordined naar the surface of & nanowire will be

P

swept away by doftUn auasi-hwn dirnensional chanost (e, beo-dimansional

[
[

sleclron or hole gas), which iiroves ovarall PV properties,
s The tera "micro-wires” or “microwires’ con be'used to refer tn the BV

5

nanowires 852 when thelr root dimensions approach theeardar of hundrads of

a8l Hig. 7 wsa block diagrany showing stalions of a conlinuous-substrate ol
30 mandactaing progesa for fabricating PV oanowire-based soler cells, sccording to

some emvbodirments According 1o some smibodivnents, each siation has the same

ongth and the process is camind ot ot each station whils the subsimie is

stationary.. Pollowing 8 set amount of tms, for examplie § minudes, ihe processes
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at sach siation ane compinte and the subsirate & advanced and sloppad auch that
the porlion of stbstrate that was procossed by the pravvious sinlion is giigned for
processing at the following station. Through this slartsiop process of indexed
advancementz, the PV nanowirs based solar cells are fabnnated on s continuous
subsivate such as rofled stainlesy sieal

{0088]  Atsiation 710, the root side sipnlods ia deposited. Station 718
corresponds o part of slep 554 4n Fig. & Inwhich o laver of melal such as
moivbhdenum o sliaminum or othet metsisformea part orall of the rostsids
slactrode. According o some embodirnsnis, the processing lemperature teabout
SHGMG Frior o station 11 & prechaating siation may be usedto raisg the

e

lempacalurs fom roont temperaiure (o olose o 250°C. Alsiation Ti8an
smorphous sticon, forexampis nlyps, isformead vin g PECVD process st
approximately 350%C, which also corresponds o part of slep 884 in Fig. &
[B0188]  Alstation 714, he'substraln s actively Conled it proparation for the
spplication of mivro-particles used 883 tatalyst for nanowive growth, The solive
cocting can be, for sxample, by conveclion with @ gas such as hellum gas andior
conduction such as with cooling rollers as will be described in fiwther dedall hersin,
number of spots, with sach spot beitg 8 lnvation atwhich a nanowire will be grown,
Ancording 1o soms emboaiments, gold suspendsd i 5 suitable grganic selvantis
sprayed on the subsirate so as o unifomly distribute the nano parlicles of goid.
According toosome smbodirmants, the spray oncatalvel can be performed sl abowt
150%G. Al sigtion 718, the subsiraie is haealed in preparalion for the nanowirg
growth ;tmmes‘aa; Heaating can b carrind oul, for sxample using Sonvecton,

conduntion via heatad rollgts as i desorbed in frthet detalt herain andfor

/;}‘V

raddiation such as with I kenps as s known in sapid hermal smesiing processas,
O0101]  Atstation 720, the nancwires e grows al temperatures of abowt
A50°C.  Sigtion T40 corresponds with part of step 554 in Fig. 8 and with slep 802
in Fig. 8, Progursor gases, inchuding the elements oy sompounds that will Torme s
nanowires, are infduced into a chamber. Under the influence of the catalyst the
CrEsUrEor gases at lkast partially decompase info their respaciive slomeants, swne
of whichrars ransported on g through the calalyst nliguified phase o the

immedisgtely underiying sobd swiace provided by the subslrale. A sachspoi a
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nanowire apitaxiatly grows pulwardly from the substraie as the process proesds,

ok
oF
b

C:)
b
o
G
i
’.'.J
'7'

{ aach spot ramairdng ol e dp of the nanowire and rising away friom

surfane fihe substrate g the nanowire grows. The resgitant nanowires exhibit a

2

ngerangs slomic order (g single-orpsta) that can potentially be axplolied for a

o=

s

varisty of diffsrent useful applivations:
{&9’%&33} By way of somanipds, the VLS aynthesis process oan be carvied et in 5
natalorganic chemioat xn:sg:;ey deposition (MGCVD] process, which is sometimes
alteriatively ermed g misialorganio vapor phiase suitany (MOVPE Y provess o
grganometaiiic vapor phase epitaxy (GMVPE] process, of an organometaliic
10 chermical vanor depositien (OMOVD) procsss, Bxemplary recursers for InfP

nanowires oan be timethviindium {CHakin) and phosphing (FHy). During a first

it

phass of nanowirs growth corresponding o tha mot r‘agé@& n-iype doping oan be

achigved during the MOTVYD process by introducing an Stconiaining gas, such as
silang {SiHg, orother sullable ndopant, Durlng & i phase of nanowire

15 growth ovrssponding 1o the inlrinsio region, no dopants would be introducesd.
During g third root region phase of nanowdre growth comesponding o the tip
region, fedyps doging cavy be achievad during the MOCVD grocess by introducing 8

mstalorganio vapor containing Jn, o otbsr polype dopants such a5 Be iy a Be-

> 5

containing metsiorgsniovapor. It other prefersd embodiments, the PV nanowires

20 can comprisge another 1Y matenal such as Gads, logather with sultable

a2t

3

associated complementary dopants for the roof and o ends.
105 A varlely pfdifferent material systems ang d@ping hernesdar the BY

3

nanowires are generally within the soope of the prefered embodimeants. According

.

o some ambodiments, the root ends of the BV nanowires corvespend o the

[
[

eﬁc;}ed side o the devics, while the Hy ends cortespona to e doped side of the

\:‘

3
ﬁ)
v
%

{i}m@é} i has been found partioulary atdvaniageous for the BV nanowlres to

.

cornprise hgh-purlly ninnsio inP glong mogt o all of thelr verics! helight {lengthl
Thus, actording fo sume smbodimants, inwiiicly thoese InP nanowires have rootl
30 dismeters inthe range of 400 nm - T80 nm, sspeci ralivs inthe range of 26 - 88,
and therslfors nanowirs lengths inthe range of .8 um ~ 375 um, high-puiity
infrinsic InP sxionds along mostor alf of the 0.8 um - 3.75 um length of the

manowirg. The photovolisic character of the overall deving is provided by vislueof
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the tip-side p junclions formed with the pdoped a-8EH tayer st the tip end, and
he rootside i unclions foermed with the ndoped &-8EH Iayer &t the oot end.
{B0165] Atstation 738, the substrate s actively conled in preparation fur the

application of the pagsivation layar. The aclive covling can by, for example, by

s

cornvaction with & gas stch as helium gas andfor conduction such as with eooling
rofiers 8% will be descoribed i further detall herain, Al stations 724, 3 passivalion
éaye:r of 3 miztonal such a8 gluminurn oxide, Bn Gxide, Hanium oxide, giicon oxids
ofher nilvide I8 apriad vie stomie fayer d&‘-::gmsi:‘&‘ém‘g, Tha passtvation aver canbe
dapoatied, using alomiclaver d@m&%tim at range of emperatures from about room
10 temperature to about SO0PC, According 1o soms embudiments a lempesaturs of

wvwwp

ahoutt 28090 80 a3 {0 minimize e need o heat andior cool the subslrale In

Oy 8

subysequent processing steps,  Sishon 724 gorresponds wilhy step 804 in Fig. 8
[O108] Al ststion 728, the subsirate is heatsd or cooled in preparation for the
anplication of the filler layer. Atstation 730, the fllar matorial I3 applied praferably

15 using g spray-ooating material, such ag sprav-on glass The filler materiahis

aniformiy applied o the op of the BY nanowimne array via ong or mors sprayer
hagdd in station 730, Siation 730 corresponds o slap 856 in Fig, S and fo sigp
808 i Fig. B The §§zfm§»‘§ usad in slation T30 can by similar or identical 1o kngan
spirron glass formudativng, Howser, dup (o the Hghly viscous nature of many
20 such iguids, g hi,{}h&a spplicgiion omparahurs s preferred when spraving onrather

than spinning oy the glass. Acctrding o some embodiments, fller material may be
applied gtatlemperaturs of abioUl 280°0. 50 83 o lower the viscosity of the fller
material and algo to minimize the need o heal anifor ool the substrate in

subsequent processing steps. Atstation 732, the subsirate s healed or coolsd in

[
[

preparation for the sighing step. Note that in the case where stations 784, 730 and
724 ave all corriad pub ot close to 250G, the addional heatingito Mq stations 728
and 732 can be eliminated. Al station 734, the filler nyer is sublect 1o & dry stohy,
sunhyas with G2 plasma, ot a{}{jmximaieiéy SHOYC. Siation 734 corasponds o step
858 1 Fig. 8 and to siep 808 In Fig.

30 B8187]  Atstation 738, g ptype laver of amorphous SEH is deposited on the
sodid filler layer by & PECVD process at gpproximately 280°%C, Station 736

fngn
SR

corresponids o step 88G in Fig. Sandtostep 812 n Fig. 8. Abatalion 738, the TOL

40

{ransparent conductive layer) is deposited st sprroximately 880°%C. Thereare g
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furnber of well-bnown materialz that can beoused for the TOL that are auitable in

H
3

pholovoeltaic cells, such as Sn0 {Hn aide), indlum-tin oxides {8, InG eln. as
wedl gs nen-oxide materiale et are substantially condustive and substantially

trarsparent. Sinlinn 733 .r,::jrres;.n:mfi‘ s1o sted S68 in Fig. 5 angd o slep 814 In Fig.

& & At stafion 740, ¢ msial layer s sputier depositad o craste one or more mstal
siectodes on the lip side. Sinee the meial slpctode will block light from entering
tha cell, the shape of the metd should be designed, such as 3 grid-patiem. so a8
o ntindize the amount of surface aréa covered.

{BO188]  Figs, 8A-B sohamaticaliy iy strate roli-based nontinuons subsirats
10 manufacturing processes for BY nanowire-bassed solar cells, acoording o sume

ambodiments. in Fig. 84, the roli-hased Tabricalion ling 300 s shown that includes
& large continuious subsirate 842 that passes trough a number of progassing
stations such as those desunbed with respect i Fig. 7. Acsconding o some

grnbodiments,; substrale 847 ia thin siainieas stead that iz souwrced from source rall

Pty
e
s

15 880, Acoording b some emibodiments subsirate 842 s 1 mster wids and abou
ki long.  According o soms embodiments, sach processing stalion proces
abaut 1 souare meter of subsirate material in & stop-stan fashion. T%;‘;—oz‘ SSINg

stationg, such g statiore 810 B2, 814, 838 andB4bare housed within rey

houalngs o provide the snvironment {(8.g. pressure, tomperatine and gosses) used

7

20 R the pardicular process camtiad outal the siation, Forsxample, siation 848,

which conssponds (o station TH o Fig. 7, s used to sputler deposid the root Sids

.N‘(\ s

slpcrods Bver gt aboul 20000, station B2, whith corresd

Fig. 7 isusedio fornt an affmr‘;ﬁhm&g sificon lavervia g/

approximately 28000, station 814, which correspords o slaion 714 inFig. 7 18

[
[

usad to adlively coot the substrate 842 in preparation for the a; Mication of micro-
particles usad a3 8 catalyat for e panowirs growth: station 538, which
corrasponids to station 738 In Fig. 7. 18 vsedd deposit the TCL {tansparent
conduntive layeri at a{mr@xim&t&e@y SEONC, aryd in slation 840, which corresponds

stalion 740 in Fig, 7, a8 metsl laver s sputlsr deposited to create one or migre malyl

G108 In Fig. 8A, the fabricated solg

& hi
case of Fig, 88, the fabricalad solar oalls are cutusing culler 380 indn shests

s

wlis are collectsd one i 874, In

gl

cofresponding fo the siee of the processing stations, In the example of gach
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maess;%ﬁjs station covaring @ 1oy x It am of the subsirats 842, fur axample, the

Gy

cut size of sheats 888 &8 also Tmx 4my

{{Bm 18] Acoording io some ambodiments, ong o more hulfar chambers 880 are
it collect any gases thal may have leaked from the indbddual processing

stations: The butfer chambers, such ags buffer chanher BBU, oy be useg o {1}

recyols escapsd gasses for subsenguent use; andior {2} collect gases fur

subsequert roatment 1o decrease the likalihond of @ hazardous gas sscaping inlo

e anvitonment & nuaber of rallers are provided gt the entfances and axils of

sach pracessing siation and {0 the buffer charvher(s) 80 93 to provide sulficient
mpedancs for gas leakege, and to ;}rewmwas&-c ntarnination as will by
dasoribed in further dedall herain. The upper rollers are preforably mads ffom a

soft elastic materis! having low hardness 30 as not {0 damags the formed

Ve

shucturas (9.9, the nanowirgs} dusing the fabrication proggss, and sppropriate

3

temparaturs resisiancs fiv the proveases being carbied sut

{011 When operating in g starbstop processing armangemert, the stabonany
fime sllowed for pww;s&ng at pach siation should be set according 1o the most
e CONSWIMING Process. ong exampds, the MOCYD nanowire growth slation,
such ag stalion 720 In Big. 718 the most time consurming station and usss abowt 5
minutes. iy this example, the substrate is advanced by 1 meter plus the distancs
bebvaas the sialions and then sopped for 5 minutes, then advanced and then

LYy

stoppad Tor & mingdes, and so on. Inthe case where Tabrication Bing 800 uses &

e

metar widhs subsirate and 4 mster oy procsssing stationg, the throughputis

e 4

Anguming i

*:emmv 1 sguare meter generstes about 800

afficiency gt 1000 walls/aquare metsr, such s ingwould produceabout 20

i‘s‘i\,gawa**s Yoar. ;Xman:iing © soms embodimeants, @ wider subsirate madia

ol e gsad, such a5 2 msters wide, and the processing statiors could be &
rrsdars long, which would producs 4-square meters per'§ minufes sausting sbout

BOMW par ysar
B0112]  Acconding o soms embudiments, @ condinuous process oould be used

Ly

instead of @ starbslon proness.
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BO113]  Fig 8 is diagram schematically flustrating @ heating andior cooling
station. acoerding o some ambodiments, in Fig, 80 2 healing stalion 318 s usad do
raise the lemperaiure of the subsirts 842 from the fquid spray catalyst stage 918

o the MOOVD nanowire growth stage B30, According 1o these etmi.z\;z{j‘émeﬁts,

heated rollers such as roffers 210 are used b heat the subeirate using condaetion
e rodiers can b heated by example vig sisolro resistance colis ardior by passing

heatad Sguid thmug;h portions of the ralisrsc Acnording o same ambodiments, the
sametyos of sarrangement of rollars gould be used for cooling the subsirale 843 via

sonduction in which cass the rollers are cooled for example by pessing a cool iiguiﬁ

frpugh portions therenf,
B0114]  Figs. 1048 show cross seclions of 8 processing chamber having a

moveable id, sccording 1o some embodiments. Processing station 1000 has an
poper i 110 and g lowsr housing 1012, & stasbsaiop procsss s used & febnicate
By ﬂ@ﬁa}Wi?@»b:ﬁS&ﬁi sofar celle on a vontinuous subsirate 1042, The subsinis
1048 s held flat i part by rollars within the chamber such as roller W38, The
pordion of the subsbate 1050 is whare the solar cullsare being fabricsied,

hedtwaen processing stages. whon the subsirale i badng advanced, the moveaiilp
B 10 israined by a distance o a8 shown ity Fige 104, Buting processing st
stabion 1000, the §d 1018 is bwered o conlact the subistrate 1042 such that the
procasasing ohamber is r@ia*‘vezy aiv ight between the walls of thelid 1 and
lowar rollsre 1020 and 1822, In this way, very itte gas Will sscape from the
chamber diring procassing. Prior o ralsing the 1010, the chamber canbe
flushed such that contaminating geses can be ramoverd, Note that in a starbslop
fabrication method: fabrication only takes place in some focations on the subsirate,
such as location 180, so that contact by e wall portions of the id 110 will not
damags any struciures being felnicated

[OOTI8]  Fig 11 15 8 crose section of @ processing chamber having hgh
impagdance wall section, according o some embadimants. Processing slation 1100
has a wall 1110 that Torme @ processing chamber 1102 with slols on the il and
gt asdesdor andry and sl of o condinuous subsirats 1148401 which solar cells
ars fabricated. The substrate 1142 is held fial in part by rollars within the chamber
such gs roller 1130, Gas communication betwsen the chamber 1102 and the

oulside 1104, which could be st within & bulfer chamber, s controfled by contadt
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roflera 1120 and 1122 and wall sections 1112 and {1114, Wall ssctions 1112 and
1114 have g width w and a distance o from the swface of the substrale 1142 such
that there is sufficient mpedanoe ftr gas communioation belween the chamber
1104 and the culslde 1104, Acnording 1o some embodiments, station 1100 is ussd
in 8 startatop fabricalion process. However, acoording to some ermbodiments,
station 1100 & used in 8 continuous Q‘a\,easing; mathod in wich the substrate
1142 s continucusly advances without stopping.

DOTIE] g 12 s 8 cross gection of @ processing chamber having double roliss

soovding o some embodimeants, Processing stali 1 has 2 wall 1240 that
forms 2 processing chamber 1202 with slote on the laft and vight sides for entry and
axit of a continuous subsirals T3 on which solar oalis am fabricated. The

i fat i part by rollers within the chamber such as roller 1230

UI
o
4
3
.
s
57
o
ferg
oy
2%
Fon
A%
,:)‘2.‘
o3
i

Gas communication betwesn the chamber 1202 and the cuiside 1204, which could
e sl within & buffer chamber, & controfled by contact ralfors 1220, 1222, 1260

and 1888, The upper rollars 1280 and 12082 ars preforably made Fom a sofl slasiin
miatarnial hdwa\; tow hardness 8o as notto darmage the formsd sbructures (8.9 such

oroaass, and appropriate femperabire

e,
e

registancs fur %xe processey being cared sulb Agdording o some armbiodimenis,
&

stadion 1200 & used in @ stertatop fabricglion process. Howsver, acowding to

somig amibodirnents, station 1200 s used ing continuous processing method in
whitch the subsirate 1342 Is continuousty sdvanced without siopging.

BOIIT] Fig. 13isa @iam vigw of @ processing slalion usad to sprgy G panowie
catalyst material, according to some smbodiments, The procesaing siation 1300
corresponds, iy sxample, o slation 718 in Fig. 7 and is used for unfformly

3

i‘ieg}'{}&siiirm & natalyel roaterial such a8 gold or tartum 188t a large number of spots
on subsatrate 1342, with eachapotbeing a location sbwhich 3 nanowire wilt by
grown. Processing chiamber 1802 {s defined by chamber wall 1310 and gns
shmmunication bebyveer the chamber 1364 and the sulside, whinh could be a

(\

buffer chambee s controlled by rollers such a8 rollers 1320 s 1322, The grea

%

1344 on conlinumies substrate 1342 s whers the PV solar calls ae Deing

fabricated. Aspray assambly 1380 inclides & wide spray hepd 1382 that is made

i of 2 -large number of nozsles. Azoosding B some smbodiaents, the nozzips arg

o

simifar o inklet nozzies used ininkjel lachnclogy. During operation, the spray
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gasenitly 1330 s transiasted acreas fabrication srea 1344 {ae dencded by the

areows and smiall datled fines in Fig. 43 \ such that the lguid spray, and theveforg

the &uspend@d e parficles of catalyst matenial, s uniformly depositad across the

aren 1844,

O8] According lo some embudiments, & processing stationy similar fo that

shown in Fig, 13 iz used o deposiling speay o0 glass. In such sobadiments, the

nozzias 1332 in head 1330 ars dimensioned and spaved ancording 1o the viscosity

of the Houid baing depogited.

HO118]  Fig. 14 achematioally Sustrates gl wrge ared disorels substrate
manufacturing process for BY nanowire-basad solar calls, aconrding o some

ambodimanis. Fabrication fine 1400 is simiiar 1o line 800 showst in Figs, 83A and 88

{f}

sxnept hal prior i protessing, the substrale is cut into discrele pises
oorrasponding 1o the size of the provessing sfations. For exampls, sccording o
o ambuaiinents, the processinpstations 1418, W12, 148, 14388 and 1440 e

-~

5

£l

S tmeter ¥ Tmoler format, and the disorele substrale piones, such as plecs 1448,
1444 and 448 are also v T

{80130]  Fig. 15 ilustyates a structure that inddudes & lightly n-doped PY nanowire
and @ more heaily dopad pyps Epe-side alectrode material, ctording to some
gmbodiments. Instead of an inkrinsic PV nanowirg, gs desaribed hergn acowding
in snme other ambodiments, the PY nanowirg 1510 is infentionally lightly doped n-
v (8. o vpeton an n-dvpe substiale 1520, For sxample, the ndvpe doping of

BV nanowire 1510 can be intentionally doped to animpunty level in the range of
1010 10™ per cuble contimeter. A heavily o+ type nap 1530 is formad, whtinh pan

He ot oor o fype doping. Due o Haavily doped p-iype nap 1530, the ip region
1512 of the nanowire becomss ;}«iyg}@ Furtharmore, & depletion region 181418

causad in the Hghtly doped PV nanowiss dus o fald strengih and the relative
doping levels. The depletion ragion 1514, can range inslze, for sxample, from 0.2
IHLYOTE 0 & milarons.. According o sorme arnbodiments; a deplation ragion of
about1 micron irheight canresult-from an BV nangwive intentionally dopad o an
impurity lovel of abiout 10 per cuble centimater. Acoording to some embodinsants,
Bghtly-dopad PV nanpwires such as the one shown in Fig. 15 ¢an be combined
with the other teachings and techniyues s desoriben havsin,
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801211 Although the desoription hersin is dirscted primarily to PV nanowims
mada of Hi-V compound semiconduciors such as InP, the scope of the present
teachings is not necessarty so limited, More generally, e PY nanowires oan be
somiposed of various combinatiorns of elemental and compound seemiconiiuaiors
optimized for Gfferent spectrunt ranges in the solsrspectium, The slamentsl
semiconductons inchude sificen 8% and gernranium {(Ge™), and compound
serconductons include  group WY and WV materials {the Roman numearals (i
and ¥ representing elemenis i the group g and Ve on the peviodic table).

Compound semiconductors can be compusad of group e elemants, such as

%

5, Gallium PGah) and indium O, It oombination with group Va

‘

Algminum (Al
ginments, such as Nitrogen ("N} Fhosphorus “'?”“}\,.,&rse ¢ {"Ag™), and Antimany
“%h”}\ Corapound ssmicenductors can De classified according he relative
guantities of HEand V slements, By way of axampls, binary compount
semiconductorg incliade Gads In®R, Infs, GaN, and GaP tarmary compaurngd
samiconductors nclude GaAs Py, where y ranges between 0 and 1) and
:.gLsatemaw compound sermiconductors include IndGan88,Py, whare both r and y
ndependently range betweaan U and 1. Qther fypes of sultable compound
sarmiconductors include BV matenale, the Roman numerals | and Virepressnting
slements i group Hb and Yia o the pedodictable. By way of eviamplie, CGdle,
ZnSe, Zn8, and InG are -exampiesa of binary IV nompound semiconductons
B2 I the case of using A sieiniess stead substrate or other nondransparad
subsirate, i is baneficial to ~;:-i§‘miz&- the filler laves, the diy oloh o sxpose a lasge
peroaniage of the micro-wires, the deposition of the &8l layer 1o rovide a p-iype
{or netype) junclion, and finglly the TCL layer 1 optimize conductivity and oplicat
ransmussivity.
BH123] Accovding osomes ambodimentis, & protective encapsulaiion oo the g

inoidery side is provided, which consists of g sirbrosisiant tansparent overcoat of

£

polymer. See, for sxample, Pem and Glick,

kN

‘Aoowiorated Bxposure Tesls of

Encapsuiated St Soker Cells and Encapsulation Malerals,” NMational Center for

Photovoliaics Program Review Meeting, Denver, Coloraddo, Sept. 8«11, 1888,
NREL/CR-SZ0-25381 {Totober 1888}, which is incorporsiad by refevencs hevein in

iz antirely,
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801241 Whereas many allerations and madiications of the prassnd nveniion will
no doult becomes apparent to 3 person of ardinary skl in the art gfler having read
the fo-:.rega:)i ng desgription, Bs 1 beunderstoon that the particular ambodimants
showrvand described by way of Blustration arg in no ey ntended o be congiderad
Eimiiiing; By way of examply, inanother prefarred embodirmsid, the breglon porlion
ol egoh nanowirg can be made very shorl, and the devine canvbe opsrabde as @
bght-emitling dicde (LED) rather than a pholovniiaio energy gensralion deviog.
Therefore, reference 1o the detalls of the prefered embodiments e notintended o

it thelr seope.
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CAT .
What is claimed
1. A method for abricating 2 photovoltsio energy conversion device,

COMPTISInGG
roviding o subsirate including o subsimte suwrises layer doped in a
first dopant é;yfse:
growing 2 pharality of photovoltale PV nanowdres cubwardly from the

substrate “u*‘\sm 2@3@@& aach PV nanowirs having @ roob ond near said

o

subslrate surface fayerand a fip end opposite said root and;

formviing 2 layer of collar materiat that laterally surrounds and i in
eovtach with the PV nanowires along ot teast @ rootward potlion of theyr
borugtha, the oollar matedatdopadin the Srst dogpant type: and

forming 3 Ho-sive doped matenial doped in a seoand dopant ype, the

fip-zide doped matedsl in contact with said Gip ends of the PV nanowidres.

2 A methad acoording o olaim ) wherein the Iayer of ooliar rontedial is

grown it ¢ lateral divectiont from the PY nanowires,

Ex)

3 & mathod according o claim 1 further comprising forming 8 laysr of

3

gpticathy transparant, slecirically insulating

3

solid filer mintedat that iaterally

%

swrounds the FY nanowires @ong an cubtward portion of their lengihs,

4, A msthod sccording o claim 1 whergin the first dopant ipe s n-hype
and secongd dogant ypa s pelvpe
&, A meihod according o olaiv ] wherein e first dopant type i p-type

anid secongd dopant ype s n-ype

&. & rasthod sooerding o olaim 1 whevein the oollar malerislis in

aortact with v subsirate swfagce laver

7. A method according to gt 1 whaorein a longiiudingd poba jusction s

associated with each PV nanpwirg
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8. A mathod stcording 1o olaim 1 whersin said growing of PV nanpwires
& pavtially carried gut befors said forming of the collar matedial and partialty caried

after said formaing of the oollar maleria

s

g A method according 10 claim 8 whavein a gap between .2 microns
ard B miorong s formed bebveen an oubward-micst portion of the collar matediala

mntward most portion of the tip-side matarial

1 Amsthod scoording o olaim 8 whersin said tap is beheeen 0.8

10 micvons and 2 micrang.

11, Amethod sopoerding to claim 1 wharsin the PV nanowires arg nol

intentionslly doped.

15 14 Amethod sooording o oaim 1 whersin the PY nanowires have

impurily levels less than 107 par sublo centirmeter.

13 Aphotoveligio enetgy conversion device fabiricatad soedrding o the

method of clalm AT

ot
>

14, A pholovoliglo gnergy conveansion dewce comprising:

asubsirate ciuding an dectrically conductive substrale surface

7

layer doped in a first dopant tynsy;

1

& plurality of photovoliain (PV] nanowires sxdending oubeardly from

[
[

the substrate surface layer, each PY nanowirs having & rootend niear said
substrate surfacs lever and 2 Bp snd opoosite ssid roptend, said subsirats
surface laver forming &l Ibasta portion of a reot-side slectrode Iayer of the
denics,

& oollar matenad laterally surrounding the PV nanowives slong ot lsast
3G a rootward portion of their mq*h the collar matwiet doped in thafirst
dopant ypeand
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a lip-sicde olectrode matedsl dopsd iy a second dopant typs, the Bp-
side slenirode material Deing iIn contact with said fip ends of the PV

NANOWITES

18 Adevice Eﬁi“:{:@f{img o clatm 14 further compriting 8 fayer of oplicatly
iransparent, steotrically nsulat cdied filler matorial iInterally awrrpunding the BY
nanowires along an outward paﬁian of thair lengths:

185, Adeviog according o olaim 14 wharain a longiuding! paan junclhon i

assocated with each BY nanowive,

17, Adevice according 10 ok e 14 wherein a gap batween 0.2 microns
and 8 migrons is-formed betwsen as oubvardemost povlion of the collar material g

rootward moat portion of the tip-side material

18 Adevice sccording o olsim Hwharein the BY nanowires are nod

intentionally doged.

18 Amathod for fabricating 8 pholovoliaic energy convearsian deviog,
providing 8 subsiiate including ann-dopad substrate surface layer;
grwing & plurality of nedoped photiveliaic PV} nanowines outwardly

frorn the subsirate surface laver, sach PY nanowirs having a root end near

"I)

aid subsirate surface layer and a HD end opposite said rootend;

forming & layer of oplically fransparert, slectrically nsulating solid
filler matenal that iaterally swrounds the BY nanowlres along a portion of
thelr sngths; and

forming 3 lip-side p-doped maledal rvoontach wilhy said Hp ande of the
PV nanowires,

Eor?

3 A& methad acoarding 1o olaim 18 wherein sald Hp-side padoped

he

3

matadal s pv ivpe doped,
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21, Anmthod atoonding o olaln 19 whatein said ti-side podopsd

material is pr+ type dopad.

& Amethod sooording lo olaim 19 whavsin saul nedoped PV nanowirss
& and said tipeside pe-duped material form radial and longitudinal pen jections
23, A methad acoording 1o oiaint 18 whevein said ndoped PY nanowires
arg irdentionatly lghtly dopsd n- yps o an impurity love! of betwaen 10™ to 10
par subse-centimatarn
10
24, Amathod according o clalm 19 wherein @ depletion region within
sach redopad BV nanowirs 1s formad of batwesan 0.2 and 2.0 miorons i
longitudingl distance.
15 2B, Aphatovoliain energy conversion devics fabrivated according o the
mssthod of claim €8,
28, Amethod for abricating'a pholovolisic snergy oonversion device,
comprising
0 providing @ 67 by £ square substrate inchading & substrale surfane

bavern
grivwing a plurality of photovoltale [PV) nanowires sutwardly from the
square subsirale surbace layer, sach PV nanpwire having a oot end neer

sail subsirate surface layer and a H) end opposite said rootend;

[
[

forming & layer of oplically fransparert, slectrically nsulating solid
filler matenal that iaterally swrounds the BY nanowlres along a portion of
thedr pngths: and

forming 3 lip-side slectrode upon said outwardly facing surfacs of the
solid filler layer i contact with said tp ands of the PV nanowires

-
S0

1y

&7 Amethad acoarding 1o claim 20 whevein said forming the hyar of

optically ransparent matedial s carrisd out such thal an gle gap romaing Lebwesn

tha substrate surface oyer and an nwardly facing suwrface of the solid Mer laver.
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44 .

38 Amsthod sooording e okaim 28 wherein sald forming the nyar of

&)

{’3

ptically ransparent mateniat s carried sut such that the fip ends of tha PV
manowires are iltadly exposed beyond an outwardly faning strfaos of the solid
fillar layer,

38, Aphoiowallain snergy comversion device fabricals

£2

Slain 36,

30, A method for Tebricating s photovoltsin energy conversion devies,
comprsing

providing a subsiale induding a stbsirale surface layer

forming @ mash laysr on the subsirate surfacs layer, e mask having
o plurality of spaced apart voids sunh thal partions of the subsinle swfaee
layer ave sxpossd at the oations of the voids;

growing a pheality of pholovaiiaie (PY I nanowires outwardly frony said
prposed portions of the subsirate swises laver, sach PV nanowirg having 8
roat endnear zaid substrate surfany iaber ¢ ;‘d a'tip 'end gpposite said oot
sk

forming o laver of o tc:ai%} fransparanyt, slecirically insulating solid

roe

filler materisl that teraliy surrounds the PY nanowires aimg_ a ;}m‘tim af
their lengihe; and
forming a tip-site electrode upon said outwardly facing surface of the

solid filler fayer In cordach with said p ends of the PV nanowires,

3. A method according 1o claln 30 wherelny the vaids arg located
rapdomiy within the masK layer

&2 Amethod according 1o olalns 30 whereln the mask laver i withirva

thickneserangs of 3 10 am.

ey

33, A photovoltaic energy convarsion deving fabwicated scooding o

Sisim 30,
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3. Amethod for Tebricating a phalovalialo energy comversion device,

QoMmEnsing:

providivg a subsite incuding 2 long range stomie order {(LRAG)
& subrsirate swriacy byey
growing 8 phiality of n-dopsd photovaltaic (PV) nannwirss outwardly
from the LRAG substrate surface yer, sach PV nanowire having s tootend
nearsaid substate swrfsce aved and & tip end.opposite said rontand,
forming & layey of opticatly fransparmnt, slectically insulating sold
10 filler matarial that iaterally surrounds the PV nanowires along a podtion of
theldr lengths and
forming 3 p-swde electrode upon said oubwardly Tacing surface of the
solid Bller laverin contact with said 8 g of the PV nanowires,
15 35, Avnethod scoouding o olpim 34 whersin the subsirals s o ik
orysiatine waler subsirate:
38 Amethod according o olaing 34 wharaiy the PV sanowirts aie 1Y
PV nanowives, and the LRAG subsirals surfacs layer & a Bighly ndype doped
20 <14 orvsialographio plane of a silicon wafer,

37, Amsthod stconding o daim 38 wharsin o gold catalyst is formed
upon sald 8 Hghly neivee doped <111 orystaliographio plane of the silloon waler,

[
[

38, A pholovoliaie SNSrgY conversion device fabricated according fo
claim 34,

35, Amsthod for fabricating s photovoliaic energy conversion devigs,

3G groviding 8 roller-based substrate matenial ngluding 2 subsimate
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growing a plurality of photovoltale (PV) nancwdres outwardly from the
sqmre substrate surface layer, sach PY nanpwire having a oot end near
said substrale surfacs laver and a iy srd opposite said root end;

forming 8 layer of optically ransparent, slechicsily insulating soiid
filler matenial that aterally swrodnds the BY nanowires along a portion of
thelr kengiha and

forming 2 tip-side electrads tpon said sutwardly facing surface of the

solid filler faber i contact with said p ends of the PV nanowiresg,

40, A method acncrding o olalm 38 wherein o pluralily of fabrication
stationg araused, sachr siation being adapiad o complating @ provess upon & flasd

larigth of the roller-based subsirate materialwithin & predetermined amount of hime.

41, A msthod aeconting 0 clalm 38 whirain the method includos actively

gonling the subsirate matedal using roliarg,

42, Ameathod aceording B claim 3% whersin the method inchudes actively

wating the subsirate malerdatusing rollers

43, A mesthod aooerding 1o olpim 38 whereln the Stler matatiad sappling

SSING 8 3PTa-coshing provess,
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MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES

REFERENCE TO RELATED APPLICATIONS

[0001] This patent application claims the priority of and incorporates by
reference each of the following applications:

U.S. Prov. Ser. No. 61/826,446 filed May 22, 2013;

U.S. Prov. Ser. No. 61/834,873 filed June 13, 2013;

U.S. Prov. Ser. No. 61/843,021 filed July 4, 2013; and

U.S. Prov. Ser. No. 61/905,109 filed November 15, 2013;
The above-referenced provisional patent applications are collectively referenced
herein as “the commonly assigned incorporated applications.”

FiELD
[0002] The present invention generally relates mainly to photosensitive
devices. More particularly, some embodiments relate to photosensitive devices
having microstructure enhanced absorption characteristics.

BACKGROUND
[6003] Fiber-oplic communication is widely used in applications such as
telecommunications and communication within large data centers. Because of
attenuation losses associated with using shorter optical wavelengths most fiber-
optic communication uses optical wavelengths of 800 nm and longer. Commoniy
used transmission windows exist between 1260 nm and 1675 nm. A main
component of optical receivers used in fiber-optic communication system is the
photo detector, usually in the form of a photodiode (PD) or avalanche photodiode
(APD).
[0004] High-quality low-noise APDs can be made from silicon. However, while
silicon will absorb light in the visible and near infrared range, it becomes more
transparent at longer optical wavelengths. Silicon PDs and APDs can be made for
optical wavelengths of 800 nm and longer by increasing the thickness of the
absorption “I” region of the device. FIG. 2 is a cross section of a conventional PIN
photodiode 200, where “d” is the length of the absorption “I” region 220. FIGs. 3A
and 3B show bandwidth and quantum efficiency a conventional silicon photodiode
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with a 30-micron diameter at 850 nm optical wavelength. As can be seen, in order
to obtain a quantum efficiency of 90% the thickness “d” of the “I” region is over 30
microns. This leads to a maximum bandwidth of less than 2.5 Gb/s, which is too
low for many current and future telecom and data center applications.

[0005] To avoid the inherent problem that silicon PDs and APDs have with
longer wavelengths and higher bandwidths, other materials are used. Germanium
(Ge) detects infrared out to a wavelength of 1700 nm, but has relatively high
multiplication noise. InGaAs can detect out to longer than 1600 nm, and has less
multiplication noise than Ge but still has far greater noise than silicon. InGaAs is
known to be used as the absorption region of a heterostructure diode, most
typically involving InP as a substrate and as a multiplication layer. This material
system is compatible with an absorption window of roughly 900 to 1700 nm.
However both InGaAs and Ge devices are relatively expensive and have retatively
high multiplication noise when compared with silicon.

[0006] The subject matter claimed herein is not limited to embodiments that
solve any specific disadvantages or that operate only in environments such as
those described above. Rather, this background is only provided to Hlustrate one
exemplary technology area where some embodiments described herein may be
practiced.

SUMMARY
[0007] According to some embodiments, a photodetector with microstructure-
enhanced photoabsorption is described. The photodetector (e.g. photodiode or
avalanche photodiode) includes: a cathode region; an anode region; reverse
biasing circuitry configured to apply a voitage between the cathode and anode
regions such that the cathode region is driven to a more positive voltage than the
anode region; and a microstructure-enhanced photon absorbing semiconductor
region configured to absorb photons from a source signal. The absorbing region
includes a plurality of microstructures that are dimensioned and positioned to
increase absorption of photons at a range of wavelengths that includes a
wavelength of the source signal. According to some embodiments the
microstructures have at least one dimension that is equal to or shorter than a
longest signal wavelength. According to some embodiments the microstructures
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are pillars, holes and/or voids. The microstructures can be arranged into a
periodically-spaced array, a non-periodically-spaced array, a randomly-spaced
array or a multiperiodically-spaced array. According to some embodiments the
microstructures have a major longitudinal axis that is normal to the upper surface of
the underlying substrate material. According to some other embodiments, the
microstructures have major longitudinal axes that are not parallel to one another.
According to some embodiments, the microstructures are oriented so as to reduce
sensitivity to any single direction of the source signal.

[0008] According to some embodiments, the microstructures increase
absorption at least in part by forming an absorbing mode high contrast grating that
makes use of resonance effects, scattering effects, near field effects, sub-
wavelength effects, and/or interference effects.

[0009] According to some embodiments, the absorbing region and the
microstructures are formed of silicon. According to some embodiments, a silicon
photodiode is provided that can detect source signals at a data bandwidth of
greater than 5 gigabits per second, at wavelengths of 850 nanometers with a
quantum efficiency of at least 60%. According to some embodiments, a silicon
photodiode is provided that can detect source signals at a data bandwidth of
greater than 10 gigabits per second, at signal wavelengths of 850 nanometers with
a quantum efficiency of at least 60%. According to some embodiments a silicon
avalanche photodiode is provided that can detect source signals at a data
bandwidth of greater than & gigabits per second, at wavelengths of 850
nanometers, while having a gain of greater than 2. According to some
embodiments a silicon APD has a multiplication region with microstructures that
extend into the P multiplication layer, N multiplication layer and/or charge layer.
According to some embodiments a silicon photodiode is provided that can detect
source signals at a data bandwidth of greater than 1 gigabit per second, at
wavelengths of 980 nanometers with a quantum efficiency of at least 40%.
According to some embodiments a silicon photodiode is provided that can detect
source signals at a data bandwidth of greater than 0.5 gigabits per second, at
wavelengths of 1000 nanometers with a quantum efficiency of at least 30%.
According to some embodiments, the microstructures effectively reduce
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capacitance of the photodetector when compared to a microstructure-free device
having a similar photon absorbing length.

[0010] According to some embodiments, the absorbing semiconductor region
and the microstructures are formed of silicon and germanium. According to some
embodiments, the microstructures are formed by etching away portions of silicon
and using a selective area growth process to grow germanium in the etched away
portions. According to some embodiments, the absorbing semiconductor region
and the microstructures are formed of germanium. According to some
embodiments, the photo detector is configured to receive the source signal from
the substrate-side. The anode region can include a germanium P layer formed by
an epitaxial lateral overgrowth process. The device can be configured such that
the source signal to passes through the absorbing region a first time, reflects from
a surface and thereafter passes through the absorbing region a second time. The
device can also be configured to receive the source signal the top-side and the
anode region can be made of a silicon P layer. According to some embodiments, a
avalanche photodiode is provided that detects source signals at a data bandwidth
of greater than 1 gigabit per second, at source signal wavelengths of 1750
nanometers or shorter, and having a gain of greater than 2. According to some
embodiments, the absorbing semiconductor region and the microstructures are
formed of HI-V family material(s) such as InP, GaAs, InGaAs, GaN, InGaN,
inGaAsP, AlGaAs, AlGaN, GaP, InSh or InAs.

foo11] According to some embodiments, the microstructures include voids
buried within the absorbing semiconductor region. According to some
embodiments, voids are buried in a layer of material so as to effectively lower the
refractive index at the signal wavelength(s) and as well as lower the capacitance of
the layer of material.

[0012] According to some embodiments, a photovoltaic device is described that
includes a semiconductor material having a plurality of voids buried therein. The
semiconductor material being configured to convert solar radiation into direct
current electricity. According to some embodiments, the voids are microstructured
voids and are configured to enhance absorption of the semiconductor material
thereby increasing conversion efficiency of the device, According to some
embodiments, the voids are sized and/or spaced apart by less than 3 microns, and
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are configured to alter an effective refractive index of the semiconductor materiai
near a surface, for example to reduce reflection of incident sunlight from the device
and/or increase internal reflections within the semiconductor material.

[0013] According to some embodiments a glass material is described in which
the glass has a plurality of buried voids dimensioned between 0.01 microns to
1000 microns. In some examples the glass forms a part of a photovoltaic device.
According to some embodiments, the buried voids are filled with a material gel,
polymer and gas. The buried voids can provide flexibility of the glass material,
and/or increased resistance of the glass material to physical damage and/or
damage propagation.

[0014] According to some embodiments, a microwave transmission line
structure is described that includes: a semiconductor substrate material having a
plurality of high-density dielectric-filled voids configured to reduce a dielectric
constant of the semiconductor substrate material; and a plurality of metallic
microwave transmission lines, least one of which is positioned above the
semiconductor substrate material. According to some embodiments, the dielectric-
filled voids are filled a material such as: nitrogen, argon, vacuum, air, helium,
polymer, metal oxides, silicon dioxide, silicon nitride, calcium fluoride, or zinc oxide.
According to some embodiments, the voids are further configured to reduce
dispersion and reduce loss associated with the microwave transmission lines at
least in part by reducing current loop flow and/or eddy currents.

[0015] According to some embodiments, an optical waveguide structure is
described that includes: an optical mode region; and a supporting semiconductor
material adjacent to the optical mode region. The supporting material includes a
plurality of microstructured voids that are configured to alter an effective index of
refraction of the supporting material based on the size, shape, density, etc. of the
microstructured voids.

[0016] According to some embodiments, a heat exchanger system is described
that includes: a heat generating device; a heat sink configured to dissipate heat to
a surrounding medium; and an intermediate material mounted between the heat
generating device and the heat sink. The intermediate material includes a plurality
of buried voids configured to effect thermal conductivity of the intermediate
material. According to some embodiments, some of the buried voids are filled with
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thermally conductive material and others are filled with a thermally isolating
material. The two types of voids being positioned to conduct heat from the heat
generating device to the heat sink and to reduce thermal cross talk with other heat
sensitive devices mounted on the intermediate material.

BRIEF DESCRIPTION OF THE DRAWINGS
[0017] To further clarify the above and other advantages and features of the
subject matter of this patent specification, specific examples of embodiments
thereof are illustrated in the appended drawings. It should be appreciated that
these drawings depict only illustrative embodiments and are therefore not to be
considered limiting of the scope of this patent specification or the appended claims.
The subject matter hereof will be described and explained with additional specificity
and detail through the use of the accompanying drawings in which:
[0018] FIG. 1 is schematic side cross section of three dimensional micro
structures that enhance bulk absorption coefficient in photo sensitive devices,
according to some embodiments;
[0019] FIG. 2 is a cross section diagram showing aspects of a typical structure
of a conventional PIN photodiode;
[0020] FiGs. 3A and 3B a plots showing bandwidth and quantum efficiency
(QE), respecitively, of a bulk conventional silicon photodiode versus “d” in microns;
[0021] FiGs. 4A-4D are graphs showing the enhancaement of bulk absorption
coefficient vs bandwidth and QE for a microstructured Si photodetector, according
to some embodiments;
[0022] FIGs. 5A and 5B are cross sections showing aspects of a top
illuminated microstructered PIN silicon photodiode, according to some
embodiments;
[0023] FiGs. 6A and 6B are cross sections showing aspects of a bottom
illuminated microstructered NIP silicon photodiode, according to some
embodiments;
[0024] FIGs. 7A and 7B are cross sections showing aspects of a
microstructered avalanche photodiode, according to some embodiments;
[0025] FIG. 8 is a cross section showing a silicon epitaxial structure for a high-
speed high-efficiency microstructured APD, according to some embodiments;
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[o026] FiGs. 9A-9E are a series of cross sections showing some basic
microstructure processing steps, for a high-speed APD, according to some
embodiments;

[o027] F1Gs. 10A-10B are cross sections showing aspects of a top iluminated
microstructered photo diodes, avalanche photo diodes and/or photovoltaics (PV)
with microstructured voids in N-8i, according to some embodiments;

[0028]) FiGs. 11A and 11B are cross sections showing aspects of an
heteroepitaxial APD structure of Ge on Si, according to some embodiments;
[0029] FIG. 12 is a cross section illustrating aspects of a passivation method
for Ge surfaces on microstructures, according to some embodiments;

[0030] FIGs. 13A and 13B are graphs showing the effects of mictrostructure
enhancement of Ge bulk absorption coefficient for photodiodes and/or avalanche
photodiodes based on Ge on Si, according to some embodiments;

[0031) FiGs. 14A-14B are cross sections showing aspects of a top-illuminated
Ge on 8i avalanche photodiode having microstructured pillars/holes, according to
some embodiments;

[0032] FIGs. 15A-15D are cross sections illustrating aspects of bottom-
illuminated Ge on Si avalanche photodiodes having microstructured pillars/holes,
according to some embaodiments;

{0033] FIGs. 16A and 16B are graphs comparing single pass and double pass
photodiodes and/or avalanche photodiodes based on Ge on Si, according to some
embodiments;

[0034] FIGs. 17A-17B are cross sections showing aspects of a top-illuminated
Ge on Si photodiode structure having microstructured pillars/holes for applications
with signal wavelengths ranging from 700 to 1800 nm, according to some
embodiments;

[0035] FiGs. 18A-18B are cross sections showing aspects of a bottom-
illuminated Ge on Si photodiode structure having microstructured pillars/holes for
appilications with signal wavelengths ranging from 1200 to 1800 nm, according to
some embodiments;

[0036] FIGs. 19A-19C are diagrams illustrating how mictrostructures can
reduce capacitance of a photodiode such that a larger area photo diode can be
fabricated with the same bandwidth and QE, according to some embodiments;
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[0037] FIGs. 19D-19E are cross sections showing aspects of fabricating an
APD device having a [11-V absorbing layer grown on a P-I-N silicon multiplication
layer, according to some embodiments;

[0038]) FIG. 20 shows bulk layers without a final P-Si layer for devices having
microstructured Ge buried or embedded in an Si microstructure, according to some
embuodiments; )

[0039] FIG. 21 is a cross section showing etching of microstructured pillars
and/or holes for devices having microstructured Ge buried or embedded in an Si
microstructure, according to some embodiments;

{0040] FIG. 22 is a cross section showing a device having microstructured Ge
buried or embedded in an Si microstructure, after the Ge “I” layer is grown in the
etched region and planarized, according to some embodiments;

[0041] FIG. 23 is a cross section showing a device having microstructured Ge
buried or embedded in an Si microstructure, after I-Ge regrowth and planarization,
and a cap layer of P-8i, according to some embodiments;

[0042] FiGs. 24A - 24B are cross sections showing aspects of a
microstructured APD with buried/embedded I-Ge absorbing microstructures in [-Si
microstructures, according to some embodiments;

[2043] FIGS. 25A - 25C are cross sections showing aspects of a photodiode
having buried/embedded Ge microstructures in a Si microstuctured pillar and/or
hole array, according to some embodiments;

[0044] FiGs. 25D - 25E are cross sections showing aspects of a forward biased
device such as a vertical cavity surface emitting laser (VCSEL), according to some
embodiments;

[G045] FIG. 26 is a cross section showing starting epitaxial layers in which
mictrostructured voids are fabricated, according to some embodiments;

[0046] FIG. 27 is a cross section showing microstructured holes/pillars etched
into the 1-Si layer, according to some embodiments;

[0047] FIG. 28 is a cross section showing microstructured voids buried or
embedded in Si with a Si capping P* anode layer 2826, according to some
embodiments;

[0048] FIG. 29 is a cross section showing Bragg reflectors formed on the P-Si
surface to provide a highly reflective mirror, according to some embodiments;
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[0049] FIG. 30 shows an example of a PIN PD/PV structure with
microstructured voids to enhance absorption, reduce bulk refractive index, reduce
capacitance and increase mechanical flexibility of large sheets of PV on
semiconductor material, according to some embodiments;

5 [0050] Fig. 31 is a cross section showing regrown |-Ge with a buried/embedded
voids, according to some embodiments;
[0051] Fig. 32 is a cross section showing a device having buried
microstructured voids in I-Si with regrown 1-Ge and capped by a epitaxial layer,
according to some embodiments;

10 [0052] FIG. 33 is a top view showing distribution of microstructured pillars,
holes and/or buried voids in an PD/APD, according to some embodiments:
[0053] FIG. 34 is a top view showing distribution of microstructured pillars,
holes and/or buried voids in an PD/APD, according to some other embodiments;
[0054] Fig. 35 shows the basic epitaxial structure for a conventional Si PV/PD

15 diode on N Si substrate;

[0055] FIG. 36 shows microstructured voids incorporated into an N-Si layer,
according to some embodiments;

{00586] FIG. 37 is a cross section showing etched Si microstructured
pillars/holes with regrown Ge covering the Si, according to some embodiments:

20 [0057] FIG. 38 is a cross section showing microstructured Si pillars/holes with
Ge regrowth on an N-5i layer having embedded microstructured voids, according
to some embodiments;

[0058] FIG. 39 is a cross section showing partial coverage |-Ge on
microstructured Si pillars/holes, according to some embodiments;

25 [0059] FIG. 40 is a cross section sowing the basic components for the a
microstructured Si-Ge pillar hole array PD/PV and/or APD, according to some
embodiments;

[0060] FiGs. 41A-41B are cross sections showing aspects of a microstructured
pillar/hole array device above a N-Si layer having buried microstructured voids,

30 according to some embodiments;

{0061} FIGs. 42A-42D are cross sections showing aspects of an APD with
microstructured pillar/hole arrays above an N-Si layer having buried
microstructured voids, according to some embodiments;
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[0082]} FiGs. 43-46 are top views illustrating various dimensions, spacings and
shapes for microstructured elements, according to some embodiments:

[0063]) FiGs. 47-48 are cross sections showing microstructured pillar and hole
arrays having varying lengths and depths, according to some embodiments;
[0064] FIG. 49 shows shows a microstructured surface having a combination of
both pillars and holes, according to some embodiments;

{0065] FIG. 50 is a cross section of an optical ridge waveguide, according to
some embodiments;

[0066] FIG. 51 is a cross section of a buried optical waveguide in silicon using
voids, according to some embodiments;

[0067] FiGs. 52 and 53 are a cross section and top view, respectively, of a
ridge waveguide integrated with a microstructured PD/APD, according to some
embodiments;

[0068] FiGs. 64A and 54B show a microwave transmission line on Si with
voids, according fo some embodiments;

[0069] FIG. 55 is a cross section of voids for thermal conduction and thermal
isolation of heat producing ICs and light emitters, according to some embodiments;
and

{0070} FIG. 56 is a cross section showing a distribution of voids to increase
lateral path length for increasing lateral electrical resistivity and decrease lateral
thermal conduction, according o some embodiments.

DETAILED DESCRIPTION
[0071] A detailed description of examples of preferred embodiments is
provided below. While several embodiments are described, it should be
understood that the new subject matter described in this patent specification is not
limited to any one embodiment or combination of embodiments described herein,
but instead encompasses numerous alternatives, modifications, and equivalents.
In addition, while numerous specific details are set forth in the following description
in order to provide a thorough understanding, some embodiments can be practiced
without some or all of these details. Moreover, for the purpose of clarity, certain
technical material that is known in the related art has not been described in detail
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in order to avoid unnecessarily obscuring the new subject matter described herein.
It should be clear that individual features of one or several of the specific
embodiments described herein can be used in combination with features or other
described embodiments. Further, like reference numbers and designations in the
5 various drawings indicate like elements.

[0072] According to some embadiments, microstructures are used to enhance
the bulk absorption constant (also referred to as absorption coefficient) to achieve
high quantum efficiency (QE) while maintaining an absorption length suitable for
high data rate applications. As used herein, “QE” refers to internal quantum

10 efficiency (IQE). IQE is equal to external quantum efficiency (EQE) in cases where
reflection and transmission are negligible.
[0073] According to some embodiments, microstructures are used to improve
bulk absorption constant at wavelengths in the proximity of the semiconductor
material's band gap. This allows for extending the operating optical wavelengths

15 and/or operating spectrum of the photosensor. The enhanced bulk absorption
constant (or coefficient) is called the effective absorption constant (or coefficient).
The term "effective” is used since absorption constant or coefficient is an inherent
material property. However, with resonance effects, plasmonic effects, field
enhancement effects, scattering effects, near fisld and sub wavelength effects, the

20 effective absorption constant or coefficient can be greater than the bulk or material
absorption constant or coefficient. As used herein, the following terms are used
interchangeably: enhanced absorption constant, enhanced absorption coefficient;
enhanced effective absorption constant; enhanced effective absorption coefficient;
enhanced absorption; enhanced effective absorption; and effective absorption

25 constant; and effective absorption coefficient.
[0074] According to some embodiments, enhanced absorption can also have
drastic effects on path length. In one bulk absorption example, the path length for
the photons to be absorbed to 1/e of its original amplitude is, for example 100
micrometers (um), whereas under enhanced absorption according to some

30 embodiments, the path length is 1 micrometer for the optical amplitude to decay to
1/e of its original amplitude. Equivalently, if path length is kept constant to one
micrometer then the enhanced absorption coefficient is 100 times greater than the
bulk absorption coefficient.
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[0075] This is seen by the relationship A= Age™ where A is the decaying
amplitude of the incident photon flux A, and a is the absorption coefficient and L
the path length for absorption to take place. So, rather than have L be 100 times
longer, an effective a can be defined such that it is 100 times greater than a non
enhanced absorption coefficient such as the bulk absorption coefficient. The
resonance/scattering/near field effects of microstructures for example gives the
equivalence of the path length that is 100 times longer where the
resonant/scattering/near field microstructure is just one micron long. To put it
another way, in a very simplistic view, the photons in the resonant structures make
50 round trips before reaching the 1/e value of its original amplitude, so the
equivalent linear length is 100 times the length of the resonant structure. For
simplicity, resonance/scattering/near field effects will collectively be referred to
herein as “resonant” which can include, resonant, scattering, near field, plasmonic,
nonlinear and linear optical effects.

[o076] As used herein the terms "microstructures” and “microstructured” refer
to: pillars, voids, holes and mesas, of various shapes and sizes having at least one
dimension in the micrometer scale, submicrometer scale, and/or sub-wavelength
scale.

[0077} According to some embodiments, properties of the microsiructures can
also be expiained as the absorption mode of high contrast grating (HCG) being
used to enhance the effective absorption constantVcoefficient or enhanced
absorption. Conventionally, HCG uses material that is transparent at the optical
wavelength of interest. In contrast, according to some embodiments, at least one
of the microstructures is absorbing or weakly absorbing at the optical wavelength of
interest. According to some embodiments a low-Q absorbing mode HCG enhances
absorption (e.g. Q values in the range of 2-200).

[0078] According to some embodiments, a low index material is used such as
buried oxide (BOX), sificon on insulator (SOI), silicon on sapphire (SOS), low-
density semiconductors such as amorphous semiconductor, nanowire
semiconductors, voids and holes to lower the effective refractive index. Refractive
index is an inherent property of a material. However, according to some
embodiments, when structures such as voids, air gaps, and/or holes {(which can be
filled with low index material, and/or regrowth) have dimensions on the order of the
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optical wavelength, the optical electromagnetic field will see an average refractive
index consisting of the material refractive index and the structures (which can be
filled by a low refractive index material). This average is referred to herein as the
effective refractive index. According to some embodiments, a low index or effective
low index material need not be used in the microstructures.

[0079] According to some embodiments, the techniques for enhancing effective
absorption can be applied to various materials including: silicon, germanium, -V
material such as InP, GaAs, GaN, InGaAs, and any combination of the Hi-V
material family. As used herein, the term "material family" of a IlI-V material is
defined as any material that is lattice matched or approximately lattice matched
{within a few percent) to GaAs, InP, GaN, InSb semiconductors. For example, the
InP material family can include InGaAs, InGaAsP, InAlAs. According to some
embodiments, in the case of microstructures, regrowth such as selective area
growth (SAG) of Ge, InGaAs, or other IlI-V material in silicon microstructures can
be carried out without the detrimental effects of lattice mismatch since the
dimension of the footprint of the lattice mismatched material on silicon is small
(approximately a few micrometers to sub-micrometers). This allows Ge and other
-V materials to be integrated with silicon without the use of a conventional buffer
layer {such as amorphous Ge in the case of Ge on Si growth). The heterogeneous
integration of materials can be homo or hetero structures, combination of
crystalline and microcrystalline and amorphous semiconductor, conductor such as
carbon, graphene, insulator, dielectrics, solid, gaseous, liquid such as glass or
polymer that can be semiconducting.

[0080] Due to the microstructures, the capacitance can also be represented by
an effective capacitance which is a parallel capacitance of (1) the dielectric
constant of one semiconductor, and (2) the dielectric constant of another material,
which can be a semiconductor, dielectric, gas, vacuum, partial vacuum, liquid such
as glass or polymer (polyimide, mylar, or other organic compound). The effective
capacitance of the device is the combination of the capacitance of the parallel
capacitors, which can be two or more. An advantage of the use of microstructure
according to some embodiments, is that the effective capacitance can be
significantly lower than the capacitance of a homogeneous material such as a
semiconductor. The lower capacitance allows a device to have a larger area while
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still maintaining suitably high data rate bandwidth, and/or increase the data rate
bandwidth by reducing the thickness of the device to reduce the transit time.
[o081] According to some embodiments, the photosensor can be a photodiode
(PD), avalanche photodiode (APD), photovoltaic (PV) or solar cell, or any
optoelectronic device that converts photons to electrons. According to some
embodiments, emitters such as lasers and light emitting diodes that convert
alectrons/holes to photons can aiso be implemented using microstructures.

foosz] According to some embodiments, the enhanced absorption allows the
APD/PD to: (1) extend the sensitivity of the APD/PD to photons with energies (or
wavelength) closer to the material band gap with QE greater than 60% and data
bandwidth greater than 3 Gb/s; (2) operate at a high data rate bandwidth (e.g. >10
Gb/s), due to shorter absorption length therefore shorter transit time: (3) increase
quantum efficiency with enhanced absorption; (4) be manufactured of silicon which
has superior APD properties with low excess noise; (5) be compatible with Si
Photonics and CMOS processes. According to some embodiments, the PD/APD
can be integrated with ASIC (application specific integrated circuits) such as signal
processing, signal amplification, memory, cpu, electrical transmitter, optical
waveguides, integrated optics, and other ICs for specific applications. This is
advantageous for mass production using CMOS foundries.

{0083] According to some embodiments, microstructures such as voids are
used to reduce effective refractive index to create resonant structures 16 enhance
the absorption. In microstructures where selective area growth are used to
integrate Ge or lll-V material with silicon, voids can be made in the silicon
microstructure such that the absorbing region is a resonant structure to enhance
the effective absorption coefficient by 2 to over 100 times.

[a084] According to some embodiments, silicon is used for avalanche gain.
Silicon has the lowest excess noise for an avalanche photodicde. By integrating
Ge and/or Il-V material with silicon, the absorption takes place in Ge and/or HI-V
material and the electronic gain occurs in silicon. Depending on the optical
wavelengths, for example shorter than 1100 nm, silicon may be used for both
absorption and electronic gain with the use of microstructures.

[0085] According to some embodiments, microstructures such as buried voids
can reduce lateral electrical and thermal conductivity. In situations where
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directional conductivity of electrical or thermal {phonons) is preferred, voids can be
used to confine the flow of electrical current and/or heat.

[0086) According to some embodiments, the absorption of photons in
semiconductors is enhanced with the use of microstructures. The microstructures
can have effects such as resonance, field enhancement, near field and sub
wavelength effects, scattering, plasmonics, photonic crystal, absorption mode in
high contrast grating at the near field regime, which are both linear and non linear
effects that can effectively increase the effective absorption length resulting in a
greater absorption of the photons for a given length.

[0087] According to some embodiments, microstructures used for absorption
enhancement for silicon photodiodes and silicon avalanche photodiodes can result
in silicon PD and APD with bandwidths in excess of 10 Gb/s (or equivalently 6.75
GHz approximately depending of the digital coding format) at photons with
wavelengths of 850 nm approximately (which is the current datacom preferred
wavelength) with quantum efficiencies of approximately 90% or more.

[oc088] Silicon optical detectors are very robust due to the maturity of the
material and processing techniques, the surfaces can be easily passivated to
eliminate dangling bonds that can cause surface states and carrier recombination
centers, they have excellent carrier lifetimes due to low defects and high material
purity, and for APD applications, the noise is low due to the small ionization ratio
between holes and electrons (k factor, silicon have the lowest k factor than any Hi-
V material) and such detectors are CMOS compatible for integration with
electronics for signal processing and with Si photonics.

[00389] According to some embodiments, other material such as germanium, lil-
V, a-8i (amorphous sificon) may also be used singly or together with other
materials such that a multiple bandgap in parallel can be fabricated with enhanced
absorption.

[0090] According to some embodiments, microstructures and voids are used to
reduce the effective refractive index and capacitance to achieve the absorption
mode high contrast grating effect and to reduce the effective capacitance of the
device for lower RC time constants.

[0091] In addition, according to some embodiments, microstructures buried in
the semiconductor can reduce lateral electrical and thermal conduction. Microwave
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transmission lines are possible for example where high-density voids are buried in
Si to reduce the dielectric constant and also eddy currents in the semiconductor
resulting in low loss and dispersion. Voids can also be uséd for thermal isolation
and to improve thermal conductivity by filling the voids with thermal conductors.
This is useful in thermal management of components on a silicon substrate.

[0092] The enhancement using nanowires (Garnett et al, Light trapping in
silicon nanowire solar cells, Nano Letters, 2010, 10, 1082-1087; Kelzenberg et al,
Enhanced absorption and carrier collection in Si wire arrays for photovoltaic
applications, Nature Materials, vol. 8, March 2010, 239-244) and nanoholes (Lin et
al, Optical absorption enhancement in silicon nanowire and nanohole arrays for
photovoltaic applications, Proceeding of SPIE, Vol. 7772, 77721G-1, 2010) have
been reported. Nanowire is known to be used for light trapping in photovoltaic
applications where the photogenerated carriers diffuse to the anode or cathode of
a P-N junction with zero external bias operating at DC (direct current).

[0093] According to some embodiments, the photogenerated carriers are swept
out with an external reverse bias in the absorbing “i” region of a P-I-N diode (PD)or
P-1-P-I-N diode (APD) for high modulation bandwidth (greater than or equat to 10
Gb/s bandwidth) and high quantum efficiency and for APD for high current gain,
with gain greater than 3 dB.

[0094] The cause or causes of the enhancement of the absorption coefficient
are believed to includs one or more of the following: an increase in opticat fleid
concentration, resonance effects, constructive and destructive optical interferences
(amplitude and phase) effects, scattering, and high contrast grating (HCG) effects.
See, e.g. Chang-Hasnain et al, High contrast gratings for integrated
optoelectronics, Advances in Optics and Photonics 4, 379-440 (2012), hereinafter
“Chang-Hasnain.” The HCG effects are at the near-wavelength regime (See,
Chang-Hasnain) where the optical wavelength in the material of the grating and the
optical wavelength in the surrounding material of the grating is the range of the
period of the grating.

[0095] FIG. 1 is schematic side cross section of three dimensional micro
structures that enhance bulk absorption coefficient in photo sensitive devices,
according to some embodiments. Microstructured pillars 110 and/or holes 120 are
etched into the “I" Si layer 100. The optical wavelength in material M4 is Mns where
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™ is the refractive index of My and the optical wavelength in material M, is given by
Mny where i, is the refractive index of material Ma. The center to center distance L
of the structures 110 can be between Mns and A/n, or approximately 100-2000 nm,
which is referred to as the near-wavelength regime. The diffraction regime is
where L (one cycle) is greater than the wavelength, while the subwavelength
regime is where L is less than the wavelength. The cross section of FIG. 1 shows
the 3D {dimension) microstructured pillar/hole array, which enhances the bulk film
absorption coefficient by factors of 1.5 to over 100. The period of the 3D pittar/hole
microstructured array can be seen as a 3D high contrast grating, whose period of
the grating A can lie between Any where ny is the optical refractive index of material
My and Mn; where n; is the optical refractive index of material Ma. If iy > no then
Nny< A < Mny where A is the optical wavelength of the light to be absorbed by the
microstructured pillar/hole array typically in the “I” region of a P-i-N PD or for APD,
the absorbing “I” region P-1-P-I-N where the second “I” region is the multiplication
region, or the wavelength of the optical signal to be detected by the PD and APD.
At this near-wavelength regime of the 3D HCG microstructured pillar/hole array, the
resonance Q (quality factor, or proportionat to the ratio of the energy stored in the
resonator/energy losses per cycle; where it is the optical cycle, the optical
frequency impinging on the resonator or in the resonator) can be as high as 107
(see, Chang-Hasnain) if the HCG has minimal absorption loss as is known. In
addition, in most cases the ratio of the index of the HCG to the surrounding
material index need only be approximately 1.1 to observe the effects of the HCG.
[0096] The HCG effect that may explain the high enhancement of the
absorption coefficient of the bulk material is that a single or multiple HCG laver (or
a single microstructured pillar/hole array layer) due fo its resonance effects and/or
due to a varying of the microstructured pillar/hole period spacing, the optical signal
resonating in the HCG/microstructured pillar-hole array can be directed to
propagate in the plane of the HCG/microstructured pillar-hole array rather than
normal to the surface. Together with resonance and in-plane propagation this can
greatly increase the absorption path length in the HCG/microstructured piliar-hole
array. According to some embodiments, the absorbing HCG mode is operated with
a reverse voltage bias for PD/APD and a built-in bias (zero applied bias) in
photovoitaic devices.
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[0097] Using the phenomenon of near-wavelength and also deep-wavelength
where the HCG period is much Jess than the optical wavelength, and the diffraction
regime where the HCG period is greater than the optical wavelength (See, Chang-
Hasnain) the microstructured pillar-hole-void array can have enhanced absorption
coefficient over the bulk absorption coefficient by a factor of 1.1 to over 100.

{0098] According to some embadiments, the HCG effect is also used in the
absorbing mode or lossy mode or low Q of 1-10000 (compared with known HCG
that are in the non-absorbing mode or non-lossy mode to achieve high Q of greater
than 1,000,000 and high reflectivity), in both buried/embedded (not fully buried) Ge
microstructures in Si and buried/embedded void microstructures in either Ge or Si
to improve the quantum efficiency (QE) and operating wavelength range of Si (400~
1100 nm) and Ge (400 to 1800 nm) and Ge on Si photodiodes and avalanche
photodiodes operated in a reverse bias mode of the pn, pin, pinip junctions (p and
n can be switched for certain device configurations) that can be homo or
heterojuction, crystalline or amorphous or any combinations thereof. In addition,
the substrate can be on SOI or BOX or voids to reduce the index of refraction or
effective index of refraction and the dielectric constant or effective dielectric
constant (a dielectric with many voids can be represented as an effective dielectric
constant, or equivalently effective capacitance).

[0099] Known silicon photodetectors have been limited to wavelength ranges of
200 to 1000 nm due to indirect bandgap of 1.1 eV. In particular, near the band gap
wavelengths of 800-1000 nm, the frequency response of the silicon photodetector
to a modulated optical signal at Gb/s rate is limited to 1.5 Gb/s approximately or
less due to the weak absorption constant of Si at those wavelengths which are
approximately 760 cm™ at 850 nm and 67 cm™ and 63 cm™ at 980 and 1000 nm
respectively, resulting in long absorption lengths of material, 30 microns or more,
which results in low frequency response for the PD/APD. The wavelengths 850 nm
is of interest since this is the standard wavelength for short distance (few meters to
a few kilometers) multimode fiber optical datacommunication.

[00100] The amount of incident photons absorbed is approximately given by
n=1-e°" where n (also the quantum efficiency if reflection off the surface of the PD
is negligible) is the amount absorbed and “a” is a the absorption constant and “L" is
the length length of the absorber. Using this equation and the absorption constant
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of Si at 850 nm, 90% of the incident photons are absorbed at a depth of
approximately 30 pm. Known high speed photodetectors typically have an
absorption region of approximately 2 um in length. The reason for this is that transit
time and RC time of the photodiode need to be considered to have a bandwidth of
5 20 GHz (or approximately 30 Gb/s) or more and still have an external quantum
efficiency of 80-90% or better.
[00101] Efficiency and bandwidth {transit and RC time): At a field strength of
6+10* V/em the electron drift velocity is 14107 cm/s at a temperature of 300 K. The

3 dB bandwidth of the photodetector due to transit time is given by:

10 f(3dB)=0.45/(transit) where t{transit) is the transit time for the carriers to cross the
depleted high field region. FIG. 2 is a cross section diagram showing aspects of a
typical structure of a PIN photodiode structure. Assuming negligible photocarriers
generated in the P region 210 of the PIN 200 and mostly generated in the “i” region
220, the transit time is determined by the electron drift velocity and “d” (the high

15 field “I" region). The PIN 200 is reversed biased (e.g. between -4 and -25 V). The
“i" region 220 is fully depleted in this case. The RC time of the PIN structure 200 is
determined by the capacitance, which is the ratio of the area ( w2/4) of the PIN
220to d.

[00102] According to conventional techniques, a 30 wm thick absorption layer

20 (") to achieve 90% absorption for Si at 850 nm wavelength will give a transit time
limited 3dB bandwidth of 1.5 GHz (approximately 2.2 Gb/s) which is too low for
many current applications. Many current applications are in the 10-20 Gb/s range
and in the near future 40 Gb/s. A d of 2 um or less is desirable for current high-
speed photodiodes in optical datacom applications to give over 30 Gb/s bandwidth.

25 [00103] RC time is another time tc consider in photodiodes (applies to both APD
and PD). The 3 dB bandwidth due to RC time is given by f(RC)= 1/(21TRC); where
C is the capacitance of the photodiode and R is the load resistance which is
typically 50 ohms (and occasionally 25 ohms). Capacitance in the case of a
conventional PIN structure photodiode with the “i” region fully depleted by the

30 reverse bias, is just a parallel plate capacitance given by eA/d where ¢ is the
dielectric constant of the material (multiplied by vacuum permittivity of 8.854+107'
farads/cm) which is 11.9 for Si, A is the area of the capacitor (m(w/2)?), and d is the
depleted “i” (i and | are used herein interchangeably). The f(RC) becomes larger
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as d increases since the capacitance is decreasing with increasing d and a fixed
area, where the diode diameter for example is 30 pm (diameters of high frequency
PD/APD range from 5 to 60 um). Diameter of diode for calculating the RC time is
the total capacitive area of the dioda that includes the photosensitive area and any
metallization that may contribute to the overall capacitance.
[60104] The overall frequency bandwidth of the photodiode is a sum of the
squares of the transit time and the RC time. This is given by the equation:
f=1/(2m(RC)? +(112.4)%)"2).
[00105] FIGs. 3A and 3B are plots showing bandwidth and QE, respectively, of a
bulk conventional Silicon photodiode versus “d” in microns. From plots 310 and
312 in FIGs. 3A and 3B, for the combined f(3dB) of the transit time and RC time
and the quantum efficiency n (assuming negligible reflection losses) we see that for
bulk silicon to reach 10 Gb/s, the quantum efficiency (QE) is less than 40%, for a
30 um diameter PD, which is too fow for most datacom applications.
[00106] According to some embodiments, to overcome the relatively weak
absorption of semiconductors with radiation energies near the bandgap and
indirect bandgap semiconductors, for example Si at 850-1100 nm, a
microstructured array is used that is etched into silicon that is grown by
conventional methods epitaxially such as chemical vapor deposition (CVD) or
metal organic chemical vapor deposition (MOCVD), atomic layer deposition (ALD),
molecular beam epitaxy {MBE). Note that according to some embodiments, non
semiconductors can be used: such as polymers, glass, ceramics, hybrid materiat
such as transition metal oxides, hydrides, chlorides, sulfides embedded with
semiconductor, metal, carbon nanoparticles and or atoms, which may or may not
have a bandgap. The microstructured array of silicon consists of pillars of Si
and/or holes in Si. See, Garnett and Yang, Light Trapping in Sificon Narowire
Solar Cells, Nano Lett. 2010, 10, 1082~1087 (hereinafter “Garnett et al.”} that
experimentally demonstrates that an ordered array of silicon nanowires increased
the optical path length of the incident optical radiation by 73 times greater than that
of bulk silicon.
[00107] According to some embodiments, as described earlier, the concept of
effective absorption coefficient is introduced. The effective absorption coefficient of
the ordered array of Si nanowires is 73X that of bulk silicon; bulk a for Si is 760 /cm
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and nanowire Si a is 5.548x10% /cm at 850 nm which is higher than direct bandgap
-V material.

[00108] It should be noted that the microstructures can also be epitaxially grown
using methods such as VLS (vapor liquid solid epitaxial grown) nanowires or
microwires (some nanowires have the largest dimension, such as the diameter, in
the micron range, so that it can be called a microwire) with or without catalysts, or
using a dielectric mask for selective area growth (SAG) epitaxy.

[00109] The nanowire array described in Garnett et al. has a diameter of the
nanowire of approximately 390 nm using an array of beads of 530 nm as a dry etch
mask. Roughly 1/2 of the Si material is etched away; the effective capacitance for
the nanowire array is less than that of the bulk. The effective capacitance can be
estimated as two parallel capacitors, one with Si and another with polyimide (filler)
whose dielectric constants are 11.9 and 3.4 respectively. The area of each
capacitor will be 1/2 that of a 30 um diameter parallel plate.

[00110]  With the effective capacitance lower, the overall 3dB bandwidth for a 30
pm diameter device is significantly higher. FIGs. 4A-4D are graphs showing the
enhancement of bulk absorption coefficient vs bandwidth and QE for a
microstructured Si photodetector, according to some embodiments. FIGs. 4A and
4B shows the bandwidth (plot 410) and quantum efficiency (plot 420} of a
microstructured Si photediode (PD) or avalanche photodiode (APD) at 850 nm
wavelength photons impinging on the PDVAPD either single or double pass. With
an effective absorption coefficient (EAC) of 73X (412), 30X (414) or 15X (416) over
bulk absorption coefficient (BAC), the bandwidth and QE are 54 Gb/s, 98%; 49
Gb/s 90%, 28 Gb/s 90% respectively for a 30 micrometer diameter PD/APD for
example. At 1100nm, shown in plots 430 and 440 of FIGs. 4C and 4D, with
enhancement, for exarmnple, of 172X QE of 90% and bandwidths of 26 Gb/s can be
attained using Si microstructured PD/APD. Both PD and APD operate at a reverse
bias of -2 to -50 voits range. APDs in general will have less bandwidth than PDs for
the same geometry due to the added multiplication layer of the APD. In addition,
APDs have a gain-bandwidth product. For simplicity, APD and PD are shown to be
approximately the same.

[00111]  According to some embodiments, a combination of low capacitance due
to the gaps between the microstructured pillars and the enhanced absorption
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allows the silicon photodiode and avalanche photodiode to operate at bandwidths
greater than 10 Gb/s with high quantum efficiencies (> 90%) at 850 nm
wavelength. This has not been demonstrated by conventional silicon PD/APD at
these wavelengths. 850 nm is chosen as the nominal wavelength, but according to
5 some embodiments, wavelengths can have values from 700 to 1100 nm.

[00112] According to some embodiments, the weak absorption in the bulk can
be taken advantage of for photodetector applications since this will allow light at
850 nm and longer to pass through Si substrate and epitaxial layers toward the
microstructured silicon with minimal optical loss and minimal photocurrent outside

10 of the high field region, which can diffuse to the i-region and can cause the
photodetector to have a degradation in frequency response.
[00113] According to some embodirments, the techniques described herein are
applied to other semiconductors, polymers, organic films, glass, dielectrics, hybrid
material such as glass, dielectrics, polymers embedded with nanoparticles of

15 metal, semiconductors. According to some embodiments, one or more of the
following are used: Ge, 1lI-V material family such as InP, GaAs, GaN, InGaN; II-Vi
material family such as ZnSe, and also heterostucture material such as 1lI-V grown
on Si, Ge grown on 8i. For example, for Ge on Si, microstructures are fabricated
on the Ge o increase absorption which allows a shorter length of Ge to be used

20 resulting in higher speed due to lower effective capacitance and shorter transit time
for the carriers.
[00114] FIGs. 5A and 5B are cross sections showing aspects of a top
illuminated microstructered PIN silicon photodiode, according to some
embodiments. FIG. 5A shows the starting basic material structure 500. In FIG. 5B,

25 silicon epitaxial structure is shown for a high-speed high efficiency microstructured
photodiode 520. The photophoto diode 520 in FIG. 5B is designed for top
illumination. According to some embodiments, BOX/SOI layer 504 may not be
used. FIGs. 6A-B, infra show an example for bottom illumination. Note that with
minor modifications the n and p doping can be switched and the direction of

30 illumination may aiso be affected. Acccording to some embodiments, the
illumination can be either perpendicular to the surface of the PD/APD or at an
angle off perpendicular to the surface. According to some embodiments, in
integrated structures where the optical signal is guided in an optical waveguide, the

Samsung Exhibit 1003, Page 236 of 1137



WO 2014/190189 PCT/US2014/039208

10

15

20

25

30

23

microstructured absorption region can also be illuminated edge wise, directly into
the microstructures or evanescently coupled to the microstructured i region.
[00115] FIG. 5B shows a microstructured pillar and or hole PD 520 in silicon with
the starting material 500 consisting of a P-I-N Si layer grown on an Si substrate
502 that can be N doped or low doped in which case an extra N* layer is first grown
on the substrate to minimize series resistance. The dimensions and doping of the
layers can range as follows; N* cathode contact layer 506 (or a thin layer on top of
508, between 506 and 508) with N doping of greater than 5. 10"7/cm?, and
thickness ranging approximately from 0.1 to 10 micrometers or more; N layer 506
with N doping greater than 5. 10"/cm®, and thickness ranging approximately from
0.1 to 10 micrometers or more; | high field absorption region 508 with background
doping of less than 5x10'%/cm? and thickness ranging approximately from 0.1t0 5
micrometers depending on applications; and P* anode layer 510 with P doping
greater than 6. 10'%/cm? and thickness ranging approximately from0.1to 5
micrometers or more. The PD (and APD) photosensitive area (defined by the P-I-N
or P-I-P-I-N junction area) is nominally 30 micrometers (10-80 micrometers in
diameter are possible ranges) in diameter for 20 Gb/s or more bandwidth
operation. According to some embodiments, the area can be larger for lower
bandwidth or smaller for higher bandwidth operation. The Si microstructures of
arrays of holes 522 and/or pillars 524 shown in FIG. 5B, which can be random,
patterned or pseudo-random, are for enhancing the bulk absorption coefficient of Si
to detect photons with wavelengths from 300-1100 nm. In the case of datacom
applications, according to some embodiments, the optical signal wavelengths
range from 750-1100 nm. A transparent conducting oxide and P-ohmic layer 526
is also provided.

[00116] The PD 520 is operated in a reverse bias mode, with negative voltage
on the anode (P layer 510 via P-ohmic and bond contact metal 528) and positive
voltage on the cathade (N layer 506 with N-ohmic bond contact metal 530) ranging
from -1 to -20 volts. According to some embodiments, the PD structure 520 shown
in Fig. 5B (and PD structure 620 in FIG. 6B, infra) can also be used for photovoltaic
(PV) operation without any external bias.

[60117]  As shown in FIG. 5B, the optical signal can impinge narmal to the
surface or at an angle off normal. In certain cases, optical signal coming in at an
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angle off normal can have a higher QE and can also be at a certain rotation about
the axis normal to the surface. This is to avoid the bald spot effect where some
photons travelling normal to the surface can “see” bald spots whereas for photons
illuminating at an angle off normal to the surface, the bald spots are hidden by
other microstructures. This is not the case in near field optics where the spacing of
the microstructures are of the order of the optical wavelength or subwavelength,
the bald spots are not a significant issue.

[00118] FIGs. 6A and 6B are cross sections showing aspects of a bottom
illuminated microstructered NIP silicon photodiode, according to some
embodiments. The optical signal impinges on the photodiode 620 from the
substrate side or bottom. The substrate 602 can be thinned to 10 microns or less
by etching for example a via and stopping at the P layer or the photodiode can be
fabricated on a BOX (buried oxide) or silicon on insulator (SOI) silicon wafer and
the etch via can stop at the BOX layer 604 which can also be selectively etched to
the siticon layer 606, the via 630 is as wide or wider as the photosensitive area of
the photodiode 620. An antireflection layer (not shown) is applied to the silicon
remaining layer 606 or the BOX layer 604 (the BOX layer 604 can be designed as
a part of the antireflection layer for example) to minimize reflection (the BOX layer
604 can also be selectively etched off such that antireflection layer can be applied
to the silicon P layer 606 to minimize multiple reflections). The back illuminated
photodiode 620 has the advantage that a reflector 626 can be applied on the N
layer 610 to reflect any light not absorbed on the first pass, in effect doubling the
length of the “I” layer 608. The QE can be increased due to the extra length. In
addition the reflector 626 on the N layer 610 can be smooth of textured to scatter
(non-specular or diffused reflection) the light (optical signal) to optimize absorption
by the microstructures (arrays of pillars 624 or holes 622). Since the length of the
“I" region is effectively doubled, the transit time can effectively be reduce since only
half of "I” is needed.

[00119] Bottom illuminated PDs such as PD 620 in FIG. 6B are also sometimes
referred to back/substrate illuminated PDs, and top illuminated PDs such as PD
520 in FiG. 5B are also sometimes referred to front/surface illuminated PDs.
[00120] According to some embodiments, the basic structure of a
microstructured Si photodiode such as shown in in FiGs. 5A, 5B, 6A and 6B, is
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fabricated from a bulk thin film epitaxiaily grown silicon with a P-I-N structure on a
silicon wafer which can be doped N type or not intentionally doped or low doped N
type Si substrate with (100) orientation or other orientation such as (111).

[00121] According to some embodiments, the basic layer structures (such as
layers 502, 504, 506, 508 and 510 of structure 500 of FIG. 5A, and layers 602,
604, 608, 608 and 610 in structure 600 of FIG. 6A) are all grown epitaxially using
one or more of the following methods: chemical vapor deposition (CVD), metal
organic chemical vapor deposition (MOCVD), plasma enhanced chemical vapor
deposition (PECVD), molecular beam epitaxy (MBE), atomic layer deposition
(ALD), pulsed laser deposition (PLD) on Si substrate of either P or N or low doped
or undoped) or BOX/SOI substrates.

[00122] Processing details have been left out for simplicity. According to some
embodiments the following basic steps are carried out: first (for piltars, not
necessary for holes), depositing the p ohmic contact metal layer using e-beam,
thermal or sputtering deposition; second, photolithographically (or imprint
lithography) defining the microstructure pattern either pillars or holes and forming
the etch mask for either dry or wet etching; third, etching of microstructure patterns
on the P and | layers partially or fully and can extend into the N layer; fourth,
passivating the sidewalls of the microstructure patterns (pillars or holes) with
thermal oxide to minimize surface recombination of the photogenerated carriers via
surface states due to dangling bonds and other surface imperfections (other
passivation techniques may also be applied such as ALD (atomic layer deposition)
of Si oxides and Si nitrides); fifth, planarization (filler step) using either spin on
glass, polyimide, or plasma enhanced chemical vapor deposition (PECVD) of
dielectrics such as Si oxides and Si nitrides; sixth, etch back to expose the P layer
or P ohmic metal layer ( polyimide or spin-on glass may partialiy fill the holes or
space between the pillars/microstructures); and seventh, ochmic and/or bond
contacts formed on the P and N layers. In the case of top illuminated
photodetectors, where the optical signal enters on the epitaxial surface where the
microstructure patterns are fabricated, a transparent conducting oxide is deposited
to connect all the P ohmic metal layers (for pillars). In the case where the
microstructures are holes or voids the transparent conducting oxide layer is not
used, according to some embodiments. A voltage bias is applied between the P
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layer (anode) and the N layer (cathode) of -1 1o -20 V, and the photodiode is
operated in a reverse bias mode to deplete as much as possible the “I” layer,
preferably the entire | layer.

[00123] FIGs. 7A and 7B are cross sections showing aspects of a
microstructered avalanche photodiode, according to some embodiments. As in the
Si microstructured photodiodes shown in FIGs. 5A, 5B, 6A and 6B, the epitaxial
layers 700 for the APD 720 are grown first followed by microstructure processing.
The microstructured avalanche photodicde 720 can be illuminated (e.g. with 300-
1100 nm) from the top with transparent metal oxide P ohmic contact 726, or the P
ohmic contact 726 can be a mirror to reflect the photons illuminating from the
bottom (e.g. with 950-1100 nm) to have a double pass absorption. The double
pass absorption greatly improves the RC time and the Transit time of the APD for a
higher frequency response.

[00124] FIG. 8 is a cross section showing a silicon epitaxial structure for a high-
speed high-efficiency microstructured APD, according to some embodiments.
Layers 800 are shown prior to microstructure processing. With minor modifications,
the n and p doping can be switched and the direction of illumination may also be
affected. Starting with a N silicon substrate 802 (or low doped or silicon on
sapphire or a BOX /S0l wafer depending on the application and packaging
considerations), an N* layer 804 (N ohmic contact layer) is formed with doping
concentration of greater than 10'® o™ (typically phosphorous) with layer thickness
ranging approximately from 0.1 to 10 pm. A non-intentionally doped layer “i” 806 or
a P~ (very low doping level P layer) has a doping concentration less than 5x10" cm’
3 (this is the multiplication or electronic gain layer of the APD) with thickness
ranging approximately from 0.1 to 2.0 pm depending on gain and bandwidth of the
APD. A P charge layer 808 is grown with an approximate thickness 0.05-0.2 ym
and doping concentration of greater than 2x10" cm™. An absorption layer 810 is
grown (P or “i") (“I" and “" are used interchangeably herein) with doping less than
5x10'® cm™ with thickness ranging approximately from 0.1 to 5 um. Finally a P*
contact layer 812 is grown with doping greater than 5x10'° cm3 with layer
thickness ranging approximately from 0.1 to 1.0 ym. According to some
embodiments, all layers 800 are grown epitaxially using CVD or MOCVD reactors.
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Doping and thickness are approximate and are adjusted depending on
applications.

[00125] For best noise performance of the Si APD, photogenerated electrons
should dominate in the multiplication process; i.e. holes diffuse/drift toward p
(anode) and electrons diffuse/drift toward the n (cathode) with reverse bias. The Si
layers 800 are grown epitaxially using chemical vapor deposition, plasma
enhanced chemical vapor deposition, molecular beam epitaxy, atomic fayer
deposition (can be a combination of these methods to generate the optimal layer
structure in doping and interface quality) on doped or undoped substrates. The
total length for the electrons to transit range from approximately 0.25 to 7.2
microns. This can be, for example, 0.5 um for absorption, 0.1 um for charge, 0.5
um for multiplication, with a total of 1.1 um for the APD layer structure 800 shown.
According to some embodiments, for higher QE, the absorption region can be
lengthened to one um for a total transit length of 1.6 um for example. Other layer
thickness and doping concentrations can be adjusted to optimize device
characteristics for different wavelength, integration with CMOS, application
requirements, operating conditions such as bias voltage, gain and noise.

[00126] Also, the APD can be illuminated with modulated optical signal from the
bottom, where using BOX or SOI, the bulk of the substrate can be removed to
minimize optical losses and thus can use the double pass of the photons in the
enhanced absorbing microstructured layer.

[00127] FiGs. 9A-9E are a series of cross sections showing some basic
microstructure processing steps, for a high-speed APD, according to some
embodiments. FIG. 9A shows the high speed APD epi structure 800 as described
with respect to FIG. 8. In FIG. 9B, as in the PD process, a P-ohmic metallization or
dielectric mask 910 can be deposited first on the P layer 812 for the
microstructured pillars. In the case of holes and/or voids this step may not be
carried out. Dry etch mask 910 is deposited on the surface using photolithography,
metal/dielectric deposition techniques and wet/dry etching. In FIG. 9C, according
to some embodiments, reactive ion etching (RIE) or deep reactive ion etching
(DRIE), wet etching using chemicals and oxidation of the Si are used to generate
the microstructured pillars 914. Native silicon oxide for surface passivation can be
provided by thermal oxidation (which is preferred in some cases), electrochemical
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anaodization, and/or plasma enhanced chemical vapor depaosition. According to
some embodiments, the thermal oxidation of the pillars 914 can also be used to
fine tune the diameter of the pillar since the oxide is created from the Si material.
Thermal oxidation also smooths the surface which is favorable for electrical
properties. In FIG. 9D a filler 916 is used to fill or partially fill the space between
the Si pillars 914 to sup;mrt subsequent contact layers to be deposited. The filler
916 can be spin on glass, polyimide, dielectric such as silicon nitride, or silicon
oxide, that can be deposited for example using plasma enhanced chemical vapor
deposition. Once the contacts are made the fillers can be left in place or removed
by dissoclving the filler with an etchant or solvent. Remaving the filler has an
advantage of further reducing the capacitance of the device since air has a
dielectric constant of 1. The reduction of the capacitance allows the device to
operate at higher bandwidth due to reduction of the RC time. In FIG. 9E, the
anode and cathode ohmic contact metallizations 922, 924 and 926 are made.
Depending on the direction of illurnination, transparent conducting oxide TCO 932
(such as indium tin oxide ITO) can be used. In the case of top illumination, a dry
etch can be used to expose the piitars if they are buried in the filler. The TCO 932
can then be used to contact the P silicon pillars at the tip or the P ohmic
metallization 922. Ohmic contact metallization is then applied to the cathode (N*)
layer either on the surface (924) or bottom (926) depending on integration
topology.

[00128] In the case of the optical signal coming from the substrate side (the
bottom), the wafer is thinned. If the thinning is carried out by etching it can include
a buried silicon dioxide layer such as silicon on insulator, SOI/BOX, such that the
oxide layer can act as an etch stop layer. The wafer can be thinned first by
chemical mechanical polishing to 100 um followed by a via etch to the oxide layer
which can be selectively etched off, such that the optical signal only need to
traverse a few micrometers of Si bulk material. Anti-reflection coating 930 is
applied to the Si surface to minimize reflection loss. Ohmic metallization is applied
to the N* layer followed by bond metal 924. On the microstructured pillars, ohmic
metallization is applied to the P’ tips (if its not applied already in the preliminary
steps), followed by bond metal 922. According to some embodiments, an
advantage of the optical signal entering from the substrate surface (i.e. the bottom)
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is that the light will bounce and travel twice within the pillar structures, thus
increasing the quantum efficiency. According to some other embodiments, the
pillars can be made shorter to improve the transit time.

[00129} According to some embodiments, the optical signal can aiso enter from
the edge as shown FIG. 52, infra, either in a guided mode or in free space. In the
edge application, TCO 932 and solid anode ohmic contacts may not be used and
wafer thinning may not be carried out. Cathode ohmic contacts can instead
complete the structure. According to some embodiments, in edge approach, the
pillars are arranged such that their density is not uniform to optimize the capture of
the optical radiation. It can be arranged in a V pattern for example to reduce optical
reflection.

[00130] Not shown in FIGS. 9A-9D are mesa etching steps used to define the
diameter of the APD 920. According to some embodiments, other methods such
as ion implantation may also be used. Note that the microstructures themselves
provide good confinernent of current in the vertical direction and not in the lateral
direction. Other known processing steps that are not shown for sake of simplicity
include: thermal oxidation passivation of exposed surfaces; adding guard rings;
thinning of the wafer; adding anti-reflection coatings; annealing of ochmic contacts;
and creating via holes for removal of filler.

[00131] Taking advantage of low absorption constant of bulk Si. High speed
photodiodes made with -V material often are constructed such than the

photocarriers are generated only in the i layer of a PiN structure to minimize the
photogenerated carriers outside of the high field region that can cause degradation
to the frequericy response of the device. This can be done easily in 11-V material
since there are many ternary and quaternary material such as InGaAsP, InGaAs,
InAs, that are lattice matched to InP and the bandgap of these alloys can be
changed by altering the composition such that the P+ anode 812 and P charge 808
layers are mostly transparent and the i layer is absorbing. However it is not easy
for silicon since there are no materials that are lattice matched to silicon.
Germanium can be grown on silicon but with the addition of a buffer layer to
accommodate for the lattice mismatch.

[00132] According to some embodiments, a method to overcome this issue in
silicon is to take advantage of the low absorption constant of silicon at radiation
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near the bandgap of silicon. According to some embodiments, the wafer can be
thinned to the insulator of an SOI structure and the 850 nm optical signal will only
traverse 1-2 um of bulk silicon losing approximately 10% or less of the incident
radiation. The rest of the radiation continues to the microstructured pillar silicon
where the absorption is stronger possibly due to resonance effects. According to
some embodiments, the shape of the pillars can be circular, oval, rectangle,
chevron, hexagon, double-circle, crescent, star, or any shape to optimize
absorption and collection efficiency. The pillar diameter range from 50-1200 nm
(smallest dimension can be 50 and largest dimension 1200 nm) and can be spaced
uniformly or non-uniformly, periodic or aperiodic, chirped, or a pattern either locally
or globally to optimize APD/PD performance and applications. The spacing of the
pillars can be 20-2000 nm. The microstructured pillars can be 100 to 10000 nm in
length that is optimized for bandwidth and efficiency for a particular wavelength
near the silicon bandgap for example 850, 880, 980, 1000 nm.

[00133] According to some embodiments, muiltiple dimensions (both structure
and spacing) of the microstructures within a single PD/APD can broaden the
resonance bandwidth of the microstructures such that the enhanced absorption
coefficient is over a broader optical spectrum.

[001234] The substrate becomes less absorbing as the wavelength approaches
1100 nm (1.1 eV Si indirect bandgap).

[00135] According to some embodiments, the microstructured pillars/holes/voids
can have orientations that are not perpendicular to the surface of the silicon
substrate. Other orientations off perpendicular or with multiple orientations or even
random or pseudo-random are possible to optimize the QE with respect to the
directivity of the optical signal. In multiple and/or random or pseudo random
orientations of the microstructures, the device become less sensitive to the
direction of light ilumination which is beneficial in PV applications. In certain
applications, antenna like high directivity of the PD/APD may be desirable to avoid
cross talk for example from other optical signal sources or to further improve its
QE.

[00136] According to some embodiments, microstructured hole arrays, instead
of pillar arrays, are used as light traps in silicon. Microstructure hale arrays have
similar properties as microstructured pillars. See e.g. Lin et al, Optical absorption
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enhancement in sificon nanowire and nanohole arrays for photovoltaic applications,
Next Generation (Nano) Photonic and Cell Technologies for Solar Energy
Conversion, edited by Loucas Tsakalakos, Proc. of SPIE Vol. 7772, 77721G
(2010). According to some embodiments, instead of etching microstructured pillar
arrays as described herein, microstructured hole arrays are etched using RIE/DRIE
and similar processing for the pillars, including thermal oxidation for surface
passivation, deep ion implantation for electrical isolation, confinement of optical
fields and reduction of capacitance. In the case of the hole arrays, it is possible that
the filler need not extend the entire length of the hole. For example, if the surface
tension of the filler is high, only partial filling of the holes with filler will be possible
and provide support for subsequent layers of TCO, metal, oxide, silicide, alloys to
name a few that may be necessary to complete the device structure. According {o
some embodiments, in the case of microstructured holes, fillers are not used in the
PD/APD/PV davices since the surface is contiguous rather than consisting of
islands as in the case of microstructured pillars.

[00137] According to some embodiments, the microstructured holes can have
diameters of 50-3000 nm and can be a square, hexagon, oval, rectangle, chevron,
double-hole, with the smallest dimension at 50 nm to the largest dimension of 3000
nm approximately. The spacing between holes {adjacent edges) can be regular or
irregular or a pattern at 20-2000 nm. The depth (or length) of the hole can be 100
to 10000 nm and can be uniform depth or non-uniform depth. Dimensions are
chosen for optimal absorption, quantum efficiency, bandwidth and radiation
collection efficiency for a particular wavelength and application.

[00138] As discussed earlier, to optimize High Contrast Grating in the
Absorption regime of this invention, it may be desirable to have the microstructured
enhanced absorption structures on materials of a lower refractive index such as
BOX or SOl where the silicon dioxide refractive index is lower than that of Si, Ge or
HI-V-VE material. According to some embodiments, the effective refractive index
can be made lower than the refractive index of the microstructures with the
inclusion of voids in the substrate. FIGs. 10A-10B are cross sections showing
aspects of a top illuminated microstructered photo diodes, avalanche photo diodes
and/or photovoltaics (PV) with microstructured voids in N-Si, according to some
embodiments. Voids can be included in the substrate or as a microstructure for
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enhancing absorption coefficient as will be discussed infra. Refractive index in the
optical spectrum of §i, Ge, IlI-V material typically range from 3-3.8, by using silicon
dioxide such as SOl and voids that are 50% of the material in volume, the
refractive index or effective refractive index can be reduced to approximately 0.5
that of the bulk semiconductors. By adjusting the ratio of the volume of the voids to
the material (Si for example) the effective refractive index can also be adjusted
from a few percent to more than 90% that of the bulk material. The voids can be
filled with other material such that it is not just air, gas or vacuum, but a dielectric
such as glass, polymer, dielectric, oxide, or amorphous semiconductor that can be
optically and/or electrically passive and or active with optical and/or electrical gain
for example.

[00139] FIG. 10A shows the layers 1000 including N-Si layer 1006 which
contains microstructured voids 1008 that effectively reduce the refractive index of
the N-Si layer 1006 as described. FIG. 10B shows a top illuminated PD/APD/PYV
1020 that includes microstructured pillars 1024 andfor holes 1022, as well as
transparent conducting oxide layer 1026. Microstructered voids 1008 can be
random or patterned. The microstructered voids 1008 can be used reflect photons
back to the absorbing “I” region if the voids 1008 are patterned to have HCG
effects at wavelenghs where loss is low such as 850-1100 nm. According to some
embodiments, BOX or SOI substrates can also be used together with voids or
without voids or without BOX/SOL.

[00140] According to some embodiments, the microstructuring techniques
described herein are also applied to heteroepitaxial material (II-V on Si, Ge on Si,
or [I-Vl on Si). Ge (bandgap 0.66 eV at 300K) having much smaller bandgap than
Si, can be used for detecting optical signals at 850 and 1300 nm. Using the
techniques described herein, Ge devices can also be made to detect optical signal
with wavelength at 1550-1600 nm which can than replace IlI-V material based
photodetectors. According to some embodiments, microstructures are grown such
as nano/microwires or etched from bulk material with or without lithographic
masking.

[00141]  Ge thin film can be grown epitaxially on Si. See, e.g. Kang et al,
Epitaxially-grown Ge/Si avalanche photodiodes for 1.3um light detection, 23 June
2008/ Vol. 16, No. 13/ OPTICS EXPRESS 9365 (hereinafter “Kang et al.”), where
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an APD was fabricated for 1310 nm wavelength operation for a 30 um diameter
device. The QE of the device with a 1 ym Ge absorption length is only 56%
whereas by using microstructured pillars/holes/voids according to embodiments
described herein, QF of approximately 90% or greater can be achieved at 1300-
1600 nm wavelength with bandwidths of approximately 30 Gb/s or greater for a 30
micrometer diameter PD/APD. Such devices can find useful applications in
datacenters, local area networks, and in metro and long distance optical
data/telecommunications. According to some embodiments, integration on silicon is
used which results in significant cost reduction in manufacturing and packaging. In
comparison, in Kang et al. a 30 ym diameter APD was only able to reach
approximately 15 Gb/s bandwidth at 1310 nm and cannot extend the wavelength
due to low absorption of the bulk material without sacrificing a significant reduction
in bandwidth.

[00142] FIGs. 11A and 11B are cross sections showing aspects of an
heteroepitaxial APD structure of Ge on Si, according to some embodiments.
Layers 1100 and APD device 1120 show a possible heteroepitaxial APD structure
of Ge on Si (as opposed to descriptions, supra, of homoepitaxial APD/PD structure
where only silicon is used with different doping concentrations). Similar processing
methods as in the homoepitaxial Si APD are used to fabricate microstructured
pillar/hole arrays. According to some embodiments, the absorption constant of
bulk Ge is enhanced by greater than 70X, for example 73-172X. According to
some embodiments, APDs and PDs with bandwidths in excess of 30 Gb/s can be
achieved in devices with an active diameter of 30 um or less at wavelengths to
1750 nm and QE of approximately 90% or greater. This is a significant
improvement over existing Ge on Si APD with illumination normal or off normal to
the surface of the substrates.

[00143] According to some embodiments, the microstructured pillar and hole
(and variations thereof) arrays can be fabricated in Si, Ge, Ge on Si, SiGe on Si,
SiGe on Ge; it can be any combination of Si,Ge and SiGe.

[00144] Atlonger wavelengths 1200-1800 nm, Ge (germanium) photodiodes are
often used since Ge has a bandgap of 0.66 eV {(whereas Si has a bandgap of 1.1
eV). However, for high bandwidth applications (greater or equal to 20 Gb/s) Ge
photodiodes are only good to 1350 nm due to the fact that for transit times to be
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approximately 30 picosec (electron saturated drift velocity is 6x10° em/s at 1x10*
Vicm in order to have a bandwidth of approximately 20 Gb/s (f(3dB)=0.44/r where 1
is the transit time through the “I” region) the length of the absorption region or the
“I” region is limited to approximately 2 microns. At this length, the QE at 1550 and
1800 nm is less than 10%, which is not generally acceptable for optical receivers
for datacom and telecom applications. In a waveguide configuration, the length of
the absorption region can be 50-100 microns and still achieve 20 Gb/s or higher
with QE equal or greater than 90%. The waveguide Ge on Si photodiode structure
have been reported by other research groups however such waveguide
photodiodes have excess optical losses due to waveguide losses and coupling loss
{coupling of optical signal to the optical waveguide) which can be as high as 3 dB
or half of the optical signal is lost. The “free-space” coupling (where the optical
signal is directed to the PD/APD using elements such as lens, diffraction elements,
light pipes, optical waveguides to name a few) of optical signal to the
microstructured photodiode and avalanche photodiode have much less optical
losses, typically a few percent or less. One of the reason is the large area of the
microstructured PD/APD which is 30 microns in diameter as compared to
waveguide photodicdes its dimensions are a few microns, typically 1-2 microns.
Not only is coupling loss high in waveguide PD/APD, it often uses active alignment
which requires that the waveguide PD/APD is turned on to monitor the coupling of
the optical signal into the waveguide PD/APD, This active alignment is slow and
time consuming which adds cost to the packaging of the waveguide PD/APD in any
optical receiver module. In contrast, the large area microstructured PD/APD,
according o some embodiments, uses only passive alignment where it is aligned
without turning on the microstructured PD/APD. Such alignment is much faster
and easier which reduces the cost of a microstructured PD/APD in any optical
receiver module. It should be noted that with the effective capacitance of the
microstructured PD/APD significantly lower than bulk PD/APD by 10 to 80% or
more, the area of the microstructured PD/APD can be correspondingly larger by 10
to 80% or more.

[60145] In FIG. 11B, a microstructured Ge on Si pillars/holes APD structure
1120 with bottom illumination is shown. Epitaxial layers for an APD Ge on Si are
used where the optical absorption to generate electron-hole pairs takes place in Ge
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and the gain/muitipiication of the electrical charged carriers takes place in Si. The
epitaxially grown layers are similar to Ge on Si bulk (thin film) APD with the
following layer compositions ranges (shown in FIG. 11A). Nis undoped, or low
doped (20 ohms-cm) Si substrate 1102, which can aiso be SOI or BOX, to allow
removal of the 8i substrate for bottom illumination and/or to reduce the refractive
index. If SOI or BOX substrates are used, the N ohmic contact and bond metal will
be on the N” -Si surface adjacent to the multiplication region. N' contact layer
1104 which can be 2-8 microns, N* > 5.10"® cm™. | muitiplication layer (or gain
layer} 1108 which can be undoped (not intentionally doped), 0.2-1.0 microns thick
and 1 < 1.10"%em™. P charge layer 1108 having a thickness of 0.05-0.2 microns
and P ~ 1-6. 10" cm™. P low temp Ge buffer layer 1110 having a thickness of ~
0.01-0.04 microns and P"~ < 1, 10" cm™. | or P~ absorption layer 1112 having a
thickness of 0.2- 2.0 microns, and | (or P) <1. 10" cm™. Finally, P* contact layer
1114 has a thickness of 0.05- 0.2 microns, and P* > 2. 10% cm®, approximately.
[00146]  Starting with a wafer with all the layers 1100 grown for APD operation,
the processing details are teft out for simplicity. The basic steps involve first,
depositing the p ohmic contact metal layer 1126 using e-beam, thermal or
sputtering deposition. The microstructure pattern of either pillars or holes is
photolithographically, using positive or negative or image reversal photoresist
methods depending on pillars or holes, defined to form the etch mask for either dry
or wat etching. According to some embodiments imprint lithography can be used.
The microstructure patterns are etched on the P* and | {or P} and P Ge layers
1114, 1112 and 1110, respectively, partially or fully to the P Si layer 1108 (e.g.
using fluorine, chiorine, bromine based gases such as SFg, CF4, BCl,, Cly, for
selective dry etching using RIE and DRIE). The selectivity of the etch between Ge
and Si can be as high as 70, so as to etch Ge 70 times faster than Si by adjusting
gases mixtures, pressure, temperature and bias, and power. The sidewalls of the
microstructure patterns (pillars or holes) are passivated with dielectric or SiGe and
gradually reducing the Ge content such that Si remains on the surface ( using for
example atomic layer deposition ALD) and subsequently using thermal oxidation to
minimize surface recombination of the photogenerated carriers via surface states
due to dangling bonds and other surface imperfections. According to some
embodiments, other passivation techniques may also be applied such as ALD of
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Si oxides and Si nitrides. Planarization is performed using either spin on glass,
polyimide, or PECVD deposition of dielectrics such as Si oxides and Si nitrides.

An etch back is performed to expose the P layer. For microstructured holes and
pillars, it may not be necessary to planarize completely, by using polyimide or spin-
on glass to partially fill the holes and spaces between pifllars. Ohmic and/or bond
contacts are formed on the P and N layers. For top illuminated photodetectors,
where the optical signal enters on the epitaxial surface where the microstructure
patterns are fabricated, a transparent conducting oxide 1126 (the transparent
conducting oxide may not be used in the case of microstructured holes) is
deposited to connect all the P ohmic metal layers (for pillars). A voltage bias is
applied between the P Ge layer 1114 (anode) and the N* Si layer 1104 (cathode)
of -2 10 -45 V. The APD 1120 is operated in a reverse bias mode to deplete as
much as possible both of the “I" layers. Many detailed processing steps are left out
such as annealing, surface preparations, deposition of ochmic contacts, bond metal,
RIE, DRIE, wet etching, masks for etching, mask removal, antireflection coatings,
mirrors such as Bragg reflectors on the microstructured layers, to name a few.
Ohmic contact metallization to P and N semiconductors and bond metallizations
are well known in the art and details are not mentioned here. Also, holes are used
in electron-hole pairs as charged electrical carriers and holes as in a physical void
such as the microstructured holes. From context it should be understood if “hole”
refers o a charged electrical particle or a physical void.

[00147] According to some embodiments, Ge surfaces of the microstructured
pillars or holes and any Ge surfaces exposed to an electric field, where electric
current can flow and/aor where electric charges are formed are passivated to reduce
current leakage, minimize surface states that can be a potential sink or
recombination centers for carriers, especially photogenerated carriers of electrons
and holes (as in Si, thermal oxide or rapid thermal exidation, to create SiO, and
SiOx used to passivate any silicon surfaces that can cause excessive leakage
current or recombination centers for photogenerated carriers, or a carrier sink) and
GeO«Ny which is a native Ge oxynitride that is formed in two stages, where the Ge
microstructured pillars and/or holes are first exposed to oxygen and then fo
ammonia ambient in a rapid thermal annealer to form the Ge oxynitride passivation
layer. These passivation methods are well known in the art.
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[00148] FIG. 12 is a cross section illustrating aspects of a passivation method
for Ge surfaces on microstructures, according to some embodiments. Shown are
microstructured Ge pillars 1202 (or holes) for a PD and/or APD. On the Ge
surfaces is conformally epitaxially grown SiGe layer 1210. Gradually, the Ge
content is reduced within layer 1210 until only Si is exposed on the surface.
Thermal oxidation of Si is then used to passivate the exposed Si surfaces, forming
Si02 layer 1212, to minimize leakage current and surface states that can be a
potential sink for carriers, especially photogenerated carriers (electrons and holes)
that can degrade QE.

[00148] FIGs. 13A and 13B are graphs showing the effects of mictrostructure
enhancement of Ge bulk absorption cocfficient for photodiodes and/or avalanche
photodiodes based on Ge on Si, according to some embodiments. According to
some embodiments, a 73x enhancement of bulk absorption coefficient is gained in
PD/APD devices having microstructured pillars/holes at 1550 and 1600 nm. FIG.
13A shows the bandwidth verses “d” or the length of the “I” layer for 1550 nm (point
1310) and for 1600 nm (point 1312) Note that APDs have both a Ge “I” layer and
an 3i ‘" layer; whereas for PDs have just a Ge "I layer. FIG. 13B shows QE
verses “d” or *” layer length for 1550 nm (point 1320) and 1600 nm (point 1322). It
can be seen that for a 30 micron diameter active region PD/APD bandwidths of 40
and 31 Gb/s can be attained at 1550 nm and 1600 nm optical wavelength
respectively with 90% QE. This result was not achievable with bulk Ge photediodes
and avalanche photodiodes of conventional design.

[00150] The separation of using Ge microstructures to absorb the light
generating e-h (electron-hole) pairs and using Si for the avalanche multiplication of
the carriers, preferably electrons, results in an APD with very low noise due to the
fact that the ionization ratio (defined as hole ionization rate/electron ionization rate)
for electrons injected into the multiplication region (gain region which is a function
of applied reversed bias voltage) is lower than in 111-V material family. This result in
a low excess noise factor leads advantageously to a high signal to noise ratio
(S/N).

[00151] FIGs. 14A-14B are cross sections showing aspects of a top-illuminated
Ge on Si avalanche photodiode having microstructured pillars/holes, according to
some embodiments. FIG. 14A shows the bulk layers 1400. In FIG. 14B, top

Samsung Exhibit 1003, Page 251 of 1137



WO 2014/190189 PCT/US2014/039208

10

15

20

25

30

38

iluminated microstructured Ge on Si APD 1420 is shown with a semitransparent
conductive oxide 1426 connacting the P-ohmics on the Ge microsturctured pillars
1424 (holes 1422) as described supra. Both top and bottom illuminated
microstructured Ge on Si share similar epitaxial structures. The processing steps
for top and bottom illuminated microstructured APDs are similar. The main
differences are that the transparent conductive oxide for top illuminated APD (or
PD) is replaced with an opague ohmic/bond metallization that can act as a mirror to
reflect the optical signal back toward the absorption | layer. According to some
embodiments, the mirror can also consist of Bragg reflectors either wafer bond to
the microstructure or epitaxially or vacuum deposited such as dielectric or
conductive metal dielectrics to enhance the reflectivity to greater than 90% of the
optical signal. In addition, bottom illuminated PD/APD may require a window or via
where most of the Si substrate is removed to reduce optical losses depending on
the wavelength of the optical signal.

[00152] FIGs. 15A-15C are cross sections illustrating aspects of bottom-
illuminated Ge on Si avalanche photodiodes having microstructured pillars/holes,
according to some embodiments. FIG. 15A shows the bulk layers 1500 prior to
forming the microstructures (pillars and/or holes). FIG. 158 shows a Ge on Si
microstructured APD 1520 with the optical signal iluminating from the bottom
(substrate side) for wavelengths from 1200-1800 nm. Note that Si is basically
ransparent at these wavslengths. According to some embodiments, to further
reduce optical losses, the Si wafer can be thinned just at the area of illumination,
for example through a via of 50-500 microns in diameter and thinned to the N* layer
of the Si; or the Si substrate 1502 can include a BOX or SOl layer 1502. The Si
substrate 1502 can then be thinned selectively to the BOX or insulator layer 1502
which can be etched away selectively. According to some embodiments, an anti
reflection layer (not shown) can be added to minimize reflection. The advantage of
this arrangement is that the optical signal will have a double bounce, reflecting off
the metallization 1526 on the Ge P layer 1514 and traversing the Ge “I” absorber
region 1512 once again. For example, as shown in FiGs. 13A and 13B, keeping
the same absorption length, Ge “I” length, the QE for both 1550 and 1600 nm
would be approximately 90% or higher for a Si substrate side (bottom) illumination
by the optical signal assuming negligible reflection loss. According to some
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embodiments, the Ge “I” absorption length can be further shortened to increase the
bandwidth and still maintain acceptable QE.

[00153] For Ge epitaxially grown on Si, it is known that the bulk absorption
coefficient is greater than that of Ge bulk by itself (not grown on Si); at 1750 nm the
Ge on Si absorption coefficient is approximately 100 em™. According to some
embodiments, this can be enhanced by the microstructured pillars and/or holes by
172 times. The resulting enhanced Ge on Si microstructured piltar and/or holes
absorption coefficient can be about 1.72. 10* cm™,

[00154] FIG. 15C shows an APD 1540 in which the microstructure extends all
the way to the N cathode layer 1508 to further reduce capacitance and refractive
index. In this case, the absorbing i layer 1512 is microstructured as is the charge
layer 1510 and the i multiplication layer 1508. According to some embodiments,
the microstructures can also be formed partially into the charge and multiplication
layers 1510 and 1508. Additionally, according to some embodiments, the
microstructures in the absorbing layer 1512 and the multiplication layer 1508 need
not be the same. In FIG. 15D, photons may generate electron hole pairs in the
muitiplication region which may contribute to added gain but also may contribute to
excess noise. According to some embodiments, the absorption and multiplication
region using the microstructure APD is combined in one region without the use of
the charge layer. This is possible due to enhanced absorption: the length of
absorption and multiplication can be of the order of one micron or less altowing
reasonable avalanche voltage.

[00155] FIG. 15D shows a microstructered APD 1560 where the absorption and
multiplication region are a single region 1568, pillars or holes, according to some
embodiments. This is enabled by the microstructure enhancing the absorption
coefficient so that less than one micron of the absorbing microstructure length is
needed to achieve QE of approximately 90% or more and avalanche multiplication
can alsa occur in this length of material. For example, if 0.5 um of microstructured
Si shown in Fig.15D is the thickness of layer 15686, a back illuminated APD 1560
allows a double bounce of the aptical signal reflecting off the N chmic contact and
bond metallization resulting in an effective length of one micron of absorption
length. The Si APD 1560 can operate at 0.5 pm multiplication length resulting in
gain of 3 dB or more with a reverse bias ranging from -5 to -50 volts. According to
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some embodiments, the structure shown in FIG. 15D can be applied to other
material systems such as Ge, Ge on Si, 1=V, and HlI-V on Si or not on Si.

[00156] FIGs. 16A and 16B are graphs comparing single pass and double pass
photodiodes and/or avalanche photodiodes based on Ge on Si, according to some
embodiments. Points 1610 and 1620 show the bandwidth and QE values for
single pass with d of approximately 1.4 microns and points 1612 and 1622 show
the bandwidth and QE values for a thinner d of approximately 0.7 microns single
pass. For double pass the device will have points 1612 for bandwidth and point
1622 for QE. At 1750 nm optical signal wavelength, using absorption coefficient
data of 100/cm for Ge on Si and with, for example, 172 times (172X) enhancement
factor due to the microstructured Ge on Si photodiode/avalanche photodiode
structures, a bandwidth of 27 Gb/s and a QE of approximately as high as 90% can
be attained with an “I” (also "d") length of approximately 1.4 microns for a single
pass (top illuminated - where the optical signal illuminates the top Ge
microstructured side). As mentioned earlier, for photodiodes the “I" or “d” is the
absorption length, whereas for avalanche photodiodes the “I” is the combined
absorption length and the muitiplication length. For example, for an APD to
achieve 27 Gb/s the total “I” length needs to be limited to 1.4 microns. A double
pass arrangement can be used such that for example the absorption length is 0.9
microns and the multiplication is 0.5 microns, making the absorption length
effectively 1.8 microns to achieve QE above 80%. Howsver, if we instead have the
optical signal illuminate from the bottom Si substrate side, the Si substrate and Si
layers are basically transparent and have minimal optical losses (approximately 1-3
dB/cm) at optical radiation energies that are below the bandgap of Si (1.1 eV or
1127 nm wavelength at 300K) for example for radiation from 1200-1800 nm
wavelengths. The advantage of illuminating from the Si substrate side (bottomn) is
that the optical signai can have a double pass at the Ge “I” absorbing region if the
metallization on the P* contact layer is reflective which it should be since it is
metallic composing of Au, Al, Ag, Cr, Zn, Ti, Ta, Ge, or a combination of these
metals and semiconductors. Bragg reflectors consisting of material with alternating
refractive indices from oxides, nitrides, chlorides, semiconductors, either wafer
bonded to the microstructures or deposited on the microstructures can also be
incorporated. Reflectivity can be greater than 90%. With double pass, as shown in
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FiGs. 16A and 16B, a bandwidth of 40 Gb/s can be attained with a QE
approximately as high as 90% or more.

[00157] FiGs. 17A-17B are cross sections showing aspects of a top-illuminated
Ge on Si photodiode structure having microstructured pillars/holes for applications
with signal wavelengths ranging from 700 to 1800 nm, according to some
embodiments. FIG. 17A shows the bulk layers 1700. In FIG. 17B, Ge on Si
microstructured pillars 1724 and/or holes 1722 are in a configuration for
photodiode 1720. This is essentially a P-I-N structure where the “P” and “I" are Ge
with microstructured pillars 1724 and/or holes 1722 to enhance the bulk absorption
coefficient of Ge grown on Si. The increase in the absorption coefficient of Ge
grown on Si (Ge on Si) could be due to the stress build in the Ge epitaxial layer
due to lattice mismatch with the Si host substrate that it is grown on. Optical signal
as in the case for Ge on Si APD can be illuminated from either the microstructured
side (as in FIG. 17B) or the substrate side (as in FIG. 188).

[00158] FiGs. 18A-18B are cross sections showing aspects of a bottom-
illuminated Ge on Si photodiode structure having microstructured pillars/holes for
applications with signal wavelengths ranging from 1200 to 1800 nm, according to
some embodiments. FIG. 18A shows the bulk layers 1800. FIG. 18B shows photo
diode 1820 configured for signal llumination from the Si substrate side (bottomn
illumination) with photo energies that are less than the Si bandgap of 1.1 eV at
300K. The corresponding wavelength range is 1200 to 1800 nm. Ohmic contact
1826 can also act as a mirror such that the light makes a double pass of the Ge
absorbing microstructures where the metal contact layer on the P Ge can reflect
the optical signal back toward the Ge “I” absorbing layer.

[00159] It should be noted that in all the discussions of the P-I-N structures,
according to some embodiments the P and N are interchanged such as with an N-
I-P siructure formed on a P substrate or on a low doped P substrate or undoped
substrate. According to some embodiments, the N and P for the APD structures
are also interchanged and the substrate can be P, low doped P or undoped.
However, in an Si multiplication layer, to achieve the lowest noise and the best
SIN, electrons are injected into the multiplication region as dominantly as possible
since the ionization rate of electrons is higher than the ionization rate of holes in Si;
the ionization ratio for Si can range from 0.06 to 0.002 where as compared to Ge
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and InGaAs it is 0.9 and 0.45 respectively. This is why in many of the
embodiments described herein the enhanced absorption is in Ge microstructures
and the gain or multiplication which is dependent on the field strength and
therefore on the applied reverse bias voitage which for the described devices can
range from -10 to -60 V, is in Si.

[00180] According to some embodiments, the microstructured piltars and or
holes for Si and Ge on Si photodiodes (PD) and avalanche photodiodes (APD) are
used to replace relatively expensive llI-V photodiodes. The Si microstructured
piltars and holes PD/APD can operate from 500 to 1100 nm at bandwidths of 20
Gb/s or higher and QE of 90% or higher. In particular, the datacom wavelengths of
730-980 nm. The microstructured pillars and or holes on Ge epitaxially grown on Si
PD and APD can operate from 500-1800 nm with bandwidths of 20 Gb/s ar more
and QE of 90% or more. In particular, the telecom wavelengths of 1250-1600 nm
and possibly to 1750 nm. The techniques described herein thus extends the
wavelengths, bandwidth and QE of conventional Si and Ge on Si free space
coupled photodiodes and avalanche photodiodes.

[00161] According to some embodiments, the microstructured pillars can also be
fabricated using VLS (vapor-liquid-solid epitaxy) growth of Ge nanowires on an Si
substrate. Others have demonstrated the growth of vertical Ge nanowires on Si
(111) orientation for example, with Au nanoparticles as catalysts for the VLS
epitaxial growth using chemical vapor deposition (CVD) or metal organic chemical
vapor deposition (MOCVD). Crystal orientations other than (111), or with materials
with multiple orientations such as in polycrystalline may be used. Materials such as
8i, Ge, lII-V, glass, quartz, metal, to name a few can also be used as substrates.
According to some embodiments, a thin Ge buffer layer of approximately 2nm on Si
(111) substrate is formed together with Au nanoparticles as catalysts for VLS
growth ina CVD reactor. The Au catalyst can be deposited using a lithography
mask to expose photoresist that is coated on the Si substrate. The Auis
evaporated onto the Si substrate with patterned photoresist. Using standard
processing methods such as lift-off, the Au pattern is left behind on the Si substrate
which is then the catalyst for Ge VLS growth on Si substrates. According to some
embodiments, it can also be grown using selective area growth where a dielectric
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mask is deposited on the Si substrate with a pattem of voids that allow Ge to grow
in the void using CVD.

[00162] The microstructure of pillars and holes on the surface of a bulk
photodiode not only enhance the absorption coefficient by factors ranging from 10-
200 over the absorption coefficient of bulk material (material without any
microstructured features and grown on lattice matched substrates so that stress
due to lattice mismatch is minimal) but also significantly reduce the capacitance of
devices such as PDs and APDs. The reduction in capacitance allows the PD or
APD to have a shorter absorption length, which in turns result in a faster transit
time for the photogenerated carriers to be swept out of the high field region. The
absorption region typically is depleted as much as possible by the reverse bias
voltage that is applied externally with an electric field strength approaching 10,000
V/cm or higher. If the microstructured pillars or holes can result in removing half or
more of the semiconductor material, which for silicon has a dieleciric constant of
11.9 and germanium have a dielectric constant of 16, replacing the removed
material with either air (dielectric constant of 1) or polyimide (dielectric constant of
3.5) or other dielectrics with low dielectric constants, then the overall capacitance
can be estimated to be the sum of the capacitance due to the total area occupied
by the semiconductor and the capacitance due to the area occupiad by air or
polyimide. C(total)=C{semiconductor)+C(air or polyimide) where C= ¢A/d where €
is the disleciric constant times the free space permittivity (8.854 107 farads/om), A
Is the area occuped by the semiconductor or air/polyimide and d is the length of the
“I" region which can be the absorbing region or the absorbing and multiplication
region as in the case for APD. From the equation for C(total), the more
semiconductor material which has a high dielectric constant removed and replaced
by low dielectric material such as air/polyimide/ SiOx/spin on glass the lower the
overall capacitance and the faster the RC time. This reduction of capacitance for
PD and APD invention can be extended to other PD and APD such as those of Ili-
V material, microstructures can be fabricated on its surfaces and extend into and
pass the optical signal absorbing regions to remove half or more of the
semiconductor material to reduce its capacitance and can effectively make a larger
area PD/APD and have the same bandwidih as before etching microstructures on
the device. The larger area allows for easier coupling of the optical signal to the
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photodetector. A simple formula for the increase in radius for example by replacing
semiconductor material with low dielectric material is: r=(1/((g1-€2)x+ €2)))2 1,
where x is the fraction of semiconductor area left, ¢ is the dielectric constant of the
semiconductor, £ is the low dielectric material such as air or polyimide or spin on
glass, and r, is the radius of the active area of the PD/APD before etching
microstructured pillars and or holes. As an example, for a 20 micron diameter Ge
photodiode with £:=16 and for simplicity g,=1 (air) and x=.5 (half of the
sermiconductor material is removed in the microstructured piliar or holes), the
increase in the new radius with the same capacitance as the non-microstructured
Ge PD is 13 microns or a diameter of 26 microns which is significantly larger than
20 microns and can significantly reduce the cost of coupling the optical signal into
the microstructured large area photodetector. This reduces the cost of passive
packaging of the optical receiver module and increase the yield,

[00163] FiGs. 19A, 19B and 19C are diagrams illustrating how mictrostructures
can reduce capacitance of a photodiode such that a larger area photo diode can be
fabricated with the same bandwidth and QE, according to some embodiments.
FIG. 19A shows the bulk layers 1900 in an InP-InGaAs-InP structure. In FIG. 198,
the InP-inGaAs-InP layers with microstructured holes 1922 effectively reduce the
capacitance of the photodiode 1920 to allow a larger area photodiode to be
fabricated with the same bandwidth and QE. FIG. 19Cis a top view showing PD
1920. The microstructured holes 1822 can be 100-1000 nm in diameter with depth
of 0.1 to 3 microns. Also visible in FIG. 19C is contact ring 1930 and bond pad
1932. According to some embodiments, a complementary microstructured pillars
can also be fabricated. According to some embodiments, the sidewalls of InP and
InGaAs can be passivated with SiOx, SiNx (silicon oxide and silicon nitride via ALD
or PECVD), polyimide or spin-on-glass that can be spun on using standard
processing methods. The absorption coefficient of the bulk material can be
enhanced by up to two orders of magnitude or more.

[00164] According to some embodiments, 111-V material such as InP, InGaAs,
InGaAsP, InAs, InSb, GaSb, InGaSb on Si, Ge on Si, is epitaxially grown in a sub
micrometer selective area growth (SAG) or vapor liquid solid (VLS) (See, e.g.
Sarkar et al, Heteroepitaxial growth dynamics of InP nanowires on silicon, Journal
of Nanophotonics, Vol. 2, 021775 (12 February 2008); Roest, et al, Position-
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controlled epitaxial lll-V nanowires on sificon, Nanotechnology 17 (2008) 5271~
$275) heteroepitaxy using metal organic vapor epitaxy with or without catalyst
which can consists of Au, Cu, Al, Ti, W, Fe, Cr to name a few. Also for vertical
oriented microwires grown on silicon, wafers with surface orientation (111) are
selected. It is not necessary that the microwires be normail to the surface, it can be
off normal and even have a mixture of orientations.

[00185] In VLS growth, the silicon wafer that has the layer structure for APD or
PD just prior to heteroepitaxial growth is photolithographically (or e-beam or
nanoimprint lithographically) patterned with aperture ranging from 10-5000 nm, and
spaced between 10-3000 nm. An Au deposition (e-beam, or thermal evaporation)
follows with thickness of 0.1-10 nm, followed by a lift-off, VLS epitaxial growth in a
MOCVD reactor.

[00166] For SAG growth (See, e.g. Chu et al, Wurtzite InP nanowire arrays
grown by selective area MOCVD, Phys. Status Solidi C 7, No. 10, 2494 — 2497
(2010)), a 50 nm SiN, is PECVD (or sputtered or ALD) deposited on a (111)
oriented Si wafer with the necessary APD or PD epitaxial layers grown on it ready
for heteroepitaxial growth. Using lithography (photo, e-beam or nanocimprint)
apertures are defined with dimensions ranging from 10-5000 nm and spaced
between 10-10000 nm followed by dry etching (RIE) to open a via to the silicon
surface. The wafer is then ready for SAG of Ge, Hl1-V microwires in a MOCVD
reactor.

[00167] Detailed processes such as surface treatments, surface preparations,
annealing, plasma etching, are not described for simplicity. These processes can
be found in the literature.

[00168] FIGs. 19D and 19E are cross sections showing aspects of fabricating an
APD device having a |lI-V absorbing layer grown on a P-I-N silicon multiptication
layer, according to some embodiments. in FIG. 19D, a Si APD structure 1940 is
etched as shown for v epitaxial growth of the llI-V material. In FIG. 19E a lil-V
absorbing layer is grown on P-I-N silicon multiplication layer for APD device 1960.
As in the 1lI-V on Si for a PD device, the llI-V nanowires or microwires can be
grown on Si using VLS process with or without catalyst. Since the footprint of the
nano/microwires on Si is of the order of a micron, defects due to stress from lattice
mismatch are not a significant issue and high quality 1l1-V nano/microwires can be
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grown on Si. According to some embodiments, SAG is used for fabricating i11-V
microstructures on Si electronic gain layers.

[00189] From Fi1Gs. 19D and 19E it can be seen that the InGaAs on Si APD
1960 starts with a 8i APD structure 1940 where microstructures of holes or pillars
are etched to the charge layer 1944 or just before the charge layer 1944,
According to some embodiments, the microstructure holes and/or pillars can be
etched into the multiplication layer 1942. Then using a process, for example SAG,
with or without silicon oxide on the Si microstructure’s sidewalls, I-InGaAs is grown,
ending with P-InGaAs at the surface. Surface growth can use a process such as
epitaxial lateral overgrowth (ELOG) to form a continuous P-InGaAs film of high
quality. P ohmic alloy and bond metal 1966 are formed and annealed on the P-
InGaAs. The back side processing consist of thinning the Si wafer using for
example a BOX layer for selective etch stop and removing the BOX layer. Anti
reflection can be coated on the backside silicon to reduce reflection. N ohmic 1968
is fabricated on the N Si layer. The optical signal is illuminated from the bottom. A
reverse bias of -5 to -50 volts is applied to the cathode and anode. As mentioned
earlier, the small footprint of the InGaAs on Si microstructure of the order of 10
square microns allows for high quality InGaAs material to be grown where lattice
mismatch causing crystal defects are not significant.

[00170] According to some embodiments, the integration of Ge, lI1-V with Si
PDs, PVs (See, FIG. 25C, infra.) and APDs allow the absorption spectrum of Ge
and llI-V material on a mature Si electronic platform. It allows integration of l1l-V
with Si CMOS ICs for example for photodetector, optical light source such as light
emitting diodes (LED) and laser diodes (D) and |lI-V electronics such as
transistors.

[00171]  Multiple absorbing material and voids as microstructures. According to
some embodiments, the microstructured pilllars and/or holes are regrown with Ge
such that both Si and Ge are microstructured to enhance the bulk absorption
coefficient. According to some embodiments, voids can also be buried or
embedded to generate a buried/embedded microstructure such that the surface is
more planar. The microstructured voids can also enhance the absorption
coefficient, by being patterned so as to enhance reflection and also to reduce the
effective refractive index of a material (e.g. Si), reduce the weight of the device,
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and increase mechanical flexibility. The microstructured voids can be random,
pseudo-random or patterned typically with dimension and spacing that are
approximately the order of a wavelength or subwavelength. According to some
embodiments, instead of combining Ge with Si, others combinations can be used
for example Il1-V with Si or other semiconductor material, polymers, or other non
semiconductor absorbers, which can significantly broaden the absorption spectrum
over that of a single absorber,

[06172] The enhancement using nanowires (See, e.g. Garmett et al, Light
trapping in silicon nanowire solar cells, Nano Letters, 2010, 10, 1082-1087;
Kelzenberg et al, Enhanced absorption and carrier collection in Si wire arrays for
photovoltaic applications, Nature Materials, vol. 8, March 2010, 239-244) and
nanoholes (See, e.g. Lin et al, Optical absorption enhancement in silicon nanowire
and nanohole arrays for photovoltaic applications, Proceeding of SPIE, Vol. 7772,
77721G-1, 2010) have been reported by various groups. The known use of
nanowire for light trapping are for photovoltaic applications where the
photogenerated carriers diffuse to the anode or cathode of a P-N junction with zero
external bias, operating at DC (direct current). According to many of the
embodiments described herein, the photogenerated carriers are swept out with an
external reverse bias in the absorbing " region of a P-I-N diode (PD} or P4-P-I-N
diode (APD) for high modulation bandwidth (e.g. greater than or equal to 10 Gb/s
bandwidth) and high quantum efficiency and for APD for high current gain (e.g.
gain greater than 3 dB). In addition, according to some embodiments, multiple
absorbing materials can be used to broaden the absorption spectrum. The muitiple
absorbing materials are connected in parallel as current sources whereas in known
technology the absorbing materials are connected in series. In addition, the use of
voids as microstructures to enhance the absorption of the material according o
many embodiments described herein allows the surface to be more planar and
simplify processing since fillers may be avoided. Also, the more planar surface
allows the epitaxial growth of semiconductor Bragg reflectors to enhance reflection
for double or multiple pass absorption in the | absorption layer of the PD/APD.
According to some embodiments, Dielectric Bragg reflectors can also be used in a
more planar surface since the surface can be highly N or P doped and the ochmic
contact can be made on the periphery such as a ring ohmic contact and the
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dielectric Bragg reflectors deposited on the photosensitive area such as shown in
FIG. 29, infra. Chemical mechanical polishing (CMP) can be used to smooth the
surface of the epitaxial layer with buried voids.

[00173]  Further aspects of fabricating devices having microstructured Ge that is
buried or embedded in Si microstructure will now be described. FIG. 20 shows
bulk fayers without a final P-Si layer for devices having microstructured Ge buried
or embedded in an Si microstructure, according to some embodiments. The final
P-Si layer, according to some embodiment will be the last layer grown in the
epitaxial structure where the first layer grown is the layer adjacent to the substrate,
followed by the second layer that is adjacent to the first layer, and so forth to the
last layer grown. Shown in FIG. 20 is P-I-N PD structure 2000 and a P-I1-P-I-N
APD structure 2020 both without the final P-Si layer. In many of the embodiments
described herein, N can refer to N (mid N type doping of 5. 10 cm™ to 8. 107 om
%, low N doping less than 1. 10" em™, and high N doping greater than 5. 10" cm’3,
with the same for P doping. I {or i) doping is commonly defined as intrinsic, or not
intentionally doped or low doping back ground doping of less than 5. 10'® cm™. The
“I' region is configured such that the field of a P-I-N junction is developed across
the “I” region usually with an external reverse bias. In PD and APD applications,
the absorbing material is in the “I” region so that the photogenerated carriers can
be quickly sweep to anode (P) and cathode (N) layers. For APDs, the carriers
{electrons in most cases shown here, since this gives the lowest noise APD) are
swept to the secand “I” region for multiplication (current gain) before transiting to
the cathode layer). In the Figures herein, P-I-N, P-I-P-I-N structures are shown
and the top P layer(s) that are in contact to external circuits are referred to as the
anode and the N layer(s) that are in contact to external circuits are referred tp as
the cathode; the layers can be interchanged from P to N and N to P with P or low
dope substrates to also fabricate PD’s and APD's.

[00174] FIG. 21 is a cross section showing etching of microstructured pillars
and/or holes for devices having microstructured Ge buried or embedded in an Si
microstructure, according to some embodiments. The microstructure pillars 2104
and/or holes 2102 are etched into the I-Si layer, partially or entirely or tofinto the N
(PD structure) or P (APD structure) Si fayer. The etching process can be one of
the following: wet chemical etching, dry etching using reactive ion etching (RIE), a
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deep reactive ion etching (DRIE), ion milling, and/or focused ion beam milling. The
etching can be isotropic or anisotropic or a combination of isotrapic and
anisotropic. As shown in FIGs. 22 and 23, infra, Ge is then regrown in the etched
region (i.e. the area around the pillars and on the sidewalls of the pillars in the case
of piliars, or area in the holes, sidewalls of the holes in the case of holes)
isotropically, anisotropically, or by selective area growth (SAG) where a dielectric
layer such as SiOx, SiNx, cover area where regrowth of Ge is not desired which in
some embodiments can include the sidewalls. During etching if a dielectric mask
material such as SiOx, SiNx, SiCx is used and left in place during epitaxial growth,
the epitaxy layers may not grow on the dielectric mask in a crystaliine film and may
be amorphous in nature or may not grow on the dielectric layer other than some
dendrites. Note that the isotropic or anisotropic growth rate often depends on the
crystal plane it is growing on and any etched structures may expose multiple
crystal planes resulting in different growth rates at those planes that can lead to
anisotropic growth in the etched regions with 3D microstructures.

[00175] Growth of Ge on Si is well documented in the literature where a thin
buffer Ge layer is first epitaxially grown at a lower lemperature followed by a higher
temperature Ge epitaxial growth using chemical vapor deposition (CVD), molecular
beam epitaxy (MBE), atome layer deposition (ALD), low pressure -CVD, and or a
combination of growth techniques, for example the thin Ge buffer layer can be
grown by MBE and the high quality thicker Ge film grown by CVD. The thin Ge
buffer layer is to allow lattice mismatch stress to be accommodated between Si and
Ge, (see, e.g. Feng et al, High-speed Ge photodetector monolithically integrated
with large cross-section silicon-on-insulator waveguide, APPLIED PHYSICS
LETTERS 95, 261105 ,2009).

[00176] The Ge regrowth may have voids or non-planarities and, where useful,
the surface can be planarized using polishing such as chemical mechanical
polishing (CMP) or etching. FIG. 22 is a cross section showing a device having
microstructured Ge buried or embedded in an Si microstructure, after the Ge “I”
layer is grown in the etched region and planarized, according to some
embodiments. Note that according to some embodiments, planarization is not
needed and is omitted. After the Ge *I” layer 2202 is grown and planarized, a P*
Ge capping layer 2204 is grown to complete the P-I-N structure of a PD or P-I-P-|-
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N structure of an APD. Optical signal or photons with waveiengths ranging from
400 to 1800 nm can illuminate the PD/APD 2220 from the anode (top) side (P*
side) 2202 and optical signal or photons with wavelength ranges 950-1800 from
the substrate side (bottom) since Si is mostly non-absorbing at these wavelengths.
5 According to some embodiments, it is advantageous to configure the device 2220
for illumination from the substrate side since this will allow a double bounce of the
optical signal or photons within the absorbing Ge microstructures embedded in Si.
Shown in these figures are only the basic epitaxial layer structures. Structures and
layers not shown for simplicity include: anti-reflection coatings, passivations, ohmic

10 metals, bond metailization, any metal interconnect to CMOS, via's for electrical
connectivity, arrays of PD/APD for multichannel! optical interconnects, to name a
few. Optical signal/photons can illuminate either normal to the surface or at any
angle off normal, including rotation angles for optimal PD/APD performances;
optimizing QE and bandwidth of the PD/APD.

15 [001771 FIG. 23 is a cross section showing a device having microstructured Ge
buried or embedded in an Si microstructure, after |-Ge regrowth and planarization,
and a cap layer of P-Si, according 1o some embodiments. In the case of FIG. 23,
the buried Ge microstructures 2302 are capped with a P* Si layer 2304. The Si P*
cap layer {anode) 2304 has low optical loss at optical wavelengths of 950-1800 nm

20 and therefore generates minimal photocarriers that are not in the high field “I”
ragion of the PD/APD 2320 and contribute minimal diffusion photocurrent which
can lead to a degradation of the frequency response of the PD/APD 2320 and the
QE of the PD/APD.

[00178] Some dimension doping ranges for the buried or embedded Ge and

25 capping layers shown in FIGs. 20-23 will now be provided in greater detail,
according to some embodiments. The dimension of the microstructured Ge (e.g.
2202 and/or 2302) can range in depth from 0.1 to 5 micrometers, have a iateral
dimension range from 10-5000 nm, and a spacing between adjacent microstructure
structures (the structures can be identical or non-identical) in contact (overlapping)

30 to 5000 nm. The “I” doping for both Ge (2202 and/or 2302) and Si (2104) is less
than or equal to 5. 10'%cm®. “I” is often called intrinsic or not intentionally doped
and can have either a p or n background doping, the doping level is low enough
that a reverse bias voltage of -2 to -45 volts can fully deplete the “I region of
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mobile holes or electrons (carriers). The capping layer, Si (2304) or Ge(2204)
thickness can range from 0.1 to 5 pm with doping leve! greater than or equal to 6.
10"/cm®. These parameters can be adjusted to other values, but the goals are to
increase or optimize the QE and bandwidth of the PD/APD for a given application.
5 Series resistance, photogenerated diffusion current, ohmic contacts, capacitance,
transit time, depletion of the “I” absorption region all contribute to the performarnce
of the PD/APD. In addition for double/multiple bounce within the “I” region for
optical signal illuminating from the bottom substrate side, a reflective metal or
dielectric stack such as a Bragg refelctor/mirror consisting of alternating dielectric
10 layers of different refractive indices or HCG can be used to reflect the optical signal
back into the microstructured absorbing region at the top anode side. With the Si
cap layer as in FIG. 23, the optical signal can illuminate the Si P* cap layer (anode)
2304 and, since Si has minimal losses at 1100-1800 nm (below bandgap
radiation), it can also have double bounce of the optical signal within the
15 microstructured buried/embedded Ge 2302 by providing a reflector such as a
Bragg reflector epitaxially grown at the Si N layer or at the Si substrate to reflect
the light back into the absorption region.
[00179] According to some embodiments, all the discussions of microstructured
layers herein, light can additionally impinge from top and bottom surfaces, as weil
20 as on the sides of the microstructures, either directly or from scattering, near field
effects, interferences, or resonance, which can vastly improve the QE of the
microstructured photosensors since photogenerated carriers are generated directly
in the high field absorbing “I” (“I") layer(s).
[00180] According to some embodiments, dopant choices for Si and Ge (group 4
25 elements) include the following: (1) for denors (n-type) from group 5 elements -
antimony, phosphorus, and arsenic; and (2) for acceptors (p-type) from group 3
elements - boron, aluminum, and gallium.
[00181] ltis also noted that in the structure shown in FIG. 23, the I-Ge
microstructures 2302 buried in Si 2104 are completely surrounded by Si which has
30 alower refractive index than Ge. At 1000-2000 nm wavelength range, the refractive
index of Si is approximately 3.49 and for Ge is 4.1. The index ratio of Ge/Siis 1.17
so according to Chang-Hasnain reference, HCG effects will exist. The resonance
and field concentration in the absorbing Ge microstructures can further enhance
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the absorption coefficient from that of the bulk absorption coefficient value
anywhere from greater than 1X to several orders of magnitude. The index
difference also causes light to be confined and concentrated in the high index
material, in this example, Ge; further improving QE,

[00182] The silicon (Si) microstructure can detect photons with wavelength
ranging from 300-1100 nm and the germanium (Ge) microstructure can detect
photons with wavelengths ranging from 300-1800 nm. According to some

"~ embodiments, for high bandwidth and high QE, the shorter wavelengths, 300-600
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nm, may generate photocarriers outside the “I” region resulting in a diffusion
current that can result in non-optimal bandwidth and or QE. Where bandwidth is
not an issue, the degradations may not be very significant,

[00183] FIGs. 24A and 24B are cross sections showing aspects of a
microstructured APD with buried/embedded I-Ge absorbing microstructures in 1-Si
microstructures, according to some embodiments. FIG. 24A shows the bulk layers
2400. In FIG. 24B, the etched pillars 2424 and/or holes 2422 are filled with -Ge
(intrinsic-Ge, non-intentionally doped or undoped or low doped Ge) and finished
with a capping layer 2426 of P* Ge or Si to complete the anode of the APD 2420.
The microstructured Ge 2422 is buried/embedded in Si 2412, Optical signal of
wavelength 950-1800 nm {or photons from 300-1800nm where the shorter
wavelengths, 300-900 nm, may not have as high a bandwidth) can illuminate the
APD 2420 from either top or bottom at various angles to the normal and/or normal
to the surface. According to some embodiments, the starting layers prior to the I-
Ge regrowth into the etched regions can also include the P* Si layer 2426, such as
shown in FIG. 7 with layer 726, supra. In the case shown in FIG. 24B, the starting
layer was removad to minimize P dopant diffusion during I-Ge regrowth. The
buried or embedded Ge microstructure in Si microstructure allows the APD (or PD)
2420 to operate in two regimes. A first regime is at wavelengths where Siis low
loss and Ge is absorbing or high loss (950-1800 nm). In this Si low loss regime,
the Ge microstructures 2422 with a Si P* anode cap layer 2426 is completely
buried in Si which has a lower refractive index than Ge. The Ge microstructure
arrays can have HCG low Q with Q ranging from 1 to 3000 approximately (or other
resonant, scattering, near field, linear and non-linear optical effects) or high
enhancement of the absorption coefficient. A second regime is where both Si and
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Ge are absorbing, 300-945 nm, and both Si microstructures 2424 and Ge
microstructures 2422 work in parallel (parallel current generators) absorbing the
photons with enhancement of the absorption coefficients of both Si and Ge. This is
particularly advantageous for examples in photovoltaic applications.

[00184] FIGS. 25A - 25C are cross sections showing aspects of a photodiode
having buried/embedded Ge microstructures in a Si microstuctured pillar and/or
hole array, according to some embadiments.  Starting with a Si PD epitaxial layer
structure 2500 with or without the P layer 2526, microstructures of holes 2522
and/or pillars 2524 are etched into the Si P layer 2526 and 1 layer 2512 and can
extend into the N layer 2510. Regrowth of Ge 2522 (or II-V material such as
InGaAs, InAs, InSb, GaN, InGaN to name a few) using a process such as SAG
with our without silicon oxide on the sidewalls of the Si microstructure 2524 or
using a process such as VLS with or without catalysts, the I-Ge layer 2522 is grown
followed by P Ge 2526 (or a P-Si layer which may be more suitable for top
illuminated devices) at the surface where a process such as ELOG can be used to
form a contiunous P-Ge film. P ohmic alloy, annealed, foliowed by bond
metallization completes the contact 2528 for the anode. The back side processing
as discussed earlier is deposited on the silicon surface to reduce reflection. See,
e.g. FIGs. 19A-19C, supra, where the silicon is thinned and etiched to the BOX
layer selectively. The BOX layer is etched selectively and an anti reflection N ohmic
alloy is formed on the N-Si laver, annealed and followed by bond metallization,
which completes the cathode contact. Reverse bias of -2 to - 10 volts is applied
between the anode and cathode for high bandwidth PD applications. in PV
applications, 0 bias is applied.

[00185]  According to some embodiments, the dimensions and doping are similar
to the Si microstructured PD shown in FIGs. 5A-5B, supra, with the -Ge doping
level less than 5. 10" cm®, and dimensions ranging in thickness of 0.1 to 5
micrometers, and lateral dimension of the microstructure ranging from 10 to 5000
nm with adjacent structures that can touch/overlap to 5000 nm separation. Optical
signal/photons can either illuminate from the anode top side or cathode bottom
side with wavelength range of 300-1800 nm and normal to the surface or at an
angle to normal which can also include rotation. For bottom side illumination, the Si
is thinned down to a few micrometers thickness for illumination at wavelength
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ranges of 300-900 nm. Only the basic layers are shown for simplicity. For
example, the following structures are not shown: isolation mesa or diffusion or ion
implantation, passivation, anti-reflection, ohmic metal, guard rings {e.g. for an
APD). Both Si microstructures and Ge microstructures can detect the optical
signal/photons in parallel for wavelengths where both are absorbing, 300-1100 nm,
and only the Ge microstructure at wavelength ranges 900-1800 nm. The cap layer
2526 and 2546 in FIGs. 25B and 25C respectively can be either P* Si or P* Ge. For
broad modulation bandwidth (sometimes just referred to as bandwidth) of greater
than 10 Gb/s (gigabits per second), P” Si cap layer is preferred for wavelengths
ranges from 950 to 1800 nm, since at these wavelengths Si has low optical losses
(also referred to low loss). According to some embodiments, the structure shown
in FIGs. 25B and 25C can also be use for photovoltaic applications where no
external bias is purposely applied in the reverse direction.

[00186] According to some embodiments, for all the structures shown, the P and
N can be interchanged to form for example N-I-P structures for the PD and PV
(photovoltaic) and N-1-N-i-P structures for the APD.

[00187] The regrowth of Ge microstructures in Si also have applications in
photovoiltaic devices where the device is operated without external reverse bias.
The P-I-N PD structure for example with Ge microstruciures embedded or buried in
Si microstructures effectively have two bandgaps, Si bandgap and Ge bandgap
that is exposed to the solar radiation. The combination of two bandgaps widen the
absorption spectrum of the photovoltaic device and therefore can collect a broader
spectrum of the solar energy. The two bandgaps can have a higher QE and or
short circuit current over that of single bandgap photovoltaic devices or multiple
devices connected in series. The microstructures also have enhanced absorption
that can further improve the QE and or short circuit current of the photovoitaic
device. The solar spectrum at AM 0 and AM 1.0, with a photovoitaic device with a
spectrum width of 300-1800 nm, at least approximately 90% of the solar spectrum
is captured. In addition, in the PV device with Ge and Si microstructures are
adjacent laterally to each other (i.e. in parallel) rather than being vertically adjacent
(i.e. in series) as in prior art PVs. This allows the Si and Ge to be exposed to solar
photons equally and are parallel current generators that are additive; I + lge = hota
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where Isis the photocurrent generated by the Si microstructures and lgeis the
photocurrent generated by the Ge microstructure and i is the total photocurrent.
[00188] Although according to some embodiments the use of Si and Ge are
described, according to some ather embodiments, other materials are used.
According to some embodiments, Siis used with an InP microstructure embedded
or buried. According to some embodiments, more than two materials are used
such as Si, Ge, InGaAs, InP, GaAS, GaN, InGaN, InSb, to name a few. The
microstructures, in addition to pillars and holes, can be embedded and or buried to
use the effects of HCG to enhance the absorption coefficient over that of bulk
absorption coefficient to further improve QE and minimize the use of material in
order to reduce cost of manufacturing.

[00189] FIG. 25C is a cross section showing grown Ge, InP, InGaAs to name a
few, within silicon microstructures. SAG can be used where the sidewalls of the
microstructures are oxidized or coated with a conformal dielectric and where the
oxide/dielectric is removed at the bottom of the microstructure surface where it is
approximately paraliel to the silicon substrate where it can provide crystalline
information for the growth of Ge, InP, InGaAs microstructures. The area where the
Ge, InP, InGaAs will epitaxially grow with or without catalysts using various growth
methods such as VLS, MOCVD, CVD to name a few, is approximately 100 square
microns or less; more typically around 0.3-3 square microns. Because of the small
area, crystalline defects dus to latlice mismatch are not significant. The sidewalis
with the silicon dioxide that can be thermally grown or deposited using ALD,
provide an electrical insulation between the Si and the Ge, InP, InGaAs SAG
grown layer. It should be noted that SAG growth can continue until the Ge or InP or
InGaAs (to name a few) can merge above the silicon microstructure and with
lateral over growth (LOG) epitaxial process, the microstructures of Ge or InP or
InGaAs can form a continuous epitaxial thin film layer that can be doped P type for
the anode layer.

[00190] FiGs. 25D and 25E are cross sections showing aspects of a forward
biased device such as a vertical cavity surface emitting laser (VCSEL), according
to some embodiments. VCSEL 2562 can also be fabricated using similar
processing as described supra for the PDs, PVs and/or APDs. Starting with a Si
PIN structure 2562, Si microstructure hole(s) 2564 are etched through I-Si layer
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2566 to the N-Si layer 2568. According to some embodiments, the etching of hole
2564 can extend into the N-Si layer 2568. An SAG process is followed with or
without silicon oxide on the Si microstructure sidewalls (oxide 2570 is shown).
First, a GaAs/AlGaAs distributed Bragg reflector 2572 (DBR) all N type is grown,
follow by N-GaAs 2574, The active layer 2576 is undoped InGaAs/GaAs multiple
quantum well {(MQW) of 1-5 wells, followed by P-GaAs 2578 to the surface and
using ELOG which can form a continuous film at the surface of the 1-Si 2566.
Dielectric DBR 2582 on the P-GaAs 2580 completes the optical cavity. P ohmic
alloy with anneal and bond metal 2584 on P-GaAs 2580 completes the anode
contact and N ohmic alloy with anneal and bond metal 2582 on N-Si 2568
completes the cathode contact. Forward bias of 1 to 20 volts to the anode and
cathode will result 1200-1300 nm light to be emitted from the VCSEL 2560.
[00191] The design and growth of VCSELSs at 1200-1300 nm and other
wavelengths are known. See, e.g. “High-performance 1200-nm InGaAs and 1300-
nm InGaAsN quantum-well lasers by metalorganic chemical vapor deposition”,
Tansu et el; Selected Topics in Quantum Electronics, IEEE Journal of (Volume:

9, Issue: 5), 2003.

[00192] According to some embodiments, longer wavelength are selected when
embedding InGaAs, InGaAsN and other IlI-V material, because at wavelengths
greater than 1000 nm silicon is mostly transparent and does not introduce excess
additional optical losses. Accordingly, Siis a good heat sink for the VCSEL 2560,
According to some embodiments, the GaAs/AlGaAs DBR 2572 is replaced with a
silicon/air or a dielectric DBR on the bottom by thinning the Si wafer and etching to
the BOX layer, removing the BOX layer and depositing a dielectric DBR. Design of
DBR, dielectric and semiconductors are well known. The silicon/air DBR will
require further processing, using sacrificial layers such as Ge that can later be
selectively etched away via etch trenches.

[00193]  According to some embodiments, an LED is fabricated by applying
minor variations, including removing the DBRs and adding multiple Si
microstructures. The LED can use MQW or just a simple heterojunction of P-GaAs/
-inGaAs/N-GaAs for example. Other semiconductors can also be used such as
InGaAsN, InGaAsP, GaAsN, to name a few. The substrate can be another material
such as sapphire, SO, insulator on Si (10S), ceramic, glass, quartz, GaN,
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crystalline or non-crystalline. Addtionally, other material for blue/UV LEDs such as
GaN, AlGaN, GalnN, AIN, can be grown using epitaxial reactors and methods of
fabrication described above. -
[00194] According to some embodiments, voids are formed, that are buried or
embedded in Sior Ge on Sior Ge. As used herein *buried” refers to cases when
the: void is beneath the surface, and “embedded” refers to cases when the void can
intersect or be slightly above the surface. As described supra, during regrowth of
Ge on a microstructured Si with pillar and/or hole arrays, voids can develop due to
the fact that growth rate during epitaxial growth often depends on the crystal
orientation of the surface. Since etching microstructured pillars and/or holes in Si
can expose different surface orientation of the side walls, asymmetric growth rate
of Ge on these different Si surface orientation can result in void formation.
According to some embodiments, the void formation is exploited to generate a
buried and/or embedded microstructured void arrays that can behave as HCG and
or light trapping structures that concentrate the optical field and/or resonance
through interference of the optical field (amplitude and phase), scattering, near
field, linear and non-linear optical effects to enhance the bulk film absorption
coefficient by one to several orders of magnitude. In addition, the voids can be
used o reduce the effective refractive index of a material (e.g. Si with voids) since
the optical field sees an average or effective refractive index. At dimensions on the
order of a wavelength or less, the refractive index of voids and Si, for example, can
be approximated with an effective refractive index which is the average of the
volume occupied by Si and the valume occupied by the void. For example, if Si
occupies 1/2 the volume and voids occupy 1/2 volume, the Si index is 3.49 and the
void is 1.0 (for air), then the average effective index is approximately 2.25.

[00195] The voids also reduce capacitance of the device if the voids are
generated in the “I” region, as discussed supra; where the space between
microstructured pillars or the microstructured holes can reduce the capacitance of
the P-I-N PD diode or the P-I-P-I-N APD diode. The voids according to some
embodiments are either buried (buried holes) or embedded (space between pillars)
and the total capacitance is approximately the capacitance of the total area
occupied by the voids plus the capacitance of the total area occupied by the
semiconductor. In the case where the voids do not occupy the full thickness of the
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“V" layer (i.e. only occupy part of the thickness), then the effective dielectric
constant can be estimated by taking into account a volume that contains both the
void and the semiconductor extending through the thickness of the “I” layer, the
volume of the void and the volume of the semiconductor in a given volume; for

5 example if the voids occupy 1/2 of a given volume of the thickness of the “I” layer
and the semiconductor material occupies 1/2, and if the semiconductor material is
Si with dielectric constant of 11.9, then the average effective dielectric constant is
approximately 6.5, where the void is assumed to be air with dielectric constant of 1
for that given volume. The total area occupied by this effective dielectric constant,

10 consisting of both voids and semiconductor material, is used in the capacitance
calculation plus the area occupied only by semiconductor in the “I” region to give
the total capacitance of the P-I-N or P-I-P-i-N diode. Reduction of capacitance
leads to a reduction in RC time constant for the diode which improves the
bandwidth of the PD and APD.

15 [00196] Although buried voids in semiconductor material are known, such voids
are conventionally regarded as detrimental and as such are to be avoided.
According to some embodiments, such voids are intentionally created and form
useful features in the semiconductor material.

[00197] FIG. 26 is a cross section showing starting epitaxial layers in which

20 mictrostructured voids are fabricated, according to some embodiments. To
generate voids in PD, PV and APD structures start with a structure 2600, The
starting material can be a Si PD or APD structure with or without the Si P* anode
layer. Details of the layers are not shown for simplicity.

[00198] FIG. 27 is a cross section showing microstructured holes/pillars etched

25 into the I-Si layer, according to some embodiments. The microsctured holes 2722
(or space around pillars) are etched into the Si “I” layer and can extend pass the “I"
layer or can be partially into the “I" layer. Wet and/or dry etching can be used or a
combination of wet chemical and dry etching (RIE, DRIE for example) where the
wet etching can be used to remove damage due to dry etching or wet etching in

30 combination with dry etching and oxidation to form a certain shape or surface
smoothness. As shown in FIG. 27, the etch can be isotropic or anisotropic, the
sidewall can have negative or positive slope (slope defined with respect to the
plane of the substrate). For anisotropic etching both negative and positive slope
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can exist at the same time for an etched feature such as a pillar or hole.
Anisotropic epitaxial growth can result in void formation, with the shape of the void
being determined by many factors including: side wall slope, crystal orientations of
the side wall, growth conditions, pressure, temperature, flow rate, growth technique
(CVD, MBE, ALD or a combination of growth methods), surface preparation, and
surface oxidation. According to some embodiments, surface oxide, partial oxide or
other dielectric 2726 can be intentionally deposited on the side walls, which can
also influence the regrowth of Si or Ge (or any other semiconductor such as InP,
GaAs, InGaAs, GaN, InGaN, to name a few) and can be used to form voids.
[00199] FIG. 28 is a cross section showing microstructured voids buried or
embedded in §i with a Si capping P* anode layer 2826, according to some
embodiments. The buried voids 2800 can be uniformly spaced, or with chirped
spacing, or any complex patterns with a combination of periodic and aperiodic
spacing or it can be random or pseudo-random. The buried voids 2800 can have a
length ranging approximately from 0.1 to 10 micrometers and lateral dimension
ranging from 10-5000 nm. The voids can also be overlapping one another.
Although FIG. 28 shows buried voids in Si, according to some embodiments buried
voids can be formed in Ge. For example, in a Ge epitaxial layer on Si, or any other
semiconductors, such as InP, GaAs, InGaAs, GaN, InGaN, InGaAsP, and other
semiconductors in the Hli-V material family. The voids can be non-uniform is size
and shape within the void and adjacent voids. The voids may alse have non-
uniform spacing and/or orientation. However, with proper process control uniformity
in size and shape, patterning, random and pseudo-random placements of the voids
can he attained. For simplicity the voids are shown to be uniform.

[00200] FIG. 29 is a cross section showing Bragg reflectors formed on the P-Si
surface to provide a highly reflective mirror, according to some embodiments.

With a more planar surface, high reflectivity Bragg reflectors 2900 may be
deposited or grown using dielectrics or semiconductors on the P silicon layer 2826
surface. The ohmic contact and the bond metallization 2902 can be on the
peripheral in a ring configuration as shown in FIG. 29. Optical signal illuminating
from the bottom will have a double/multiple pass through the absorbing | region
thereby improving QE and the bandwidth of the PD/APD. in PV where bandwidth is
not an issue, then the QE will be improved. According to some embodiments,
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Bragg reflectors 26800 can be configured for wavelength selectivity so as to reflect
the optical signal back into the absorbing | region.
[00201] According to some embodiments, voids are not only in the | region but
are also formed in the P and/or N region of a PIN PD or PV, in the P charge region,
5 in the | multiplication region and/or the P anode and N cathode region of an APD,

According to some embodiments, voids can also be formed in the substrate. The
density, shape and material (voids can be filled with different material from
vacuum, gas, helium to dielectrics with or without doping with rare earth elements
for optical gain for example, carbon/graphene/diamond,copper, ceramics for

10 thermal conductivity for example) of the voids in each layer can be different or the
same, or different/same within the same layer.
[00202] According to some embodiments, voids are aiso used to make the
material more mechanically flexible and bend and or conform to different surface
contours. For example, in PV appiications where large sheets of the device are

15 fabricated, the sheets can conform to contours in for example the roof, or the
sheets of semiconductor PV can be rolled for compactness in storage prior to
deployment. According to some embodiments, voids sized between 0.01 microns
and 1000 microns are introduced into semiconductor and/or glass material for use
with photo voltaics for purposes of increasing flexibility and/or resistance o

20 physical damage and/or damage propagation.
[00203] High-density voids in semiconductors are also resistant to crack
propagation since the crack will terminate at a boundary, in this case the boundary
of the void. This is advantageous for large devices such as solar cells where if an
object such as hail or stone strikes the solar cell, only the point of contact will be

25 damaged and perhaps a small adjacent area (5-50% of the diameter of impact for
example) where the damages are localized to area of impact and cracks will not
propagate across the entire cell. A device may survive such small damage events
with minimal degraded performance without taking the entire solar panel down.
[00204] According to some embodiments, the voids are also formed in other

30 materials also such as glass, ceramics, polymers, metal, plastics, to name a few, to
avoid crack propagation in case of foreign object impacts since cracks will
terminate at a boundary, in this case the boundary at the void.
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[00205] FIG. 30 shows an example of a PIN PD/PV structure 3000 with
microstructured voids to enhance absorption, reduce bulk refractive index, reduce
capacitance and increase mechanical flexibility of large sheets of PV on
semiconductor material, according to some embodiments. The Si substrate is
removed leaving only the BOX/SOI layers together with the PIN epitaxially grown
layers. Ohmic contacts, bond metallizations, antireflection coatings, passivations,
are not shown for simplicity. In addition to PV, the techniques are also applicable to
D, APD, light emitters such as light emitting diodes and diode lasers, and to
electronic integrated circuits such as CMOS and ASIC (application specific
integrated circuits) where voids can not only make the material more flexible and
lighter but also as mentioned earlier more resistant to cracking. The voids,
according to some embodiments can be filled with a gel that can repair impact
damage and seal exposed cracked edges to prevent further deterioration due to
moisture for example to the semiconducting surfaces. The gel can be spin on glass
for example. According to some embodiments, the voids can be filled with material
to enhance thermal conductivity for example, reduction of optical or microwave
losses by removing the silicon and replacing with material that is not lossy such as
Ar, He, Xe, No, Ne gas, or vacuum for example. The voids can have different
sizes and shapes and densities and can be random, pseudo random, aperiodic,
periodic, chirped, single or multiple patterns. The voids can also be in a single layer
or in multiple layers of the device. Fig. 30, for example, shows the voids in P-Si
layer 3002, I-Si layer 3004, and N-Si layers 3006 and 3008. According to some
embodiments the index of refraction near the uppermost surface can be altered to
more effectively index "match" with surrounding air so as to reduce reflections of
incident light. For example, in PV applications near surface voids can be used to
index match such that less incident sunlight is reflected from the PV surface.
According to some embodiments, the index of refraction at iower surfaces can be
altered so as to increase internal reflections that may, for examples, increase the
number of passes light makes through an absorbing region.

[00206] According to some embodiments, random voids can also be generated
by dry etching/electrochemical etching the surface of the semiconductor without
any mask. Generating semiconductor nanowires followed by epitaxial regowth on
these random nanowires will result in buried voids. As discussed in Frajtag et al,
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Growing thin films that contain embedded voids, 23 June 2011, SPIE Newsroom;
DOI: 10.1117/2.1201105.003750, this method can be used in GaN light emitting
diodes to minimize defect formation due to lattice mismatch of the GaN epitaxial
layer with the substrate which can be sapphire, Si, SOI, 105 to name a few. The
random formation of semiconductor nanowires by dry etching of the surface of the
semiconductor (which can be Si, Ge, llI-V material family such as InP, GaAs,
InGaAs, InGaAsP, GaN, InGaN, InSb, to name a few) without any mask and
subsequently regrowing on the nanowires epitaxially using CVD for example, to
form random buried voids can also be used to reduce the effective refractive index
of the semiconductor and reduce the effective capacitance of the P-I-N, P-I-P-I-N
diodes if the voids are formed in the “I” absorption layer and/or P, N layers, and/or
charge, multiplication layers of the PD, APD, in any combination to optimize the
performance of the device in bandwidth, QE, and energy consumption.

[00207] Fig. 31 is a cross section showing regrown |-Ge with a buried/embedded
voids, according to some embodiments. The regrowth of Ge 3104 epitaxially on Si
microstructured pillars and/or holes resuits in voids 3102 in the Ge layer that can
be intrinsic or non-intentionally doped or low doped using the method shown in
FIGs. 27-28, supra. In addition, selective masking with dielectric such as SiOx,
SiNx for example can be used to generate nanowires only in the selected areas
such as the Ge regrowth, for example, and with additional regrowth of Ge, random
voids can be buried only in the selected Ge areas. The random voids can be
combined with paiterned voids to optimize a device performance in terms of
bandwidths, quantum efficiencies and power consumption. The microstructures
shown in FIG. 31 combine the Ge microstructure and void microstructure to
enhance to bulk absorption coefficient and reduce the effective capacitance of the
diode.

[00208] Fig. 32 is a cross section showing a device having buried
microstructured voids in I-Si with regrown 1-Ge and capped by an epitaxial layer,
according to some embodiments. As can be seen in FIG. 32, the
buried/embedded microstructure voids 3202 can be in I-Si layer 3200 while the Ge
microstructure 3104 is also buried/embedded in Si layer 3200 using a few
additional processing steps. First the voids 3202 are buried/embedded as in FIG.
28 with or without the P-Si anode layer 3226. Microstructures are then again
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etched into the I-Si layer 3200 with the voids and then Ge 3104 is regrown
resulting in a microstructure with voids 3202 in the Si layer 3200 and a Ge
microstructure 3104 to enhance the bulk absorption coefficient and reduce the
capacitance of the diode. Not shown is that the microstructured voids can also be
buried/embedded entirely in Ge for Ge on Si layers, such that in Fig. 28, if the |-Si
layer 3200 is replaced with I-Ge followed by a P* Ge capping anode layer 3226.
[00209] The buried/embedded microstructure voids is an inverse HCG structure
with absorption, or a lossy HCG structure, and can have resonance, constructive
and destructive optical interference effects of both phase and amplitude that can
result in the enhancement of the butk absorption coefficient. The period of the
microstructure pillar, hole, void, buried/embedded Ge arrays can fall in the near-
wavelength regime of the HCG effect or it can fall in the subwavelength regime
where the grating period is much less than a wavelength and the diffraction regime
where the period is greater than a wavelength. The HCG characteristics of the
microstructure array and the input optical signal can be coupled to in-plane optical
modes. The microstructured arrays can also behave as a lens to mode match the
incoming optical signal. Good coupling efficiency also improves the overall QE of
the PD/APD. According to some embodiments, a lossy HCG is provided where the
absorbing region is a part of or included in the HCG structure (other effects such as
scattering, near field, plasmonic, resonance, linear and non-linear optical effects to
name a few, can also play a significant role in absorption enhancements), and
where Si can be the HCG for photon energies that are below the Si bandgap and
the Ge microstructures are buried or embedded within the Si that is absorbing to
the photons with wavelength ranging from 950-1800 nm (where Si has relatively
low optical losses).

[00210] According to some embodiments, the microstructures of holes, pillars,
and voids can be arranged in any pattern or no pattern in the active area, including
any parts of the P-I-N structure of a PD or P-I-P-I-N structure of an APD; the active
area includes the absorbing “I" region and the P and N regions. According to some
embodiments, to simplify manufacturing and to improve yield, the microstructures
can extend outside the active areas of a PD/APD if it does not interfere with the
PD/APD operations and performance. FIG. 33 is a top view showing distribution of
microstructured pillars, holes and/or buried voids in an PD/APD, according to some
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embodiments. The microstructure array 3300 consists of pillars, holes, and/or
voids, and buried/embedded Ge in Si or Si in Ge or any combination of multiple
semiconductors, can be distributed over the entire active area 3302 of the
photodiode or avalanche photodiode or just partially for example in the center
where the optical intensity is the highest. The active area can be defined as any
area that contributes to the generation of electrical signal upon iflumination with
optical signal, or in the case of a PV, the generation of electricity upon illumination
with photons. In FIG. 33, the active area 3302 is commonly the area within the
metal ohmic contact/bond metal ring 3304. The distribution of the array 3300 can
be non uniform, non periodic, non uniform is size of the microstructure, or in shape.
[00211] FIG. 34 is a top view showing distribution of microstructured pillars,
holes and/or buried voids in an PD/APD, according to some other embodiments. In
FIG. 34, the QE is optimized at the center of the active area where the optical
intensity is the highest and away from the center, more semiconductor material is
removed in the microstructure pattern to reduce the capacitance of the active area
in order to decrease the RC (resistance, capacitance) time constant to achieve
higher bandwidth for the PD/APD and or to increase the aclive area to allow
passive alignment of the optical signal to the PD/APD thereby reducing the cost of
packaging and assembly. Microstructured pillars/holes/buried voids 3400 near the
center of the PD/APD optimize QE while the micrastructured pillars/holes/buried
voids 3410 at the periphery of active area 3402 minimize capacitance while still
maintaining good QE.

[00212] Buried voids in the N (or P if P and N are switched) part of the P-I-N or
P-1-P-I-N diode structure can reduce the effective refractive index of the
semiconductor in the N layer. This is useful in increasing the refractive index
contrast for HCG structures (to include other possible aptical effects that may be
significant in absorption enhancements such as scattering, plasmonic, near field,
linear and non-linear optical effects to name a few), for example in Si the refractive
index is approximately 3.5 (for wavelengths 950-1800 nm) and if halif of the volume
of the material is air, then the effective refractive index (1/2 air and 1/2 Si) would be
approximately 1.8 for the air-Si composite material. Any semiconductor
microstructures of pillars or holes fabricated on top of this composite air-Si material
will have a index contrast of, for example Si pillars on the composite air-Si layer,
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approximately 2. The high index contrast would enhance the performance of the
HCG. According to some embodiments, this is used to enhance the lossy HCG
performance (where loss can be as high or higher than - 1 dB/cm) and enhance
the absorption coefficient with its resonance, light concentration and in-plane light
coupling effects to name a few. There is an advantage in having the voids in the N
and or N layers since it will have a minimal effect on the electrical properties and
characteristics of the diode since once electrons are swept into the N and or N*
layer, they are majority carriers.

[00213] The microstructured voids in the N and or N' layer can be patterned,
non-patterned or random or pseudo-random, and can be defined using lithography,
masking and etching or just etching followed by a regrowth of Si, or Ge or any
other material. The voids can range in length approximately from 0.01 to 10
micrometers and lateral dimensions can range approximately from 10-5000 nm
with spacing between adjacent voids ranging approximately from overlapping to
5000 nm.

[00214] Fig. 35 shows the basic epitaxial structure 3500 for a conventional Si
PV/PD diode on N Si substrate. FIG. 36 shows the structure of FIG. 35 with
microstructured voids incorporated into the N-Si layer, according to some
embodiments. The doping and thickness of the layers are dependent of the
applications. For high bandwidth PD applications the “I” Si thickness ranges from
0.1 to 3 micrometers whereas for PV applications the “I” Si thickness ranges from 1
to 20 micrometers with doping range of intrinsic or not intentionally doped,
background doping of < 5. 10" cm. Device size to défine the area of the
capacitance for high bandwidth PD (for circular apertures) ranges from 5 to 100
micrometer diameter whereas for PV, the lateral dimension can range from 0.1 to >
50 cm (centimeters) limited only by the size of the wafer or substrate. The doping
ranges and layer thicknesses for non “I” layers are similar for PV, PD and APD; P
or P* layer thickness ranges 0.1 to 3 micrometers P doping > 5. 10" em™, N or N*
layer(s) thickness ranges of 0.1 to 10 micrometers N doping > 1. 10" cm™. The Si
substrate can be N doped, low N doped or undoped.

[00215] After growing the N/N” layer(s) on the Si substrate, microstructures of
pillars and or holes and or nanowires are etched into the N/N* layer(s) 3604 and
followed by a N/N’ layer(s) regrowth resulting in buried voids 3622 as shown in Fig.
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36. The regrowth surface may or may not need further planarization such as using
chemical mechanical polishing (CMP). Some applications may have more optimal
performance with a non-planar surface, for example PV that can couple sun light in
multiple angles with minimal reflections (a rough surface reflect less light).
Subsequent “I” Si layer 3606 and P/P" layer 3608 are grown on the N/N* layer(s)
3804 with the buried voids 3622. In addition to reducing the effective refractive
index, at wavelengths where 8i has low loss (approximately -1 dBfcm or less), 950~
1800 nm, the buried voids 3622 can be patterned into a reversed HCG and behave
as a very reflective (close to 100% reflectivity) broad spectrum mirror for any
photons illuminating from the top (P side) and not absorbed in the “I”
microstructured pillar/hole region on the first pass, the photons can be reflected
back toward the absorbing “I” region. In addition, with the voids, the substrate may
be more flexible and lightweight such that it can be more adaptable to contoured
surfaces and/or for use where weight is an issue such as a solar panel, or for
mobility.

[00218] FIG. 37 is a cross section showing etched Si microstructured
pillars/holes with regrown Ge covering the Si, according to some embodiments.
The starting structure is the same as layers 3500 in FIG. 35. The Si microstructure
pillar and/or hole arrays are etched with a depth ranging from 0.1 to 10
micrometers and subsequently regrown with a i-Ge layer 3702 of thickness 0.01 to
4 micrometers including according to some embodiments a 1-10 nm low
temperature buffer Ge layer to account for lattice mismatch between the Si and Ge.
Note that the Ge buffer may not be included for pillar hole lateral dimensions of
approximately 1000 nm or less since the lattice mismatch strain at that small area
may not be significant to cause extensive defects to form. The lateral dimensions
of the microstructured pillars 3704 and holes 3706 range from 10 to 5000 nm and
spacing of adjacent elements from overlapping to 5000 nm. The P/P" Si layer 3708
is left on in FIG. 37 as it may be useful in making good P ohmic contact with the
ohmic metals of Ti, W, Al silicide that are 1-50 nm thick to be semitransparent or
transparent transition metal silicide.

[00217] FIG. 38 is a cross section showing microstructured Si pillars/holes with
Ge regrowth on an N-Si layer having embedded microstructured voids, according
to some embodiments. The structure shown in FIG. 38 is similar in starting
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material as shown in FIG. 36. The buried voids 3822 in the N/N” layer 3804 act to
reduce the effective refractive index of layer 3804. The voids spacing and lateral
dimensions can be subwavelength (< A ) or even deep subwavelength (<< A ) to
minimize optical scattering loss such as Rayleigh scattering which is proportional to
5 AN*where A is the wavelength. The wavelength of interest range from 300 to 1800

nm.
[00218] FIG. 39 is a cross section showing partial coverage |-Ge on
microstructured Si pillars/holes, according to some embodiments. In the variation
of the microstructure shown in FIG. 39, instead of regrowing I-Ge over the entire Si

10  microstructured pillars and holes, it is only grown on part of the Si microstructures.
Part of the Si microstructure is without |-Ge and the other part has regrown 1-Ge.
The partial regrowth of Ge can be accomplished by partially covering the Si
microstructure with a dielectric such as SiOx or SiNx by directional deposition such
as electron beam evaporation deposition, or directional laser ablation deposition or

15 other directional methods such as ion milling to remove native oxide of Si
selectively or ALD thin layer of oxides/nitrides and removing selectively and
directionally with ion beam milling. Once the Si microstructure is partially coated
with an oxide or nitride (or other dielectric such as CaFx, TaOx, TiOx, to name a
few) Ge epitaxial regrowth wiill predominantly occur where there is lattice

20 information such as a Si surface. The I-Ge regrowth 3802 thickness can range from
0.1 to 4 micrometers or more. The Si microstructure of pillars 3904 or holes 3906
can have a depth of 0.1 to 10 micrometers and a lateral dimension of 10 to 5000
nm and spacing between adjacent microstructures of overlapping to 5000 nm.
Both Si and Ge microstructures are exposed to photons with wavelengths ranging

25 from 300-1800 nm from photons impinging from the anode surface and impinging
on the sidewalls of the microstructure directly, scattered, near field, resonance,
HCG effect, linear and non-linear optical effects, and with enhanced absorption
coefficient. Both Si and Ge will generate photocurrent due to the incident photons.
The Si current generator and Ge current generator are in parallel and the total

30 photocurrent generated by this PD/PV is the sum of the Si and Ge photocurrent
generators. The buried voids 3922 reduce the refractive index of the N/N* layer
3914 and improve the index contrast of the microstructure and the substrate thus
improving the performance of the lossy HCG for enhancing the absorption
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coefficient. The voids 3922 in the S 3914 can aiso behave as a good reflector to
reflect photons back toward the “I” absorbing layer for a double pass (for photons
illuminating from the: top side). BOX or SOI 3912 can also be used in addition with
the buried voids or without the buried voids, as the refractive index of SiO; is
approximately 1.54, roughly half that of silicon at infrared and near infrared
wavelengths.

{00219] FIG. 40 is a cross section showing the basic components for a
microstructured Si-Ge pillar hole array PD/PV and/or APD, according to some
embodiments. Note that the APD multiplication layers are not shown for simplicity.
Only the very basic parts of the device is shown. After processing steps shown in
FIG. 39 are completed, surface passivation is carried out using thermal oxide or
ALD or PECVD or CVD deposition of oxide or nitride to passivate or SiGe as a
passivation layer on Ge. A filler 4002 is spun on or deposited such as spin-on-
glass, or SiOx, SiNx by PECVD or CVD. Using RIE to etch back to expose either
the Ge or P/P" Si (during i-Ge epitaxial growth, the P dopant in the P/P* Si may
diffuse into the Ge layer to also result in a P/P* Ge layer). Ge and or Si P- ohmic
material may be Al, W, AuGe, Au, Au/Ti and Al, TiN, Pt, transition metal-silicide
respectively; ohmic contacts to P and N semiconductors are well known in the
literature and art and these are only a few examples of possible ohmic contacts. A
transparent conducting oxide (TCO) 4004 such as indium tin oxide (ITO) may be
used to further reduce the series resistance of the anode. For microstructured
holes, since the P/P” layers are contiguous, TCO 4004 may not be used and only a
perimeter (ring for circular apertured PD/APD/PV) border ohmic contact and
metallization 4006 may be used instead to reduce series resistance of the chmic
contact, such as Al, Au/Ti. Cu, to name a few. Anti-reflection layers are not shown
for simplicity. N ohmic material can be used on the substrate or on the N/N” layer
together with metallization. Al, Pt, transition metal silicide, followed with Al or Au
deposition (e-beam, sputter, thermal evaporation) on the ohmic contacts reduce
series resistance. Ohmic contacts normally use an annealing process that is well
known in the art. Bond and/or connecting metallization 4006 is deposited (using
standard processing methods) to complete the PD/APD/PV device. Sunlight/optical
signal is illuminated from the top (anode) of the device nermal to the surface or at
any angle off normal and may be rotated to optimize the QE. At wavelengths where
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Si is low loss (950-1800 nm or more) the buried voids can both reduce the effective
refractive index of Si and act as a reflector to reflect photons that are not absorbed
back toward the absorbing region. The surface of the N/N” layer 3914 can be non-
planar to help diffuse the reflected photons to optimize its absorption in the
microstructured Si and Ge array. A contact pad 4008 can be provided, for
axample, on the side of layer 3914 as shown. Although many of the embodiments
show the micrastructures of Si and Ge, Si, Ge are normal to the surface (vertically
aligned) and straight, according to some other embodiments if the N/N” surface is
non-planar, subsequent lavers may also be non-planar. Etching (wet chemicat or
dry RIE, DRIE) may result in microstructures that are off normal and not straight
{with bends) which may further improve the absorption of photons. Due to the non-
planar topology of the surface, the microstructures may have various orientations
depending on the orientation of the crystal within the same device. The different
orientations of the microstructures are advantageous to capturing photons that may
be illuminating the surface of the device at different angles, for example for PV as
the sun changes position in the sky and for PD/APD for applications where muitiple
aptical signal may illuminate the PD/APD from different angles/directions.

[00220] Microstructured Si pillar and/or hole arrays/pattern/random PD shown in
FIG. 5, supra, can also have buried voids in the N/N" layers as shown in FIG. 10 to
both reduce the refractive index of Si so that the microstuctures of Si pillars/holes
are more optimized as lossy HCG by increasing the refractive index contrast and
also as a HCG reflector in Si for wavelengths where Si has low loss, 950-1100 nm
for this application as a wide bandwidth (> 5 Gb/s) PD or as a PV.

[00221] The Si substrate in all the embodiments described herein can be either
Si with doping, not intentionally doped, low doping, or buried oxide (BOX) or silicon
on insulator (SOI) where the silicon layers again can be doped, heavily doped,
lightly doped or not intentionally doped. The BOX and SOl layers allow the removal
of the all or almost ali of the Si substrate to reduce optical losses, increase
mechanical flexibility and also the refractive index of Si0O» in BOX and SOl have
refractive index of approximately 1.54 in the infrared and near infrared wavelengths
which is roughly half of silicon refractive index. The low index of SiO2 also improves
the performance of HCG, or the silicon dioxide layer can be removed for bottom
illuminated PD/APD/PV.
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[00222] FiGs. 41A-41B are cross sections showing aspects of a microstructured
pillar/hole array device above a N-Si layer having buried microstructured voids,
according to some embodiments. The bulk layers 4100 shown in FIG. 41A include
1-Si layer 4112 and N-Si layer 4110. Microstructured voids 4102 are formed in the
N-Si laver 4110 using techniques such as described herein supra. The structures in
FiGs. 41A and 41B are a version of the PDs/PVs shown in FIGs. 25A-B but with
buried voids 4102 in the N/N" layer 4110 to improve the refractive index contrast for
lossy HCG (microstructures of Si and Ge) and to provide a reflector low loss HCG
for photons. Pillars 4124 and/or holes 4122 arrays are formed in I-Si layer 4112. -
Ge is regrown in the etch region 4122 resulting in a buried/embedded Ge *I” layer
with microstructure voids 4102 in the N Si layer 4110 to reduce the effective
refractive index of Si and/or to reflect photons entering from the anode surface at
wavelength where Si is low loss (950-1800 nm). Cap layer 4126 can be P-GE or
P-Si regrowth. In the case of bottom illumination, an anti-reflection coating 4130
may be provided.

[00223] FIGs. 42A-42D are cross sections showing aspects of an APD with
microstructured pillar/hole arrays above an N-Si layer having buried
microstructured voids, according to some embodiments. The APDs shown in FIGs.
42A-42D are versions of the APD shown in FIGs. 24A and 24B, supra, except that
buried voids 4202 are included in the N/N* layer 4210 to improve the refractive
index contrast for lossy HCG {microstructures of Si and Ge) and to provide a
reflector low loss HCG for photons. According to some embodiments, BOX/SOI Si
wafers can also be used with or without buried voids to improve refractive index
contrast for optimal HCG lossy operation. Only the basic structures are shown for
simplicity. Electrical isolation, passivations, ochmic metallization, anneal, anti
reflections, bond/interconnect metallization, guard rings, to name a few are not
shown. FIG. 42A shows the bulk layers 4200, which include N-Si layer 42086, 1-Si
layers 4208 and 4212 and P-Si layer 4210. Microstructured voids 4202 are formed
in the N-Si layer 4206 using techniques such as described herein supra. As in the
case of FIG. 41B, |-Ge is regrowth in the etched area 4222. The voids 4202 are to
reduce the effective index of the N-Si since the optical field will be an average
effective refractive index composing of air and Si. If the voids 4202 are patterned
for HCG effect, photons can be reflected that are not absorbed in the first pass
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through the “I” absorbing region 4212 for photons llluminating the APD 4220 from
the top or anode surface. The APD can also be illuminated from the bottom or
cathode side.

[00224] FIGs. 42C and 42D show another variation of an APD 4230 in which
voids 4204 are formed in the I-Si multiplication layer 4208 as well as in N* layer
4206 to reduce the effective refractive index and capacitance of those layers. Note
that the elongated nature of the microstructured voids will have a minimal effect on
charged carrier transport in the semiconductor materials. According to some
embodiments, voids of various shapes and densities can be formed in the P
anode, N cathode, P charge, and/or | multiplication layers of the APD in addition to
the absorbing | layer. The addition of voids in the | multiplication layer 4208 and
the | absorption layer 4212 can reduce the effective capacitance resulting in a short
RC time constant for the device. The voids 4204 in the multiplication | Si layer 4208
also reduce the effective refractive index, which is helpful in enhancing the
absorption coefficient in a HCG absorbing mode.

[00225] Epitaxial growth/regrowth/overgrowth/selective area growth/epitaxial
lateral over growth of Si, Ge, SiGe, llI-V such as InP, GaAs, GaN, InGaN, InGaAs,
InGaAsP, InSb, heteroepitaxy, homoepitaxy, heterogeneous epitaxy to name a
few, using chemical vapor deposition (CVD), metallic organic chemical vapor
deposition (MOCVD), atomic layer deposition (ALD), molecular beam epitaxy
{MBE), gas source molecular beam epitaxy (GSMBE) plasma enhanced chemical
vapor deposition (PECVD), laser ablation deposition (LAD) to name a few, are well
known in the art.

[00226] According to some embodiments, material other than Si and Ge on Si
are used. For example, the techniques described herein can be applied to all
combinations of Si, Ge, llI-V and H-VI material families and substrates.

[00227] FIGs. 43-46 are top views illustrating various dimensions, spacings and
shapes for microstructured elements, according to some embodiments. FIG. 43
shows a microstructured pillar and/or hole array 4300 (also applicable to
embedded or buried voids) that is uniformly spaced with a fixed diameter ranging
from 100-5000 nm and a spacing ranging from 100-10000 nm. The pillars and or
holes can be formed in or using: Si, Ge, SiGe, or other materials such as lI-V or |-
VI material family. Examples includes: GaAs, InP, InGaAs, InGaAsN, InGaAsP,
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inAs, GaN, InGaN, ZnTe, CdS, ZnSe, and HgTe. According to some embodiments,
the microstructures can also be formed in or using absorbing polymers, glass,
and/or ceramics.

[00228] FIG. 44 shows a microstructured pillar and/or hole array 4400 having a
fixed diameter but with non-uniform spacing such as aperiodic or a mixture of
periodic and aperiodic or random/pseudo random spacing or a mixture of
random/pseudo random, periodic and aperiodic. According to some embodiments,
the arrays can also be uniformly spaced periodic but with varying diameter. FIG.
45 shows a microstructured pillar and/or hole array 4500 having both variable
diameters (ranging from 100 nm to 5000 nrn) and variable spacing (ranging from
100 nm to 10000 nm). According to some embodiments, the variations can be
random/pseudo random, or a pattern or a mixture of patterns or any combinations
thereof. FIG. 46 shows a microstructured pillar and/or hole array 4600 having
various shapes such as oval, circular, rectangle, doublets, triplets, and stars. In
general, any shape that can be generated using a photolithographic mask, or e-
beam direct write or that can be generated with a mold for imprint lithography, can
be used. The pillar/hole arrays can also have a combination of different shapes
and spacings, as well as variations in the depth of the microstructured holes or
lengths of the microstructured pillars/mesas. The variations can be periodic,
aperiodic, or random (or a mixture of periodic, aperiodic and random) within a
single array.

[00228] According to some embodiments, for some applications an array
dimension of Si or Ge or 1II-V microstructured pillars or holes of length 2 um
approximately (or depth of 2 um approximately) with diameter of pillar/hole of 390
nm approximately and center to center spacing of 1060 nm approximately has
been found to be suitable for enhancement of the absorption coefficient of greater
than 50X.

[00230] According to some embodiments, the material can be Si, Ge, SiGe, Ge
on Si, HI-V, II-V1, Hll-V on Si, polymer, glass, ceramic and any combination therecf.
Examples of lil-VI and 1I-VI are InP, GaAs, AlGaAs, AlAs, AllnAs, InGaAs,
InGaAsP, InAs, InGaAsN, InN, GaN, InSb, ZnSe, ZnTe, HgTe, and CdS. Also lli-V,
-Vl and group IV material such as Ge can be embedded in Si microstructures
using SAG, VLS, ELOG growth methods in MOCVD, CVD, MBE, reactors.
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[00231] FiGs. 47-48 are cross sections showing microstructured pillar and hole
arrays having varying lengths and depths, according to some embodiments. FIG.
47 shows a microstructured pillar array 4700 having different lengths, diameters
and spacing. According to some embodiments, the pillar diameters range from 10
nm to 5000 nm and the pillar heights range from 0.1 to 10 microns. FIG. 48 shows
a microstructured hole array 4800 having different depths, diameters and spacings.
According to some embaodimaents, the holes have diameters ranging from 10 nm to
5000 nm and depths ranging from 0.1 to 10 microns. The variation in lengths and
etched depths can be accomplished by additional lithographic masking steps
where regions are masked for longer etch or shorter etch to vary the length of the
pillars and the depth of the holes. The lengths and depths can be gradually or
sharply varied. A patterned grating effect can be used to further optimize the
optical path lengths and increase the enhancement factor for absorption
coefficient. Other uses include forming a light trap by using constructive and
destructive optical interference, generating a fresnel lens, matching the mode of
the optical signal, forming a filter in wavelength selectivity in wavelength division
multiplexing for example, or as a wavelength selector for spectroscopy and sensor
applications. It should be noted that by varying the dimensions and spacing of the
microstructured pillars and holes in an array can also result in constructive and
destructive optical interferences that can also increase the enhancement factor of
the absorption coefficient, improve light trapping, create fresnal lens, mode
matching of radiation patterns of the optical signal.

[00232] FIG. 49 shows shows a microstructured surface having a combination of
both pillars and holes, according to some embodiments. Microstructure array 4900
includes piliars and holes co-existing on the same microstructured surface either
globally or locally. Both pillars and holes can exist in a single array (such as shown
in FIG. 49) for the microstructured photodetector, or holes and pillars can exist on
separate arrays for different microstructured photodetectors. In addition, hole(s)
can exist in a pillar and pillar(s) can exist within a hole and these also can be global
or local. The pillars, holes, hole(s) in pillar and pillar(s) in holes can have any
shape, for example a rectangular pillar within a round hole, can have any mixture
thereof to optimize enhancement of the absorption coefficient, light trapping,
constructive and destructive optical interference, scattering, near field effects,
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linear and non-linear optical effects, subwavelengths effects, fresnel lens,
wavelength selection, optical mode matching, diffraction, high contrast grating,
blazed grating, high Q resonator, highly reflective mirrors using high contrast
grating.

[00233] The microstructured pillar and hole (and variations thereof) arrays can
be fabricated in Si, Ge, Ge on Si, SiGe on i, SiGe on Ge. The array structure can
be any combination of Si, Ge and SiGe. The array can be entirely Si or Ge or
SiGe, or Ge on Si, or Si on Ge, or Ge on Si with SiGe on both. The structure can
also include 1i1-V and H-VI material systems together with Si, Ge and SiGe and any
combination of Si, Ge, and -V, |-Vl material systems. According to some
embodiments, the array structure can also include polymer, glass, oxides, nitrides,
sulfides and chlorides of transition metals, ceramics, quartz, SOi, 108, organic
conducting and non conducting polymers, carbon based material such as
graphene to name a few.

[00234] The microstructures pillars, holes, voids, and any other shapes such as
pyramids, microwires, nanowires, multiple materials, SAG microstructures, can
have orientations that are not perpendicular to the surface of the substrate. They
can have a single or muitiple orientations that can be perpendicular and or off
perpendicular to the surface. They can be random or pseudo random, single
pattern or multiple pattern orientations at any angle where angle can range from 0
to 90 degrees with respect to the normal to the silicon substrate, and they can be
on sidewalls and on all three dimensions. With the microstructures at certain
orientations, the photosensor can have a higher sensitivity to certain direction of
iltlumination. Conversely, with multiple orientations and or random or pseudo
random orientations the photosensor can be mostly insensitive to direction of
illumination.

[00235] Reducing the effective refractive index with buried voids in
semiconductor has applications beyond PD/APD and PV devices. It also, for
example, has applications in optical waveguides. FIG. 50 is a cross section of an
optical ridge waveguide, according to some embodiments. Waveguide 5000 uses
the density of voids to alter the effective refractive index of Si. According to some
embodiments materials other than Si are used, for example other semiconductors
such as Ge, SiGe, any of the 1lI-V semiconductor family, or other material such as
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ceramics, glass, polymer. In Si photonic optical waveguide 5000, the ridge 5002
and slab 5004 are made of Si on a BOX (buried oxide) Si substrate 5008. Due to
the high refractive index of Si. 3.49 at 1100-1800 nm wavelengths, the dimensional
tolerance of the solid Si waveguide is very critical. Known Si photonic components
are difficult to manufacture and have low vield and are temperature sensitive.
According to some embodiments, voids are buried in the Si layers. By varying the
density of the voids, the refractive index of the composite Si-voids can be adjusted.
In the schematic diagram of FIG. 50, a ridge waveguide 5000 has voids 5014 on
slab 5004, as well as voids 5012 on ridge 5002. The density of voids 5012 in the
ridge 5002 is less than the density of voids 5014 in the slab 5004. The refractive
index in the ridge 5002 is therefore higher than the refractive index in the slab 5004
resulting in a ridge optical waveguide. The optical mode of the waveguide 5000 is
indicated by the dotted oval 5022. The lower refractive index helps in reducing the
dimensional tolerance and the optical waveguide can have a larger dimension.
Thus, according to some embodiments, the refractive index can be varied by
varying the void density making other components such as couplers easier to
manufacture. The dimensions of the voids can be subwavelength ranging from
10nm to 1000nm depending on optical wavelengths.

[00238] According to some embodiments, voids are also buried in a silicon wafer
(inctuding BOX/SOH silicon wafers) to adjust the effective refractive index of the Si
wafer. The Si wafer with buried voids can then be the starting platform for silicon
photonic circuits. It can also be the platform for large area PV cells that allow
mechanical flexibility but still retain the high quality of silicon and its electrical
characteristics. This can also be the platform for flexible displays and other
electronics that require mechanical flexibility and or light weight. According to some
embeodiments, burying or embedding voids is not limited to just Si, but can include
Ge, GeSi, amorphous semiconductors, HI-V, 1I-VI material families, polymers,
glass, quartz, metal, alloys, ceramics and any other material that requires flexibility.
In some embodiments, the voids can be filled with gas, liquid or solid for specific
applications. Gel such as spin on glass that does not require anneal for example
can be used for impact/crack situations where the integrity of the device is
compromised such as a crack due to impact, to seal surfaces such as
semiconductors or any surfaces sensitive to environment such as moisture, water,
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oxygen to name a few o prevent further deterioration. Voids are also excellent in
preventing crack propagation.
[00237] FIG. 51is a cross section of a buried optical waveguide in silicon using
voids, according to some embodiments. A composite waveguide 5100 is formed in
5 Si substrate 5106 using Si-voids to selectively alter the effective refractive index in
certain locations. The effective refractive index of Si can be adjusted precisely by
adjusting the total volume of the voids in a given volume of Si. In the example
shown in FIG. 51, the higher density voids 5114 surround a central region of lower
density voids 5112. The optical mode of the waveguide 5100 is indicated by the

10 dotted oval 5122.

[00238] According to some embodiments, the dimension and spacing of the
voids are optimized to reduce scattering losses and to provide ease of
manufacturing. Also, the void dimensions and spacing can be adjusted for certain
applications. For example, in HCG the dimensions and spacings are selected to

15 satisfy the near field regime where the dimensions and spacing lie approximately
between the wavelength in the high refractive index material and the wavelength in
the low refractive index material. In most cases, in the applications to reduce the
effective refractive index, the void and the surrounding material dimensions and
spacing are in the subwavelength regime where the microstructures containing the

20 voids are less or much less than the wavelength in either the high or low index
material. For coupling applications, the diffraction regime may be the
microstructure (voids and material) dimensions and spacing. It can also be a
mixture of two or more regimes to optimize a device performance.

[00239] Array patterns can include microstructure ensembles whose distribution

25 of individual microstructures can be periodic, aperiodic, chirped, random, pseudo-
random, uniform, or non-uniform in all three dimensions, orientations and spacings,
(including overlapping). According to some embodiments, the patterns can include
microstructures within microstructures. The terms “array” and “pattern” are used
herein interchangeably.

30 [00240] The PD/APD are biased between the anode and cathode, to extract a
broadband modulation signal greater than a gigabit per second (Gb/s) at a typical
transmission line impedance is 25-50 chms. According to some embodiments, the
external bias is provided with a bias-tee connected to the transmission line to block
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the RF signal from reaching the DC power supply and to block the DC from biasing
the transmission line away from the PD/APD. The bias-tee baslcally consists of an
inductor and capacitor, the inductor to block the RF and the capacitor to block the
DC away from the PD/APD. External bias of -2 to -30 volts is applied depending on
the application, PD or APD and performance desired.

[00241] In PV mode, no external bias is applied and the PV is basically a current
generator. All the electrical connections are for DC current from the PV which then
connects to a converter that converts the DC current/voltage to AC current/voltage.
[00242] PV devices are in DC mode whereas PD/APD for data and tele
communication are alt RF with modulation bandwidth ranging from 1 to 100 Gb/s.
Transit time of carriers and capacitance are critical in PD and APD but not so much
for PV.

[00243] The terms “modulation bandwidth” and “bandwidth” are interchangeable
as used herein. Both terms refer to the modulation (e.g. of a laser or LED) where
an RF signal is impressed on the light. When this modulated light (also referred to
as “optical signal”) iluminates the PD/APD, the RF modulated signal is extracted
and converted from light to efectrical signal. For example, a bandwidth or
modulation bandwidth of a PD/APD of 20 Gb/s means that an RF signal impressed
on the laser light beam at a data rate at 20 Gb/s can be convertad by the PD/APD
from optical to electricai with good signal integrity or signal replication. The
laser/LED is the transmitter and the PL/APD is the receiver where the slectrical
signal can be further processed by an amplifier such as a transimpedance amplifier
and the signal sent for further analysis and processing in application specific
integrated circuits (ASIC) computers (CPU central processing unit), routers,
memories, to name a few.

[00244] According to some embodiments the applications for the
microstructured piliars and or holes in Si and Ge and Si regrowth with Ge, Ge on
Si, with and or without buried or embedded voids photediodes and avalanche
phatodiodes, are in data and tele communications. According to some
embodiments, these applications include: fiber to home, local area network, data
center optical interconnects board to board, on the board, rack to rack, and chip to
chip, between data centers, metro area network, and optical communication for
distances from less than a centimeter to over 10 kilometers or more. The
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applications in consumer space also includes: game box, personal computers,
tabiets, mobile devices such as smart phones, animations studios, and anywhere
that benefits from a bandwidth of more than one gigabit per second. Other
applications of the microstructured PDs and APDs, according to some
embodiments, are in sensors where broadband communication is important, such
as sensors for infrastructures, health, environment, cil exploration, where the
sensors communicate with a remote receiver that is connected to data centers for
data analysis.

[00245] Other applications of the microstructured PD and APD, according to
some embodiments, are in analytical instruments and optical tests and
measurement instruments where high sensitivity and bandwidth are important.
[00246] According to some embodiments, the microstructured PV have
applications in energy harvesting for power generation all the way from gigawatts
to watts, to power cities and homes to powering sensors. Since the microstructured
PV is lightweight and high efficiency it can be used in mobile applications, space,
solar transportation, recycling of photons in home, offices and factories. The PV
can also be used on windows and can be semi-transparent.

[00247] The described microstructures in Si, Ge, Si regrowth with Ge, Ge on Si,
pillars, holes, and voids can be any shape and form, and are not limited to the
schematics shown. According to some embodiments, the dimensions range from
10-10000 nm (nanometers). The microstructures can be within each other such as
pillar(s) in hole(s), hole(s) in pillar(s) and void(s) can be in the pillar, and buried and
or embedded in any layer of the semiconductor heterogeneous or homogeneous.
The material used includes semiconductors such as Si, Ge, GeSi, Ge on Si, and
the 1li-V group material family of InP, GaN, InGaAsP, GaAs, and other
semiconductors such as ZnO, CdTe, CuinGaSe (CIGS), amorphous Si, or any
amorphous semiconductor and or microcrystalline and crystalline semiconductor.
The material can be a combination of amorphous, micracrystalline, crystalline
heterogeneous and or homogeneous. The material used is also not limited to
semiconductors, but also include polymers, electrically conducting,
semiconducting, non conducting polymers, organic and or inorganic polymers,
glass, conducting, semiconducting, non conducting glass. Nanoparticles of
semiconductors and or metal can also be buried in the polymer and glass.
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Semiconductors, polymer and glass can exist within the same microstructure,
separately or in any combination.

[00248] According to some embodiments, in silicon photonic circuit applications,
optical waveguides such as shown in FIG. 80, supra, can be integrated with optical
sources and optical detectors such as photodiodes, avalanche photodiodes and
photoconductors. FIG. 52 is a cross section of a ridge waveguide integrated with a
microstructured PD/APD, according to some embodiments. Device 5200 includes a
ridge waveguide that is edge coupled {o a microstructered Ge on Si photodiode or
avalanche photodiode (with multiplication layers added). In the ridge wave guide
portion, as shown in FIG. 50, a ridge 5202 has lower density voids 5212 and slab
5204 had higher density voids 5214. lon implantation is used to increase the N
doping (region 5224) for the PD and a coplanar transmission line is fabricated on
the photodiode to extract the electrical signal as shown in FIG. 53, infra. Anode
contact 5226 is made of P-Ge, according to some embodiments. The cathode
contact is made to layer 5224 (cathode contact not shown for simplicity and clarity
of drawing.)

[00249] FIG. 53 is a top view the integraled ridge waveguide and
microstructured PD/APD shown in FIG. 52, according to some embodiments. The
device 5200 Is in a coplanar transmission line configuration. Ridge portion 5202 is
0.5 to 10 um wide and 0.1 to 10 pm deep, according to some embodiments. Slab
portion 5204 has higher density voids, as shown in FIG. 52, o vary the refractive
index as a platform for silicon photonic circuits. Coplaner cathodes 5228 and 5230
are in contact with the N-Si ion implanted region 5224 shown in FIG. 52. According
to some embodiments, the optical field can also be coupled evanescently by
placing the PD/APD above the optical waveguide such that the optical field
overlaps the absorbing | microstructures.

[00250] FiGs. 54A and 54B show a microwave transmission line on Si with
voids, according to some embodiments. High bit rate transmission lines on silicon
suffers from a muititude of effects, from slow wave to dispersion to loss. However
by removing most of the silicon material with the addition of high-density voids
according to some embodiments, the dispersion and loss can be alleviated and
signal integrity restored. An advantage is that silicon can be the substrate for both
microwave transmission fine and for ICs without the use of intermediate ceramic
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such as alumina for transmission line to connect various IC chips. FIG. 54Ais a
cross section showing high density voids 5314 buried in silicon 5304 which reduce
the effective dielectric constant of the silicon, and disrupt lateral electrical
conductivity which in turn can result in fower microwave loss and dispersion which
are important as bit rate increases into the multi Gb/s range (e.g. 40-60 Gb/s).
Coplanar microwave metallic transmission lines 5310 are provided as means to
move the electrical signal to/from electronic devices (e.g. processors, storage
devices, input-output devices, ASICs, CPUs, and memories) on the same
substrate. FIG. 54B is a top view. Conventional techniques use multi chip carriers
that need additional packaging. According to some embodiments, having many
devices all on the same silicon substrate greatly reduces the cost since it can be all
fabricated at once and requires no additional packaging for each chip. According to
some embodiments, the voids 5314 are arranged in a fashion where the path
length in silicon laterally is significantly increased in order to increase lateral
resistivity. According to some embodiments, fon implantation of protons and or
oxygen can be used to further increase electrical resistivity. Although FIGs. 54A
and 54B show a co-planar arrangement, according to some embodiments other
microwave transmission line arrangements (e.g. microstrip, slotline, and stripline)
are used with a semiconductor substrate having high-density buried veids.
According to some embodiments, the positioning and/or other properties (e.g. size,
shape, and filling material} of the high-density voids can be selected such that the
slow wave effect can be manipulated or “tuned” in a way that is suitable for the
application at hand.

[00251] FIG. 55 is a cross section of voids for thermal conduction and thermal
isolation of heat producing ICs and light emitters, according to some embodiments.
The buried voids in silicon 5404 can be filled with thermal conductors such as
helium gas, metal such as copper, aluminum, tungsten, or ceramic such as boron
nitride, or carbon, graphene, diamond like carbon, or heterogeneous
material/ceramic doped with metal nanoparticles, carbon nanotubes. The voids
5414 underneath the heat producing elements such as ICs and CPUs 5422, and
light emitters 5420 such as laser diodes and bipolar drivers, can be filled with
enhanced thermal conductors to extract the heat from the hot components and
direct it to a heat sink 5402. Voids 5412 between hot elements are kept at a low
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thermal conducting state that are either in partial vacuum or filled with a gas such
as nitrogen, argon, carbon dioxide, for example to prevent thermal cross talk
between the hot components or to any other components where heat is not
desirable. According to some embodiments, the voids are arranged in a fashion
such that the path length in silicon is vastly increased to maintain low thermal
crosstalk. According to some embodiments, the techniques of FIG. 55 are used to
keep PVs cool when exposed to the sun. According to some embodiments,
thermoelectric devices can be integrated together with the voids to generate
electricity from the excess heat.

[00252] FIG. 56 is a cross section showing a distribution of voids to increase
lateral path length for increasing lateral electrical resistivity and decrease lateral
thermal conduction, according to some embodiments. The buried voids 5602
configured for microwave transmission lines and/or for thermal management can
be arranged in a randomly, pseudo randomly, or in a pattern in areas where lateral
electrical and thermal conductance is significantly reduced and vertical electrical
and thermal conductance is significantly enhanced. There may be areas where
lateral electrical and thermal conductance enhancement is desired, in which case
the voids can overlap to form a conducting channel.

[002583] This patent application refers fo certain theories in explaining the nature
and operation of devices, but it should be clear that such theories are based on
current understanding and do not affect the actual operation of the disclosed
devices even if future developments prove the theories incorrect. This patent
specification also refers to numerical ranges of paramaters, and it should be
understood that insubstantial departures from such ranges are still within the spirit
of the disclosed advancements.

[00254] Although the foregoing has been described in some detail for purposes
of clarity, it will be apparent that certain changes and modifications may be made
without departing from the principles thereof. It should be noted that there are
many alternative ways of implementing both the processes and apparatuses
described herein. Accordingly, the present embodiments are to be considered as
illustrative and not restrictive, and the body of work described herein is not to be
limited to the details given herein, which may be modified within the scope and
equivalents of the appended claims.
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What it claimed is:

A photodetector with microstructure-enhanced photoabsorption comprising:

a cathode region;

an anode region;

reverse biasing circuitry configured to apply a voltage between said cathode
and anode regions such that said cathode region is driven to a mare
positive voltage than said anode region; and

a microstructure-enhanced photon absorbing semiconductor region
operatively associated with the cathode and anode regions and
configured to absorb photons from a source signal, said absorbing
region including a plurality of microstructures configured to increase
absorption of photons at a range of wavelengths that includes a
wavelength of said source signal relative to an absorbing region that
is not intentionally microstructure-enhanced.

A photodetector according to claim 1 wherein said microstructures are
configured to increase absorption of photons at the range of wavelengths by
being dimensioned and positioned to faciiitate said increase of absorption.

A photodetector according to ciaim 2 wherein said microstructures have at
least one dimension that is equal to or shorter than a longest wavelength in
the range of wavelengths,

A photodetector according to claim 1 wherein said microstructures have one
or more shapes selected from a group consisting of pillars, holes and voids.

A photodetector according to claim 1 wherein said microstructures are
arranged into a periodically-spaced array.

A photodetector according to claim 1 wherein said microstructures are

arranged into a non-periodically-spaced, randomly-spaced or
multiperiodically-spaced array.
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A photodetector according to claim 1 further including a substrate material
and wherein said microstructures have a major longitudinal axis normal to
an upper surface of the substrate material.

A photodetector according to claim 1 wherein said microstructures have
major longitudinal axes that are not parallel to one another.

A photodetector according to claim 1 wherein said microstructures are
oriented to reduce cross-talk in an application selected from a group
consisting of: free space applications and coupling to multiple sources in an
array, compared to an otherwise same photodetector.

A photodetector according to claim 1 wherein said microstructures are
oriented to reduce sensitivity to any single direction of said source signal
compared to an otherwise same photodetector.

A photodetector according to claim 1 wherein the microstructures increase
absorplion compared to an otherwise same photodetector at least in part by
forming an absorbing mode high contrast grating.

A photodetector according to claim 11 wherein the microstructures increase
absorption compared to an otherwise same photodetector at least in part
due to one or more of the following effects: resonance effects, scattering
effects, near field effects, sub-wavelength effects, and interference effects.

A photodetector according to claim 11 wherein said high contrast grating is

in 2-dimensions or 3-dimensions.
A photodetector according to claim 11 wherein said high contrast grating is

of one or more types selected from a group consisting of: periodic, aperodic,
chirped, random, pseudo random.
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A photodetector according to claim 11 wherein contrast for said high
contrast grating is increased using a plurality of voids in one or more
materials compared to an otherwise same photodetector.

A photodetector according to claim 1 wherein said microstructure-enhanced
photon absorbing semiconductor region and said microstructures are formed
of silicon.

A photodetector according to claim 16 wherein said photodetector is a
silicon photodiode.

A photodetector according to claim 17 wherein said photodetector is
configured to detect said source signal at a data bandwidth of greater than 5
gigabits per second, at source signal wavelengths of 850 nanometers with a
quantum efficiency of at least 60%.

A photodetector according to claim 18 wherein said photodetector is
configured to detect said source signal at a data bandwidth of greater than
10 gigabits per second, at source signal wavelengths of B50 nanomaeters
with a quantum efficiency of at least 60%.

A photodetector according to claim 17 wherein said photedetector is
configured for quantum efficiency of greater than 60%.

A photodetector according to claim 16 wherein said photodetector is an
avaianche photodiode.

A photodetector according to claim 21 wherein said avalanche photodiode is
configured to detect said source signal at a data bandwidth of greater than 5
gigabits per second, at source signal wavelengths of 850 nanometers, and
having a gain of greater than 2.
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A photodetector according to claim 21 further comprising a multiplication
region that includes a second plurality of microstructures.

A photodetector according to claim 23 wherein said second piurality of
microstructures extends into one or more multiplication layers selected from
a group consisting of: P multiplication layer, N multiplication layer and
charge layer.

A photodetector according to claim 16 wherein sald photodetector is
configured to detect said source signal at a data bandwidth of greater than 1
gigabit per second, at source signal wavelengths of 980 nanometers with a
quantum efficiency of at least 40%.

A photodetector according to claim 16 wherein said photodetector is
configured to detect said source signal at a data bandwidth of greater than
0.5 gigabits per second, at source signal wavelengths of 1000 nanometers
with a quantum efficiency of at least 30%.

A photodetector according to claim 1 wherein said plurality of
microstructures effectively reduces capacitance of the photodetector when
compared to a microstructure-free device having a similar photon absorbing
length.

A photodetector according to claim 1 wherein said microstructure-enhanced
photon absorbing semiconductor region and said microstructures are formed
of silicon and germanium.

A photodetector according to claim 28 wherein said microstructures are

formed by etching away portions of silicon and using a selective area growth
process to grow germanium in the etched away portions.
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A photodetector according to claim 1 wherein said microstructure-enhanced
photon absorbing semiconductor region and said microstructures are formed
of germanium.

A photodetector according to claim 30 further including a substrate and
wherein said cathode, absorbing and anode regions are formed above the
substrate and said photodetector is configured to receive said source signal
from a substrate-side of the photodetector.

A photodetector according to claim 31 wherein said anode region comprises
a germanium P layer formed by an epitaxial lateral overgrowth process.

A photodetector according to claim 31 wherein the photodetector is
configured for a portion of the source signal to pass through the absorbing
region a first time, reflect from a surface and thereafter pass through the

absorbing region a second time.

A photodetector according to claim 30 further including a substrate and
wherein said cathode, absorbing and anode regions are formed above the
substrate and said photodetector is configured to receive said source signal
from directions facing a side of the photodstector opposite of said substrate.

A photodetector according to claim 34 wherein said anode region comprises
a silicon P layer.

A photodetector according to claim 30 wherein said photodector is an
avalanche photodiode and further comprises a multiplication region formed
of silicon.

A photodetector according to claim 36 wherein said anode region comprises
a germanium P layer formed by an epitaxial lateral overgrowth process.
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A photodetector according to claim 36 wherein said avalanche photodiode is
configured to detect said source signal at a data bandwidth of greater than 1
gigabit per second, at source signal wavelengths of 1750 nanometers or
shorter, and having a gain of greater than 2.

A photodetector according to claim 36 wherein at least one germanium layer
is grown epitaxiallly on a silicon layer.

A photodetector according to claim 1 wherein said microstructure-enhanced
photon absorbing semiconductor region and said microstructures are at
least partially formed of a {il-V family material.

A photodetector according to claim 40 wherein said Hi-V family material is
selected from a group consisting of: InP, GaAs, InGaAs, GaN, InGaN,
InGaAsP, AlGaAs, AlGaN, GaP, InSb and InAs.

A photodetector according to claim 40 wherein said HI-V family material is
formed using a selective area growth process.

A photodetector according to claim 40 wherein said photodector is an
avatanche photodiode and further comprises a multiplication region formed
of silicon.

A photodetector according to claim 1 wherein said plurality of
microstructures include voids buried within the absorbing semiconductor
region.

A photodetector according to claim 44 wherein the absorbing semiconductor
region is made of a material selected from a group consisting of silicon and

germanium,

A photodetector according to claim 1 further comprising a plurality of voids
buried in a layer of material effectively lowering a refractive index at said
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range of wavelengths and lowering capacitance of said layer of material
compared to the material when free of intentional voids.

A photodetector according to claim 46 wherein said layer of material is an N
layer formed on a substrate material.

A photodetector according to claim 46 wherein said photodetector is an
avalanche photodiode and said layer of material forms a multiplication layer
of the avalanche photo diode.

A photodetector according to claim 46 wherein said plurality of voids are
filed with a material selected from a group consisting: nitrogen, argon,
polymer, amorphous semiconductor material, and glass.

A photovoltaic device comprising a sermiconductor material having a plurality
of voids buried therein, the semiconductor material configured to convert
solar radiation into direct current electricity.

A device according to claim 50 wherein said plurality of voids are
microstructured voids configured to enhance absorption of said
semiconductor material to thereby increase conversion efficiency of the
device compared with the material when free of intentional microstructured
voids.

A device according to claim 50 wherein said plurality of voids are sized
and/or spaced apart by less than 3 microns, and are configured to alter an
effective refractive index of the semiconductor material near a surface of the
semiconductor material to reduce reflection of incident sunlight from the
device compared with an otherwise same device.

A device according to claim 50 wherein said plurality of microstructured

voids are sized and/or spaced apart by less than 3 microns, and are
configured to alter an effective refractive index of the semiconductor material
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near a surface of the semiconductor material to increase internal reflection
within the semiconductor material compared to an otherwise same device,

54. A glass material comprising a glass having a plurality of buried voids
5 dimensioned between 0.01 microns to 1000 microns.

55. A glass material according to claim 54 wherein the material forms a part of a
photovoitaic device.

10 56. A glass material according to claim 54 wherein said buried voids are filled
with a material selected from a group consisting of: gel, polymer and gas.

57. A device according to claim 54 wherein said plurality of buried voids are
configured to provide flexibility of the glass material.
15
58. A device according to claim 54 wherein said plurality of buried voids are
configured to provide increased resistance of the glass material to physical
damage and/or damage propagation compared to an otherwise same
device.
20
88. A microwave transmission line structure comprising:

a semiconductor substrate material including a plurality of high-density
dielectric-filled voids configured to reduce a dielectric constant of the
semiconductor substrate material; and

25 a plurality of metallic microwave transmission lines, at least one of which is
positioned above said semiconductor substrate material and is
operatively associated therewith.

60. A structure according to claim 59 wherein said dielectric-filled voids are filled
30 with one or more dielectric materials selected from a group consisting of:
nitrogen, argon, vacuum, air, helium, polymer, metal oxides, silicon dioxide,

silicon nitride, calcium fluoride, and zinc oxide.
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61. A structure according to claim 59 wherein said voids are further configured
to reduce dispersion and reduce loss associated with said microwave
transmission lines at least in part by reducing current loop flow and/for eddy
currents compared to an otherwise same structure,

62. A structure according to claim 59 wherein said plurality of metallic
microwave transmission lines are arranged in a manner selected from a
group consisting of: coplanar, microstrip, slotline, and stripline.

10 63. An optical waveguide structure comprising:
an optical mode region; and
a supporting semiconductor material adjacent to said optical mode region,
wherein said supporting material includes a plurality of
microstructured voids formed therein that are configured to alter an
15 effective index of refraction of said supporting material.

64.  An optical waveguide structure according to claim 63 wherein said effective
index of refraction depends on a density of the plurality of microstructured
voids.

20

65.  An optical waveguide structure according to claim 63 wherein sald optical
mode region is formed into a ridge supported by said supporting
semiconductor material.

25 66. An optical waveguide structure according to claim 63 wherein said optical
mode region is surrounded by said supporting semiconductor material.

67.  An opiical waveguide structure according to claim 63 wherein said optical
mode region includes a second plurality of microstructured voids formed
30 therein that are configured to alter an effective index of refraction of said

optical mode region.

68. A heat exchanger system comprising:
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a heat generating device;
a heat sink configured to dissipate heat to a surrounding medium; and
an intermediate material mounted between said heat generating device and
said heat sink, the intermediate material inchuding a plurality of buried
5 voids configured to alter thermal conductivity of said intermediate
material.

69. A heat exchanger according to claim 68 wherein a first portion of said buried
voids are filled with thermally conductive material and a second portion of
10 said buried voids are filled with a thermally isolating material, the first and
second portions being positioned to conduct heat from said heat generating
device to said heat sink and to reduce thermal cross tatk with other heat
sensitive devices mounted on said intermediate material.

15
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