
UNITED STATES PATENT AND TRADEMARK OFFICE 

APPLICATION NUMBER 

14/945,003 

139982 
Wissing Miller LLP 
The Lofts at Manhattan West 
434 West 33rd Street 
12th Floor 
New York, NY 10001 

FILING OR 3 71 (C) DATE 

11/18/2015 

Ul\TfED STATES DEPA RTME'IT OF COMMERCE 
United States Patent and Trademark Office 
Adiliess. COMMISSIO:\IER FOR PATENTS 

PO Box 1450 
Alexandria, Virgmia 22313-1450 
\VVi\V.USpto.gov 

FIRST NAMED APPLICANT ATTY. DOCKET NO./TITLE 

Shih-Yuan WANG 309-0004US 
CONFIRMATION NO.1200 

POA ACCEPTANCE LETTER 

11111111111111111 lllll ll]~!l]ml!~l!~!IIHH!~ll lllll 111111111111111111 

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. 

/afessehaye/ 

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. 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

APPLICATION NUMBER 

14/945,003 

23432 
COOPER & DUNHAM LLP 
845 Third Avenue, 6th Floor 
NEW YORK, NY 10022 

FILING OR 3 71 (C) DATE 

11/18/2015 

Ul\TfED STATES DEPA RTME'IT OF COMMERCE 
United States Patent and Trademark Office 
Adiliess. COMMISSIO:\IER FOR PATENTS 

PO Box 1450 
Alexandria, Virgmia 22313-1450 
\VVi\V.USpto.gov 

FIRST NAMED APPLICANT ATTY. DOCKET NO./TITLE 

Shih-Yuan WANG 5176-88184-2 
CONFIRMATION NO.1200 

POWER OF ATTORNEY NOTICE 

11111111111111111 lllll ll]~!l]ml!~l!~!IIHHi~ll 11111111111111111111111 

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• The Power of Attorney to you in this application has been revoked by the assignee who has intervened as 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). 

/afessehaye/ 

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. 

page 1 of 1 



, 

\.. 

Doc Code: PA.. 
Document Description: Power of Attorney PTO/AIA/82A (07-13) 

Approved for use through 03/31/2021. 0MB 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 0MB 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. Wissing/ Date (Optional) November 10, 2020 

Name Gerard M. Wissing Registration 36309 
Number 

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. 

lvl *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. 

ff you need assistance in completing the form, ca/11-800-PTO-9199 and select option 2. 



Doc Code: PA.. 
Document Description: Power of Attorney PTO/l-..'t,4./828 {07 .. i 3) 

l\ppro>,·e(l lOf(lSE': !hmugt1 03/3:/2021. 0MB 0651-0035 
U.S. Patent arni Tr;,d,;ma:k Of:ic;,; \JS. PE:PARTME:NT OF CC!MM!:RGE 

U.no~r the Pr>psrwo:k R~::..it:,~tk1n Act {:f it}951 no pur.&f.~ns a:-;:: :req:..ii:;iKf to re~pcnd to a c,11;~,,hon of in:fo:mah::m ur;le-ss- it Ci~r,.:~ats a valid O~v1B. o:mirc! number 

I hereby revoke all pi'evicil!S powers of attorney given in the application identified in elther the attached transmittal letter or 
the boxes below. 

□ 

~A-p-p-li-i::a-t-io_n_N·~~~~·~:;·········--~ ........ -----~1--Fl;·;~·~·:~;t:·~:::::·:·~::::::::::·::::::::::::1 
................................................................................... -----+·· . .. ................................ . 

'-------..................................... ___________ _,_ __________ .........., 
(Note: The boxes atiove rnay be left blank if information is provided on form PT0/AIA.182A) 

I hereby appoint the Pal€mt Praclitioner(s) associated with the following Customer Number as myiour attomey(s) or agent(s), and 
to transact al! business in the United States Patent and Trademark Office connected !h(w~witr; for trie application referenced ln 

:: attached transmittal letter (form PT0/J-\IA/82f\) or identified above. l.~.s~.9~2 ....................................... ·.········ .... ·.······· ... ] 

I hereby a.ppolnt Practitioner{s) named in !he altached fist {form PT0/AIAl82C) as my/our .i!torney(s) or agent{s}, and to frmisacl 
all business in the United Stales Patent and Tradem<3rk Office cannecled !herewith for !h,t pa!ent application referenced ln the 
attached transmittal Idler (forrn PT0!f\tAl82A) or iden@ed above. (Note: Complete form PT0/AIAl82C.) 

Please recognize or change the correspondence address for the application identified in the attached transmittal 
letter or the boxes above to: 

12] 

□ 

□ 
Address 

City 

Country 

The address assodated wrth the above--mentioned Customer Nurnber 

OR 
The address associated with Customer Number: I 
OR , ..................................................... • 

Firm or 
Individual Name 

I State I 

Teie-phone I Email I 
i arn the Applicant (if the Applicant is a juristic entity, list tr1e A\ppiicant name in the box): 

I Zip I 

,,---------------------------------.............................. --------------....., 

lw&WSens Devices, Inc. 
i , ~----------------------------·--.. -------·-·----................... _____________ ___; 

□ inventor or Joint inventor (tale not required below) 

D Legal Representative of ;;1 Dec:ease(i or Legally Incapacitated Inventor (title not required below) 

~ Assignee or Person to Whorn !he Inventor is Uncler an Obligation to Assign {provide signer's tme if applicant is a juristic entity) 

□ Person \,Vho Otherwise Shows Sufficient Proprietary Interest (e.g., a petition under 37 CFR 1.46(b)(2) was granted in the 
applicallon or is concummily be:-it]fJfiled with this document) (provide signer's title if applicant is a juristic en!itv) 

SlGNATlJRE of Applicant for Patent 

The undersigned (whose !i!ie is suppli0cl belo.':-'.~).,~;,autho;·;z.~_gJ,:, act on behalf of the applicant (e.g .. , whern the_applicant is a juristic entity). 

S• )( r~,, 1 I I D t '() l' . · 1· I / t ·",.. •• ,, ,-) ,--:, ;,>}·zo 
1gnature ,... 1 //·• _/i !l&~~·r/.7' . a e ( p iona 1 .1 / /t .... l. .:.•·U ., .:•t~-· ,. • .• • 

NOTE: Signa!ure - This form must be signe,j t3y the applicant in accordance with 37 CFH 1.33. See 37 CFR 1.4 for signature requlrernen!s 
and certificafions. !f more than one app!ic.ant. use rnuitip!,~ forms. 

Orotal of forms are submitted. 
Tn~s cohectH3:i- of :r:tonn.m:of! ~s reqwf~(i t~y :37 c~~R. ·1.·~ 3 ~. , .32, f>nd ~i. SS. The :r~~C(mahor.- :s ,eqrn;ec- to oot&in or f)3V3in ,> t.<;1-,•e:':t. b)• me pub!i~ wh.:cn is tc- foe~ and by the 

USPtO tO process) ari apPMration. Ccr:1idBnifal:tV is 9,0\•·~rned by 35 U .S.C. ·i 22 <:"tn~ 3_7 C~R t ~ 1 and ·1. l~--. This ccH~~~j◊n is esHm:siet'i to take 3 rnkiutes to complete,_ 
i:nc1uding fJaU'ieiing, pH::!pa;ing, and submitting the ccmph;ted -zppik';ZS.;;c,n rc:r~~1 ~-:J m;~ USPTO. Time v-.•m vary t1~P,{3m.nn@ upr.m the inCiv!dua~ :::sse. An)' comme~ts on the amount 
,.1r ti:'ne you require- ~o -ccrnp:ete tttif..~ tl:'l;m anzih.)r ~t::;::9~1~H.:-:-ns. tot r~duc?ng .tNs burdt:n, shouJ:d be· sent to the .ChiE'f :nfo:m&tk1n omc~r. U. S, P,:stem ~nd Trademark Office, u. s. 
Oeµann~ent of Commf:fC{:\ P.O. Bo:< 1450,. Af~X<~ncitf.:.~. VA 2.~·312-~ i,~sn. DO NOT SEND FEES Ofi: C(JMPLETED FORt .. ,1s TO TH!S t,DDRESS SENO TO: Con1mfssioner 
f◊t Patents, P.O. 80~ 145'0, Alexm1drlil, VA :22'.!1'.l,1450. 

lf you naeci ;:1ssisranct: in ccunp:'t-ttfng th~ form, ca!t' 1..,,aoo ... PT0--9·199 and st:l-ect (:rption 2 

J 



Electronic Acknowledgement Receipt 

EFSID: 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: 1 0-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 I no 

File Listing: 

Document 
Document Description File Name 

File Size(Bytes}/ Multi Pages 
Number Message Digest Part /.zip (if appl.) 

121334 

1 
Assignee showing of ownership per 37 309-0004US_StatementUnder3 

no 3 
CFR 3.73 7CFR373.pdf 

c09a6caa37 cd4 342 9f5e 31 d4 26 70fd7 3 dfb9 
b9b7 

Warnings: 



Information: 

643066 

2 Power of Attorney 309-0004US_POA.pdf no 2 
3ef96d23916db22650b08012581 Sf668ccf 

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 AQQlications 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 AQQlication 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 AQQlication 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 181 O), a Notification of the International Application Number 
and of the International Filing Date (Form PCT/RO/1 OS) 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. 



PTO/AIA/96 (08-12) 
Approved for use through 01/31/2013. 0MB 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 0MB control number. 

STATEMENT UNDER 37 CFR 3.73(c) 
Applicant!Patent Owner: W&WSens Devices, Inc. 

Application No./Patent No.: 14I945,oo3 Filed/Issue Date: November 18, 2015 

Titled: MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES 

W&WSens Devices, Inc. , a corporation 
---------------------------

(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. 0 The assignee of the entire right, title, and interest. 

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

LJ 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. 

D 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. D 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. D 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. 0 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 os70 , 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 US PTO. 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. 



PTO/AIA/96 (08-12) 
Approved for use through 01/31/2013. 0MB 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 0MB 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 ______ , or for which 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. 

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

0 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 

Gerard M. Wissing 
Printed or Typed Name 

[Page 2 of 2] 

Date 

36309 
Title or Registration 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. 



UNITED STA TES p A TENT AND TRADEMARK OFFICE 

APPLICATION NO. ISSUE DATE 

14/945,003 12/20/2016 

23432 7590 11/30/2016 

COOPER & DUNHAM, LLP 
30 Rockefeller Plaza 
20th Floor 
NEW YORK, NY 10112 

PATENT NO. 

9525084 

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 

ATTORNEY DOCKET NO. CONFIRMATION NO. 

5176-88184-2 1200 

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) 



Receipt date: 09/27/2016 14945003 - GAU: 289: 

Application Number 14945003 

Filing Date 2015-11-18 

INFORMATION DISCLOSURE First Named Inventor I Shih-Yuan WANG et al. 
STATEMENT BY APPLICANT 

Art Unit 
( Not for submission under 37 CFR 1.99) 

Examiner Name I RODELA, EDUARDO A 

Attorney Docket Number 5176/88184-2 

1 wo2012149441A2 t/t/0 2012-11-01 CHANG-HASNAIN, 
Connie et al_ 

2 PCT /J P2014/39208 ~ 2014-11-28 ntemational Search 
WO Report 

Change! s) ap1 ied 

to docun ient, 

/F.H/ 3 PCT/US1561120 ~wo 2015-11-17 WANG,S 

11/17/2 016 

4 PCT/US1439208 li€, WO 2014-05-22 WANG,S 

5 PCT/US15/61120 ~ WO 2015-11-17 WANG,S 

6 PCT/US11/51091 ~ WO 2011-09-09 WANG,S 

0:,/2012 

7 Wo201203407B WO i!9Ui Q~ Qi Wang, S 

8 WO2014190189 WO 2014-11-27 Wang, S 

If you wish to add additional Foreign Patent Document citation information please click the Add button I Add I 

NON-PATENT LITERATURE DOCUMENTS IRemovel 

Examiner Cite 
Include name of the author (in CAPITAL LETTERS), title of the article (when appropriate), title of the item 

Initials* No 
(book, magazine, journal, serial, symposium, catalog, etc), date, pages(s), volume-issue number(s), T5 
publisher, city and/or country where published. 

1 
M. K. Emsley, 0. Dosunmu, and M. S. Unlu, "High-speed resonant-cavity-enhanced silicon photodetectors on 
eflecting silicon-on-insulator substrates," leee Photonics Technology Letters, vol. 14, pp. 519-521, Apr 2002. 

EFSWeb 2.1.17 

ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /E.A.R/ 



Receipt date: 07/19/2016 14945003 - GAU: 2893 
C ______________ _...,. _____________ ..,_,.__,,.. _______________ . ._._..,._..,._..,._.,_....,._..,._..,..,._._._ ... ._._._._..,._._..,..,._._.., 

i 1.Appiii~tltion N~imtH:.:r i 14~'--:lqXI'J i 

I INFORMATION DISCLOSURE IFilingDate jw:,·,,,, __ ____; 
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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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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 

compnsmg: 

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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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 

compnsmg: 

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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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 

(ii) 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 Bi CMOS 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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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, 20th Floor 
New York, NY 10112 
Tel.: (212) 278-0400 
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Applicant-Initiated Interview Summary 

Application No. 

14/945,003 

Examiner 

Eduardo A. Rodela 

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

( 1 ) Eduardo A. Rode!. Examiner. 

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

Date of Interview: 05 October 2016. 

Type: ~ Telephonic D Video Conference 
D Personal [copy given to: D applicant 

Exhibit shown or demonstration conducted: D Yes 
If Yes, brief description: __ . 

(3) __ . 

(4) __ . 

D applicant's representative] 

~No. 

Issues Discussed D101 D112 ~102 ~103 □Others 
(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 

Applicant(s) 

WANG ET AL. 

Art Unit 

2893 

(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 Figures 3. 4A and 68. 
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 !aver and that to specify beyond the pillars of Dutta bv specifying that the 
photon absorbing region comprising an I-region is a single !aver with a plurlaitv of holes therein. Applicant's 
Representative suggested language 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. 

D Attachment 

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

U.S. Patent and Trademark Office 

PTOL-413 (Rev. 8/11/2010) Interview Summary PaperNo.20161005 



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 
- 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. 



UNITED STA IBS p A IBNT 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 

23432 7590 10/17/2016 

COOPER & DUNHAM, LLP 
30 Rockefeller Plaza 
20th Floor 
NEW YORK, NY 10112 

APPLICATION NO. FILING DATE 

14/945,003 11/18/2015 

FIRST NAMED INVENTOR 

Shih-Yuan WANG 

TITLE OF INVENTION: MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES 

EXAMINER 

RODELA, EDUARDO A 

ART UNIT PAPER NUMBER 

2893 

DATE MAILED: 10/17/2016 

ATTORNEY DOCKET NO. CONFIRMATION NO. 

5176-88184-2 1200 

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. 

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

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

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

Complete and send this form, together with applicable fee(s), to: Mail Mail Stop ISSUE FEE 
Commissioner for Patents 
P.O. Box 1450 

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

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

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

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

23432 7590 10/17/2016 

COOPER & DUNHAM, LLP 
30 Rockefeller Plaza 
20th Floor 
NEW YORK, NY 10112 

APPLICATION NO. FILING DATE 

14/945,003 11/18/2015 

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) 

FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO. 

Shih-Yuan WANG 5176-88184-2 1200 

TITLE OF INVENTION: MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES 

APPLN. TYPE ENTITY STATUS ISSUE FEE DUE 

nonprovisional SMALL $480 

EXAMINER ART UNIT 

RODELA, EDUARDO A 2893 

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

0 Change of correspondence address ( or Change of Correspondence 
Address form PTO/SB/122) attached. 

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

PUBLICATION FEE DUE PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE 

$0 $0 

CLASS-SUBCLASS 

257-432000 

2. For printing on the patent front page, list 

(I) The names of up to 3 registered patent attorneys 
or agents OR, alternatively, 

(2) The name of a single firm (having as a member a 
registered attorney or agent) and the names of up to 
2 registered patent attorneys or agents. If no name is 
listed, no name will be printed. 

$480 01/17/2017 

2 ______________ _ 

3 ______________ _ 

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) : 0 Individual O Corporation or other private group entity O Government 

4a. The following fee(s) are submitted: 

0 Issue Fee 

0 Publication Fee (No small entity discount permitted) 

0 Advance Order - # of Copies _________ _ 

5. Change in Entity Status (from status indicated above) 

0 Applicant certifying micro entity status. See 37 CFR 1.29 

0 Applicant asserting small entity status. See 37 CFR 1.27 

0 Applicant changing to regular undiscounted fee status. 

4b. Payment ofFee(s): (Please first reapply any previously paid issue fee shown above) 

0 A check is enclosed. 

0 Payment by credit card. Form PTO-2038 is attached. 

0 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). 

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

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

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

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

Authorized Signature _______________________ _ 

Typed or printed name ______________________ _ 

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

Registration No. ________________ _ 

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



UNITED STA IBS p A IBNT AND TRADEMARK OFFICE 

APPLICATION NO. FILING DATE 

14/945,003 11/18/2015 

23432 7590 10/17/2016 

COOPER & DUNHAM, LLP 
30 Rockefeller Plaza 
20th Floor 
NEW YORK, NY 10112 

FIRST NAMED INVENTOR 

Shih-Yuan WANG 

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 

ATTORNEY DOCKET NO. CONFIRMATION NO. 

5176-88184-2 1200 

EXAMINER 

RODELA, EDUARDO A 

ART UNIT PAPER NUMBER 

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 l(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 CPR 1.705. 

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office of 
Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee payments should be 
directed to the Customer Service Center of the Office of Patent Publication at 1-(888)-786-0101 or (571 )-272-4200. 
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0MB 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 0MB approves an agency 
request to collect information from the public, 0MB (i) provides a valid 0MB 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 0MB 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 0MB 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. 



Applicant-Initiated Interview Summary 

Application No. 

14/945,003 

Examiner 

Eduardo A. Rodela 

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

( 1 ) Eduardo A. Rode!. Examiner. 

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

Date of Interview: 05 October 2016. 

Type: ~ Telephonic D Video Conference 
D Personal [copy given to: D applicant 

Exhibit shown or demonstration conducted: D Yes 
If Yes, brief description: __ . 

(3) __ . 

(4) __ . 

D applicant's representative] 

~No. 

Issues Discussed D101 D112 ~102 ~103 □Others 
(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 

Applicant(s) 

WANG ET AL. 

Art Unit 

2893 

(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 Figures 3. 4A and 68. 
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 !aver and that to specify beyond the pillars of Dutta bv specifying that the 
photon absorbing region comprising an I-region is a single !aver with a plurlaitv of holes therein. Applicant's 
Representative suggested language 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. 

D Attachment 

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

U.S. Patent and Trademark Office 

PTOL-413 (Rev. 8/11/2010) Interview Summary PaperNo.20161005 



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 
- 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. 



Notice of Allowability 

Application No. 
14/945,003 
Examiner 
Eduardo A. Rodela 

Applicant(s) 
WANG ET AL. 
Art Unit 
2893 

AIA (First Inventor to File) 
Status 

Yes 

-- The MAILING DA TE 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. ~ This communication is responsive to telephone interview 10/5/2016. 

DA declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filed on ___ . 

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

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

Certified copies: 

a) D All b) D Some *c) D None of the: 

1. D Certified copies of the priority documents have been received. 

2. D Certified copies of the priority documents have been received in Application No. __ . 

3. D 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. D CORRECTED DRAWINGS ( as "replacement sheets") must be submitted. 

D 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. ~ Notice of References Cited (PTO-892) 

2. ~ Information Disclosure Statements (PTO/SB/08), 
Paper No./Mail Date See Continuation Sheet 

3. D Examiner's Comment Regarding Requirement for Deposit 
of Biological Material 

4. ~ 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) 
20161005 

5. ~ Examiner's Amendment/Comment 

6. ~ Examiner's Statement of Reasons for Allowance 

7. D Other __ . 

Notice of Allowability Part of Paper No./Mail Date 
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Application/Control Number: 14/945,003 

Art Unit: 2893 

Page 2 

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 CPR 

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: 



Application/Control Number: 14/945,003 

Art Unit: 2893 

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

substantially continuous layer interrupted by". 

Page 3 

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". 



Application/Control Number: 14/945,003 

Art Unit: 2893 

REASONS FOR ALLOWANCE 

Claims 1-5, 7-19, 22-24, 28-33 and 36 are allowed. 

Page 4 

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. 



Application/Control Number: 14/945,003 

Art Unit: 2893 

Fax I Telephone Information 

Any inquiry concerning this communication or earlier communications from the 

Page 5 

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 866-217-9197 (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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(Assistant Examiner) 
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(Date) 
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Application/Control No. 

14945003 

Examiner 

EDUARDO A RODELA 
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Issue Classification 
Application/Control No. 

14945003 

Examiner 

EDUARDO A RODELA 

□ Claims renumbered in the same order as presented by applicant 
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13 14 25 30 
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15 16 27 32 
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Total Claims Allowed: 
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O.G. Print Claim(s) O.G. Print Figure 
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Part of Paper No. 20161005 



UNITED STATES PATENT AND TRADEMARK OFFICE 
Ul\TfED STATES DEPA RTME'IT OF COMMERCE 
United States Patent and Trademark Office 
Adiliess. COMMISSIO:\IER FOR PATENTS 

PO Box 1450 
Alexandria, Virgmia 22313-1450 
\VVi\V.USpto.gov 

APPLICATION 
NUMBER 

FILING or 
37l(c)DATE 

GRPART 

UNIT FIL FEE REC'D ATTY.DOCKET.NO TOT CLAIMS IND CLAIMS 

14/945,003 11/18/2015 2893 1810 5176-88184-2 30 3 

23432 
COOPER & DUNHAM, LLP 
30 Rockefeller Plaza 
20th Floor 
NEW YORK, NY 10112 

CONFIRMATION NO.1200 
CORRECTED FILING RECEIPT 

1111111111111111111111m~mmmmHu111~,111111111111111111111111 

Date Mai led: 1 0/07/2016 

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 

lnventor(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 
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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 AIA (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 US PTO must 
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application 
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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-HAL T (1-866-999-4258). 

GRANTED 

LICENSE FOR FOREIGN FILING UNDER 

Title 35, United States Code, Section 184 

Title 37, Code of Federal Regulations, 5.11 & 5.15 

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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Select USA 

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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CONFIRMATION NO.1200 

POA ACCEPTANCE LETTER 
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Date Mai led: 1 0/07/2016 

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. 

/lqchau/ 

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. 
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l generated within this form by selecting the Add button. 

Correspondence Information: 
Enter either Customer Number or complete the Correspondence information section below. 
For further information see 37 CFR 1.33(a}. 
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Approved for use through 04/30/2017. 0MB 0651-0032 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperm,rk !'seduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB control number. 

I Attorney Docket Number 29'01--flfl16+.2- :s··]_7E3u(3t3 "i_ t3~i•<Z 
Application Data Sheet 37 CFR 1.76 

! Application Number 

Title of Invention I MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES 

□ An Address is being provided for the correspondence Information of this application. 

Customer Number 23432 

Email Address patentdocketing@cooperdunham.com I Add Email I I Remove Email I 
Email Address ikavrukov@cooperdunham.com I Add Email· I !Remove Email! 

Application Information: 

Title of the Invention MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSlTiVE DEVICES 

Attorney Docket Number 2901-88184-2 I Small Entity Status Claimed ~ 
Application Type Nonprovisional 

Subject Matter Utility 

Total Number of Drawing Sheets (if any} I 86 
I 

Suggested Figure for Publication (if any} I 
Fmng By Reference : 
Oniy complete this section when filing an application by reference under 35 U.S.C. 111 (c) and 37 CFR 1.57(a). Do not complete this section if 
application papers including a specification and any drawings are being flied. 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 CFR 1.53(b), the description 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) lntellectuai Property Authority or Country 
filed application 

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

Request Not to Publish. I hereby request that the attached application not be published under 
35 U.S.C. 122(b) and certify that the invention disclosed in t!1e attached application has not and wm not be the 
subject of an application filed in another country, or under a multilateral international agreement, that requires 
publication at eighteen months after tiling. 

Representative Information: 

i-

Representative information should be provided for all practitioners having a power of attorney in the application. Providing 
this informalion in lhe Application Data Sheet does not constitute a power of attorney in the application (see 37 CFR 1.32). 
Either enter Customer Number or complete 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 i 0 US Patent Practitioner ! 0 limited Recognition (37 CFR 11.9) ! 
Customer Number 23432 
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PTOIAW14 (07-14) 
Approved for use through 04i30l2017. 0MB 0651-D032 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Undel' the Paperwork Reduction Act of 1995, no persons are required to respond to a ~,ollectk,n of information unless it contains a valid 0MB control number. 

Attorney Docket Number :2'901-flfl i-8,!f,~ t) l l\)~~E1i3 ·1 i3~~i.~.;? 
Application Data Sheet 37 CFR 1, 76 

Application Number 

Title of invention I M!CROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES 

Domestic Benefit/National Stage Information: 
This section allows for the applicant to either daim benefit under 35 U.S.C. 1 "! 9(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 U.S.C. 119(e) or 120, and 37 CFR 1.78. 
When referring to the current application, please leave the application number blank. 

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

Claims benefit of provisional 62/232716 2015-09-25 

Prior Application Status Pending ! Rernove I 
Application Number Continuity Type Prlor Application Number Filing Date (YYYY-MM-DD) 

Claims benefit of provisional 62/213556 2015-09-02 

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

Claims benefit of provisional 62i20931 i 2015-08-24 

Prior Application Status Pending I Remove j 
Application Number Contim1ity Type Prior Application Number Filing Date (YYYY-MM-DD) 

Claims benefit of provisional 62/205717 2015-08-15 

Prior Application Status Pending I Remove J 

Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD) 

Clairns benefit of provisional 62i199607 2015-07-31 

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

Claims benefit of provisional 62/197120 2015-07-27 

Prior Application Status Pending I Remo.ve J 

Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD) 

Claims benefit of provisional 62/188876 2015-07-06 

Prior Application Status Pending I Remove·! 

Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD) 

Claims benefit of provisional 62/182602 2015--06-21 

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

Claims benefit of provisional 62/175855 2015-06-15 

Prior Application Status Pending I Rernove I 
Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD) 

Claims benefit of provisional 62/174498 2015-06-11 
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PTOIA!A/14 (07-14) 
Approved fer use through 04i30l2017. 0MB 0651-0032 

U.S, Paten! and Trademark Offk.e; U.S. DEPAl'iTMENT OF COMMERCE 
Under the Paperwork Redu<:-iion Act of 1995, no persons are required to respond to a coliec!ion of information un!ess it contains a valid 0MB control number. 

Attorney Docket Number z9l:H g.g~~ t~ ··i 7\3~,£38 '1_(\·4-<? 
Application Data Sheet 37 CFR 1. 76 

Application Number 

Title of Invention I MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSiTIVE DEVICES 

Prior Application Status 
I 

Pending I Remove! 

Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD) 

Claims benefit of provisional 62/171915 2015-05-05 

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

Claims benefit of provisional 52i157876 2015-05-06 

Prior Application Status Pending I R,emove I 
Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD) 

Ciaims benefit of provisional 62/154575 2015-04-29 

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

Claims benefit of provisionai 62/153443 20'15-04-27 

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

Claims benefit of provisional 62/139511 2015-03-27 

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

Claims benefit of provisional 62/111582 2015-02-03 

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

Claims benefit of provisional 62/100025 2015-01-05 

Prior Application Status Pending I Remove! 

Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD) 

Claims benefit of provisional 62i090879 2014-12-i 1 

Prior Application Status Pending I Remove! 

Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD) 

Claims benefit of provisional 62/081538 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 in the application data sheet 
constitutes the claim for priority as required by 35 U.S.C, 119(b) and 37 CFR 1 .55. When priority is claimed to a foreign application 
that is eligible for retrieval under the priority document exchange program (PDX/ the information will be used by the Office to 
automaticaliy attempt retrieval pursuant to 37 CFR i .55(i)(1) and (2), Under the POX 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 
property office, or a certified copy of the foreign priority application is filed, within the time period specified in 37 CFR 1.55(g)(i ). 
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U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 18%, no persons are required to respond to a col!ection of information unless 11 contains a valid 0MB control number. 

Attorney Docket Number ~0'1-8816•1-21 5 'l '?f)-~·8t)_··l_t)t:1,~~2 
Application Data Sheet 37 CFR 1.76 

Application Number 

Title of Invention MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE. DEViCES 

I Remove i 
Application Number Country 1 Filing Date (YYYY-MM-DD) Access Codei (if applicable) 

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

Statement under 37 CFR 1.55 or 1.78 for AIA {First Inventor to File) Transition 
Applications 

This appiication (1) claims priority to or the benefit of an application filed before March 16, 2013 and (2) also 
contains, or contained at any time, a claim to a claimed invention that has an effective filing date on or after March 

0 16, 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 examined under the first inventor to file provisions of the Alf.\. 

Authorization to Permit Access: 

O Authorization to Permit Access to the lnstant Application by the Participating Offices 

if checked, the undersigned hereby grants the USPTO authority to provide the European Patent Office {EPO), 
the Japan Patent Office (JPO), the Korean Intellectual Property Office (KIPO), the World Intellectual Property Office (WlPO), 
and any other intellectual property offices in which a foreign application claiming priority to the instant patent application 
is filed access to the instant patent application. See 37 CFR i .14(c) and (h). This box should not be checked if the applicant 
does not wish the EPO, JPO, KIPO, \NIPO, or other intellectual property office in which a foreign application claiming priority 
to 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 to a copy of the instant patent application with respect 
to: 1) the instant patent application-as-filed; 2) any foreign application to which the instant patent application 
claims priority under 35 U.S.C. 119(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 inst,mt patent application; and 3) any U.S. application-as-filed from which benefit is 
sought in the instant patent application. 

In accordance with 37 CFR 1.14(c), access may be provided to information concerning the date of 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 
to have an assignment recorded by the Office. 
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Approved fer use through 04/3012017. 0MB 0651-0032 

U.S. Palen! and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act cf 1995. 110 persons are required to respond to a collection cf information unless it contains a valid 0MB control number. 

Attorney Docket Number 290 1-88 Hl=t•z t~ ··i 7\3~,£38 '1_{}·4-<? 
Application Data Sheet 37 CFR 1. 76 

Application Number 

Title of Invention MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES 

Applicant 1 
If the applicant is the inventor (or the remaining joint inventor or inventors under 37 CFR 1.45), this section should not be completed. 
The infom1ation to be provided in this section is the name and address of the legal representative who is the applicant under 37 CFR 
i .43; or the name and address of the assignee, person to whom the inventor is under an obligation to assign the invention, or person 
who otherwise shows sufficient proprietary interest in the matter who is the applicant under 37 CFR i .46. If the applicant is an 
applicant under 37 CFR 1.46 (assignee, person to whom the inventor is obligated to assign, or person wllo otherwise shows sufficient 
proprieiary interest) together with one or more joint inventors, then the joint inventor or inventors who are aiso the applicant should be 
identified in this section. 

I Clear· I 
16 Assignee I 

(' .._) Legal Representative under 35 U.S.C. 117 [o joint Inventor 

0 Person to whom the inventor is obligated to assign. lo Person who shows sufficient proprietary interest 
I 

If applicant ls the legal representative, indicate the authority to file the patent application, the inventor is: 

I 
Name of the Deceased or Legally Incapacitated Inventor :I 
If the Applicant is an Organization check here. x \/\/& \/\/ss~ns~ __ [)€~v ic:.~~s --~ nc._ 

Prefix Given Name Middle Name Family Name Suffix 

Mailing Address Information For Applicant: 

Address 1 

Address 2 

City State/Province 

Country Postal Code 

Phone Number Fax Number 

Email Address 

Assignee Information including NonMApplicant Assignee Information: 

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

Assignee 1 

Complete this section if assignee information, inciuding non-applicant assignee information, is desired to be included on the patent 
application publication . .A.n assignee-applicant identified in the "Applicant Information" section will appear on the patent application 
publication as an applicant. For an assignee-applicant, complete this section only if identification as an assignee is also desired on the 
patent application publication. 
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Approved for use through 04i30/2017. 0MB 0651-0032 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork F~educlion Act of 1995, no persons are required to respond to a colle<:-iicn of information uniess it contains a vaiid 0MB control number. 

Attorney Docket Number 290 1 .. aa I aLf ... 2 ;S·\7E3nf:1i3•1 i3~l<2 
Application Data Sheet 37 CFR 1.76 

Application Number 

Title of Invention I MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES 

If the Assignee or Non-Applicant Assignee is an Organization check here. [] 
--

i 

Prefix Given Name Middle Name Family Name Suffix 

Mailing Address Information For Assignee including Non-Applicant Assignee: 

' Address 1 
I 

Address 2 

City I State/Province 

Countryi 
I 

Postal Code 

Phone Number Fax Number 

Email Address 

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

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

;~~()•"it)-~ ·t().~•5 -
Signature /Ivan S. Kavrukov/ Date (YYYY-MM-DD) .1tH5 H-1'6' 

First Name Ivan I Last Name I Kavrukov Registration Number 25'16i 

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 to obtain or retain a benefit by the public which 
is to file (and by the US PTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1. 14. This 
collection is estimated 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 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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/!van Kavrukov/ October 5, 2016 
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Applicant-Initiated Interview Summary 

Application No. 

14/945,003 

Examiner 

Eduardo A. Rodela 

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

(1) Eduardo A. Rodela. Examiner. 

(2) Ivan Kavrukov. Appilcant's Representative. 

Date of Interview: 9/28/2016. 

Type: ~ Telephonic O Video Conference 
0 Personal [copy given to: 0 applicant 

Exhibit shown or demonstration conducted: 0 Yes 
If Yes, brief description: __ . 

(3) __ . 

(4) __ . 

0 applicant's representative] 

~No. 

Issues Discussed 01 01 0112 01 02 01 03 ~Others 
(For each of the checked box( es) above, please describe below the issue and detailed description of the discussion) 

Claim(s) discussed: 1-

Applicant(s) 

WANG ET AL. 

Art Unit 

2893 

ldentification of prior art discussed: copendinq 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 language 
that would lead to furthering prosecution. However. it was pointed out that the allowed copendinq 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. 

0 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 



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 
- 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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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Application of: Shih-Yuan WANG 

Application No.: 14/945,003 

Date Filed: November 18, 2015 

For: MICROSTRUCTURE ENHANCED ABSORPTIO00N PHOTOSENSITIVE DEVICES 

Conf. No.: 1200 

This correspondence 1s 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 

30 Rockefeller Plaza, 20th 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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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 thereiH 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 

compnsmg: 

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 photon absorbing 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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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 

compnsmg: 

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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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 3 500 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. (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 

(ii) when the optical beam wavelength is 1550-1600 MeG 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 Bi CMOS 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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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 l.102(c)(l). 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. 

• (c) A petition to make an application special may be filed without a fee if the basis for the petition 

• (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. 

• (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). 

• (e) A request 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 § 1,17(ct the 
processing fee set forth in § 1,170), and if not already paid, the publication fee set forth in § 
1, 18(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 ofMPEP reproduced below with added 
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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 I 
below. See MPEP § 70~t02 subsection I or II (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_t 
see MPEP § 70S.02fb). For participation in the Patent Prosecution Highway program, see MPEP § 
708,02(c_l. 

I.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 37 CFR 1.17{11} 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 CFR 1, 102{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 35 U,S,C, 
illifil. 

• (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 1.51 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 i ,64) 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, 20th Floor 
New York, NY 10112 
Tel.: (212) 278-0400 
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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 correspondence is being filed electronically with the U.S. Patent 
and Trademark Office via EFS-Web. 

/erin finnegan/ September 27, 2016 

Erin Finnegan Date 

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

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. It is 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. § l.98(a)(2)(i) 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, 20th Floor 
New York, New York 10112 
Tel.: (212) 278-0400 
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Tln~ intt:·tu.:1t~on;1J ~{~~rrh rs::p{>r1 has fBJt h~>en ~:~t$:bHsh<:d in H~spe-ct .~f ~:::-rti1fr~: ~hiirr~~ ~.nH..i<t~r {\tt~~~:i-'-: i 7(~~)(a) frrr the iono ... ving rcasc-n:is~ 

j □ 

2. □ 

Ch1{ms. N,p:; • 

h~~c~1u~e: th,::s_y r~l3.t~ to s:ub}ect n::}att~rrH:..~ n:.:·4ufrtxl to b~- :'.:~-{:tchr:.d by flns .A~~th~J:rit::t:- F~i-:raei:y: 

C!riim~ Nns.: 
b(:f:..:e.u~c Htty r~};n::~ !(~ p~rt~ ~Jf ~he inW-rr-.atinn~1f appht:'."rth.J?"} i-h~t d<:~ rt{}t t~(>rhp,!y -;r..-·ith fh::: pn:~~t:'nJ:-·1,:::.d t(:qi~ir~tncnt.~ to ~~K~h un 
..::xte:nt thst fH► lY1e;lrn1:Jft\1!. ~:r~~~":rn~ti>~~naJ .~ean;h ~,1:t~ bt~ r;.~nit:d t'.<~H 1 xp~l:~fil:;~Hy· 

:L □ Chnm~Ntii<.: 
hi~~~nB$::·~.th(::y ;.~n=• dcpi:rE.k":nt ,~}3frn$ and ~n~ rHJ:t r.k~1h,xJ ~n {1tc--i:.n·d~-n-:.::<: ,r..,·ifh ~he ~•·~C:t(J1d a.nd ~hitd ~}CfH,~rK::~~; vf .R ... ~h": 6.4(;.-;.). 

·rhifi $r1tt:rnaiion::~j St~art::hi{!i~ At$thn::-ir5..- tt•tnHJ rnw.~titile ~nvt!tHi~1rE~. i.n tht.s ~ntt~fnstion~1i; ar~rJii\.~i1ti(H'\ .:l.;; fol~{~\¥s· 
~;~~J l::.xtr~ St·)~et. 

! 

·, ..:.. 

·' 

□ 

□ 

[""] 

!,;:;;:::i'! 
k:::i.l 

' ' 

}\:;: 2.H :.;:~:8.f'\.~ht$bh'! t.:-ia~rssx- ~:.;~~u1d. h:-: s:-~})f{':hed v-.nrhot.5t (:ffr}tt ju~ht)'"ing ~d"-·hrit{:-·%~l f◊i.:~:::;. t~fa ,•'\.HliuJrity J.id not in~1~t0 payn:i~rH nf 
~~~zjfuu • 

.:\f; :i: .. Jnl~f :s,1rfii.:.~ of'.rh~ rcqtdro:ci :3dcii~HJn&] ~~arch ·iees }VC:te drn~lY paj . .;j b_y rh~ ~ipp!i~;s..rH~ thi$ ?r5i_~~rrmtSon~-:f ~ezr-.:::h r~port t.:>'.JYt:-f~ 
~)n!::,/ ~h~:,.~>: ~~i~itsl$ i;~, Y...'hicJ~ !Ct~S v.:·,;:~r~ psskt :-tpecific«Hy 'Ch~irn$: N·\js,: • 

·NQ 1"!'.:-qu1H~d ad~htk·u~}·d sc~ti-''~:,h fi::l:$ \r..1~;:rc hn1~~~y p:s.id b_y :.he apph~..:~1i~:t.. ~--~n·~i'->equ,::rrU .. f\ J.h}:~. Bn~tr::atfon~d ;s;~;3.n.:h rcJ::·Cffl i~ 
rc::SGtn-:.::ltXi t~) ttie ~:'T\,'t~r:S~qr~. i?r:-n rnt~ntit·:r}~fJ in th(:: i.::j:~un:.;.~~ 1l is ,-:-t,>V~~r~~ri by t~t~1in.1$. r~.fos.: 

□ 

□ 

□ 

' ' 

'Tht': addition:~~~ ~.r::ar;;..~h f~t~t=- \);•i;:~r~ ~1c<..x~n1p,:1r~ied h) .. j th,;: ~ppHi..:ant's prot~~~; ~,nci, .. <".·h~-r~~.s1pp}i;..~&ble~ th(,~ 
p&ym,~rn. c,f a prot~;.t fo,,. • 

Th-t~ »<ldi'l~onsJ s~arch tees w~re 3CC3.)tr:..p,1ni~cl b):~ ~-he appf~~~nt"-s prnt,;::-~t b\J:l the appl~•::Ebh: pru.t~.:'.~n 
f.~~c -..-..~ n◊t pii~d vtithi~. th~ t.hn~~ ~~tnit _specifi~J ~r: tbB invh:.Hil)t~ 

N·o p.-::-,}t{:s.t ;~.r-;..~;,,;rH}l;:lnk".:d t!~t~ payn-:.erH- (}f s.dthtk-i~li~] &;.:~anJ~ f~e::>. 
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. . 
"Oti~ ~ppfa::~tk.--:n ~~~:mt~H1~ th$!. fohow~ng invenUc;ins t1r grci:ups uf ~n"¥enti-t:Jr.g whkJ~ ijf~ nJt ~A) t~nkect. ?ls tci fot"rrt « ~~ri~i~ gs~n(~rat ir.-vH"F"st}ve 
;:.x-:r1c~;;,d un1~r PCT Ruh~ 1 ~L 1. fn Q.rd~r tor ~~~i j~:Y~ff'i:~·ons to be· !t¥.a;r::n~"i'.J{ the aµpropri~ta ;3.<1~.:nh?n«.c .~.i.a.rnk~aik,"\•n f~e nlust be P<~s~~j. 

O.,ro9.p ~~ Ctijtms ~ ·4t~· f~ft':. difect~ t{~~·<1rd ~3 pht.dodetector cortlPris:n9 9 ('~thod&~ an ~~1od~. r~~-~r&tS. t:~a8'.tt:_g ciri~tHtrr't 
ffl{cro:&ttu~te..:H"e-~~nhwced ~ho:t~1 fib:~nrtjin9- ::'.-~.m~cor~cluc,r .. ,:- (n~:s~.t~~ia:-~ ~:1,-s ~- ::,.1~,:r-:'3~~tr 01/n~cfc- $)lHJ','.",,.i~:~H½ 

(.;ri.:1tcp H: Cf~it)1~ S0.-.5~ ~r~ diN:i:ct~cl to~v~i~d f} pht..)h:iv-~1n:ai'c de~d-c<;:1 r;i)r~;pti:~~dnf,j. ~ e,~rnicQnt$uctcrf m._-s~eii~lf, .a ph.JHlMy o~ ~-◊fd.;:.; ~\·~thin ~ii$JQ 
~~rni<:on,k.:.;:::t~,r rn~tert~~- ::'lr1rj convertir::Q soJar r«-~1i,?:Uon into d-cn.-"'-C...°1 tw-r~ni Q~ctrtci{y-. • 

(Jn ... ~lp Br C!a•in1$ 54, .. t;a, f~t·e dfR~<-1~0 tow~.rd ~ 9:a~s rn~teti:23~ corr.(priGir19. {$ ~~k~r;:;.~it.)' n·f ~1::..cri~lJvoW~. sa~d ,..-c-Cd~ di:rn-=1~~i:.S:;-;r<~d bf,tl(.,.<fs-*ri n Qi 
micn)n(> <!rid iOOO ,,m:wn&. • • 

f3F-.,"'Ui~ !V: t:-~shn& t~S:-02. are directe ... 1· l0¥>'arC<: a rn!:CiO½(~~v.t3: tra~s.tr:iss~a.n Hr:~ strwctur~ dornprl'Si:.tng ci: snn1~cr5nd:.Jcto·r s~~trstrat~. ~.3 p!~~n..::r:My of 
hibe-:1--.:.ieH~~fy' Ci-el$:·C?ri-o.-fi:~ed i.:-'Oid&. re~1ttced Qfai·~t-=tri:~ ~~-:-::nst._-sr.t1 ~-nd ~•h.£raUty of B"H}taW~j rr:jcn:::,~Y3V(::1 trar:::.::-:nit~.s.:-qr: :"iru~;-$. 

Gmi;;:, V·. 0,.,..,,-,,1; 6:3-Wl <Sm dke(,t;l<J tow<'ln;l ;,r. oplic;i,: w«'lll} t~,,i<li; ;:,wudwre ccrn,,tising ;sn op1J1.;;~l rno,:b rn.,:J;on, -:i s;;.Jppcrlln~ :1,aten;,l. a 
PHJf(~Hfy' of mi.c:ost=-t~Ch..Sf'~~ Yoids ~n tr.~ S-t.lPPl):"\j:ng rn.;3t~ri~i: ~nd ~lt~rfr~tl $P: eff8t'!HV~ irycl:ex· of r~frMth.1r. 

C·~JUP \n·. c.:t~in;~ 68.,69 ~ra .(liract~d t:J~~arct a h~<'3t g&r1Gf~Hi~<Q ·dtSvk~. « heat $3.~nkc ~ ~Lrro:.Jr)l·jing rn~~1iHr~l~ a:s-·1 in~:arinn(ik~tt": m~t-~_ni~( ,~ 
pi;.;rnllty <>f v,,k'l::. l<, ,sai<l .ifllet:1'H:~ct,,:,\~ m,~terl~!. ancl ;;1iterir.~ mt, !timw~il ,::,;Jnduciiviiy of ~~id ir:t~miis-d\alis- m,it~ri»l. 

: ' 

Th~ fff..,'"Jntk,(c~$ *i·ste<l ii:S i,Jr):.:cup-s f--v; ~~ n~t n~~~<:\16 to a. Eir:gl~- ~-er:~ral lr:v.entht~ (;(;ncep~. t~r~cler PC·T Ht:-!-e 1 a. 1 bec;;HJ~e. under PC"f Ruh~ 
i3 .. ~~, t~a~~- h3-Ck U'JG s~-mG t>r cor,re,$f...:,~rK~in9 sp~ciS3i t~r::hn]cRt f~~hJ:"')~~- Gt,;:::up i ha& ~t l~--;t~~~f .a u~~hvt.i~~ t{$<Jh . .":n. ~r:Qd~ r~g:ia-nf ·f-..'.$"Ver;%,~ 
bi~l&~:19 c,,,;;:..~ifry; $<>urce ijlgrtat ._1n<t ~ .~-ot:-:"f)t~ w-e:¥~i~n-gtt; m~i rirf>BPs. g,.,\/~ dt'> not t1ave. (>n):.~p B t!-23::S a~ l~~s:t t>~:tn\/~ftin~ ~oiar r<H1~;1tior~ 
intc: .(J;::-~t--:t c~~rre-nt ~h~:,~rki-{y n1;~1 Grt.R}f:.;:S i ~1nt.~ i u~ Vi <:-o not hxiv~. Grqln).•lH h~?.:- ~t !~<~~( a gt~s,s, m~t~rta: a.r.,d dlrn~r~~~t)nt;d voki-c::.,;J ~f::tw0;;:1r} 
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PHOTOVOLTAIC NANOWlRE STRUCTURES AND 
RELATED FABRICATION METHODS 

CROSS-REFERENCE TO RELATED APPUCA TIONS 

Thls appllc:aUon is related to, and dalms the benefit of, each of thE:i 

following U.S. Provisional Patent Applications: LLS. Prov. St~r. No. 6ir-181,930, 

filed September ·W, 20-10; U;S. Prov. Ser. No. fi/390,732, fll.ed Octol:ier 7, 2010; 

10 U,S. Prov, Ser, No. 61/415,943, filed November 22, 20i0; U.$; Prov, Ser. No. 

6·1/450;107:. filed March 7,201 ·1; and U.S. Prov. SeL No, 611526,629, flied 23 

August 20i 1. This B~)pHcaHon ls related to the subject matter of the following 

,'lpp!ications: U.S. Prov; Sec No .. 61/236.144, flliJd Au~wst 24, 2009; U.S. Prov. Sr:,r. 

No. 6·1/263,3'15. filed November 20, 2009; U.S. Prov. Ser. No. 6·11264, '194, filed 

15 November 24, 2009; lLS. Prov. Ser. No. 61/295.,500, flied January 16, 2010; U.S. 

Prov. Ser. No. o·Ji.295,579, filed January '15, 20'1(); U.S. Prov. Ser. No. 61/295,606, 

filed January -15, 20-1 O; U.S. Prov. Ser. No. 61/:309,414, filed ivlarch 1, 20i 0; 

lntematiorml AppHcation No. PCT/US·W/463~34 rned August 23, 2010; and U.S. 

Prov. Ser. No. 61/376,358, filed August 24, 20-10. Each oHhi3 above-refer,;3nced 

20 appliC::"1tl◊ns is incorporated by rE:ifernnce herein in its entirety. 

[0002J This patent specification relates to phokwoltalc energy r.::onvers!on 

devices, such as may be ,.ised in photovoltaic sotat cells and solar panB!s, fvlore 

25 par>.icu!ar!y, this patent specifa:ation relates to nanowim-based photovoltaic r;rmrgy 

conversion deviciois, as wt~llas systetns and rnethods for fabricating sueh dtwices. 

[0003] Solar electric powf3r generation systems, particulaxly those based on 

30 photovoltaic so!ar pane!s, continui3 to gain popularity in .efforts to shift a'>!vay frorn 

supply-Hmited, grncnhouse--gas pn:idi.iclng fossil fuels to more envlronmentaliy 

frlf.md!y and sustalnat,!e forms of energy, Most of today's conventional n.x.,ftop 

photovoltaic solar paneis comprise s1de-t,y-si(ie arran9ernents of relath.1e1y lart1e 

{(;i,g., 5 crn x 5 cm, iO crn x 10 cm) bulk monocrysh:1Hine or bulh multicryst~Jllina 

35 silicon '~vafors procEissi3d to form depthvvise p-n junctions, Manufacture of thEi hulk 
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crystalline silicon wal'ern ls hi~1hly energy-lntensivt1 and expm1sive. and the pov,lfJr 

conversion efficiency of the rEisultant devices is typlca!!y only in the range of ·1 s~:{i to 

20%. A chronic si1ortagi9 in U1e supply of bu!k crysta!linEi smcon wafers has 

plagued the lmiusfry in recent years, a shortage that is expected by some 

5 forecasters to reach crisis proportions in (X>tnint1 years .. A!though thin-fllfn 

photovoltaic cells fabricatBd from amorphous silloon or chalcogenide compounds 

mquire less semiconductor material than thosB based on bu!k crystalline silicon 

wafers and are less energy-intensive and less costly to pn:.Kluce, their power 

conversion effidenciHs are even lower, usually in the 6% to 10%1 range, 

10 [00041 Pn:.)pO&-)!s hava been set forth f (Jr using semiconducting nanowires as a 

basls for pl1otov0Haic solar enen:w conwirsion, Nanovvlres are srnal! self­

assernbled str11cturns h,::iving lengths ~tpicaHy in the range of (}5 µm --- 5 µrn and 

diarm;:tm·s typically ln tha rangt~ of 10 nrn --· ·1000 nrn. One rm:;thod nr l'abrlcatinr:1 

nanowires uses a vapor--!iqLiid--so!id ('VLS") synthesis process, sometimes termed 

-15 a catalytic gro\>vth process. A catalyst malerlal suGh as gold <.)r titanium is 

!oc~1tion at wiTich a n~1nowl.m wm br:i gmwn, The substratf.i witi-i ti1e catalyst is U1t:.::n 

placed in a rt)acHon chamber and heated lo high temperatures (o,g,, 250" C -

100{Y C), Precursor 11asEis, lndudlnfJ thEJ elements or compounds that w·.iH form thEi 

~W nano1Nires, are intmduced into the Gharnber, Under the influence of the catalyst, 

the precursor gases al !e;%t partially deGornpose into their respective elf.Hllt)nts, 

some of vvhich art) transportecd rm or throufJh tht:.:: catalyst in liqui!fod phas0 to thee 

imrnedlatBl~' undE:irlying solid surface provided by the substrate, At each spot, a 

nanowirB epitaxially grows outwardly from the sut,strafe as the process pn:.)cef.,ds, 

25 the catalyst at each spot remaining at the Up or the mmowire and rising away from 

surface of the substrate as the nanowire nro'?vs. The msults-;int nanowires t'c!xhibit a 

long-rangE: atomic order (i.i.9,, sing!Ei~cr:✓sh:il) that can potlmtlally be exploited for a 

varfety' of dlff1:.~r(:mt useful appHcations. So--cal!ed se!f--catalytk:: growth of nanowlres 

t1as also been reporte(i in the Hteralure, 

30 [0005] Durint1 nanowirn forrnation, the elements or compounds used to form 

the nanovvires can bE: vatied, such that the material composition and/or 

semic:rmcluctor doping levd of each nanowlm is variable along the longitudinal 
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embodiments herein, th13 !ongitudlnal!y varying rnat13rial and/or doping profile can 

be deslgnEid such that Eiach nano'Nim 13xhiblts a photovoltaic property, i.e., is 

capablEi of absorbin9 incident photons ,:.md providing an associated photowrrEa-·it to 

an external load (lf propt~My e!edrk::ally connect1:id to that loaiJ). As used herein, 

5 PV nanowire refers to any of a variety of nanowires thernselves or related 

structures: that employ nanovvires and are capable of Ei>:hiblting photovoltaic 

propertiEis, sw:h photovoltaic propertlEis arising from any of a variety of diffemnt 

doping profiles tt1Fffllof. By way of non-limiting t~xample, PV nanowlrfis can 

-10 cornpdse one or more longltudlnal hornojunc:tk:ins (e.g., p--n, p,-i .. n, !=H1·P, n-p--n 

hornojunctions), one or more !on9itvdinal heterojunctk:ms {e.g,,, materials containing 

variow:r ,·J1emic-a! elements and/or varfous chernk:sl compositions and various 

bandgaps), and/or portions of such hornojuncbons or hrJterojunctions that are 

completEid by virtue of the rnah1rials and/or doping profiles irnnwcllatE:ily opposite 

15 th<:i longitudinal end(s) of the nanowlre, One example of a PV nanowlre-tiased 

solar eel! is described in US 2007/0267625 A 1, \<Vhich is incorpor~Jted by reference 

!1erdn b Hs entirety. 

[0006J Advantageously, PV nanowire-based solar cells can provide power 

convorsion effidencies that are as great, or even greater, than solar cells ba::'md on 

20 b1.1lk oystalllnEi wafers made of a same materlaL For example, it ls be!lew-Jd at 

least tht"lorntica!ly possible to ;;.1chieve PV nan0v'-.dr8"'basl')d solar- cells corr1po&1d of 

lll-N semiconductor material having 35 percent, and perhaps even 40 percent, 

ener9y conversion efficiency, \ivhich ls as high or better than photovoltaic ceHs 

made 1N1th bulk crystalline semiconductor wafers. Al the sarne time, because they 

25 can be built upon k)\<,HX>St substrates with low material utHizaticm and 

comparatively low em~rgy requirernHnts, PV nrmowir~"J-based solar ceHs can be 

fabricated at a fraction of the c:ost of cornparable solar cells based on bulk 

[0007J Ona nr more issues rnay arise in the design and/or fat)ricahon of PV 

30 nano'~v1n.,i-has0d solar ceHs that is at kiast partially rE}solved by one or mom of the 

preferred Eimbodiments dEiscribed hernin. One ls.sue that may arise in PV 

nano\.,vire"based solar cells rdates to the need for an Eilectrode to be provided on 

each side of the PV nanowire army, including a mot-side electn.xie correspond1n9 
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to the roots of the PV nanowires and a tl~:H1ide eliJctrode com:;spondlng to tr1e tips 

of tl1e PV nanovl!'lres. The need to providi;) good electrical contact and conductivity 

at these electrodEis can present substanth:3l !imitations on the fy'pe, complexity, and 

orientation of the overall PV nanov,;1ire--based solar cells, because structurf.ls 

5 providing the ~1ood electrical contact and conductivity can often prove to be light­

absorbing or llght--reflecting, themby n3duGing the percentage of photons ab!e to 

reach the PV nanowire Junctions. For PV nanowlre,based solar cells that are 

bast:;d on longitudinal p-ki junctions, anothtc;r issue that rnay arise rek~tes to tht'.1 

qu.::lity of p-typt1, intrinsic-type, and n-typt~ semiconductor matt~rlal that pf1ys1ca!ly 

-10 forms the P\I nanowire for achieving optimum photovoltaic perfom1ance. 

[0008J One issue that can affez:t the performance of PV nano-.·vire~based solar 

cells ls t~m-ier ioss due to charge ret-;ombination occurrir1g a!onrJ the smfat-;e of lhe 

PV nanowin:n:... GhargH recornbination .is a loss process in which an electron, \Nhich 

i1as bei,m photo--E:ixcited from thB va!encB band to the conclw::t!on band of a 

15 serniconductor, falls back into an empty state (ho1e) in the valence band. Charoes 

that recornbine do not produce any photocurrnnt and, hence, do not contribute 

toward solar cell efficiency. CharfJG recombination losses can be particularly 

strong alon~1 the surface of a semiconductor material, wt1ere dangling bonds give 

rise to certain surface stakis that greatly facHltate the electron-hole rEicom!Jinatlon 

20 process, Because thEi recombination losses associated with surfaces scale with 

total surfact"J ama, the problt"rn bix:omes particularly arnpHfiod for nano\vims having 

i1igh slirfaci::do,volume ratlo. Generally speaking, tf1e recombination losses at 

surfaces tend to be more problematic for ! I !-V compound semkxmductor PV 

nanowfres than for siHG(m PV nanowiresfor which st.'lble natural oxide {Le., SiO~) 

25 that can be easily f orrned on Si surfaces can ~1reat!y reduce the density of surface 

states, Other issum:; rnay arise as would be appan111t to oM skilled in the art upon 

reading U1e present disdosum. 

SUMMARY 

[0009] Aetx)rding to some embodlrnents, a method for fabricating a 

30 photovoltaic ermrgy conversion dE:vfoe is described. The method includes 

providing a substrate indw:Hng a sutistrate surfacE:i layer doped in a first dopant 

type (e.g. n--typt.i or p-type); growing a p!umnty of photovolt:iic (PV) nanowires 

outwardly frorn the substrate surface layer, each PV nanowire having a root end 



PCT!US2.HJ 1i05Hi91 

ne,sr the sutmtrate surface layer and a tip end opposite the root end; forming a 

!ayer of collar material that laterally surrounds and ls in contact with the PV 

nano\:vlrE:is along at least a fO(JVN,Jrd portion of their l€ingths, the collar rnaterla! 

doped in the first dopant typt( and forming a tip-slde d<.)ped matr:iriai doped in a 

5 second dopant type, the tip--slde doped rnaterial in contact with the tip ends of the 

PV nanowlres. 

[0010] Accon:llng to some embodiments the layer of collar material is grown ln 

r) lateral dirnctior1 frorn the PV nanowirt~s, and <1' !ayer of optically transparent, 

ell'.)ctric.a!ly im_;ulabng solid filler rnatriria! is providad thi:)t lrJterally surrounds tht~ PV 

-10 nanowlms along an out\,vard portion of their lengths. A longitudinal p .. i--n junction is 

preferah!y associated Vlith each PV nanowire. According to some embodlments, 

the w1)win9 of PV nanowires is partially (K"lrried out before the formln9 of ihe collar 

material and partially c.arril'3d out after the forming of the collar rnatt~rial, such that a 

9ap betvvEien 02 n1icrons and S microns is formed bel:NBi::n an Ol,tward--rnost 

15 portlon or the collar material a rnotward most porHon of the Hp-slde material. The 

PV nanowires are not intentionaily doped, accordint1 to some embodirnents, ln 

such cases th(1 PV nanowires prefombly havi:::i impurity levels less than -1017 per 

cubic centlrneter. 

[0011J Accordlng to some ernbodimi;;nts, a method for fabricating a 

20 photovoltaic enEffQy' converslon device it described tl1at includes: providing a 

substrate including an n-doped substrate surfacl1 layer: growing a plurality of ny 

doped photovoltaic (PV) nanowlres outwardly from the substrate surface layer, 

each PV nanowlre having a root end near the substrate surface layer and a Hp end 

opposite the root end: forming a layer of optlc;a!ly ttansparent efaotricaHy lnsulatinq 

lengths; and forming a tip-side r:HiOpl:;d material in contaet with the tip t::mds of the 

PV nanowires, Accordlng to some embodiments, the tip-·side p--doped material ls 

p+ or p++ type doped. 

[0012:J According to some ambodlrnents, a method for fabricating a 

30 photovoltaic ermrgy conversion d€:v1ce is described that lndudes; providing a 6" by 

6" square substmte induding a substrate swiace !ayer on which th1;;~ PV nanowlrns 

and other strw:;tures are formed, 
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[0013] Accordlng to scm1e embodiments, a mi3tl'lod for fabricating a 

photovoltaic ent,irgy' conversion device is dEiscribed, that lndudEis forrnlng a mask 

layer on the substrate swiace layer, the rnask having a pluraHty of spaced apart 

voids sut~~ that portions of the substrate surface layer are exposed at the locations 

5 of the .voids, The photovoltaic ( PV) nfmowi res are grown outwBrdly fmrn the 

f,>::posi3d portions of tile substratEi surface layer, 

[0014] Accon:llng to some embodiments, a mEithod for fabricating a 

photovoltaic ent)rgy convr}rsion devict'i ls dt)Scribed U1at includes providing a 

substn,1te lnduding a Ion@ range atomic order (lRAO) substn:1te surface layer (such 

'10 as a hlghly n,type doped <111•;:. crystallographic plane of the sillcon wafer); and 

tirowlng a pkirality of n~doped photovt)Hait~ (PV} nanowlres outvvanJly from the 

LRAO st~bstrate surfaGe lfwer., 

[0015] According to somF; ernhodirn~1nts, B method for fabricating a 

photovoltaic i:.:nergy conversion device is d19scribed that includes providing ;3 rol!i:.:r--

15 based substrate material inclw.Hn9 a substrate surface layer with short range 

afornic order {SRAO) such as pdysilkxm or amorphous silkson, on which the P\/ 

[0016] According to some embodiments, a photovoltaic energy conversion 

dEivlce is provided that is fahrlcaterJ according to the methods dE1scribi3ij heroin. 

20 

BRlEF DESCRIPTlON OF THE DRAWlNGS 

[0017] Fig, '1 illustrates fabricatinti a PV nanowlre structlff8 acc1..,rding to some 

preferreti ernbt)(:liments; 

25 nanowire stn1ctlires forrned acwrdin{J to the rnethod of Fi~'l- 1; 

[0019] Fig. 28 illustrates a simplifaxJ perspfJCtive v1El\t✓ thereof; 

[0020] Flgs, 3A-C illustrate an alternative rnethoci of manufacture using a thin 

mas~; structure, accordin~1 to sorne embodiments; 

[0021] 

30 eel!, accordlng to some embodirnEints; 

[0022] Flg. 5 illustrates some fabrication steps of the device of Fig. 4 according 

to somf.:1 embodiments; 
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[0023] Fig, 6 mustrates fabrication of a PV nanowlre-baserJ solar ce!! accordlng 

(0024] Fig, 7 is a block dlagrarn show'ing stations of a continuous substrate roll 

manufacturing process for fatiricatin9 PV nanzy,,:vire~based solar ceHs, according to 

5 sorne ernbodknents; 

[0025] Figs, 8A-B schematically illustrate rol!-hased continuous substmte 

manufacturing processes for FV nanowlre-based solar cells, according to some 

[0026] Fig. 9 is diagrarn schematic.ally il!ustn,1ting ,'l heafa"'lfJ and/or cooling 

-10 station, accordlng to some embodiments: 

[0027] Flgs, 1 OA~B show cross sections of a processing chamber having a 

rnoveable Hd, accordin9 to sorne embodiments; 

[002:SJ Fig. 11 ls a cross section of a processing chamber having high 

irnpedanc19 wal! section, accordin9 to sornEi 19rnbodln1ents; 

15 [0029] Fig. 12 is a cross section of a processing chamber having ,Jouble rollers, 

accordint1 to sorne ernbodirnents; 

[0030] Fig, ·1 :3 is a plan view of a prnce{,sing station used to spray on nanowirn 

[0031] Fig, "14 schernatical!y mustrat~Js a large an.·w discrete substratE} 

20 manufacturing process for PV nanowire"based solar ccills, according to some 

[0032] Fig, ·15 ilh..1:stmte a struc:tum ttiat lnc!Lides an n-doped PV nanowlre and a 

heavily doped p~type tip~side electrode rnater!aL azxXJrdlng to some embodiments, 

DESCRIPTK)N 

25 [0033] One or more aspects of the preferred ernbodin'l(•:ir-its hereinbelovv may be 

-further understood in view of se!ric:ted background fftfemnces fron-i U1i:; non-patent 

literature identified ln the list that foHows. The !istEKi references, each of whlch ls 

incorporated t,y reference herein !n its enlireff, are referenceti further hereinbelow 

by U1eir respective identifyl,1t1 numerals. 

30 [00341 {'1} Kobayashi, et aL, ''Metal Organic Ghernlcal Vapor Deposition of 

lndium Phosphide Nanoneedles on Non--Slngie Crystal Silicon Surfaces," Proc. 
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[0035] {2} Kobayasl1i, et. aL, "Growth and Characterization of Indium 

Phosphide Single,.crysial Nanoneedles on ivfa.::rocrystal!lne Surfaces," ,Appl. Phys. 

A, VoL 85, l-6 (2006); 

(0036] {3} Kobayashi, et aL, "Ensembies of lndiurn Phosphide Nanowires: 

5 Physical Properties And Functk1ne! Devices Integrated On Non-Single Crystal 

Platforms,'· AppL P11ys, A, Vol. 95, ·wos-·10·12- (2009); 

[0037] {4} Goto, et. aL, ''Grow-th of Core,SheH lnP Nanowires for Photovoltaic 

Application by Sl'1:lBctive-An.ra tvletal Organic Vapor Pht.)Se Epitaxy" Applied 

·10 [0038] {5} Singh, et aL, ''Reduction in Swiace Charge Density By Nevv GaAs 

Passivation Methoi:V J. Phys. D: AppL Phys" V<.)L 8, lA2~43 ('1975); 

(00391 

Tht·mnally-Evaporated lTO/Ag/lTO Mu!tilayernd Films for Use in Color FlltBr 

Electrodes,'' World Appfa,id Scim1ces Journal 6 {1 _): 83--87 {2009); 

15 (0040] {7} Perklns, et aL, "Comblnatoriai Optimization of Transpamnt 

Conductin~1 Oxkles (TCOs) for PV," 3·1"'1 iEEE Photovoitak .. 'S Specialists 

Conference and ExhlbiUon, Lake Buena Vlsta, Florid<".!, ,.Ian. 3-7, 2005, NREL/(.!P 

[0041] {8} Pem, et aL, "Acci.:ilemted Exposure Tests of Encapsulated Si Solar 

20 Cells and Encapsulation MatEn-lals/ National Center for Photovoltalcs Program 

Review iVh::l::ting, Oenvet, Colorado, Sept H-11, 19:98, NREUCP-520-25J61 

('1998}; 

[00421 

25 Materials and Solar Celis, \/oL 92, Issue H, pp, 93(H-)41 {2008); 

[0043J {1 O} lyer, R, "Sulfur {1s a Surface Passivation for lnP;" AppL Phys. Lett 

53 (2) ( '1988 ); 

[0044] {11} Voyles, et al., "Absence of an .Abrupt Phase Change from 

Po!ycrysia!!ine to Amorphous h Silicon with Deposition Ternper(':iture," Phys. Rev. 

30 LtJtL 86 {24), pp, 5514-5517 {2001 ); and 

[0045] {12} Gao, L., et al., ''Self--Catalyzed Epltaxlai Grovvt!1 of Vertical lndium 

Phosphide Nanowires on Silicon," Nano Lett 9 ((-)), pp 222~3---2228 (2009\ 
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[0046] PV nanowires can be formerJ (e.g., catalytic,sl!y grown or otherwise.: 

generatEid) upon substmtos 11avlng different types of surface char;::1cteristlcs, PV 

nano\:vir€is can, of course, be formed upon substrates that exhibit long--range 

crystallo9raphic order along their surfaces, includlng cost-intensive bulk oystalline 

8 ,.,s>fr,,, "''Jh~·•,,,,.Je,_, Ll{'"i""I"''' ,,.~ _,..J,:;«;,('r·i·~)e(j. ''" (~YL{''~} ''')''r'~> pi/ f"·"'f"1,")<,"'"'"9' ,.,,,,, ,•,l,:,n .... '0•'<:.l!Q.• v, ll,_,,.i.i-c;,.,.---.;;. J-l ✓~.-,~·...:,,;,,.1 Qi.;; • ..... h.,;,..;.> •'• i -.-~ ~~) \~J ,. ~ ~t lh-..»~ \i J~Jo. :i; .,si.,v:},., -....•~.ni ,(;.;lv,> 

be formDd upon substrates that do not exhibit long~range crystaHogrnphic order 

along their st.irfaCE:is, but that do exhibit short-range cr:,1stallographic order alori9 

Hwiir surfao:is at thic) locations of th~) nannwires to be formed, For purpo&F;S of th8 

pmsent description, H1G term short n.sngF; atomic ordic~r (SRAO} is used 

-10 interchangeably with the tem1 short range crystallographic order. The material 

providlng the short--range atomic order, termed herein SRAO materlal, r.;:;,:-m be 

different or the sarne as the underty.inq material that forms the bi_ilk of the subst~1te. 

When diffen:mt from tht~ underlying substratt~ materiaL t.hH SHAO material can be 

forrried as a very thin !ayer them1,.ipon, which can be termed a template layer. 

15 Advantatwously, the substrate rnaferia! urKlerly\ng the SRAO template !ayer can be 

any rnaterial suitabk) to prnvide rnechanica! andior electrical support for the SRAO 

template !ayer refprdh:.:ss of the presenco or absenci::.i of crystalline character, 

provided only that its properties are otherwise consistent wiU·1 the purpose o:f the 

,jpparatus to be built By way of i::.ixarnp!e, the bulk of the s.ubstratD can comprise 

20 amorphous smcon dioxide, quartz, staln!ess steel, or chromium, By war of 

exampk), the SRAO h:impk1te !ay8r can be a 1 OOynrn thick film of hydrogm-iated 

amorphous sllicon or hydrogenated mlcrocrystalllne silicon, 

[0047] !f the PV rmnowires are fonr1ed upon a substrate whose surk~ce exhibits 

25 ,~.,.1rn be in {Jeometrk: f1li~1nrr1e-r1t with each other and that theinips will dse to similar 

heights abovG tht::: substrate surfact), lf the PV nanowiresare forrned upon a 

substrate having an short range atomlc order (SRAO) rnaterla! surface, U1e 

population of PV na1101;vires vvm be more !ikely to have a lesser (legree of alignment 

due to the muHiple different crystallowaphic directions imposed upon the 

30 population of PV nanowires, and there will be gmatEff variation in the heights of 

th.1;.iir tlps abov0 the substrate surfacti. The preferred PV n;::1nov,1irn.,coupHng 

fabrlcatlon methods described herei11belo1iv are presented ln the context of PV 

11a11owires formed upon sut,strates having SRAO material surfaces, !n addition to 
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represontlnrJ the rnore difficuH (and morn general) case due to gmater variation ln 

PV nanowire Up heights, the latter also rEipresents a morEi comrnerdally i:ieslrable 

case duEi to thEi availability of lo'~VElf-cost fabric-:.~tion processes, such as roll--based 

manufacturing processes, assodated with the witie flexibility in bulk substrate 

5 rnf1tetia! choices, lt is nevertheless to be appreciated, however, that the described 

met11ods are madi!y applicablt':; ln tht: conte.:d of PV narn::iwirtis formt:d upon 

SL,bstrates whose surfaces m,;hibit long t~:::1nge atomic order, such as bt,lk crystal!ine 

wafor substn:~tes. 

[0048] In relation to the fhc:;scription thatfollows, ii is to br:.: readily Lmderstr.1od 

·10 that the ''positive·· and "negative'' electrical polarities can of course be reversed 

depending on the materi~-ll structures ~-ind doping profiles of the PV nanowlres, For 

Me or rnore of the examples preser1ted hereki, the ''top" direction corresponds to 

an ouhvard din:;ction rt"'!!ative to a surfacF; of Uil'J substratH from which the PV 

nanowires an.:i gro\'\!TL How13ver, it is to be appreciated that the terms ''top'' and 

15 "bottom" are used for G-f.mvenience of dHscription and do not imply any particular 

orientation relative lo gravity, nor do they irnply any particu!fJr direction of solar 

ra:dlation entry into tht::i PV nanowire array,. 

[0049J Fl~1, 1 mustretes fabricating ~J PV nanowire structure according to sorne 

prefi3rrEid ornbodiments. Fig. 2.A. illustrates a simpliftecl cross-sec:tlonal vkiw of ono 

20 of the PV nanowire structures formed according to the method of Flg. 1, \<Vhi!e Fig. 

2B.illustratecs·a sirnplit1toidperspH;.fottoi view then:;ot At sttoip '102. a bottorn·toilec:fr.odt':J 

!ayer 154 ls forrned 1..1pon a substrate 152, and a layer t56 of n-type arnorphous 

hytin::.1genated sll!Gon (n~fype a-Sl:H) is formed on the bottom electrode layer 154. 

The bulk nf the substrate 'i 52 Slibstrate can comprise, for example, ,:'!rnorphous 

25 silicon dioxide, qliartz,.stainless steel, chrornirnn, or fln optically transparent glass. 

The bottorn 1$lectrode layer can cz1rnprise, for mmrnple, a rnetal su<:t1 as 

molybdenum or aluminum. 

[0050] At step 104 a nanoparUGle catalyst island ·1 ss, comprising for exampie 

gold or platinum, is formed on the n•type a-Si:H layer -156 at each iocatlon ·where a 

30 nanowirti is to be 9rown, The catalyst island ·158 will be shapi3d and dirnEmsiontid 

according to the desired profile of the nanowlre to be grown, ln onEi example, the 

catalyst island 158 can t,e generally c:lrcular with a diameter in thf.~ mnge of 50 nm 
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[0051] At step i 06, catalytic nanowir.e growth is cornmenced, for example at a 

temperature of 430 degmes Celsius for lnP nanowlres, ln conjunction \•vith thEi 

introduction ot appropriate precursor gases into the growth chamber, However, 

accotdin9 to a preferred embodiment, the nanowlre wowth process proceeds only 

5 to a hrne when the na110-wire tips are al a predetermined interrnediate hai9ht, such 

as 500 nm, abovEI thEi swrfac.e of tt1e n-type a-S!:H layer_ At this point, as illustrated 

in Fig. ·1, only a root section 160a of a nanowlre has been forrnEid. 

[00.52] At sho:p ·108, the lloimperatur~)' is U1toin raised to 500-600 tfagrE;ies, and thee 

pmcursor fJ8:Sf$ used in step 106 arfi kept the serne t';XCBpt that n-type dopants 

'10 are also introduced into the reaction charnbEir. Due to the raised temperature, the 

llpward nanowire growth, as cat~~lyzed by the nanopartlde <.-0talyst isiand '158, 

stops occun1n9, lnstead f1 rr1ore standard (non~tK".italyUc) crystall(}gr;iphic 9rowth of 

the lnP matmt,il occurs, \\11th U1e lt'.lleral sldt~s of the rootsectlon '160a serving asa 

"substrate'' for that growth. Accon:Hng!y, at step l08 thEI growth proceeds !ateral!y, 

15 rather than upwardly, to form ..,_,..,,hat ls essentially a cylindrfcal shell 162 of inP 

rneteria! around the root section 160s'J, and bec,::.iuse rHype dopants am introduced, 

the lnP shell "162 ls an n+ type she!L Thti lateral growth of the n+ type shell 162 

pro<~Jt~ds until its thickness {i.e., the amount that it extends laterally outward from 

the root section '160a) ls comparable to the dlametEir of the root section -1 eoa, e,fJ-, 

20 about 500 nm, Suitable n.,type dopants for step 108 lndude, for examplEi, Te, Sn, 

and Sl for the case of lnP nanowims. Notably, it is acceptab!ac and can lndrmd be 

advantageous lf sorne n--tloping of the nanowke mot section ·J 60a occurs durlng 

the step i 08, 

(0053] 

25 temperature is a9ain lowered to the ixevious c.ata!ytiG nano1ivire 9nJ\Nlh 

h:;rnpernture, such as 4'.30 dl:.:gmrss Celsius for !nP nanowires, and lhe upward 

catalytic nano'Nim grm•vth process is resumed to form upper nanovvlre portions 

160b, proceed\n~) until completed na11owires 150 at their full ultimate infemiecl 

height (such as between 2 pm to 5 µm, althou~1h the scope of the prfJSent 

30 teachings is not so llrnited) are formeft Optionally, after nanowire growth, a thin 

p:1sslvatlo11 layer can be applied on the surface of the nanowires to chemically and 

physically protect the nanowims and stabmze the surface of tht~ nanowires to 

reduce the density of unfavorable surface states. Such tt1in passivation layer can 
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be made by a technique such as atomic layi3r deposition that relies upon self­

limiting surface chemiC:.:ll reaction ot precursors containing desired chemical 

elements such that the voids among the nanowlres wl!l not bE:i filled, 

(0054] l-\t step ii 2. an optically transparent, electrically insulating solid i!Her 

5 rnf1tetia! !ayer '164 ls applied, such as by splnnltit1, such ihat the tips of the 

nanowires 160 am covered, For one preferred embodiment, the fi!kir !ayer 164 

compdsBs a spin--coating material, such as spin--on glass (SOG) or cyclotene, that 

is ;;01t)p!ied to the top of the nano\lvlm ,:.irray and then spun on, Notably, a variety of 

differt"Jnt rnateria!s for the solid fl!k~r layer H34 and rm~thods for achil::ving lht~ result 

-10 of step 112 are '.:vithin the scope of the preferred ernbodirnents, For example, the 

solid filler layer 164 can alternatively comprise one or more of Sl oxides, Si nitrides, 

A! oxide, Al nitride, or other materials that f1re optically transwirent emd electric,:1Hy 

insulating, and methodsr:.if apphcation otht~r than spinning such as spraying and 

inj13ctir1g via inkjet could bi3 used 

15 (0055] At step 114, the solid mler layer ·164 is subjed to a dry' etch, such as 

"°''ith 02 plasma, so that most of the nanowires 160 jut outwardly from an oubNfffd 

surface of the solid flllEir layer ·164 and are available to make good physica! and 

electrical contact with a tip-side electrode layer. Since the nanowkes ·Jeo are less 

affecb3d by thB etchin9, their tip ends wm look much like stubble or .,,.,,hlskE:irs 

20 sticking out of the solld filler lay€ff 164. The solid fmer lay'er ·164 may' 

advantageously provide i;)t .!t::ast some degree of passivation of tho nanowin:: 

surfaces .. 

[00561 At step i 16, the terr1per;:'lture is agaln raised to 50(l-600 degrees Celsius 

and the lnP precursor gases inlmduced into the Ghf1mber, this tirne in the presence 

25 or p~typex.lopants, to form a p+ type shell 'H36 around the tip ends of the nanowires 

160 in a lateral non-c;;'lta!ytic gro1,:vth process similar to that descrit,rn-.i above for 

step 108. Suitable dopants for step 1 ·16 include, for example, Zn and Mg for the 

case of !nP nanowires. Notably, H is acceptable and can lntieeti t}e tidvantageous 

if some p-dopin9 of ihe nanowire tip sections occtJrs riurin~1 the lateral tv-ovvth 

30 process of step 116, Mon.¥:iver, it is also acceptable and can be advanta~:wous, as 

shown ln the progress drawing adjacent to tiox 116 of Fig. 1, for the p+ typEi shells 

i6fi of adjacent nanowlres 160 to merge together. Altematlvely, there can be 

formed a p+ type layer using any of a variety of materia!s having a bandgap gmater 
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than the i ,35 eV bandgap of !nP, suc!l as lnGaP which has a bandgap .r,;,f i --!32 eV, 

With refer(mce back 10 step ·108 anci as rnustr:ated by the dotted line in the progn:)S.."'i< 

drawing adjacent to box ·116 of Flg. 1, it ls also acceptable and can lncki€id be 

advantageous far the n+ type shells 162 to rner9e to9eiher during step 108, Note 

5 th~H ~Jlthough the shells me are sho\vn as connected in Fitl i -2, there rnay be a 

gap betwtIEin them, as shown by tho dotted lines 199. 

[0057] :Finally, at step ·1 ·1 e, a transparent conductive oxide layer (TCL} 168 is 

-forrned upon and around the p+ typl:; &l'll::.il!s ·166, and grid-stylF; meta! electrode 170 

is 1'orff!l"Jd to complete ,.1 tip-skfo e!ectroda for- the overall PV nanowin?i structufe. As 

-10 illustrated in F\Js, 2A"2B, each PV nanowire stn.icture takes on an overall shape 

slmi!ar to that of a ;::kirnbbe!l, by virtue of the p+ type shells "166 near the nanowlre 

tip and then+ type sheH i 62 near the nanowfre root The resuHanf PV nanowlre­

based dtwice provides an advantageously optimized combination o-f good p-i-n 

photovoltaic properties, good root--s1de and tlf:H:;ide electrode connectlvlty and 

15 conductivHy, meGhanlcal and electric.al slabllHy, and arnenabH!ty to roll-based 

folxlc;atkm rnethods, 

[0058] Figs, 3A-C illustrate an a!temative rndhod of manufacture using a thin 

mask structure, according to some embocHmenls. One or rnorn aspects of sucr1 

ernbodiments may be further understood in viev\!· of so!edt:id background 

20 reforences from the non-'.patent litEirature identified ln the !ist that follows, The listed 

reft)rences, t)aeh of which is lncorporat~)d by mforence herein in its m1Umty, am 

referenced further herelnbe!ovv by thelrrespedive lderitlfying numerals. 

[0059] {1 :3J U, RR and Dapkus, D., et al., '"Dense arrays of ordered GaAs 

nanos:tn.icturas by selective <-1rea 9r{-iwtb on sut)strates P<-1ttemed by bkx~k 

25 copolyrner !itho9raphy," App. Phys. Lett 76(1~1)., pp .. 1689-1691 (27 fvlarch 2000): 

[0060J {14} Zhang, Y., et aL, "Patternt'ild growth and field ernission of ZnO 

nano1,:vims/ fv1aterla!s letters 60, pp. 522"526 (2006}; 

[0061] {15} Ho, s:r., et aL, "Catalyst-free selective-area growth of vert!ca!!y 

all~v1ed zinc oxide nano\lvkes/ Chemical Physics letters 463, pp, 141 ~ 144 (2008): 

30 [0062] {'16} Zhan9, Y., et. aL, ''SE!iectivo~art:ia growth and fo;3ld ernission 

properties of Zinc oxide nanowlre micropattem arn;.~ys," Physlca B 382, pp. 76--80 

(2006}; 
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[0063] {'17} Bauer, .. L, et at, "GaAs nano;,vires grown by MOVPE," Phys, Status 

Solidi 6 247. No, 6, 1294,,.1309 (2010); and 

(0064] 

nariowires," Nanoteehnolo~w 20, 395602 (6 pp.) {W09)-

5 [0065J Provided according to a preferred ernbodirrwmt ate methods for ftxrr1ing 

photovoltaic (PV) nanowire-based solar cells, aiong with the n:.isultant solar cells 

themselves, based on the methods of the incorporated patent n)ferenc(is, together 

with the St~lecth.le art'l!a gn;wth strtJtegies of the rnfoffmcl'l!S {13} V {18} abovt1, but 

w.ith et~rtain key difforences as set forU1 hereinbe!ow .. As illustrated in Fig. 3,4., tht~rn 

-10 is provided a short-rnnge atomk:: order (SRAO) Slibstrate 310, such as n--SU·t !n 

Fig. 38, there !s then provlded :a very thin mask !ayer ,)f SiO2 (or other suitable 

()xide) :l1Zabove the SRAO layer; fl mask layer f3'1:l is prefercibly so thin (!'or 

exampk~; 2-5 nrn) that it intrinsict1!1y contains a series of randomly and irrngUlar!y 

distributEid, sized and shapi:icl openings then9through. The openings can 

15 alternatively be called "holes" or "'voids," and the mask layer can be calleci a "holey 

film," TIH3 SRAO layer is exposed through those openings, and is not exposed 

elsewht::re, In Fig, 3C, the PV nanowire pmcursor gases are introduced into the 

cr1amber at a relatively r1igh temperature as needed for non-catalytic growth {in 

comparison to catalytic growth), and the PV mmowires grow non--cata!ytica!ly 

20 through the random, irregular openings in the mask layer. The P\l nanowirns do 

not grow thmut1h the n'::maining mask ;.'lreas, but rn:tlwr only tt1rough thl'l! openings, 

The result is photovoltaic nanowires formed in spatially random dusters over the 

(0066] Stated !J1fferently, there is provided 1Nhat it believed to potentiti!!y be a 

25 be Her fJltemat1ve to the pattefned selective area 9mwth (SAG) method of gm1;vk1g 

nanowires without using catalyst. In ocintrast to the Dapkus idei"'l in whk:Ji a 

dielectric pattern is provided over a crystamne s1:.1rface, the nanowlres growing 

through areas not covered t}y the dielectric, according to some embzxtirnents, a 

very thin dielectric film with lots of "holes," such as SiO2 (say~~ to 'JO nrn thick or 

30 so), is dEiposited to servEi as a randon-i pattEffn ovEff crystalline or amorphous Si 

surface, and the nanowires wm grow in areas not coverEid by th1;;: "holey" mm. 

[0067] Notably, the PV nanowires grown in this fashion could also be 
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conditions, so that all th13 nano\-vlres could b1Jcorne fat lt is also possible that the 

fat nanowires could simply grow togEither to form a quasi .. continuous layer or film. 

Again, the nanowlres could be made of inP, GaAs. GaN and other l!IN materials, 

Ni)tatJly, ac:cord!n9 to SZ)me ernbodlrnents, the latenll growth techniques described 

5 herein can be added to the ideas of the incorporated palent references above. 

There would bt') no need to deposit a larger u:1talyst wain, The nanowims could 

grow fat by changing the growth conditions anij st!ll have a tiny catalyst cap. The 

fat n:2inowinss could again grow togt~ther to forrn r1 quasi~conUnuous film as 

-10 [0068] A method of making 1!!-V mlcmwlm solar cell modules cornpatible to 

smcon crystal n1och.Jles will nzwv be described, according to some embodiments. 

The modules G<-m ose minimaHy rnodrfied silicon crystal module m<mufaGtudng cmd 

handHn~1 equipment as vvell as fitting into the standard panels for silicon crystal 

modules, This is particularly irnportant for cost ancl manLifocturlng yield 

15 considerations, 

[0069J 

crystal and the costs of such mm1ufacturing and handling equipment am well 

designed fJtid proven at <'l rnuch lower cost than specialized equiprnent for typical 

thin-fi!rn solar wll rnodukis, Thls cost advantage also applies to the standard 

20 p;:::1nels and mounting fixtures, 

[0070] A typical silicon solar eel! modull:; is six-inch square (6"x:6"), made frorn 

an eight--inch {8") silicon wafer. lt takes approx. 43 of these modules to add lip to a 

square meteL Thus, each sl!irn:m crystal rnodu!e typlcaHy delivers 3,5'1JV or less, 

Wherecis, each Stich size (6"xff') l!P/ n--1lcrowire sOl<-1f· cell module should de!lvef 

25 7\/{ For a silicon crystal solar cell rnariuracturin9 plant of GVv'/year (orm biHion 

watt/year) capacity, it would haw) to produce 800,000 such ff'x6" rnoduk1s per day 

x 360 days/year. lf yldd w·ere 80%, then the daily run rate vvould be over one 

rnilHon modules per tfay, 

[0071J 

30 fabricated according to cmts or more of the methods described in th,J above­

refoirenced applications that art.: incorporated by reference herein, with the 

additional constraint that they are made in dlscrete, indlvidually rnanlpu!ab!e p!ates 

or sections t1aving unit sizes that correspond to the sizes of conventiona! silicon 
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crystal wafers, The ! l!N micro\-vlre solar cG1I! units or p!atEis are formed sud·1 that 

they can be "substitutEid" in place of the o:mventional sllicon crystal wafors in a 

conv0nllonal solar ce!i module-•maklng proc0ss, \ivlth only relatively minor 

modifications to that process. The result is soiar panel modules that have the 

5 general kmk, feet and applicability of conventional St)lar panels, except that they 

are advantageously basod on HI-V microwlre-basr~d solar coll technology instead of 

coiwEintional sWcon er/Stal wafers. 

[0072J 

rnicmwin:; solar cell modull:; is made on {A) 6"x6" (or sl.mHar size as crystal silicon 

·10 standards change) glass or other transparent substrate, or on (8) 6"x6" non,-g!ass 

op0cwe or metal substrate. A rnanufachirln9 proc:r,.iss has been dlsclosetl in the 

above~referenced prior dlsdosures, A key is to t)e able to ~ise standard rnulti~w<':ifor 

silicon crystal rnodu!e manufacturing and handling equipment with rninirnal 

modifk:.,_':tfions, This vlould subst,~ntla!iy reijucE} thE:i equiprrn:mt costs for m-V 

15 rnicrowire solar cell mzxlules, 

[0073J An additional benefit is the yield rate wiH be much hi9her than making a 

much larger module than 6''x6", which most current thln-.:fHm solar cell 

manuf·acturnrs do, For exarnple, Applied fv1atedafs thin~filrn module wfJS recently 

increased fmm 1 A square meters to 5. 7 square meters, vlhich ls respective 

20 equiv;3lent to 60 to 245 times the slze of 6''x6" modules. For exampie, if the yield of 

a 6"x6'' module is 95t}o, then 1 A and 5:7 squan:; mr;,ter modules would havt:; 

respective yield of (0,95)60 ~ 4.6~>o and (0,95)245:::: 0,0003%. The yle!d !s a very 

important cost factor, espedai!y during the early years of the rnamifaduring rarnp 

25 [0074] 

voltaic nanowin::Js- fonnl:;d on ,cJ ·1 ·1 > ciysiallhwi silicon substrah:;s \<\<'in now be 

descrlbed, ;:.~ccording to some ernbodiments. The embodiments am relatecHo the 

teachings of VV02011!0?5733A1, which is. incorporated by reference herein in Hs 

entirety, and is rnore parHcuiar!y directed to lll-V photovoltaic (PV) nanovvire-based 

30 solar enerfJY conversion devici::3s. Generally speaking, the many e.1<.ampk.:s set forth 

in W02011/025733A1 for the grovvth of PV nanov,.1irns and the formation of 

optirable photovoltaic solar panels therefrom, including methods for PV nanowlre 

stabilization and forming opemt,!e electrode sin.Jct.urns suitable for field use, are 
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applicatJle for contexts in whlch the H!-V PV nanowires an:.! formed upon substrates 

vvhose si.irfaces exhlbH long range atomic order, Si.H::11 as bulk crystalllnEi wafEir 

substrates. According to one embodiment, it ls desirable to levEirage the man1' 

t£achings set forth in WQ20"l "l /025733A 1 for P\/ nanowire-based solar ceH 

5 forrnatioti for a particular context in which 111...:\/ PV nanowires are ~1rown on a highly 

rHype (or p-type) doped -::.:·1 ·1 ·1 > crystal!owaphlc plane of a silicon wafer. 

[0075] One way ls to grow th1:9 PV nanowires using gold catalyst on a highly n--

type dor.n::.ir.l silicon's <:iii>- crysh.1!!ographic plane of thfJ silicon wafer_ The surfacF.: 

could optlorml!y buffed, rBactive l::tched, or slightly rrn:;chanica!!y rou~Jt1ic1ned to 

·10 promote the initiation of gro\>vth. Since th1:e growih is on same cry<stallographlc 

plane, the nano\•V!res \-'l>'Hi grow more parallel to each another, vvhich is different 

from the more r;:indom orh:intation on wowing or1 non~crystaHine St.Jrff1ces covered 

with a layrH" of amorphous silicon .. The grovvth process could stm bt~ similar to that 

WEi disdosed for growlnq on non--crystalHnEi surf;Jces, using MOC\/D for exarriple. 

15 After grov~1h, vve can do the same atomic layer deposition passiva1km, fiH and etch 

back, end d{➔f)OSition ofp-type Si, TCl, etc, at taught in W020i 'l/025T:mA L 

Alternatively, we could also dope both ends of the nanowires, p-type anci rvtype, as 

'we have disclosed hHfore in the comrnonly assi9ned lJS. 61 i3B1 ,930, supra. 

[0076J Each of the fo!lowinG refornnces discusses orm or mom aspects of 

20 growing 11 Pl nanowlres on crysta!HnEi silicon < i 1 i >- substn,.'ltEis, and each of the 

following rt~fornnrns is incorporated by mfornncl1 hernin in its entimty: Bao, X., et 

at, "HetE}roepitaxial Gro\vth of Vertical GaAs Nanowires on Sl ( ·i ·i 1) Substrates by 

Meta! Organic Chemical \h.ipor Depositkm,'' Nano Lett 8 (11 ), 37SS~3760 (2008); 

and Mi, Z., et aL, "lll-\l Cornpound Semi(x)ndu"~tor Nm1ostructures On Silic;{,m: 

25 Epitaxial Gn.)<.ivtrt Properties, And Applications ln U9ht Emitting Diodes And 

Lasers,'' J. Nanophntonics, VoL 3, tXH602 (23 January 2009). According to one 

preferred embodlment, it !s desirable to forrn the P\/ nanowlres such that the I­

re~*-x1 of Bach nanowirn is at least 0.2 pm m length. 

[0077] 

30 compatlbi!lty with roll~basE:d pmo.:issi:es, etc.) are not sharE:d for the curmnt!y 

disdosE.id embocHment of using sllicon w,:.:ifers as substrates for gro',vlng the H!--V PV 

nano\,vlres, and therefore the costs may be higher ln cornparlson to growlng on 

11011-orystalHne surfaces, However, sinrn the lll.V nanowire PV eel! (iescrHJeti 
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herein inherently has rrnJch hlgher convf:,rsion efl'lckmcy than crystalline silicon, the 

n-a:sultant cost per watt wm still be lower than conventional photovoltaic cells made 

of cr)"starnne sl!icon. 

(0078] Methods for fabricating nanowire-basetj photovoltaic solar cells on 

5 roller-bc1sed substrate material wm novv be described, according to sorne 

embodiments, According to sorne embodiments, high-effidency solar Cl.'3lls are 

fabricated on a continuous substrate, such as a rolHo-ro!l based substrate, 

on a flexible substrate, such as roll-to-roll baSt'}d substratt"JS, According to sorne 

-10 ernbodirnents, PV nanowir0-based solar cells are fabricated on a continuous 

substrate, such as a ro!Ho-roll based substrah,.:, Ac<.x1rding to some embodlmenh, 

single cryst<1!!lne rmnostrudure~based solar cells are fr-.ibricated on a contlr1ucn1s 

sut)strate, such as a roll-to-roll based substrate .. 

[0079] Aspects of the currently disclosed embocfo11E:i.1ts may be mon? 

15 thoroughly un(ierstotxj in view of the following references, each of which is 

incorporated by refBrence herein in its entirety: {19} Goto, et aL, "Growlh of Core-­

Shell lnP Nano1,,vin:,is for Photovoltaic Application by Selective-An:1a Meta! Organic 

\/apor Phs'lSS Epitaxy,'' Applied Physics Express 2, 0350fH~i<1 {2009); {20} U.S. 

Pat1:.:nt No. 7,608,SJO; {21} PCT lnternatlona! Patent Application No, 

20 PCT/USi0/46334; {22} U.S. Patent No. 7,608,530, issued October 27, 2009 to 

Kobayashi tmd Wang, enbt!t:;-d "Hett"lro-Crysta!line Strnciun.'J and Metflod of Mi:1klng 

Same"'; {23} Singh and Hartnage!, "Reduction ln Surface Charge Density By New 

GaAs Passivafa:.m Method," ,J Phys. D: Appl. Phys., Vol. 8, pp. L42-L43 (1975); 

and {24} Pem and Glick, ''A(,~Gelef(".lted ExpOSlJfe Tests of Ef1{,~)pSlJlated Si Solar 

25 Ce!ls and Enc<'-.ipsubtion Materials," National Center for Photovo!taLcs Prqv1uri 

ReviBw fVh·1t:!ting, Denver, Co!orndo, Sept 8-i 1, 1998, NREUCP--520-25J6i 

(October ·1998). 

[0080] Fig. 4 illustrates a cross-sectional vievv of a PV narHJ\,\<im-baseti solar 

cell, accordint1 to sorne ernbodiments, PV rn:mowire~based soiar cell 402 {PV 

30 nanowin.,i-has0d photovoltaic energy conversion devico) includes an array of PV 

t1I.1nowims 404. More specifically, for a preferred embodimEint of Fig, 4, the array 

of PV nanowlrns 404 is sandwlcheci between a root--sidti electrode 407 and a tip-­

skie electrode 415, The rooH;ide etectrode 407 includes an SRAO layer 410 (for 
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exampl1;;, n-typ1;; amorphous hydmgenatod silicon or a-Si:H) and a rrn:.itamc layer 

408 (tor example, molybdenurn or aluminum). The root-side e!cH::trod(I 407 ls 

disposed upon a continuous substratci 406, v.;hk:h according to some embodiment 

is stainless steel. Accordin9 to sorne erntiodlments, substrate 406 is taken frorn a 

5 roll ant$ eel! 402 ls manufactured on substrate 406 as part of a roll manufacturing 

process. Accordin9 to some embodin1ents, the substrate 406 is electrlca!ly 

conductive., and can be consklewd as part of thci root-side cilectrode. HrH:;ide 

elf.:)ctrode 415 comprises a layFff 4 ·16 of an optir;;;)Hy tn,1nsparnnt f,ilectiic.-1:lly 

conductive material, such as an opticaHy transp.;1rent l~k~Gtrica!ly conduetive 

·10 sernlc:ondudor material including p-type a--Sl:H, and a transparent conductive layer 

(TCL) 4 '! 8- AHhou[1h the PV nanow!res 404 are shown as havin9 rectangular 

cr,Jss~sections, they can likewise have a nanoneedle characteG witholJt depariir1~1 

from the scnpl~ of thr,i preferred ernbodiments. Accordin~1 to some ernbodiments, a 

solid layer 414 of transparent insulating filler material !s dispos13d in U10 spacEi 

15 beht,een the root-slde electrode 407 and Hp~side eiectrode 415, buf ft does not !W 

all of the air spaGe arnon9 the PV nanowfres 404, whereby there is an air gap layer 

412 dispost:;d between an inwardly facing surfacEi 414i of the solid filler !ayE!f 4 i 4 

and the rooH~ide eh.tetrode 407. The tip ands of uw PV nano-;,s,1\res 404 jut 

outNardly beyond an outwardly facinq surface 4140 of the solid tmer !ayi.;3r 4 ·14 into 

20 physlcal and elfXtrlcal contact vvith the tip--side e!cictrode layer 4·15. 

[0081] 

effects, such as absorption, heating, and darkenit1£l over tirne, that wou!d be 

bn.:iu9ht aboiA by an insulator materlal that fully extends over the lengths of the PV 

25 nanowires and providing a stable platform upon which to fabricate the tip-sfde 

electrode layers of the device.. Additionally', by the juttat,!e extm1sion of tt1l~ tip 

ends of the PV nanowires 404 beyond the outwardly facing surface 4140 of the 

solid filler !ayer 414 and vveH into tt1e material of the tip-side electrode layer 415, 

superior electric.a! contact with the tlp-skfo electrode layer 415 is achieved for 

30 promotin9 superior overall perforrnance. 

[0082] According to some embodiments, the air g;Jp 412 occuplE:is at !east 

tvventy-five pf.:m:.:ent of the vertical spacci between the solid fl!!er h:.1ycir 414 and the 

root-side e!ectrcn:ie 407. For another preferred embodiment, nm air gap 41.2 
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occupies at least fifty penx.:nt rJf the vertical space between thE: solid fmer !avi.::ir 4-14 

and the root,.side electrode 407. For another prEifom:d embodiment, the air gap 

412 occupies at least seventy,,fivEi pBrcent of the vertical spr:.K:Ei betwEiEin the solid 

filler !ayer 4 i 4 and the root-side electrode 407.. Notably, in view of the rnaterla! 

5 characteristics of the soHd filler !ayer 4 i4 (optically transp<'lt\~nt electrically 

insu!atlng\ it ls not required tl1at the air gap 412 biJ provided ovtw one hundmd 

percent of the lateral extBnt of thEi root-side electrode 407, because the device 

of ths solid ·finer h:.iym· 414, although tht~ advantages of U1e air fJap would not be 

·10 enjoyed at those contact locations. 1--\ccordingly, some drooplng or sagging of the 

solid filler layer 414 toward the root~side electn::.Ki.e 407 as may occur during tlevlce 

fabrication, induding somB flreas of contact thBretJeh'VBBn that ;::ire not statistically 

ovE,rwht~lrning no1lative to the overall lt1teral extt~nt of the dtwice, may be acci.:.:pt.ablo. 

[0083] According to sorne embodinwmts, each of the PY nanowkes 404 is 

15 intrfnsk:aHy doped akmg all or subst.ant!ally all of its length tiewleen the root-side 

electrode 407 and tip-side electrode 41$, <,,vith a photovoltaic cell bein9 formed by 

vlrtue of the p-doped layer 416 at the tlp Eind and the n~doped layer 4-10 at the root 

end, For this prefern'Jd ernbodirnent the r1anowire army 404 acts as the i-region, 

that is, each PV nanowlm 404 ls an i--region along its entire ii;)ngth. As used 

20 he min, i-mglon refers to a sBn1iconduc:tor region that is an lntrlnsk:aHy doped 

sernic.onductor rt~girm, or a semiconduc:tor region that ls not intentionally dopod, as 

contrasted w·!th p,mgion or p--doped region (lntentlonally P··doped) and n-·region or 

n...,doped region (intentlonally n~doped). According to some other embodiments, the 

tips of thB PV nanowires 404 can be doped of a simibr type eis the corresponding 

25 electrode. For embodirnents having an opaquB substrate 406 such as in Fit)s, 4-5, 

the light photons EH'!ter tho device from the top (tip--side) through tho transparont 

conductive layer(TCL) 418, then througi1 the ti1in (10 to 20 nm} transparent p--type 

electrnde layer 416, and then to the array of PV nanowires 404. TCL 418 can 

comprise a transparent conductive oxide, such as !TO (indium tin oxidf;), or 

30 altemativdy any of a variety of different materials known to be both conductive and 

transparent, preferably with more than 80%., Hght transmission. !f is to be 

appreciated that it. ls within the scopB of the prefo,rrEid embodiments for the 

described tiop.ing configuration& to be reversed, for exarnpl(-:l, for ttHJ p-lype 
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electrode layer (and p-type nanovvfre tips) to be at the root sldE: of the device of Fig, 

4 and n,.type electrm.ie layer {and rHype nanowire tips) to be near the tip side of 

the device. According to somEi embodirnents, the ce!I 402 inc!udes a pn:itecth1Ei 

glass layer 4~:'0 on top (i.{~,, on the tip-side of the PV nanowlre-based so!ar cell 

[0084] Fig, 5 illustrates some fabrii.A:iHon skips of the devici_:; of Fig, 4 accnrding 

to some embodiments. According to these embodiments stainless stEiEii substrate 

506 in a continuous form such ~1s t:l ro!I is used. At step 552, th~) staink)ss sticcitcil 

swiace can be textufed or roughenm,i, which will incmrise light trappinn by alk)wing 

·10 the incident light photons to back"reflect \Nhen the PY nanowlres to be grown will 

have hlgh aspect ratios {greater than 20:1, for example), they will generally he 

natwaHy lifJht trappin9 and so tM texturing ti the substrate mflY be less tmnefk~iaL 

However, when the PV nano¥vin.cis to be grown win be short and stubby according 

to somi9 embot.Hrrients (less thm'i 20:1, for·example}, thiey rr«.:iy be less nah.irn!ly 

15 light-trapping and therefore it \,'-l'ill be more beneficial to lfrxturize lhe stainless steel 

surface as in step 552. 

[0085] At step 554, the stainlE:ss st~JE:! swiace ls. sputtEired or evaporation 

coated with a layer ol' rnetal 408 such as rnolybdenurn or ahJminurn or other rnetals, 

the layE:r 408 thus also facilitates bottom elEictrode {root-sicie elEic:trodE:) 

20 functionamy in conjunction with the n--type electrode layer 410, The metal 1ayer 

408, on the textured substrate: surface, could a1~·K, rMlect back into tht":J nanowim 

array any transmitted photons, Also at step 554, tr1e electrode layer 4 ·10 of n-ctype 

a-Si:H Is deposited, for example by PE.CVD (p!asrna enhanced chemical vapor 

deposition).. Alsz} at step 554, the P\/ n(:)n,1wires 404 <'-m'~ grown, iwch flS t)y 

25 MOCVD (meta! orqaniG chernical vapor deposition) or CVD (chernical vapor 

deposition) outwardly from the electrode !ayer 410 with or without the need of 

catalysts, using for example one or more techniques dlsc:ussed in lLS. Patent No, 

7J:KlB,5:;m, The nanowirns gmwn by such technique could allow for the desi{_1!l of 

PV nanowire .arrays with better qeornetry, According to sorne ernbndiments, the 

30 PV nanowires 404 should have a diameter in the rangB of 100 to 500 nm Broader 

ranges, such as 20 to 1000 nm arEi also usable. One partic~rlarty important feature 

is the cmss--sect!ona! aspect ratio of the PV nano',vims 404 {ratio of length to root 

cross-secUonal dimension}. For better performance, lower aspect ratios are morn 
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deslrable, preferably in the range of ·1: 1 to 20: 1, \lvhlch is in contrast to knov,1n prior 

art PV nano\:i,irEi aspect ratios that are much larger than 20:-1. 

(0086J At steps 556--558, the layer 414 of opfa::al!y transp;;.1rent, ekic:trlcal!y 

insu!atin9 solid filler material is formed that lateraHy surrounds the PV nanowires 

5 404 s"Jh:m~1 a portion of their len9ths, wherein the f-orming is carried out such that (i) 

the air gap 412 rernalns between the root-slde electrodt:i 407 and an lnwardly 

faclng surface 4 ·14i of thEI so lid filler layer 414, and (ii) thEi tip ends of the PV 

nanmviff.is ·104 ~":Jn."'l _juttedly t"'lxpost:id bff/ond m1 outwm·dly facing swiact"'l4 "l4o of 

the sol.id ·fillef layH 414, At step 556, the optica!lytransparent electrically 

-10 ins;,_1fatln9 soHd filler material is appli0d, suc:h as by spayin9 or injecting via inkjet 

For one preferred embodinwnt the fl!!er m~~terial comprises a spray-coating 

rnateriai, such as spray-on 9k:iss, that is applier,~ to the top of the P\l nanowke array 

via om"'! or more sprayer heads, Note that according to sorne preferred 

0mbodimi3nfs, thEi filler material !s sprayE:icl on such that the air gap 4·12 remains. 

15 Af step 558, the solid m!er layer 4 ·14 is subject to a dry etch, such as with 0 2 

plasma, so H1at. most of the PV nanowires 404 jut outvvardiy from tt1e outward 

surfece 4140 ofthe solid filler layer 414 cmd are avai I able to rnake good physical 

and electrical contact with the tip-side electrode layer 4 ·15, Since the P\l nano,Nires 

404 an.:i less affected by thi.:i Eitching, their tlp onds look much like stubble or 

20 ',Jvhiskers sticking 01.it of the solid filler layer 4 ·14. 

[0087] Notably, a variety of differnnt materials for the solid filler layer 414 and 

mett1ods for achieving the result of steps 556--558 are within the scope of the 

preferrezi embz)(:liments, For example, the solid f!ller loyer 4 ·14 can anem(1tively 

compdse one or mNe of Si ox.Wes, Si nitrides, A! oxide, Al nitride, or other 

25 rnateria!s that are optically transparent and ehJGtrically insuleJtin~J. Accordin9 to 

some l$rnbodiments, U1ft depth spacH bet11vet"'ln the PV n;;:n1owirf;S is kit partially 

unfilled, thereby !ea:vlng the air gap 4 i 2, In thls way, the filler rnaterl31 will not 

absort, substantial amounts of the inGt(lent photons before reachintJ the i-region of 

the PV nanc.iwlres, An optic~-,Hy transparent, electriGally insulc1tint1 -filler rnateria! that 

30 is some1,,-vhat phobic to the PV nano.,_,vires so that it does not "vvef' well to the 

nanowims may be preforred. Adv;::mtageously, upon c:omplefam of stEip 55B, thEi 

ouh'l1;,1rdly facing surface 4·'l 4o ,:)f the solid filler layer 4 i 4 ls available as a stable 

platform for the formation of the tip-side e!edn:.xie layers 4i6 anti 418. As used 
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herein, the terrn "!ayer" should not bt;:_i construed as limiting such itern to a single 

material, but rather a !ayer redteij herein such as the so!ld mi.er !ayer 414, the 

passivation lay'Br 656 (ln Flg. 6), root .. slde electrode layer 407, or up.,slde electrode 

!ayer 4 i 5 can (x,rnprise rnulUple subtiyers of different materials, 

5 [OOSSJ At step 560, for this preferred ernbodiment a p~type layer 4 ·15 nf 

amorphcn.1s Si:H is deposited on the outvvard!y faclnfJ surface 4'14o of the solid fmer 

layer 4·14 by a PECVD process. flna!ly, at step 562, the TCL 418 (transparent 

conductive fayer) is dF;posited, Then:J are a number of wt::!l-known materials U1at 

can bt:; used for H1e TCL 4 °18 that an.:; suit~:Jble in photovoltaic cells, such as SnO 

·10 (tln oxlde), !ndlurrHin mddes (!TO), ZnO, etc,, as well as norH:ixide materials that 

are sutistantla!ly contilictive and sutistantl.:.1Uy transparent. 

!n another preferred ernbodirnent as wW t)e discussed further infra, 

before formh19 the solid filler layer 414, an atomic layer of Si oxide or A! oxide ls 

dEiposited onto the nanovvires to coat th13 PVnanowln::is using atomic layer 

15 deposmon method for passivatin9 the surfaces of the PV nanO\!'i'ires an<.l increas\n~1 

overail efficiency. 

[0090] Prosentod tJy way of oxarnple, and not by way of Hrnitation, are ty'pical 

dirnenskms and rnaterials for the various !ayers o:f the P\/ nano--.,,.,1\reybased soiar 

eel! 402 of Fig, 4, Tho mi::ita! layer 408 ~l\!·il! typicaHy be greater than 100 nm thick 

20 and comprise :3 metal and/or n1Eitarnc alloy such as ~'10, Cr, NlSl, Eitc. ThEi n., 

electrode laym- 4 ·10 wm typicai!y be iHypt~ a-Si:H (8 dormd a-SiyH, etc.) having a 

thickness greater than 50 nrn, Tho PV nano\.vires 404, which have the preferred 

dimenslons and aspect ratios described supra, can comprise Group IV, ll-V!, or l!l­

V semicondw.::tors and reh:,ited aik)yS. For one preferre(J ernbo(Hrnent, the 

25 nanowires 404 wiH have lengths and dic)rneters of about'iO nm or greater, <-lff:in so 

as pmfr1mbly to ke~)p their aspm~t ratios !ow to rnakt:.: tht'.:ir surfaco area to volume 

ratios low. The p,-e!ectmde !ayer4·16 will typically have a U1ickness greater than 10 

nrn anti rn.Siy comprise \iVirJe bamigap non-single-crystal sern1conductors such asp~ 

type aySi:H, rHype rnc-Si:H, p-..:type SiC, etc. The TCL 41H wm typicaHy have a 

30 thickness fJrEiater than about 500 nm and vvrn prefornb!y comprh~Ei a wldEi bandgap 

transparent semiconductor (ffO, ZNO, etc.)- Thti PV rmnowire-basEid sot.'lr cell 

402 will ;:ilso comprisei a mesh--stylei e!edrode layer (not shown in Fig, 4) ;:itop the 

TCL 4 i B, the mesh-sty1e electrode !ayer being optimally designed lo provi(ie 
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electrical connectlvity to the various areas of TCL 418, vvhile at the same tirne not 

covering too muc:h lateral ,:_wea so as to a!lov,1 most of the incident light to pass 

through to the TCL 418 and the underlying layers, 

(0091] Fig, 6 rnustrates fabrication of a PV nanowire~t,ased solar Gt~.!! accordin~i 

5 to some ernbodirnents, At step 602, PV ns'mrw,1ires 652 are !brrned upon a 

continuous substrate 654, such as stainless steel frorn a roll source, Tile substrate: 

654 inckides a rooH,idEi electrode structure {not shown) inc!tKling an SRAO 

surface (not shown) sirnHar to those described atKJVt)' from .,,.,,hich U1E, PV nanowims 

65.2 are grovm, theso elemt~nts boing omittt)'d from the present description for 

-10 clarity of disclosure, PV nanow!res amenable to passivation rnethods according to 

one or morn of the preferred embodiments can be formed upon substrates that 

exhibit lor1gyrant1e atomic z)rder, substrates having SRAO materia1 surfaces, or 

ot!1er suitable substrates, 

[0092] At step 604, the PV nano\Nires 652 am pass;vated by forrn;ng a 

15 passivation !ayer fl5t1 (which may itself comprise mulliplo individual passivation 

layers) on each individual PV nanowire 652, The passivation layer 656 can be 

formE:d using methods 1ncludi!1fJ, but not limited to, atornlc layer dopositlon, Atomic 

layf:ir deposition can be particu!arlt advantageous for rnridom!y oriented ensernb!es 

of nanowims 1,~Ath h;gh aspect ratio for w'!lich conventional chtimica! vapor 

20 depositlon may not be sufficiently func:tionaL Atomic lay'er deposition wm provide 

conformal doposition that unh'ormly covrsrs. eomplicatt)'d geomt)'trica! surfaces 

resulting frorn random!y oricintedensembles of nanowlres, Suitab!o rrmterials for 

the passivation !ayer 656 include, but are not !lmited to, a!urnimim oxide, tin oxide, 

maniurn oxide, silicz)n oxide (:mrJ certain nitrides, .!n z)ne preferred embodlment for 

25 ,~.,_1hich the PV narn.)s,.,_1ires 652 are fbrmed from lnP material, the pf1ssivatkm process 

comprises depositing a thin !ayi:;r of SiO;? on tl1e PV nanov,tin:!s 652 by placing thi:; 

assembly in an atomic layer deposltlon reactor and introducing two precursors 

containing silicon anr.l oxytran that read spontaneously even at worn temperature, 

Prior to the deposition of ;:;1 P<'JSSivation !ayer, the surfaces of the PV nanowires 652 

30 could bo chomic;-;1lly pretreated to saturate dangling bonds on the surface, For 

instance, a process tl1at employs chemicals that contain sulfur uslng ammonium 

sulfide was found very effective way to reduce ;:idverse surface effects as 

described in lyer, R, "Sulfor as a Surface Passivation for lnP," AppL Phys, Lett 5J 
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(2} (1988), which is incorporatod by reference herein ln its onfo-ety, Howi.:.M:H', an 

enserr1blEi of nanowlres is lnhercn1tl1' hydrophobic, thus a si..niace treatmEint based 

cri solution ,,,,_,-m not vmrk as uniformly on all n;::3nowlres within an ensemble. 

lnste;;.Ki. it is morn preferable to place a sma!l amount of solld sulfur in ;;itomlc !ayer 

5 deposltkm reaction charnber durin9 the deposition of a passivation layer_ The sulfur 

pretreatment process serves to protect, or at ltK:ist stabllize, the surface c-f the PV 

m.rnowims 652 against thermal degradation during the deposition .of a passivation 

rayBc 

[0093] Subsequl~nt to the p,1ssivatlon of the PV nanowims ti52 tJt sll~p 604, the 

-10 rernainder of the solar cell fabrication process.can proceed accordlng to one or 

rnorn methods described above 'With res.pectto Fig. 5. The remainder of steps tif 

Flg. 6 are similar to the latter steps of the fabrication rnethod .of Flg, 5 that results in 

the devicF; of Fig, 4, At step 606, a !ayer of substantially transparent insulating flllt~r 

material 658 is appliEid, pr&fi:;rably in a manner that leaves an air gap 660, At step 

15 608, the filler iayer fi58 is subject to a dry etch, such as with 0 2 plasma. Slnce the 

PV ncmowires 65:t are less affected by the dry etGh, the ;;ippe;;irance ls much like 

whiskers sticking out of the transparent insulating filler 658, Advantat1eously, a 

significant longitudinal portion of the PV rnmowims 652 are now ava\lflble to n1a!H.~ 

electrk::c<11 contact ,,.,,11th thi.::i top layers, rather than just the top tips of thEi P\/ 

20 nanowires. In addition to etching back the fil!EH"" rnaterlal 658, the dr1' etch step 608 

should a!so st1tve to t1tch back H1t1 passivation lc'lym· 656 above thB surfac:e .of the 

filler material 658 so to expose the tips and upper siijfNta!ls of the PV nanowlrns 

652,. to facHitate electrical contact with the subsequently' applied p~type layer of 

amorphous Si+t At step 612, lt1e p-type layer 662 (i arnorphous Sl:H ls deposited 

25 on the fiHer !ayer by PECVD process. Advantaswously, by virtue of the etchln9 

step 608, a better nf1mic contact is Hstablished b~itv;een each PV nanowirn 652 

and the a--Si:H !ayer 662, since the a--Si:H layer 662 no1.v can rnake substantla! 

contact vll'in1 the upper side walls of the PV nanovvires 652 rather than just the very 

tips of the PV rianowires 652. Finally, at step 614, a transpamnt conductive fayer 

30 664 (e.g._ comprising tin oxlde, inijiunHin oxides, zinc oxide, or other substantially 

conductive and substantlally transp;3rent material) ls fom1ed above th,: Sl:H layer 

662. 



PCT!US2.HJ 1i05Hi91 

[0094] Conventional uses of a passivation h.syer on a semlcondwctor surface is 

rather passivi::l in the sense that Ei!ectronic states associated vvith the presence of a 

surface are inactivated so that thEiy tio not contribute to the dectricai transport 

properties of t1u!k semiconductor undcimeath the suiiace, ln contrast, vvithin our 

5 frarne work of passiv<'Jlion of PV nBnovvlres, we explidtly control the eleGtrical 

transport properties of PV nanowin::is by tuning the electronic struc:tures established 

[0095J 

passivation layer and a semiconductor surface by contro!!ing, for instanclo:, 

'10 bandgap of a passivation layer or thE} denslty of bwilt--in ionized irnpuritles in a 

passivation layer, \'\i'hich can be very advantageollS for PV nanowires, Unlike a 

serniconductor surface that exists on a blilk semiconduc;tor that h<'JS lnfa:ilte 

thickness, the diametBr ofa nanovvire is very small, thus an l'.Jlectmnic band that 

dEiforrns at the surface of a nanowire can be interacted insklEi of ;J nanowire. As a 

15 result, photo-generated excess electron and holes can be confined f..~ither near the 

center of a nanowirr➔ or near the surfr.1ce of a nanowire, The b<'Jtid bending at the 

surface of a nanowire can be intentionally control!t~d by, for instance, having a 

[0096] In the PV structure that employs PV nanowires des.cribi;:id rmreinabove, 

20 all nanowims in an ensemble of nanowkes have a bullt"'in electric field parallel to 

thto: long axis of nanowlrns, thus, charged carriers confinmi near 011:; centrK of a 

nanovvire can be swept away by drift wm1owt gettintJ scattered at the surface of a 

nanowire while chamed carriers confined near the St.Hiace of a nanowire will be . . . . w . . . . 

25 electron or hoie 9as), which irY::proves overall PV properties, 

[0091J The tt~rrn ''rnicro-win:;s" nr "rniemwln::s" can bB used to n?ler to the PV 

nano1,:vires 652 1,vhere their root dimensions approach the order of hundretis of 

nanornefers. 

[009SJ Fltl 7 is a block diagram showint1 stations of a continuous substrate rnll 

30 manufacturing process. for fabrlc1c1ting PV nanmvirE:-basi;:id solar cel!s, according to 

some embodlrnents. According to some embodlrnents, each station has the same 

length and the process is carried out at m.'lch station while the substn.:ite is 

stationary. F0How1n~1 a set amount of time, rm example 5 minutes, the processes 
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at each static-n am complete and the substrate Is advanced and stopp13d such that 

the portlon of SL,bstrate that was processed by the:1 prevlous station is aligned for 

processing at the following statlon. Through this start,.stop process of lndexei:l 

advancements, thH P\l nanowirn based solor cens are fabricated on a continuous 

5 substrate such as roiled stainless steel 

[0099] At station 710, th13 root skfo electrode is deposited, Station 710 

corresponds to part of step 554 in Fig. 5 in 'Nhich a layer of metal such as 

molybdtoinurn or aluminurn or other rneh'.lis fnrrr) a part or all of tht~ root side 

ell'.)Gtfode, According to some t~rnbodiments, the processing temperature is about 

-10 25oc•c. Prlor to station 710, a pr0-h1Jatlng statlon may be used to raise the 

temperature from room ternperature to dose to 250''G, At station 7·12 an 

amorphous smcon, for examp!e n-type, ls formed via a PECVD process at 

apprnximatt:ily 250~'C, whicl1 also cormsponds to part of step 554 in Fig. 5. 

[00100] At station 714, thB substrate is actlvely cooled in pmpI.-iratlori for the 

15 applicaHon of rnicro-parhcles usf.Kl as a cataly<st. for nanowire 9rowth, The acUve 

cooling can be, for exarnple, by convection ·with a gas such as heHurn 9as <'mdior 

conduction such as with cooling milers as wm be described in further detail h13rein, 

At station 7'16, a catalyst rnaterial such as gold or titaniutn is deposited at a large 

number of spots, v,1ith each spot belnq a location at which a nanow-ire will be gn::iwn. 

20 According to some embodlme:ints, gold suspended in a suitable organic solvent is 

sprayed on tra:; substrate so as to uniforrnly distribuh:: tht1 nano particles of gold. 

/.-\crnrdinr:i to sorne ernbodlmiJnts, tl1e spray on catalyst can be performed at about 

15(Y'G, At statlon 718, the substralce is heated in preparation for the nanow!re 

growth process, Het1tinq (~m be catded out, for example ~isk19 convection, 

25 conduction via heated rollers as is described in further detail herein and/or 

radiation such as with IR !amps as ls kno\!vn in rapid tt1l1rrAal rmm~aling processacs. 

[OOHli] At station 720, the nano\-vires are grown at temperatures of about 

4509 C. Station 720 corresponds with part of step 554 in Fig, 5 and witt1 step 602 

in Fig. 6, Precursor g.ases, including the elenwnts or compounds that will form the 

30 nanowin.,is, am introdu<:)t:!d into a chamber. Under thB influence of the catalyst the 

precursor gases at lE:iast partially decornpose into their respective elements, some 

of which are transported on or through the catalyst ln Hqulfied phase to the:i 

immediately underlying solid surface provided by the substrate, At each spot, a 
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nano'Nire epHaxlaUy grows outwardly frnrn the substrate as the process proceeds, 

the catalyst at each spot remaining at thEi tip of the nano-,,•vire and rlsing away from 

surface of the substrate as the nanowire grows. The resultant nanowlrns exhibit a 

long-ran9e atomlc ordm (Le,, sin9le~crystal) that can potentially be t,xploifed for a 

5 variety of different useful applications. 

[00102] By way of example, the VLS syntbisis proc<:.iss can be carried out in a 

rnetalorganic chemical vapor deposition (MOCVD) process, vvhk::h is sometirnes 

r1ltr:.,rnative!y ti'Jrrned a mr~ta!organic vapor phase epitaxy (MOVPE) proct1ss, an 

org~1non)l'Jtf1l!ic vapor phase opitaxy (Of-,.,1VPE) process., or an organometallic 

·10 chemk::a! vapor depositlon {OMCVD) process. Exernplary precursors for !nP 

nanowires can be trfmethyllndium {(CH:,):iln) and phosphlne (PH:i). Durlng a first 

phase of nanoljvke 9rowth correspondlng lo the n)ot region, n-type doplng can be 

achieved during the MOC\/D pmcE,ss by introducing :an Sl-containin~1 gas, such as 

sl!ane (SiH4), or ofher suitable n--dopant During a seconci phase of nanowlre 

15 gn.1vy1h correspomilng to the 1nfri11slc region, no dopanfs would be lntnxluced. 

During a third root region phase of nanovdre growth corresponding to the tip 

rt:glon, p~typE} doping can be achievod during thE} tvlOC:VD proc<Jss by intrndwdng a 

metaiorganic vapor containing Zn, or other p-type dopants such as Be in a Be­

containing metalorganic vapor- ln othE.ir preferred embodirnents, t~e P\/ nanowlres 

20 can comprlse another !l!-'V materif.1l such as GaAs, together with suitable 

associated comp!mnentary dopants for thl'J root and tip rmds. 

[00103] A variety of dlffemnt rnaterial systems and doping schemes for the P\/ 

nanowires are generally wlthln the sGope of the preferred embodlrnents. Azx:ording 

to some embodiments, the root ends of the PV nfmowlrns correspond lo the n~ 

25 doped slde of the devkxi, while the tip ends correspond to the p--doped sic1e of the 

[O(H 04] It ht~s been found particularly advantageous for the PV nanowires to 

corr-:prise h\gt1-purity intrinslc lnP along most or aH of their vertical height (length), 

Thus, accordin~1 to sorne ernb<.xfan1:mts, in which those lnP nanowires have root 

30 diameters in tho range of 400 nm .... 750 nm, aspect ratios in tho range of 2,0 •·· 5J}, 

and therefore nanowire lengths in the rangEi of O 8 µm "" 3. 75 pm, high"purity 

intrinsic lnP f.;xtends along rnost or all of the 0.8 µm --- 3,75 µrn length oftht) 

mmowire. The photovoltaic character of the overaU deviGe is provided by virtue of 
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the tip-slde p~i junctions fom-ied with the p-dopi.:ld a~Sl:H layer at the tip end, and 

the root-side i--n junctions formed with the n«doped a--Sl:H layer at the root end, 

(00'105] At station 722, the substrate is actively cooled in pmparatkm for the 

application of the rxissivation layer. The active cooling can be, for example, by 

5 wnvEH.-::Uon with a gas such as haliurn t1as and/or conduction such as with tX)o!int1 

rollers as ,,,vm be d€:scribed ln further detail 1-ierein, At station 724, a passivation 

layer of a material such as aluminum oxide, tin oxide, tltani1.,m oxide, si!kxm oxlde 

or oU-ier nitridl'J is applied via atomic !ayt)r driposition, The passivation !ayer can bt) 

dic~posiied, using atomic; laym· deposition at ranfJl:: of ternpernturt)S from abo1.1t roorn 

·10 temperature to about 40Q<'G, Accordln9 to some ernbodirnents a ternpera:t1.1re of 

t"'lbout 25C?'C so as to mlnimize the need to het"'ll and/or Goo! the substrate in 

subsequent processk1q steps, Station 7l4 correspor't(is vvHh step 604 in Fi9. 6. 

[0010SJ At station 72.S, the substrate is heatmi or coo!ed in preparation for the 

appHcafon of the filler layer, At station 730, the mi.er rnati:.'lr!al is applied preferably 

15 using a spray-tx,afin9 material, such as spray-on qlass. The filler material fs 

uniformly applied to the top of the PV nanowire array vla one or more sprayer 

!1Eiads in station 730. Station 730 corrE:sponds to step 556 in Fig. 5 and to step 

606 in Fitl 6, Thf:l Hquid used in station 730 om be similar or identical to kno\<vn 

spln-on glass forrnulatlons, HO'#Eiver, due to the hiqhly viscous naturn of many 

20 such liqulds, a higher application temperature is prefem,id 'Nhe:n spraying on rather 

thi.1n spirming on thH glass. According to some ernbodimt1nts, filler material rnav bic~ 

applied at a tempemturn of about 25(:i<'C so as to lower the viscosity of the filler 

!l'it"'lteria! and a!so to minimize the need to heat and/or cool the substrate in 

subsezwent processing steps. At station 7:i2, the sut)stn:1te is heated or coo!ed in 

25 preparation for the etching step, Note that in the ease where stations 724, no and 

734 are all carried out at close to 250°C, the additkmal heating/eoo!ing stations 728 

and 732 can be elirninateij_ At station 734, the filler layer ls SllbJect to a dry etch, 

such as with 02 p!asma, at appmxirnate!y 250"C. Station 7:14 corresponds to step 

558 in FiQ. 5 and to step 60fl in Fig, 6, 

30 [00107] At station 736, a ;Hype !ayer of amorphous Si:H is deposited on the 

solid filler layer by a PECVD process at approximately 250'"C. Station 736 

corresponds to step 560 in Fig, 5 and to step 6i 2 in Fig. 6. At station 738, the TCL 

(transparent f.:onducbve layer) is deposited at approximately' '.l50'-'C. There are a 
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number of weH~!<;novvn materials that can be userJ for the TCL that are sultab!e in 

photovoltaic cells, such as SnO {tln oxidEi), indium,.tin oxldes (ITO), ZnO, etc., as 

we!I as non"oxide materials that arEi substantlaily conijuctive and substantially 

transparent Station 738 corresponds to step 56.2 iri Fig. 5 arn.1 to step 614 in Fig. 

5 6, At station 740, ca rnelal layer ls sputter deposited to create one or rnore rrietal 

fJlectrnrJes on th1;3 tip side. Since thEi metal electrode wm block light from enterinfJ 

the cell, the shape of the metal shot.,ld bc:i designed, such as a grid"pattem, so as 

to n1inimi.ze the arnount of surf,)ce an,~a covered. 

[00108) Figs, 8A-B scl1t~matically !llut:;trate rolk)ased continuous substrate 

·10 manufacturing processes for PV nanowke,based solar cells, according to some 

embodiments, In Fig, 8A, the roll~bas.ed fabrication llne 800 is sho1;vn thatinc!lides 

a i(1rge contlrnJous substrate 842 th<'H P<•lsses through a nlJrr1ber of pn..1,x~ssing 

stations such as those described with rm5pt~ct to Fig. 7. Accordlng to somE, 

15 850. Ac,x.rdlng to some ernbodlments substrate 84:i. is ·1 meter wkie a!l{l about 5 

km long. According to some ernbodiments, each procassin9 sts'JUon processes 

about 1 squaw meter of substrate material in a stop-start fashion. The processing 

stations, such as stations 810, n·12, 814, 838 and 840 are botJSed withit1 respt-:;ctive 

11ouslngs to provide the i;3nvironrnent (e,g. pressure, tempE:raturE: and gasses) used 

20 for thEi particuiar process carriEc1d out at thEi station. For e:Kample, station 810, 

which corrt1sponds to Matlon 7-W .in Fig. 7, is US{1d tnsputti'?r deposit tht~ root sldt"s 

etectrnrJe layer at about 25Ci<-'G; station 8 t2, \-\i"hich corresponds to station 712 in 

FlfJ. 7 is used to form an amorphous silicon !ayer vla a PECVD process at 

approximately 2S0'i:C; station 814, vvhich G,)rresponds to station 714 in Fi9. 7 is 

25 used to actively cod the substr,1te 842 in preparation for the application of rnlcro~ 

par-.Jdes used as a catalyst for t11t1 nanowire growth; station 538, which 

corresponds to station 738 in F!g. 7, ls used deposiUhe TCL (transparent 

conductive !ayer) at approxirnate!y 250"C; and in station 840, vvhich corresponds to 

station 740 in Fig, 7, a meta! byer is SPlJtter dt=?posited to creatf; one or more rnetal 

[00109] !n Flg. 8A, tl1e fabricated solar ceils are collected on a roll 870. In thEi 

case of Fig, 88, the fabricated solar cells are cut using cutter 880 into sheets 

corresponding lo the size of the processint1 stations. !n the example of each 
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processing station cov1:::irin9 a 1 rn x ·1 m am of the substrate 842, for example, the 

wt sizEi of sheets 882 is also 1 rn x i m. 

roo-1101 Accordlng to some embodlments, one or more buffer chambers 860 arEi 

use(i to coHect any gases that may have !eakcid from the lndividua! pn.)Cf..~ssing 

5 statiorn-,, The buffer chambers, suGh as buffer chamber 860, Gan be used to (1) 

recyclf.: escaped gasses for substJquent use; and/or (2) colkict g.ases for 

SL,bSEiquEint treatment to decrease the like!lhood of a hazardous gas escaplng into 

tile environmenL A nurnber of mHers are providiJd at thi.it:antrances and t~xits of 

·10 impedance for gas !eakat:;1e, and to prevent cross--contarninatlon as will be 

described in further detail herein.. The llpper rt)l!ers are preferably made from a 

sofl elastk: rnaterial havir19 !01,v hardness so as not to darnage the fOwned 

structures (e,g, the nenowirt~s) dudn~1 tht~ fabdc:afam process, and appropriate 

temperature resist::ince for U-10 proo.':isses being c,:irried OL1t. 

15 [00111] When opmating !n a start-stop pmcessintJ arrangement the stationary 

time allowed fm pn)cessing at each station should be set <':1ccording to the most 

time consuming process, ln one example, the MOCVD nanowire wowth station, 

such ;:;1s station 720 in Fig. 7, is the most tirne consuming station and uses about 5 

minutes. In this i:::ixample, the substratEi is advanced by ·1 rnE:ti:::ir p!us the distance 

20 betv10Em thEi stations and then stopped for 5 minutes, then advanced and then 

stopped for 5 minutes, and so on, In the case wtmrn fabricati.on !im~ 800 uses a ·1 

meter wide substrate and 1 meter long processing stations, the througi1put is 

approximately: 

Megawatts/ Yi~ar. Acconjlrig to s.orne emboctirnents, a vvider substrate media 

could bti ustKl; such as 2 mt~ters v.-ide, and the processing stations could be :~ 

meters k)n~1, which would produce 4 square meters per 5 niinutes equaling about 

30 8mv1W per yt'.!ar. 

[OOi 12:J Accordin9 to some embodirnents, a continuous process could be ust~d 

instead of a start•-stop pn::ictiss, 
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[OOi 13] Fig, 9 ls diagrarn schematlca!!y mustrating a heafa-ifJ and/or cooling 

station, accordlng to sorrm .embodiments, In Fig, 9, a hEiating statlon 91 B is used to 

ralse the temperature of the substrate 942 from the liquld spray catalyst slaqe 9'16 

to th£, MOGVD r.anowira gnJ1Nth stat1e 920. Accordint1 to these ernt,odiments, 

5 heated rollers such as rollers B10 are used to heel the substrate using conductkm. 

the rollers: can be hEiatBd for example via electric msistan0-1 colis and/or by passing 

healed liquid through portions. of the roHers. According to some embodiments, the 

same type of arrangerrmnt of roHFH"S cou!d be used for cooling thE, substrate 942 via 

conduction in which cast~ the rollers are eook~d for ex·ample by passin~1 a coo! liquid 

·1 0 through portions thereof. 

[00114J Plgs, 1 OA~B show cross sections of a processlng chamber having a 

rnoveable !id, accordin9 to sorne embodiments. Proces.sin9 station iOOO h;::is an 

upper Hd ·1010 and a lower housing 1012. A start-slop fXOGHss is ust::d to fabricate 

PV nanowke-based solar coils on a contimious substrate 1042, The substrate 

15 1042 ,s he!d flc1t in part by rollers within the charnt,er such as roller -W30. The 

portion of the substrata 1050 is ·where the solar cells are beir19 fabric~Jted. ln 

betvv(Kin proct::.isslnrJ stages, whon the substrate is bE:infJ advanc(xJ, th1::.i moveable 

lid '10'10 is raised by a dist.an{):; d, as shown in Fig. 10/\. Durir1g processing at 

station '1000, the lld 10H) is lowered to contact thE'.! substrate 1042 such ti1at the 

20 processing chamber is relatively alr Hght bE:rtvveen the wans of the lid 1010 and 

lower roHm·s 1020 and 1022. ln this v-my, very HWe gas wi!l t1~)ti<"1pe from the 

chamber during procossing, Prior to mlsing the foj ·10'10, the chamber can be 

flushed such that contarninating gases can be removed, Note that in a start--stop 

fabrication method, fo1tirication only takes place in some lo<.;aUons rm the s1.1bstrate, 

25 such as locBhon 1050, so that contact by the wall portions of the !id iOW vvill not 

damagG any structures being fabricatr;HJ 

[00·115J Fig. ·1 ·1 is a cross section of a processing chamber having high 

impedance ,val! section, according to sorne emboi.1irnents, Processing station 1100 

h-as a wall 1110 thet forms a pwcesslng chamt)er ·1 '102 with slots on the lt'3ft and 

30 right sides for entry and (lxlt of a continuous substmlt'.1 ·1 ·142 ori which solar cel!s 

are fabricated, The substrate 1142 is l'H:Ild f!at in part by rolh:cirs withln the chamber 

such as roller 1130, Gas communh~ation between the chamber ·1 i 02 and the 

outside 1104, which could be srnl within a buffer chamber, is controlled by contact 
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rollers i i 20 and i i 22 and wall sections: ·1 1 i 2 and i i i 4. Wal! sections 1112 and 

·1 ·1 ·14 have a •vldth w and a distance d frorn the surface of the substrati:3 1142 such 

that t11erEI ls sufficient .impe,:.ianc:€1 for gas communication bet-Neen the chamber 

1102 and th£> outside 1104. According to some embodiments, statkm i ·100 is used 

5 in a st8rk;;top fabric8Uon proc.ess. However, accordititi to some embodirnents, 

station ·noo is used in a continuous processing method in which tht: substrate 

·1142 is continuously adv an cei:.i without stopping. 

[00116] Fig .. i2 is a cross section of <-l processing charnber h,3vin9 double rl'.)Hers, 

according to SOffff; embodiments. ProcessinfJ st8tion 1200 has a Wc'.ll! 1.210 thtJt 

·10 forms a processing charnber 1202 w'itl1 slots on the left and right sides for entry and 

exlt of a continuous substrate i 24~! on which solar ce!!s are fubr!catezt The 

substn:;te 1242 is rH1ld fl:at in part by rollers within the charnber such as roHer 1230. 

Gas communication betwm:;n H1e chamber 1202 and the outside 1204, which coutd 

bE:i srn1 within a buffer chamber, is controlled by contact rollers ·1220, ·1222, ·1260 

i 5 and 1262. The upper roHers 1260 and i 262 are preferably rnade rrom a soft eiasllc 

material having low hardness so as not t() dama9e the formed structures (e.g. suGh 

as the nanowires) during the faibrication process, 8nd appropriate temperfJture 

resistance for the prneesses being carried out According to sorne ernbodiments, 

station ·1200 is used in a start-stop fabrication r}rocess. Howevf."Ir, according to 

20 some embodimonts, station i 200 is used in a continuous processing n1E1thod ln 

which the substratt) ·1242 is continuously ,1dvancr,,d without stopping, 

[00117) Fig, "1:3 is a plan vlew ofa processing station lised to spray on nanovvire 

catalyst material, according to some .embodiments, The processing station ·1300 

corresponds, for example, to sk➔tion 71 t1 ln Flg, 7 and ls used for 1,miforrnly 

25 depositlnH a catalyst rnateri<-Jl such as gold or titanium is al a large number of spots 

on substratl:: 1342, with each spot being a .lm";a:tion ai which a nanow"ire will b,:; 

grown. Processing charnber 1302 is defined by chamber vva!l ·13-rn and gas 

cornmunlcation between the chamber 130<l and the outskle, which coulcl be a 

buffer chamber, is C()ntmlled by rollers such as rollers ·J 320 and 1 '.J22, The ~irea 

30 1~144 on continuous substrate "l:-342 is whem the PV solar cells are being 

fat,l'lcated . .A spray assembly 1330 indudos a wide spray head 1332 that ls made 

up of a large number of nozzles, According to some f;1mbodlments, thti nozzles are 

sirnHar to inkjet nozzles used in inkjet technology. During operation, the spray 
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assernblt 1330 is translated across fabrication area ·1 :344 (as dtinoti?d by the 

arrows ancl sma!I dotted lines 1n Fig. i3) si..ich that the Hquii:i spray, and thEirefore 

the suspBnded nano partides of catalyst material, ls uniformly deposited across the 

area ·1344_ 

5 [0011SJ According to sorne arnbodirnents, ca processing station similar to thet 

shown in Fig, 1 :3 ls used for rjt:_iposlting spray on glass. ln such ornbodlments, the 

nozzles 1332 in head 1330 are dimensioned and spaced according to the viscosity 

of tht':J liquid being dt~posita,d, 

[00119) Fi9. ·14 schematically mustratt"JS a lf1rge area discrate subi·,tr'c:'ltl"l 

-10 manufacturing process for PV nanowire«based solar cells, according to some 

embodiments, Fabricatk,n llne 1400 is similar to Hne 800 shown in Figs, 8A and 88 

except that prk)r to p!\)Qessing, the SlJbstrate is cut into dbcrete pieces 

corresponding to the sizt~ of the processing st:itions, For e;.:.arnple, according to 

soffH:i emboclimEH"\5, the processing stations 14·10, 1412, 14·14, 1438 and 1440 are 

15 all 1rneter x i meter format, and the discrete substrate pieces, such as piece 'l44?, 

·1444, and 1446 are also 1rn x im. 

[001 ::WJ Fig, ·15 rnustratc1s. a structure that includes a llfi!-itly n-doped PV nanowke 

and a more twavily doped P•type tip•side fJ!ectrode material, according to sorne 

ernbodiments, Instead of an intrinsic PV nancr,~1in:}, as described i1erein according 

20 to some other embodiments, th€i PV nanowire l510 is intentionally lightly doped n-• 

type (t1.g, rf type) on an n-typa substrate 1520. For m,ample, thl"l n-type doping of 

PV nanowke 1510 can be lntentional!y doped to an lmpurity level in the range of 

'10 1
'
1 to 101

~ per cubic centirneter. A heavlly p+ type cap l530 ls formed, wr1id1 can 

be p+ or p++ type dopinfl, Due to he;:-ivHy doped p-type Gap 1530, the tip reg.ion 

25 1512 c>f the nanowire becomes p-type. Furthermore, a depletion reqion 15141s 

causmi ln the lightly doped PV nanowirn due to fa:Jd strength and the n1!ative 

doping levels, The depletion region ·15-14, can range !nsize, for example, from 0..2 

microns to 3 rnlcrnns .. According to some emtmdirnents, a depletion region of 

about ·J rnicron in height can result frorn sn PV nanovvire intentionally dopf:..d to sn 

30 irnpurity level of about 1Cfl6 per cubic centimeter. According to some ernbodiments, 

llghtly~doped PV nanowims such as t11e one shovm in Fig. 15 can txi combinE:d 

with the other teachings and techniques as descrlbeci herein. 
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[00i::21J AIU10Ligh the description hert::in is direct13d primarily to PV nanowims 

made of rn,.\/ compound si::imiconductors such as lnP, t'1e scope of the present 

te.achlngs is not necessarily so fanitei:.t More generally, thE} PV nanowirEis can be 

corr-:posed of various combinations of elemental and compound semiconductors 

5 optimized for dH'tereni spectrum ranges in the soiar spectwrn, The elemental 

semioonductors inch.ide silicon {"Si"} and germanium ("Ge"), and compound 

semiconductors lnc!ud€} group mv and ll"V! materials (the Roman numerals lll 

r.1nd V rtoiprasentlng e!arnents in thH group rna ~)nd Vfi on ihe periodic tablH). 

Cornpownd semiconductors can be composed of group ma ek::mr-Jnts, such as 

-10 Aluminum ("A!"), Garn um ("Ga"), and lndlum ("In"), ln combination with group Va 

elements, such as Nitro9Ein {"N"), Phosph<.).rus ("P"), Arsenic ("As"), and Antlmony 

("Sb"}- Compound sernicondt1ctors G<-.in be classified accordir19 the rel8tive 

quantitim~ of Ill and\/ elernents, By way of exampkoi, bin.:Jry eornpound 

semiconductors lndude GaAs, lnP, !nAs, G;JN, and GaP; ternary comp0Lu1cl 

15 sernicoriductors include GaAs,P.1.,,, where y ranges belwe.EH1 0 and 1; ami 

quaternary <.XJmp(iurid semiconductors include ln,-Ga1,,-As)'P·1,:,1, where both x and y 

independently range t)etween O and 1, Other types of suitable oxnpoun<J 

semiconductors indude !!-Vi rnaterials, the Roman numerals !I and VI representing 

elements in group lib and Via on thE: periodic table, By way of Eixampli.:i, GdSe, 

20 ZnSe, ZnS, and ZnO are examples of binary liN! compound semiconductors. 

[00122] In thloi case of using a stain!ess stt)t)l substrate or otl1t1r nonAranspamni 

substrate, it ls beneflda! to optimize the filler layer, the dry etch to expose a large 

percentage of the micnJ-w1res, lhe deposlUon of the a·Si !ayer to provide (~ p-type 

(or rHype} junction, and finally' the TCL !ayer tQ optirnize Gonducth.•ity and opticf1! 

25 transrnisshtity. 

[00123] According to sorrn1 embodiments, a protective encapsukition t'm lht1 light 

incident side is provided, 1.,o,1hich consists of a sun,-reslstant transparent overcoat of 

polymer, See, for example, Pern and Glick, "Accelerated Exposure Tests of 

Encapsulated Sl Solar Cells and Encapsulation Materials," N~Jtional Center for 

30 Photovoltaics Pmffam Review Meeting, Denver, Colorado, SEipt 8-11, 1998, 

NREUCP»520-25361 {October 1998), which is incorporated by mfoirence here!n in 

fts entirety. 
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[00i::24J Wl1.ereas many alterations and modifications of the pnJstxtt invEintion will 

no doubt bEicome apparent to a PEH'S◊n of ordinary skill in the art artEff having read 

the foregoing description, it ls to be understood that the particular (Hnbodiments 

shovm and described tiy way of mustratio11 are in no way intended to be considered 

5 lknHin9. By way of example, in another preferred ernbr.x.limerit, the i-re9ion portion 

of each nanovvire can be rnade very short, and the device can be operable as a 

llght .. ernlttlng diode {LED) rather than a photovo!talc energy generation dovicEi. 

Therafr.m.\, re:forence to the, detail~~ c,ftht) pn:;fern:;d embodirnt)nts is not intended to 

limit thair scope. 
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VVhat is clain1t;d is: 

providing a substrnto including a substrate s1.niace !ayer doped in a 

growing a plurality of photwo!taic (PV) netmwlres ouhw3rdly frorn the 

Slibstrate surfuro !ayer, each PV nanowire having fi root end near said 

substf<-1te st.irface !ayer and a tlp end opposite said root end; 

forrf1ln9 a layer of collrcir m<-1teri;:il that latem!ly surrounds and is in 

contact wiU1 the PV nanowims :along at !east i:'l rootward portion of their 

lengths, tt1e coUar rnaterla! doped in the flrst dopant type; and 

forming a tip-sitie doped material doped in a seo::.md dopant type, the 

2. A rnethod ;Jccordlng to claim 1 \ivherein the layer of collar rn;JtEH"ial is 

grown in a lateral direction from the PV nanowire~t 

:t A. method accordinq to claim ·1 further comprising forrnlng a layer of 

surrounds the PV nanowlres along an outv,an:i portion of their k,:ngths, 

4, A f'nt"Jthod aCCO(ding to df)lm 1 when1in the first doptlnt l:lP(: ls rHype 

and second dooant t,.,ne ls o,·tvne, • "JP • ..,. \ 

5. A method according to dalm 1 'Wherein the first dopant type ls p-type 

and s~~cond dop;:int type is n-type. 

6. A method ::~ccordlng to claim 1 \>vhorein thEI collar material is ln 

JO contact with the substrate swface layer. 

7. A rnethod accordlnt1 to clalrn -1 wherein a kH1~Jitudina! p-i-n junction is 

associated with $3Ch PV nanm•vire, 
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R A method according to dalrn 1 wherein said wowln9 of PV nanowires 

is partially carried out befon~ s.aid forming of the collar material and partially carried 

out after said forrning of the collar material. 

A tnethod accordin~1 to clalrn B 1.<vherain a tPP betvveen 0.2 microns 

and 5 microns is formed betvveen an outward-most portion of the collar materk;i! a 

rootward most portion of the tip--side materiaL 

1 ll A rm~thod r1ccording to daim 9 whrcm':!in said gap ls bHl\•veen 02 

-10 microns and 2 microns. 

11. A method atxx.irding to tJairn 1 wherein the PV nan{}wfres afB not 

intentionally doped, 

15 1 ~L A method according to claim 1 wherein the PV nano\\•ires have 

20 

irnpur+ty kwels less than 1 O':r per cubic cent!rnetm. 

13. A photovoltaic enerm,· conversion device fa-1bricah.td ,.'lccordlng to the 

method of claim A 1, 

14, A photovoltaic eni'.lrgy conversion dtwice c.omprlsing: 

a substrate including an electrically condlictive substrate swiace 

k-:iyer doped in a first dopant type; 

e plurality of photovoHaic (PV) nanc;wires extendin9 oulv .. mrdly frz;m 

substrate surfa0t:; !ayer and a tlp end opposite said root end, said substrah::: 

surface layer forming at least a portion of .a root--slde electrode !ayer of the 

device; 

e collar material lah'ff~lHy surroundint1 the PV nanowirt'JS ak)ng ~Jt !east 

30 a rootward prniion of their len9ths, the collar rnatEirla1 doped in thi.'3 first 

dopant ~n::iEi; and 
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a tip-side electrode mat13ria! dc-ped in a second dopant ttpe, th<:.l tip­

side electn::i1je material being in contact with said tip ends of the PV 

nanowires. 

A device aecordlnq to deirn 14 further comprising a !eyer of opUcally 

transpartmt electrb:illy insulating soiid filkJr rnat13rial laterally surrnunr.ling tl-)13 PV 

nanowims along an outv,ard portlon of their !engths. 

·10 assodafad wlth each PV nanowire, 

15 

17. A device aGcordinr1 to dflfrn 14 \Nherein <-.l gap betvveen 0.2 microns 

and 5 microns is formed betw\1rm an outward-most portion of the eofiar material a 

roo't\,vard most portion of U'H? Up--sidEi rnaterlaL 

18, A device accordinq to dairn 14 wherein the PV nanowires are not 

intenUonal!y dopect 

19. A rnEithod for fabricating a photovoltarc ent:rgy convi.:wslon device, 

20 comprising: 

25 

grm-ving a ph.1rality of n--doped photovoltaic (PV) nanowires outvvardly 

from the substrate s1.1rface layer, ea,~h PV nanowire having a root end near 

said substrHte st.irface !ayer <-W1d a tip end opposite said root end; 

forrnlng a layer of optically trHnsparent., eleGtric:ally insulating soHd 

fi!k~r rnatr;ritJI that latNally' surrmmds the PV nanowires along a portion of 

thelr lengths; and 

forming a tip-sKie p-dopecl material in contact with saii.i tip ends of the 

PV nanowires. 

20. A method accordlng to dairn 19 \:vherein said tip--side p--doped 
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2i. A method accordin9 to dalrn 19 wherein s.aid tip-side p-doped 

material is p++ type dopect 

A method according to daim 19 wherein sai,J n-doped PV nanowires 

5 and said tip-side fHinped rriHtedal form radial and k)n~1Hudinal p-n junctions, 

15 

20 

25 

23. A method according to claim 19 \:Vherein said t1,doped PV nanowires 

r:~re intentionally HiJ!-it!ydoped n- tyrm to an irnpurity level of b·eh:•vtoien 10M to rn·ie 

24, A method accordln9 to clalm 19 '>Nherein a depletion region \'\i'ithln 

e::ich rHioped PV nemow'ire is formed of betv,,'e.en 0.2 ;?Jnd 3,() rnk:rons in 

longitudinal distance. 

A photovoltaic energy conversion device fabricated according t.o the 

26. A rnethod for fabricatint1 a photovoltaic enermt conversion device, 

comprlsing: 

providing a 6" by 6'' square SLibstrate including a substrate surfocEi 

growing a ph.1rality of photovoitak: (PV) nanowlres m..it'.vardly frorn the 

square substrate surfaz~ iayer, ead1 PV nanowire havlng a root ernJ near 

said substrHte st.irface !ayer emd a tip end opposite sald root end; 

forrnlng a !ayer of optically trHnsparent., eleGtrically insulating soHd 

filler rnatrffitJI that lall:lrally' swrni.mds the PV nar1owires along a portion of 

thelr lengths; and 

forming a tip•sKie electrode upon said outwarti!y facint1 surface of the 

solid fH!er layer in contact with said tip ends of the PV nanrrwires, 

27. A method according to dairn 26 \>vherein said forming the h:.'iyer of 

optic,,~!ly transparent material is carrifJd out such that an alr gap ren1alns between 

U1e substrate surface !ayer and an imvarti!y facing surface of the solkl Mier layer_ 
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28. A method according to claim 26 vvherein said forming the layer of 

optically transparent material is carried out such that the tlp ends of the PV 

nariowires are juftf:KHy exposed beyond an out:vartHy facing surface of the soHd 

5 fil\ar !ayer, 

29. A photovoltaic energy converskln dEivicefabrlcafed according to 

claim 26, 

30. l\ metl1od for fabricafa11=1 a p!1otovoltaic enermt conversion device, 

comprising: 

prnvlding a substrate indudin9 a substrate surf;:ice layer; 

forming a mask layf;r on the substrate surfact'.l layer, the rnask having 

a plurality of spacecl apart voids sw::h that portions of ti11::: Slibstrate surface 

15 layer are exposed at the locations of the voids; 

20 

25 

~1f\W✓lng a plurality of phoiovoitaic (PV) nanowims outwardly from S<'Jid 

exposed portions of the substrate surt1ct:.: layer, each PV nanowirn having a 

root end near said substmte surface !ayer and a tip end opposite said mot 

enrJ; 

forming a layer cf optically transparent electric::.1liy insulating solid 

filler materitJ! that laterally surrounds the P\/ nanowires along a portion of 

thelr lengths; and 

fzmi1lng a tip-side electrode upon said Z)1-1twardiy facing surface of the 

solid filler layer in contact with sr1id lip ends of the PV nenowires, 

31, A .mett1od according to claim 30 <.,vherein the voids aff.: lot}ah:.:d 

randomly within the mask layer-

32, A rnethod accordin~1 to claim 30 wherein the mask layer is within a 

30 thickness range of :3 to ·1 O nrn. 

claim 30. 
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34. A method for fabricating a photovolh.:11c energy conversion dE!Vlce, 

comprising: 

providing a substrate including a long mn9e atomic order (LRAO) 

5 substrate surfr3ce layer: 

gmwinfJ a plurality of n-doped photovoltaic (PV) nanowires out\>vardly 

from the LRAO substrate surface layEff, each PV rmno;,0.tire havlng a root end 

near t~akJ substrate suiitJCl~ layer and a tip end opposite $}.~id mot t:ind: 

forming a layer of optically transparent., l~k~Gtrica!ly insulating soHd 

-10 flHer material that laterally surrounds the PV nanovvims along a portion of 

their lengths; and 

15 

25 

forrnln9 a tipyside electrode 1.Jpon said outwardly l'adng S1Jtface of the 

solid Wler layer in contact with said tip ends of tht~ PV nnnrrwirt~s. 

35, A method accordin9 to clt:1im :14 .,_,..,,herein the sut,strate is a tiulk 

PV nanov1kes, and tho LRAO substrati.'3 surface layer is a highly n--type doped 

37, i\ method accordlng to daim 36 \Vhereln a gold catalyst is formed 

upon sald a hi&1ll!y n-type doped <·1 ·1 ·1 > crysta!lntiraphic plane of the si!icc.m wafer. 

A photovoltaic enefgy conversion device fabricated accordin9 to 

claim 34. 

39, A men1od !'or fabricaUn~1 a phofovoHaic ener~lY conversion device, 

comprising: 

providing a roller-based substrate matEfflal including a substrate 

surface layE:r; 
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grnwinq a plurality of photovoltaic (PV) nano\,vlres owh\iardly from the 

square substn3tEi surface layer, each PV nanowire having a root end near 

sald substrat€i swiace layBr and a tip Effld opposite &1ld root end; 

ft)rmlng a layer of optically transparent, electrically lnsulat.ing soHd 

5 filler rnatefifJ! that laterally surrounds tt1e PV nano\·vires along <'1 portion of 

formlng a tip,sicie electrode upon said outwardiy facing surface of the 

solid filler layer in contact wlth said tip ends of the PV nanowirtcis, 

40, l\ metl1od according to clalrn 39 wherein a plurality of fabrication 

statlons are use1j, e(:~Ch station belng adapted to completing a process upon a fixed 

length of the rdler¥based substrate rrk1terir1l within a predetermined amount ol' time. 

41. A rnEithod accon:Hng to claim 39 whi::rein the method includes actively 

15 cooling the substrate material using rollers. 

42, A method accon:Hng to clairn 39 wherein the method includes actively 

heating tr1e substrate matedal usinq rnl1ers. 

20 43. A method ;3ccordlng 10 clalm 39 1,,vh€ffeln thEi flilBr material Is appHe,d 

44. A method according to c!airn 39 wherein the roller based substrate 

material ls at least about ·1 met.er wide. 

25 
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FIG. 2A 

FIG~ 2B 
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MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES 

REFERENCE TO RELATED APPLICATIONS 

5 [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 

10 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 

15 [0002] The present invention generally relates mainly to photosensitive 

devices. More particularly, some embodiments relate to photosensitive devices 

having microstructure enhanced absorption characteristics. 

BACKGROUND 

20 [0003] Fiber-optic 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. Commonly 

used transmission windows exist between 1260 nm and 1675 nm. A main 

25 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 

(APO). 

[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 

30 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 38 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. 

5 [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. lnGaAs can detect out to longer than 1600 nm, and has less 

multiplication noise than Ge but still has far greater noise than silicon. lnGaAs is 

1 O known to be used as the absorption region of a heterostructure diode, most 

typically involving lnP 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 lnGaAs and Ge devices are relatively expensive and have relatively 

high multiplication noise when compared with silicon. 

15 (0006] The subject matter claimed herein is not limited to embodiments that 

20 

solve any specific disadvantages or that operate only in environments such as 

those described above. Rather, this background is only provided to illustrate 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 

25 biasing circuitry configured to apply a voltage between the cathode and anode 

regions such that the cathode region is driven lo 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 

30 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 

5 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 mlcrostructures increase 

1 O 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 

15 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 

20 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 5 gigabits per second, at wavelengths of 850 

nanometers, while having a gain of greater than 2. According to some 

embodiments a silicon APO has a multiplication region with microstructures that 

25 extend into the P multiplication layer, N muJliplication 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 

30 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 

5 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 

10 the substrate-side. The anode region can include a germanium Player 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 

15 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 

20 formed of I11-V family material(s) such as lnP, GaAs, lnGaAs, GaN, lnGaN, 

lnGaAsP, A!GaAs, AJGaN, GaP, lnSb or lnAs. 

[0011] 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 

25 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 

30 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 material 

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 

5 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 

10 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 
15 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 

20 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 

25 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 

30 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 

10 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 

15 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] F!Gs. 3A and 38 a plots showing bandwidth and quantum efficiency 

20 (QE). respectively, of a bulk conventional silicon photodiode versus "d" in microns; 

[0021] F!Gs. 4A-4D are graphs showing the enhancement of bulk absorption 

coefficient vs bandwidth and QE for a microstructured Si photodetector, according 

to some embodiments; 

[0022) FIGs. SA and 5B are cross sections showing aspects of a top 

25 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; 

30 [0024] FIGs. 7A and 78 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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[0026] FIGs. 9A-9E are a series of cross sections showing some basic 

microstructure processing steps, for a high-speed APD, according to some 

embodiments; 

PCT /0S2014/039208 

[0027] FIGs. 10A-10B are cross sections showing aspects of a top illuminated 

5 microstructered photo diodes, avalanche photo diodes and/or photovoltaics (PV) 

with microstructured voids in N-Si, according to some embodiments; 

[0028] Fl Gs. 11 A and 11 B 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 

10 for Ge surfaces on microstructures, according to some embodiments; 

[0030] FIGs. 13A and 138 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 

15 Ge on Si 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 embodiments; 

20 [0033] FIGs. 16A and 168 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 

25 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 

applications with signal wavelengths ranging from 1200 to 1800 nm, according to 

30 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 offabricating an 

APD device having a 11I-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 

5 microstructured Ge buried or embedded in an Si microstructure, according to some 

embodiments; 

[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; 

10 [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, 

15 and a cap layer of P-Si, according to some embodiments; 

[0042] FIGs. 24A - 24B are cross sections showing aspects of a 

microstructured APO with buried/embedded I-Ge absorbing microstructures in I-Si 

microstructures, according to some embodiments; 

[0043] FIGS. 25A - 25C are cross sections showing aspects of a photodiode 

20 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; 

25 [0045] 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 I-Si layer, according to some embodiments; 

[0047] FIG. 28 is a cross section showing microstructured voids buried or 

30 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 I-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 I-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/APO, 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; 

(0056] 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-Si layer having embedded microstructured voids, according 

to some embodiments; 

[0058] FIG. 39 is a cross section showing partial coverage I-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 APO, 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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[0062] FIGs. 43-46 are top views illustrating various dimensions, spacings and 

shapes for microstructured elements, according to some embodiments; 

(0063) F!Gs. 47-48 are cross sections showing microstructured pillar and hole 

arrays having varying lengths and depths, according to some embodiments; 

5 [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 

10 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. 54A and 54B show a microwave transmission line on Si with 

15 voids, according to 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 

20 lateral path length for increasing lateral electrical resistivity and decrease lateral 

thermal conduction, according to some embodiments. 

DETAILED DESCRIPTION 

25 [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. 

30 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 embodiments, 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 field 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 (µm), 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= Ao e-aL where A is the decaying 

amplitude of the incident photon flux Ao 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 

5 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 

10 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. 

15 [0076] 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 microstructures can 
20 also be explained as the absorption mode of high contrast grating (HCG) being 

used to enhance the effective absorption constant/coefficient or enhanced 

absorption. Conventionally, HCG uses material that is transparent at the optical 

wavelength of interest. fn contrast. according to some embodiments, at least one 
of the microstructures is absorbing or weakly absorbing at the optical wavelength of 

25 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), silicon on insulator (SOI), silicon on sapphire (SOS), low­

density semiconductors such as amorphous semiconductor, nanowire 

30 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 

5 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, 111-V 

material such as lnP, GaAs, GaN, lnGaAs, and any combination of the 111-V 

material family. As used herein, the term "material family" of a 111-V material is 

1 O defined as any material that is lattice matched or approximately lattice matched 

(within a few percent) to GaAs, lnP, GaN, lnSb semiconductors. For example, the 

lnP material family can include lnGaAs, lnGaAsP, lnAIAs. According to some 

embodiments, in the case of microstructures, regrowth such as selective area 

growth (SAG) of Ge, lnGaAs, or other 111-V material in silicon microstructures can 

15 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 
111-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 l1eterogeneous 

20 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 

25 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 

30 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. 
[0081] According to some embodiments, the photosensor can be a photodlode 
(PD), avalanche photodiode (APD), photovoltaic (PV) or solar cell, or any 

5 optoelectronic device that converts photons to electrons. According to some 
embodiments, emitters such as lasers and light emitting diodes that convert 
electrons/holes to photons can also be implemented using microstructures. 
[0082] 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 

10 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 APO properties with low excess noise; (5) be compatible with Si 

15 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. 

20 [0083] According to some embodiments, microstructures such as voids are 
used to reduce effective refractive index to create resonant structures to enhance 
the absorption. In microstructures where selective area growth are used to 
integrate Ge or I11-V material with silicon, voids can be made in the silicon 
microstructure such that the absorbing region is a resonant structure to enhance 

25 the effective absorption coefficient by 2 to over 100 times. 

(0084) According to some embodiments, silicon is used for avalanche gain. 
Silicon has the lowest excess noise for an avalanche photodiode. By integrating 
Ge and/or 11I-V material with silicon, the absorption takes place in Ge and/or 111-V 
material and the electronic gain occurs in silicon. Depending on the optical 

30 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 

5 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. 

10 (0087] According to some embodiments, microstructures used for absorption 

enhancement for silicon photodiodes and silicon avalanche photodiodes can result 

in silicon PD and APO 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 

15 wavelength} with quantum efficiencies of approximately 90% or more. 

[0088) 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 lo !ow defects and high material 

20 purity, and for APD applications, the noise is low due to the small ionization ratio 
beh111een holes and electrons (k factor, silicon have the lowest k factor than any 11I­

V material) and such detectors are CMOS compatible for integration with 

electronics for signal processing and with Si photonics. 

[0089] According to some embodiments, other material such as germanium, 111-

25 V, a-Si (amorphous silicon) 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 

30 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 used for thermal Isolation 
and to improve thermal conductivity by filling the voids with thermal conductors. 

5 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. 9, March 2010, 239-244) and nanoholes (Lin et 

10 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 
applicatlons where the photogenerated carriers diffuse to the anode or cathode of 
a P-N junction with zero external bias operating at DC (direct current). 

15 [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-I-P-I-N diode (APO) for high modulation bandwidth (greater than or equal to 10 
Gb/s bandwidth) and high quantum efficiency and for APO for high current gain, 
with gain greater than 3 dB. 

20 [0094] The cause or causes of the enhancement of the absorption coefficient 
are believed to include one or more of the following: an increase in optical field 
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 

25 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. 

30 [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 11 O and/or holes 120 are 
etched into the "I" Si layer 100. The optical wavelength in material M, is Mn, where 
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n, is the refractive index of M1 and the optical wavelength in material M2 is given by 
Mn2 where n2 is the refractive index of material M2. The center to center distance L 
of the structures 110 can be between Nn1 and Nn2 or approximately 100-2000 nm, 
which is referred to as the near-wavelength regime. The diffraction regime is 

5 where L (one cycle} is greater than the wavelength, while the subwavelength 
regime is where Lis less than the wavelength. The cross section of FIG. 1 shows 
the 30 (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 pillar/hole 
microstructured array can be seen as a 3D high contrast grating, whose period of 

10 the grating /\ can lie between Nn1 where n1 is the optical refractive index of material 
M1 and Nn2 where n2 is the optical refractive index of material M2. If n1 > n2 then 
Nn1 < /\ < Nn2 where A is the optical wavelength of the light to be absorbed by the 
mlcrostructured pillar/hole array typically in the "I" region of a P+N PD or for APO, 
the absorbing "I" region P-1-P+N where the second "I" region is the multiplication 

15 region, or the wavelength of the optical signal to be detected by the PD and APO. 
At this near-wavelength regime of the 3D HCG microstructured pillar/hole array, the 
resonance Q (quality factor, or proportional 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 

20 (see, Chang-Hasnain) if the HCG has minimal absorption loss as is known. In 
addition, in most cases !he 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 layer (or 

25 a single microstructured pillar/hole array layer) due to 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 

30 greatly increase the absorption path length in the HCG/microstructured pillar-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 
photovoltaic devices. 
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[0097) Using the phenomenon of near-wavelength and also deep-wavelength 

where the HCG period is much less 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 

5 coefficient over the bulk absorption coefficient by a factor of 1.1 to over 100. 

[0098] According to some embodiments, 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 

10 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 

15 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). 

20 [0099] Known silicon photodetectors have been limited to wavelength ranges of 
200 to 1000 nm due lo 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 

25 approximately 760 cm·1 at 850 nm and 67 cm-1 and 63 cm·1 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/APO. 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. 

30 [00100] The amount of incident photons absorbed is approximately given by 

ri=1-e-oL where ri (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 µm. Known high speed photodeteclors typically have an 

absorptfon region of approximately 2 µm 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• 104 V/cm the electron drift velocity is 1•107 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/t(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 (TT w2/4) of the PIN 

220 to d. 

[00102] According to conventional techniques, a 30 µm thick absorption layer 

20 ('i") 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. Ad of 2 µm 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 to consider in photodiodes (applies to both APD 

and PD). The 3 dB bandwidth due to RC time is given by f(RC)= 1/(2TTRC); 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 r.A/d where e: is the 

dielectric constant of the material (multiplied by vacuum permittivity of 8.854• 10"14 

farads/cm) which is 11.9 for Si, A is the area of the capacitor (TT(w/2)2 ), and d is the 

depleted "i" (i and I 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 µm (diameters of high frequency 

PD/APD range from 5 to 60 µm). Diameter of diode for calculating the RC time is 

the total capacitive area of the diode that includes the photosensitive area and any 
5 metallization that may contribute to the overall capacitance. 

[00104] 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 /(2rr(RC)2 +(T/2.4)2)112
). 

[00105) FIGs. 3A and 38 are plots showing bandwidth and QE, respectively, of a 
10 bulk conventional Silicon photodiode versus "d" in microns. From plots 310 and 

312 in FIGs. 3A and 38, for the combined f(3dB) of the transit time and RC time 
and the quantum efficiency ri (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 µm diameter PD, which is too low for most datacom applications. 

15 [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 

20 metal organic chemical vapor deposition (MOCVD), atomic layer deposition (ALO), 
molecular beam epitaxy (MBE). Note that according to some embodiments, non 
semiconductors can be used: such as polymers, glass, ceramics, hybrid material 
such as transition metal oxides, hydrides, chlorides, sulfides embedded with 
semiconductor, metal, carbon nanoparticles and or atoms, which may or may not 

25 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 Silicon Nanowire 
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 

30 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 5.548x104 /cm at 850 nm which is higher than direct bandgap 
111-V material. 

[00108) II should be noted that the microstructures can also be epitaxially grown 
using methods such as VLS (vapor liquid solid epitaxial grown) nanowires or 

5 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 

10 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 µm diameter parallel plate. 

15 [0011 O] With the effective capacitance lower, the overall 3dB bandwidth for a 30 
µm 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 silo-NS the bandwidth (plot 410) and quantum efficiency (plot 420} of a 

20 microstructured Si photodiode (PD) or avalanche photodiode (APO) at 850 nm 
wavelength photons impinging on the PD/APD 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 OE are 54 Gb/s, 98%; 49 
Gb/s 90%, 28 Gb/s 90% respectively for a 30 micrometer diameter PD/APD for 

25 example. At 1100nm, shown in plots 430 and 440 of FIGs. 4C and 4D, with 
enhancement, for example, of 172X QE of 90% and bandwidths of 26 Gb/s can be 
attained using Si microstruc:tured PD/APD. Both PD and APO operate at a reverse 
bias of -2 to -50 volts range. APDs in general will have less bandwidth than PDs for 
the same geometry due to the added multiplication layer of the APO. In addition, 

30 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 

1 O 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 embodiments, 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, 11I-V material family such as lnP, GaAs, GaN, lnGaN; II-VI 

material family such as ZnSe, and also heterostucture material such as I11-V grown 

on Si, Ge grown on Si. For example, for Ge on Si, microstructures are fabricated 

on the Ge to increase absorption which allows a shorter length of Ge lo 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 also 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 
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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 

5 502 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; W cathode contact layer 506 (or a thin layer on top of 
506, between 506 and 508) with N doping of greater than 5. 1017/cm3

, and 
thickness ranging approximately from 0.1 to 1 O micrometers or more; N layer 506 

10 with N doping greater than 5. 1017/cm3
, and thickness ranging approximately from 

0.1 to 10 micrometers or more; I high field absorption region 508 with background 
doping of less than 5x1016/cm3 and thickness ranging approximately from 0.1 to 5 
micrometers depending on applications; and p+ anode layer 510 with P doping 
greater than 5. 1018/cm3 and thickness ranging approximately from 0.1 to 5 

15 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 

20 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 

25 is also provided. 

[00116] The PD 520 is operated in a reverse bias mode, with negative voltage 
on the anode (P+ layer 51 O via P-ohmic and bond contact metal 528) and positive 
voltage on the cathode (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 

30 in Fig. 58 (and PD structure 620 in FIG. 68, infra) can also be used for photovoltaic 
(PV) operation without any external bias. 

[00117] As shown in FIG. 5B, the optical signal can impinge normal 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 

5 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 

10 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 

15 the silicon 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 

20 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 

25 (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. 68 are also sometimes 
30 referred to back/substrate illuminated PDs, and top illuminated PDs such as PD 

520 in FIG. 58 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, 58, 6A and 6B, is 
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fabricated from a bulk thin film epitaxially 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 

5 layers 502, 504, 506, 508 and 510 of structure 500 of FIG. 5A, and layers 602, 

604, 606, 608 and 610 in structure 600 of FIG. 6A) are all grown epitaxially using 

one or more of the following methods: chemical vapor deposition (CVO), metal 

organic chemical vapor deposition (MOCVD), plasma enhanced chemical vapor 

deposition (PECVD), molecular beam epitaxy (MBE), atomic layer deposition 

10 (ALO), pulsed taser deposition (PLO) on Si substrate of either P or Nor 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 pillars, not 

necessary for holes), depositing the p ohmic contact metal layer using e-beam, 

15 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 I layers partially or fully and can extend into the N layer; fourth, 

passivating the sidewalls of the microslructure patterns (pillars or holes) with 

20 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 ALO (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 

25 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 partially fill the holes or 

space between the pillars/microstructures); and seventh, ohmic 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 

30 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 to -20 V, and the photodiode is 

operated in a reverse bias mode to deplete as much as possible the "I" layer, 

preferably the entire I layer. 

[00123] FIGs. 7A and 7B are cross sections showing aspects of a 

5 microstructered avalanche photodiode, according to some embodiments. As in the 

Si microstructured photodiodes shown in FIGs. SA, 5B. 6A and 6B, the epitaxial 

layers 700 for the APD 720 are grown first followed by microstructure processing. 

The microstructured avalanche photodiode 720 can be illuminated (e.g. with 300-

1100 nm) from the top with transparent metal oxide P ohmic contact 726, or the P 

10 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 APO for a 

higher frequency response. 

[00124] FIG. 8 is a cross section showing a silicon epitaxial structure for a high-

15 speed high-efficiency microstructured APO, 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 /SOI wafer depending on the application and packaging 

20 considerations), an N+ layer 804 (N ohmic contact layer) is formed with doping 

concentration of greater than 1018 cm·3 (typically phosphorous) with layer thickness 

ranging approximately from 0.1 to 1 O µm. A non-intentionally doped layer "i" 806 or 

a p· (very low doping level Player) has a doping concentration less than 5x1016 cm· 
3 (this is the multiplication or electronic gain layer of the APD) with thickness 

25 ranging approximately from 0.1 to 2.0 µm depending on gain and bandwidth of the 

APD. AP charge layer 808 is grown with an approximate thickness 0.05-0.2 µm 

and doping concentration of greater than 2x1017 cm·3
. An absorption layer 810 is 

grown (P" or "i") ("I" and "i" are used interchangeably herein) with doping less than 

5x1016 cm·3 with thickness ranging approximately from 0.1 to 5 µm. Finally a p+ 

30 contact layer 812 is grown with doping greater than 5x1019 cm·3 with layer 

thickness ranging approximately from 0. 1 to 1.0 µm. According to some 

embodiments, all layers 800 are grown epitaxially using CVD or MOCVO reactors. 
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Doping and thickness are approximate and are adjusted depending on 

applications. 

PCT /0S2014/039208 

[00125] For best noise performance of the Si APO, photogenerated electrons 
should dominate In the multiplication process; i.e. holes diffuse/drift toward p 

5 (anode) and electrons diffuse/drift toward then (cathode) with reverse bias. The Si 
layers 800 are grown epitaxially using chemical vapor deposition, plasma 

enhanced chemical vapor deposition, molecular beam epitaxy, atomic layer 

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 

10 total length for the electrons to transit range from approximately 0.25 to 7.2 

microns. This can be, for example, 0.5 µm for absorption, 0.1 µm for charge, 0.5 
µm for multiplication, with a total of 1.1 µm for the APO layer structure 800 shown. 

According to some embodiments, for higher QE, the absorption region can be 

lengthened to one µm for a total transit length of 1.6 µm for example. Other layer 
15 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 APO can be illuminated with modulated optical signal from the 
bottom, where using BOX or SOI, !he bulk of the substrate can be removed to 

20 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 APO epi structure 800 as described 

25 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 Player 812 for the 

microstructured pillars. In the case of holes and/or voids this step may not be 

carried out. Dry etch mask 91 O is deposited on the surface using photolithography, 

metal/dielectric deposition techniques and wet/dry etching. In FIG. 9C, according 

30 to some embodiments, reactive ion etching (RIE) or deep reactive ion etching 

(ORIE), 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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anodization, and/or plasma enhanced chemical vapor deposition. 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 

5 properties. In FIG. 9D a filler 916 is used to fill or partially fill the space between 

the Si pillars 914 to support 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 
10 by dissolving the filler with an etchant or solvent. Removing 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. 
15 Depending on the direction of illumination, 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 pillars 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') 

20 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 

25 oxide layer can act as an etch stop layer. The wafer can be thinned first by 

chemical mechanical polishing to 100 µm 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 

30 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 also enter from 
5 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 

10 the optical radiation. It can be arranged in a V pattern for example to reduce optical 
reflection. 

(001301 Not shown in FIGS. 9A-9D are mesa etching steps used to define the 
diameter of the APO 920. According to some embodiments, other methods such 
as ion implantation may also be used. Note that the microstructures themselves 

15 provide good confinement 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 ohmic contacts; 
and creating via holes for removal of filler. 

20 [00131] Taking advantage of low absorption constant of bulk Si. High speed 
photodiodes made with 111-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 frequency response of the device. This can be done easily in 111-V material 

25 since there are many ternary and quaternary material such as lnGaAsP, lnGaAs, 
lnAs, that are lattice matched to lnP 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. 

30 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 µm of bulk silicon losing approximately 10% or less of the incident 

radiation. The rest of the radiation continues to the microstructured pillar silicon 

5 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 

1 O uniformly or non-uniformly, periodic or aperiodic, chirped, or a pattern either locally 

or globally to optimize APO/PD performance and applications. The spacing of the 

pillars can be 20-2000 nm. The microstructured piUars 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. 

15 [00133] According to some embodiments, multiple dimensions (both structure 

and spacing) of the microstructures within a single PD/APO can broaden the 

resonance bandwidth of the microstructures such that the enhanced absorption 

coefficient is over a broader optical spectrum. 

[00134] The substrate becomes less absorbing as the wavelength approaches 

20 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 

25 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 illumination which is beneficial in PV applications. In certain 

applications, antenna like high directivity of the PD/APO may be desirable to avoid 

cross talk for example from other optical signal sources or to further improve its 

30 QE. 

[00136] According to some embodiments, microstructured hole arrays, instead 

of pillar arrays, are used as light traps in silicon. Microstructure hole arrays have 

similar properties as microstructured pillars. See e.g. Lin et al, Optical absorption 
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enhancement in silicon 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, 77721 G 
(2010). According to some embodiments, instead of etching microstructured pillar 

5 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 

1 O 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 to 
some embodiments. in the case of microstructured holes, fillers are not used in the 
PD/APD/PV devices since the surface is contiguous rather than consisting of 

15 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 

20 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 
25 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 SOI where the silicon dioxide refractive index is lower than that of Si, Ge or 
111-V/II-VI material. According to some embodiments, the effective refractive index 
can be made lower than the refractive index of the microstructures with the 

30 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 Si, Ge, 111-V material typically range from 3-3.6, by using silicon 
dioxide such as SOI and voids that are 50% of the material in volume, the 
refractive index or effective refractive index can be reduced to approximately 0.5 

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 

10 optically and/or electrically passive and or active with optical and/or electrical gain 
for example. 

(00139) FIG. 1 0A 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/PV 

15 1020 that includes microstructured pillars 1024 and/or 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 950-1100 nm. According to some 

20 embodiments, BOX or SOI substrates can also be used together with voids or 
without voids or without BOX/SOI. 

[00140] According to some embodiments, the microstructuring techniques 
described herein are also applied to heteroepitaxial material (Ill-Von Si, Ge on Si, 
or II-VI on Si). Ge (bandgap 0.66 eV at 300K) having much smaller bandgap than 

25 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 111-V material based 
photodetectors. According to some embodiments, microstructures are grown such 
as nano/microwires or etched from bulk material with or without lithographic 

30 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. 3µm 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 µm diameter 
device. The QE of the device with a 1 µm Ge absorption length is only 56% 

whereas by using microstructured pillars/holes/voids according to embodiments 
described herein, QE of approximately 90% or greater can be achieved at 1300-

5 1600 nm wavelength with bandwidths of approximately 30 Gb/s or greater for a 30 
micrometer diameter PD/APO. 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 

1 O comparison, in Kang et al. a 30 µm diameter APD was only able to reach 

approximately 15 Gb/s bandwidth at 131 O nm and cannot extend the wavelength 

due to low absorption of the bulk material without sacrificing a significant reduction 
in bandwidth. 

[00142] Fl Gs. 11A and 11 Bare cross sections showing aspects of an 

15 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 

20 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 µm or less at wavelengths to 
1750 nm and QE of approximately 90% or greater. This is a significant 

25 improvement over existing Ge on Si APO 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. 

30 (00144) At longer 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 6x106 cm/sat 1x104 

V/cm in order to have a bandwidth of approximately 20 Gb/s (f(3dB)=0.44/r where r 
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 

5 1600 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 

10 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 

15 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 photodiodes 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 

20 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 to some embodiments, uses only passive alignment where it is aligned 

25 without turning on the microstructured PD/APO. Such alignment is much faster 
and easier which reduces the cost of a microstructured PD/APO 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/APO can be correspondingly larger by 1 O 

30 to 80% or more. 

[00145] In FIG. 11 B, a microstructured Ge on Si pillars/holes APD structure 
1120 with bottom illumination is shown. Epitaxial layers for an APO Ge on Si are 
used where the optical absorption to generate electron-hole pairs takes place in Ge 



WO 2014/190189 PCT /0S2014/039208 
35 

and the gain/multiplication of the electrical charged carriers takes place in Si. The 
epitaxially grown layers are similar to Ge on Si bulk (thin film) APO with the 
following layer compositions ranges (shown in FIG. 11A). N is undoped, or low 
doped (20 ohms-cm) Si substrate 1102, which can also be SOI or BOX, lo allow 

5 removal of the Si 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 I region. W contact layer 
1104 which can be 2-8 microns, N• > 5. 1018 cm·3

. I multiplication layer (or gain 
layer) 1106 which can be undoped ( not intentionally doped), 0.2-1.0 microns thick 

10 and I < 1. 1016 cm·3
. P charge layer 1108 having a thickness of 0.05-0.2 microns 

and P - 1-6. 1 0 17 cm·3. p· Iow temp Ge buffer layer 111 0 having a thickness of -
0.01-0.04 microns and p·- < 1. 1016 cm·3

. I or P"absorption layer 1112 having a 
thickness of 0.2- 2.0 microns, and I (or p·) <1. 1 0 16 cm·3. Finally, p• contact layer 
1114 has a thickness of 0.05- 0.2 microns, and p+ > 2. 1020 cm·3

, approximately. 
15 [00146] Starting with a wafer with all the layers 1100 grown for APD operation, 

the processing details are left 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 
photo!ithographical!y, using positive or negative or image reversal pholoresist 

20 methods depending on pillars or holes, defined to form the etch mask for either dry 
or wet etching. According to some embodiments imprint lithography can be used. 
The microstructure patterns are etched on the p+ and I ( or P") and P Ge layers 
1114, 1112 and 1110, respectively, partially or fully to the P Si layer 1108 ( e.g. 
using fluorine, chlorine, bromine based gases such as SF6, CF4, BCl2 , Cl2, for 

25 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 

30 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 ALO 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, ii may not be necessary to planarize completely, by using polyimide or spin-

5 on glass to partially fill the holes and spaces between pillars. 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 

10 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 to -45 V. The APO 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 ohmic contacts, bond metal, 
15 RIE, ORIE, 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 physic.al void 

20 such as the microstructured holes. From context it should be understood if "hole" 

refers to 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/or where electric charges are formed are passivated to reduce 

25 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 SiO2 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 

30 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 to 

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 

5 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 
SiO2 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. 

10 [00149] 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. 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. 

15 13A shows the bandwidth verses "d" or the length of the "I" layer for 1550 nm (point 
1310)and for 1600 nm (point 1312) NotethatAPDs have both a Ge "I" layer and 
an Si "I" layer; whereas for PDs have just a Ge "I" layer. FIG. 13B shows QE 
verses "d" or "I" 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/APO bandwidths of 40 

20 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 photodiodes 
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 

25 the carriers, preferably electrons, results in an APO 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 

30 (SIN). 

(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 
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illuminated microstructured Ge on Si APO 1420 is shown with a semitransparent 

conductive oxide 1426 connecting 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 

5 for top and bottom illuminated microstructured APOs are similar. The main 

differences are that the transparent conductive oxide for top illuminated APO (or 

PD) is replaced with an opaque ohmic/bond metallization that can act as a mirror to 

reflect the optical signal back toward the absorption I layer. According to some 

embodiments, the mirror can also consist of Bragg reflectors either wafer bond to 

1 o 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/APO 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. 

15 [00152] FIGs. 15A-15C are cross sections illustrating aspects of bottom-

illuminated Ge on Si avalanche photodiodes having microslructured pillars/holes, 

according to some embodiments. FIG. 15A shows the bulk layers 1500 prior to 

forming the microstructures (pillars and/or holes). FIG. t5B shows a Ge on Si 
microstructured APO 1520 with the optical signal illuminating from the bottom 

20 (substrate side) for wavelengths from 1200-1800 nm. Note that Si is basically 

transparent at these wavelengths. 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 SOI layer 1502. The Si 
25 substrate t 502 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 

30 region 1512 once again. For example, as shown in FIGs. 13A and 13B, keeping 

the same absorption length, Ge "I" length, the OE 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 lo 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 

5 Ge on Si absorption coefficient is approximately 100 crn·1
. 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 pillar and/or holes 
absorption coefficient can be about 1.72. 104 cm·1

. 

[00154) FIG. 15C shows an APD 1540 in which the microstructure extends all 
1 O the way to the N cathode layer 1506 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 151 O and 1508. Additionally, according to some embodiments, the 
15 microstructures in the absorbing layer 1512 and the multiplication layer 1508 need 

not be the same. In FIG. 150, photons may generate electron hole pairs in the 
multiplication 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 

20 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 allowing 

reasonable avalanche voltage. 

(00155) FIG. 150 shows a microstructered APO 1560 where the absorption and 
multiplication region are a single region 1566, pillars or holes, according to some 

25 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 also occur in this length of material. For example, if 0.5 µm of microstructured 

Si shown in Fig.15O is the thickness of layer 1566, a back illuminated APO 1560 

30 allows a double bounce of the optical signal reflecting off the N ohmic contact and 

bond metallization resulting in an effective length of one micron of absorption 

length. The Si APD 1560 can operate at 0.5 µm multiplication length resulting in 

gain of 3 dB or more with a reverse bias ranging from -5 to -50 volts. According to 



WO 2014/190189 PCT /0S2014/039208 
40 

some embodiments, the structure shown in FIG. 15D can be applied to other 
material systems such as Ge, Ge on SI, 11I-V, and 11I-V on Si or not on Si. 
[00156] F1Gs. 16A and 16B are graphs comparing single pass and double pass 
photodiodes and/or avalanche photodiodes based on Ge on Si, according to some 

5 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 

1 O 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 

15 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 multiplication 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 

20 microns and the multiplication is 0.5 microns, making the absorption length 
effectively 1.8 microns to achieve QE above 90%. However, 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 

25 1127 nm wavelength at 300K) for example for radiation from 1200-1800 nm 
wavelengths. The advantage of illuminating from the Si substrate side (bottom) is 
that the optical signal 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 

30 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. 

PCT /0S2014/039208 

[00157] FIGs. 17A-17B are cross sections showing aspects of a top-illuminated 

Ge on SI photodiode structure having microstructured pillars/holes for applications 

5 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-1-N structure where the "P" and "I" are Ge 

with microstructured pillars 1724 and/or holes 1722 to enhance the bulk absorption 

10 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 APO can be illuminated from either the microstructured 

side (as in FIG. 17B) or the substrate side (as in FIG. 18B). 

15 [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. 188 shows photo 

diode 1820 configured for signal illumination from the Si substrate side (bottom 

20 illumination) with photo energies that are less than the Si bandgap of 1.1 eV at 

300K. The corresponding wavelength range is 1200 lo 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. 

25 [00159] It should be noted that in all the discussions of the P+N structures, 

according to some embodiments the P and N are interchanged such as with an N-

1-P structure 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 APO structures 

are also interchanged and the substrate can be P, low doped P or undoped. 

30 However, in an Si multiplication layer, to achieve the lowest noise and the best 

S/N, 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 lnGaAs 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 voltage which for the described devices can 

5 range from -10 to -60 V, is in Si. 

[00160] According to some embodiments, the microstructured pillars and or 

holes for Si and Ge on Si photodiodes (PD) and avalanche photodiodes (APD) are 

used to replace relatively expensive 111-V photodiodes. The Si microstructured 

pillars and holes PD/APO can operate from 500 to 1100 nm at bandwidths of 20 

1 0 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 or more 

and OE 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 
15 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 

20 ( 111) orientation for example, with Au nanoparticles as catalysts for the VLS 

epitaxial growth using chemical vapor deposition (CVD) or meta! 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 
Si, Ge, 111-V, glass, quartz, metal, to name a few can also be used as substrates. 

25 According to some embodiments, a thin Ge buffer layer of approximately 2nm on Si 

( 111) substrate is formed together with Au nano particles as catalysts for VLS 

growth in a CVD reactor. The Au catalyst can be deposited using a lithography 
mask to expose photoresist that is coated on the Si substrate. The Au is 

evaporated onto the Si substrate with patterned photoresist. Using standard 

30 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 pattern 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-

5 200 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 
APO to have a shorter absorption length, which in turns result in a faster transit 

10 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 dielectric constant of 

15 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 occupied by air or 

20 polyimide. C(total)=C(semiconductor)+C(air or polyimide) where C= f.Nd where E 

is the dielectric constant limes the free space permittivity (8.854 10·14 farads/cm), 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 APO. From the equation for C(total), the more 

25 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 APO invention can be extended to other PD and APO such as those of 111-
V material, microstructures can be fabricated on its surfaces and extend into and 

30 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/APO and have the same bandwidth 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=(e:1/((e:i-E2)x+ £2)))112 r0 

where x is the fraction of semiconductor area left, E1 is the dielectric constant of the 
semiconductor, E2 is the low dielectric material such as air or polyimide or spin on 

5 glass, and r0 is the radius of the active area of the PD/APO before etching 
microstructured pillars and or holes. As an example, for a 20 micron diameter Ge 
photodiode with E1=16 and for simplicity E2=1 (air) and x=.5 (half of the 
semiconductor material is removed in the microstructured pillar or holes), the 
increase in the new radius with the same capacitance as the non-microstructured 

1 o 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 

15 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 lnP-lnGaAs-lnP structure. rn FIG. 19B, 
the rnP-lnGaAs-lnP layers with microstructured holes 1922 effectively reduce the 
capacitance of the photodiode 1920 to allow a larger area photodiode to be 

20 fabricated with the same bandwidth and QE. FIG. 19C is a top view showing PD 
1920. The microstructured holes 1922 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 lnP and 

25 lnGaAs 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 lnP, lnGaAs, 

30 lnGaAsP, lnAs, lnSb, GaSb, lnGaSb 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 lnP nanowires on silicon, Journal 
of Nanophotonics, Vol. 2, 021775 (12 February 2008); Roest, et al, Position-
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controlled epitaxial 111-V nanowires on silicon, Nanotechnology 17 (2006) S271-

S275) 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 

5 selected. It is not necessary that the microwires be normal to the surface, it can be 

off normal and even have a mixture of orientations. 

[00165) In VLS growth, the silicon wafer that has the layer structure for APO or 

PD just prior to heteroepitaxial growth is photolithographically (ore-beam or 

nanoimprint lithographically) patterned with aperture ranging from 10-5000 nm, and 

1 O spaced between 10-3000 nm. An Au deposition ( e-beam, or thermal evaporation) 

follows with thickness of 0.1-1 O nm, followed by a lift-off, VLS epitaxial growth in a 

MOCVD reactor. 

[00166] For SAG growth (See, e.g. Chu et al, Wurtzite lnP nanowire arrays 

grown by selective area MOCVD, Phys. Status Solidi C 7, No. 10, 2494 - 2497 

15 (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 nanoimprint) 

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 lhe silicon 

20 surface. The wafer is then ready for SAG of Ge, 111-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. 

25 [00168] FIGs. 190 and 19E are cross sections showing aspects of fabricating an 

APD device having a 111-Vabsorbing layer grown on a P-1-N silicon multiplication 

layer, according to some embodiments. In FIG. 19D, a Si APO structure 1940 is 

etched as shown for v epitaxial growth of the 111-V material. In FIG. 19E a 111-V 

absorbing layer is grown on P-1-N silicon multiplication layer for APD device 1960. 

30 As in the Ill-Von Si for a PD device, the 111-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 111-V nano/microwires can be 
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grown on Si. According to some embodiments, SAG is used for fabricating I11-V 
microslructures on Si electronic gain layers. 

[00169] From FlGs. 19D and 19E it can be seen that the lnGaAs on Si APO 

1960 starts with a Si APD structure 1940 where microstructures of holes or pillars 

5 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-lnGaAs is grown, 

ending with P-lnGaAs at the surface. Surface growth can use a process such as 

1 O epitaxial lateral overgrowth (ELOG) to form a continuous P-lnGaAs film of high 

quality. P ohmic alloy and bond metal 1966 are formed and annealed on the P­

lnGaAs. 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 
15 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 lnGaAs on Si microstructure of the order of 10 

square microns allows for high quality lnGaAs material to be grown where lattice 

mismatch causing crystal defects are not significant. 

20 [00170] According to some embodiments, the integration of Ge, 11I-V with Si 
PDs, PVs (See, FIG. 25C, infra.) and APDs allow the absorption spectrum of Ge 

and 11I-V material on a mature Si electronic platform. It allows integration of 111-V 

with Si CMOS ICs for example for photodetector, optical light source such as light 
emitting diodes (LED) and laser diodes (LD) and I11-V electronics such as 

25 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 

30 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 

5 for example 111-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. 

[00172] The enhancement using nanowires (See, e.g. Garnett et al, Light 
trapping in silicon nanowire solar cells, Nano Letters, 2010, 10, 1082-1087; 

1 O Kelzenberg et al, Enhanced absorption and carrier collection in Si wire arrays for 
photovoltaic applications, Nature Materials, vol. 9, 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, 
77721 G-1, 2010) have been reported by various groups. The known use of 

15 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 "i" region of a P-1-N diode (PD) or P-1-P-i-N 

20 diode (APO) for high modulation bandwidth (e.g. greater than or equal to 10 Gb/s 
bandwidth) and high quantum efficiency and for APO 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 multiple 
absorbing materials are connected in parallel as current sources whereas in known 

25 technology the absorbing materials are connected in series. In addition, the use of 
voids as microstructures to enhance the absorption of the material according to 
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 

30 for double or multiple pass absorption in the I absorption layer of the PD/APO. 
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 ohmic 
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 
5 buried or embedded in Si microstructure will now be described. 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 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, 

10 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-I-P-I-N 
APO 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. 1016 cm-3 to 8. 1017 cm· 
3

, low N doping less than 1. 1017 cm-3
, and high N doping greater than 5. 1017 cm-3, 

15 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. 1016 cm-3

. 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 

20 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 second "I" region for multiplication (current gain) before transiting to 
the cathode layer). In the Figures herein, P-I-N, P-I-P+N structures are shown 
and the top P layer(s) that are in contact to external circuits are referred to as the 

25 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 

30 microstructure, according to some embodiments. The microstructure pillars 2104 
and/or holes 2102 are etched into the I-Si layer, partially or entirely or to/into the N 
(PD structure) or P (APD structure) Si layer. 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 (ORIE), ion milling, and/or focused ion beam milling. The 

etching can be isotropic or anisotropic or a combination of Isotropic 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 

5 of pillars, 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, 

10 the epitaxy layers may not grow on the dielectric mask in a crystalline 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 
15 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 temperature followed by a higher 
temperature Ge epitaxial growth using chemical vapor deposition (CVD), molecular 

beam epitaxy {MBE), atomc !ayer deposition {ALD), !ow pressure -CVD, and or a 
20 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 

25 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" 

30 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-I-
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N structure of an APO. Optical signal or photons with wavelengths ranging from 

400 to 1800 nm can illuminate the PO/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 metallization, any metal interconnect to CMOS, via's for electrical 

connectivity, arrays of PD/APO 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/APO performances; 

optimizing QE and bandwidth of the PD/APO. 

15 [00177] 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-Si, according to 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" 

region of the PO/APD 2320 and contribute minimal diffusion photocurrent which 

can lead to a degradation of the frequency response of the PD/APO 2320 and the 

QE of the PD/APO. 

(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 lateral 

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. 1016/cm3
. "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 ·r 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 µm with doping level greater than or equal to 6. 
1017/cm 3

. These parameters can be adjusted to other values, but the goals are to 
increase or optimize the OE 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 performance 
of the PD/APO. 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 Sip• 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 well 

20 as on the sides of the microstructures, either directly or from scattering, near field 
affects, interferences, or resonance, which can vastly improve the OE 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 donors (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] It is 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 a lower 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/Si is 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 1 X 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 OE. 

5 (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 OE, the shorter wavelengths, 300-600 
nm, may generate photocarriers outside the "I" region resulting in a diffusion 

10 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 248 are cross sections showing aspects of a 

microstructured APD with buried/embedded I-Ge absorbing microstructures in I-Si 
microstructures, according to some embodiments. FIG. 24A shows the bulk layers 

15 2400. In FIG. 248, the etched pillars 2424 and/or holes 2422 are filled with I-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 

20 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. 248, the starting 

25 layer was removed to minimize P dopant diffusion during I-Ge regrowth. The 
buried or embedded Ge microstructure in Si microstructure allows the APO (or PD) 
2420 to operate in two regimes. A first regime is at wavelengths where Si is 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 

30 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. 

5 [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 embodiments. 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 Player 2526 and I layer 2512 and can 

10 extend into the N layer 2510. Regrowth of Ge 2522 (or Ill·V material such as 

lnGaAs, lnAs, lnSb, GaN, lnGaN 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 

15 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, followed 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 etched to the BOX 

20 layer selectively. The BOX layer is etched selectively and an anti reflection N ohmic 
alloy is formed on the N-Si layer, annealed and followed by bond metallization, 

which completes the cathode contact. Reverse bias of -2 to - 1 o volts is applied 

between the anode and cathode for high bandwidth PD applications. In PV 

applications, 0 bias is applied. 

25 (00185] According to some embodiments, the dimensions and doping are similar 
to the Si microstructured PD shown in FIGs. 5A-5B, supra, with the I-Ge doping 

level less than 5. 1016 cm·3
, 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 

30 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 

5 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. 258 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 

10 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 
15 N can be interchanged to form for example N-I-P structures for the PD and PV 

(photovoltaic) and N-I-N-I-P structures for the APD. 

[00187] The regrowth of Ge microstructures in Si also have applications in 
photovoltaic devices where the device is operated without external reverse bias. 
The P-I-N PD structure for example with Ge microstructures embedded or buried in 

20 Si microstnictures 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 

25 devices connected in series. The microstructures also have enhanced absorption 
that can further improve the QE and or short circuit current of the photovoltaic 
device. The solar spectrum at AM O and AM 1.0, with a photovoltaic 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 

30 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; Is;+ IGe = lta1a1 
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where Is is the photocurrent generated by the Si microstructures and IG" is the 
photocurrent generated by the Ge microstructure and l101a1 is the total photocurrent. 
[00188] Although according to some embodiments the use of Si and Ge are 
described, according to some other embodiments, other materials are used. 

5 According to some embodiments, Si is used with an lnP microstructure embedded 
or buried. According to some embodiments, more than two materials are used 
such as Si, Ge, lnGaAs, lnP, GaAS, GaN, lnGaN, lnSb, 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 

1 O absorption coefficient to further improve OE and minimize the use of material in 
order to reduce cost of manufacturing. 

[00189J FIG. 25C is a cross section showing grown Ge, lnP, lnGaAs 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 

15 oxide/dielectric is removed at the bottom of the microstructure surface where it is 
approximately parallel to the silicon substrate where it can provide crystalline 
information for the growth of Ge, lnP, lnGaAs microstructures. The area where the 
Ge, lnP, lnGaAs will epitaxially grow with or without catalysts using various growth 
methods such as VLS, MOCVD, CVD to name a few, is approximately 100 square 

20 microns or less; more typically around 0.3-3 square microns. Because of the small 
area, crystalline defects due to lattice mismatch are not significant The sidewalls 
with the silicon dioxide that can be thermally grown or deposited using ALD, 
provide an electrical insulation between the Si and the Ge, lnP, lnGaAs SAG 
grown layer. It should be noted that SAG growth can continue until the Ge or lnP or 

25 lnGaAs (to name a few) can merge above the silicon microstructure and with 
lateral over growth (LOG) epitaxial process, the microstructures of Ge or lnP or 
lnGaAs 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 
30 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/AIGaAs distributed Bragg reflector 2572 (DBR) all N type is grown, 

5 follow by N-GaAs 2574, The active layer 2576 is undoped lnGaAs/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 I-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 

10 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 VCSELs at 1200-1300 nm and other 

wavelengths are known. See, e.g. "High-performance 1200-nm lnGaAs and 1300-

15 nm lnGaAsN 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 lnGaAs, lnGaAsN and other 111-V material, because at wavelengths 

20 greater than 1000 nm silicon is mostly transparent and does not introduce excess 
additional optical losses. Accordingly, Si is a good heat sink for the VCSEL 2560. 

According to some embodiments, the GaAs/AIGaAs 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 OBR. Design of 

25 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 

30 microstructures. The LED can use MQW or just a simple heterojunction of P-GaAs/ 

1-lnGaAs/N-GaAs for example. Other semiconductors can also be used such as 
lnGaAsN, lnGaAsP, GaAsN, to name a few. The substrate can be another material 

such as sapphire, SOI, insulator on Si (1OS), ceramic, glass, quartz, GaN, 
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crystalline or non-crystalline. Addtionally, other material for blue/UV LEDs such as 

GaN, AIGaN, 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 

5 embedded in Si or Ge on Si or 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 

10 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 

15 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 lo reduce the effective refractive index of a material (e.g. Si with voids) since 

20 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 volume 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 
25 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-1-N PD diode or the P-1-P-I-N APO diode. The voids according to some 

30 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 



WO 2014/190189 PCT /0S2014/039208 
58 

"I" layer (Le. 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, 

1 O 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-1-N or P-1-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 APO. 

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 APO structures start with a structure 2600. The 

starting material can be a Si PD or APO 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 

5 {CVD, MBE, ALO 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 wans, which can 

also influence the regrowth of Si or Ge (or any other semiconductor such as lnP, 

GaAs, lnGaAs, GaN, lnGaN, to name a few) and can be used to form voids. 

10 [00199] 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. 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 

15 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 lnP, GaAs, lnGaAs, GaN, lnGaN, lnGaAsP, and other 

20 semiconductors in the 111-V material family. The voids can be non-uniform is size 

and shape within the void and adjacent voids. The voids may also 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 be attained. For simplicity the voids are shown to be uniform. 

25 (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 

30 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 I 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 2900 can be configured for wavelength selectivity so as to reflect 

the optical signal back into the absorbing I region. 

[00201) According to some embodiments, voids are not only in the I 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 I 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 

1 o 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 also used to make the 

material more mechanically flexible and bend and or conform to different surface 

contours. For example, in PV applications 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 to 

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 

5 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 

PD, APO, light emitters such as light emitting diodes and diode lasers, and to 

electronic integrated circuits such as CMOS and ASIC (application specific 

10 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 

15 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, N2 , Ne gas, or vacuum for example. The voids can have different 

sizes and shapes and densities and can be random, pseudo random, aperiodic, 

20 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 

25 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 lower 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. 

30 [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, IOS to name a few. The 

5 random formation of semiconductor nanowires by dry etching of the surface of the 

semiconductor (which can be Si, Ge, I11-V material family such as lnP, GaAs, 

lnGaAs, lnGaAsP, GaN, lnGaN, lnSb, 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 

1 O 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, APO, 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 I-Ge with a buried/embedded 

15 voids, according to some embodiments. The regrowth of Ge 3104 epitaxially on Si 

microstructured pillars and/or holes results 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 

20 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 patterned 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 

25 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 I-Ge and capped by an epitaxial layer, 

according to some embodiments. As can be seen in FIG. 32, the 

30 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 

5 buried/embedded entirely in Ge for Ge on Si layers, such that in Fig. 28, if the I-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 

1 0 result in the enhancement of the bufk 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 

15 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 OE 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 

20 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 

25 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-1-N structure of a PD or P+P+N structure of an APD; the active 

area includes the absorbing "I" region and the P and N regions. According to some 

30 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 

5 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 illumination 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 

10 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/APO, 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 

15 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 active 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 

20 center of the PD/APD optimize QE while the microstructured 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-1-N or 

P-1-P-I-N diode structure can reduce the effective refractive index of the 

25 semiconductor in the N layer. This is useful in increasing the refractive index 

contrast for HCG structures (to include other possible optical 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 half of the volume 

30 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 

5 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, 

1 O 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 

15 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 lhe layers are dependent of the 

20 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. 1016 cm·3. Device size to define the area of the 

capacitance for high bandwidth PD (for circular apertures) ranges from 5 to 100 

25 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. 1018 cm·3, N or N+ 

layer(s) thickness ranges of 0.1 to 10 micrometers N doping > 1. 1017 cm·3. The Si 

30 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 NIN' 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). 

5 Subsequent "I" Si layer 3606 and p/p• layer 3608 are grown on the N/N+ layer{s) 

3604 with the buried voids 3622. In addition to reducing the effective refractive 

index, at wavelengths where Si has low loss (approximately-1 dB/cm 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 

10 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 

15 mobility. 

[00216] 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 

20 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 

25 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 PtP• 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 

30 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 NIN• 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 A4 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 I-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 I-Ge and the other part has regrown I-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 ALO 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 will predominantly occur where there is lattice 

20 information such as a Si surface. The I-Ge regrowth 3902 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 NIN+ 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 Si 3914 can also 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 Si02 is 

5 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 APO, according to some 

embodiments. Note that the APO multiplication layers are not shown for simplicity. 

1 O 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 

ALO 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 

15 the Ge or PIP+ 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 PtP• 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 

20 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 ohmic 

25 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 NIN' 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 

30 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 normal 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 

5 microstructured Si and Ge array. A contact pad 4008 can be provided, for 

example, on the side of layer 3914 as shown. Although many of the embodiments 

show the microstructures of Si and Ge, Si, Ge are normal to the surface (vertically 

aligned) and straight, according to some other embodiments if the N/W surface is 

non-planar, subsequent layers may also be non-planar. Etching (wet chemical or 

1 O dry RIE, DRI E) 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 

15 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/APO for applications where multiple 

optical signal may illuminate the PD/APO 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 NIN+ layers as shown in FIG. 1 0 to 

20 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, 950-11 00 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 

25 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 SOI layers allow the removal 

of the all or almost all of the Si substrate to reduce optical losses, increase 

mechanical flexibility and also the refractive index of SiO2 in BOX and SOI have 

30 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-418 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 

I-Si layer 4112 and N-Si layer 4110. Microstructured voids 4102 are formed in the 

5 N-Si layer 4110 using techniques such as described herein supra. The structures in 

FIGs. 41A and 41 Bare a version of the PDs/PVs shown in FIGs. 25A-B but with 

buried voids 4102 in the NIN+ layer 411 O 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. 1-

10 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 

15 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 

mlcrostructured voids, according to some embodiments. The AP□s shown in FIGs. 

42A-42D are versions of the APD shown in FIGs. 24A and 24B, supra, except that 

20 buried voids 4202 are included in the NIN+ 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 

25 simplicity. Electrical isolation, passivations, ohmic 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 4206, I-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 

30 case of FIG. 41B, I-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 illuminating the APD 4220 from 

the top or anode surface. The APO can also be illuminated from the bottom or 

cathode side. 

[00224] FIGs. 42C and 420 show another variation of an APD 4230 in which 

5 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 

10 anode, N cathode, P charge, and/or I multiplication layers of the APO in addition to 

the absorbing I layer. The addition of voids in the I multiplication layer 4208 and 

the I absorption layer 4212 can reduce the effective capacitance resulting in a short 

RC time constant for the device. The voids 4204 in the multiplication I Si layer 4208 

also reduce the effective refractive index, which is helpful in enhancing the 

15 absorption coefficient in a HCG absorbing mode. 

[00225] Epitaxial growth/regrowth/overgrowth/selective area growth/epitaxial 

lateral over growth of Si, Ge, SiGe, I11-V such as lnP, GaAs, GaN, lnGaN, lnGaAs, 

lnGaAsP, lnSb, heteroepitaxy, homoepitaxy, heterogeneous epitaxy to name a 

few, using chemical vapor deposition (CVD), metallic organic chemical vapor 

20 deposition (MOCVD), atomic layer deposition (ALO), 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 

25 are used. For example, the techniques described herein can be applied to all 

combinations of Si, Ge, 111-V and II-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 

30 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 111-V or II­

VI material family. Examples includes: GaAs, lnP, lnGaAs, lnGaAsN, lnGaAsP, 
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lnAs, GaN, lnGaN, ZnTe, CdS, ZnSe, and HgTe. According to some embodiments, 

the microstructures can also be formed in or using absorbing polymers, glass, 

and/or ceramics. 

[002281 FIG. 44 shows a microstructured pillar and/or hole array 4400 having a 

5 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 

1 0 diameters (ranging from 100 nm to 5000 nm) 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 

15 general, any shape that can be generated using a photolithographic mask, ore­

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 mlcrostructured holes or 

lengths of the microstructured pillars/mesas. The variations can be periodic, 

20 aperiodic, or random (or a mixture of periodic, aperiodic and random) within a 

single array. 

[00229) According to some embodiments, for some applications an array 

dimension of Si or Ge or I11-V microstructured pillars or holes of length 2 µm 

approximately (or depth of 2 µm approximately) with diameter of pillar/hole of 390 

25 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, I11-V, II-VI, 111-V on Si, polymer, glass, ceramic and any combination thereof. 

30 Examples of Ill-VI and II-VI are lnP, GaAs, AIGaAs, AIAs, AllnAs, lnGaAs, 

lnGaAsP, lnAs, lnGaAsN, lnN, GaN, lnSb, ZnSe, ZnTe, HgTe, and CdS. Also 11I-V, 

II-VI 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 

5 nm to 5000 nm and the pillar heights range from 0.1 to 1 O microns. FIG. 48 shows 
a microstructured hole array 4800 having different depths, diameters and spacings. 
According to some embodiments, 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 

10 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 

15 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 

20 destructive optical interferences that can also increase the enhancement factor of 
the absorption coefficient, improve light trapping, create fresnel !ens, 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 

25 includes pillars 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 

30 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. 

5 [00233) The microstructured pillar and hole (and variations thereof) arrays can 

be fabricated in Si, Ge, Ge on Si, SiGe on Si, 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 111-V and II-VI material systems together with Si, Ge and SiGe and any 

10 combination of Si, Ge, and 111-V, II-VI 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, IOS, organic 

conducting and non conducting polymers, carbon based material such as 

graphene to name a few. 

15 (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 multiple orientations that can be perpendicular and or off 

perpendicular to the surface. They can be random or pseudo random, single 

20 pattern or multiple pattern orientations at any angle where angle can range from O 

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 

illumination. Conversely, with multiple orientations and or random or pseudo 

25 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 

30 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 111-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 5006. 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 

5 are difficult to manufacture and have low yield 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 

10 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. 

15 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. 

[00236] According to some embodiments, voids are also buried in a silicon wafer 

20 (including BOX/SOI 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 

25 electronics that require mechanical flexibility and or light weight. According to some 

embodiments, burying or embedding voids is not limited to just Si, but can include 

Ge, GeSi, amorphous semiconductors, 111-V, II-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 

30 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 to prevent further deterioration. Voids are also excellent in 

preventing crack propagation. 

[00237] FIG. 51 is 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/APO are biased between the anode and cathode, lo extract a 

broadband modulation signal greater than a gigabit per second (Gb/s) at a typical 

transmission line impedance is 25-50 ohms. 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/APO. The bias-tee basically 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 

5 the application, PD or APO and performance desired. 

[002411 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 currenVvoltage. 

[002421 PV devices are in DC mode whereas PD/APO for data and tele 

10 communication are all RF with modulation bandwidth ranging from 1 to 100 Gb/s. 

Transit time of carriers and capacitance are critical in PD and APO 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 
15 an RF signal is impressed on the light. When this modulated light (also referred to 

as "optical signal") illuminates the PD/APO, the RF modulated signal is extracted 

and converted from light to electrical signal. For example, a bandwidth or 

modulation bandwidth of a PD/APO of 20 Gb/s means that an RF signal impressed 

on the laser light beam al a data rate at 20 Gb/s can be converted by the PD/APO 
20 from optical to electrical with good signal integrity or signal replication. The 

laser/LED is the transmitter and the PD/APD is the receiver where the electrical 

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, 

25 memories, to name a few. 

[00244] According to some embodiments the applications for the 

microstructured pillars and or holes in Si and Ge and Si regrowth with Ge, Ge on 

Si, with and or without buried or embedded voids photodiodes and avalanche 

photodlodes, are in data and telecommunications. According to some 

30 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, 

tablets, 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 

5 embodiments, are in sensors where broadband communication is important, such 

as sensors for infrastructures, health, environment, oil 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 

1 O 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 

15 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 

20 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 

25 the 111-V group material family of lnP, GaN, lnGaAsP, GaAs, and other 

semiconductors such as ZnO, CdTe, CulnGaSe (CIGS), amorphous Si, or any 

amorphous semiconductor and or microcrystalline and crystalline semiconductor. 

The material can be a combination of amorphous, microcrystalline, crystalline 

heterogeneous and or homogeneous. The material used is also not limited to 

30 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. 50, supra, can be integrated with optical 

5 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 to a microstructered Ge on Si photodiode or 

avalanche photodiode (with multiplication layers added). In the ridge wave guide 

1 O portion, as shown in FIG. 50, a ridge 5202 has lower density voids 5212 and slab 

5204 had higher density voids 5214. Ion 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 

15 contact is made to layer 5224 ( cathode contact not shown for simplicity and clarity 

of drawing.) 

[00249] FIG. 53 is a top view the integrated 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 

20 0.5 to 10 µm wide and 0.1 to 10 µm deep, according to some embodiments. Slab 

portion 5204 has higher density voids, as shown in FIG. 52, lo 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 

25 placing the PD/APD above the optical waveguide such that the optical field 

overlaps the absorbing I 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 multitude of effects, from slow wave to dispersion to loss. However 

30 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 line 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. 54A is 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 lower microwave loss and dispersion which 

5 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 

1 O 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 

15 resistivity. According to some embodiments, Ion implantation of protons and or 

oxygen can be used to further increase electrical resistivity. Although FIGs. 54A 

and 548 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 voids. 

20 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 

25 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 

30 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 

5 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. 

10 [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 

15 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. 

[00253] This patent application refers 10 certain theories in explaining the nature 

20 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 

25 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 

30 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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CLAIMS 
What it claimed is: 

1. A photodetector with microstructure-enhanced photoabsorption comprising: 

5 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 anode region; and 

10 a microstructure-enhanced photon absorbing semiconductor region 

15 

20 

25 

30 

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. 

2. 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 lo faciiitate said increase of absorption. 

3. A photodetector according to claim 2 wherein said microstructures have at 

least one dimension that is equal to or shorter than a longest wavelength in 

the range of wavelengths. 

4. A photodetector according to claim 1 wherein said microstructures have one 

or more shapes selected from a group consisting of pillars, holes and voids. 

5. A photodetector according to claim 1 wherein said microstructures are 

arranged into a periodically-spaced array. 

6. 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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7. 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. 

8. 

9. 

10. 

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. 

11. A photodetector according to claim 1 wherein the microstructures increase 

absorption compared to an otherwise same photodetector at least in part by 

20 forming an absorbing mode high contrast grating. 

25 

12. 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. 

13. A photodetector according to claim 11 wherein said high contrast grating is 

in 2-dimensions or 3-dimensions. 

30 14. 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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15. 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. 

5 16. A photodetector according to claim 1 wherein said microstructure-enhanced 

photon absorbing semiconductor region and said microstructures are formed 

of silicon. 

17. A photodetector according to claim 16 wherein said photodetector is a 

1 O silicon photodiode. 

18. 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 

15 quantum efficiency of at least 60%. 

20 

19. 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, a! source signal wavelengths of 850 nanometers 

with a quantum efficiency of at least 60%. 

20. A photodetector according to claim 17 wherein said photodetector is 

configured for quantum efficiency of greater than 60%. 

25 21. A photodetector according to claim 16 wherein said photodetector is an 

avalanche photodiode. 

22. 

30 

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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23. A photodetector according to claim 21 further comprising a multiplication 

region that includes a second plurality of microstructures. 

24. A photodetector according to claim 23 wherein said second plurality of 

microstructures extends into one or more multiplication layers selected from 

a group consisting of: P multiplication layer, N multiplication layer and 

charge layer. 

25. A photodetector according to claim 16 wherein said photodetector is 

10 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%. 

26. A photodetector according to claim 16 wherein said photodetector is 

15 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%. 

27. A pholodetector according to daim 1 wherein said plurality of 

20 microstructures effectively reduces capacitance of the photodetector when 

compared to a microstructure-free device having a similar photon absorbing 

length. 

28. A photodetector according to claim 1 wherein said microstructure-enhanced 

25 photon absorbing semiconductor region and said microstructures are formed 

of silicon and germanium. 

29. A photodetector according to claim 28 wherein said microstructures are 

formed by etching away portions of silicon and using a selective area growth 

30 process to grow germanium in the etched away portions. 



WO 2014/190189 PCT /0S2014/039208 
86 

30. A photodetector according to claim 1 wherein said microstructure-enhanced 

photon absorbing semiconductor region and said microstructures are formed 

of germanium. 

5 31. 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. 

10 32. A photodetector according to claim 31 wherein said anode region comprises 

a germanium P layer formed by an epitaxial lateral overgrowth process. 

33. A photodetector according to claim 31 wherein the photodetector is 

configured for a portion of the source signal to pass through the absorbing 

15 region a first time, reflect from a surface and thereafter pass through the 

absorbing region a second time. 

34. A photodetector according lo claim 30 further including a substrate and 

wherein said cathode, absorbing and anode regions are formed above the 

20 substrate and said photodetector is configured to receive said source signal 

from directions facing a side of the photodetector opposite of said substrate. 

25 

30 

35. A photodetector according to claim 34 wherein said anode region comprises 

a silicon P layer. 

36. A photodetector according to claim 30 wherein said photodector is an 

avalanche photodiode and further comprises a multiplication region formed 

of silicon. 

37. 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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38. 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. 

39. A photodetector according to claim 36 wherein at least one germanium layer 

is grown epitaxiallly on a silicon layer. 

1 O 40. A photodetector according to claim 1 wherein said mlcrostructure-enhanced 

photon absorbing semiconductor region and said microstructures are at 

least partially formed of a 111-V family material. 

41. A photodetector according to claim 40 wherein said 111-V family material is 

15 selected from a group consisting of: lnP, GaAs, lnGaAs, GaN, lnGaN, 

lnGaAsP, AIGaAs, AIGaN, GaP, lnSb and lnAs. 

20 

42. A photodetector according to claim 40 wherein said 111-V family material is 

formed using a selective area growth process. 

43. A photodetector according to claim 40 wherein said photodector is an 

avalanche photodiode and further comprises a multiplication region formed 

of silicon. 

25 44. A photodetector according to claim 1 wherein said plurality of 

microstructures include voids buried within the absorbing semiconductor 

region. 

45. A photodetector according to daim 44 wherein the absorbing semiconductor 

30 region is made of a material selected from a group consisting of silicon and 

germanium. 

46. 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. 

47. A photodetector according to claim 46 wherein said layer of material ls an N 

5 layer formed on a substrate material. 

10 

48. 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. 

49. 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. 

15 50. A photovoltaic device comprising a semiconductor material having a plurality 

of voids buried therein, the semiconductor material configured to convert 

solar radiation into direct current electricity. 

20 

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. 

25 52. 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. 

30 

53. 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 

photovoltaic device. 

1 O 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. 

15 

20 

57. A device according to claim 54 wherein said plurality of buried voids are 

configured to provide flexibility of the glass material. 

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. 

59. A microwave transmission !ine 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/or 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 

15 

20 

64. 

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 

effective index of refraction of said supporting material. 

An optical waveguide structure according to claim 63 wherein said effective 

index of refraction depends on a density of the plurality of microstructured 

voids. 

65. An optical waveguide structure according to claim 63 wherein said 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 optical 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 including a plurality of buried 

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 talk with other heat 

sensitive devices mounted on said intermediate material. 

15 
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