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Dated - 20.08.2015

- s frgead
UNIVERSITY GRANTS COMMISSION
BAHADURSHAH ZAFAR MARG
NEW DELHI-110002
F. No. - 43-398/2014(SR) Dated :- Sep, 2015

Y QD
MRP-MAJOR-MATE-2013-11424 18 St 2015
(GENERAL) 1 ==

The Under Secretary (FDIII),
University Grants Commission,
Bahadur Shah Zafar Marg,
New Delhi-110002.

Sub.:- Release of Grants-in-aid to University of Jammu, Baba Saheb Ambedkar Road, Jammu-180006 J&K (INDIA) for
the year 2015-16 under Plan in respect of Major Research Project entitled "Cu(Inl-xAlx)Se2 Thin Films...........
Photovoltaic Applications " awarded to Prof. Naresh Padha (Material Science) , Department of Physics & Electronics |
Tenure of project for 3 year(s) w.e.f 01/07/2015 .

$—~Madam,

I am directed to convey the approval sanction of the University Grants Commision for payment of grant of Rs. 9,65,000/- (Rupees: NINE
LAKHS SIXTY FIVE THOUSAND ONLY ) as Ist instalment for the years 2015-16 towards Major Research Project to the
REGISTRAR , University of Jammu, Baba Saheb Ambedkar Road, Jammu-180006 J&K (INDIA) for the Plan expenditure to be
incurred during 2015-16 . g

S. |Items Head of Amount Grant being Grant Total Grant(Rs.)
No. Account Approved(Rs.) Released as 1st Already
Installment(Rs.) Released(Rs.)
A. [Non-Recurring
1. |Books & Journals (A0 35 Rs. 0/- Rs. 0/- - Rs. 0/-
2. |Equipment Rs. 5,00,000/- Rs. 5,00,000/- - Rs. 5,00,000/-
B. |Recurring
1. |Honorium to Retd. Teacher @
Rs. 18,000/~ p.m. Rs. 0/- Rs. 0/- - Rs. 0/-
2 |a. Project Fellow (Non-Gate/Non
NET) @ Rs. 14,000/~ p.m.
b. Project Fellow
(Gate/NET/GPAT) @ Rs. Rs. 6,00,000/- Rs. 3,00,000/- - Rs. 3,00,000/-
16,000/~ p.m.
Tenure - 3 year(s)
3. |Chemical/Glassware/Consumable ;
(Raw Material & Packaging A4} Rs. 1,00,000/- Rs. 50,000/- Rs. 50,000/-
Material etc.)
4. 1Contingency Rs. 30,000/- Rs. 15,000/- - Rs. 15,000/-
5. {Hiring Services Rs. 20,000/- Rs. 10,000/- - Rs. 10,000/-
6. |Travel / Field Work Rs. 30,000/- Rs. 15,000/~ - Rs. 15,000/-
7. |Any Other Rs. 0/- Rs. 0/- Rs. 0/-
8. {Overhead Charges 10% of
approved recurring Grant (Except Rs. 75,000/- Rs. 75,000/- } Rs. 75,000/-
Travel & Field Work)
Total (A + B) Rs. 13,55,000/- Rs. 9,65,000/- Rs. 9,65,000/-

#



The sanctioned amount is debitable to the Major Head 3(A).49(a).31 Rs. 4,65,000/- & Head 3(A).49(a).35 Rs.
5,00,000/- and is valid for payment during financial year 2015-16 .

The amount of the Grant shall be drawn by the Under Secretary (Drawing and Distributing Officer), University
Grants Commission on the Grants-in-aid Bill and shall be disbursed to and credited to the REGISTRAR ,
University of Jammu, Baba Saheb Ambedkar Road, Jammu-180006 J&K (INDIA) through Electronic
mode as per the following details.

Payment Details

The Jammu & Kashmir Bank Ltd., J & k

() [BankName & Address of Branch Bank, New University Campus, Jammu-180006

(b) |Account No. 0345010100000001
(¢)  |Type of Account (SB/Current/Cash Credit) CURRENT

(d) {IFSC Code JAKAOCANAAL
(e) |MICR Code of Branch 180051018

P

(f)  |Whether Bank Branch is RTGS or NEFT enabled? : |Yes (RTGS/NEFT/Both)

The Registrar, University of Jammu, Jammu-
180006

(g) |Name & Address of Account Holder

The Grant is subject to the adjustment of the basis of Utilization Certificate in the prescribed performa submitted
by the University/Colleges/Institution.

The University/College/Institution shall maintain proper accounts of the expenditure out of the grants which
shall be utilized only on approved items of expenditure.

The University/Institution may follow the General Financial Rules, 2005 and take Urgent necessary action to
amend their manuals of financial procedures to bring them in conformity with GFRs, 2005 and those don't have
their own approved manuals on financial procedures may adopt the provisions of GFR's 2005 and
instructions/guideline there under from time to time.

The Utilization Certificate to the effect that the grant has been utilized for the purpose for which it has been
sanctioned shall be furnished to the University Grants Commission as early as possible after the close of the
current financial year.

The assets acquired wholly or substantially out of University Grant Commission's grant shall not be disposed or
encumbered of utilized for the purposes other than those for which the grant was given, without proper
sanctioned of the University Grants Commission and should, at any time the College/University cease/—m
function such assets shall revert to the University Grants Commission.

A register of assets acquired wholly or substantially out of the grant shall be maintained by the
University/College in the prescribed proforma

The grantee institution shall ensure the utilization of grant-in-aid for which it is being sanction/paid. In case
non-utilization/part utilization, thereof simple interest @ 10% per annum as amended from time to time on
unutilized amount from the date of drawl to the date of refund as per provisions contained in General Financial
Rules of Govt. of India will be charged.

The University/College/Institute shall follow strictly the Government of India / University Grants Commission
guidelines regarding implementation of the reservation policy [both vertical (for SC, ST & OBC) and
horizontal (for persons with disability etc.)] in teaching and non-teaching posts.

The University/College shall fully implement the Official Language Policy of Union Govt. and comply with the
Official Language Act, 1963 and Official Languages (Use for Official purposes of the Union) Rules, 1976 etc
The sanction is issued in exercise of the delegation of powers vide University Grants Commission Office Order
No. 69/2014 I'.No.10-11/12 (Admn. IA & B) dated 26/03/2014 .

The University/Institution shall strictly follow the University Grants Commission Regulations on curbing the
menace of Ragging in Higher Educational Institutions, 2009.

The University/Institution shall take immediate action for its accreditation by National Assessment &
Accreditation Council (NAAC).

The accounts of the University/Institution will be open for audit by the Comptroller & Auditor General of India
in accordance with the provisions of General Financial Rules, 2005.

The annual accounts i.e. balance sheet, income and expenditure statement and statement of receipts and
payments are to be prepared strictly in accordance with the Uniform Format of Accounting prescribed by



19.
20.

Government.

It is certified from the B.C.R. that the funds are available under the scheme. Entered in BCR at S No983P. No.
49 .

The funds to the extent of Rs. Crores are available under the scheme or BE/RE of the year

2015-16.

This issue with the concurrence of IFD Vide No. Diary No. 10946 Dated, 10.03.2015 .

This issue with the approval of the Chairman, (UGC) Vide Diary No. 28731 Dated 30.04.2015 .

Yours faithfully,

/’

(G.S. AULAK)
Under Secretary
Copy forwarded for information and necessary action to :- E_ﬁ.‘—;'g;——z
1. TheREGISTRAR ,-4_—
2. Office of the Director General of Audit, Central Revenues, A.G.C.R. Building, I.P. Estate, New Delhi.

3 Accountant General, Govt. of State, Jammu and Kashmir .
J/( B%. Prof. Naresh Padha (Material Science) , Principal Investigator, Department of Physics & Electronics ,
University of Jammu, Baba Saheb Ambedkar Road, Jammu-180006 J&K (INDIA) .
5. The Prineipal, University of Jammu, Baba Saheb Ambedkar Road, Jammu-180006 J&K (INDIA)

Reqstr
p

KUMAR SINHA)
SECTION OFFICER



F .N0.43-398/2014(SR)

FD Diary No. 6592
Dated : 17.11.2017

UNIVERSITY GRANTS COMMISSION

BAHADUR SHAH ZAFAR MARG -

NEW DELHI 110002 POEC 20m
(GENERAL)

Dated: Nov, 2017

The Under Secretary (FD-III)
University Grants Commission
Bahadur Shah Zafar Marg
New Delhi - 110002

Sub:

grant of Rs. @,48,
Six Oniy) as 2™

Release of Grant-in aid to University of Jammu, Jammu for the year 2017-18 under
revenue in respect of Major Research Project entitled
“Cu(IN1-XAIX).cieerennrnnn <eeeeeeneapplications” awarded to Prof. Naresh Padha, Dept. of
Material Science tenure of the project from 01.07.2015 to 30.06.2018. (3 years)

I am directed—te-convey the sanction of the University Grants Commissioh for payment of
726/- {Rupees One Lakh Forty Eight Thousand Seven Hundred Twenly
installment for the year 2017-18 towards Major Research Project to The

Registrar, University of Jammu, Jammu for the revenue expenditure to be incurred during

2017-18.

Name of the Item Amount Head of Account Grant now Grant Total Grant
Allocated Being already
Sanctioned Released
Books & Journals | e sreneninmes | @ semmealse )] ssscwemsies
3.A (65)(a). 35
Equipment 5,00,000/-| | seesesess 5,00,000/- 5,00,000,
Project Fellow 4,18,581/- 76,726/~ 3,00,000/- 3,76,726,
,g Rs. 14,000/-p.m for 2 years
=, 16,000 p.m for 3" year 3.A (65)(a). 31
e/ e —— e IR
Contingency 30,000/- 12,000/- 15,000/~ 27,000
Chemical 1,00,000/- 40,000/~ 50,000/~ 90,000
Hiring Services . 20,000/- 8,000/~ 10,000/~ 18,000
Travel/ Field Work 30,000/- 12,000/~ 15,000/~ 27,000
Overhead Charges 75,000/~ B 75,000/- 75,000
Total ' 11,73,581/- 1,48,726/- 9,65,000/- 11.:13,726




F .N0.43-398/2014(SR)

FD Diary No. 6592
Dated : 17.11.2017

sir-fagrr Rgaad

UNIVERSITY GRANTS COMMISSION
BAHADUR SHAH ZAFAR MARG oA
NEW DELHI 110002 ¢ UEC 2017
(GENERAL)
Dated: Nov, 2017

The Under Secretary (FD-III)
University Grants Commission
Bahadur Shah Zafar Marg
New Delhi — 110002

Sub:

Release of Grant-in aid to University of Jammu, Jammu for the year 2017-18 under
revenue in respect of Major Research Project entitled
“CU(IN1-XAIX) iiiremeasnnnnans applications” awarded to Prof. Naresh Padha, Dept. of
Material Science tenure of the project from 01.07.2015 to 30.06.2018. (3 years)

Sir,
I am directe€
grant of Rs. @,48,7
Six Oniy) as 2™

Registrar, Universit

2017-18.

te-convey the sanction of the University Grants Commission for payment of
26/- {Rupees One Lakh Forty Eight Thousand Seven Hundired Twenly
installment for the year 2017-18 towards Major Research Project to The
y of Jammu, Jammu for the revenue expenditure to be incurred during

Name of the Item Amount Head of Account Grant now Grant Total Grant
Allocated Being already
Sanctioned Released
Books & Journals | e | saeaeas —— [N—— (- <
3.A (65)(a). 35
Equipment 5,00,000/- e 5,00,000/- 5,00,000,
Project Fellow 4,18,581/- 76,726 /- 3,00,000/- 3,76,726,
,Q Rs. 14,000/-p.m for 2 years
>, 16,000 p.m for 3" year 3.A (65)(a). 31
s o Ru— GaninesensiaaE | weeevesseessy | 000 swGEyESERe
Contingency 30,000/- 12,000/~ 15,000/~ 27,000
Chemical 1,00,000/- 40,000/~ 50,000/~ 90,000
Hiring Services e 20,000/- 8,000/~ 10,000/~ 18,000
Travel/ Field Work 30,000/- 12,000/~ 15,000/~ 27,000
Overhead Charges 75,000/~ sisvadReR e 75,000/~ 75,000
Total 11,73,581/- 1,48,726/- | 9,65,000/- 11,13,726




10.

11

12.

13,

14,

15.

. The sanctioned ' amount is debitable to Major Research Project head

3.A (65) (a) 31 and is valid for payment during the financial year 2017-18 only.

The amount of the Grant shall be drawn by the Under Secretary (Drawing and
Disbursing Officer) UGC on the Grants-in-aid bill and shall be disbursed to and
credited to The Registrar, University of Jammu, Jammu through Electronic
mode as per the following details: -

(a) | Bank Name & Address of Branch The Jammu & Kashmir Bank Ltd., J & K Bank, new
University Campus, Jammu-180006 |
(b) | Account no. 0345040160000001
(c) | Type of Account : SB /Current /Cash | Cuurent
Credit
(d) | IFSC Code JAKAOCANAAL
(e) | MICR Code 180051018
(f) | Whether Bank Branch is RTGS or Yes

NEFT enabled : RTGS / NEFT /Both

(9) | Name & Address of Account Holder The Principal, University of Jammu, Jammu

The Grant is Subject to the adjustment on the basis of Utilization Certificate in the
prescribed proforma submitted by the University / Institution.

The University / Institution shall maintain proper accounts of the expenditure out of
the Grants which shall be utilized only on the approved items of expenditure.

The University / Institution may follow the General Financial Rules, 2005 and take
urgent necessary action to amend their manuals of financial procedures to bring
them in conformity with GFRs, 2005 and those dont have their own approved
manuals on financial procedures may adopt the provisions of GFRs, 2005 and
instructions / guidelines there under from time to time.

The Utilization Certificate to the effect that the grant has been utilized for the
purpose for which it has been sanctioned shall be furnished to UGC as early as
possible after the close of current financial year.

. The assets acquired wholly for substantially out of University Grants Commission’s

Grant shall not be disposed or encumbered or utilized for the purposes other than
those for which the grants was given without proper sanction of the UGC and should
at any time the University ceased to function, such .assets shall revert to the
University Grants Commission.

A Register of Assets acquired wholly or substantially out of the grant shall be
maintained by the University in the prescribed proforma.

The grantee institution shall ensure the utilization of grants-in-aid for which it is
being sanctioned / paid. In case of non-utilization / part utilization thereof, simple
interest @ 10% per annum, as amended from time to time on the unutilized amount
from the date of drawal to the date of refund as per provisions contained in General
Financial Rules of Govt. of India, will be charged.

The University / Institutions shall follow strictly the Government of India / UGS's
guidelines regarding implementation of the reservation policy [both vertical (for
SC,ST & OBC) and horizontal (for persons with disability etc.)] in teaching and non-
teaching posts.

.The University / Institution shall fully implement the Official Language Policy of

Union Government and comply with the Official Language Act, 1963 and Official
Languages (Use for Official Purposes of the Union) Rules, 1976 etc.

The sanction is issued in exercise of the delegation of powers vide UGC Order No.
69/2014 [F.N0.10-11/12 (Admn. IA & B)] dated 26/3/2014.

The University / Institution shall strictly follow the UGC Regulations on curbing the
menace of Ragging in Higher Education Institutions, 2009.

The University / Institution shall take immediate action for its accreditation by
National Assessment & Accreditation Council (NAAC).

The accounts of the University / Institution will be open for audit by the Comptroller
& Auditor General of India in accordance with the provisions of General Financial
Rules, 2005.



1€.The annual accounts i.e. balance sheet, income and expenditure statement and

[ statement of receipts and payments are to be prepared strictly in accordance with
[ the Uniform Format of Accounting prescribed by Government.

17. The grantee institution shall remit the amount of grants in aid and / or interest through e-mode
(RTGS/NEFT) directly to UGC account as per following bank details:-

Account Hoider | Secretary, UGC, New Delhi-110 002

Name of Bank & Address . Canara Bank, UGC Office, New Dalhi-1 10002
A/C No. 7___”__;”__8__6_27101002122

Type of AIC _Savings o
IFSC Code .. CNRBO0O008627

MICR Code 110015170

18.An amount of Rs. 9,16,739/- out the grant of Rs. 9,65,000/- sanctioned vide
letter No.F.43-398/2014(SR) dated 18.09.2015 has been utilized by
University/College/Institution for the purpose for which it was sanctioned.
Utilization Certificate for Rs. ....... has already been entered at 5. No. ...... Now we
may enter Utilization Certificate for Rs. ©,16,739/- S.No.€l4. and in the .,
Registrar at page No.24...

19. Funds to the extent of Rs...... are available under the scheme or BE / RE of the year.

20.This issues with the concurrence of IFD vide Diary No. 3168 (IFD) dated
18.10.2017.

21.This issues with the approval of Joint Secretary (MRP) vide Diary No. 49322 dated
01.11.2017.

Yours faithfully,

.

(Suresh Rani)
Under Secretary

Copy forwarded for information and necessary action for :-

1. The Registrar, University of Jammu, Jammu .
2. Office.of the Director General of Audit, Central Revenues, AGCR Building, 1.P.
Estate, New Delhi.
3. Accountant General, State Govt. of Srinagar, Kashmir :
_4Prof. Naresh Padha, Dept. of Material Science, University of Jammu, Jammu
5. Guard file.

Arun Kumar Sinha)
Section Officer



MANDATE - FORM

ELECTRONIC CLEARING SERVICE (CREDIT CLEARING)/REAL TIME GROSS

SETTLEMENT (RTGS) FACILITY FOR RECEIVING PAYMENTS

A. DETAIL OF ACCOUNT HOLDER

NAME OF THE ACCOUNT HOLDER

The Registrar, University of Jammu, Jammu.

COMPLETE CONTACT ADDRESS

1t Floor, New Administration Block,
Babasaheb Ambedkar Road, New University
Campus, Jammu Tawi, Jammu 180 006

TELEPHONE NUMBER/FAX/EMAIL

0191 - 2431365/ 2430935
manojkdhar@redifmail.com

B. BANK ACCOUNT DETAIL

_ [BANKNAME

The Jammu & Kashmir Bank Ltd

BRANCH NAME WITH COMPLETE ADDRESS

TELEPHONE NUMBER AND EMAIL

J & K Bank, New University Campus,
Jammu - 180 006.
0191 - 2458663/ canal@jkbmail.com

WHETHER THE BRANCH IS COMPUTERISED?

YES

{

WHETHER THE BRANCH IS RTGS ENABLED? IF YES, | YES

| THEN WHAT IS THE BRANCH.’S IFCS CODE IFCS Code: JAKAGCANAAL

IS THE BRANCH ALSO NEFT ENABLED? YES .
TYPE OF BANK ACCOUNT (SB/CURRENT/CASH CURRENT

CREDIT)

COMPLETE BANK ACCOUNT NUMBR (LATEST) 0345010100000001

| MICR CODE OF BANK - 180051018 - )
BRANCH CODE 0345

I hereby declare that the particulars given above are correct and complete. If the transaction is delayed or not effected
to all for reason of incomplete or incorrect information I would not hold the user Institution responsible. I have read
the option inviting letter and agree to discharge responsibility expected of me as a participant un

Date:
Certified that the

(Bank’s Stau{'p)
o)s V617

1. Please attach a photoco

theg-hjm e.

T

<«

Y . ﬁ 0 /
% of cheque along with the verification obtained from the bank

In case your bank branch is presently not RTGS enabled,” then upon its up-gradation to “RTGS Enabled”
branch, please submit the information again in the above proforma to the Department at earliest.

- )
jty of Jammu a

Uniy,
o =
¢ rtuulars furnished above are correct as per our records. o

10



UNIVERSITY GRANTS COMMISSION
BAHADUR SHAH ZAFAR MARG
NEW DELHI - 110 002

Annexure - III

STATEMENT OF EXPENDITURE IN RESPECT OF MAJOR RESEARCH PROJECT

1. Name of Principal Investigator : Prof. Naresh Padha

University: University of Jammu, Jammu, J&K, India

. Deptt. of Principal Investigator: Department of Physics & Electronics

. UGC approval Letter No. and Date: F.No. -43-398/2014(SR) Dated 18" Sep. 2015

4. Title of the Research Project: Cu(In1-xAlx)Se2 Thin Films optimization, Device Fabrication and
their use in Photovoltaic Applications.

5. Effective date of starting the project : 01/07/2015
6. a. Period of Expenditure: From 16/08/2017 to 30/06/2018

b. Details of Expenditure

S.No. Item Amount Amount Balance of| Total | Expenditure| Balance
Approved| Released as Ist Amount| Incurred (Rs.)
(Rs.) 2nd Instalment| (Rs.) (Rs.)
Instalment (Rs)
(Rs.)
i Books & Journals [Nil Nil INil INil INIL INil
ii. Equipment 5,00,000/- |Nil Nil INil INil Nil
iii. Contingency 30,000/- 12,000/- 13/- 12,013/- |11,203/- 810/-
iv. Field Work/Travel [30,000/- 12,000/~ 1,821/- 13,821/- NIL 13,821/-
(Give details in the
proforma
at Annexure-
V).
Vs Hiring Services 20,000 8,000/- Nil 8,000/~ 8,000/- INil
Chemicals & 10,000/- INil 40,000/-  [39,963/- 37/-
Vi. Glassware 1,00,000
vii. Overhead 75,000 Nil R33/- 233/- Nil 233/-
Any other items
viii. (Please
specify) b == — - -
Total - 7,55,000/- [72,000/- 2,067/- 74,067/- 59,166/- 14,901/-
A

11



e Order has beer] placed and equi

Lt e

c. Staff T

Wi
Date of Appointment: 27.0

W~

pment been despatch by the company.
Lemmd W (b Ang]

Amount .
Amount | Released Ba:alr:t:e Total Expendit -
S.No Items From To Approved | As 2™ 9 Amount | . Yr® canco
(Rs.) installine Inst(aln';e (Rs.) |n(¢;ﬂ;9d (Rs.)
nt nt (Rs E S.

Honorarium to PI

1 | (Retired Teachers) @ Nil Nil Nil Nil Nil :
Rs. 18,000/-p.m. il
Project fellow:
i) NET/GATE qualified-
Rs. 16,000/~ p.m. for
initial 2 years and Rs.
18,000/- p.m. for the
third year.

L2

ii) Non-GATE/Non- 5
N)ET- Rs. 14,000/-p.m. 01.08.2017| 30.06.2018 | 6,00,000/- | 76,726/- 46,194/- 1,22,920/- | 1.22.920/- Nil
for initial 2 years and
Rs. 16,000/-p.m. for the
third year

1. It is certified that the appointment(s) have been made in accordance with the terms and
conditions laid down by the Commission.

2. If as a result of check or audit objection some irregularly is noticed at later date, action will
be taken to refund, adjust or regularize the objected amounts.

3. Payment @ revised rates shall be made with arrears on the availability of additional funds.

4. It is certified that the grant of Rs. 01,48,726/- (Rupees One Lakh forty eight thousand
seven hundred twenty six only) received from the University Grants Commission under the
scheme of support for Major Research Project entitled “Cu(in1-xAlx)Se2 Thin Films optimization,
Device Fabrication and their use in Photovoltaic Applications. vide UGC letter No. F.No. -43-
398/2014(SR) Dated 18" Sep. 2015 and F.No. -43-398/2014(SR) Dated 8" Dec 2017 as 2™ instalment
with an amount of Rs. 48,261/~ was carry forwarded and has been utilized for the purpose
for which it was sanctioned and in accordance with the terms and conditions laid down by the
University Grants Commission with an unspent balance of Rs. 14,901/- .

, W/Qj%

SIGNATURE OF PRINCIP

INVESTIGATOR

®Prof Naresh Padha

Principal Investigator,

UGC-MR
Dep

Uniy

aImmu

t of Physics & Electronics

a

STRAR/

it

FﬂNCIPAL

(Seal)

12



Annexure - IV

UNIVERSITY GRANTS COMMISSION
BAHADUR SHAH ZAFAR MARG
NEW DELHI - 110 002

STATEMENT OF EXPENDITURE INCURRED ON FIELD WORK

Name of the Principal Investigator: Prof. Naresh Padha

Name of the Duration of the Visit Mode of Expenditure

Place visited Journey Incurred (Rs.)

From To

Nil

Certified that the above expenditure is in accordance with the UGC norms for Major Research
Projects.

SIGNATURE OF PRINCIPAKINVESTIGATOR

Prof Naresh Padha
Principal Investigator,
UGC-MRP,

Department of Physics & Electronics S ————
University of Jammu
Jammu-180006

ISTR/ R/_F\RiNCIPAL

Nty

(Seal)

NA

SIGNATURE OF THE CO-INVESTIGATOR




UNIVERSITY GRANTS COMMISSION
BAHADUR SHAH ZAFAR MARG

NEW DELHI - 110 002

Annexure - IV

STATEMENT OF EXPENDITURE INCURRED ON FIELD WORK

Name of the Principal Investigator: Prof. Naresh Padha

Name of the Duration of the Visit Mode of Expenditure
Place visited Journey Incurred (Rs.)
From To
SSPL, DRDO New
Delhi 07.02.2017  02.03.2017 Air 13,179/-

Certified that the above expenditure is in accordance with the UGC norms for Major Research

Projects.

&
N

SIGNATURE OF PRINC/PAL INVESTIGATOR
@rof Naresh Padha

Principal Investigator,

- P, '
ggp():amsen of Physics & Electronics

University of Jammu
Jammu-180006

14



Annexure -V

UNIVERSITY GRANTS COMMISSION
BAHADUR SHAH ZAFAR MARG
NEW DELHI - 110 002

Utilization certificate

Certified that the grant of Rs. 01, 48, 726/- (Rupees One Lakh
forty eight thousand seven hundred twenty six only) received from the University
Grants Commission under the scheme of support for Major Research Project entitled
Cu(In1-xAlx)Se2 Thin_Films optimization, Device Fabrication and their use in
Photovoltaic Applications vide UGC letter No. F.No. -43-398/2014(SR) Dated 18™ Sep.
2015 and F.No. -43-398/2014(SR) Dated 8" Dec 2017 with an amount of Rs. 48,261/-
was carry forwarded, from a total amount of Rs. 1, 96, 987/- an amount of Rs. 01, 82,
086/- has been utilized for the purpose for which it was sanctioned and in accordance with
the terms and conditions laid down by the University Grants Commission and a balance
grant of Rs. 14,901/-has remained unspent.

J)%

SIGNATURE Of TH REGISTRAR/PRINCIPAL STATUTORY AUDITOR
PRINCIPAL INVESTIGATOR \ \ B

, (Seal) (Seal)

Prof Naresh Padha \'\\B\\

Principal Investigator,

UGC-MRP,

Department of Physics & Elactronics

NA

SIGNATURE OF THE CO-INVESTIGATOR
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Annexure VI

PERFORMA FOR SUPPLYING THE INFORMATION IN RESPECT OF
THE STAFF APPOINTED UNDER THE SCHEME OF MAJOR
RESEARCH PROJECT

UGC FILE No. F.No. -43-398/2014(SR) Dated 18" Sep. 2015
Year of Commencement: 2015

TITLE OF THE PROJECT: Cu(In1-xAlx)Se2 Thin Films optimization, Device
Fabrication and their use in Photovoltaic Applications

1. |Name of the Principal Prof. Naresh Padha
[nvestigator:

2. |Name of The University University of Jammu

3. Name of the Research Personal/Arun Banotra

appointed
4. |Academic qualification S.No.QualificationsYear Marks %oage
1. |M.Sc. 20131884/240078.50
5. Date of Joining 28/01/2016
6. [Date of Birth of Research 10/07/1990
Personal

7. Amount of HRA, if Drawn Nil
8. Number of Candidates applied 06
for the post

CERTIFICATE
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Objectives :

The exploration of new material compositions, their constituent ratio, processing skills and
device geometry to recommend future strategies for Schottky barrier and pn-heterojunction
device applications. (ldentification of metals which show ideal ohmic as well as Schottky
contacts on to CIAS semiconductor, which can be possible by detailed analysis of barrier
properties).

i) The identification and control of defects or dislocations as well as strains which influence the

electrical and/or optical properties of the films. Efforts shall be made to improve the quality of
deposited films by optimizing processes and conditions for deposition.

iii) Given that devices of CulnixAlxSe are good candidates for space solar cells and other related

optoelectronic applications. Attempts shall also be made to realize the Schottky barrier as well
as heterojunction diodes by tailoring their bandgaps and analysing their temperature
dependence response.

The optimization of CIAS solar cells in terms of their absorption coefficient, fill-factor and
efficiency will be undertaken to have better quality CIAS solar cells.
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i. Brief objective of the project:

e The exploration of new material compositions of Cu,In,Al, and Se
precursurs, their constituent ratio, processing skills and device
geometry to recommend future strategies for schottky barrier and pn-
hetrojunction device applications.
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e The identification and control of defects or dislocations as well as
strains. The efforts shall be to improve the quality of deposited films
by optimizing processes and conditions for deposition.

e Given that of Culn;.xAlxSe, materials are good candidates for solar
cells. Attempts shall also be made to optimise the layers quality —
bandgap and absorption coefficient. The phenomenon of tailoring the
bandgaps and analyze their temperature dependence will be
undertaken..

e Thrust will be given to realize the schottky barrier as well as
hetrojunction diodes and study their characteristics. The optimization
of CdS/CIAS heterojunction solar cells in terms of their fill-factor
and efficiency will be undertaken.

Ii.  Work done so far and results achieved and publication, if any, resulting
from the work (Give details of the papers and names of the journals in
which it has been published or accepted for publication).

1. Introduction

CuAlxInixSez (CIAS) chalcopyrite material attracted the research community due to the
successful substitution of “‘Al’ into the CIS tetragonal lattice at ‘In’ sites, providing their better
use in photovoltaic (PV) cells. The recent results have exhibited a solar cell efficiency (n) value
of 23.35 £ 0.5 % for a Cd-free CIGS cell through optimization of the CIS absorber layer, which
is better than multi-crystalline Si cells [1]. It is an alternative to CIGS’s scarce and expensive
gallium (Ga). The bandgap value of CIAS is controllable between 1.0 eV (CulnSe») to 2.7. eV
(CuAlSez) by “‘Al’ substitution to ‘In’ sites [2]. The terrestrial PV applications accept an ideal
bandgap of semiconductors as 1.37 eV[3]. Therefore, more attention is given to identifying an
alternate absorber material that can offer a direct bandgap (Eg) ~ 1.4 eV with a high absorption
coefficient value («) ~10° cm™. Besides this, the material should be radiation-resistant and
possess a considerable minority carrier diffusion length to get high-efficiency solar cells [4]. The
mass production of CulnAlSe; and its launching into the market for use and reliability feedback
is possible with low-cost, eco-friendly, easily scalable production. Various methods have been
reported for the growth of CIAS thin films, viz. thermal evaporation, flash evaporation, co-
evaporation of precursors, radio-frequency magnetron sputtering, DC magnetron sputtering,

molecular beam deposition (MBD), chemical bath deposition (CBD), multi-source elemental
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evaporation method (MSED), spray pyrolysis, electro-deposition, and pulsed laser deposition
(PLD), etc [5-16]. The main problem in growing quaternary (CIAS) material thin films is the
differences in constituents’ physical parameters [7]. Most of the research reports are based on
other methods which show the coexistence of secondary phases of Cui1lng, CuzSe, CuSe, Se, etc.,
or have weak reflections of chalcopyrite CulnSe; and CuAlSe; [16]. The SELD technique
provides better control over the elemental fluxes during the film deposition. Moreover, it is one
of the most appropriate techniques for developing large-area thin films [17]. Many researchers
have attempted to remove the binary selenide and native oxide phases from CIS and CIAS thin
layers that appeared on the selenisation of Cu-In and Cu-Al precursors in Ar, Se, and H.Se
environments [9,18]. However, excessive use of selenium, toxic H2Se, and contamination caused
by using separate chambers for selenisation are vital issues in the growth of chalcopyrite thin
films [19].

In the present research, Cu, In, Al, and Se elemental layers were grown on the corning
glass substrate using the SELD technique to achieve the CuAlxInixSe, from the Cu/In/Al/Se
stack. In the undertaken work, the structural, optical, morphological, and compositional studies
of CulnixAlxSe; are reported. Furthermore, the FTO/p-CulnAlSez/n-CdS/In heterojunction
diodes were studied for rectifying behaviour. In addition, the structure of the photovoltaic cell

using a nano-polycrystalline p-CIAS absorber layer was tested.

2. Experimental Section/Methods

The copper, indium, aluminum, and selenium materials having a purity range of 99.995-
99.999 are deposited sequentially with thicknesses values of 90, 190, 13, and 430 nm,
respectively, to achieve the desired stoichiometry for CulnoeszAlo37Se> (Fig. 1). The layer
depositions are obtained on corning glass substrates at room temperature in a vacuum coating
unit 12A4DM (HindiVac, India) under vacuum ~ 2x10°® mbar. The pre-deposition cleaning of
glass substrates is carried out by dipping the substrates into hydrogen peroxide (H-02) solution
for ten minutes and its further processing in trichloroethylene, acetone, and methanol (TAM) for
ten minutes each in a hot ultrasonic bath. The rotary motor attached to the substrate holder
rotates the substrate during the deposition of the elemental layers to get the homogeneous layers.
The evaporation rate of elemental Cu, In, Al, and Se corresponds to 1-2 A/s, 2-3 Ass, 1-3 Als,
and 3-4 A/s, respectively. The thickness of in-situ grown elemental layers is monitored with the
help of thickness monitor DTM-101 ( HindiVac, India) using a quartz crystal sensor attached to
the vacuum coating unit. The post-deposition annealing was performed in VCU at 523 K for 1

hour(n) under vacuum ~ 1x10° mbar. The annealing has also been carried out in a muffle
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tubular furnace at a vacuum ~ 10° mbar from 523 to 623 K for 2h at each temperature. DekTak
150 (Veeco) profilometer is used for the thickness measurement of the layers. X’pert®
(PANalytical) Powder X-ray diffractometer was used to record the diffraction data of the layers
in line mode at a scan speed of 0.03%s in 260 range of 10°-70°. The diffractometer is equipped
with HD Bragg Brentano incident geometry utilizing filtered CuKq radiations (A=1.5406 A).
The scanning electron microscope SUPRA-55 (Zeiss) at an acceleration voltage of 5 kV was
used to determine the surface morphology. The average grain size and surface area were
measured from SEM micrographs using ImageJ software (NHI & LOCI, University of
Wisconsin, USA). The elemental composition of the constituents in the films was established
using the K-emission line (copper and aluminum) and L-emission line (selenium and indium)
using energy dispersive X-ray analysis attachment JEOL JSM-7426 (Oxford Instruments). The
transmission spectra were recorded from UV-Vis-NIR spectrophotometer UV-3600 (Shimadzu)
at room temperature with a slit width of 2 nm in the 300-1800 nm wavelength range. The Raman
spectra are obtained using a laser excitation source of 532 nm in the wavenumber range of 100-
300 cm™ from a LabRam HR Evolution spectrometer (HORIBA). The heterojunction diode’s
current-voltage (I-V) characteristics are recorded using source meter 2400 ( Keithley), probe
station (Miller Design Corp), and open-source 1-V software developed by Michael D.
Kelzenberg. The open-circuit voltage (Vo) of the FTO/p-CIAS/n-CdS/In heterojunction
photocell is calculated using a digital multimeter VC-203 (Victor). The experimental data were

analyzed using OriginLab 8.5 (MicroCal) software.

Se (57.41%)

Al (1.91%) Eom EIELEEIATS:

(523K)

In (27.06%)

Corning Glass Substrate

Fig. 1: The schematic diagram of the stack obtained by sequentially evaporated layered
deposition (SELD) and Culno.e3Alo.3;Se- thin layers obtained on annealing at 523 K.
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3. Results and Discussion
3.1. Structural Characterisation

The post-deposition thermal treatment of the sequentially evaporated layered deposition
(SELD) stack was undertaken to understand the material’s phase transformation to obtain CIAS
thin layers.
3.1.1 Effect of high vacuum annealing

Thin films of CIAS re-grown at 523 K on annealing exhibit three intense peaks along
(112), (220), and (312)/(116) orientations and provides a tetragonal structure having space group
142d(122) (Fig. 2). As no standard JCPDS card is available for CIAS; consequently, the JCPDS
cards of CulnSe; (CIS) ( JCPDS: 40-1478) and CuAlSe, (CAS) ( JCPDS: 44-1269) are
considered to determine the CIAS phase. An emergence of (101) and (103) planes was also
observed on substitution of ‘Al’ at ‘In’ sites in the chalcopyrite (tetragonal) structure at 523 K
[9]. Several researchers have already reported the different concentrations of ‘Al’ in Culni.
xAlxSez [7-9].

The unit cell parameters (a=b, c) of the tetragonal structure were evaluated using the relation

given in Eq. 1[20].

1 h2+k2 12

- = tTa (1)

Where h, k, | are Miller indices, d is the interplanar separation between lattice planes, and a,b,

and c are unit cell parameters.
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Fig 2: (@) The XRD plot of Culnos3zAlo37Se2 thin films of 700 nm annealed at 523 K for 1hin a
vacuum coating unit ~ 1x10° mbar, (b) magnified view of the (112) peak.

The grown CIAS films possess a tetragonal crystal system having unit cell parameters:
a,b; 5.781(5) A, ¢; 11.593(7) A, and cell volume (V)=387.523(4) A%. The grown layers’ average

crystallite size (D) is calculated using the Debye Scherrer represented in Eq. 2 [20].

092
- BCos6 (2)

Where A represents the wavelength of X-rays, f (radians) is the full width at half
maximum (FWHM), and & is the Bragg’s angle.

The average particle size of the CIAS corresponding to the most prominent peak (MSP)
along (220) planes is 25.66(1) nm (Table 1). The shift in 26 to the higher value of 26.660(1)
from CIS in the (112) planes was observed [8]. At the same time, the unit cell volume of CIAS {
387.523(4) A%} is smaller than the unit cell volume of CIS {390.182(3) A%} (Table 2). The
reduction in the cell volume of CIAS to that of CIS confirms the substitution of smaller atomic
radii (125 pm) of ‘Al’ to higher radii of ‘In” (155 pm) [21], which exhibits compressive stress in
CIAS unit cells.

Table 1. The (hkl), 26, peak intensity, FWHM, and the crystallite size of thin films of ~ 700 nm
of Culni1.xAlxSe, obtained on annealing at 523-623 K for 1h and 2h.

Sample plane 26 Intensity FWHM Crystallite Dislocation Microstrain
details (Degrees) (degrees) size (nm) density (8) (e) (x10d)
(x10%)
(lines/m?)
523 K@1h (112)  26.660 360=100%  0.3764(3)  23.67(5) 1.784(7) 1.464(4)
(220)  44.270 188=51% 0.4327(1)  25.66(1) 1.518(8) 1.350(9)
(312) 52.436 87=24 % 0.5158(6)  25.25(3) 1.568(9) 1.373(1)
523 K@2h (112)  26.679 605 0.37476 23.78(7) 1.768(4) 1.457(6)
(220)  44.258 337 0.41081 27.02 (1) 1.369(5) 1.282(8)
(312)  52.395 165 0.45127 28.83 (3) 1.202(8) 1.202(2)
573 K@2h (112)  26.662 1119 0.38131 23.37 (7) 1.831(3) 1.483(3)
(220)  42.235 552 0.39201 27.40(1) 1.332(1) 1.265(1)
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(312) 44383 252 044915  24.77(2) 1.630(2)  1.399(5)

623 K@2h (112)  26.653 1276 0.36059 24.71(6) 1.637(9) 1.402(8)
(220)  44.220 642 0.38073 29.14(6) 1.177(8) 1.189(6)
(312)  52.369 279 0.43843 29.66(4) 1.136(7) 1.168(6)

Table 2. The 26, d-spacing, lattice constant (a, c), tetragonal lattice distortion and unit cell
volume of ~ 700 nm thin films of CulnixAlxSe> obtained on annealing at 523-623 K for 1h and

2h.
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523 K@1h 26.661 3.3408 52436 17436 5781(5) 11593(7)  1.336(6)  387.523(4)
523 K@2h 26.680 3.3386  52.395 1.7449 5788)8)  11.540(3)  1.331(3)  386.711(9)

573K@2h 26.662 3.3408 52383 17452 5789(1) 11562(1)  1.333(1)  387.479(2)

623 K@2h 26.653 3.3419 52369 17457 5790(2) 11568(6)  1.333(3)  387.864(6)

26.600 3.3484 52435 17436 5776(8) 11.692(3)  1.345(1)  390.182(3)

CIS-JCPDS
(40-1487)

3.1.2. Impact of annealing temperature variation
Cu/In/Al/Se stack Annealing is carried out from 523 to 623 K for 2 hours(h) at each

temperature. The XRD peaks intensity was found to increase with the increase in Ta (Fig. 3).
The appearance of low-intense peaks viz. (101), (103), (211), and well-resolved doublet peaks
(220/204) and (312/116) have already been reported, confirming the CIAS chalcopyrite phase
[9]. Moreover, the crystallite size increases from 28.83(3) to 29.66(4) nm by an increase in Ta
(Table 1). The tetragonal lattice distortion in CIAS films also increases with the Ta from 523 —
623 K; the value is small compared to that of CIS since ‘Al’ atoms are lesser than ‘In’ in size
[9]. CIAS unit cell volume shows some increase with Ta (Table 2). Better growth in terms of
crystallinity was observed at higher Ta. Further, CIAS provides higher peak intensities and
larger grain sizes of (112) and (220) oriented planes, as shown in Fig. 4. These variations are

attributed to the higher reactivity and thermal conductivity of ‘Al.” Some reports mention an
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increase in intensity as the outcome of ‘Al’ incorporation in CIS [7]. Thus, the present procedure

for obtaining chalcopyrite from stacked elemental layers is more convenient.
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Fig. 3: The XRD plots of CulnixAlxSe; thin films of 700 nm obtained on Ta of 523-623 K
for 2h inside a tubular furnace at the vacuum of ~1x107 mbar.

The Culng.s3Alo.37Se2 layers grown on annealing for 1h at 523 K show larger microstrain

() values. In contrast, the Culni.xAlxSe> layers on annealing from 523 to 623 K for 2h show

larger grain size, lower microstrain (¢) and dislocation density () values. As reported in the

literature, the increased grain size of crystals gives lesser grain boundaries and causes a reduction

in strain (¢) and dislocation density (6) [22]. On the other hand, CulnixAlxSe; films grown on

annealing have ordered crystal structures when their defects and disorders are reduced. The

lower strain values are due to lesser lattice imperfections in the annealed films. Thus, higher

temperature and longer time annealed films show a relaxed nano-polycrystalline phase [23].

30



500 550 600 65 500 550 600 650

y : 5.0 700 . 29.5
-&_Intensity £ (a) o Intensity ()
1200 * S 4129.0
g & E124.5 600 =

) — 8 c428.5
1000 Y i & ]
N &124.0 5008 N{28.0
Z c |2 0.
8001 > ® > & £1275
g 0123.5 400w (3
g * |8 * 127.0
600{E & -%- Grain Size c & NP
—————————————123.0 300 . ~#Grain Size| 55 5
500 550 600 650 500 550 600 650
Annealing Temperature ( K) Annealing Temperature ( K)

Fig. 4: The variations in peak intensity and grain size of CulnixALSe, thin films grown on
annealing under vacuum ~ 107 mbar for 2h inside a tubular furnace corresponding to (a)
(112) and (b) (220) oriented planes from 523 to 623 K.

3.2. Raman Analysis

The Raman spectra for the 523 K annealed CIAS layers of 700 nm were obtained using
the excitation wavelength of 532 nm (Fig. 5). The A1, By, B2, and E optical modes are Raman
active, and A modes are inactive in chalcopyrites. The most substantial A1 mode is generally
observed in A'B'"'C,V! chalcopyrite compounds. The most intense line is in the range 172-186
cm which is of A1 mode. The Az mode phonon frequency indicates a significant shift from 172
cm1 (CIS phase) to 186 cm™ (CAS phase) according to the increase in Al/(In+Al) content [9]. In
the present case, A1 mode was observed at 180.72(7) cm™, which is in good agreement with the

CIAS phase, as already reported by others [24].
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Fig. 5: The typical Raman spectra of Culno.esAlo.37Se2 grown on annealing for 1h at 523 K'in a
vacuum coating unit ( ~ 1x10~° mbar).

The prominent peak observed in 523 K for 2-hour annealed CIAS thin films was at
174.74(4) cm, with another peak having low intensity at 215.65(6) cm™. Both peaks
represented the A1 mode of the spectra. The A; mode was also observed at 573 K and 673 K; the
corresponding peaks were at 174.24(1) cm™ and 177.36(6) cm™. In addition, the FWHM values
increased with Ta (Fig. 6). Thus, the detected peak values of A; mode agree with the reported

values of the CIAS phase.
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Fig. 6: The typical Raman spectra of Culn..AlSe. thin films grown on annealing
under vacuum ~ 10° mbar for 2h inside a tubular furnace at 523-623 K.

3.3. Morphological and Compositional Analysis

The surface morphology of the CIS and CIAS layers is determined by scanning electron
microscopy (SEM). The comparative views of the 2D SEM images of CIAS and CIS crystallites
obtained on annealing at 523 K for one hour (1h) in a tubular furnace are shown in Fig. 7(a)-(b).
Both these layers represent particles of different sizes constituting spherical and cylindrical
shapes. These films show densely packed crystallites with uniform distribution over the entire
surface. The average grain length evaluated from SEM micrographs of CIS is 284.75(6) nm,
whereas for CIAS, it is 413.67(4) nm. The average surface area of grains evaluated from SEM
micrographs of CIS is 6.60(7) x 10* nm?, whereas for CIAS, it is 2.21(7) x 10° nm?. It indicates
that the grains of CIAS are bigger than the CIS ( Fig. 8). The larger grain size of CIAS samples
is due to the high thermal conductivity of Aj, which led to a better reaction among precursors
and caused coalescence. The EDAX spectra of the annealed thin films of CIAS obtained at 523
K exhibit atomic percentage ratios (Al/In+Al) and (Cu/In+Al) as 0.376, 0.877, respectively;
these are shown in Fig. 9(a). The stoichiometry of CIAS thin films is Culng.e3Alo.37Se2, assigned
based on the (Al/In+Al) ratio.
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Fig. 7. The scanning electron microscopic (SEM) images (50 K resolution) of (a)
Culno.e3Alo37Sez and (b) CulnSe, (CIS) thin films both obtained on annealing
at 523 K at vacuum ~ 1x10° mbar.
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Fig. 8a-d:  The SEM grains average length and average surface areas histogram plot and their
stats for (a-b) CulnSez (CIS) and (c-d) Culno.e3Alo.37Sez thin films obtained on
annealing at 523 K at vacuum ~ 1x107° mbar.
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Fig. 9: Energy dispersive X-ray analysis (EDAX) spectra of (a) CulnoesAlo37Sez and (b)
CulnSe; (CIS) thin films obtained on annealing at 523 K at vacuum ~ 107 mbar.

3.4. Optical Studies
The electronic transition in the energy band of the material is studied from transmission

/absorption spectroscopy [25]. First, the values of the absorption coefficient («) are determined

using the transmission spectra as per the relation given in Eq. 3 [25]:

100

T% )

a = %in(
©)

Where o represents an absorption coefficient, T% is the optical transmission percentage, and t is
the film thickness. The optical bandgap (Eg) values are calculated from Tauc’s relation given in

Eq. 4 [25]
ahv = AChv — E)" (4)
where A is a constant, v; the photon frequency, h; the plank constant, Eg4; the optical bandgap,
and n is a number. The allowed direct and indirect bandgap transitions in materials are
determined from the values of n equals 1/2 and 2, respectively. The extinction coefficient (k)
determines the degree of surface uniformity. It also specifies the effectiveness of the absorption
of photons of a particular wavelength in a material [26]. The extinction coefficient (k) is
determined using the relation given in Eq. 5 [27]:
_ad
K= (5)

where 1 represents the wavelength of incident photons. Fig. 10(a) shows the transmission
percentage ( T%) versus the wavelength (1) plot. Whereas (), (ahv)? and (k) versus (hv) plots of
CIAS thin films grown at Ta of 523 K for At of 1h are presented in Fig. 10(b)-(d). The optical
bandgap (Eg) increases from 1.42 eV (CIS) to 1.50 eV (CIAS) due to the ‘Al’ replacement of

‘In’ in the chalcopyrite tetragonal structure [28]. Fig. 11(a) shows the T% versus 4 plot of CIAS
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layers grown at Ta between 523 — 623 K for 2h. Whereas their o versus (ahv)? and k versus
photon energy (hv) plots are shown in Fig. 11(b)-(d). The optical bandgap values increase from
1.35 to 1.45 eV with the increase in Ta due to an increase in the particle sizes on substitution of
Al to In. This bandgap increase may occur because of modification in the crystallographic planes
at higher Ta. The bandgap (Eg) increase with increasing Ta is ascribed to improved crystallinity
of the CulnixAlxSe> phase on annealing, i.e., the phenomenon is temperature dependent. In
addition to this, the variation in direct allowed bandgap values is also affected due to a decrease
in grain boundaries, crystalline imperfections, and the quantum size effect in the thin layers [29].
Several authors have also reported increased bandgap (Eg) with the increase in  Ta [30-31].

The extinction coefficient (k) value increases at higher temperatures because of the
stronger absorption of photons {Fig. 11(b)}. Moreover, a higher absorption coefficient (a) ~10°
cm?® of CIAS was observed in this temperature range. Thus, obtained CIAS thin films suit

absorber layers in solar cell fabrication.
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Fig. 10: (a) The transmission percentage versus wavelength (1) plot, (b) absorption coefficient,

(c) (ahv)?, and (d) K (extinction coefficient) versus energy (4v) plots of CulnoesAlos7Sez
(CIAS) thin films obtained on annealing at 523 K.
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Fig. 11: (a) Absorption coefficient, (b) k (extinction coefficient), and (c)-(e) (ahv)? verses
energy (hv) plots of CulnixAlxSez (CIAS) thin films obtained on annealing for 2 h

at 523- 623K.

3.5. Current transport of CIAS thin films
3.5.1. The Current-Voltage (I-V) characteristics for ohmic behaviour

The FTO/p-CIAS/Ag structure was established by depositing CIAS layers on the FTO-
coated glass (substrate); these layers were grown on annealing the Cu/In/Al/Se stack from 523 to
623 K. Circular contacts of ‘Ag’ were formed on the top of the CIAS layer. The current-voltage

(1-V) characteristics of the FTO/p-CIAS/Ag structure provide ohmic behaviour, as shown in Fig.
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12. Arise in the slope of the I-V plots was noticed with an increase in the annealing temperatures.

Therefore, the resistivity of the grown samples decreases with an increase in Ta.
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Fig. 12: The current-voltage (I-V) plots of the FTO/p-CIAS/Ag structure, having CuAlyIn..Se,
thin films obtained on annealing at 523-623 K, exhibiting ohmic behaviour.

3.5.2. The Current-Voltage (1-V) characteristics of FTO/p-CIAS/n-CdS/In diode/photo-cell

Out of various annealing temperatures, the Eg of CIAS at 623 K {Fig. 11(e)}is closest to
the optimum value of the PV cells reported in the literature [32]; thus, the p-CIAS/n-CdS/In
heterojunction diodes were fabricated using CIAS thin films at 623 K. The n-CdS thin film of
thickness ~ 300 nm was deposited over p-CIAS using thermal evaporation. The circular contacts
were subsequently formed at the top of n-CdS using a physical mask of a diameter of 1.0 mm.
The forward-reverse semi-log current-voltage (1-V) characteristics of heterojunction diodes
exhibit rectifying behaviour, as shown in Fig. 13. The high voltage conduction at forward bias is
due to an unintentional oxide layer formed during PN junction formation. The zero-bias barrier
height (¢no), calculated from the non-linear fitting of the I-V curve, is 0.50(5) eV (Fig. 13).
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Fig. 13: Semi-logarithmic forward and reverse current-voltage (I-V) characteristics of the
FTO/p-CIAS/n-CdS/In heterojunction diode formed on the p-CuAln.,Se, thin films obtained on
annealing at 623 K and non-linear fitting of forward I-V plots as fitted with I-V equation of the
diode.

The 700 nm layers of p-CIAS grown over FTO-coated glass were also used as an
absorber layer to fabricate photocell structure using a CdS (~300 nm) window layer and ‘In’
metal fingers as the top electrode. The cell area was kept at ~ 1 cm?2. The open-circuit voltage
(Voc) of the FTO/p-CIAS/n-CdS/In device under illumination was observed to be 2.5 mV (Fig.
14). The low barrier height (¢no), and open-circuit voltage (Vo) is due to presence of oxide layer
traps at the interface, which restricts the movement of flow of photons to the PN-junction, and

flow of charge carriers from it (junction).
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Fig.14: The open circuit voltage ( Voc) of the fabricated heterojunction FTO/p-CIAS/
n-CdS/In photovoltaic cell formed using the p- CuAln.Se, thin films grown on
annealing at 623 K.

4. Conclusion

Thin layers of CulnoesAloz7Sez are grown on annealing at 523 K using a low-cost
sequentially evaporated layer deposition (SELD) method. The single chalcopyrite phase of CIAS
was observed from 523 to 623 K. The CIAS phase was confirmed from the A1 mode of Raman
Spectra. The films exhibited a high absorption coefficient () and demonstrated bandgap (Eg)
tuning. There is an improvement in the crystallinity of the CIAS phase at higher annealing
temperatures; the phenomenon is attributed to the increased bandgap. Thus, the grown CIAS
layers can be used as absorber layers in solar cell structures. Furthermore, the FTO/p-CIAS/n-
CdS/In heterojunction photocell provides an open-circuit voltage (Voc) of 2.5 mV. Thus, the

developed CIAS films demonstrate a photovoltaic response.
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Vi.

Has the progress been according to the original plan of work and towards achieving
the objective, if not, state the reasons.

Yes, the progress has been in accordance with the original plan of work and all objectives
were met.

Please indicate the difficulties, if any, experienced in implementing the project.
No, difficulty was faced while pursuing the project.

If project has not been completed, please indicate the approximate time by which it
is likely to be completed. A summary of the work done for the period (Annual basis)
may please be sent to the Commission on a separate sheet.

The project was completed in the specified tenure of three years, however, the
publication of some of the papers took more time.

If the project has been completed, please enclose a summary of the findings of the
study. One bound copy of the final report of work done may also be sent to the
University Grants Commission.

The study of selenium thin films indicated that nanocrystalline Se alone is highly useful
as an absorber layer in the solar cell structure. The optimization of Se-based thin films in
terms of their thickness and annealing temperature was performed and finally, these were
used as an absorber layer in the formation of FTO/ p-Se/n- CdS/In photovoltaic cell.
Their heterojunction was also studied. The research paper of this study has been
published.

It was observed that the Se when combined with Cu (1) and In (I1I) provides a tetragonal
CIS phase. The CIS phase provides a high absorption coefficient and tunable bandgap
that touches the visible-NIR region of the spectrum. Furthermore, these films show low
electrical resistivity, high mobility, and high carrier concentration. The grown CIS layer
of two different thickness values was processed at different annealing temperatures. The
results were published as a research paper.

It is also observed that when Se combines with In exhibits high transmission, bandgap
tuning, and high absorption coefficient values. It also shows changes in the electrical
parameters on annealing due to changes in composition and phase. This combination
shows the y-In.Ses phase which is suitable as a buffer layer in solar cell structure. The
results were published as a research paper.

The partial substitution of aluminum (Al) with Indium (In) in the CIS structure provides a
Culn1xAlxSe; phase, here the bandgap varies from 1.35 -1.45 eV which is a wavelength
that provides maximum photovoltaic efficiency. Further FTO/p-CIAS/n-CdS/In pn
heterojunction diodes have been fabricated and their 1-V analysis shows rectifying
behaviour. A photovoltaic cell of this configuration was tested which provided Vo and
confirmed the photovoltaic response of the heterojunction diode. A research paper based
on these results has been communicated.
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The analyses of undertaken chalcopyrites have created a scope for further investigations
on CulnixAlxSe> semiconducting materials. The characterizations of alloy/compound
materials provided a successful methodology for fabricating photovoltaic solar cells with
high efficiency, stability, and fill factor.

vii. Any other information which would help in the evaluation of work done on the project.
At the completion of the project, the first report should indicate the output, such as (a)
Manpower trained (b) Ph. D. awarded (c) Publication of results (d) other impacts, if any

(a) Manpower trained:
Five students were trained in the following trades:

Q) Growth of nano-sized thin films and multilayered deposition/growth for the
fabrication of devices.

(i) Study of the characteristics of semiconductor materials and thin films
(iii)  Testing of the pn-junction diodes and photovoltaic cells
(iv)  Handling of the semiconductor thin layers under high vacuum.

(v)  Thermal evaporation and annealing techniques, contact formations, and current-
voltage (I-V)/ capacitance-voltage (C-V) measurements.

(vi)  Development of Metal-semiconductor Schottky barrier diodes and pn-
heterojunction diodes and pn-photocells.

The single-phase CulnixAlxSe2 (CIAS) thin films have been successfully grown through
annealing of the stack of precursors obtained by the sequentially evaporated layer
deposition (SELD) method. Further, that FTO/p-CIS/n-CdS/In heterojunction diodes
have been fabricated, and their photovoltaic cell response was tested successfully.

(b) PhD Awarded:

Name of Programme Candidate’s Title of the PhD thesis supervised Notification
Name No. & Date

PhD in Physics Mr Arun Banotra Preparation and characterization of No. Eval. -Prof-

University of Jammu Sn(S, Se) semiconducting thin films and 1/18/5234-5335
diodes for solar cell application Dated 28-09-
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PhD in Electronics Ms Anjali Verma Fabrication and Characterization of No. Eval.-Prof-
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Films and Devices 2020
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(d) Other Impacts:

A vacuum tube sealing unit was sanctioned under this project which has become an asset
for future research of the university in this emerging area of noble semiconductor

materials.

Vacuum Tube Sealing Setup
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13. ACHIEVEMENTS FROM THE PROJECT:
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stack of precursors obtained by the sequentially evaporated layer deposition (SELD) method. Further, that
FTO/p-CIS/n-CdS/In heterojunction diodes have been fabricated, and their photovoltaic cell response was
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The students were trained in the area of thin film fabrication, optimization and development of multiple-
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publications were achieved using the resources of the projects.

14. SUMMARY OF THE FINDINGS:

The present project focused on the development of Cu(In;«Aly)Se; (CIAS) based photovoltaic cells. The
target was achieved and the FTO/p-CIAS/n-CdS/In structure was successfully tested for photovoltaic
response. In achieving the target, another type of solar cell (FTO/p-Se/n-CdS/In) was also tested
successfully. In addition to achieving the main objective, Se, y-In;Se; and CIAS thin films were
successfully grown and optimised for their structural, optical, electrical, and compositional properties.
Further, their current transport behaviour was tested and optimised. It was also observed that the
undertaken materials can also be used for the fabrication of sensors, optical detectors, and transducers.

15. CONTRIBUTION TO THE SOCIETY:

The energy demand is increasing rapidly whereas, the resources of conventional energy are depleting very
fast. Moreover, these conventional energy sources have created a lot of environmental issues therefore,
there is an urge for the generation of energy using renewable energy sources. Several efforts have been
made in this regard and solar energy has been found to be a viable alternative to conventional energy
resources. Although silicon solar cells have been used widely but there are limitations in this technology.
Research is, therefore, going on to make use of alternative materials to fabricate solar cells in order to
achieve higher efficiency and better stability. Furthermore, there is an effort to decrease the effective
thickness of the solar cells in order to make them more flexible.

In the present project, important aspects of solar cell materials and technology were studied. The results
and findings would be highly useful for carrying forward this work to meet the future requirements of
society. Further, the present time is an era of automation and sensors and detectors have a greater role in
creating the automation system. The materials and thin films studied in the project have been used in the
fabrication of sensors, optical detectors and transducers. So these may contribute to the future technology
of these devices and systems.

16. WHETHER ANY PHD. ENROLLED/PRODUCED OUT OF THE PROJECT: yes Five PhD
have been awarded in this area during the intervening period.
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Abstract Al/p-CulnAlSe, Schottky diodes were fabricated
using the optimized thin layers of CulnAlSe, semicon-
ductor. These diodes were used to study their temperature-
dependent current—voltage (I-V) and capacitance—voltage
(C-V) analysis over a wide range of 233-353 K. Based on
these measurements, diode parameters such as ideality
factor (), barrier height (¢,) and series resistance (R;)
were determined from the downward curvature of I-V
characteristics using Cheung and Cheung method. The
extracted parameters were found to be strongly temperature
dependent; ¢y, increases, while 5 and R, decrease with
increasing temperature. This behavior of ¢p, and n with
change in temperature has been explained on the basis of
barrier inhomogeneities over the MS interface by assuming
a Gaussian distribution (GD) of the ¢y, at the interface. GD
of barrier height (BH) was confirmed from apparent BH
(dap) versus g/2kT plot, and the values of the mean BH and
standard deviation (o) obtained from this plot at zero bias
were found to be 1.02 and 0.14 eV, respectively. Also, a
modified In(J;/T?) — ¢>62/2k*T* versus g/kT plot for Al/
p-CulnAlSe, Schottky diodes according to the GD gives
b, and Richardson constant (A™") as 1.01 eV and
26 Acm™2 K2, respectively. The Richardson constant
value of 26 Acm™2 K2 is very close to the theoretical
value of 30 Acm~2 K2 The discrepancy between BHs
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obtained from I-V and C-V measurements has also been
interpreted.

1 Introduction

Cu(In,Al)Se, (CIAS) is a direct bandgap quaternary
semiconductor, with bandgap varying between 1.0 eV
(CIS) to 2.7 eV (CuAlSe,) by Al addition, and has been
found to be a potential candidate for low-cost solar cells
[1]. Further, there are two main families of possible pho-
tovoltaic devices in the form of metal-to-semiconductor
Schottky and semiconductor-semiconductor of homo-/
hetero-junction variety. The later can be made via the same
semiconductor through different types of doping, yielding
relatively more complex structure compared to MS
Schottky junction [2, 3].

Moreover, metal-semiconductor structures are impor-
tant research tools for the characterization of new semi-
conductor materials and simultaneously play a vital role in
constructing some useful devices [4, 5]. The electrical
properties of the Schottky contacts depend on the density
of interface states, and therefore, the control of interface
quality has been found promising for device performance,
stability and reliability [6]. The current-voltage (I-V)
characteristics of the Schottky diode measured at room
temperature do not provide satisfactory information about
the conduction process and the nature of barrier at the
metal-semiconductor (MS) interface, whereas the temper-
ature-dependent I-V characteristics allow us to understand
the different aspects of the conduction mechanisms.
Thermionic emission (TE) current transport mechanism
has widely been used to extract the Schottky diode
parameters; however, several anomalies have been reported
at both low and high temperatures [7-12]. Further, it has
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been found that BH (¢y,,) increases and ideality factor (17)
decreases with increasing temperature [13-16]. Various
models have been used to explain these deviations. Some
authors suggest ‘inhomogeneities at a real MS interface’ be
the cause of the anomalous behavior [8-12]. Further, the
same authors suggest that the temperature dependence of
BHs and ideality factors can be successfully explained on
the basis of TE coupled with GD of BHs. The ballistic
electron emission microscopy (BEEM) has also supported
the existence of a GD of the BHs in Schottky diodes [16].
In addition, we could say the study of the absorber layer in
Schottky diode application to explore the capability of the
material to be used in other optoelectronics devices.
Regarding the photovoltaic devices, one could try for by
taking the thinner aluminum contact in order to use it as a
Schottky solar cell.

In this paper in addition to the temperature-dependent I-
V, C-V measurements, in the temperature range
233-353 K, of Al/p-CulnAlSe, Schottky diodes are
reported and studied. The temperature dependence of BHs
and ideality factors has been interpreted on the basis of
existence of GD of the BHs around a mean value.

2 Experimental details

Polycrystalline chalcopyrite composition Culn;_cAl,Se>
(CIAS) with x =0.19 was prepared by using melt-
quenching method as described earlier [17]. Thin films of
this material were then deposited on organically cleaned
glass substrate under varying substrate temperatures and
film thicknesses by using flash evaporation techniques [17].
In order to prepare Al/p-CulnAlSe, Schottky diodes, ini-
tially silver was deposited over organically cleaned glass
substrate which was followed by the flash deposition of
700 nm thick annealed CIAS layer. The annealing for this
purpose was performed at 573 K for the duration of 1 h in
a vacuum chamber at a base pressure of 1072 mbar.
Finally, circular Schottky diodes of area 6 x 107> cm?
were formed by thermally depositing aluminum over the
optimized CIAS layer. The rate of deposition of all the
metals was kept at 0.5-0.6 nms~', whereas rate of
0.3-0.4 nm s~ was maintained for CIAS deposition at a
base pressure of 2 x 107 mbar. The prepared diodes were
then tested for the temperature-dependent (233-353 K) I-
V as well as capacitance—voltage (C-V) behavior using
computer-interfaced I-V/C-V setup comprising of a pro-
grammable source meter (Keithley make, model 2400),
precision programmable LCR meter (Agilent make, model
4284A), Hot plate, thermocouple, cryogenic setup (Lake
Shore make, model Cryodyne 22CP CTI) equipped with
compressor (model 8200 CTI) and temperature controller
(Lake Shore make, model 321). The interfacing of these

@ Springer

instruments was established by using LabVIEW software
by National Instruments, USA.

3 Results and discussion
3.1 Current-voltage—temperature analysis

The temperature-dependent -V characteristics of Al/p-
Culng g;Alg.10Se>  Schottky diodes of the area of
6 x 107 cm? in the temperature range from 233 to 353 K
are shown in Fig. 1. The reverse characteristics of the
diode demonstrate nonsaturating response with bias as
shown in Fig. 1. The behavior may be explained on the
basis of the spatial inhomogeneity of BH [11]. For inho-
mogeneous MS contacts, the reverse characteristics may be
dominated by the current which flow through the low-BH
patches. The semilogarithmic forward I-V curves as shown
in Fig. 1 have also been found nonlinear in nature; the
nonlinearity in the I-V characteristics is a complex feature
which arises due to several factors when a number of
noninteracting parallel diodes with a GD of BHs act
simultaneously, and thus is not preferred for the extraction
of barrier parameters [18]. However, the linear range of the
forward I-V plot in the undertaken diodes is short; there-
fore, the determination of the diode parameters using it is
not possible. Thus, an alternative approach developed by
Cheung and Cheung [19] in the light of Egs. (1) and (2) has
been used to extract Schottky diode parameters corre-
sponding to downward curvature of temperature-dependent
forward I-V plots (Fig. 1). The ideality factors (1), BHs
(dpe) and series resistances (R,) as measured on the basis of
Eqgs. (1) and (2) are presented in Table 1.

1E-3

1E-4

m
a
:

log(I)Amp

1E-6

Voltage(V)

Fig. 1 log(I) versus V characteristics of Al/p-Culn,g;Alg 9Ses
Schottky diode
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Table 1 Diode parameters extracted from temperature-dependent I-V characteristics by Cheung’s method

Temp. Ideality factor Barrier height Barrier height Series resistance Acceptor density of
(K) (n) brv (V) dev (eV) R, (kQ) states x 10" Ny (em ™)
233 6.40 046 0.81 36 097
243 4.15 049 0.79 31 1.02
253 3.10 0.52 0.78 29 1.08
263 253 0.54 0.76 25 1.09
273 2.26 0.56 0.74 21 1.13
283 2.02 0.57 0.73 14 1.17
293 1.76 0.59 0.71 10 123
303 1.64 0.60 0.68 7 1.44
318 1.54 0.61 0.67 5 1.74
323 1.41 0.62 0.66 4 1.76
333 1.28 0.64 0.65 3 1.83
343 1.18 0.64 0.63 2 1.93
353 1.13 0.65 0.62 1 2.01
adV) _ p.ag4 (1) e
r— S

d(InJ) B i [
H(J) = RAJ + ¢y, (2) Jos

As shown in Table 1, the values of ¢y, for the Al/p- G Jozo 2
Culngg,Aly 9Se; Schottky diodes vary significantly g loss ;
from 0.46 to 0.65 eV, while 5 changes from 6.40 to & =
1.13 for the temperature range from 233 to 353 K. Such 2 g
high value of ideality factor at 233 K, compare to the & 1095 5
353 K, is may be due to the interface roughness, +0.50 ,_EE
interfacial reactions, diffusion/interdiffusion of the lo4s
contaminations of applied materials on semiconductor das
surface, inhomogeneities of thickness and composition -

; — 0.

of the layer and nonuniformity of interfacial charges or
the presence of a thin insulating layer, because of trace
quantities of oxygen, between the metal and the semi-
conductor [20]. Figure 2 shows the graphical represen-
tation of experimental value of ¢po, # as in the
temperature of 233-353 K.

Since current transport across the metal-semiconductor
interface is a temperature-activated process, electrons at
low temperature pass over the lower barriers and the cur-
rent is dominated by diodes with lower SBH and a larger
ideality factor. In other words, as the temperature increases,
more and more electrons have sufficient energy to over-
come the higher barrier; thus, the dominant BH will
increase with the temperature [21, 22]. Further, the higher
values of the ideality factor (1 > 1) indicate deviation of
the current mechanism from TE theory. Idealities greater
than one can also be attributed to the presence of a thick
interfacial insulator layer between the metal and semi-
conductor [1, 23].

T T T T T
220 240 260 280 300 320 340 360
Temperature (K)

Fig. 2 Barrier height (¢cy) obtained from C-V data and zero-bias
barrier height (¢;y) as well as the ideality factor (n) for the Al/p-
CulnAlSe, Schottky diodes obtained from the forward bias I-V data
at various temperatures

Moreover, the variation of series resistance with tem-
perature can be seen from Table 1 which depicts a decrease
in its value with increase in temperature; the change is
more predominant at low temperatures in comparison with
high temperatures. Such behavior of series resistance
variation has been ascribed to the particular distribution of
the interface states. In the case of metal-semiconductor
interface as explained above, the electrons at low temper-
ature pass over the lower barriers and therefore current will
flow through patches of the lower Schottky BH and results
in a larger ideality factor and hence higher series resistance
[24].
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3.2 Richardson plots

Thermionic emission theory is normally used to extract the
SBD parameters. However, there have been several reports
about the deviation of these parameters from this classical
TE theory [8, 25]. One can also evaluate the BH by using
the Richardson plot of the saturation current as follows,

In (L;) = In(A™) — % (3)
According to Eq. (3), the plot of In (JS/TZ) versus 1000/T
provides a straight line with slope giving the activation
energy and intercept at the ordinate yielding the effective
Richardson constant (A”"). However, the plot of In (J/T%)
versus 1000/T of the experimental data has been found
deviating from linearity below 293 K (refer Fig. 3).

The nonlinearity may be explained on the basis of
temperature dependence of 5 and ¢p, as been reported by
several authors [14-16]. The experimental data fit asymp-
totically with a straight line, yielding Richardson constant
(A7) value of 2.14 x 10~* Acm™2 K~2. This value of A™
is lower than the reported A™* (=30 Acm™2 K2) value of
CIS. The deviation in the Richardson plot as well as A~
value may be due to image force lowering, tunneling cur-
rent, recombination in the space charge region appearing at
low voltage and variation of the charge distribution near
the interface [26]. According to Horvath [7], the A™ value
obtained from the temperature-dependent I-V characteris-
tics may be affected by the lateral inhomogeneity of the
barrier and the fact that it is different from the theoretical
value may be connected to real effective mass which is
different from that of the calculated one.

A'=2.14x10%Acm’K?)

=18.09 Eg=0.29 eV

-18.5

-20.5 * o

-21.0 T T T T T T T T T
28 3.0 3.2 34 3.6 3.8 4.0 4.2 44

1000/T

Fig. 3 Richardson plot of In(J/T%) versus 1000/T for Al/p-
CulnAlSe, SBD
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3.3 Barrier height inhomogeneities

Barrier height inhomogeneity model is based on an
assumption that there are large number of parallel diodes
having different SBD’s, and every SBD can independently
make contribution to the current so that the total current
across the diode is sum of the current flowing in individual
diodes with different areas; however, the apparent BH
(d)z,,,) and ideality factor (Ngp) are both temperature
dependent [8, 11]. The above discussed contact behavior
has been explained on the basis of an ‘Analytical Potential
Fluctuation Model’ which assumes spatially inhomoge-
neous BHs at the interface [7, 27]. This model propagates
that the distribution of the BHs is Gaussian in character
with a mean value (¢p,) and a standard deviation (o), and
is described as [9, 27].

exp (M) 4)

205

P(¢ro) =

1
ay/2n
where 1/64y/2m is the normalization constant of the
Gaussian barrier height distribution. The total current I(V)

across a Schottky diode containing barrier inhomogeneities
for any forward bias V is then given by,

I(V) = /1(4)[)0: V)P(¢m)(14) (5)
—q (- 2
I(V) = A" T?exp I:K—’(; (‘/’bo - 2?(%)} exp (‘l:(‘f;))
) [1 o (%)] 6)
with,
b=t e () ™

where n, and ¢, are the apparent ideality factor and BH
at zero bias, respectively, and the later is given by,

2
- D’:
o = Pro(T =0) — 2% ®)
In the ideal case (7 = 1), the expression is obtained as,
1 qps
1) =p, 1B 9
('Iap ) P2 KT )

The temperature dependence of oy is usually small and
thus can be neglected [16]. However, it is assumed that o
and ¢y, are linearly bias dependent on Gaussian parameters
such that ¢y, = dpo + poVand 6 = G4, + p3V. where p,
and pj3 are the voltage coefficients that may depend on
temperature and they quantify the voltage deformation of
the BH distribution [16]. It is obvious that the decrease in
zero-bias BH is caused by the existence of the GD, and the
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Fig. 4 Zero-bias apparent barrier height (¢,,) versus g/2KT Al/p-
CulnAlSe, Schottky diode as per to Gaussian distribution of the
barrier heights

extent of influence is determined by the standard deviation
itself. Also, the effect is particularly significant at low
temperatures. On the other hand, the abnormal increase in
ideality factor occurs due to the variation of mean BH and
standard deviation with bias, i.e., terms involving voltage
coefficients p> and ps.

The plot of g, versus g/2KT shown in Fig. 4 should be
a straight line giving mean BH (¢p,) and standard devia-
tion (o) as intercept and slope with values of 1.02 and
0.15 eV, respectively.

The solid line curves in Fig. 2 represent data generated
from these parameters on their re-substitution to Eq. (8).
This plot obeys TE model comprising GD of BHs given by
the Eq. (8). By comparing ((/Sbn) and (o) parameters, it is
seen that the standard deviation (a measure of the barrier
inhomogeneity) is & 15 % of the mean BH value. It has
been noted that the lower value of &, corresponds to a more
homogeneous character of BHs, the result thus indicates
Al/p-CulnAlSe, Schottky diodes to possess inhomoge-
neous BH character, and these inhomogeneities as per the
GD function represented in Eqs. (8) and (9). The cause of
these deviations may be attributed to the variation in the
composition of the interfacial oxide layer, nonuniformity of
interfacial charges and variation of the interfacial oxide
layer thickness, etc. [9, 14]. The temperature dependence
of the ideality factor has been established to be controlled
by lognormal function as represented by Eq. (9). The fitted
ideality factor 5 plot shown in Fig. 5 is a straight line that
gives voltage coefficients p» = 1.22 V and p3 = 0.04 V
from the intercept and slope. Furthermore, as can be seen
from Fig. 5, the experimental results of n show good
agreement with Eq. (9) for the same parameters. The linear

0.1 pF1.22V
p,70.04 V

-0.2

-0.3 4

-0.4 4

-0.7

-0.8 4

-0.9

T T T T T T T T T T
32 34 36 38 40 42 44 46 48 50 52

qkTy’

Fig. 5 Ideality factor (n,,) versus g/KT plot of Al/p-CulnAlSe,
Schottky diodes as per to Gaussian distribution of the barrier heights

28
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o~ 827
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< 34
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3 38
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-46
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Fig. 6 Modified In(J,/T?) — (q*02 /2k*T?) versus g/kT plot for Al/p-
CulnAlSe, Schottky diodes

plot of (1/map — 1) versus g/kT confirms that the ideality
factor does indeed denote the voltage deformation of the
GD of the BH. The continuous line in Fig. 2 represents
data estimated with these parameters.

The Richardson plot presented at Fig. 3 according to
Eq. (3) is now modified by combining Eqs. (8) and (9) we
get,

A P\ ey P
In (TZ) (2k3T3 =In(A"™) T (10)
The modified In(Js/T?) — (¢*c? /2k*T?) versus q/kT
plot, given in Fig. 6, should also be a straight line with the
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slope and the intercept at the ordinate yielding the mean
BH (¢,,) and A™", respectively. The modified Richardson
plot shows linearity according to the GD of BHs over the
entire temperature range corresponding to single activation
energy around (¢h,) value. By the least squares linear fit-
ting of the data, ¢, = 1.01 eV it can be seen that the value
of ¢y, is in close agreement with the value of
$vo = 1.02 V obtained from the plot of ¢, versus g/2kT
shown in Fig. 4, while modified Richardson constant
A™" =26 Acm™2 K2 is found to be in close agreement
with the theoretical value of A™* = 30 Acm™> K2, The
modifications in the Richardson equations on adding the
current components determined on the basis of barrier
inhomogeneities caused barrier parameters ¢, and A™" to
shift closer to their reported values, thus confirming the
existence of ‘barrier inhomogeneities.’

3.4 Capacitance-voltage-temperature (C-V-T)
analysis

The C-V relationship for Schottky diode is [3, 4],

1 2 kT
e <—asq~aA2) (V**TV) (1)

where & is the permittivity of the semiconductor
(e = 8.1gg), Vis the applied voltage. The x-intercept of the
plot of(l/Cz) versus V gives V|, and it is related to the built
in potential V}; by the equation:

KT
Vi = Vo+7 (12)

where T is the absolute temperature. The BH is given by
the equation,

KT
¢bo=V()+T+Vn or by, = Vi + Vi (13)

- (e

The density of states in the conduction band edge is given
by,

2nm kT 32
N\,=2( 2 ) (15)

where m~ is hole effective mass (m = 0.71 m,) for
CulnSes, h is the Planck’s constant, and k is the Boltzmann
constant. In order to access the doping concentration and
BH reverse bias, C™>-V characteristics of the Al/p-
CulnAlSe, SBD in the temperature range of 233-353 K
were obtained as shown in Fig. 7.

@ Springer

The junction capacitance is measured at a frequency of
1 MHz. The experimental C~2-V plot measured at differ-
ent temperatures has been found deviating from linearity.
The nonlinearity of the curves indicates that the carrier
concentration at the diode interface is not uniform. Further
to that, the slope of the curves decreases with increasing
bias, indicating an increase in N with increasing bias. This
case indicates the presence of acceptor like deep traps (i.e.,
neutral when occupied, positively charged when empty)
within the space charge region. The charge state of the
acceptor like traps will depend on the position of the Fermi
level.

The estimated Schottky BH of Al/p-CulnAlSe, Schottky
diode is in the range of 0.81 eV at 233 K to 0.62 eV at
353 K, respectively (shown in Table 1). It is noted that the
BH obtained from CV plot (¢cy) increased with decrease
in temperature. However, the BH obtained from the I-V
curve decreases with decrease in temperature; this is
attributed to inhomogeneous MS contacts. In the present
case, the current transport at low temperatures has been
dominated by current flowing through the patches of the
lower BH with larger ideality factor as a result of the
inhomogeneous MS contacts. The dominant BH obtained
from the forward bias I-V characteristics will increase with
the temperature due to barrier inhomogeneity in MS
interface. This may be the reason of why the characteristics
of the BH versus temperature plot obtained from the C-V
measurements are completely opposite to those obtained
from the I-V measurements [11]. Also, as clearly seen
from Fig. 2, ¢y increases with decreasing temperature as
per the equation given as under:

oy = ¢oy(T = 0K)oT (16)

1.2x10°

—&— 353K

.
1.0x10%4 "
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4.0x10°"

2.0x10°"

0.0
-20

Voltage(V)

Fig. 7 Reverse bias C >~V characteristics of Al/p-CulnAlSe, SBD
in the temperature range of 233-353 K
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Fig. 8 Barrier height difference between values as derived from
conventional evaluation of I-V and C-V data as a function of inverse
temperature

where ¢cy (T =0K) is the BH extrapolated to zero
temperature and « is the temperature coefficient of the BH.
The linear fit of Eq. (16) to the experimental data in Fig. 2
yields dev T=0K)=1.1eV and o=-
14 x 107% eVK™".

Furthermore, it can be seen that the apparent BH from
the experimental forward bias I-V plot is also related to the
mean BH ¢y = ¢y from the experimental reverse bias
C~2-V plot [8, 28]. The capacitance depends only on the
mean band bending and is insensitive to the standard
deviation (o) of the barrier distribution [8, 28]. The rela-
tionship between ¢y and ¢cv is given by [8, 28],

_99(T=0) g%
24T 2k

where o is attributed to the temperature dependence of .

Figure 8 shows the experimental (¢pcyv—¢ry) versus g/
2kT plot according to Eq. (17). The plot should give a
straight line with the slope providing the value of
o, =0.20 and y-axis intercept giving the value of
26 = 11.3 x 107> V’K™". The value of o so obtained
has been found in close agreement with the value of
G, = 0.15 obtained from the plot of ¢, versus g/2kT
shown in Fig. 4. This value of o, however, is not small
when compared with the mean BH value of 1.01 eV
obtained from Fig. 4. Therefore, this may cause signifi-
cantly large potential fluctuations particularly to the low
temperature I-V data and could be responsible for the
curved behavior of the conventional Richardson plot as
shown in Fig. 3.

dev — b = (17)

4 Conclusions

The effect of temperature on Al/p-CulnAlSe, Schottky
diodes was investigated, wherein the nonideal I-V behav-
ior of the Schottky diodes as displayed from its experi-
mental data has been attributed to change in BH due to
interface states defects, dislocations, surface states, series
resistance, etc. The deviations from the experimental data
have been explained on the basis of ‘barrier height inho-
mogeneities’ at the interface whose contribution when
added confirmed the existence of TE phenomenon. The
undertaken diodes were found to possess inhomogeneous
BH character with a standard deviation of 15 % to the
mean BH and were found to vary as per the GD function.
The Richardson plot after inclusion of the current compo-
nent generated on the basis of barrier inhomogeneities
provided modified A" and dpo values which are in close
agreement with the reported ones. Existence of inhomo-
geneities has also been substantiated by the C-V analysis.
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Abstract. Al/p-CIAS Schottky diodes were fabricated by depositing aluminium (Al) on different flash evaporated
copper—indium—aluminium—diselenide (CIAS) films of varying thickness. Further, all diodes were annealed at 573 K for
an hour. The influence of p-CIAS film thickness and the thermal annealing of Al/p-CIAS Schottky diode were investigated
by observing current—voltage (/-V) and capacitance—voltage (C-V) characteristics at room temperature. Various diode
parameters, such as ideality factor (1)), barrier height (¢y,,) and series resistance (R,) were calculated using Cheung’s and
Norde methods. ¢, found to increase with annealing as well as with increase in the film thickness. However, the value of
n and R, decreases with annealing and CIAS thickness. The effective density of states (N, ), acceptor density of states (N,)
and barrier height have been calculated from C-V measurements. Values obtained from CV analysis were well matched
with /-V results. The value of N, decreases and the value of N, increases with the increase in the film thickness. Using /-V

and C-V parameters, energy band gap for the prepared Al/p-CIAS diodes has been reconstructed.

Keywords. Thin film Schottky diode; current—voltage (/~V) measurement; capacitance—voltage (C-V) measurement;

energy band diagram.

1. Introduction

In the recent years, many optoelectronic devices which have
properties of barrier height enhancement and good thermal
stability are getting more attention. Such devices are
organic field effect transistors, photovoltaic cells, Schottky
diodes, negative-resistance devices, switching and memory
systems, thermistors, etc. [1-4]. In the category of photo-
voltaic cell and Schottky solar cell, Culn;_,Al,Se> (CIAS)
is a promising p-type direct band gap absorber layer,
because the band gap of it can vary from 1.0 to 2.7 eV
simply by varying Al/In ratio [5]. These affect electrical
properties too. Many researchers focus on one or both
properties of CIAS thin films.

In 1990, Gebicki et al [5] produced bulk semiconductor
CIAS with x in the range between 0 and 1. The pure ele-
ments were supplied using a chemical transport method in
which iodine was the transport agent [5]. The variations in
lattice constants a and ¢ with the composition were recor-
ded. They were found to obey Vegard’s law in both cases.
In 1998, Itoh et al [6] reported the preparation of CIAS by
depositing a stack of In(Al)/Cu/Se/Cu/Al(In) using vacuum
evaporation and then heating the whole stack in vacuum.
The results show that the resistivity and energy band gap of
the CIAS thin films were found to increase with Al content.

Published online: 09 October 2020

In addition, non-linear changes in lattice constants a and
¢ were reported with increased Al content. US researchers
from the IEC at Delaware, produced single phase CIAS thin
films using multisource elemental evaporation in which the
elements Cu, In, Al and Se were co-evaporated onto soda-
lime glass (SLG) or Mo-coated SLG substrate [7]. They
reported that energy band gap was varied over the range of
1.0-1.74 eV with an increase in Al content. In addition to
that for the first time, they have reported that the solar
devices produced using CIAS absorber films; an efficiency
of 11% was obtained for x = 0.26. Two years later, same
group reported a device efficiency of 16.9% for a CIAS
solar cell with absorber of thickness 2.0-2.5 pm and a band
gap of 1.16 eV [8]. The increase in device performance was
achieved due to significant improvements in the device
fabrication process, such as the addition of thin Ga layer (5
pnm) by sputtering onto the Mo-coated SLG substrate, which
improvises the adhesion of the absorber film to the Mo back
contact for temperatures >500°C. Reddy and Raja [9]
reported the production of Culn;_,Al,Se; thin films (with
x =0.7) by a four-source co-evaporation method with an
aim of using such layers in tandem solar cell structure.
Those films were single phase, stoichiometric and p-type in
conductivity (p = 140 Q cm). Takao Hayashi et al [10]
deposited CIAS thin films by molecular beam epitaxy on a
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Mo/SLG substrates by the three source evaporation process.
Recently Kim et al [11] reported RF-sputtered 3-layer
structure of CIAS thin film; they observed a low resistivity
of the order of 107> Q c¢m was obtained in the Culn;_,
Al Se, thin films with x = 0.74.

Very few reports on Schottky devices based on quater-
nary semiconductor thin films have been reported. The
metal semiconductor (MS) interface plays a major role in
the functioning of any electronic and optoelectronic devi-
ces. Hence, major focus is on the electronic transport
through the Schottky barrier height (SBH). New hetero-
junction thin film-based solar material is known for the low-
cost high efficient devices, having a better control in the
grain and the charge distribution. This envisioned the uti-
lization of CIAS thin films for preparing and for feasibility
study of Schottky diode. Considering the relevant and
recent report i.e., Touati et al [12] reported Schottky device
having 400-nm thick thermally evaporated CZTS thin film.
They observed that the Schottky barrier height was
0.807 eV. The other Schottky parameters, such as series
resistance and ideality factor were estimated by Cheung and
Cheung method [13]. In the present work, we followed the
same method for estimating the Schottky parameters. In
addition, we have estimated the barrier height inhomogeneity
at interface by Norde method [14]. Our earlier study focussed
on the barrier height inhomogeneity of MS interface at dif-
ferent device temperatures [15] and the present study focusses
on the influence of film thickness and the annealing temper-
ature on the AV/CIAS Schottky devices. The structural, optical,
morphological and electrical properties of CIAS were already
reported in the previous work [16].

2. Experimental

Al/p-CIAS Schottky diodes were made by depositing
Culn;_,Al,Se, (x = 0.19) thin film on to the 500 nm thick
silver (Ag), ohmic contact, coated glass substrate using
flash evaporation method. The preparation method for
Culn,;_,Al,Se> (x = 0.19) compound, used for evaporation,
was well described in our earlier work [16]. In addition, we
had deposited and optimized CIAS thin film according to
the optimized deposition and annealing parameters as per
the previous work done [16], viz. deposition temperature
was 273 K, deposition rate was 0.3-0.4 nm s, annealing
temperature was 573 K, time duration of annealing was 1 h
and the base pressure for annealing was 10~ mbar. The
thickness of the film was measured using quartz crystal
thickness monitor (Hindhivac make). The Schottky contact,
i.e., aluminium (Al) was deposited onto the glass/Ag (+ve
ohmic contact)/CIAS structure using a stainless steel mask
(diameter of 0.1 mm), at room temperature by thermal
evaporation (technique) having a deposition rate of 0.5-0.6
nm s~'. The thickness of CIAS and Al thin films was
measured by quartz crystal thickness monitor. All evapo-
ration processes were carried out in a vacuum coating unit
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at about 10~° mbar. In this work, we had prepared Schottky
diodes by varying the thickness of the CIAS films viz. 200,
500 and 700 nm, and examined the influence of CIAS thin
films thickness and thermal annealing on the Schottky diode
parameters. The schematic diagram of CIAS Schottky diode
and its measurement setup is shown in figure 1.

The fabricated CIAS Schottky diodes (glass/Ag/CIAS/
Al) were tested by current—voltage (I-V) as well as capac-
itance—voltage (C-V) behaviours using computer interfaced
I-V/C-V setup comprising of a programmable source meter
(Keithley make, model 2400), precision programmable
LCR meter (Agilent make, model 4284A), cryogenic setup
(Janis make, model Cryodyne 22CP CTI) equipped with
compressor (model 8200 CTI) and temperature controller
(Lake Shore make, model 321). The interfacing of these
instruments was established by using LabVIEW software by
National Instruments, USA.

3. Results and discussion
3.1  Current—voltage (1-V) characterization

The semi-logarithmic current—voltage (/-V) characteristics,
both forward and reverse biases of Al/CIAS Schottky
diodes having a different thicknesses of CIAS thin film as
well as annealed are shown in figure 2. I-V characteristics
revealed that the diode current increases as the thickness is
increased in forward bias. However, the same has been
found to decrease with increase in thickness under reverse
bias condition.

Improvement in the diode current for thicker and
annealed Schottky diodes can be explained by the increase
in grain size, reducing the grain boundaries and better
enforcement of crystal growth [17]. To find the diode
parameters from the -V plot, one can notice from the non-
linear region of the semi-logarithmic forward /-V curves
caused by the presence of the effect of R, apart from that a
complex facet arises due to a number of non-interacting
parallel diodes with grain boundaries of barrier heights act
simultaneously. This causes misplay in the extraction of
diode parameters [18].

Similarly, semi-logarithmic reverse characteristics of the
diode demonstrate non-saturating response can be explained
on the basis of the spatial inhomogeneity of barrier heights
[13], majorly due to the current flow through the low barrier
heights patches. Again, there is a possibility to acquire
faulty diode parameters. With the objective of accurately
determining the ideality factor, barrier height and series
resistance of the Al/CIAS Schottky contacts, Cheung’s [13]
method was employed. According to Cheung’s functions,
the relation between applied voltage and current can be
written as:

dyv) nkT
d(lnl)_R‘H(T)' (1)
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Figure 1. Schematic of CIAS Schottky diodes and its measurement setup.
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Figure 3. d(V)/d(In I) and H(I) variations with respect to
observed Schottky diode current.

Thus, a plot of d(V)/d(In I) vs. I (shown in figure 3) will
give the value of R, and #. To evaluate ¢y,,, we can define a
function H([) given as:

v (T (1
HI)=V ( 4 >ln(AA**T2>' (2)
For equation (2), we can deduce:
H(I) = Rl + 1 ¢y (3)

From the plot of H(I) vs. I (shown in figure 3), we can
determine the value ¢, and R, which can be used to check
the consistency in the values calculated from equation (1).

Thus, the calculated values of R, ¢y, and 5 of AVCIAS
diodes having different thicknesses, as deposited and
annealed, are tabulated in table 1, and the variation is
shown graphically in figure 4.

Looking at the ideality factor values of the diodes from
table 1, one can reveal that there is an obvious improvement
observed as the thickness of CIAS increases and on
annealing. The best observed value of diode factor is 1.62
for 573 K annealed and 700 nm thick CIAS Schottky diode.
Similarly, for the same fabrication condition of Schottky
diode, we observed the minimum series resistance viz.
6.8 kQ. Very negligible overall improvement in the barrier
height, i.e., 0.57-60 eV can be observed.

According to equation (3), we can say that the high
values of series resistance hinder precise evolution of bar-
rier height. Norde [14] employed a method that evaluates
barrier height from the standard /-V plot. The modified
Norde function can be defined as:

VKT I(V)
F) =55 (@) (“)

where 7 is the first integer >#. Here, y has been taken as 2, A
the diode area =9 x 1072 mm? A" effective Richardson

64



274 Page4 of 6

Bull Mater Sci (2020)43:274

Table 1. Experimental values of barrier height (¢y,,) and ideality factor () are calculated using Cheung’s function for Al/p-CIAS

Schottky diodes with and without annealing.

CIAS thickness (nm) Annealing temperature, 7, (K) Barrier height, ¢, (V)

Ideality factor, n Series resistance, R, (kQ)

200 Unannealed 0.57 2.06 13.7
573 0.58 2.01 11.9

500 Unannealed 0.58 1.90 10.6
573 0.59 1.83 9.3

700 Unannealed 0.59 1.76 8.1
573 0.60 1.62 6.8

0.64 15
& = Unannealed 14 0.80
~ =

_ 0.63 ~ Annealed i3 a 0.76 -

z n <

= 8 )}

z i E 0.72

2 z I

>

5 0 3 < 0.68 1

: o

2 s 3 0.64

7 0.60 -
0.58 T T T 6
200 400 600 800 0.56 . . . . .
Thickness (nm) 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Volt (V)

Figure 4. Variations in barrier height and series resistance as a
function of CIAS film thickness, calculated using Cheung’s
function.

constant = 30 A cm~2 K2 and the barrier height of device
can be obtained by using:

Vo kT
ro = F(Vo) +—>——,
Y q

where F(Vj) is the minimum value of F(V) vs. V graph
(shown in figure 5) and V), is the corresponding voltage.

The series resistance using Norde’s method has been
calculated through the relation:

_KkT(y=n)
ql

®)

Ry . (6)
The values of barrier height and series resistance are tabu-
lated in table 2. Very minute changes in the values of
barrier height and series resistance were observed in com-
parison with Cheung’s method (table 1). The ideality factor
improves (decreases) and barrier height increases as thick-
ness as well as annealing temperature increase. Improve-
ment in the ideality factor implies that the current flows
through the grains and its boundaries rather to the patches,
that ultimately responsible to obtain the increasing beha-
viour of the barrier height with thickness and that of
annealing temperature. Biber et al [19] also observed linear
relationship between experimental effective barrier heights
and ideality factors of Schottky contacts.

Figure 5. Norde’s F(V) variation with respect to applied voltage
(V) for the Schottky diodes.

3.2 Capacitance—voltage (C-V) characterization

The basic C-V relationship for MS Schottky barriers was
discussed in the earlier work [15,20]. 1/C%V characteristics
for as-deposited as well as annealed Al/p-Culngg;Alg 0Se>
Schottky diodes have been presented in figure 6 (range is 0
to —2 V). The annealed samples provided lower value of
capacitance as compared to corresponding as-deposited
diodes, which caused increase in their barrier height values,
since the lower capacitance values suggest a higher built-in
voltage and consequently, a higher barrier height. The
Schottky diode parameters extracted from 1/C>-V measure-
ments have been illustrated in table 3.

The value of acceptor density of states (N,) as calculated
from the slope of reverse bias C™>-V characteristics is
found to be in the order of 10" ¢cm™ and is in close
agreement with that obtained from electrical analysis [15].
We have taken the dielectric constant of the film as 13.6 and
the effective mass of hole is 0.71 for the calculation of
C-V parameters. Table 3 suggests that as the thickness and
annealing temperature increase, the values of N, increase.
The conclusions drawn from these parameters suggest that
annealing the diodes leads to an increase in the barrier
height and an improvement (decrease) in the ideality factor.
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Table 2. Experimental values of barrier height (¢y,,) and series resistance (R;) are calculated using the Norde’s method for Al/p-CIAS

Schottky diodes with and without annealing.

CIAS thickness (nm) Annealing temperature, 7, (K)

Barrier height, ¢y, (eV) Series resistance, R, (kQ)

200 Unannealed
573

500 Unannealed
573

700 Unannealed
573

0.59 14.3
0.60 12.1
0.59 11.1
0.61 9.8
0.62 8.9
0.63 7:3

Table 3. Various electrical parameters deduced by the 1/C>~V measurement.

CIAS
thickness Annealing Effective donor density of Effective acceptor density of Barrier height ¢,
(nm) temperature, 7, (K) states x 10" N, (cm™?) states x 10" N, (cm™) V) (+0.01)
200 Unannealed 1.15 £ 0.02 1.08 £ 0.02 0.74
573 1.20 £+ 0.03 1.12 £ 0.03 0.75
500 Unannealed 1.26 £+ 0.03 1.11 £ 0.03 0.76
573 1.31 £ 0.04 1.16 £ 0.01 0.77
700 Unannealed 1.38 £ 0.03 1.15 £ 0.02 0.77
573 1.44 +£0.02 1.21 £ 0.03 0.78
= where ¢y, is the barrier height of Al/p-Culngg;Aly ¢Se,
22 — =200 -d ted 0 - lPEs
1"10“ oy : zoo:: :::n;ﬁ::; ) Schottky diodes (0.78 eV) and E, the band gap of the p-type
9x10' 1 3 4 500nm (as-deposited) semiconductor i.e., E, = 1.24 eV [16].
2 LYV < v— 500nm (annealed) P A
8x10° X Q4 Sote 700nm (as-deposited) The electron affinity () of CuInO_x,AlO_wSez has Peen
Feaseta Ty ita < 700nm (annealed) calculated as 3.82 V. Further, the work function semicon-
6x10"' M %o B ductor (¢ps) has a relation with work function of the metal
T g " (¢m) and built in potential (Vi) as:
o X107
T by = 4 + Vi), ®)
3x10"' The value of work function for p-Culng g, Al 1oSe, is equal
2x107' 4 to 4.98 eV. Using the above values of various parameters,
1x10™ equilibrium energy band diagram for the p-Culngyg,
i Al 19Se,/Al Schottky diode has been plotted and presented

-2.0 -1.5 -1'.0 0.5 0?0 0.5 1.0
Voltage(V)

Figure 6. 1/C*-V characteristics of as-deposited and annealed
Al/p-CIAS Schottky diodes.

3.3 Energy band diagram of Al/p-CIAS Schottky diode

Interfacial layer between the metal/semiconductor and the
interface states plays a vital role in the determination of the
Schottky barrier parameters. For the determination of
electron affinity (y) of the semiconductor, it has relation
with the barrier height (¢,) and work function of the metal
(¢m), as follows:

qvo = Eg — g(Pm — 7). ™)

in figure 7.

In the present case, the value of the metal work function
is low compared to that of semiconductor (i.e., ¢m < o),
electrons will move from metal to semiconductor. Each
electron flowing into the semiconductor removes a hole
from the valence band, leaving neutralized charge of ion-
ized acceptor in the semiconductor and thus, forming a
potential barrier at the metal-semiconductor interface
region [21]. Since the current in a p-type semiconductor is
carried mainly by holes, the contact behaviour seems to be a
Schottky with a barrier height of ~0.78eV.

Alike with CIAS Schottky diode, rectifying characteris-
tics of Pt/Alg gIng0sGag gaN Schottky diode show the bar-
rier height and ideality factor as 0.76 eV and 1.03,
respectively, by optimizing annealing temperature of the
device [22]. Atasoy et al [23] reported the fabrication of
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Figure 7. Energy band diagram of Al/p-CIAS Schottky diode.

Schottky diode based on Cu,ZnSnS4 (CZTS) films. They
adopted the device structure as Mo/CZTS/Al, and observed
the values of n and ¢y, as 4.5 and 0.84 eV, respectively.
Similarly, Touati et al [12] prepared the same structure
(Mo/CZTS/Al), but they have observed better ideality factor
i.e., 1.4 compared to Atasoy et al [23] work and the barrier
height was about 0.807.

4. Conclusion

Al/p-Culny g,Al 19Se, Schottky diodes were fabricated and
the effect of semiconductor layer thickness and annealing
over the characteristics of Al/p-Culng,Alj 19Se> Schottky
diode has been analysed on the basis of current-voltage
(I-V) as well as capacitance—voltage (C-V) measurements.
The results showed obtrusive influence of thermal annealing
on Al/p-Culng g; Al 19Se> Schottky diode, which improved
their quality by reducing the values of series resistance,
ideality factor as well as reverse leakage current and
increasing the barrier height. Thus, depicting reasonably
good quality Schottky diodes formed with 700 nm annealed
CIAS layer.

Bull Mater Sci (2020)43:274
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Abstract

CulnSe, (CIS) films were obtained on annealing of 280 nm and 775 nm thick Cu/In/Se stacks deposited on corning glass
substrate. The stacked elemental layer deposition (SELD) technique was used for the deposition of the films of Se, In and
Cu layers. The as-deposited and annealed samples were found to possess polycrystalline structures. The films provided
dominating CIS phase along with secondary phases of Cu,Iny, CuSe and Se. The secondary phases present in the films vary
with change in annealing temperatures. Moreover, single CulnSe, phase is observed in the 280 nm films at 523 K. The scan-
ning electron microscopic images of the samples show nano-rod type structures of CIS grains. The elemental composition
of Cu:In:Se approaches 1:1:2 in 280 nm thick samples. The ratio, however, deviates in the 775 nm thick films. The Raman
spectra of these samples give A, mode at 173 cm™" and confirm the presence of CIS phase. The films exhibit slow increase
in the band gap (E,) values from 1.09 to 1.22 eV for 775 films. However, comparatively higher band gap (E,) values from
1.25to 1.90 eV are observed for 280 nm films with high absorption co-efficient (a~10° cm™") values. The films present
more useful electrical parameters for 280 nm thick samples as compared to 775 nm samples due to dominated CIS phase.
Thus, obtained CIS thin films of 280 nm thickness provide viable alternative as an absorber layer in solar cell structure.

1 Introduction

CulnSe, chalcopyrite material (CIS) has attracted consider-
able interest on account of its applications in photovoltaic
and optoelectronic devices viz. diodes, originators of laser
beams, light detectors and solar cells, etc. [1, 2]. It has been
widely used as an absorber layer in the solar cells struc-
ture due to its direct band gap (E,~1.04 eV), high absorp-
tion co-efficient value (&~ 10° cm™"), radiation-resistant
behaviour and large minority carrier diffusion length [3, 4].
Since CulnSe, films can be prepared as both n and p-type
semiconductors, they exhibit more potential for formation
of its homo and heterojunctions [S]. Moreover, CIS is envi-
ronmentally benign, stable over a wide range of stoichio-
metries, possesses good long-term stability and demonstrate
stable device performance [6]. The recent results of CIS
absorber layer-based solar cells have achieved an efficiency
value~22.8% through improvement in the CIS absorber
layer and junction formation process. This value of the solar

P4 Naresh Padha
nareshpadha@ gmail.com

Department of Physics, University of Jammu, Jammu,
J&K 180006, India

@ Springer

cell efficiency is comparable and even superior to multi-
crystalline Si cells [7, 8]. In order to further increase the
photovoltaic efficiency of these solar cells, there is a need
for the high structural perfections, phase purity, absence of
native oxides and a suitable synthetic method [4]. Moreover,
improvements in the conversion efficiency and reliability
of CIS absorbers fabricated by different techniques require
optimization of the parameters viz. stacking order, Se layer
thickness, reaction time of the precursors during annealing
and different temperature ramp rate [9]. Moreover, in order
to achieve commercial success in CulnSe, based solar cells,
it is necessary that their mass production should be carried
out with low cost, eco-friendly and easily scalable processes
[6]. Keeping this in the mind, the researchers over the globe
are working on the synthesis of CIS films by using various
physical as well as chemical methods [4]. A variety of fabri-
cation techniques have been used to obtain high-quality CIS
films. These fabrication methods include flash evaporation
[10], co-evaporation of precursors [11], DC or RF magnetron
sputtering [12], spray pyrolysis [13], molecular beam epi-
taxy (MBE) [14], metal-organic chemical vapour deposition
(MOCVD) [15], electro-deposition [16], ion beam sputtering
deposition (IBSD) [17] and pulsed laser deposition (PLD)
[18], etc. In these techniques, thin film deposition processes
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need sophisticated instrumentations and, thus, impose higher
cost. The stacked elemental layer deposition (SELD) tech-
nique is an alternate method, which is most productive and
appropriate for large area production of solar cells [19]. In
this, Cu, Inand Se layers are deposited sequentially to obtain
Cu/In/Se stack. The advantage of SELD technique is its abil-
ity to adjust and control the elemental fluxes throughout the
film deposition process [19]. Most of the papers report that
as-deposited CulnSe, film by using SELD method is either
amorphous or has weak reflection of chalcopyrite CulnSe,,
otherwise containing secondary phases of Cu,Se, In,Se;,
etc. [20]. One of the major problems encountered is wide
difference in the deposition parameters of Cu, In and Se,
which result in a non-uniform composition and also show
some secondary phases. Several attempts made by many
researchers to get rid of the unwanted phases in CIS thin
films comprise post-selenization of Cu-In precursor layers
at different temperatures under Ar, Se and H,Se environ-
ment in a specially designed vacuum chamber [4, 17]. The
use of excessive selenium, highly toxic H,Se vapours and
contamination of another chamber is an issue in this process
[17]. In the present research, the toxic H,Se gas and excess
Se consumption involved in the previously reported research
have been avoided during the annealing [4, 17]. The Cu/In/
Se sequences deposited in vacuum coating unit using SELD
method were annealed in tubular furnace in vacuum at dif-
ferent annealing temperatures, the changes in phase evolu-
tion of CIS were carefully observed. A single CIS phase
has been obtained at lower thickness films at comparatively
lower annealing temperatures.

2 Experimental

Copper (Cu), Indium (In) and Selenium (Se) having purity of
99.999%, 99.995% and 99.99%, respectively, were deposited
on corning glass substrates at room temperature, as layers
in a sequential fashion using a vacuum coating unit (VCU)
(Model: 12A4DM; Make: HHV Bangalore, India) at vacuum
2% 107® mbar. The glass substrates used for film deposi-
tion were cleaned by dipping into hydrogen peroxide (H,0,)
solution for 10 min, followed by treatment using trichloro-
ethylene, acetone and methanol (TAM) in a hot ultrasonic
bath. The layers of Cu, In and Se were obtained at evapora-
tion rate 1-2 A/s, 2-3 A/s and 3-5 As, respectively, during
the deposition. The substrate holder was given rotation with
the help of rotary motor for the homogeneous deposition
of the films. The thicknesses of the films of Cu (12%), In
(27%) and Se (61%) were fixed to a value required to meet
their atomic ratio of 1:1:2, respectively, and maintaining
the stoichiometry for two different thicknesses, (i.e. 775 nm

and 280 nm) by using sequential elemental layer deposi-
tion (SELD) technique. The post-deposition annealing of
obtained Cu/In/Se stack was carried out in a tubular furnace
under vacuum of ~ 1 x 10~ mbar, respectively, for 1 h at
each temperature. The films were annealed at temperatures
of 473 K, 523 K, 573 K, 623 K and 673 K. The thickness of
as-deposited Cu, In and Se films was established from digital
thickness monitor (DTM) attached to VCU (Make: HHV,
Bangalore, India; model: DTM 101) using 6 MHz quartz
crystal sensor. The post-annealing thicknesses of thin film
samples were also measured using Profilometry (Make:
Veeco, Model: DekTak 150). The X-ray diffraction (XRD)
data of the samples were collected in a line scan mode in
26 ranges of 10° to 70° with a scan speed of 0.03°/s using
filtered CuK, radiations (4= 1.5406 A)in X-ray diffractom-
eter equipped with HD Bragg Brentano incident geometry
(Make: PANalytical; Model: X’pert®). The surface morphol-
ogy was determined from scanning electronic microscope
(SEM) (Make: Zeiss, Model SUPRA-55) on acceleration
voltage at 20 kV and composition was determined by using
an energy-dispersive X-ray analysis (EDAX) attachment
(Make: Oxford, Model: 7426) using the K-emission line of
copper and L-emission line of selenium and indium, fitted
with SEM. The optical data of the samples were obtained
using UV-Vis-NIR spectrophotometer (make: Shimadzu,
model UV-3600) with a source slit width of 2 nm in the
transmission mode, the transmission percentage was meas-
ured in the wavelength range of 300 nm to 1800 nm at room
temperature. The Raman studies were performed using
LabRam Evolution Raman spectrometer (Make: JOBIN
YVON Technology, Model: HORIBA Scientific) with laser
excitation source of 532 nm in the wavenumber range of
100-300 cm™!. The electrical conductivity of the samples
were measured by Vander Pauw method using a Hall meas-
urement setup (Make: BioRad; Model: HL 5200) at room
temperature by applying 3.2 kg magnetic field strength and
supplying 100 pA current. All analyses of the experimen-
tal data were performed by using MicroCal origin software
(Make: MicroCal, Model: origin Ver. 8.5).

3 Results and discussion
3.1 Structural characterization

It has been observed from the literature that post-deposition
thermal treatment strongly affects the properties of the mate-
rials especially for their use in electronic device fabrication.
In the present case, Cu/In/Se stacks of two thicknesses viz.
280 nm (sample A) and 775 nm (sample B) having same
elemental compositions were obtained by using SELD

@ Springer
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Fig.1 a The images of the
schematic diagram of Cu/In/Se Se (61%)
stack layers taken in thickness
proportion and CIS compound CulnSe,
formation on annealing at <
different temperatures and b In (27%)
images of as-deposited Cu/In/Se
stack and annealed samples of
CIS materials
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Fig.2 The XRD plot of CulnSe, thin films for (a) as-deposited Cu/In/
Se stacks at 300 K and annealed at (b) 473 K, (c) 523 K, (d) 573 K,
(e) 623 K and (f) 673 K.; the magnified 3D views of peaks from 22°
to 46° are presented as inset figure

technique. Figure la shows the schematic diagram of Cu/
In/Se stack and CIS compound formation, the images of the
as-deposited stacks and samples obtained at different anneal-
ing temperature have been shown in Fig. 1b. The mixed
phases were obtained on annealing of the deposited stack
at temperatures varying from 473 to 673 K under vacuum
~1x 107 mbar. Figure 2 presents the X-ray diffraction pat-
terns of as-deposited Cu/In/Se stack as well as the samples
obtained at various annealing temperatures.

The as-deposited stacks and annealed samples were
found to possess polycrystalline structure. The results are
similar to the already reported work by several authors [21,

@ Springer

(b)

22]. The binary phases of ‘Cu ,In,” and ‘CuSe’ materi-
als along with low-intensity CIS ternary peak along (112)
orientations are observed in the as-deposited stack. The
selenium (Se) deposited at the top diffuses through indium
layer in the middle and react with copper and form ‘CuSe’.
Moreover, the ‘Cuy;Iny” formation takes place when ‘In’
layer atoms react with adjoining ‘Cu’ layer and ‘Cuy,Iny’
subsequently, transforms to chalcopyrite CulnSe, on its
reaction with ‘Se’. The CIS phase of the as-deposited films
is observed along (112) oriented planes. The monoclinic
‘CuyIng’ phase existing in the as-deposited films occupies
space group [C2/m(12)] as determined on the basis of (401)
and (400) planes having most preferred peak along (400)
orientations (JCPDS Card No. 41-0883). Moreover, several
low-intensity ‘CuSe’ peaks having orthorhombic crystal
system with space group [Cmcm (63)] are also observed at
higher ‘26’ values corresponding to (200), (045), (225) and
(227) oriented planes (JCPDS Card No. 86-1239). Some
unreacted ‘Se’ peaks have also been observed in the as-
deposited Cu/In/Se stack (Fig. 2 plot (a)). The diffusion
of various constituent materials and their reactions are
explained on the basis of a well-recognized thermochemi-
cal phenomenon observed in this material as reported by
Bhattacharyya et al. [23].

3.2 Effect of annealing temperature

Out of the samples of two different thicknesses obtained on
annealing at 473 K, the XRD peaks of 280 nm thick films
(sample A) showed better results in terms of their response
regarding CIS phases and intensity values of the peaks
whereas the 775 nm thick films (sample B) showed four
types of phases at all annealing temperatures. However, the
variations in the phases of the annealed samples are seen
with change in annealing temperature (Fig. 2; Table 2). The
280 nm films were considered for post-deposition thermal
treatment at higher temperatures. A strong chalcopyrite
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CulnSe, phase emerges at 473 K when ‘Se’ reacts with
‘CuyyIny’ and ‘In’ reacts with ‘CuSe’ due to re-crystalliza-
tion at this temperature. A single low-intensity ‘Cu,Iny’
peak was also observed as secondary phase at 473 K. Fur-
ther, an increase in the annealing temperature to 523 K
provides single CIS phase without any secondary peak.
However, re-occurrence of ‘Se’ peaks is observed at higher
annealing temperatures of 573 K and above. Further, the
crystallinity of CIS planes increases with increase in anneal-
ing temperature due to optimum supply of thermal energy
for the samples obtained at re-crystallization temperatures
of 573 K and 623 K.

The ‘average’ grain size (D) of the as-deposited and
annealed samples of the films having thicknesses of 280 nm
was determined by using Debye—Scherrer relation as per
relation given in Eq. 1 as under [17]:

- 0.94
pcos@ 0

where 4 is the wavelength of the X-rays used, f; the
full width at half maximum (FWHM) in radians and @; the
Bragg’s angle. The ‘crystallite size’ corresponding to the
(112) most preferred peak (MSP) of CulnSe, increases from
11.41 to 29.34 nm with the increase in annealing tempera-
ture from 473 to 623 K; however, reduction in the grain size
of the MSP of CIS peak from 29.34 to 23.34 is observed at
673 K (Table 1). The re-occurrence of secondary phases
of ‘CuyIng’, ‘CuSe’ and ‘Se’ has been observed at 673 K.
The reduction in grain sizes occurring at higher annealing
temperature of 673 K is attributed to re-occurrence of sec-
ondary phases. The decomposition of CIS phase at higher
annealing temperatures may be the reason for these varia-
tions. This type of response on annealing of CIS films at
higher temperatures has already been reported by several
authors [24-27].

The degree of preferred orientation of the samples is
determined by the value of R, defined as the ratio of inten-
sity of MSP to sum of the intensities of all peaks in the XRD
pattern represented as under [28].

R L @

ZA]I peaks I(hkl)

where [, is the intensity of (hkl) peak.

The R, for (112) set of planes increases from 0.020(2)
to 0.588 (1) for 280 nm samples from 473 to 523 K; how-
ever, a reduction in the R; value from 0.523 (1) to 0.432 (1)
occured at the annealing temperatures from 573 to 673 K
(Table 1). This indicates that the degree of preferred ori-
entation of (112) planes first increases and subsequently
decreases with change in the annealing temperature. The
results are similar to already reported work on CIS thin films
[28-32]. This variation in the degree of preferred orientation
in the CIS phase at 573-673 K is attributed to occurrence of
various secondary phases as well as variations in CIS planes
at higher annealing temperatures.

3.3 Effect of change in layer thickness

The increase in thickness of the Cu/In/Se stack from 280 nm
(sample A) to 775 nm (sample B) keeping the ratio of the
constituent elements fixed also provides a change in the
behaviour of CIS films. The various structural parameters of
the as-deposited and annealed samples of 280 nm thick films
viz. FWHM (f), grain size (D), degree of preferred orienta-
tions (Ry), microstrain (¢), dislocation density (p), tetrago-
nal distortion (¢/2a) and lattice parameters, etc., have been
presented in Table 1. The single chalcopyrite phase CIS is
observed at 523 K in 280 nm thick films; however, re-occur-
rence of secondary phases of ‘CuSe’ and ‘Se’ at 573 K and
‘Cu,,Iny’, ‘CuSe’ and ‘Se’ at 623 K and 673 K is observed.
The XRD of 280 nm and 775 nm thick samples annealed
at 523 K has been presented in Fig. 3. The intensity values
in counts per second (cps) as well as grain sizes are higher
in 280 nm films than 775 nm samples. The phases present
at different annealing temperatures are shown in Table 2;
the trend of variations of intensities of samples A and B for
(112) planes of CIS are shown in Fig. 4. The reason for this
behaviour in 775 nm films may be due to the slow reaction
among the constituents and high vapour pressure of ‘Se’ in
higher thickness samples. Moreover, the degree of preferred
orientation values of 280 nm films (sample A) were found
higher to 775 nm thick films (sample B) at each anneal-
ing temperature. The results indicate that better structural
response is observed in the films of lower thickness value of
280 nm obtained by using SELD method.
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Fig.3 The XRD plot of CulnSe, thin film samples A (280 nm) and B
(775 nm) obtained at annealing temperatures of 523 K the magnified
3D views of peaks from 10° to 50° are presented as inset figure

3.4 Raman study

The Raman spectra measured at 532 nm excitation wave-
length for the as-deposited and annealed samples having
thicknesses of 280 nm (sample A) and 775 nm (sample
B) have been shown in Fig. 5a, b. The samples show A,
mode approximately at 253 cm™' and 252 cm™!, respec-
tively, corresponding to monoclinic crystal (m-Se) with Seg
monomer rings due presence of selenium at top layer in the
as-deposited Cu/In/Se stacks at 300 K [33]. The main peak
at 173 cm™! obtained at annealing temperature of 473 K
in the samples A & B corresponds to A; mode in CulnSe,

chalcopyrite phase [34]. Moreover, weak peaks at 183 cm™!,

3177
m | —B=775 nm ©
g 1200 | -@-280 nm \
o === °
2
@ 900 | N
§ \/ me
< 600 . \
= |
g [
S aN |
8 300 - -
N /
-
=
= Ll

300 400 500 600 700
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Fig.4 The intensity variation of MSP of CIS (112) peak at different
annealing temperatures for 280-nm and 775-nm-thick films

213 cm™! and 230 cm™! detected in the spectra of 473 K
annealed samples of CulnSe,, are also in good agreement
with the single-phase mode of chalcopyrite structures of
CIS [35]. The annealed films also exhibit weak peaks at
114 cm~" at 573 K in 280 nm thick samples due to pres-
ence of m-Se which may assist in the formation of binary
phase with available copper (Cu), so mixed phase chalco-
pyrite structures of CIS is possible with ‘CuSe’ and ‘Se’
phases at higher annealing temperatures. The strong peak at
173 cm™" was found along with an additional broad shoulder
peak at 183 cm™! at 473 K and 523 K. This shoulder peak
at 183 cm™! indicates the formation of poor crystal qual-
ity of CulnSe, at lower annealing temperatures of 473 K
and 523 K. The increase in annealing temperature to 573 K,
623 K and 673 K leads to elimination of the broad shoulder
attached with 173 cm™" peak and enhances the crystalline
ordering that correlates with the already reported results of

Table 2 The variation in

Temperature (K
phases present in the It Pe &

Film thickness (280 nm)

Film thickness (775 nm)

with change in the annealing
temperatures

As-deposited @300 K
CIS@473 K
CIS@523 K
CIS@573 K
CIS@623 K
CIS@673 K

CulnSe,, Cu,Ing, CuSe, Se
CulnSe, Cu,,In,

CulnSe,

CulnSe,, CuSe, Se
CulnSe,, Cu,,Ing.CuSe, Se
CulnSe,, Cuy,Ing, CuSe, Se

CulnSe,, CuyIng, CuSe, Se
CulnSe,, Cu,,Ing, CuSe, Se
CulnSe,, CuyIng, CuSe, Se
CulnSe,, Cu,Ing, CuSe, Se
CulnSe,, Cuy,Ing, CuSe, Se
CulnSe,, Cuy,Ing, CuSe, Se
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Fig.5 The typical Raman spectra of as-deposited and annealed samples of CulnSe, having thicknesses a 280 nm and b 775 nm

XRD measurements [36]. Moreover, high intensity values
of Raman peaks in the 280 nm and 775 nm samples indicate
good surface morphology and phase composition of the CIS
films. The Raman spectra of CIS films obtained at annealing
temperatures from 473 to 673 K also show negligible shift
in A values which indicate low stress level in the CIS films.
The higher thickness films (775 nm) indicate the existence
of some low-intensity secondary peaks at 673 K along with
main A; mode peak. The changes are attributed to the re-
occurrence of some secondary phases.

3.5 Morphological and compositional analysis

The surface morphology of chalcopyrite CulnSe, thin films
has been determined by scanning electron microscopy
(SEM). Figure 6a—d shows 2D scanning electron micro-
scopic images of as-deposited Cu/In/Se stack as well as the
films obtained on annealing at 523 K, 573 K and 623 K,
respectively, each having thickness of 280 nm and (e)—(h)
represent corresponding images of 775 nm thick films. The
280 nm thick as-deposited samples are seen to represent

@ Springer

mixture of different sized grains of spherical shapes. How-
ever, the 775 nm thick films represent clusters of identical
spheres. Both type of films show voids, the magnitude of the
voids is higher in 280 nm films. In contrast to this, the 523 K
annealed samples show uniformly distributed nano-rod
shaped structures of CIS crystallites in the 280 nm (sample
A) films. These are well-defined grains which are uniformly
distributed over the entire surface whereas 775 nm (sample
B) films possess seed-like shapes along with some irregu-
lar lumps. The 280 nm films transform to thicker nano-rods
along with bulky and irregular-shaped grains at 573 K. Simi-
lar composition is also seen at this annealing temperature in
775 nm thick films. Moreover, the decomposition of the CIS
grains is clearly seen in 280 nm thick films at 623 K which
causes re-occurrence of some secondary phases. Similar
response is also observed in the 775 nm samples at 623 K.
The atomic percentage of elements present in the sam-
ples was calculated from energy dispersive X-ray analysis
(EDAX) data for annealed samples of CIS having thickness
~280 nm and 775 nm. The EDAX spectra of 523 K annealed
samples of both thicknesses have been shown in Fig. 7a, b.
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Fig.6 a—d Shows 2D scanning electron images of annealed CIS thin film of 280 nm and e-h 775 nm thicknesses, obtained at 300 K, 523 K,
573 K and 623 K, respectively.
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Fig.7 a, b Shows EDAX spectra at 523 K annealed CIS samples hav-
ing thicknesses of 280 nm and 775 nm

The corresponding values are mentioned in the Table 3. It
is observed from the table that the elemental composition of
Cu:In:Se elements tends to meet their stoichiometric ratios

of 1:1:2 at 523 K. Nevertheless, both samples are seen to get
deviated with further increase in the annealing temperature.
Moreover, 775 nm thin films are seen more deviated from
the stoichiometric values in comparison with 280 nm thick
samples.

3.6 Optical studies

The electronic transition in the material can be monitored
by studying energy band transition which can be possible
through transmission and absorption spectroscopy [19].
The absorption co-efficient values were calculated from the
transmission spectra by using the relation as given below
[37].

a=—:ln(%> 3)

where a is the absorption co-efficient; 7%; the optical
transmission percentage and #; the thickness of the films. The
optical band gap values were established by using Tauc’s
relation given in equation [37].

ahv = A(hv — Eg)" @)

where A is a constant, v; the photon frequency and #; the
plank constant and the optical energy band gap (E,) and n;
number. The value of n=1/2 is used for allowed direct transi-
tion, and n=2 is used for allowed indirect transition for band
gap materials [37]. Figure 8a, b shows the (ahv)? versus
energy (hv) plots of the samples of CIS obtained at anneal-
ing temperatures of 473 K to 673 K. The insets of Fig. 8a, b

Table 3 The EDAX analysis of
CIS thin films of 280 nm and

Thicknesses Tem-

Atomic %

Cu/In Cu/Se (Cu+In)/Se Material composition

775 nm annealed at different :J;l;mure Cu Se In
temperature
280 nm 300 1670 68.10 15.19 1.099(4) 0.245(2) 0.468(2) Culngg,Sey o5
523 29.26 46.04 2471 1.184(1) 0.635(5) 1.172(2) Culn, g, Se, 55
573 30.09 44.03 2588 1.162(6) 0.683(3) 1.271(1) Culng gsSe 46
623 31.95 4742 20.63 1.548(7) 0.673(7) 1.108(8) Culngg5Se, 45
775 nm 300 0326 90.02 06.71 0.485(8) 0.036(2) 0.110(7) Culn, o4Se,; ¢
523 2561 3993 3728 0.686(9) 0.641(3) 1.575(0) Culn, 4Se, 54
573 29.54 33.19 37.28 0.792(3) 0.890(0) 2.013(2) Culn, Se, |,
623 29.93 38.72 31.36 0.954(4) 0.772(9) 1.582(9) Culn, sSe; 59
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Table4‘ The band gap (Es)‘ Film thickness
absorption co-efficient (&) and (K)
critical wavelength (Ac) values
of CulnSe, thin films having

Temperature

Band gap (E,) Critical wavelength Absorption co-
(V) (Ac) (nm) efficient (a) (x 10°)
(em™)

thickness of (a) 280 nm and (b)

(a) 280 nm 473
775 nm

523
573
623
673
(b) 775 nm 473
523
573
623
673

1.25 992 2.00
1.33 932 1.75
1.71 725 1.40
1.75 708 1.40
1.90 652 1.20
1.09 1138 0.40
1.15 1078 0.36
1.16 1068 0.30
1.20 1033 0.25
1.22 1016 0.22

show the absorption co-efficient (@) versus energy (hv) plots
corresponding to samples A and B. The calculated values
of optical band gap (E,), absorption co-efficient (), and
critical wavelength (1) of the annealed samples of 280 nm
and 775 nm thick films have been presented in the Table 4.
The absorption co-efficient (@) values for 280 nm thick sam-
ples are found higher than the 775 nm thick samples by one
order at each annealing temperature. The values of a are
much higher than the multi-crystalline Si films of several pm
thickness [7, 8]. The linear nature of the plots through the
absorption edge indicates CulnSe, material to possess direct

band gap (E,). The band gap values of CIS thin films were
found to vary from 1.09 to 1.22 eV in case of 775 nm thick
films whereas the band gap varied from 1.25 to 1.90 eV for
280 nm thick films. It is observed that direct band gap (E,)
values for 280 nm thick films are higher than the reported
E, value of CIS films [17]; moreover, the E, value increases
with the increase in annealing temperature from 473 to
673 K in both samples. The higher values of absorption
co-efficient (a; 1 x 10° to 3.5 x 10° cm™") are obtained for
annealed films of 280 nm. The critical wavelength (4.)
value observed for direct transition varies from 992 nm to
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Fig.9 a, b Shows the trends of variations of resistivity (p), mobility
(u) and carrier concentration (N,) values of the CIS films at different
temperatures

(u) and carrier concentration (N,) values with annealing
temperatures have been shown in Fig. 9a, b. The correla-
tion between the composition and conductivity type of the
thin films of CIS have been reported by several authors
which provides that Se > 50% and Cu/In > 1 shows p-type
behaviour [39]. Moreover, the p-type behaviour is attrib-
uted to ‘Cu’ on ‘In’ sites and/or ‘In’ vacancies along with
interstitial ‘Se’ [39]. The undertaken annealed samples
of both thicknesses indicate p-type conductivity. The
resistivity for 523 K annealed 280 nm thick samples show
4.39%x 107> Q cm value whereas this value increases to
5.56 x 1072 Q cm for 775 nm thick films at this annealing
temperature due to presence of secondary phases. Further,
the resistivity values increase with further increase in the
annealing temperatures in both samples. The mobility (u)
and carrier concentration (N,) values over the undertaken
annealing temperature range are higher in 280 nm films
as compared to 775 nm films (Table 5). The resistivity
values are low and mobility values are high in the 523 K

Table 5 The resistivity (p). mobility (#) and carrier concentration (N,) values for 280-nm and 775-nm-thick films obtained at different annealing

temperatures

Film thickness 280 nm 775 nm
Temperature (K) Resistivity (p) (© cm) Mobility (#)  Carrier concentra-  Resistivity (p) (€2 cm) Mobility ()  Carrier con-
(cm*/Vs) tion (N,)(cm™) (cm*/Vs) centration (N,)
(cm™)

473 3.61x107° 274.6 6.29% 10" 8.6x107° 317.4 1.54x10'®
523 439x107} 235.6 6.04x 10" 5.56x1072 100.9 1.18x 10"
573 1.07x1072 3724 1.57x 10" 1.79x1072 158.3 220x10'
623 2.58x1072 1572 1.58x 10" 4.65%x1072 59.2 227x10'
673 2.53x1072 3109 79%x10"7 5.73x1072 48.5 225x10'®
@ Springer
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and 573 K annealed samples (280 nm thick). These param-
eters of CulnSe, thin films are sensitive to the change in
the thickness as well as the composition variation of Cu/
In in the CIS films.

4 Conclusion

In the undertaken research, CIS films have been success-
fully obtained by a low-cost sequential elemental layer
deposition (SELD) technique. The use of highly toxic
H,Se vapours, consumption of additional selenium (Se)
as well as the contamination due to the use of another
vacuum chamber during the annealing process has been
avoided. Moreover, single-phase CIS was achieved in
lower thickness films at comparatively lower annealing
temperature. The films showed high absorption co-efficient
(@) and suitable band gaps (E,) corresponding to visible
to NIR region of e.m. spectrum. The electrical investiga-
tions of the 280 nm films show low electrical resistivity
(p). high mobility (x) and high carrier concentration (N ).
Thus, high-quality CIS material films have been achieved
which are found a more suitable alternate for photovoltaic
absorber layer application.
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HIGHLIGHTS

GRAPHICAL ABSTRACT

o Thin films of y-In,Se;s were grown on
annealing of SELD grown In/Se stacks.

* A low cost and less toxic processing of
v-In,Se; buffer layers for PV solar cells.

e Study of the dynamics of changing
phases of In,Sey films on annealing.

e Growth of In,Se; thin films as a candi-
date to replace CdS in solar cells.

ARTICLE INFO

ABSTRACT

Keywords: The dynamics of changing phases of In,Sey thin film alloy grown on annealing of the SELD films were analyzed.
Annealing The thin film samples provide mixed phases of y-InoSes, InsSes, and InSe at the annealing temperatures of 523 K

Bandgap tuning
Crystallites

In,Sey thin films
Mobility

Thermal evaporation
X-ray diffraction

to 623 K and attain a single phase at 673 K. The presence of strong y-In,Ses phase at 673 K was supported by the
vibrational spectra. The films are homogeneous throughout, without cracks well cover the entire glass substrate.
The crystallites are densely packed, irregular shaped, and complex structured. The bandgap (E,) varies from 1.92
eV to 2.39 eV, refractive index (n) from 2.75 to 2.55 while the absorption coefficient () values limit within 2 x
10* to 1.5 x 10° cm ™. This mobility () of the films increases from 871 to 1413 cm?/V-s with changing tem-

perature, the change is attributed to the growth of y-In,Se; crystallites. The bandgap tuning, high absorption
coefficient, and mobility values exhibited by the films make these suitable for use as buffer layers in the solar cell
structure. The undertaken In,Se; semiconductor, among many other applications, is a candidate to replace CdS in

solar cells.

1. Introduction

Indium selenide (In,Ses) is a compound semiconductor material that
belongs to the AYBY' family. It crystallizes as double layers of
Se-In-Se-In-Se atoms stacked through the Se along the c-axis [1]. The
material possesses a direct bandgap and shows enormous potential in

* Corresponding author.
E-mail address: nareshpadha@gmail.com (N. Padha).

https://doi.org/10.1016/j.matchemphys.2020.123823

photovoltaic and optoelectronic devices [2,3]. The In,Se; films have
been studied as a precursor to CulnSe; for solar cells [4,5], as an optical
recording medium [6,7], sensors of linearly polarized radiation [8],
broadband converters of optical radiation [9] and in some
nano-electronic devices viz. Schottky diodes, photo-detectors, phase
change memory devices, and photoelectrochemical cells [10-13]. The
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Fig. 1. a-b show the schematic diagram of In/Se stack and images of the In,Se, thin films obtained at different annealing temperatures.

films are also useful in lithium current sources and for the production of
photodetectors operating in the visible region of E.M. Spectrum with
negative photoconductivity [14,15]. The phase diagram for I1I-VI binary
compounds is complex and the sizes of their unit cells are large. The
complexity of the phase diagram originates as there are many energetic
ways in which the trivalent and divalent atoms combine to satisfy the
bonding requirements. In indium selenide thin films, a variety of In-Se
phases may be formed depending upon the deposition method and
growth parameters [16,17]. The In,Se; is one of the most extensively
studied binary chalcogenide alloy that crystallizes in a well-known
hexagonal layered structure (a -phase), rhombohedral structure (p
-phase), defect wurtzite structures (y, 5 -phase), and anisotropic struc-
ture (k-phase) [2,3,18-24]. The multiphase existence of this compound
affects its use in photovoltaic devices since each phase has specific
physical and chemical properties [15,16]. Therefore, there is a need for
structural perfection, phase purity, and the absence of native oxides to
improve the photovoltaic activity of the grown films. The y-In,Se; ma-
terial and thin films have attracted the attention of the world community
due to applications in electronic devices [2,10,17,20,25]. The y- In,Se;
presents a bandgap of 1.8 eV [26] which is suitable for the buffer layer in
CIS solar cells [27,28]. This buffer layer is preferred to CdS because it
offers the possibility of continuous deposition of the ZnO/In;Ses/CIS
solar cell structure without breaking vacuum, thus, reducing contami-
nation [29]. The y- In,Se;/p-Si heterojunction as a visible spectra
photodetector have been reported with remarkable responsivity and
detectivity over a wide range of wavelengths in this region [30]. Several
methods have been employed for the preparation of InsSes thin films
which include thermal evaporation [14,31], co-evaporation [5,19,20,
32], spray pyrolysis [13,33], sol-gel techniques [34], chemical bath
deposition (CBD) [35], metal-organic chemical vapor deposition
(MOCVD) [36], van der Waals epitaxy [37], radio frequency (if)
magnetron sputtering [4,29,[38]], molecular beam epitaxy (MBE) [39],
chemical vapor transport (CVT) [2,3,40], potential pulse atomic layer
deposition (PP-ALD) [41], flash evaporation [42] and pulsed laser
deposition (PLD) [31]. An attempt has also been made to obtain y- In,Se;
layers by solid-state reaction of the constituent elements on annealing
under the selenium atmosphere [26]. An alternate method has been
evoked for the preparation of y- InzSes thin films through annealing of
the deposited In/Se stack. The stacks used for the annealing were ob-
tained by thermally deposited indium followed by the deposition of
selenium by chemical bath deposition (CBD) [43]. Moreover, several
types of research have reported on polycrystalline InySey thin-film alloys
intending to have mass production of these materials at low cost by
using eco-friendly methods [44-47]. The stacked elemental layer
deposition (SELD) is the most appropriate method for the large area
production of In,Se; thin films due to low cost and easy processing.
Moreover, SELD imparts better crystallinity and provide a smoother
surface to the deposited films [47]. This technique provides solar cell
structures with high efficiency and better stability [48]. The main
advantage of the SELD technique is its ability to adjust and control the
elemental fluxes throughout the film deposition process [49].

In the undertaken research, the SELD technique was used for the

growth of In/Se stacks. The obtained stacks were used for the develop-
ment of In,Sey films via annealing under vacuum. An effort has been
made to obtain single-phase y-InpSes thin films from multi-faceted
In,Sey alloy. The use of additional selenium and highly toxic H,Se
gases environment was avoided in the present method. The dynamics of
changing phases of In,Sey thin films with annealing have been analyzed.
We also report the structural, morphological, compositional, optical,
and electrical characteristics of the In,Sey thin films as obtained at
different annealing temperatures.

2. Experimental

y-InySes was prepared by the two-stage process. Stage one involved
deposition of elemental indium (In; 99.995% pure) and selenium (Se;
99.99% pure) in a sequential fashion on the coming glass substrate at
room temperature. It was followed by annealing of In/Se stacked layers
at a temperature varying from 523 K to 673 K. The deposition was
performed by thermal evaporation method in a vacuum coating unit
(Make: HHV, India; Model: 12A4DM) at vacuum ~ 2 x 10 mbar
whereas annealing of In/Se stacks was performed in an indigenous
tubular furnace at vacuum ~ 1 x 10” mbar. Corning glass slides were
used as a substrate for the film deposition and were cleaned by dipping
into hydrogen peroxide (H20-) solution for 10 min followed by their
treatment in trichloroethylene, acetone, and methanol (TAM treatment)
in an ultrasonic bath. The thermal evaporation rates of In and Se to the
values of 2-3 /c\/s and 3-5 /u\/s, respectively were maintained, and cor-
responding film thicknesses of 180 nm and 270 nm were obtained to
achieve the In/Se atomic ratio ~0.66. The annealing of In/Se stacks at
the temperatures of 523 K, 573 K, 623 K, and 673 K was performed for 1
hour at each temperature. The substrate holder was rotated with uni-
form speed during depositions to achieve a homogeneous thickness of
the deposited films. The in-situ film thickness during deposition was
measured by using the quartz crystal sensor of 6 MHz frequency (Make:
HHV, India; Model: DTM-101). The thickness of the as-deposited and
annealed samples was also measured by surface profiler (Make: Veeco;
Model: DekTak-150). The as-grown stack and films obtained on
annealing at different temperatures were undertaken for different
characterizations. The structural analysis was performed by X-ray
diffraction (XRD) data obtained inline mode using Ni filtered CuKo; (2
= 1.5406 10\) radiations at 40 kV and 45 mA (Make: PANalytical; Model:
X'pert’). The XRD patterns were recorded in the ‘20 ‘range of 10°-60°
with a scan speed of 0.03° /s. The surface morphology of the as-deposited
and annealed In,Sey thin films were analyzed by using a scanning
electron microscope (Make: ZEISS; Model: SUPRA-55) operated with
acceleration voltage up to 20 kV and magnification up to 20 000 X.
Composition analysis was carried out by energy—dispersive X-ray anal-
ysis (EDAX) attachment of SEM (Make: Oxford; Model: 7426) using L-
emission line of indium and selenium. Optical properties of the thin film
samples were accomplished using transmission spectra recorded from
UV-Vis-NIR spectrophotometer (Make: Shimadzu; Model UV-3600)
with a 2 nm source slit. Vibrational spectra were recorded in a
confocal Raman system (Make: JOBIN YVON, Model: HORIBA) with a
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Fig. 2. a-e shows the X-ray diffraction (XRD) patterns of as-grown In/Se stack and thin films of In,Se, obtained at the annealing temperatures of 523 K, 573 K, 623 K,

and 673 K.
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Fig. 4. shows bar chart representations of the phases present in the films and
intensity variations of corresponding MSPs at different annealing temperatures.

532 nm laser. The data were recorded in the wavenumber range
100-300 cm . Electrical parameters of the thin films were determined
by the van der Pauw method using hall measurement setup (Make:
BioRad; Model: HL-5200) at room temperature using 4-lead geometry in
a 3.2 KG magnetic field strength at 10 pA supply current. The in-house
program was developed using C++- for the bulk and sheet measurements
of electrical parameters according to the relations developed by van der
Pauw [75]. Findings of the curves, calculation of parameters of various
characterization methods were performed by standard software (Make:
MicroCal; Version: Origin 8.5).

3. Results and discussion
3.1. Structural characterization

Fig.la shows the schematic diagram of In/Se stack, the images of
In,Sey thin films obtained at different annealing temperatures have been
displayed in Fig. 1b. Fig. 2a shows the X-ray diffraction (XRD) pattern of
the as-deposited In/Se stack obtained at room temperature (300 K). The
X-ray diffraction patterns of In,Sey thin films obtained on annealing at
temperatures varying from 523 K to 673 K have been presented in
Fig. 2b-e. The undertaken thin films show polyerystalline nature and
provide mixed phases of InSe, InsSes, and y-InaSes. The as-deposited In/
Se stack show a dominating phase of orthorhombic In,Ses, few peaks of
hexagonal (rhombo-centered) InSe and a single peak of hexagonal
y-InySe;. The orthorhombic InySe; phase having space group Pnnm (58)
was identified from its prominent peaks at ‘20" values of 27.87 (2)°,
28.93 (4)°, 40.72 (1)° which corresponded to (330), (311), (002) ori-
ented planes (JCPDS card No. 83-0039) whereas the presence of InSe
phase having space group R3m (160) was identified based on peaks at
20" values of 10.53 (2)°, 29.29 (1)°, 25.94 (3)° comresponding to (003),
(006) and (101) oriented planes, respectively (JCPDS Card no.
73-0609). The y- In,Ses phase was observed through (202) peak at ‘20’
values of 30.47 (8)° (JCPDS Card No. 71-0250). Thin films obtained at
the annealing temperatures of 523 K and 573 K also exhibit mixed
phases of InsSes, InSe, and y-In,Se;. The intensity values of InSe peaks
increase while InsSe; show reduction at 523 K and 573 K, moreover, the
intensity of (202) peak of y-InaSes increases significantly at 573 K. A
phase transformation from In,Se; to y- InpSe; was observed in the films
at 623 K wherein the presence of y- In,Se; phase at 623 K was identified
from the peaks at ‘20" values of 24.99 (7)°, 27.56 (3)°, and 30.50 (5)°
corresponding to (110), (006) and (202) oriented planes (JCPDS Card
No. 71-0250). Three peaks of InSe corresponding to (003), (006) and
(101) oriented planes were also observed at 623 K. The y- In,Se; phase
was further build-up at 673 K when more peaks emerged (Fig. 2e). Thus,
the existence of a dominating phase of hexagonal y- In,Se; having space
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Table 1
Presents the different parameters of the most significant peaks (MSPs) of different phases of In,Se, thin films.
Temperature d- spacing 20 Intensity FWHM Crystallite size Microstrain(¢) Dislocation Lattice parameters Cell Volume
(K) (A) (Degrees) (cps) (Degrees) D (nm) (x 10 density (5) (a,b, ©) (4%]
x10%m3) (A (A2

“Y-InsSe3 Phase

300* 2.930 (6) 30.47 (8) 98 0.656 (2) 14.67 (1) 7.8004 (6) 4.6458 (9) - -

523* 2,943 (1) 30.34 (5) 57 0.493 (8) 19.46 (8) 5.8435 (7) 1.8596 (5) - -

573* 2927 (9) 30.50 (6) 213 0.449 (1) 21.44(2) 5.3437 (4) 1.6883 (9) - -

623 2.928(1)* 30.50(5) 33389 0.461(5) 20.86(7) 22.83 5.4909(7) 1.7349 (9) 'a=b=7.093, 845.3109

3.559(3)* 24.99(7) 0.400(9) (€8] 3.8782(1) 1.5856 (8) 'e = 19.401 (8)
673 2.926(6)* 30.52(1) 349 453 0.486(2) 19.80(8) 25.86 5.7881(8) 1.8276 (8) 'a—b=7.089, 844.2506
3.558(6)* 25.00(2) 0.353(9) (5) 3.4242(3) 1.3997 (2) e = 19.3965 (5)

‘InSe Phase

300™ 4.169 (8) 21.29 (1) 141 0.474 (6) 18.76 (1) 3.8931 (4) 1.9298 (2) 33 = b = 4.004, % = 346.7405
25.019 (1)

5237 4.167 (1) 21.30(5) 193 0.434 (5) 20.49 (3) 3.5666 (5) 1.7666 (2) 3a=b= 3.994, e = 345.4560
25.003 (5)

573 4.164 (1) 21.32(1) 332 0.404 (1) 22.04(5) 3.3184 (7) 1.6422 (6) 33=b=13982 %= 343.2222
24.984 7)

623~ 4.162 (8) 21.32(7) 384 0.390 (1) 22.83(5) 3.2047 (4) 1.5854 (5) 3¢ = 24,977 -

673~ 4.123(7) 21.54(7) 26 0.578 (8) 15.41 (2) 4.8056 (1) 2.3490 (4) 3¢ = 24725 -

“InsSe; Phase

300% 3.083(3) 2893 (4) 407 0.373 (4) 25.38(5) 4.2043 (4) 1.4261 (6) %2 =15.336, % = 758.6069
12,128, %c = 4.078 (5)

523% 3.080 (6) 28.96 (1) 276 0.381 (6) 24.84 (5) 4.3008 (1) 1.4571 (5) 2= 15.314, 757.2756
*b=12132, (1)
2c = 4.076

573% 3.081 (5) 28.95(2) 157 0.329 (9) 28.74(3) 3.7162 (7) 1.2595 (6) %2 = 15.367, 752.6811
b = 12.026, ©)]
2 =4.073

2 Y-In,Ses: JCPDS (71-0250): (Sys: Hexagonal (primitive), S.G.: P6, (169), V: 846.69, Cell parameters: 'a = 'b = 7.110, c = 19.34); Planes: (202)*, (110)*
® In,Sey: JCPDS (83-0039): (Sys: Orthorhombic (Primitive), S.G.: Panm (58), Vol: 768.23, Cell parameters:*a = 15.29, %b = 12.30, %c = 4.080); Plane:(311)%
¢ InSe:JCPDS (73-0609): (Sys: Hexagonal (thomb-centered), S.G.: P6, (169), Vol: 346.01, Cell parameters: *a = b = 4.002, *c = 24.94); Plane: (006)~
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Fig. 5. a-b show the Williamson-Hall (W-H) plots of the XRD peaks of thin films of the y- In,Ses phase obtained at the annealing temperatures of 623 K and 673 K.

group P6; (169) was confirmed at 673 K. The films obtained at 673 K
also show some effect of InSe phase (Fig. 4). Fig. 3 shows magnified
views of 3D plots of the XRD data obtained in the ‘20" range from 20° to
32°, the patterns highlight intensity variations of prominent peaks of the
phases observed at different annealing temperatures. The grain sizes of
the crystallites present in the thin films calculated from the Scherrer
formula using Eq (1).

0942
" pCosd

(€8]

where, % is X-ray wavelength, f; the width at half maximum (FWHM) in
radians and 0; the Bragg angle.
The Scherrer relation is highly recommended for the calculation of

grain sizes using the X-ray diffraction data [50]. In the present case, the
grain sizes were calculated from the Gaussian fit of the diffraction peaks,
the values corresponding of most prominent peak (MSP) of each phase

have been presented in Table 1. The grain sizes corresponding to MSP of

hexagonal y-InySes phase vary from 14.67(1) nm to 25.86(5) nm with
the increase in temperature from 300 K to 673 K; orthorhombic InsSe;
crystallites which show its presence from 300 K to 573 K, possess grains
sizes from 24.85(5) nm to 28.74(3) nm whereas the grain size of hex-
agonal InSe increases from 18.76 (1) nm to 22.83(5) from 300 K to 623
K. This observed peak shows a low-intensity value of 26 cps at 673 K. On
their comparison, it was observed that the crystallite size measured from
SEM images (Fig. 9) is much larger than the same estimated from XRD
data. Such variations in the grain sizes have been reported in several
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Fig. 6. a-e show typical Raman spectra of as-deposited and annealed samples of
In,Se, thin films.

research papers [51]. Getting bigger crystallite size from the surface
morphology is ascribed to an agglomeration of smaller grains whereas
the XRD provides information about the average crystallite size of
coherently scattered units [52]. The number of phases present in the
films and intensity variations of corresponding MSPs at different tem-
peratures is indicated in the bar chart shown in Fig. 4. The microstrain
(¢) and dislocation density (5) are indications of the dislocation network
in thin films [51]. The phenomena of microstrain and dislocation density
developed during the deposition and post-annealing of the films are
calculated from Egs. (2) and (3), respectively [51].

B CosO
€=/mm ON @

b=— 3)

where, Bnip; the width at half maximum (FWHM) in radians and 6; the
Bragg angle and D; crystallite size.

The € & & values of the films obtained at different temperatures are
also shown in Table 1. Itis observed from the table that the micro-strain
and dislocation values of the y- In,Se; phase decrease while crystallite
size increases with annealing temperature. The reduction of microstrain
and dislocation density with temperature could be owing to the
decreased lattice imperfections. Therefore, the formation of high-quality
- InaSes film is observed in the present work. Similar growth of the y-
InySe; films have already been reported in the literature by several au-
thors [51-53].

The grain size (D) and internal lattice strain (¢) induced due to crystal
imperfection and distortion were also calculated from Williamson-Hall
(W-H) analysis using Eq. (4) [52,53]:

KA
B CosO =T+ deSin @

The above-mentioned Williamson-Hall (W-H) equation was applied
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to the y- In,Se; phase and the plots were drawn using ‘4sin6’ along the x-
axis and ‘Bxy cosd” along y-axis [53]. The crystalline size (D) and in-
ternal lattice strain (¢) were estimated from the y-intercept and the slope
of the linear fit, respectively. The W-H plots from the XRD peaks of y-
In,Se; phase obtained at 623 K and 673 K samples have been shown in
Fig. 5a-b. The films obtained at 673 K show lower strain values in
comparison to the samples grown at 623 K. The decrease in strain values
may be a result of the reduction of InSe in the grown samples at high
temperatures. Further, the unit cell parameters for hexagonal y-In,Ses;
InSe and orthorhombic IngSe; crystal systems were calculated by using
Eq. (5) and Eq. (6), respectively [50].

1 4 (ir’ + hk +k1) '

&3 i) (5)

a? c

1 B 2. P

22t pta @
The cell parameter of the phases of y- In,Ses, InSe, and In,Se; are

found close to the values of reported values of corresponding bulk ma-

terials as per JCPDS cards (refer Table 1).

3.2. Raman spectra analysis

The Raman spectroscopy is an important exploratory instrument
used to identify the crystalline phase of material based on distinct
vibrational modes [54,55]. The spectroscopic analysis of the vibrational
spectra furnishes useful information regarding the nature of the chem-
ical bond and order of the atomic arrangement [31]. In the present work,
the Raman spectra were recorded with a laser excitation source at a
wavelength of 532 nm and measured in the wavenumber range of
100-300 cm™. The results show some deviations from the standard
values of wavenumber for some of the peaks.; Nevertheless, main peaks
were observed at the reported wavenumber values for similar peaks in
already published work. The vibrational spectra of the phases present in
the In,Sey films were measured at different annealing temperatures by
using this method. The as-deposited In/Se stack shows a broad peak at
251 em™ (Fig. 6a) corresponding to monoclinic crystal (m-Se) with Seg
monomer rings of a-Se. The spectra, thus, confirm the presence of se-
lenium on the top layer in the stack. Similar peaks for a-Se have already
been reported by various authors [49,56]. No other vibrational spectra
peak was observed in the as-grown samples. The 523 K and 573 K
annealed samples (Fig. 6b-c) exhibit several broad peaks; the plots show
complex spectra due to multiple phases of In Sey. Whereas the films
obtained at 623 K and 673 K (Fig. 6d-e) affirm the presence of y-In,Se;
and InSe phases. The y-InzSes phase has been identified by the Raman
peaks at 108 em’?, 114 em™!, 121 em™, 129 em™, 150 em™, 175 em™?,
183 cm!, 225 emr’?, 232 emr'!, and 244 em™, these peaks match with the
results of several authors [25,31,55,57]. The presence of the InSe phase
at the annealing temperatures above 623 K was confirmed from the
low-intensity peaks at 199 em™ and 212 em™ [58,59]. Thus, as per
Raman spectra, the y-In,Se; is found to be a stable phase in the In,Sey
alloy, and In,Se; and InSe phases do not show much impact, particularly
at higher annealing temperatures.

3.3. Optical studies

The optical behavior of thin films is sensitive to the micro-structure
and depends on its growth conditions [60]. The samples show a per-
petual change in color to the naked eyes from grey to brown with an
increase in the annealing temperature (Fig. 1b). The transmittance
spectra of the In,Sey thin films grown at 523 K-673 K are shown in
Fig. 7a. The transmission percentage (TP) increases with annealing
temperature. The TP of the films grown at 673 K shows a 60%, thus,
indicates the presence of the y-In,Se; phase. A similar transmission
percentage value for y-In,Sez thin-films has been reported in the liter-
ature [61]. The absorption edge lies near 950 nm in the 623 K samples.

87



R. Niranjan and N. Padha

Materials Chemistry and Physics 257 (2021) 123823

N

(ahv)2 (x1010) (ev/cm)2
»

o

10 15 20 25 3.0
hv (eV)

704 - 300 16
523K 514 ]
6013 esx = 7
50 1IK §12
40 x'
30 2
< 6
20 |
(8]
10 ° 2
9 =
300 “w |9°°th 1200 1500 10 15 20 25 30 35 4.0
avelength (nm) hv (eV)
ra 1.0
gl mrma © i7] sk (d)
aKas0ev 5 e
73 K23 oV 03] o K
6
0.6

Extinction Co-efficient(K)

0.0

10 15 20 25 30 35 4.0
hv (eV)

Fig. 7. shows plots of the (a) T % versus wavelength (1); (b) the absorption co-efficient () versus photon energy (hv); (c) the («hv)* versus (hv); and (d) extinction co-
efficient (x) versus photon energy (hv) of the In,Se, thin films obtained at different temperatures.

25 — 2.80
-0-E 2.39
244 274 9 o
B 12.75
S ¥, N2
2 D —
< 2.3 0 1596 2
mc» 2.21 o ;‘
= 2124 o b
=
S 262 B~
2 214 o E
a 259)560 5
< 2.0 e &
kil 1.92 2.53/ &
2 o] Y {2.55
& 1.9
181 - : — 2.50
523 573 623 673

Annealing Temperature (K)

Fig. 8. represents variations of the optical bandgap (E;) and refractive index
(n) of In,Sey thin films with annealing temperature.

However, it undergoes a blue-shift in the samples obtained at 673 K.
Furthermore, the absorption coefficient (a) values of thin films are
calculated using Eq. (7) as under [62].

a:lrhl(@) (7)

where @, T%, t represent absorption co-efficient, transmission percent-
age, and thickness, respectively. The variations of absorption co-
efficient («) with the photon energy (hv) of the annealed In,Sey thin
films are shown in Fig. 7b. The a values vary from 2 x 10* em ™' t0 1.6 x
10° em ™! with temperature. Moreover, a band to band transition occurs

in the high photon energy region (hv > 1.8 eV) in the 623 K and 673 K
samples. The absorption corresponds to the electron excitation from the
valence to the conduction band and is used to determine the value of
optical bandgap (Eg) [62]. The Tauc relation corresponds to electron
excitation is represented by Eq. (8) [62].

ahv=A(hv - E)" ®)

where A; a constant, ¢; photon frequency, h; plank constant, Eg; optical
bandgap, and «; absorption co-efficient. The exponent ‘n’ depends on the
type of transition, n = 2, 1/2, 2/3, and 1/3 corresponding to allowed
direct, allowed indirect, forbidden direct, and forbidden indirect,
respectively [62]. The value of n = 1/2 is used for allowed direct tran-
sitionand n = 2 for allowed indirect transition for the bandgap materials
[62]. The linear fit of the curves of the Tauc plot of (ahv)? versus (hv) on
the x-axis (Fig. 7c) was used to determine the allowed direct bandgap
values of the films. The direct nature of the electronic transition between
valence and conduction band was determined based on the linear nature
of the plots at the higher photon energy region. The E; values of the
In,Sey thin films vary from 1.92 eV to 2.30 eV, these have been marked
in the inset table of Fig. 7c. The (ahv)®® versus (hv) plots did not show
linearity in the curves, thus, the presence of indirect bandgaps in the
films ignored. Further, the bandgaps increase with temperature; the
change is attributed to the realignments in crystallite orientations and
divulges strong interactions between the films and the substrate [63].
Moreover, the increase in the value of optical bandgap with annealing
temperature may occur due to the formation of localized states in the
high photon energy region. The results are in agreement with the
already reported work [61,64-66]. As the bandgaps (E;) correspond to
the visible region of the E.M. spectrum, thus, the undertaken In,Sey thin
films become useful in various photovoltaic applications viz. buffer
layers in solar cell structure and photovoltaic sensors. These applications
of In,Sey thin films have been reported earlier in several publications
[1-3,5,11,16,32].
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Fig. 10. a-d show the EDAX spectra of In,Sey thin films obtained at the annealing temperatures 523 K, 573 K, 623 K, and 673 K.

The refractive index (n) of the annealed thin films of In,Sey was 5
calculated using Herve-Vandamme relation as per Eq. (9) given as under Pzt [ A ] ©
[67]. (E; +B)
8
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Table 2
Presents the atomic percentages, In/Se ratio and stoichiometry of the In,Se, thin
films at different annealing temperatures.

Annealing Temperature Element Atomic Alloy

(X) Atomic % ratio stoichiometry
In Se In/Se

523 59.60  40.40 1.475 (2) InsSe; 36

573 54.96  45.04 1.220 (2) InsSe; 4

623 44.81 55.19  0.811(9) InsSes .46

673 58.68  41.32 1.420 (1) InsSe; 4

Here ‘A’ and ‘B are constants having values of 13.6 eV and 3.4 eV,
respectively and Ej is the optical bandgap. The refractive index (n) of the
films decreases from 2.74 to 2.55 with an increase in the annealing
temperature. The variations of optical bandgap (Eg) and refractive index
(n) with annealing temperature are presented in Fig. 8. The changes in
the refractive index values may be due to the variations in the packing
density and the polarizability of the local field [67].

The ‘extinction coefficient (k)" has been used to determine the degree
of surface uniformity by several authors [68,69]. It specifies how
effectively light of a particular wavelength is absorbed in the material
[70]. It also provides information about the smoothness of the surface of
thin films. The value of 'k’ has been calculated from the absorption

coefficient (a) using the expression given in Eq. (10) [68-70].
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where o, A represent the absorption coefficient and wavelength of inci-
dent radiation, respectively. The variations of extinction coefficient (k)
with photon energy (hv) for the annealed In,Sey thin films have been
shown in Fig. 7d. The low ‘k’ values of the films varying from 0.1 to 0.4
indicate a high degree of surface uniformity and smoothness. Thus, these
films are highly useful in electronic device fabrication. The correlation
between the low 'k’ values and smoothness of the surface of the thin
films has already been established in several research publications
[68-70].

3.4. Morphological and compositional analysis

The scanning electron microscopy is a technique used to determine
of surface morphology of materials. It scans the structure of the surface
of materials at a microscopic scale with much higher resolution and
greater depth of field [71]. It furnishes information about the shape and
size of the grains of polycrystalline materials [72]. Two and
three-dimensional scanning electron microscopic (SEM) images of the
In,Sey films grown at different annealing temperatures are shown in
Fig. 9a-d. The films are homogeneous throughout, without cracks well
cover the entire glass substrate. The particles are densely packed and
complex structured; no single particle is seen separately. The SEM im-
ages at 523 K and 573 K show a mixture of particles of different shapes,
sizes, and shades. The small particles are agglomerated to form large

a grains; some voids are also seen in the grown samples. Furthermore, few
K (10) modifications in shapes and orientations of the grains are seen at 623 K;
the images exhibit irregularly shaped bigger particles. Similar patterns
appear at 673 K, the density of particles, however, reduces at this
£ b)— o T )
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Fig. 11. a-c show variations of the resistivity (p), mobility (1), and carrier concentrations (N4, Np) of the In,Se, thin films grown at different annealing temperatures.

Table 3
The bulk resistivity (ps), sheet resistance (R.), mobility (jt), carrier concentration (Na, Np), and conductivity type of In,Sey alloy films obtained at different li
temperatures.

Annealing Temp e Film thickness (nm) ~ Bulk Resistivity ("s)  Sheet Resistance (%)  Mobility (4) (cm®/V-  Carrier C (Na, Cond type

X (Q-cm) (Q/square) 5) Np)

(em )

300 551 250 x 1072 454 x 10° 713.5 34.9 x 10'° p- type

523 460 2,05 x 102 4.45 x 10° 871.1 34.9 x 10'° n- type

573 433 3.02 x 1072 6.97 x 10° 1184.9 17.5 x 10'® n-type

623 428 5.58 x 102 1.31 x 10° 1266.0 8.84 x 10'° n-type

673 395 5.00 x 1072 1.13 x 10° 1412.6 8.83 x 10'° n-type

9
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Table 4
Comparison of the important parameters of different thin film materials for used as buffer in PV solar cells fabrication.
Buffer Material  Film growth process Bandgap Absorption Refractive Thickness Mobility (cm®  Solar cell structure Efficiency Challenges/lssues
(eV) Coefficient (cm ') Index(n) (nm) /Vs) (%)
Cds [83-86] Thermal evaporation 2.50 (93] 2 x 10%[83] 254-2.30 [33]  263-282 3329 [84] Cds/CIGS [86] 11.7-16.1 Cadmium toxicity and its
2.42 [36] 10° [85] 222-3.47 (6851 [83] 1-110 [85] 861 disposal
87 [84] 50 351
500 [55]
200 [87-91] Electrodiposited [77] 1.59 [99] ~10° 1] 1.88-1.98[91]  20-116[88]  9.19-21.40 Zn0/CdTe [57] 9.5[57] Poor efficiency but CdS
RF Magnetron sputtering ~ 3.15-3.24 60 [89] 831 SLG/Mo/CISe/CdS/i-Zn0/AZO/NI/Al [39] 11.4 (39 alternate
9] 190 600-2350
Spray Pryolysis [90] 901
Sputtering [91] 75-200 [91]
ZnS [92-94] CBD [92] 3.40-3.49 10° 92 233 [92] 3090(92] 180 [94] 2ZnS/CIGS [92] 7.7-9.4[92]  Further improvements are
Thermal evaporation 2 400-1000 under studies
3] 3.52-3.48 1931
3 4451941
3.46 94
10,55 [95-100]  Sputtering [95] 1.144 [95] 104108 [97] 2.293-2.367 85 [95] 39.7-71.6 1n,S5/CIGS [95,96] 13.6 [95] As an CdS alternate as well as
CBD [96] 2.84-3.04 ©7 70 [96] (100} 2.3(9] cost effective
Thermal evaporation 7 250-271[%9]  150[97]
[97-99] 1.99-2.49 1.58-1.82 500 [99]
Spray pyrolysis [100] 99 [100]
2.33-265
ooy
InySe; [20,101]  Three stage Co- 1.7-26 [26) 250-272[63] 80100 [2¢]  05-30 [101]  Mo/CIS/In;Sey/Zn0 8.3[29) As an CdS altemate as well as
yIngSes [32, Evaporation [32,61] 22(32) 3.1-2.80 [63) 100 (32) Mo/CIS/Zn0/CdS [28] 9.2(28) low cost processing
61) 145215 951050 Al/ITO/Zn0/InySey/CulnsSes/CulnSes/Mo
[C3} 611 28]
480 [101]
1-InaSes SELD 1.92-2.39 2x10*- 275-2.55 551-395 871-1413 - - Asan CdS alternate and easily
(present 15 « 10° scalable
‘work)

oypod N pup uofuva

E£29€T1 (1202) £ST S15AYq puv Kosuay) sjoL3oN
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temperature. These patterns look sharp and possess high crystallinity.

The atomic percentage of the elements present in the InySey thin
films at different annealing temperatures has been calculated from the
energy dispersive X-ray analysis (EDAX). The EDAX spectra of the
samples grown at different annealing temperatures have been shown in
Fig. 10a-d; the corresponding atomic percentages are mentioned in
Table 2. The In/Se value of 1.475 (2) at 523 K facilitates the formation of
the In,Se; phase; the value reduces to 1.220 (2) at 573 K as more Se gets
attached to In and causes the formation of InSe. Moreover, the In/Se
value of 0.811 (9) at 623 K advances towards the stoichiometry of
y-InySes. The results of the EDAX, X-ray diffraction data, and Raman
spectra suggest the transformation from orthorhombic InsSes to the
hexagonal y-In,Se; phase at 623 K. A reverse trend of the In/Se is seen at
673 K wherein the value increases to 1.420 (1). This change is attributed
to the re-evaporation of Se from the films due to its excessive vapor
pressure at higher annealing temperatures [57]. The re-evaporation of
Se also causes a reduction in the InSe phase and induces re-organization
in the y-In,Se; peaks. There are some emission peaks other than In and
Se exist in the EDAX plots which pertains to the materials of the corning
glass substrate. These emission peaks of the corning glass substrate have
also been reported earlier by several authors [73].

3.5. Hall measurement

Hall measurement is one of the most convincing methods to deter-
mine carrier concentration and mobility of conductive materials [74].
Its wide-spread use as a simple and fast routine measurement technique
is based on the simplicity of the van der Pauw formulation which does
not require precise micro-structuring during sample preparation [75].
The trends of variations of resistivity (p), mobility (), and carrier con-
centration (Ng) of the films, grown at different annealing temperatures
as measured using this method, are shown in Fig. 11a—. The p-type
conductivity of the as-grown In/Se stack is attributed to the Se layer at
the top. The presence of a-Se top layer in the as-grown In/Se stack has
also been noticed in the Raman spectra. The p-type conductivity of the
Se films has already been reported by several authors [76]. On the
reverse, the films obtained at 523 K-673 K exhibit n-type conductivity.
The n-type conductivity of In,Sey films has also been observed by several
researchers [77-79]. The films possess a multi-faceted structure in
which the grain sizes of the crystallites change with an increase in
annealing temperature. Further, the flow of charge carriers is affected by
the grain boundaries of different phases. The samples obtained at 573 K
show animproved y- In,Se; phase, however, InSe and In,Se; also existin
these films. These variations in the phases cause changes in the electrical
parameters of the grown thin film samples. Upon changing the anneal-
ing temperature from 523 K to 573 K, the mobility increases from 871 to
1185 em®/V-s. This change is attributed to the improvement in the y-
In,Se; phase [78,79]. At 623 K, the In,Se; transforms to the y-In,Se;
phase, this causes the formation of a strong y-In,Se; and contributes to
the further increase in the mobility to 1266 cm?/V-s. The mobility value
advances to 1413 ecm?>/V-s at 673 K amidst a change in In/Se ratio from
0.811(9) to 1.420(1). This advancement in the mobility value associates
with the presence of excess indium (In) in the samples. Besides, the
increased sizes of the y-In,Se; crystallites also play a role in the reduc-
tion of the inter-crystalline barriers and contribute to high carrier
mobility [25,30-52]. While in the entire annealing temperature range,
the bulk resistivity (pg), and carrier concentration (Np) indicate a small
change (Table 3). The values of various electrical parameters obtained at
different annealing temperatures have been mentioned in Table 3. The
increase in mobility and changes of other parameters of y-In,Se; are
ascribed to the phase transformations and changes in the composition
values. A comparison of the important parameters of indium selenide
thin films to those of similar materials has been drawn in Table 4
[83-101].
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4. Conclusion

Thin films of the y-In,Se; phase were obtained on annealing of the
In/Se stack obtained from the SELD method. The films provide good
adhesion to the corning glass substrate and exhibit n-type conductivity.
The particles are uniformly distributed, irregular shaped, and complex
structured. Moreover, the surface of the films provides a high degree of
smoothness. The films exhibit changing phases on thermal annealing.
The direct bandgap of the films falls within the visible region of the E.M.
spectrum. The films exhibit high transmission (60%) and show bandgap
tuning, the absorption co-efficient values ~ 10° cm ™. The changes in
mobility increase and other parameters of y-In»Ses; with annealing
temperature are attributed to the phase transformations, compositional
change, and growth of the crystallites. These properties of the y-In,Ses
thin films make it a suitable choice for buffer layers in the solar
structure.
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ARTICLE INFO ABSTRACT

Keywords: Thin films of nanocrystalline selenium (Se) of different thicknesses were grown on annealing from 323 to 398 K.

Nanocrystalline selenium layers
Bandgap tuning
Heterojunction diode
Photovoltaic cell

The crystallinity of the layers increased with annealing temperatures (Ta). The temperature thickness correla-
tions were established. The layers exhibited spherical-shaped particles at higher annealing temperatures. The
grown layers possess hexagonal crystal system with space group P3,21(152); it shows prominent planes along

the a-axis. The bandgap (E,) decreases from 2.18 to 1.94 eV, 2.12 to 1.82 eV, and 2.13 to 1.84 eV with changes in
T 0of 700, 270, and 150 nm thick layers, respectively. The high absorption coefficient («) values ~ 1 x 10° cm™!
observed in all films makes it suitable as an absorber layer in a solar cell structure and an optical sensor. The
FTO/p-Se/n-CdS/In heterojunction diodes provide zero-bias barrier height (¢,,) of 0.788(7) eV. The open circuit
voltage (V,.) of FTO/p-Se (150 nm)/n-CdS(200 nm)/In a photovoltaic cell was observed to be 55 mV.

1. Introduction

Monochalcogenide selenium (Se) is considered the first semi-
conducting material that exhibited photoelectric conductivity in 1873
(Draper, 1873). The first technological use of Se was reported in a
telegraph circuit as a small bar that acted as a photoelectric resistor
(Smith, 1877). Due to its photo-conducting properties, the most
important commercial application of grey, metallic Se, is seen in
xerography (Ieel, 2012). Se-75 has been widely used in medical diag-
nostic procedures, biological tracing, and radio-nuclides detection due
to its convenient gamma-ray counting. Its half-life is sufficient to detect
complete chemical separation from other activities (Kreel, 2012). It has
excellent optical and glass-forming properties. It is also used in chemical
processing, agricultural, industrial, and pharmaceutical applications.
Metallurgical grade selenium improves machinability, which helps to
cast iron, copper, lead, and steel alloys. Its low melting point and high
vapour pressure support low-cost commercial applications in photo-
voltaic and photoconductive device fabrications (Ireel, 2012; Ito et al.,
1982). The first Se solar cell design was reported in 1954 with a power
conversion efficiency (PCE) of 6 % by sandwiching the Se films between
a metal and a thin gold foil (Hadar et al., 2019). Solar cells based on Se
absorber layers could not compete with silicon counterparts. Se exhibits
low photoconversion efficiency (PCE) than alternate absorber layers
such as cadmium telluride (CdTe), copper indium diselenide (CIS),

* Corresponding author.
E-mail address: nareshpadha@jammuuniversity.ac.in (N. Padha).

https://doi.org/10.1016/].ri0.2023.100533

copper indium gallium diselenide (CIGS), etc. However, Se offers
various advantages over ‘Si’ and other materials in their growth. The Se
provides better stability and protection to organic photovoltaic (OPV)
and lead-halides perovskites from ambient humidity and oxygen
(Stoumpos et al., 2013; Leijtens et al., 2015). The processing tempera-
ture for Se in the solar cell structure is below 473 K; moreover, it is much
more easily grown than Si, CdTe, CIS, CIGS, and CZTSS materials
(Stanbery, 2002; Jackson et al., 2011; Wang et al., 2014). Further, the Se
in metal chalcogenide and chalcopyrite compounds has helped achieve a
higher optical absorption coefficient () (Stanbery, 2002; Niranjan and
Padha, 2021; Niranjan et al., 2020). Se in tandem organic photovoltaic
(OPV) solar cells work as an ambient barrier and provide better charge
carrier conduction, improving solar cell efficiency from 3.5 % to 6.5 %
(Todorov et al., 2017). It has attracted the photovoltaic community
because improvement in efficiency was possible with the optimisation of
Se constituents in the materials during their processing (Niranjan and
padha, 2021). The growth of Se thin films has been reported using spin
coating (Wang et al., 2014), chemical bath deposition (CBD) (Bindu
et al., 2002), sputtering (Yuan et al., 1991), and physical vapour depo-
sition (PVD) methods (Ito et al., 1932). The growth of Se thin layers is
possible using thermal evaporation for low-cost, large-scale devices.
Several researchers have started the development of Se thin films for
structural optimisation to lead to a new dimension of their functional
properties (Hadar et al., 2019; Chatterjee and Sen Gupta, 1986; Audiere
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Fig. 1. The images of the nanocrystalline Se films having thicknesses 700, 270 and 150 nm as-deposited at 300 K and grown on annealing at different temperatures.

etal, 1979; Roy et al., 2006; Qasrawi et al., 2016). Se has been reported
with a complex phase diagram of monoclinic Se; and trigonal Se,, and
their mixture (Audiere et al., 1979; Fritts, 1897). However, trigonal
selenium (t-Se) is the most suitable for solar cell applications (Hada
et al., 2019; Tutihasi and Chen, 1967). The morphological evolution
during the crystallisation of Se films on thermal treatment was quite
complicated (D" Almeida et al., 2000). Se’s optical, electrical and current
transport properties depend on the film preparation technique, deposi-
tion temperature, and post-deposition treatment (Legros et al., 1995).
The use of amorphous selenium for photoconductivity has been reported
by several authors (Draper, 1873; Hadar et al., 2019). However, efforts
have been made by a few authors for the growth of polycrystalline Se
thin layers for solar cell applications (Wang et al., 2014; Roy et al., 2006;
Gates et al., 2002; Ozenbag, 1990). The thickness of the layers is kept
below 1 pm due to the Se pill off tandency from the substrate. Some
authors have used additional base adhesion layer like TiO, and Te, etc to
overcome this short comings. Moreover, few authors have suggested the
narrow temperature window optimisation for better crystallisation for
future work (Hadar et al., 2019).

In the present work, an attempt has been made to grow nano-
crystalline Se layers at room temperature. The 150, 270, and 700 nm
layers were grown on the corning glass substrate. Further, the trans-
formation of "Se’ from amorphous to polycrystalline form was carried
out under a narrow temperature window for the layers deposited on
corning and FTO-coated glass substrates. These layers were annealed up

to 398 K; the temperature is lower than the previously reported pro-
cessing temperature for polycrystalline Se layers. The optimised Se
layers were used to fabricate FTO/p-Se/n-CdS/In heterojunction (HJ)
diodes and photocells (PC), and their current-voltage characteristics of
HJ and the photovoltaic response of PC were measured.

2. Experimental

The corning glass substrates used for film growth were cleaned using
a hydrogen peroxide (H,0,) solution. These substrates were dipped for
10 min, followed by further treatment using trichloroethylene, acetone,
and methanol (TAM) in a hot ultrasonic bath. The elemental Se havinga
purity of 99.99 % utilised for their thin layer growth on corning glass
substrates using the thermal evaporation method at room temperature
in a vacuum coating unit 12A4DM (HHV, India) at a vacuum pressure of
~ 2x10  © mbar. The evaporation rate of Se during the growth was 4-6
A/s. The in-situ substrate was given rotation with the help of a rotary
motor attached to the substrate holder for the homogeneous growth of
the films. Three different thicknesses of elemental Se, i.e., 700 nm, 270
nm, and 150 nm, were obtained. The post-deposition annealing of the
layers was carried out in a tubular furnace under a vacuum of ~ 1x10°3
mbar at a temperature interval of 25 K from 323 K to 423 Kfor 1 hour (h)
at each temperature. The complete evaporation of Se from the corning
glass was observed at 373 K temperature for 700 nm. In comparison, the
270 and 150 nm films were evaporated at a higher temperature of 423 K
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Fig. 2. a-b: The X-ray diffraction (XRD) patterns of nanocrystalline Se films having thicknesses of 700, 270 and 150 nm as-deposited at (a) 300 K and annealed at (b)
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Fig. 3. a-b: The X-ray diffraction (XRD) patterns of nanocrystalline Se films having thicknesses of 270 and 150 nm annealed at (a) 373 K and (b) 398 K, respectively.

(Fig. 1). In the fabrication of the heterojunction diode, the 150 nm Se
layer was deposited on FTO-coated glass, which was annealed at 398 K
for one hour followed by the deposition of 200 nm thick CdS at room
temperature. The thickness of as-deposited Se films was monitored with
the help of a digital thickness monitor DTM-101 attached to VCU
12A4DM (HHV, India) using a 6 MHz quartz crystal sensor. The X-ray
diffraction (XRD) data of the samples were recorded in a line scan mode
in the ‘20" range of 10°-70° with a scan rate of 0.03°/s using filtered
CuK,, radiations (» = 1.5406 A) in X 'pert® (PANalytical) Powder X-ray
diffractometer equipped with HD Bragg Brentano incident geometry.
The optical data of the samples were recorded using UV-Vis-NIR spec-
trophotometer UV-3600 (Shimadzu) by keeping the source slit width at
2 nm in the transmission and absorbance mode. The transmission per-
centage was obtained in the 300-1800 nm wavelength range at room
temperature. The surface morphology of 270 nm films was obtained
using a scanning electron microscope (SEM) SUPRA-55 (Zeiss) on an
acceleration voltage of 20 kV, and constituent elemental stoichiometric
values were obtained by using an energy dispersive X-ray analysis
(EDAX) attachment 7426 (Oxford) using L-emission line of selenium.
Ohmic contacts were made on films using high-purity fine copper wires
(99.999 %). Electrical measurements of the layers were performed by
the two-probe method. The current-voltage (I-V) response of the

heterojunction diodes was measured using an automated setup con-
sisting of a Keithley (2400) source meter fitted with a probe station
(Miller Design Corp) using open-source I-V software developed by
Michael D. Kelzenberg. The FTO/p-Se/n-CdS/In planar heterojunction
diodes were tested in sunlight, and the open circuit voltage (V,.) was
recorded using a digital multimeter VC-203 (Victor). All experimental
data analyses were accomplished using OriginLab 8.5 (MicroCal)
software.

3. Results and discussion
3.1. Structural characterization

The physical appearance of the nanocrystalline Se layers having
thickness values of 270 and 150 nm both change from red to brownish-
black on annealing; the 700 nm layers appeared brown colour (Fig. 1).
The X-ray diffraction (XRD) patterns of the nanocrystalline Se layers
having thickness values of 700, 270, and 150 nm as deposited at 300 K
are shown in Fig. 2a. The as grown layers of 150 nm show nano-
crystalline behaviour. It exhibits the XRD peaks at '20" values of 23.50
(7), 29.65(4), 43.67(6) corresponding to (100), (101), and (110)
planes as per JCPDS card no: 06-0362 whereas 270 and 700 nm films

\é‘ @ Hexagonal Se-JCPDS (06-0362) 398K
> # Monoclinic'Se' - JCPDS ( 24-1202) ;‘\
g [\
-~ 2 (18|
= 4 W,
p 373K
> ® A
= BT3K ® 9 @ ® ”I'/ \
- ® !‘/1 \\'ﬂ
2 348K
£ A
4\
/o\
D
N S " 323K |
Y T X T Y T T T ¥ PV
10 20 30 40 50 60 70BOOK,
2 0 (in degrees) [

Fig. 4. The X-ray diffraction (XRD) patterns of as-deposited and annealed nanocrystalline Se films having thicknesses of 270 nm at 323, 348, 373 and 398 K.
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Fig. 6. The Intensity variations of the (100) planes with change in annealing
temperature (T,) of nanocrystalline Se layers.

show amorphous behaviour. The crystallinity of thin films is attained via
nucleation, coalescence, and formation of channels. The present work
achieves the polycrystalline form from thermal energy available at 300
K. In the case of films of 150 nm, energy available to the Se system is

Table 1
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more than the minimum requirement for nucleation and coalescence in
the films. Further, the lowest energy required for the growth of the
(100) peak is the reason for the higher intensity of this peak. However,
the thermal energy available to the Se system of 270 and 700 nm films is
insufficient for nucleation and coalescence; hence, these films are
amorphous. The polycrystallinity in the 270 nm thick films emerges at
348 K The 150 nm layers show comparatively higher crystallinity at this
temperature. The 700 nm layer also showed crystallinity along (100)
planes at 348 K (Fig. 2b), the film re-evaporates at 373 K (Fig. 1).
Further, all prominent XRD peaks found matching with hexagonal Se
(JCPDS card no. 06-0362), except, an additional (112) peak at 348 K of
monoclinic Se (JCPDS card no. 24-1202). The phenomenon may be
attributed to the recrystallization, which provides re-orientations of
crystal growth on annealing at 348 K (Inset Fig. 5). Therefore, Se films
appear as a mixed phase of hexagonal and monoclinic crystals. More-
over, the crystallinity of 150 and 270 nm layers increased significantly at
373 and 398 K (Fig. 3a-b). Itis found that crystallinity exists in the nano-
sized layers of 150 and 270 nm; however, polycrystallinity is not
observed in thicker (700 nm) layers at annealing temperatures of 373
and 398 K. The grown layers of Se possessed a hexagonal crystal system
with space group P3,21(152) as per JCPDS card no: 06-0362. The 150
nm Se layers even provided higher peak intensities than the 270 nm
layers. Thus, the growth of polyerystalline Se layers occurs at higher
annealing temperatures for thicker layers, i.e. the growth temperature of
nanocrystalline layers increases with thickness. The best nanocrystalline
Se layers were obtained at 398 K at a thickness value of 150 nm (Fig. 3b).

3.1.1. Effect of annealing temperature on the growth of nanocrystalline Se
layer thickness

Figs. 4 and 5 show the X-ray diffraction patterns of 270 and 150 nm
thick Se layers annealed from 323 to 398 K. The peak intensity of (100)
most significant peak (MSP) increases with an increase in annealing
temperature up to 398 K in both thickness values, thus providing
dominant growth along the a-axis. Moreover, 150 nm layers are nano-
crystalline at room temperature (300 K), providing a better response at
each subsequent temperature up to 398 K.

The grain sizes of the (100) planes were calculated using the
Scherrer formula in Eq. (1).

0.941
D=—""
p Cosd

Where & is the X-ray wavelength, p is the width at half maximum
(FWHM) in radians, and 6; represents the Bragg angle. The unit cell
parameters for hexagonal Se crystal systems were calculated using the
relation in Eq. (2) (Cullity and Stock, 2014).

m

L B B
Z=@teta @

The microstrain (¢) and dislocation density () present in the

The position 26, full width at half maximum (FHWM), and crystallite sizes of the (100) nanocrystalline selenium layers having thicknesses of 700, 270, and 150 nm.

Film Thickness (nm) Temperature (K) 209 Intensity (cps) FWHM (p) © Crystallite size (D) (nm)
700 300 Amorphous
323 23.54(3) 29 0.5772(1) 15.68(1)
348 23.56(4) 87 0.7578(5) 11.94(5)
270 300 Amorphous
323 Amorphous
348 23.55(3) 312 0.6955(1) 13.01(4)
373 23.54(9) 333 0.6888(3) 13.14(1)
398 23.55(5) 482 0.4764(3) 19.00(1)
150 300 23.50(7) 292 0.4853(1) 18.64(4)
323 23.50(6) 742 0.4650(1) 19.46(1)
348 23.53(4) 622 0.6680(2) 13.54(7)
373 23.57(7) 867 0.5712(5) 15.84(7)
398 23.55(9) 1139 0.4744(3) 19.07(9)

Se- (JCPDS No.:06-0362; Sys: Hexagonal; S.G.: P3,21(152); Cell parameters: a = 4.366 A, ¢ = 4.953 A; Vol-81.78 A%,
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The microstrain (€), dislocation density (5), unit cell parameters (a, b, c), and cell volume (V) of 700, 270 and 150 nm thick nanocrystalline Se layers.

Film Thickness (nm) Temperature (K) Micro strain (€) (x10 %) Dislocation density (5) (x10'%) Lattice Parameter (A) Cell Volume (V) (A)*
a=b <

700 323 2.4655(2) 4.0669(5) 4.359(9) 4.8869(3) 80.500(0)
348 3.2368(3) 7.0078(4) 4.356(1) 4.8288(1) 79.402(7)

270 348 2.9707(7) 5.9040(1) 4.358(2) 4.907(5) 80.778(1)
373 2.9423(4) 5.7917(4) 4.357(5) 4.9180(9) 80.925(2)

398 2.0347(5) 2.7695(9) 4.357(3) 4.936(6) 81.223(1)

150 300 2.0731(2) 2.8766(6) 4.366(5) 4.930(2) 81.458(7)
323 1.9861(1) 2.6402(8) 4.366(7) 4.958(8) 81.938(8)

348 2.8535(3) 5.4484(1) 4.361(1) 4.925(1) 81.189(1)

373 2.4399(8) 3.9816(1) 4.353(7) 4.894(1) 80.389(5)

308 2.0265(1) 27470(7) 4.357(1) 4.912(7) 80.817(1)

Se- (JCPDS No.:06-0362; Sys: Hexagonal; S.G.: P3,21(152); Cell parameters: a = 4.366 A, c = 4.953 A; Vol-81.78 A%,
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Fig. 7a. The transmission percentage (T%), absorption coefficient («), optical absorption spectra [plots of (thv)? versus photon energy hv (wavelength range
300-1800 nm)] and extinction coefficient (k) plot of as-deposited and annealed nanocrystalline Se films of 270 nm thickness.

nanocrystalline Se layers were calculated using the relation in Egs. (3)
and (4):

e= ’kfg ®
5=ps @

The trends in the variation of intensity of the (1 00) peak at different
T, have been shown in bar chart form in Fig. 6. The variation in the grain

size with a change in the annealing temperature is due to post-annealing
nucleation on cooling from high to ambient temperature (Gates et al.,
2002; Ozenbas, 1990). However, the grain size measured at different T,
increases with a decrease in the Se layer thickness from 700 to 150 nm
(Table 1). The parameters like cell volume, microstrain, and dislocation
density have been given in Table 2; their values decrease with an in-
crease in Ta and layer thickness. Moreover, it is observed that the cell
volume increases with a decrease in thickness at 348 K (Table 2).
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Fig. 7b. The transmission percentage (T%,) absorption coefficient (), optical

absorption spectra [plots of (¢thv)®versus photon energy hv (wavelength range

300-1800 nm)] and extinction coefficient (k) plot of as-deposited and annealed nanocrystalline Se films of 150 nm thickness.

3.2. Optical studies

The fundamental absorption equivalent to an electron excitation
from the valance band to the conduction band governs the value of the
optical bandgap (E;). The absorption coefficient (a) is calculated using
the relation given in Eq. (5):

1 100
= ?In (F/,) 5)

where tis the thickness of the layer on a substrate, and T% represents
the transmission percentage of the incident photon. The optical bandgap
(Ep) is calculated using the Tauc relation given in Eq. (6) (Tauc and
Amorphous and Liquid Semiconductors, 1973).

12

ahv = C(ER —hv) 6)

where « is the absorption coefficient, C; a constant, v; the photon
frequency and h; the Planck constant.

The optical bandgap (E;) of the nanocrystalline layers is calculated
by extrapolating the linear part of the curve of (ahv)? = f(hv) spectrum
to the x-axis.

Figs. 7a-b show the transmission %, absorption co-efficient (), op-
tical absorption spectra [plots of (ahv)? versus photon energy hv
(wavelength range 300-1800 nm)], and extinction coefficient (k) plot of
as-deposited and annealed Se layers of 270 and 150 nm thickness,
respectively. The optical bandgap of the as-deposited layers of poly-
crystalline Se having 150 nm thickness is 2.13 eV, which is higher than
that of the amorphous Se (Bindu et al., 2002; Abdullaev et al., 1966).
Some authors have reported that black Se bandgap values are 1.65 and

1.80 eV for monoclinic films (Hadar et al., 2019; Gates et al., 2002). The
values of the bandgap of nanocrystalline layers of Se obtained at
different annealing temperatures for different thicknesses have been
presented in Table 3. The bandgap and absorption coefficient increase
with a decrease in thickness in the layers; however, at a particular
thickness, the bandgap decreases with an increase in the annealing
temperature. The absorption coefficient at all annealing temperatures
exhibits a value > 1x10° em™'. The maximum absorption at the optical
transition edge was found in 270 nm thick films when the transmission
was ~ 30 % for 398 K annealed samples. At the same time, the ab-
sorption coefficient («) varied in the range 1-2x10° ecm !, and the ab-
sorption coefficient () for 150 nm varied in the range 2.8-7 x 10° cm !
with a slightly higher transmission percentage than 270 nm layers. The
decrease in optical bandgap in the nanocrystalline Se causes low-energy
photons to transit from the valence to the conduction band; this phe-
nomenon may help the material to provide better efficiency in solar cell
applications.

The extinction coefficient (k) determines the degree of surface uni-
formity and specifies how effectively light of a particular wavelength (1)
is absorbed in the material. It also resembles the information about
surface smoothness. The extinction coefficient (k) values were calcu-
lated using the expression given in Eq. (7) (Niranjan and Padha, 2021;
Banotra, 2017).

al
K=
where « is the absorption coefficient, A represents the wavelength of

the incident photon.
The extinction coefficient (k) values variation was (0.54-0.42),

)
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Fig. 8. The scanning electron microscopic (SEM) images of nanocrystalline Se films obtained at (a) 323 K, (b) 348 K and (c)373 K and the EDAX Spectra of Se at an

annealing temperature of (d) 323 K, (e) 348 K and (f) 373 K.
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Fig. 9. The atomic and weight percentage values of energy dispersive X-ray analysis (EDAX) spectra of nanocrystalline Se films and the substrate constituents

obtained at (a) 323 K, (b) 348 K and (c) 373 K.

(0.60-0.80), and (2.0-1.25) for 700, 270, and 150 nm Se obtained at
different annealing temperatures (Table 3). The reduction in k values
shows a smoother surface of the films. The higher value of k for 150 nm
thin layers is due to the high absorption coefficient. This high absorption
coefficient value of the 150 nm thick films is related to the texture of the
surface of the layers. The obtained nanocrystalline Se exhibited an ab-
sorption coefficient (a) > 10° em " suitable for an optical sensor
application and an absorber layer in a solar cell in the visible region.

3.3. Morphological and compositional analysis

Scanning electron microscopy (SEM) determined the surface
morphology of the nanocrystalline Se layers of 270 nm. Fig. 8a-c show
SEM images of the undertaken Se layers annealed at 323 to 373 K. At
323K, the layers show bright images of irregularly shaped particles with
voids that look like cotton flowers. The nucleation occurs between 348
and 373 K, and the crystallites can be seen possessing spherical-shaped
grains. The density of voids decreases with an increase in the annealing
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Fig. 10. (a) The simple and (b) semi log current-voltage (I-V) characteristics of FTO/p-Se/n-CdS/In heterojunction diode of 150 nm thick nanocrystalline Se layer

grown at T, of 398 K.
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Fig. 11. (a) The 3D schematic diagram of FTO/p-Se/n-CdS/In heterojunction photovoltaic cell and (b) open circuit voltage (Vo) in sunlight using a digital mul-

timeter for 150 nm thick Se absorber layer (Tx at 398 K).

Table 3
The band (Ey), critical length (A.), absorption coefficient (@) and extinction coefficient (k) of nanocrystalline Se layers having thicknesses of
700, 270 and 150 nm.
Thickness Temperature (K) Eg (eV) Critical wavelength (ic) Abs. Co-eff. (@) (cm ™) (x10%) Extinction coefficient (k)
700 300 2.08 596 1.0 0.54
323 2.06 602 1.0 0.48
348 1.94 639 11 0.42
270 300 2.12 585 1.5 0.60
323 2.08 596 2.0 0.75
348 1.88 660 1.0 0.55
373 1.86 667 1.5 0.70
398 1.82 681 1.8 0.80
150 300 213 582 7.0 2.0
323 2.10 590 6.0 175
348 1.90 653 4.0 1.60
373 1.87 663 3.0 1.30
398 1.84 674 2.8 1.25

temperature, exhibiting a smoother surface over the layers (Audiere
et al., 1979). No significant variation in grain size was observed on
increasing the temperature from 348 to 373 K; however, variation in the
texture of the surface was observed with an increase in T4. The Se has
been reported as a liquid phase with a decreasing mean chain length of
Seg with an increase in temperature from 217 to 653 K (Baker, 1968). A
similar effect may cause a decrease in the density of voids and grain
boundaries, which was prominently detected in surface morphology
with the increase in annealing temperature.

Fig. 8d-f show the EDAX spectra of nanocrystalline Se layers of 270

nm obtained at 323-373 K. The energy dispersive X-ray analysis (EDAX)
spectra confirm the availability of Se at each temperature. Fig. 9a-c show
constituents” atomic percentage (at. %) and weight percentage (wt %) in
the scanned portion. The qualitative results of EDAX spectra exhibit the
presence of some other elements which constitute substrate (IKuisma-
Kursula, 2000). Regarding EDAX, weight percentage (wt %) decreases
with an increase in annealing temperature, indicating re-evaporation of
Se. The 150 nm Se layers were expected to provide similar morphology
and compositional analysis results. Therefore, their studies were not
repeated while 700 nm layers were amorphous, almost in the entire T,

102



R. Niranjan and N. Padha
range.

3.4. The current transport behaviour of FTO/p-Se/n-CdS/In
heterojunction

The nanocrystalline Se layers of 150 nm were obtained on annealing
over the FTO-coated glass substrate at 398 K. The CdS thin films of 200
nm were deposited on these layers, followed by In (indium) deposition
of 200 nm using a physical mask. Fig. 10a-b show current-voltage
characteristics of FTO/p-Se/n-CdS/In heterojunction diode, which
exhibited rectifying behaviour with low barrier potential; It provides
zero-bias barrier height (¢bo) of 0.788(7) eV. The solar cell structure of
the corresponding FTO/p-Se/n-CdS/In heterojunction is shown in
Fig. 11a. The area of the pn-heterojunction was measured at ~ 1 cm?.
The FTO/p-Se/n-CdS/In solar cell having absorber layer thickness ~
150 nm obtained at 398 K confirms the photoconductive process in the
sunlight and provided open circuit voltage (Voc) of 55 mV using a digital
multimeter (Fig. 11b).

4. Conclusion

Nanocrystalline Se layers were grown by annealing the layers
deposited by thermal deposition technique under a high vacuum at room
temperature and higher temperatures. These layers exhibited bandgap
tuning from 2.13 to 1.83 eV and absorption coefficient > 1x10° cm !
The crystallinity of the layers increases with increasing annealing tem-
perature and decreasing thickness. The average grain size corresponding
to the MSP (1 00) planes varies from 13.01(4) to 19.46(1) nm. The open-
circuit voltage (V) value of FTO/p-Se/n-CdS/In heterojunction solar
cell structure was 55 mV for nanocrystalline Se layers of 150 nm grown
at 398 K
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