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Annexure - III 

UNIVERSITY GRANTS COMMISSION 

BAHADUR SHAH ZAFAR MARG 

NEW DELHI – 110 002. 

STATEMENT OF EXPENDITURE IN RESPECT OF MAJOR RESEARCH PROJECT  

1. Name of the  Principal Investigator       : Dr. Mrs. M. Arulmozhi 

2. Name of the  Principal Investigator       : Associate Professor 

Department of Physics 

Jayaraj Annapackiam College for Women 

(Autonomous) 

Periyakulam - 625601 

Theni District, Tamil Nadu, India 

3. UGC approval letter No. and date   :  No. F. 42-836/2013 (SR) dated 22.03.2013   

4. Title of the Research Project  :  Investigations on excitons in nanostructures 

5. Effective Date of starting the project  : 01.04.2013 

6. a. Period of Expenditure    : From 01.04.2013 to 31.03.2017 

b. Details of Expenditure 

S. No Item 
Amount Approved 

Rs. 

Expenditure Incurred 

Rs. 

i. Books & Journals 1,00,000/- 1,00,046/-

ii. Equipment 2,50,000/- 2,50,029/-

iii. Contingency 1,00,000/- 1,00,240/-

iv. Field work/Travel 1,00,000/- 1,00,973/-

v. Hiring Services --- ---
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UGC- MAJOR RESEARCH PROJECT 

"Investigations on excitons in nanostructures" 

No. F. 42-836/2013(SR) dated 22.03.2013 

Principal Investigator:  Dr. Mrs. M. Arulmozhi 

              Associate Professor in Physics 

              Jayaraj Annapackiam College for Women (Autonomous) 

              Periyakulam - 625601.  Theni District.  Tamil Nadu. 

STATEMENT OF EXPENDITURE FOR BOOKS AND JOURNALS 

Amount allocated by UGC    : Rs. 1,00,000/- 

Amount sanctioned by UGC :  Rs. 1,00,000/- 

Expenditure incurred:  Rs. 1,00,046/- 

S.No. Bill Date Bill No Name of the Book Dealer  Amount (Rs) 

1. 01.07.2014 58 Selvi Book Shop 2,175/-

2. 13.07.2014 OD40713111279 Flipkart.com 1,509/-

3. 21.08.2014 OD40821183399 Flipkart.com 1,535/-

4. 22.08.2014 402-6293111-5465952 amazon.in 2,855/-

5. 22.08.2014 402-3848512-6666761 amazon.in 1,050/-

6. 22.08.2014 402-3480599-7993925 amazon.in 1,632/-

7.  22.08.2014 402-0916013-2173961 amazon.in 1,605/-

8. 22.08.2014 402-1214744-0397908 amazon.in 1,493/-

9. 22.08.2014 402-0430484-3623532 amazon.in 3,408/-

10. 02.09.2014 OD40902191404 Flipkart.com 16,181/-

11. 06.09.2014 402-2630463-4963521 amazon.in 1,080/-

12.  06.09.2014 402-7844607-7309113 amazon.in 1,272/-

13. 06.09.2014 402-4559319-3755540 amazon.in 4,299/-

14. 06.09.2014 402-4561494-7129124 amazon.in 1,560/-

15. 06.09.2014 402-3975472-1741908 amazon.in 4,011/-

16. 26.09.2014 402-9215173-5223560 amazon.in 22,754/-

17. 26.09.2014 402-4089079-0009909 amazon.in 9,464/-

18. 10.10.2014 479 Power Book House 3,433.50/-

19. 10.10.2014 481 Power Book House 625.50/-

20. 16.12.2014 402-6080949-1525104 amazon.in 3,336/-
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UGC- MAJOR RESEARCH PROJECT 

"Investigations on excitons in nanostructures" 

No. F. 42-836/2013(SR) dated 22.03.2013 

Principal Investigator:  Dr. Mrs. M. Arulmozhi 

                 Associate Professor in Physics 

                 Jayaraj Annapackiam College for Women (Autonomous) 

                 Periyakulam - 625601.  Theni District. Tamil Nadu. 
 
 

STATEMENT OF EXPENDITURE FOR HONORARIUM TO PROJECT FELLOW  
 
Amount allocated by UGC   : Rs. 5, 28, 000/- 

Amount sanctioned by UGC:  Rs. 4,75,200/-  

Expenditure incurred:  Rs. 5,28,000/-  

Amount to be sanctioned by UGC: Rs. 52,800/- 

 

S. No. Name Date 
Honorarium 

per month 

1.  A. Anitha 03.06.2013 Rs.14,000/- 

2.  A. Anitha 01.07.2013 Rs.14,000/- 

3.  A. Anitha 01.08.2013 Rs.14,000/- 

4.  A. Anitha 02.09.2013 Rs.14,000/- 

5.  A. Anitha 03.10.2013 Rs.14,000/- 

6.  A. Anitha 01.11.2013 Rs.14,000/- 

7.  A. Anitha 02.12.2013 Rs.14,000/- 

8.  A. Anitha 02.01.2014 Rs.14,000/- 

9.  A. Anitha 03.02.2014 Rs.14,000/- 

10.  A. Anitha 03.03.2014 Rs.14,000/- 

11.  A. Anitha 03.04.2014 Rs.14,000/- 

12.  A. Anitha 02.05.2014 Rs.14,000/- 

13.  A. Anitha 02.06.2014 Rs.14,000/- 

14.  A. Anitha 01.07.2014 Rs.14,000/- 

15.  A. Anitha 01.08.2014 Rs.14,000/- 

16.  A. Anitha 01.09.2014 Rs.14,000/- 
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UGC- MAJOR RESEARCH PROJECT 

"Investigations on excitons in nanostructures" 

No. F. 42-836/2013(SR) dated 22.03.2013 

Principal Investigator:  Dr. Mrs. M. Arulmozhi 

                 Associate Professor in Physics 

                 Jayaraj Annapackiam College for Women (Autonomous) 

                 Periyakulam - 625601.  Theni District. Tamil Nadu. 
 

STATEMENT OF EXPENDITURE FOR HOUSE RENT ALLOWANCE TO 
PROJECT FELLOW 

 
Amount allocated by UGC: Rs. 31,680/- 

Amount sanctioned by UGC:  Rs. 28,512/- 

Expenditure incurred:  Rs. 31,680/-  

Amount to be sanctioned by UGC: Rs. 3,168/- 

 

S. No. Name Date 
HRA 

per month 

1.  A. Anitha 03.06.2013 Rs.880/- 

2.  A. Anitha 01.07.2013 Rs.880/- 

3.  A. Anitha 01.08.2013 Rs.880/- 

4.  A. Anitha 02.09.2013 Rs.880/- 

5.  A. Anitha 03.10.2013 Rs.880/- 

6.  A. Anitha 01.11.2013 Rs.880/- 

7.  A. Anitha 02.12.2013 Rs.880/- 

8.  A. Anitha 02.01.2014 Rs.880/- 

9.  A. Anitha 03.02.2014 Rs.880/- 

10.  A. Anitha 03.03.2014 Rs.880/- 

11.  A. Anitha 03.04.2014 Rs.880/- 

12.  A. Anitha 02.05.2014 Rs.880/- 

13.  A. Anitha 02.06.2014 Rs.880/- 

14.  A. Anitha 01.07.2014 Rs.880/- 

15.  A. Anitha 01.08.2014 Rs.880/- 

16.  A. Anitha 01.09.2014 Rs.880/- 
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UGC- MAJOR RESEARCH PROJECT 

"Investigations on excitons in nanostructures" 

No. F. 42-836/2013(SR) dated 22.03.2013 

Principal Investigator:  Dr. Mrs. M. Arulmozhi 

                 Associate Professor in Physics 

                 Jayaraj Annapackiam College for Women (Autonomous) 

                 Periyakulam - 625601.  Theni District.  Tamil Nadu. 
 

STATEMENT OF EXPENDITURE FOR CHEMICALS / GLASSWARE / 
CONSUMABLES 

 
Amount allocated by UGC: Rs. 1,00,000 /- 

Amount sanctioned by UGC: Rs. 90,000 /- 

Expenditure incurred:  Rs. 1,00,273/- 

Amount to be sanctioned by UGC: Rs. 10,000/- 

 

S.No. Date Bill No. Items Amount (Rs) 

1.  24.01.2014 A 0176 Toner and Network switch  4,650/- 

2.  13.03.2014 8506 Chemicals and Glassware 7,076/- 

3.  25.03.2014 8507 Chemicals and Glassware 2,019/- 

4.  17.07.2014 A 0442 Toner and CD pack  10,300/- 

5.  16.08.2014 --- Consumables 11,600/- 

6.  26.08.2014 8281 Chemicals and Glassware 2,731/- 

7.  10.09.2014 8602 Chemicals and Glassware 3,405/- 

8.  24.10.2014 487 Consumables 7,200/- 

9.  26.11.2014 8567 Chemicals 905/- 

10.  11.12.2014 8610 Chemicals 462/- 

11.  19.12.2014 019 Conductivity - Characterization studies 18,743/- 

12.  20.12.2014 1938 Consumables 150/- 

13.  20.12.2014 --- A4 sheets 1,570/- 

14.  11.01.2015 334 Consumables 1,290/- 

15.  04.02.2015 579 Toner Refill 1,600/- 

16.  27.06.2015 1016 UPS Battery Service 1,800/- 

17.  21.08.2015 1033 Toner Refill 800/- 
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UGC- MAJOR RESEARCH PROJECT 

"Investigations on excitons in nanostructures" 

No. F. 42-836/2013(SR) dated 22.03.2013 

Principal Investigator:  Dr. Mrs. M. Arulmozhi 

                 Associate Professor in Physics 

                 Jayaraj Annapackiam College for Women (Autonomous) 

                 Periyakulam - 625601.  Theni District.  Tamil Nadu. 
 

STATEMENT OF EXPENDITURE FOR CONTINGENCY 

Amount allocated by UGC: Rs. 1, 00,000/- 

Amount sanctioned by UGC:  Rs. 90,000 /- 

Expenditure incurred:  Rs. 1, 00,240/- 

Amount to be sanctioned by UGC: Rs. 10, 000/- 

S.No Bill No. Date Particulars Amount 
Rs. 

1. --- 06.04.2013 A4 paper and Xerox 1,706/- 
2. --- 10.04.2013 Postal charge 22/- 
3. --- 10.04.2013 Postal charge 22/- 
4. --- 09.04.2013 Xerox 24/- 
5. --- 08.04.2013 Xerox 44/- 
6. 145 01.05.2013 Stationery 400/- 
7. --- 19.04.2013 Xerox 64/- 
8. --- 25.04.2013 Honorarium to External Subject Expert-

UGC-MRP-Selection of Research 
Fellow  

1,500/- 

9. 154454/MDU 07.04.2013 Advertisement for UGC-MRP-
Selection of Research Fellow 

5,088/- 

10. 55 25.04.2013 Other expenses for interview on UGC-
MRP-Selection of Research Fellow 

4,610/- 

11. --- 16.08.2013 Postal charge 52/- 
12. --- 29.04.2014 Xerox 310/- 
13. 1207 07.05.2013 OHP Binding 75/- 
14. --- 09.05.2013 Files 105/- 
15. --- 12.05.2013 Stationery 190/- 
16. 5236013 21.05.2014 Courier 40/- 
17. 4106869 28.09.2013 Courier 30/- 
18. B14/33 29.08.2014 Stationery 680/- 
19. 04544753 02.02.2014 Courier 15/- 
20. 5395620 06.12.2014 Courier 25/- 
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21. 28 25.09.2014 Rubber Stamp 450/- 
22. 85 24.01.2014 Flex printing 336/- 
23. 8 28.01.2014 To attend the International Conference 

on "Nano Electronic Science & 
Technology" organized by Sri Vasavi 
College, Erode. Registration fee. 

2,500/- 

24. --- 17.07.2014 To attend the National Conference on 
"Optics, Photonics and Lasers" 
organized by Arul Anandar College, 
Karumathur. Registration fee 

200/- 

25. 454 04.05.2014 CD pouch and Pen drives 2,200/- 
26. 1806 16.09.2014 Spiral Binding 60/- 
27. --- 19.03.2014 Membership in ISCA 2,050/- 
28. --- 21.08.2014 Stationery 1,979/- 
29. --- 19.09.2014 To attend the National Seminar on 

"Recent Trends in Novel Materials for 
Technical Applications" organized by 
K.L.N. College of Engineering, 
Sivagangai. Registration fee.  

150/- 

30. 741401 13.08.2014 To attend the workshop on "Research 
Methodology for Ph.D. Scholars" 
organized by M. T. W. University, 
Kodaikanal. Registration fee. 

1,500/- 

31. 5345538 30.09.2014 Courier 25/- 
32. 1872 24.11.2014 OHP binding 180/- 
33. 437 24.03.2014 Printer 12,500/- 
34. 438 10.04.2014 Computer Maintenance 7,500/- 
35. 473 06.05.2014 Accessories 5,540/- 
36. 1863 29.10.2014 Letter pad 790/- 
37. 1867 31.10.2014 OHP binding 90/- 
38. --- 24.11.2014 Color Printing  282/- 
39. --- 25.11.2014 Stationery 245/- 
40. --- 24.01.2015 Xerox 50/- 
41. --- 10.01.2015 Colour Printout 60/- 
42. --- 10.01.2015 Colour Printout 80/- 
43. 05463211 03.02.2015 Courier 25/- 
44. 05463210 03.02.2015 Courier 25/- 

 
45. 066 03.02.2015 To attend the International Conference 

on "Nanoscience and Nanotechnology" 
organized by SRM University. 
Registration fee for Principal 
Investigator 

4,000/- 

46. 067 03.02.2015 To attend the International Conference 3,000/- 
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on "Nanoscience and Nanotechnology" 
organized by SRM University. 
Registration fee for Project Fellow. 

47. --- 13.02.2015 To attend the National Level Workshop 
on "Computational Physics Using 
Gaussian" organized by N.M.S.S.V.N. 
College, Madurai. Registration fee.  

200/- 

48. --- 20.02.2015 Pl Spectra 1,500/- 
49. 94 25.02.2015 To attend the Workshop on "Materials 

Characterization Techniques"organized 
by Kalasalingam University, 
Krishnakoil. Registration fee. 

2,100/- 

50. --- 07.03.2015 SEM and EDAX 3,000/- 
51. 194 25.03.2015 To attend the National Seminar on 

"Semiconductor Materials and Device 
processing for Energy Applications" 
organized by A.P.A College for 
Women, Palani. Registration fee. 

200/- 

52. 149 10.07.2015 OHP binding 150/- 
53. --- 03.08.2015 To attend the National Workshop on 

"Research Practices in Mathematics 
and Computer Science" organized by  
J. A. College for Women, Periyakulam. 
Registration fee for Principal 
Investigator. 

500/- 

54. --- 03.08.2015 To attend the National Workshop on 
Research Practices in Mathematics and 
Computer Science organized by J. A. 
College for Women, Periyakulam. 
Registration fee for Project Fellow. 

400/- 

55. 230 03.09.2015 Spiral and OHP binding 60/- 
56. 5596095 11.09.2015 Courier 30/- 
57. 255 09.10.2015 OHP binding 30/- 
58. 5606492 27.10.2015 Courier 30/- 
59. 616478 26.10.2015 To attend the Workshop on "Physics in 

Engineering" organized by Thiagarajar 
College of Engineering, Madurai. 
Registration fee 

1,850/- 

60. M14093530a15 30.10.2015 Internet recharge  299/- 
61. M59802023b15 23.11.2015 Internet recharge  299/- 
62. 3925 05.12.2015 XRD Pattern 4,850/ 

- 
63. --- 15.12.2015 To attend the State Level Seminar on 

"Expanding Frontiers in Material 
200/- 
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Science on Physics in Engineering" 
organized by Arul Anandar College, 
Karumathur. Registration fee for 
Principal Investigator.  

64. --- 15.12.2015 To attend the State Level Seminar on 
Expanding Frontiers in Material 
Science on Physics in Engineering 
organized by Arul Anandar College, 
Karumathur. Registration fee for 
Project Fellow.  

100/- 

65. 362 18.12.2015 Chart binding  1,140/- 
66. MT03366719c5 19.12.2015 Internet recharge  299/- 
67. MT0371791416 23.11.2015 Internet recharge  299/- 
68. --- 04.02.2016 To attend the National Conference on 

"Recent Trends in Physics & Materials 
Research" organized by J. A. College 
for Women, Periyakulam. Registration 
fee. 

150/- 

69. 1520208572 08.02.2016 Internet recharge  299/- 
70. --- 20.02.2016 Postal charge 40/- 
71. 440 25.02.2016 OHP binding 60/- 
72. --- 29.02.2016 To attend the International Conference 

on "Recent Trends in Materials science 
and Applications" organized by Jamal 
Mohamed College, Tiruchirappalli. 
Registration fee. 

3,150/- 

73. 5674811 03.03.2016 Courier 30/- 
74. MT0095600436 04.03.2016 Internet recharge 399/- 
75. --- 14.03.2016 Paper publication charge for a Paper on 

“A Comparative study on the properties 
of ZnO and Zns nanoparticles” in 
International Journal of Chemtech 
Research. 

2,770/- 

76. 106 31.03.2016 To attend the International Conference 
on "Innovations in science and 
Technology" organized by Sriguru 
Institute of Technology, Coimbatore. 
Registration fee. 

2,000/- 

77. MT0120020246 02.04.2016 Internet recharge 399/- 
78. 1793615883 07.06.2016 Internet recharge 299/- 
79. 1845175885 28.06.2016 Internet recharge 299/- 
80. 5768062 12.07.2016 Courier 30/- 

81. 622 21.07.2016 OHP binding 210/- 
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UGC- MAJOR RESEARCH PROJECT 

"Investigations on excitons in nanostructures" 

No. F. 42-836/2013(SR) dated 22.03.2013 

Principal Investigator:  Dr. Mrs. M. Arulmozhi 

                 Associate Professor in Physics 

                 Jayaraj Annapackiam College for Women (Autonomous) 

                 Periyakulam - 625601.  Theni District.  Tamil Nadu. 
 

STATEMENT OF EXPENDITURE FOR TRAVEL/FIELD WORK 

Amount allocated by UGC: Rs. 1, 00,000/- 

Amount sanctioned by UGC:  Rs. 90,000 /- 

Expenditure incurred:  Rs. 1,00,973/- 

Amount to be sanctioned by UGC: Rs. 10, 000/- 

S.No Bill No. Bill Date Particulars Mode of 
Journey 

Amount 
Rs 

1.  5621 14.04.2013 
The American College, 

Madurai. 
Taxi 1,800/- 

 

2.  5622 28.05.2013 
SFR College for Women, 

Sivakasi. 
Taxi 2,800/- 

3.  22848 29.10.2013 
Thiagarajar College 

(Autonomous),  
Madurai. 

Taxi 1,800/- 

4.  22851 05.12.2013 
Arul Anandar College 

(Autonomous),  
Madurai. 

Taxi 1,800/- 

5.  
SF291707

856635 
14.12.2013 Loyola College, Chennai 

Bus & 
Taxi 

2,500/- 

6.  --- 15.02.2014 Sri Vasavi College, Erode. 
Bus & 
Auto 

1,000/- 

7.  --- 12.04.2014 
Fatima College (Autonomous), 

 Madurai. 
Taxi 1,800/- 

8.  --- 21.04.2014 
Arul Anandar College 

(Autonomous),  
Madurai. 

Taxi 1,800/- 

9.  --- 17.07.2014 
Mother Teresa Women's 

University,  
Kodaikanal. 

Taxi 

 
 

2,500/- 
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10. --- 18.07.2014 
Meenakshi Govt. Arts College 

(Autonomous), Madurai. 
Taxi 

2,000/-

11. --- 04.09.2014 
Govt. Arts College,  

Melur. 
Taxi 2,000/-

12. --- 14.09.2014 
Arul Anandar College 

(Autonomous),  
Madurai. 

Taxi 1,800/-

13. --- 18.09.2014 
K.L.N. College of Engineering, 

Sivagangai. 
Taxi 3,800/-

14. --- 21.09.2014 
SFR College for Women, 

Sivakasi. 
Taxi 2,800/-

15.
KCKTIA 

& 
KCKVPZ 

01.10.2014 
& 

04.10.2014 
IMSc, Chennai. 

Bus & 
Taxi 

4,500/-

16. 22832 03.11.2014 
The American College,  

Madurai. 
Taxi 2,000/-

17. 22900 19.11.2014 
NMSSVN College, 

Madurai. 
Taxi 2,000/-

18. --- 20.11.2014 
The American College,  

Madurai. 
Taxi 2,000/-

19. --- 05.12.2014 
Alagappa University, 

Karaikudi. 
Taxi 4,500/-

20.

TATECG
967281 

& 
TS-

MMT1174
9685UKQ 

26.12.2014 
& 

28.10.2014 
IMSc, Chennai. 

Bus & 
Auto 

3,000/-

21. 28 02.01.2015 
The American College,  

Madurai. 
Taxi 2,000/-

22. --- 14.01.2015 UGC, New Delhi. 
Flight   

& Taxi 
26,059/-

23.

TH2E569
99567 

& 
TH2E383

95865 

03.02.2015 
& 

06.02.2015 

SRM University, 
Chennai. 

Bus 
& Taxi 

5,880/-

24. --- 13.02.2015 
N.M.S.S.V.N College, 

Madurai. 
Taxi 1,500/-

25. --- 25.02.2015 
Kalasalingam University, 

Krishnankoil 
Taxi 

3,500/-
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Annexure - IX 

 

 
UNIVERSITY GRANTS COMMISSION 

BAHADUR SHAH ZAFAR MARG 

NEW DELHI – 110 002. 

FINAL REPORT OF THE WORK DONE ON UGC - MAJOR RESEARCH PROJECT 

1. Name and address of the  

             Principal Investigator            : Dr. Mrs. M. Arulmozhi 

                                                       Associate Professor 

    Department of Physics 

    Jayaraj Annapackiam College for Women 

 (Autonomous) 

    Periyakulam - 625601 

    Theni District, Tamil Nadu, India    

2. Name and address of the 

                       Institution   : Jayaraj Annapackiam College for Women  

    (Autonomous) 

    Periyakulam - 625601 

  Theni District, Tamil Nadu, India 

3. UGC approval letter No. and date :  No. F. 42-836/2013 (SR) dated 22.03.2013 

4. Date of implementation   : 03.05.2013 

5. Tenure of the project :  3 years + 1 year Extension (01.04.2013 to     

  31.03.2017)  

6. Total grant allocated :  ₹ 12,82,480  
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Appendix-I 

 
OBJECTIVES OF THE PROJECT 

General Objectives 

 The main of this project is to investigate the behaviour of excitons in nanostructures 

of materials with potential applications under the influence of external fields in close 

interaction with experiments in this field of research and to develop and study the structural 

and optical properties of nanomaterials, experimentally. 

Specific Objectives 

 The proposed project would focus its attention on the following objectives. 

• To calculate the energy levels of a free electron, light hole and heavy hole at the 

bottom of the conduction band of the nanostructures. 

• To determine the ground state energy of an exciton in the nanostructures. 

• To study the light hole and heavy hole exciton binding energies in the 

nanostructures as a function of the size of the nanostructures. 

• To analyse the behaviour of the binding energy of an exciton in nanostructures 

made of different materials. 

• To study the behaviour of excitons under the influence of external perturbations 

in all the above nanostructures. 

• To investigate the possibility of incorporating some of the theoretical results into 

experimental situations. 

• To develop nanostructures experimentally and study their structural and optical 

properties. 

Methodology 

• The ground quantized energy level for the electron, light hole and heavy hole in 

the nanostructures will be determined variationally.  
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Appendix-I 

 
•  The ground state of a light hole and heavy hole excitons in nanostructures will be 

determined variationally by minimizing the appropriate Hamiltonian using the 

appropriate trial function. 

• Ground state exciton binding energy in nanostructures will be calculated from the 

above, for various sizes of the nanostructures and the results will be analysed. 

• Effect of eternal perturbations on the behaviour of the excitons will be studied by 

incorporating relevant terms in the expressions. 

• Behaviour of excitons will be studied for various nanomaterials.  

• All numerical calculations and required iterations will be made by numerical 

methods and by using the computer symbolic software (Mathematica) to be 

installed in the computer 

• Structural and optical properties of the nanomaterials will be studied 

experimentally by XRD, UV and FTIR studies.   
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APPENDIX-II 
 
 
 
 

 



Appendix-II 

ACHIEVEMENTS FROM THE PROJECT 

Ph.D enrolment 

• The Project Fellow working under the major research project has registered for Ph.D. 

Publication 

• Eight research articles have been published in reputed peer-reviewed journals, one 

research article is in review and one research articles is submitted  and the list of 

research papers are given in Appendix-VI. 

• Three research articles have been published in proceedings of National Conferences 

and the list is also given in Appendix-VI.   

Paper Presentations in Conference/Seminar/Workshop 

• "Theoretical investigations on the properties of quantum nanostructures 

dependent on density of states"  at the International Conference on 'Nano Electronic 

Science and Technology (ICNEST-2014)', organised by Post Graduate & Research 

Department of Electronics, Sri Vasavi College (Self finance wing), Erode on  14th - 15th 

February 2014. 

• "Magnetic field effects on the exciton binding energy in a near triangular quantum 

well"  in 3rd International Conference on 'Nanoscience and Nanotechnology (ICONN 

2015)' organised by Department of Physics and Nanotechnology, SRM University 

during 4th - 6th February 2015 in association with Shizuoka University, Japan and 

Institute of Geological and Nuclear Sciences, New Zealand. 

• "Mathematical modelling of novel potential profile and associated energy levels by 

variational method" in UGC sponsored National workshop on 'Research Practices in 

Mathematics and Computer Science'  organised by the Research Center of 

Mathematics, Jayaraj Annapackiam College for Women (Autonomous), Periyakulam - 

625 601, Tamil Nadu, on 3rd & 4th August, 2015. 
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• "Simultaneous effect of temperature, pressure and magnetic field on subband 

energy on NTQW " in State Level Seminar on 'Expanding Frontiers in Material 

Science' held on 15th December 2015 at Arul Anandar College (Autonomous), 

Karumathur - 625 512, Madurai District, Tamil Nadu. 

• "Sub-band energies of electron, heavy hole and light hole in surface quantum well 

with applied electric field" in UGC sponsored National conference on 'Recent Trends 

in Physics & Material Research' on 4th & 5th February  2016 at Jayaraj Annapackiam 

College for Women (Autonomous), Periyakulam - 625 601, Tamil Nadu. 

• "Exciton binding energy in surface quantum well under magnetic field" in 

International conference on 'Recent Trends Material Science and Applications 

(ICRTMSA-2016)' held on 29th February 2016 Organized by the PG and Research 

Department of Physics, Jamal Mohamed College (Autonomous), Tiruchirappalli - 620 

020, Tamil Nadu. 

• "Effect of temperature on exciton binding energy in ZnSe/Zn1-xMgxSe quantum 

well with Poschl-Teller potential" in International Conference on 'Innovations in 

Science and Technology (ICIST' 2016)' during 31st March and 1st April 2016 at Sriguru 

Institute of Technology, Coimbatore - 641110, Tamil Nadu. 
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Manpower trained 

• The Following Four M.Sc students have done their project work under this Major 

Research Project 

S.No Name Title of the Project Year 

1.  K. Santhiya 

Theoretical investigations on properties of 

quantum nanostructures dependent on density of 

states 

2014 

2.  S. Preethi 
Theoretical Studies on properties of 

nanostructured material dependent on grain size 
2014 

3. A. Menaka 
Synthesis and characterization of  ZnS 

semiconducting nanoparticles 
2015 

4. D. Panchavarnam 
Synthesis, characterization and optical properties 

of Zinc Oxide nanoparticles 
2015 

 

• Three M.Phil Scholars have done their dissertation work under this Major Research 

Project as follows. 

S.No Name Title of the M.Phil dissertation Year 

1. S. Preethi 

A comparative analysis of structural and 

optical properties of ZnO nanparticles prepared 

by hydrothermal and sol-gel method 

2015 

2. K. Santhiya 

Effect of dielectric constant mismatch on 

exciton binding energies in a corner of 

CdTe/CdMnTe 

2016 

3. P. Sathiyajothi 

Effect of temperature on exciton binding energy 

in ZnSe/  Zn1-xMgxSe quantum well with Poschl-

Teller Potential 

2016 
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SUMMARY OF THE FINDINGS 

1. The properties of quantum nanostructures dependent on density of states 

   The project started with basic studies and literature survey of quantum 

nanostructures.  First, we have performed the calculations on density of states (DOS) in bulk 

(3D), quantum wire (2D) and quantum well (1D) with different confinement length.  Then the 

properties of quantum nanostructures such as Specific heat capacity, Susceptibility, Carrier 

concentration and Energy gap have been investigated theoretically as a function of DOS. The 

results show that the DOS in all quantum nanostructures increases with confinement length. 

The DOS in bulk material is more than that of quantum well, and it is more than that of 

quantum wire, which implies that the DOS strongly depends on the dimension of the 

material.  Further investigations on the properties of quantum nanostructures confirm that, 

both specific heat capacity and susceptibility of a nanostructured material increases with the 

DOS of the material, but the variation is small between bulk, quantum well and quantum 

wire.  The energy gap and carrier concentration of a nanostructure decreases with DOS for all 

dimensions and they are sensitive to the dimension of the nanostructure. Theoretical results 

agree well with the experimental data available in the literature and confirm the influence of 

DOS on various important properties of materials.    

2. The properties of quantum nanostructures dependent on grain size 

 In this work, mechanical properties like yield strength and strain rate, thermal 

property like melting point and optical property like refractive index of nanostructured 

materials are calculated as a function of grain size for various dimensions. When the grain 

size decreases, yield strength increases due to the increase in grain boundaries, blocking 

dislocation movement. There is a significant decrease in the slope for small grain sizes.  The 

yield strength plateaus below a critical grain size (≈ 60nm).  The yield strength of quantum 

wire is more than that of quantum well, and less than that of quantum dot. The strain rate of 
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the nanostructured material increases, when the grain size decreases.  The strain rate, at 

which the grain-boundary diffusion processes become important (0.001s-1), corresponds to 

grain sizes less than 20nm.  As the grain size decreases, the melting point of the material also 

decreases. Changes in melting point occur because nanoscale materials have a much 

larger surface-to-volume than bulk materials, drastically altering their thermodynamic and 

thermal properties.  There is a sudden decrease in the melting point at a critical grain size ≈ 

40nm.  Beyond the grain size of 60 nm, the melting point is nearly a constant. The refractive 

index is directly proportional to the grain size. Hence light propagation becomes faster as the 

grain size decreases.  Optical properties change at nanoscale level because the nanoparticles 

are so small that electrons in them are not as much free to move as in the case of bulk 

material.  Due to this restricted movement of electrons, nanoparticles react differently with 

light as compared to bulk material. 

3. Excitons in a Surface quantum well 

 Exciton binding energies in a Surface Quantum Well (SQW) composed of 

vacuum/GaAs/AlxGa1-xAs as a function of wellwidth are calculated with and without the 

effect of mass anisotropy and the effect of image charges which arises due to the large 

dielectric discontinuity at the vacuum/GaAs interface. The effect of non-parabolicity is 

considered by using an energy dependent effective mass.  

 The effect of image charges in a SQW is different from that in a symmetrical 

rectangular QW where the carriers experience repulsion by the image charges arising due to 

the polarization at both the interfaces and is compelled to be at the center of the QW. But in 

the SQW, they are repelled by the image charge at the single vacuum/GaAs interface only. 

Calculation of the average distances of the electron 〈��〉 and the hole 〈��〉 from the 

vacuum/GaAs interface, with and without image charges and the integrated probability of 
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finding an electron and a hole inside the well show that the deadlayer in a SQW is smaller 

compared to semi-infinite solids. 

4. Polarizability of exciton in Surface Quantum Well   

 Effect of electric field on binding energies of light hole and heavy hole exciton in 

Surface Quantum Well composed of vacuum/GaAs/Ga1-xAlxAs are theoretically calculated as 

a function of wellwidth and Al composition.  Effect of image charges arising due to the 

mismatch of the dielectric constant at the vacuum/GaAs interface is considered. Stark shift 

and Polarizability of exciton in this Surface Quantum well are also calculated for various 

strengths of electric field with different wellwidth confinement as well as Al concentration. 

The obtained results show that i) Exciton binding energy increases with increased applied 

electric field along the growth axis ii) Stark shift in exciton energy increases with increased 

electric field and Al composition, but decreases with increased wellwidth iii) Polarizability of 

exciton decreases when the electric field increased, but increases with increased wellwidth. 

Most of our results are contrary to those for other symmetrical wells and hence will provide a 

choice of the parameters of the well for electric field applications. 

5. Excitonic susceptibity in near triangular quantum wells (NTQW) 

 Diamagnetic susceptibility and binding energy of lh exciton and hh-exciton in 

NTQW formed by GaAs/GaAlAs and ZnO/ZnMgO as a function of wellwidth and Al/Mg 

composition have been studied with different magnetic fields. The diamagnetic susceptibility 

and the binding energy increases when the applied magnetic field increases. Excitons in 

ZnO/ZnMgO quantum well have larger binding energy than in GaAs/GaAlAs quantum well 

which leads to higher stability of the exciton in this quantum well and enhancement of the 

performance of ZnO based excitonic devices. Diamagnetic susceptibility is larger in 

ZnO/ZnMgO quantum well than in GaAs/GaAlAs quantum well, which implies ZnO to be 

more promising for magnetic field applications. 
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6. Temperature effect on exciton binding energy in a QW with Pӧschl-Teller potential 

 Binding energies of hh-exciton and lh-exciton in the presence of temperature in a 

ZnSe/Zn1-xMgxSe quantum well with Pӧschl-Teller (PT) potential are calculated 

variationally. Using the temperature dependent value of the effective mass and barrier height, 

the sub-band energies of the electron, heavy hole and light hole are calculated by variational 

method. Binding Energy of light hole exciton and heavy hole exciton are calculated as a 

function of the wellwidth for different temperatures. A maximum value of binding energy 

occurs at a critical well width (12 nm for hh-exciton and 10 nm for lh exciton), same for all 

values of temperature. For a fixed wellwidth, the binding energy decreases as temperature 

increases. For same wellwidth and temperature, the binding energy of hh-exciton is more 

than that of lh-exciton. 

7. Simultaneous effects of pressure and temperature on excitons in a QW with Pӧschl-

Teller potential 

 The binding energy of hh and lh-exciton under the effects of pressure, temperature 

and asymmetry pattern of the PT quantum well composed of GaAs as a function of wellwidth 

have been studied by variational method. The following points are noted. i) Increase in  the 

degree of asymmetry of the PT quantum well increases the binding energy of both excitons. 

ii) Both in symmetric and asymmetric cases, for L ≤ 20 nm, lh-exciton binding energy 

increases with pressure upto 30 kbar and decreases for further increase in pressure. But for L 

> 20 nm, it increases with pressure continuously. iii) hh-exciton binding energy increases 

with pressure for all wellwidths (noted upto 80 kbar). iv) In the asymmetric case, for L ≤ (>) 

20 nm, lh-exciton binding energy increases (decreases) with temperature. But in the 

symmetric case, the same behavior is observed for L ≤ 8 nm. v) Similar behavior is observed 

for hh-exciton binding energy also, in asymmetric case for L ≤ 10 nm and in symmetric case 

for L ≤ 8 nm vi) Simultaneous effects of pressure, temperature and asymmetry pattern of PT 
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quantum well lead to increased binding of both excitons. The values of pressure and 

temperature in semiconductor materials for the potential device applications must be properly 

chosen and our calculations give an idea of the choice of these values which will be surely 

useful in the preparation of semiconductor devices.  

8. Properties of ZnO and ZnS nanoparticles synthesized by simple precipitation 

method 

 Zinc Oxide (ZnO) and Zinc Sulphide (ZnS) nanoparticles are successfully 

synthesized by simple precipitation method with various growth temperatures. The XRD 

patterns clearly indicate that ZnO and ZnS nanoparticles prepared with various growth 

temperatures have hexagonal structure, but the size of the particles vary with growth 

temperature. The band gaps are calculated from the UV-Visible absorption spectra for each 

sample. The functional groups are analysed by FTIR spectra. SEM images show that the ZnO 

nanoparticles have the morphology of spherical for 100oC and 200oC, sheets for 150oC. The 

morphology of ZnS nanoparticles is cluster structure for the growth temperatures 100oC and 

150oC, cluster of sheets for 200oC. The conductivity of both ZnO and ZnS nanoparticles 

increases with the growth temperatures as well as concentration. Comparing the 

characterization studies, it is found that ZnO nanoparticles are more application oriented   

(i.e.  more suitable for optoelectronic devices) than ZnS nanoparticles. 

9. Properties of ZnO nanoparticles synthesized by Hydrothermal and Sol-Gel methods 

 ZnO nanopowders are synthesized by hydrothermal and sol-gel methods at 

different temperatures such as 100oC, 150oC and 200oC for 2hrs. In both the methods, the 

mean crystal size, calculated from XRD pattern, is found to be in the range 20-30 nm. The 

pattern confirmed the composition, crystallinity and the synthesized products are ZnO with 

high purity and the hexagonal phase. Crystallite size decreases as temperature increases. The 

peak in absorption spectra of the prepared ZnO nanoparticles shows a blue-shift 
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comparatively larger than the bulk. When the temperature increases, the absorbance also 

increases and the band gap decreases. In hydrothermal method, the band gap is large (i.e) 

from 4.4-4.9 eV and hence it has large applications in solar field. ZnO nanoparticles 

synthesized by both the methods exhibit similar luminescence. SEM pictures reveal the 

morphology as near-spherical prismatic nanoparticles for hydrothermal method and as 

nanoflakes for sol-gel method. The EDAX analysis confirms the presence of ZnO only and 

no other elements is present. The maximum peak is obtained for Zinc. In both hydrothermal 

as well as sol-gel methods, a pure ZnO occurrence is obtained. The conductivity decreases 

with the growth temperature as well as the concentration of the ZnO samples by sol gel 

method. In contrast the conductivity of the sample prepared by hydrothermal method 

increases as the growth temperature increases, but decreases as the concentration increases. 

10. Exciton binding energy in Pyramidal Quantum dot 

The light hole and heavy hole exciton binding energies in an infinite pyramid 

quantum dot of GaAs have been investigated with even mirror boundary conditions with and 

without nonparabolicity of conduction band.  The results implies that the exciton binding 

energy with nonparabolicity is larger than that of with parabolicity, hence crafting the 

conduction band of the quantum dot material as non-parabolic leads to enhanced binding 

energy. The individual and combined effects of Dielectric Screening Function (DSF) and 

Spatially Dependent Effective Mass (SDEM) on exciton binding energy in pyramid quantum 

dot are also studied and the results are as follows: (i) when the DSF is included, the binding 

energy of exciton increases (ii) when the SDEM is included, the binding energy of exciton 

decreases (iii) When DSF and SDEM are included, the binding energy becomes smaller than 

that with DSF and larger than that with SDEM. The variation of binding energy of exciton 

with respect to DSF and SDEM occurs only for strong confinement and it remains unchanged 

for large confinement i.e. above 5 nm.  Hence the SDEM for exciton binding energies in a 
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infinite pyramid quantum dot with suitable DSF will be more fascinating in the probe of 

inter-band quantum dot laser that employ optical transitions between valence and conduction 

bands. 
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CONTRIBUTION TO THE SOCIETY 

Origin of the research problem 

 There has been an enormous interest in the study of the structural, electronic and 

optical properties of nanostructures, which has been motivated by desire to understand their 

fundamental properties as well as by the prospectus of their potential applications in opto-

electronic devices. A variety of nanostructures like quantum wells, quantum wires and 

quantum dots with various cross-sections viz., Finite and infinite, surface, symmetric and 

asymmetric, Rectangular, Parabolic, Triangular and |z|2/3 have been fabricated at the 

nanoscale, using epitaxial growth techniques such Molecular beam epitaxy (MBE) and 

Metal-Organic Vapor Deposition (MOCVD) and their electronic properties are being 

investigated using several optical characterization techniques. 

 Unlike an excitation in a single atom or molecule, an exciton (electron-hole pair) can 

in general move through the solid like a particle. Excitonic recombination plays an important 

role in lasing emission processes even at room temperature. Excitons are the main mechanism 

for light emission in semiconductors at low temperature (when the characteristic thermal 

energy kT is less than the exciton binding energy), replacing the free electron-hole 

recombination at higher temperatures. Knowledge of the exciton binding energy is crucial to 

the interpretation of the photoluminescence spectra and photoluminescence excitation 

spectra, which are used to determine the electronic properties of heterostructures. An increase 

in the binding energy could be exploited to make efficient room temperature luminescent 

devices in the visible range.  

 The present work, in view of all these applications aimed at investigating the 

behaviour of excitons in different nanostructures made by materials of potential applications 

like GaAs/Ga1-xAlxAs, GaN/Al0.3Ga0.7N, ZnS/BexZn1-xS, GaInNAs/GaAs etc, including the 

effect of various external perturbations like pressure, temperature, electric field, magnetic 

field etc, which bring out appreciable changes in their electrical and optical properties in 

close association with the ongoing experimental research. 

Interdisciplinary relevance 

• The size of nanomaterials is similar to that of most biological molecules and 

structures: therefore, nanomaterials can be useful for both in vivo and in vitro 

biomedical research and applications. 
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• All chemical synthesis can be understood in terms of nanotechnology, because of its 

ability to manufacture certain molecules. 

• The most advanced nanotechnology projects related to energy are: storage, 

conversion, manufacturing improvements by reducing materials and process rates, 

energy saving and enhanced renewable energy sources. 

• Current high-technology production processes are based on traditional top down 

strategies, where nanotechnology has already been introduced silently. 

• An inevitable use of nanotechnology will be in heavy industry which helps to reduce 

the size of equipments used. 

• Nanotechnology is already impacting the field of consumer goods, providing products 

with novel functions ranging from easy-to-clean to scratch-resistant. 

Hence, this project work made an attempt to study the novel properties, phenomena 

and processes in nanomaterials, which find applications in different fields and hence 

significant in terms of interdisciplinary research. 

Significance of the study 

 Studies of this kind will certainly be helpful in the understanding of Physics of 

nanostructures and the electronic and structural properties of semiconductor compounds 

which have given rise to very important technological advances in high speed electronic 

devices. This study will also provide a motivation for pure scientific interest for the study of 

nanostructures as well as potential device applications such as photodetectors, phototransistor 

and solar cells. 

Its potential contribution to knowledge in the field of social relevance or national 

importance 

 With nanotechnology, a large set of materials and improved products rely on a change 

in the physical properties when the feature sizes are shrunk. Nanoparticles take advantage of 

their dramatically increased surface area to volume ratio. Their optical properties, e.g. 

fluorescence,  become a function of the particle diameter. 

 When brought into a bulk material, nanoparticles can strongly influence the 

mechanical properties of the material, like stiffness or elasticity. For example, traditional 

polymers can be reinforced by nanoparticles resulting in novel materials which can be used as 

lightweight replacements for metals. Therefore, an increasing societal benefit of such 

nanoparticles can be expected. Such nanotechnologically enhanced material will enable a 

weight reduction accompanied by an increase in stability and an improved functionality. 
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Abstract:    In solid-state and condensed matter 

physics, the density of states (DOS) of a system 

describes the number of states per interval of 

energy at each energy level that are available to 

be occupied by electrons.  DOS D(EF) of conduction 

electrons are affected by the dimensionality of a 

material which influences some properties of the 

material.  At low temperatures, there is a 

contribution to the specific heat of a conductor ‘Cel’ 

arising from the conduction electrons, and it 

depends on the electronic DOS at Fermi level as 

Cel=(π2D(EF)kB2T)/3.  Susceptibility of a magnetic 

material arising from the conduction electrons is 

given by χel=µB2D(EF). The carrier concentration in 

a semiconductor also depends on the DOS of 

electrons and holes respectively. The energy gap 

of a superconductor also depends on the D(E). 

Thus properties of almost all kinds of quantum 

nanostructured materials are affected by the DOS 

D(EF). The above properties are theoretically 

studied and discussed in this paper. The studies 

show new results which calls for further research 

and are in close agreement with the available 

experimental data. 

 

Introduction 

 

The subject of quantum nanostructures has 

emerged as a very fascinating area in condensed 

matter physics. The quantum nanostructures 

have a great potential for application in infrared 

detectors, quantum dot lasers, superconductivity, 

solar cells, single electron transistors and 

quantum computers. The conduction electron in 

nanostructures can be partially delocalized, 

depending on the shape and the dimensions of the 

structure. One limiting case is a quantum dot in 

which they are totally confined, and the other 

limiting case is a bulk material, in which they are 

all delocalized. The intermediate case are a 

quantum wire, which is long in one dimension and 

very small in its transverse direction; and a 

quantum well, which is a flat plate nanosized in 

thickness and much more larger in length and 

width. The quantum wire exhibits electron 

confinement in two dimensions and delocalization 

in one dimension, and the quantum well reverse 

these characteristics. Because of the 

dimensionality changes, DOS are strongly affected 

[1]. Some properties of nanostructured material 

like specific heat of solid, susceptibility of 

magnetic material, energy gap of superconductors, 

carrier concentration in semiconductor, are 

influenced by the changes in DOS.  

The purpose of the present paper is to report the 

results on the properties of quantum 

nanostructures dependent on DOS for different 

dimensions.The above properties of 

nanostructured material are theoretically 

calculated for bulk (3D), quantum well (2D) and 

quantum wire (1D). Finally we compare the 

results between bulk, quantum wire and quantum 

well. 

Model and Formulation  

Density of States. The DOS for various 

dimensions of nanostructured materials are 

expressed as follows  

 

 
 

 
 

 

Where, ‘m’ is the mass of the free-electron and ‘L’ 

is confinement length [1]. 
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Specific Heat Capacity. When the temperature 

of a specimen is increased, the energy of the 

system is increased by ΔU [2]. Then the specific 

heat of the specimen is given by 

 

where,  is DOS at Fermi energy level and 

‘T’ is the temperature of the specimen. ‘f (E’) is 

Fermi-Dirac distribution is given as 

 
 

Eq. 5 is substituted in Eq. 4 and then the 

integration is evaluated, which gives the 

expression for electronic contribution to the 

Specific Heat of Solid as 

 

 

Susceptibility. At absolute zero, the 

concentration of electrons with magnetic moment 

parallel to the magnetic field is 

 
Similarly the concentration of electrons with 

magnetic moments antiparallel to the magnetic 

field is 

 
The magnetization is given by 

 

 
The paramagnetic susceptibility is expressed as 

 [2]. 

 
 

Carrier Concentration. The concentration of 

electrons in conduction band [2] is given by 

 

The Eq.12 is used to derive the expression for the 

concentration of electron in various dimensions as 

follows 

 

 

 
 

Energy gap. Let us comparethe plane wave 

ψ(x)= with modulated wave function 

.  

The kinetic energy of the plane wave is .Then 

the kinetic energy of the modulated wave 

is .where q is modulation wave vector. 

So the energy required to modulate the wave is  

. If > Eg, the superconductivity will be 

destroyed [2]. 

 
where, qo is the critical value of modulation wave 

vector. By substituting the value of kF in Eq. 20 

we get the expression of energy gap of 

superconductor for various dimensions as follows 

 

 

 

 

Results and Discussion 

 

First we have performed the calculation of 

Density of States D(EF) of bulk, quantum wire and 

quantum well with different values of confinement 

length ‘L’. And then specific heat, susceptibility, 

carrier concentration and energy gap are 

calculated for various dimensions as a function of 

DOS.  

Fig. 1 shows the DOS of bulk, quantum wire, 

quantum well as a function of ‘L’. When the 

confinement length is increased, the DOS is also 

increased. The DOS of bulk material is more than 

that of quantum well, and it is more than that of 

quantum wire. So we can say the DOS which 

depends on the dimension of the material. 

 

 
Fig.1 Variation of DOS with confinement length 

’L’ 

 

Fig. 2 shows the specific heat Cel of     

nanostructured material for various dimensions 

as a function of DOS at 300K. If the DOS is 

increased, as expected the specific heat of the 

nanostructured material also increases with the 
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DOS of the material at the fixed value of the 

temperature.  

 

 
 

Fig.2 Variation of specific heat as a function of 

DOS at 300K 

 

Fig. 3 shows the behavior of susceptibility of 

magnetic material as a function of DOS. Like the 

behavior of specific heat with DOS, the 

susceptibility of the magnetic material is 

increased, when the DOS is increased. But the 

variation is negligible between bulk, quantum 

well and quantum wire. 

The specific heat and paramagnetic susceptibility 

are found to be less dependent on dimensionality 

effects, but more dependent on DOS.  

 

 
Fig. 3 Susceptibility Vs DOS 

 

Fig. 4 shows the variation of energy gap of the 

superconductor as a function of DOS. If the DOS 

is increased, the energy gap is decreased for all 

dimensions. 

The energy gap of bulk materials are more than 

that of quantum well and it is more than that of 

quantum wire. Here, qo is critical value of 

modulation wave vector which depends on the 

material, at this value the superconductivity will 

be destroyed. 

 

 
 

Fig.4 Behavior of energy gap as a function of DOS 

 

Fig. 5 shows the variation of carrier concentration 

in intrinsic semiconductor. For all dimension the 

concentration of electron in semiconductor is 

decreased when the DOS is increased.  

 
Fig. 5 Variation of electron concentration with 

DOS 

 

Summary 

 

Variation of Density of States with dimension of a 

material is studied. We have presented the 

behavior of specific heat of solid, susceptibility of 

magnetic material, energy gap of 

superconductivity and concentration electrons at 

conduction band in intrinsic semiconductors as a 

function of the DOS for bulk material, quantum 

well and quantum wire. The theoretical results 

agree well with the experimental data available in 

the literature and confirm the influence of DOS on 

various important properties of materials.  
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a b s t r a c t

Binding energies of excitons in a Surface Quantum Well (SQW)
composed of vacuum/GaAs/AlxGa1�xAs as a function of wellwidth
are calculated. The effect of non-parabolicity is considered by using
an energy dependent effective mass. The effect of mass anisotropy
and the effect of image charges which arise due to the large dielec-
tric discontinuity at the vacuum/GaAs interface are also consid-
ered. The average distances of the electron hzei and the hole hzhi
from the vacuum/GaAs interface, with and without image charges
and the integrated probability of finding an electron and a hole
inside the well are also calculated. The results agree well with
the available experimental data.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Studies on thin crystalline films, surfaces and ultrathin multilayer heterostructures are of consid-
erable interest for the past many years because of their technological importance [1] and also due to
the possibility of many new effects [2–4] shown by these systems. Quantum wells (QW) with varied
potential profiles have become possible with experimental techniques [5]. Many interesting features
are noted in the behavior of excitons in such QW when compared to that in a bulk semiconductor [6].

Cen et al. [7] obtained appreciable correction to the binding of excitons in a symmetrical rectangu-
lar quantum well (RQW) formed by GaAs–AlAs and GaAs–ZnSe with and without an applied magnetic
field along the growth axis. Mosko et al. [8] reported exciton binding energy in a vacuum barrier QW,
<vacuum/GaAs/vacuum>. They showed that interface polarization is expected to repel the charge
carriers causing a deadlayer near the interface. Photoluminescence at room temperature and

http://dx.doi.org/10.1016/j.spmi.2014.07.027
0749-6036/� 2014 Elsevier Ltd. All rights reserved.
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cathodoluminescence studies of Muth et al. [9] showed a strong emission peak corresponding to the
lowest bound state of the GaN surface quantum well and a correlation was made to the shift in surface
quantum-well emission energy and the thickness of the GaN capping layer, which was varied from
�15 to 40 Å. Wang and Yang [10] studied the quantum dynamics of electrons in a surface quantum
well in the time domain with autocorrelation of wave packet.

Quang et al. [11] presented the theory of an ad hoc mechanism for electron scattering in heavily-
doped zinc oxide surface quantum wells and showed that the carriers must be extra scattered in the
in-plane from roughness-induced fluctuations in the donor density. Niculescu and Eseanu [12] studied
the exciton effects on the interband absorption spectra in near-surface square and semiparabolic
quantum wells under intense laser field taking into account the correct dressing effect for the confine-
ment potential and electrostatic self-energy due to the repulsive interaction between carriers and
their image charges. Silkin et al. [13] studied low-energy plasmons in ultrathin films of silver in the
thickness regimes where the surface states as well as quantum-well states must play significant roles.
Gippius et al. [14] investigated the exciton transition and binding energies in near-surface InGaAs/
GaAs quantum wells (NSQW) theoretically and experimentally by photoluminescence and photolumi-
nescence excitation spectroscopy.

Diarra et al. [15] calculated the electronic states of donor and acceptor impurities in nanowires and
showed that the ionization energy of the impurities is strongly enhanced with respect to the bulk,
above all when the wires are embedded in a material with a low dielectric constant. Corfdir and Lefeb-
vre [16] studied the influence of the surface and of the dielectric mismatch on the binding energy of
donor atoms in GaN, ZnO and GaAs nanostructures and showed that due to the combination of these
two effects, the binding energy does not monotonically decrease from the center to the surface. Tran
Thoai et al. [17] calculated the binding energies of excitons in a finite barrier QW including the effects
of image charges. Pierre et al. [18] measured a strong enhancement in the ionization energy of the
dopant by the close proximity of materials with a different dielectric constant than the host semicon-
ductor. Bjork et al. [19] demonstrated the deactivation of doping atoms in silicon nanostructures
caused by a dielectric mismatch between the wire and its surroundings.

Experimental work of Parks et al. [20] in a SQW with structure vacuum/GaAs/AlxGa1�xAs showed
the presence of states localized above the single quantum barrier in the AlxGa1�xAs layer. Their results
showed a difference between the theoretical values and the experimentally measured transition ener-
gies obtained from the electromodulation spectra and this difference was attributed to the exciton
binding energy. In this paper, an attempt is made to calculate the exciton binding energies in such
a SQW using a variational approach. The effect of non-parabolicity on the transition energies, mass
anisotropy and the role of image charges which arise due to the large difference in the dielectric con-
stants on either side of the interface between vacuum and GaAs, in such a SQW are considered. A com-
parison is made with the experimental data and available results for potential wells of different
shapes.

2. Theory

One-band effective mass and envelope function approximation is employed in the description of
electrons and holes in semiconductor heterostructures.

2.1. Well states

The potential profiles for the electron and the hole in a SQW is taken to be of the form

ViðziÞ ¼
1 zi < 0
0 0 < zi < L

Voi zi > L

8><
>: ð1Þ

where Voi is the barrier height (i stands for e or h for electron or hole, as the case may be). The values of
the potential well heights Voe and Voh are determined as 0.65DEg and 0.35DEg [21] respectively, where
the bandgap difference DEg is related to the Al composition x [22] by
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DEg ¼ 1:155xþ 0:37x2eV

L is the wellwidth and zi = ze or zh for the electron and the hole respectively. The wavefunctions for the
electron and the hole states are of the form

wiðziÞ ¼
0 zi < 0
A sin aizi 0 < zi < L

Be�bizi zi > L

8><
>: ð2Þ

where A is a normalization constant and B is related to A through the continuity of w at zi = L as
B ¼ AebiL sin aiL. The a’s and b’s are given by

ai ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�Ei

�h2

s
and bi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�ðVoi � EiÞ

�h2

s
ð3Þ

where Ei is the well state energy (i = e or h for electron or hole respectively), m* = me
* for the electron

and m±
* for the holes. me

* is the effective mass of the conduction electron and m±
* is the heavy (+) or

light (�) hole mass for motion along the z-direction.
The transcendental equation to be solved for the quantum well states is obtained by matching the

wavefunction given in Eq. (2) and its first derivative at zi = L, which is true when the effective mass
mismatch between GaAs and Ga1�xAlxAs is neglected. One gets after simplification and substitution
for ai and bi,

� Ei

Voi

� �1=2

¼ sinð
ffiffiffiffi
Ei

p
LÞ ð4Þ

The transcendental equation for the electron states is obtained by including the non-parabolicity
for the conduction band [23,24] by an expression for the energy dependent effective mass as

� Ee

Voe

� �1=2

¼ sin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�eðEeÞEe

m�e

s !
L

" #
ð5Þ

The me
*(Ee) is taken to be m�eðEeÞ ¼ 0:0665 1þ 0:0436Eeþ0:236E2

e�0:147E3
e

0:0665

� �
where Ee is in eV.

2.2. Ground state of excitons

The Hamiltonian for an exciton in a SQW is given by

H ¼ � 1
q

@

@q
q
@

@q
þ 1

q2

@2

@/2

" #
� l��

m�e

@2

@z2
e
� l��

m��

@2

@z2
h

þ VeðzeÞ þ VhðzhÞ �
2
r

ð6Þ

where r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ jze � zhj2

q
. The unit of energy is the effective Rydberg R�� ¼

l��e4

2�h2e2
1

and the unit of length

is the effective Bohr radius a�� ¼
�h2e1
l��e2, where e1 is the dielectric constant of GaAs.

l�� is the reduced effective mass of the hh exciton and the lh exciton. It is calculated, in the isotropic
case, as 1

l��
¼ 1

m�e
þ 1

m��
and in the anisotropic case, using Kohn-Luttinger parameters [25], c1 = 7.36 and

c2 = 2.57, as 1
l��
¼ 1

m�e
þ 1

mo
ðc1 � c2Þ and 1

m��
¼ 1

mo
ðc1 � 2c2Þ where mo is the free electron mass.

The potential profile is as given in Eq. (1). The trial wavefunction for the Wannier exciton (associ-
ated with the lowest electron and hole states) in the SQW is taken to be of the form

w ¼
0 ze; zh < 0
A2 sin aeze sinahzhe�ar 0 < ze; zh < L

B2e�beze e�bhzh e�ar ze; zh > L

8><
>: ð7Þ

where ‘a’ is a variational parameter and the a’s and b’s are as in Eq. (3). The continuity conditions at
ze = L and zh = L give
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B2 ¼ A2ebeLebhL sinaeL sin ahL ð8Þ

leaving A2 to be fixed by the normalization condition.

2.3. Effect of image charges

At the GaAs/AlxGa1�xAs interface, we have neglected the effects due to the effective mass mismatch
[14,26–28] and the dielectric constant mismatch [26–28] which are expected to be small, when we
consider the binding energies. But image charges arises due to the large mismatch of the dielectric
constant at the interface between vacuum and GaAs. Now the electron sees not only the hole but also
its own image charge and that of the hole; similar is the case or the hole. Hence the Coulomb inter-
action between an electron and a hole is no longer isotropic. The image charge of an electron or a hole
is expressed as [29]

q0i ¼
e1 � e2

e1 þ e2
qi ð9Þ

where the dielectric constant in the GaAs well is e1 and that in vacuum is e2. i = e for electron and h for
hole. qe = �e and qh = e.

Unlike the symmetrical wells, the dielectric constant mismatch is considered only at the single vac-
uum/GaAs interface in the SQW (the small mismatch at the GaAs/AlxGa1�xAs interface is neglected).
This leads to the formation of only one image each for the electron and the hole. The image potential
hence has the simple form when compared to the image potentials used in other cases. For example in
Ref. [8], a symmetrical vacuum barrier quantum well (vacuum/GaAs/vacuum) has been considered
and for this case, there will be an infinite number of images and the image potential involves an infi-
nite sum. In a similar fashion, Ref. [7] deals with the dielectric constant mismatch at the two interfaces
in a rectangular quantum well. The image potential reduces to the expression used in our work when
we consider a single interface. The additional potential in the Hamiltonian, when the image charge is
considered, is given by

Va ¼
qeq0h

e1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ ðze þ zhÞ2

q þ q0eqh

e1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ ðze þ zhÞ2

q þ qeq0e
e12ze

þ qhqh’
e12zh

ð10Þ

Taking the unit of energy as the effective Rydberg and the unit of length as the effective Bohr
radius, the image potential now becomes

Va ¼ K
�4ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q2 þ ðze þ zhÞ2
q þ 1

ze
þ 1

zh

2
64

3
75 ð11Þ

where K ¼ e1�e2
e1þe2

. The new Hamiltonian for the exciton is now given by

Himage ¼ H þ Va ð12Þ

The exciton binding energy is determined by evaluating hHimagei and minimizing it w.r.t the varia-
tional parameter ‘a’ using the trial wavefunction given in Eq. (7). It is verified that the dielectric
enhancement of electron and hole energy levels is very less for SQW (i.e., only the exciton energy lev-
els are affected by the image charges and not the electron and hole energy levels). So only the value of
the variational parameter ‘a’ will be different with and without the image charges. The binding energy
of the exciton is now given by

B:E ¼ Ee þ Eh � hHimageimin ð13Þ

The average distances of the electron hzei and the hole hzhi from the vacuum/GaAs interface, with
and without image charges, are also calculated, using the value of the variational parameter ‘a’ corre-
sponding to hHimageimin and hHimin respectively as
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hzei ¼
R R R R

w�zewdzedzhqdqd/R R R R
w�wdzedzhqdqd/

hzhi ¼
R R R R

w�zhwdzedzhqdqd/R R R R
w�wdzedzhqdqd/

ð14Þ

where w is as given in Eq. (7). The integrated probability of finding an electron and a hole inside the
well is calculated as

P ¼
Z 2p

0

Z L

0

Z 1

0
w�wqdqdzd/ ð19Þ

The effect due to the effective mass mismatch is neglected, an effect which is expected to be small.

3. Results and discussion

Effective masses of electron (me
*), heavy hole (m+

*) and electron (m�* ); reduced masses of heavy hole
exciton (l�þ) and light hole exciton (l��) calculated in the isotropic and anisotropic cases mentioned in
Section 2.2; dielectric constants of GaAs (e1) and vacuum (e2) used in the calculations are given in
Table 1.

The experimental samples used in Ref. [20] have the Al composition x = 0.3 and the wellwidth
L = 150 Å, 400 Å and 1650 Å. The quantum well states for the electron and the hole are determined
for various wellwidths by solving the transcendental Eq. (4). Taking Eg(GaAs) = 1.5192 eV, the transi-
tion energies between the hole levels in the valence band and the electron levels on the conduction
band are calculated. It is found that there is a good agreement between our results and the experimen-
tal results reported by Parks et al. [20] for electron-hh transition energies. These values corresponding
to the experimental samples are given in Table 2.

In Fig. 1, the variation of the binding energy of the ground state of a hh exciton and a lh exciton as a
function of the wellwidth L, is displayed. The binding energy initially increases with the decrease of
wellwidth until it reaches a maximum and then decreases quite rapidly. This behavior is similar for
both the hh exciton and the lh exciton. The reason for this is that as L is reduced, the exciton wavefunc-
tion is compressed in the QW, leading to increased binding. However, beyond a certain value of L, the
spread of the exciton wavefunction into the surrounding AlxGa1�xAs layer becomes more important.
This makes the binding energy decrease as L is reduced further. Therefore, a turnover is observed in
the binding energy of the exciton as the wellwidth is decreased. This behavior is similar to the case
of finite QW of all shapes.

The correction for exciton binding energy applied by Parks et al. [20] for an agreement between
their theoretical and experimental values of transition energies in SQW, as estimated by Nelson
et al. [32], is very large compared to our results. But the wellwidth range is not the same in Parks
et al. [20] and Nelson et al. [32]. The maximum value of the binding energy is also comparable with
that in QWs of other shapes. Table 3 gives the comparative values in different QWs.

From Table 3, it is seen that the turnover in the binding energy in the case of SQW happens at a
value of L greater than that in the case of RQW [31] and smaller than that in a |z|2/3 [28] QW. This

Table 1
Material parameters used in the calculations.

Parameters Isotropic [30] Anisotropic [25]

me
* 0.0665mo 0.067mo

m+
* 0.34mo 0.45mo

m�
* 0.094mo 0.08mo

l�þ 0.05562mo 0.04mo

l�� 0.03895mo 0.05mo

e1 13.2 13.2
e2 1 1

Where mo is the free electron mass.
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shows that the exciton wavefunction penetrates into the barrier of a SQW much more than in the case
of RQW and much less than the |z|2/3 QW, as L is reduced.

It is also seen that the binding energy of the lh exciton EB(lh) is larger than that of the hh exciton
EB(hh) for L greater than a certain critical value Lc at which they become equal. This shows that the lh
exciton is more bound than the hh exciton until the crossover wellwidth is reached. For values below
Lc, EB(lh) is smaller than EB(hh). This crossover is essentially due to the mass anisotropy involved. i.e.,
m�þ > m�� while l�þ < l��. Also EB(lh) increases less rapidly than EB(hh) since more of the lh exciton
wavefunction tends to spillover into the surrounding AlxGa1�xAs layer, than the hh exciton
wavefunction.

Fig. 2 shows the variation of the binding energy of the ground state of a hh exciton and a lh exciton
as a function of the wellwidth L using an exciton Hamiltonian with isotropic masses where m�þ > m��
and l�þ > l�� (for anisotropic case l�þ < l��). Here the hh exciton is more bound than the lh exciton for
all wellwidths and hence there is no crossover as expected.

The variation of the integrated probability of finding the hh and lh exciton inside the SQW as a func-
tion of the wellwidth L is shown in Fig. 3. It is found that the probability shows a rapid decrease at
nearly the wellwidth at which the binding energy shows a turnover. This is because the turnover is
mainly due to the spilling over of the exciton wavefunction into the surrounding AlxGa1�xAs layer.
No crossover is found in the hh and lh exciton probabilities because the crossover seen in the binding

Table 2
Ground state energies and transition energies for experimental sample wellwidths [20].

L (Å) Ground state energies (meV) Transition energies (eV)

Electron hh lh Electron-hh Electron-lh

150 20.52 3.12 16.39 1.5428 1.5561
400 3.26 0.50 2.68 1.5223 1.5251
1650 0.20 0.03 0.17 1.5194 1.5196
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Fig. 1. Variation of the binding energy of the ground state of a heavy hole exciton (hh) and a light hole exciton (lh) without the
image charges as a function of wellwidth (L) with anisotropic masses.

Table 3
Binding energies of excitons in QWs of different shapes.

Well type (Ehh)max (meV) (Elh)max (meV) Turnover value at L (Å) Crossover at L (Å)

Lhh Llh

RQW [31] 9.4 9.2 25 50 50
|z|2/3 [28] 7.4 5.3 225 260 250
SQW 8.3 7.8 100 140 130
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Fig. 2. Variation of the binding energy of the ground state of a heavy hole exciton (hh) and a light hole exciton (lh) without the
image charges as a function of wellwidth (L) with isotropic masses.
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Fig. 3. Variation of the integrated probability of finding a heavy hole exciton (hh) and a light hole exciton (lh) inside a SQW as a
function of wellwidth L without the image charges.
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Fig. 4. Variation of the probability of finding an electron (e), a heavy hole (h) and a light hole (l) inside a SQW as a function of
wellwidth L without the image charges.
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energies shown in Fig. 1, is mainly due to the mass anisotropy and the fact that m�þ > m�� while
l�þ < l��:

In Fig. 4, the variation of the probability of finding an electron, a hh and a lh inside the SQW as a
function of the wellwidth L, is shown. The hh is found to have the highest probability, then comes
the electron and finally the lh for a particular value of L. The barrier height for the electron (conduction
band) is Voe = 246.87 meV and for the holes (valence band), it is Voh = 132.93 meV. Considering the
valence band, since the effective mass of the hh is larger than that of the lh, the probability of finding
the hh inside the well is greater than that of the lh, for a particular value of L. Though the effective mass
of the electron is smaller than that of the lh, its probability inside the well is greater because of the
larger barrier height.

The variation of the binding energies of the hh and lh excitons including the image charges as a
function of the wellwidth is shown in Fig. 5. It is seen that the binding energies are significantly
reduced, when image charges are included. In contrary, Gippius et al. [14] have reported that image
charge effects in NSQW lead to an increase in exciton binding energy. The difference in the behavior
may be due to the following variations in the calculations. (i) Non-inclusion of the layer next to InGaAs
QW by Gippius et al. [14] (ii) choice of the potential levels for the QW and (iii) use of anisotropic
masses of the excitons by the present authors.

We also find that the turnover in the binding energy of the excitons, as the wellwidth is reduced, is
at a larger value of the wellwidth, when the effect of image charges is included. The reason again is due
to the fact that the penetration of the exciton wavefunction into the surrounding AlxGa1�xAs layer
becomes more. The repulsion of electron and hole by the polarization at the vacuum/GaAs interface
assists the above penetration. The binding energies of the excitons with and without the image
charges, the turnover and crossover wellwidths are presented in Table 4.

The difference in the binding energy (DE) of the excitons with and without the image charges is
calculated and its variation with the wellwidth L is shown in Fig. 6. When these results are compared
with those reported by various authors [7,8,15–19], the following differences are noted. The reasons
for these differences are also given.

1. In the references mentioned, symmetric semiconductor nanostructures are considered where the
electron and hole suffer repulsion due to the image charges arising due to the polarization at both
the interfaces, which increases the confinement and hence the binding energy. But for the asym-
metric SQW studied by the present authors, repulsion is experienced only at the single vacuum/
well interface having dielectric discontinuity, which decreases the confinement and hence the
binding energy.

2. There is no turnover in the difference in binding energy with and without the image charge as the
wellwidth decreases, for a symmetrical rectangular QW [7] as well as for the vacuum barrier QW
[8] up to L �50 Å. But for a SQW, a turnover is observed in the difference in binding energy of the
excitons with and without the image charges as the wellwidth decreases. This difference can again
be attributed to the asymmetrical nature of the polarized interfaces.
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Fig. 5. Variation of the binding energy of the ground state of a heavy hole exciton (hh) and a light hole exciton (lh) with the
image charges as a function of wellwidth (L) with anisotropic masses.
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Fig. 7 shows the variation of the average distance of an electron hzei calculated with the hh exciton
wavefunction, from the vacuum/GaAs interface, with and without the image charges as a function of
the wellwidth, L. It is found that as the wellwidth increases, the electron moves away from the vac-
uum/GaAs interface. When the effect of image charges is included, the electron is initially attracted,
when the wellwidth is less than that corresponding to maximum binding energy. Thereafter, the elec-
tron is repelled and the force of repulsion increases as the wellwidth increases.

Table 4
Maximum binding energies of excitons with and without the image charges, turnover and crossover wellwidths for SQW.

Image charges (Ehh)max (meV) (Elh)max (meV) Turnover value at L (Å) Crossover at L (Å)

Lhh Llh

Absent 8.3 7.8 100 140 130
Present 6.5 6.2 150 210 180
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Fig. 6. Variation of the binding energy of the ground state of a heavy hole exciton (hh) and a light hole exciton (lh) with the
image charges as a function of wellwidth (L) with isotropic masses.
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Fig. 7. Variation of the average distance of the electron hzei from the vacuum/GaAs interface with and without the image
charges as a function of wellwidth L. Effective Bohr radius of electron, ae

* = 98.7 Å.
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The variation of the average distance of the heavy hole hzhhi from the vacuum/GaAs interface with
and without the image charges, as a function of the wellwidth L is shown in Fig. 8. Unlike the electron,
the heavy hole is repelled for all wellwidths, when the effect of image charges is included. It is also
found that the force of repulsion initially decreases when the wellwidth is less than that correspond-
ing to maximum binding energy. It is noted that the hh is always close to the vacuum/GaAs interface,
when compared to the average electron distance.

In Fig. 9, the variation of the average distance of the light hole hzlhi from the vacuum/GaAs interface
with and without the image charges as a function of the wellwidth L, is displayed. The variation is sim-
ilar to that of the electron.

On comparison, it is seen that, for a particular value of L, the effect of image charges is the highest
in the case of a lh, then comes the electron and then the h. This is consistent with the integrated prob-
ability shown in Fig. 4. When the probability of finding a charge carrier inside the well is larger, it is
less affected by the image charges. The interface polarization is expected to repel the charge carriers
causing deadlayer near the interface, which will be free of excitons.

The notion of deadlayer, discussed in the literature [6], in the context of semi-infinite solids, can be
considered for the SQW. The latter differs from single interface in having a confining potential also.
Hence the repulsion due to the polarization charge on the interface giving rise to an electric field does
not push the charge carriers to large distance, as in the semi-infinite solids. The deadlayer in a SQW is
thus expected to be small. Our calculations of hzei and hzhhi give a qualitative idea of the dead layer in a
SQW. For example, for the wellwidth of 5 a+

* , hzei and hzhhi are increased respectively by about 0.3 a+
*
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Fig. 8. Variation of the average distance of the heavy hole hzhhi from the vacuum/GaAs interface with and without the image
charges as a function of wellwidth L. Effective Bohr radius of heavy hole, ahh

* = 14.7 Å.
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Fig. 9. Variation of the average distance of the light hole hzlhi from the vacuum/GaAs interface with and without the image
charges as a function of wellwidth L. Effective Bohr radius of light hole, alh

* = 82.7 Å.
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and 0.1 a+
* , when the image charges are included. These are about 10% of hzei and hzhhi, without the

image charges.

4. Conclusion

Exciton binding energies in a SQW composed of vacuum/GaAs/AlxGa1�xAs as a function of
wellwidth are calculated including the effect of non-parabolicity and image charges. The effect of
image charges in a SQW is different from that in a symmetrical rectangular QW where the carriers
experience repulsion by the image charges arising due to the polarization at both the interfaces and
is compelled to be at the center of the QW. But in the SQW, they are repelled by the image charge
at the single vacuum/GaAs interface only. Calculation of the average distances of the electron hzei
and the hole hzhi from the vacuum/GaAs interface, with and without image charges and the integrated
probability of finding an electron and a hole inside the well show that the deadlayer in a SQW is
smaller compared to semi-infinite solids.

Acknowledgements

The authors thank the University Grants Commission, New Delhi, India for the financial support
through Major Research Project (No. F. 42-836/2013 (SR) dated 22.03.2013) and the authorities of
Jayaraj Annapackiam College for Women (Autonomous), Periyakulam, Theni District, Tamil Nadu,
India for the encouragements.

References

[1] Handbook of Surfaces and Interfaces of Materials, H.S. Nalwa (Ed.), vol. 4, Solid Thin Films and Layers, Copyright�2001 by
Academic Press.

[2] R. Dingle, Festkorper-Probleme (Advances in Solid State Physics), vol. XV, 21, Pergamon Vieweg, Braunschweig, 1975.
[3] T. Ando, A.B. Fowler, F. Stern, Rev. Mod. Phys. 54 (1982) 437.
[4] R.R. Prange, S.M. Gorvin (Eds.), The Quantum Hall Effect, Springer Verlag, New York, 1987.
[5] Claude Weisbuch, Borge Vinter, Quantum Semiconductor Structures (Fundamentals and Applications), Academic Press Inc.

(Harcourt Brace Jovanovich Publishers), Boston, 1991.
[6] R. Del Sole, A. D’Andrea, A. Lapiccirella (Eds.), Excitons in Confined Systems, in: Proceedings of the International Meeting,

Rome, Italy, 1987. (Springer Verlag, Berlin, 1987).
[7] J. Cen, R. Chen, K.K. Bajaj, Phys. Rev. B 50 (1994) 10947.
[8] M. Mosko, D. Munzar, P. Vagner, Phys. Rev. B 55 (1997) 15416 (A misprint has to be corrected: xk should read x|k| in Eqs. (3)

and (4)).
[9] J.F. Muth, X. Zhang, A. Cai, D. Fothergill, J.C. Roberts, P. Rajagopal, J.W. Cook, Appl. Phys. Lett. 87 (19) (2005) 192117 (3

pages).
[10] Li.-Fei. Wang, Guang.-Can. Yang, Chin. Phys. B 18 (6) (2009) 2523–2528.
[11] Doan Nhat Quang, Le Tuan, Nguyen Thanh Tien, J. Appl. Phys. 107 (12) (2010) (123709-123709-8).
[12] E.C. Niculescu, N. Eseanu, Eur. Phys. J. B 79 (3) (2011) 313–319.
[13] V.M. Silkin, T. Nagao, V. Despoja, J.P. Echeverry, S.V. Eremeev, E.V. Chulkov, P.V. Echenique, Phys. Rev. B 84 (16) (2011)

165416.
[14] N.A. Gippius, A.L. Yablonskii, A.B. Dzyubenko, S.G. Tikhodeev, L.V. Kulik, V.D. Kulakovskii, A. Forchel, J. Appl. Phys. 83 (10)

(1998) 5410–5417.
[15] M. Diarra, Y.-M. Niquet, C. Delerue, G. Allan, Phys. Rev. B 75 (2007) 045301.
[16] P. Corfdir, P. Lefebvre, J. Appl. Phys. 112 (2012) 106104.
[17] D.B. Tran Thoai, R. Zimmermann, M. Grundmann, D. Bimberg, Phys. Rev. B 42 (9) (1990) 5906–5909.
[18] M. Pierre, R. Wacquez, X. Jehl, M. Sanquer, M. Vinet, O. Cueto, Nat. Nanotechnol. 5 (2010) 133.
[19] M.T. Bjork, H. Schmid, J. Knoch, H. Riel, W. Riess, Nat. Nanotechnol. 4 (2009) 103.
[20] C. Parks, A.K. Ramdas, M.R. Melloch, G. Steblovsky, L.R. Ram Mohan, H. Luo, Solid State Commun. 92 (1994) 563.
[21] G. Duggan, H.I. Ralph, K.J. Moore, Phys. Rev. B 32 (1985) 8395.
[22] H.J. Lee, L.Y. Juravel, J.C. Wooley, A.J. Springthorpe, Phys. Rev. B 21 (1980) 659.
[23] K. Jayakumar, S. Balasubramanian, M. Tomak, Phys. Rev. B 33 (1986) 4002.
[24] S. Chaudhuri, K.K. Bajaj, Phys. Rev. B 29 (1984) 1803.
[25] J.M. Luttinger, W. Kohn, Phys. Rev. 97 (1955) 869.
[26] S. Chaudhuri, K.K. Bajaj, Solid State Commun. 52 (12) (1984) 967–970.
[27] A.M. Elabsy, Phys. Rev. B 46 (4) (1992) 2621–2624.
[28] M. Arulmozhi, S. Balasubramanian, Phys. Rev. B 51 (4) (1995) 2592–2595.
[29] J.D. Jackson, Classical Electrodynamics, second ed., John Wiley & Sons, Singapore, 1974. p. 147–148.
[30] D.F. Nelson, R.C. Miller, C.W. Tu, S.K. Sputz, Phys. Rev. B 21 (1980) 659.
[31] R.L. Greene, K.K. Bajaj, D.E. Phelps, Phys. Rev. B 29 (1984) 1807.
[32] D.F. Nelson, R.C. Miller, C.W. Tu, S.K. Sputz, Phys. Rev. B 36 (1987) 8063.

232 M. Arulmozhi, A. Anitha / Superlattices and Microstructures 75 (2014) 222–232

backup
Typewritten Text
59



 

 

 

 

International Journal of ChemTech Research  
                                                                  CODEN (USA): IJCRGG       ISSN: 0974-4290 

                                                            Vol.7, No.3, pp  1438-1444,          2014-2015 

 

 

ICONN 2015 [4th - 6th Feb 2015] 

International Conference on Nanoscience and Nanotechnology-2015 
SRM University, Chennai, India 

 

 

Magnetic field effects on the exciton binding energy in a near 
triangular quantum well 

 
A. Anitha1  and M. Arulmozhi1* 

 
Department of Physics, Jayaraj Annapackiam College for Women (Autonomous)  

Periyakulam-625601, Theni District, Tamil Nadu, India. 

 
Abstract : The Binding Energy of an exciton in a Near Triangular Quantum Well (NTQW) 

composed of Ga1-xAlxAs/GaAs/Ga1-xAlxAs with potential profile proportional to |z|
2/3

 is 

calculated as a function of the quantum wellwidth (L) and barrier height(V0) with uniform 

magnetic field applied along growth direction (i.e z-axis). In-plane electron-hole distance 

<ρ
2
>

1/2
, distance of the electron and hole respectively from the well center <ze

2
>

1/2
 and 

<zh
2
>

1/2
 are also calculated.  The results are compared with those of quantum wells with other 

potential profiles and available experimental data. 

Keywords: Quantum well, Exciton, Binding energy, Magnetic field, Barrier height. 

 
 

Introduction 

 In recent years, due to significant improvements in micro-fabrication techniques like Molecular Beam 

Epitaxy and Metal Organic Chemical Vapor Deposition, it is possible to fabricate quantum wells with varied 

potential profiles. Miniaturization of quantum structures into nano-scale is being applied in the fabrication of 

nano-scale devices. 

 Quantum wells with parabolic potential shape (PQW) have been studied quantitatively by several 

workers.  Kyrychenko et al
1
 calculated the exciton binding energy in PQW using two different trial wave 

functions and compared the results with those of rectangular quantum wells (RQW). Tomasz M. Rusin
2
 

calculated the exciton energy in PQWs using the effective variational Hamiltonian method. They also 

determined the exciton binding energy in excited quantum well levels.  Zang and Rustgi
3
 found the effect of 

magnetic field normal to the plane of the well on the energy levels of a hydrogenic impurity in PQW.  Tabata et 

al.
4
 investigated the electronic structure of undoped AlGaAs/GaAs wide PQW as a function of well width, 

estimating the binding energies of excitons by photoluminescence measurement.  The donor binding energy in 

PQW formed by GaAs-AlxGa1-xAs is determined by El-Meshad et al.
5
 variationally. 

 The binding energy of the ground state hydrogenic donor in RQW has been calculated by Greene and 

Bajaj
6
.  They have also reported the donor binding energies in RQW with applied magnetic field

7
.  Brum and 

Bastard
8
 studied the effect of a constant electric field on the energy position of the ground state exciton in 

RQW.  Elabsy
9
 reported the temperature dependence of the binding energy of shallow donors in RQW.  

Jayakumar et al.
10

 determined the effect of non-parabolicity on hydrogenic donor binding energy in RQW 

without and with an applied magnetic field. 
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 The ground state of a donor and light and heavy hole exciton in triangular quantum wells (TQW) have 

been calculated by Jiang and Wen
11

. Yu et al.
12

 studied the exciton transition energy and oscillator strength 

under the electric field perpendicular to the heterointerface in TQW by photocurrent spectroscopy. 

 Vanitha and John Peter
13

 reported the effect of applied magnetic field on the ground and excited states 

binding energy in a corrugated quantum well.  Lopes et al.
14

 studied the influence of the height and width of the 

well barrier on the binding energy of exciton in coupled double quantum wells formed by GaAs/AlGaAs.  Pavel 

Redlinski
15

 presented the results of numerical calculations of electronic states of an exciton and a trion in 

quantum well formed by CdTe at magnetic field upto 150T.    

 Andronikov et al.
16

 studied the effect of temperature on excitons and trions in CdTe/CdMgTe quantum 

well structures and compared the results with the experimental data. The hydrogenic donor binding energy in 

cylindrical quantum wire with two quantum well formed by GaAs/GaAlAs has been calculated with applied 

magnetic field by Gonzalez et al.
17

. Arulmozhi
18

 studied the effect of temperature on binding energy of 

hydrogenic donor in PQW. Zhao et al.
19

 determined the influence of hydrostatic pressure on the exciton binding 

energy in quantum well formed by GaAs/AlGaAs and GaN/AlGaN.  Raigoza et al.
20

 studied the effects of both 

hydrostatic pressure and electric fields on the exciton energies in single GaAs-(Ga,Al)As quantum wells. 

 Arulmozhi and Balasubramanian
21

 investigated the exciton and hydrogenic donor binding energy in a 

quantum well with potential profile proportional to |z|
2/3

 (Near Triangular Quantum Well - NTQW) for different 

well width and barrier height.  They have also calculated the binding energy of hydrogenic donor in /z/
2/3

 

quantum well as a function of well width and barrier height under an applied magnetic field along the growth 

direction
22

. 

 The present authors
23

 have studied the binding energy of light hole and heavy hole exciton in a surface 

quantum well (SQW) as a function of the well width including the effect of non-parabolicity. In this paper, a 

theoretical study is made to calculate the binding energy of light hole and heavy hole exciton in the NTQW 

formed by GaAlAs/GaAs/GaAlAs for different well width and barrier height with uniform magnetic field 

applied along growth direction including the effect of nonparabolicity and mass anisotropy. We also calculate 

the in-plane electron-hole distance and distance of the electron and hole from the well center.  The integrated 

probability of finding the light exciton and heavy hole exciton inside the well is also found in the presence of 

magnetic field. Finally we compare our results of NTQW with available experimental data and those of 

quantum wells with other potential profiles.   

Theory 

 The Hamiltonian for exciton in NTQW formed by Ga1-xAlxAs/GaAs/Ga1-xAlxAs with an applied 

magnetic field B along the growth direction is given in the effective mass approximation as,  

                                      (1)   

where c is the velocity of light, e is the electric charge,  is the dielectric constant of bulk GaAs and me* is the 

electron effective mass in GaAs. Using the cylindrical gauge, the vector potential  can be written as 

                                                                                          (2) 

with B along the growth axis. We have considered the growth axis of the quantum well structure to be the z-

axis.   , ρ is the distance in x-y plane.  

 Using the cylindrical co-ordinate system, the Hamiltonian for an exciton can be written as 

    (3) 

 The effective Rydberg R
*
 is used as the unit of energy (R

*
= e

4
/2ħ

2
ɛ0

2
) and the effective Bohr radius 

as the unit of length (  ħ
2
ɛ0/ e

2
).  In equation (3), Lz is the z-component of the angular momentum 

and γ is the dimensionless measure of the magnetic field, defined as .  The subscripts h and e 

stand for the hole and electron respectively.   µhi
*
 is the reduced effective mass of the heavy hole (i = h) or light 

hole (i = l) and the electron. We have considered isotropic masses of light hole exciton and heavy hole exciton 

as  
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                                                                          (4) 

The potential profile for the electron and hole in NTQW are given by  

                                        (5)    

where V0 is the barrier height, which depends on the composition x of Al and z = ze (electron) or zh  (hole).  The 

trial wave function of the exciton in the NTQW is taken to be of the form 

        (6) 

Here,  and  are variational parameters. N is the normalization constant. 

The continuity conditions at ze = L/2 and zh = L/2 relates the normalization constant N and N1. We have 

evaluated  as a function of the variational parameters using the Hamiltonian in Eq.(3) and the trial wave 

function in Eq.(6). 

The binding energy of exciton is then given by 

                                                     (7)         

where,  Ee and Eh are the ground state energies of electron and hole in bare quantum well respectively obtained 

variationally.  is the minimized value of  with respect to the variational parameters.  

 The integrated probability of finding an exciton inside the well is obtained as  

                                   (8) 

The in-plane electron-hole distance <ρ
2
>

1/2
, distance of the electron and hole respectively from the well center 

<ze
2
>

1/2
 and <zh

2
>

1/2
 are also calculated.    

Results and Discussion 

 For GaAs, we have taken , ,  and , 

where m0 is the free electron mass. The difference of total bandgap between Ga1-xAlxAs and GaAs is 

determined by the equation  

                                                        (9) 

 The conduction band and valance band discontinuity is taken to be 65% and 35% of this bandgap 

difference respectively.  We have not considered the effect due to the dielectric constant mismatch, effective 

mass mismatch and non-parabolicity effect of conduction band for GaAs because these effects are expected to 

be too small when the exciton binding energy is considered.  

  Fig.1 shows that the variation of binding energy of heavy hole exciton as a function of well width L for 

different magnetic field  applied along the growth direction, for a barrier heights corresponding to the Al 

composition x = 0.3.  For comparison, the variation binding energy of heavy hole exciton with L in the absence 

of magnetic field
21

 is also shown in the figure. When L is reduced, the binding energy increases. If the L is 

reduced further, they reach a maximum value and then start to decrease rapidly.  The peak value of binding 

energy is observed at L = 25 nm, for all values of .  The presence of magnetic field leads to more binding.  But 

as the magnetic field increases, the quantity of increase in binding energy decreases.  This behavior is the 

similar to the cases of a hydrogenic donor in potential wells of varied profiles
3, 7, 11, 21

 and for the exciton for  = 

0. 
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Fig.1.  Variation  of the binding energy of  hh-exciton in |z|
2/3

 quantum well as a function of well width L  

for different values of the magnetic field parameter . 

 The behavior of binding energy of light hole exciton as a function wellwidth L for different magnetic 

field parameter  is displayed in Fig. 2.   

 

 Fig.2. Variation  of the binding energy of  lh-exciton in |z|
2/3

 quantum well as a function of well width L  

for different values of the magnetic field parameter . 

Similar to the case of heavy hole exciton, the binding energy of the light hole exciton also increases and 

reaches its maximum and then decreases rapidly, when the well width L reduced.  The peak value of binding 

energy is observed at L = 22 nm, for all values of .  It is also noted that the binding energy of heavy hole 

exciton is more than that of the light hole exciton.  This shows that the hh-exciton is more bound than the lh-

exciton, which is due to mhh* > mlh*. 

Figures 3 and 4 show the variation of binding energy of hh-exciton and lh-exciton as a function of 

barrier height V0 respectively for the well width  L = 10 nm, for different magnetic fields.  In both cases, the 

binding energy decreases linearly with 1/V0 for all values of magnetic field parameters.   

 

Fig.3.  Variation  of the binding energy of  hh-exciton in |z|
2/3

 quantum well as a function of barrier height  

V0  for different values of the magnetic field parameter . V0 is given in effective Rydberg (R*). 

As the barrier height increases, the exciton is more and more bound inside the well.  The results are 

qualitatively similar to those corresponding to quantum wells with other shapes. 
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Fig.4.  Variation  of the binding energy of  lh-exciton in |z|
2/3

 quantum well as a function of barrier height  

V0 for different values of the magnetic field parameter . V0 is given in effective Rydberg (R*). 

It can also be noted here that the binding energy of heavy hole exciton is more than that of the light hole 

exciton and as the magnetic field increases, the quantity of increase in binding energy decreases. 

 The variation of in-plane electron-hole distance <ρ
2
>

1/2
 as a function of wellwidth for heavy hole and 

light hole exciton is given in Fig. 5.   

 

Fig.5. Variation of <ρ
2
>

1/2
 with the well width L for hh-exciton and lh-exciton 

The values of <ρ
2
>

1/2
 are nearly independent of magnetic field and less dependent on L. This is 

expected because magnetic field is applied along z-axis and <ρ
2
>

1/2
 is calculated along the xy plane. 

Figures 6 and 7 show the variation of <ze
2
>

1/2
 and <zh

2
>

1/2
 of hh-exciton and lh-exciton as a function of 

well width L.  Both values of <ze
2
>

1/2
 and <zh

2
>

1/2
 for a hh-exciton increase with wellwidth and reaches a 

constant value (0.6 for <ze
2
>

1/2 
and 0.4 for <zh

2
>

1/2
) at exactly the same wellwidth at which the binding energy 

attains the peak value. 

 

Fig.6. Variation of <ze
2
>

1/2
 with the well width L for hh-exciton and lh-exciton 

For the case of lh exciton, these values are nearly independent of the wellwidth.   
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Fig.7. Variation of <zh
2
>

1/2
 with the well width L for hh-exciton and lh-exciton 

Conclusions 

 Binding energy of hh-exciton and lh-exciton in the presence of magnetic field in a Near Triangular 

Quantum Well (NTQW) are calculated variationally.  A turnover occurs at a critical well width (25 nm for hh-

exciton and 22 nm for lh-exciton), same for all values of magnetic field parameter . Applied magnetic field 

leads to more binding and the increased binding decreases as the magnetic field increases. Also the exciton 

binding energy decreases almost linearly with 1/ . <ρ
2
>

1/2
, is less dependent on magnetic field and 

wellwidth. <ze
2
>

1/2
 and <zh

2
>

1/2
 increases till the critical wellwidth and remains constant thereafter for hh-

exciton and less dependent on wellwidth for lh-exciton. 
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Abstract: Diamagnetic susceptibility and binding energy of an exciton in a near triangular quantum well, with potential

profile proportional to |z|2/3 composed of GaAs/Ga1-xAlxAs and ZnO/Zn1-xMgxO are calculated as a function of the

wellwidth and concentration of Al and Mg respectively varying the magnetic field applied along growth direction (i.e. z-

axis). Diamagnetic susceptibility of light hole exciton and heavy hole exciton, shows inverse behaviors in the two materials

below 20 nm wellwidth and the binding energy of both excitons increases, as the magnetic field increases. The results

obtained, are compared with those of quantum wells with varied potential profiles and the experimental results reported in

the literature.
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1. Introduction

Advanced semiconductor growth techniques such as

molecular beam epitaxy, chemical lithography and etching

have made it possible to fabricate quantum wells with

varied potential profiles [1]. Owing to the numerous

advantages for device applications, quantum wells are

fabricated with different materials such as GaAs/Ga1-x-

AlxAs [2–13] and ZnO/Zn1-xMgxO [14–17] and investi-

gated extensively. Studies on excitons play an important

role in the development of optoelectronic devices. Excitons

in rectangular quantum wells (RQW) [2–6], parabolic

quantum wells (PQW) [7–9], triangular quantum wells

(TQW) [10], surface quantum wells (SQW) [11], near tri-

angular quantum wells (NTQW) with potential profile

proportional to |z|2/3 [12, 13] have been studied theoreti-

cally and experimentally by many authors.

Effect of magnetic field on a material is widely used in

Nuclear Magnetic Resonance to identify the chemical and

geometrical structure. Diamagnetic susceptibility is one of

the important parameters to analyze the magnetic response

of a material. Binding energy and diamagnetic suscepti-

bility of a hydrogenic donor in GaAs/Ga1-xAlxAs low

dimensional semiconducting systems with rectangular

profile have been reported by Nithiananthi and Jayakumar

[18]. Effect of the nitrogen concentration and magnetic

field on diamagnetic susceptibility and the binding energy

of a hydrogenic donor in GaxIn1-xNyAs1-y/GaAs RQW

have been studied by Kilicarslan et al. [19]. Edelshtein has

theoretically proved that the diamagnetic susceptibility of

an exciton molecule does not differ greatly from double the

susceptibility of a single exciton [20]. Studies on the dia-

magnetic susceptibility of an exciton in quantum wells

especially in ZnO/Zn1-xMgxO quantum wells are reported

less in literature.

In this paper, the binding energy and diamagnetic sus-

ceptibility of light hole exciton (lh-exciton) and heavy hole

exciton (hh-exciton) in NTQW formed by GaAs/Ga1-x

AlxAs and ZnO/Zn1-xMgxO are calculated as a function of

width of the well as well as Al and Mg concentrations

respectively. The results are compared with the available

experimental data and also with the results for various

potential profiles.

2. Theory

The Hamiltonian for an exciton in a quantum well with an

applied magnetic field B along the growth direction (z-axis)

is given in the effective mass approximation as [21],
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H ¼ 1

2m�
e

pþ eA

c

� �2

þ 1

2m�
ih

p� eA

c

� �2

� e2

eor
þ Ve zeð Þ

þ Vh zhð Þ
ð1Þ

where e is the electronic charge, c is the velocity of light

and eo is the dielectric constant. mih
* is the effective mass of

the hole, i = h for heavy hole or i = l for light hole and me
*

is the effective mass of the electron.

The vector potential A can be written in the cylindrical

gauge [22] as

A ¼ 1

2
B� r ð2Þ

where r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ ze � zhj j2

q
and q is the distance in x–y

plane [21].

Using the cylindrical co-ordinate system, the Hamilto-

nian for an exciton can be written as [13, 22]

H ¼ � 1

q
o

oq
q
o

oq
þ 1

q2
o2

ou2

� �
� l�ih
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e

o2

oz2e
� l�ih
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ih
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þ Ve zeð Þ

þ Vih zihð Þ � 2

r
þ c
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ih � m�

e
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e þ m�

ih

� �
Lz þ

1

4
c2q2

ð3Þ

lih
* is the reduced effective mass of the exciton given by

[13],

1

l�ih
¼ 1

m�
e

þ 1

m�
ih

ð4Þ

The effective Bohr radius (a� ¼ �h2eo/l�ihe
2) and the effective

Rydberg (R* = lih
* e4/2�h2eo

2) are used as the units of length

and energy respectively. In Eq. (3), Lz is the z-component

of the angular momentum and c is the dimensionless

measure of the magnetic field, defined as c ¼ e�hB
2l�

ih
cR�.

The potential profile for the electron and hole in NTQW

[12] is given by

Vj zj
� �

¼ Voj
zj
L=2

			 			23 zj
		 		\L=2

Voj zj
		 		[ L=2

8<
: ð5Þ

where Voj is the barrier height, which depends on the

composition x of Al or Mg and j = e for electron or lh for

light hole or hh for heavy hole.

The trial wavefunction for the exciton in the NTQW

with applied magnetic field is taken to be of the form

[13, 22]

W ¼ Ne�a2e z
2
e e�a2

h
z2
he�are�kq2 zj j\L=2

N1e
�be zej je�bh zhj je�are�kq2 zj j[ L=2



ð6Þ

where ae; ah; be; bh; a and k are variational parameters. The

wavefunction for the NTQW is chosen to be that of a PQW

with ae; ah; be and bh as variational parameters, which are

constants in PQW [8, 9]. e�ar and e�kq2 are the parts of the

wavefunction for the electron–hole interaction with r ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ ze � zhj j2

q
and for the applied magnetic field

respectively. N is the normalization constant. The

continuity conditions for wavefunction and its derivative

at ze = L/2 and zh = L/2 relate the normalization

constants N and N1. Hh i is evaluated as a function of the

variational parameters using the Hamiltonian in Eq. (3) and

the trial wavefunction in Eq. (6) as,

hHi ¼
R
W�HWdsR
W�Wds

ð7Þ

The binding energy (EB) of the exciton is then given by

EB ¼ Ee þ Eh þ c� Hh imin ð8Þ

where Ee and Eh are the ground state energies of electron

and hole respectively in bare NTQW given in Eq. (5)

obtained variationally. Hh imin is the minimized value of

Hh i with respect to the variational parameters.

Diamagnetic susceptibility of an exciton in a quantum

well is given by [19]

vdia ¼
�e2

6l�ihe0c
2

q2
� �

ð9Þ

where c = 137, e = 1 and mo = 1 in a.u. and hq2i is the
mean square distance between electron and hole.

3. Results and discussion

All the material parameters used in our calculations such as

effective masses of heavy hole, light hole and electron;

reduced masses of lh-exciton and hh-exciton; dielectric

constants of GaAs and ZnO are given in Table 1.

The total bandgap difference DEg between GaAs and

Ga1-xAlxAs is calculated from the equation [22],

DEg ¼ 1:155xþ 0:37x2 eV ð10Þ

DEg between ZnO and Zn1-xMgxO is determined by the

following expression [17],

Table 1 Material parameters used in the calculations

Parameters GaAs ZnO

me
* 0.0665 m0 [13] 0.21 m0 [17]

mhh
* 0.34 m0 [13] 0.78 m0 [16]

mlh
* 0.094 m0 [13] 0.59 m0 [17]

lhh
* 0.05562 m0 0.165 m0

l1h
* 0.03895 m0 0.155 m0

e0 13.2 [13] 8.1 [16]

Where m0 is the free electron mass
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DEg ¼ 1:93xþ 1:57x2 eV ð11Þ

The barrier height Voe or the conduction band

discontinuity is taken to be 0.65 DEg for GaAs/

Ga1-xAlxAs [22] and 0.60 DEg for ZnO/Zn1-xMgxO [16]

quantum well. The effects due to the effective mass

mismatch, conduction band nonparabolicity and dielectric

constant mismatch are not considered, since they are

expected to be small in the EB calculations [13], which is

the difference between the eigenvalues of two

Hamiltonians each having to have the above features.

Figure 1 shows the variation ofEBof lh-exciton inNTQW

formed by GaAs/Ga0.7Al0.3As as a function of wellwidth L

for various values of c. The barrier heights of conduction

band and valence band are calculated as 246.87 and

132.93 meV respectively. For lh-exciton in GaAs, the

magnetic field c = 1 corresponds to amagnetic field of about

20.45 kG. For comparison, we have also displayed the

variation of EB as a function of wellwidth without magnetic

field i.e. c = 0 [13]. Increase in magnetic field leads to more

binding between electron and light hole. But as the magnetic

field increases, the increase in EB decreases.

As the wellwidth L is reduced, EB slowly increases until

it reaches a maximum at certain value of L. As L is reduced

further, EB decreases rapidly due to the tunnelling of trial

wavefunction through the barrier and the unbounding of

electron and hole. For all magnetic fields, the maximum EB

of lh-exciton is observed at L = 20 nm.

In Fig. 2 we display the variation of EB of hh-exciton in

NTQW composed of GaAs/Ga0.7Al0.3As as a function of

wellwidth L for different magnetic field parameters c. As
in the case of lh-exciton, the presence of magnetic field

increases the electron–hole binding. For hh-exciton in

GaAs, the magnetic field parameter c = 1 corresponds to

the magnetic field of about 41.76 kG. The behaviour of EB

of hh-exciton is similar to the case of lh-exciton. The

maximum EB occurs at 16 nm for all magnetic field

parameters. EB of hh-exciton is greater than that of lh-

exciton. The behaviour of EB is qualitatively similar to

those of exciton in RQW [2–6], PQW [8, 9], TQW [10] and

SQW [11]. But the values of EB in NTQW are quantita-

tively larger compared to those in quantum wells of other

profiles. Hence the use of NTQW will be better in optical

devices than the use of quantum wells of other shapes.

In Figs. 1 and 2, the plots for c = 0 are similar to those

presented in Fig. 3 of Arulmozhi and Balasubramanian

[13] after conversion of units (from effective Rydberg to

meV and from effective Bohr radius to nm). The small

variations are due to the difference in the values of the

parameters used (Experimental values from Ref. [12] are

used in Ref. [13]). The effect of magnetic field on the

exciton binding energy in NTQW is previously reported by

the authors [23] with the Zeeman term in the Hamiltonian

inversely proportional to the reduced effective mass of the

exciton i.e. / 1
lih

 �
. But in the present work, due to the

opposite charge sign of electron and hole, this Zeeman

term in the Hamiltonian is taken to be proportional to the
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Fig. 2 Variation of the binding energy of hh-exciton in NTQW

formed by GaAs/Ga0.7Al0.3As as a function of wellwidth L for

different magnetic fields
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difference between the inverted mass of hole and inverted

mass of electron / 1
me

� 1
mih

 �
. The variations found in the

results of the present work and Ref. [23] may be due to the

inclusion of this effect.

Figure 3 describes the behaviour of EB of lh-exciton in

NTQW composed of ZnO/Zn0.7Mg0.3O as a function of

wellwidth L for different magnetic fields. For ZnO, 432.18

and 288.12 meV are the barrier heights of conduction band

and valence band respectively. For lh-exciton in ZnO, the

magnetic field parameter c = 1 corresponds to the mag-

netic field of about 861.3 kG. In the presence of magnetic

field, lh-exciton is more bounded than that in the absence

of magnetic field. The variation of EB with wellwidth in

ZnO is similar to the case of GaAs. The maximum EB is

observed at L = 6 nm for all magnetic fields. EB is much

larger, but the turnover wellwidth is smaller in ZnO

quantum well than that in GaAs quantum well.

In Fig. 4, we present the variation of EB of hh-exciton in

NTQW formed by ZnO/Zn0.7Mg0.3O as a function of

wellwidth for different magnetic fields. From this plot, it is

observed that the hh-excitons are more bounded than the

lh-excitons for all magnetic fields. The magnetic field

parameter c = 1 is about 976 kG. When the wellwidth

increases, EB initially increases rapidly, reaches its maxi-

mum and then starts to decrease gradually. For all magnetic

fields, the maximum value of EB occurs at 4 nm. As

mentioned earlier, the reason for the decrease of EB for

L\ 4 nm is the penetrating of the trial wavefunction into

the barrier, so that the excitons are less bounded. The peak

values of EB of both excitons without magnetic field in

ZnO/Zn0.7Mg0.3O are larger than the experimental data

reported for Mg concentration x = 0.27 and for other

potential profiles [14, 16]. This again confirms that exci-

tons are more stable in NTQW than other profiles which

leads to the realization of excitonic opto-electronic devices.

Figure 5 shows the behaviour of EB of lh-exciton and

hh-exciton in NTQW composed of GaAs/Ga1-xAlxAs as a

function of Aluminium composition x with the magnetic

field parameter c = 1 and L = 20 nm. It is observed that

the increase in Al composition leads to increased binding,

because the barrier height increases as Al composition

increases [3–5]. In this case, EB of hh-exciton is more than

that of lh-exciton.

In Fig. 6, we display the variation of EB of lh-exciton

and hh-exciton in ZnO/Zn1-xMgxO NTQW for various Mg

compositions x with c = 1 and L = 20 nm. As in the case

of GaAs/GaAlAs quantum well, EB increases with the

increase of barrier height or Mg composition. Comparison

of EB of lh-exciton and hh-exciton shows that hh-exciton is

more bounded than lh-exciton.

In Fig. 7 and 8, we present the variation of diamagnetic

susceptibility of lh-exciton and hh-exciton in NTQW

formed by GaAs/Ga0.7Al0.3As as a function of wellwidth

for different magnetic fields. For lh-exciton, it is observed

that the diamagnetic susceptibility increases with decrease

of the wellwidth, reaches a maximum and then decreases.

But for c[ 3, it continuously increases as wellwidth

decreases. For hh-exciton, it increases as the wellwidth
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decreases for all magnetic fields. This behaviour is similar

to diamagnetic susceptibility of hydrogenic donor in RQW

[19, 20]. The diamagnetic susceptibility of hh-exciton is

greater than that of lh-exciton.

We present the variation of diamagnetic susceptibility of

lh-exciton and hh exciton in NTQW composed of ZnO/

Zn0.7Mg0.3O as a function of wellwidth for various mag-

netic fields in Figs. 9 and 10 respectively. From both

graphs, it is observed that the diamagnetic susceptibility of

lh-exciton and hh-exciton decreases as wellwidth increases.

Diamagnetic susceptibility has greater value in ZnO/

ZnMgO quantum well than in GaAs/GaAlAs quantum

well.

Figure 11 shows the variation of diamagnetic suscepti-

bility of lh-exciton and hh-exciton in NTQW formed by

GaAs/Ga1-xAlxAs and ZnO/Zn1-xMgxO as a function of x

for c = 1 and L = 20 nm. When the Al/Mg composition

or barrier height increases, the diamagnetic susceptibility

increases in all the cases. At present, there are no theo-

retical or experimental data to compare our results for the

diamagnetic susceptibility of exciton in ZnO/Zn1-xMgxO

NTQW. However, in future our calculation may support

the experimental work.
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4. Conclusions

We have studied the diamagnetic susceptibility and binding

energy of lh-exciton and hh-exciton in NTQW formed by

GaAs/GaAlAs and ZnO/ZnMgO as a function of wellwidth

and Al/Mg composition. The diamagnetic susceptibility

and the binding energy increases when the applied mag-

netic field increases. Excitons in ZnO/ZnMgO quantum

well have larger binding energy than in GaAs/GaAlAs

quantum well which leads to higher stability of the exciton

in this quantum well and enhancement of the performance

of ZnO based excitonic devices. Diamagnetic susceptibility

is larger in ZnO/ZnMgO quantum well than in GaAs/

GaAlAs quantum well, which implies ZnO to be more

promising for magnetic field applications.
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Abstract: ZnO and ZnS nanoparticles are synthesized by a simple precipitation method by
varying the growth temperature. These nanoparticles are characterized by X-ray Diffraction
(XRD), Ultraviolet-Visible Spectroscopy (UV-Vis), Fourier Transform Infrared Spectroscopy
(FTIR) and Scanning Electron Microscopy (SEM). In addition, the conductivity of the
synthesized ZnO and ZnS nanoparticles are measured for different concentrations. The average
particle size of the as-prepared ZnO and ZnS nanoparticles is determined by XRD in the range
of 30 - 50 nm and 40 - 60 nm respectively with hexagonal form. The functional groups were
confirmed by FTIR. SEM images confirm the nanocrystalline nature of the particles. The
optical band gaps of ZnO and ZnS particles are calculated from the UV-Vis spectra in the range
of 4.5- 4.6 eV and 5.2 - 5.4 eV respectively. The conductivity of the prepared samples increases
with the growth temperature as  well  as  the concentration.  The results  of  the as-prepared ZnO
and ZnS nanoparticles are compared with each other and with those reported in literature.
Keywords: XRD, UV-Vis, FTIR, SEM, Conductivity.

1.  Introduction

Zinc oxide (ZnO) nanoparticles have much attention due to their novel optical and electronic properties
for  applications in various fields  such as  solar  cells  [1-3],  gas sensors  [4],  optical  devices such as  LED, laser
and thin film transistor and piezoelectric devices [5]. Zinc sulphide (ZnS)-based nanostructured materials are
potentially important due to the large band gap. Because of the unique electronic properties, ZnS nanoparticles
can be used in light-emitting diodes [6], cathode-ray tubes [7], photocatalysis [8], biosensors [9] and thin film
electroluminescent displays [10]. ZnO and ZnS semiconductors have wide band gap of 3.37 eV and 3.8 eV
respectively at room temperature and large exciton binding energy which leads to stable excitation even at room
temperature. ZnO nanoparticles are prepared by several methods such as hydrothermal method, sol-gel method
and simple precipitation method [11-13]. ZnS nanoparticles are synthesised by wet-chemical synthesis route,
co-precipitation method and simple precipitation method [14-16].

In the present work, ZnO and ZnS nanoparticles are synthesized by cost effective simple precipitation
method with different growth temperatures. The optical properties of the synthesized samples were investigated
by Ultra Violet Visible Spectroscopy (UV-Vis) and Fourier Transform Infrared Spectrometry (FTIR).
Structural properties were analysed by X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM).
The conductivity of the samples is measured for different concentrations.
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2. Experimental Procedure

2.1 Preparation of ZnO nanoparticles

ZnO nanoparticles are synthesized by simple precipitation method. The aqueous solutions of Zinc
sulphate and Sodium hydroxide are slowly added drop wise under vigorous stirring.  The stirring was continued
for 5 hours and precipitation is observed.  The obtained precipitate is filtered and washed thoroughly with
deionised water.  Then the precipitate is dried in hot air oven at 100°C, 150°C and 200°C and ground to make
fine powder using agate mortar.

2.2 Preparation of ZnS nanoparticles

ZnS nanoparticles are synthesized by mixing Zinc chloride and Sodium sulphide.  1:1 ratio of Sodium
sulphide and Zinc chloride are separately dissolved in distilled water and stirred constantly for one hour at
100⁰C separately. After allowing them to cool to room temperature, Zinc chloride is added drop wise to Sodium
sulphide with constant stirring. This is maintained at 100⁰C and stirred constantly for one hour, which resulted
in formation of ZnS nanocolloid. The nanoparticles are collected by centrifugation at 2000 rpm for 15 minutes
and extracted with distilled water. The precipitate is washed with distilled water and the sample is dried with
different temperature such as 1000C, 1500C and 2000C. The fine ZnS nanopowder is obtained by grinding the
powdered sample to its finer form.

All  steps of  synthesis  are  carried out  in  distilled water  for  its  inherent  advantage of  being simple and
environment friendly.

All the chemicals used in all the methods of synthesis are of analytical reagent grade.

3. Results and Discussion

3.1 XRD studies

XRD patterns of  the ZnO nanoparticles  for  various growth temperatures  are  shown in Fig.  1  for  a  2θ
range of 20o-70o.  All diffraction peaks are well indexed with hexagonal structure of ZnO reported in JCPDS
File Card No. 89-0510. No impurity peaks are observed which shows the high purity of ZnO.  Fig. 2 displays
the XRD patterns of ZnS nanoparticles which confirm the presence of pure hexagonal structure of ZnS from the
JCPDS File Card No. 74-5018 for various growth temperatures. The mean grain size of the particles is
calculated using the Debye-Scherrer equation,

D = 0.89λ/βcosθ                                                   (1)

where λ is the wavelength of (Cu Kα) X-rays, β is the full width at half maximum (FWHM) and θ is the angle of
half diffraction.
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Fig. 1 XRD patterns of ZnO nanoparticles for various growth temperatures

The grain size of the ZnO nanoparticles are calculated in the range of 36 - 46 nm while ZnS
nanoparticles are in the range of 49 - 56 nm. The grain size decreases when growth temperature increases for
both ZnO and ZnS nanoparticles which is in contradiction to the results of Aneesh et al [11].  ZnO nanoparticles
are smaller in size than the ZnS nanoparticles.
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Fig. 2 XRD patterns of ZnS nanoparticles for various growth temperatures

3.2 UV-Visible absorption studies

Fig. 3 presents the UV-Visible absorption spectra of ZnS nanoparticles for various growth
temperatures.  The absorption peaks are observed at 344 nm, 343 nm and 342 nm for growth temperatures
1000C, 1500C and 2000C respectively.  A systematic blue shift is observed in the absorption peak with the
increase in the growth temperature which implies an increase in the band gap, ie., 4.5 - 4.6 eV.

Fig. 4 exhibits the absorption spectra of ZnO nanoparticles and the absorption peaks are found at 272
nm, 274 nm and 269 nm respectively for growth temperatures 1000C, 1500C and 2000C, which are large blue
shift from the bulk absorption at 315nm [15]. The optical energy gaps for the ZnO samples are calculated to be
in the range 5.2 - 5.4 eV.  Hence ZnO nanoparticles show larger blue shift than ZnS nanoparticles which agrees
with XRD results.

Fig. 3 UV-Visible absorption spectra of ZnS nanoparticles for various growth temperatures

Fig. 4 UV-Visible absorption spectra of ZnO nanoparticles for various growth temperatures
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3.3 FTIR studies

Fig. 5 provides the FT-IR spectra of ZnO nanoparticles for various growth temperatures.  It is observed
that the O-H stretching mode is represented by the absorption band at 3504.66 cm-1, 3506.59 cm-1 and 3506.59
cm-1 for various growth temperatures 1000C, 1500C and 2000C respectively. Similarly C-O stretching mode is
represented by 1122 cm-1, 1118 cm-1and 1120 cm-1.

Fig. 5 FTIR Spectra of ZnO nanoparticles with various growth temperatures

The absorption bands at 617 cm-1, 616 cm-1 and 615 cm-1 belong to C-Br stretching and those at 424
cm-1, 428 cm-1 and 401 cm-1 for various growth temperatures 1000C, 1500C and 2000C respectively are related
to Zn-O stretching.

Fig. 6 presents the FT-IR spectra of ZnS nanoparticles for various growth temperatures.  It is observed
that the O-H stretching mode is represented by the absorption band at 3404.36 cm-1, 3408.22 cm-1 and 3396.64
cm-1 for various growth temperatures 1000C, 1500C and 2000C respectively.  1620.2 cm-1, 1614.2 cm-1 and
1606.7 cm-1absorption bands belong to O-H bending mode. Zn-S stretching is represented by absorption bands
at 402 cm-1, 403cm-1 and 443 cm-1.
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Fig. 6 FTIR Spectra of ZnS nanoparticles with various growth temperatures

3.4 SEM studies

Fig.  7  and 8 display the SEM images of  ZnO and ZnS nanoparticles  for  various growth temperatures
respectively.  It can be seen from Fig. 7 that the morphology of the ZnO nanoparticles prepared at the growth
temperatures 1000C and 2000C is spherical but for 1500C, it is found to be sheets.  From Fig. 8, it is observed
that the morphology of the ZnS nanoparticles is cluster structure for the growth temperatures 1000C and 1500C.
For 2000C, the morphology of the ZnS nanoparticles is found to be the cluster of sheets.

Fig. 7: SEM images of ZnO nanoparticles for various growth temperatures

Fig. 8 SEM images of ZnS nanoparticles for various growth temperatures
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3.5 Conductivity studies

 ZnO and ZnS nanoparticles are dissolved in HCl at various concentrations and the conductivity is
measured using a digital conductivity meter.

Fig. 9 Variation of conductivity of ZnO nanoparticles as a function of concentration for various growth
temperatures

Fig. 9 and 10 show the variation of conductivity with the growth temperatures of ZnO and ZnS
nanoparticles respectively. As expected, the conductivity increases with the growth temperature as well as
concentration for both nanoparticles.  Moreover, ZnO nanoparticles are found to be more conducting than ZnS
nanoparticles.

Fig. 10 Variation of conductivity of ZnS nanoparticles as a function of concentration for various growth
temperatures

4. Conclusion

ZnO and ZnS nanoparticles are successfully synthesized by simple precipitation method with various
growth temperatures. The XRD patterns clearly indicate that ZnO and ZnS nanoparticles prepared with various
growth temperatures have hexagonal structure, but the size of the particles vary with growth temperature. The
band gaps are calculated from the UV-Visible absorption spectra for each sample. The functional groups are
analysed by FTIR spectra. SEM images show that the ZnO nanoparticles have the morphology of spherical for
1000C and 2000C, sheets for 1500C. The morphology of ZnS nanoparticles is cluster structure for the growth
temperatures 1000C and 1500C, cluster of sheets for 2000C. The conductivity of both ZnO and ZnS
nanoparticles increases with the growth temperatures as well as concentration.  Comparing the characterization
studies, it is found that ZnO nanoparticles are more application oriented (ie., more suitable for optoelectronic
devices) than ZnS nanoparticles.
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Abstract : Exciton binding energies with temperature in a quantum well with Poschl-Teller
Potential formed by ZnSe/Zn1-xMgxSe are calculated theoretically. Using the temperature
dependent value of the effective mass and barrier height, the sub-band energies of the electron,
heavy hole and light hole are calculated by variational method. Binding Energy of light hole
exciton and heavy hole exciton are calculated as a function of the wellwidth for different
temperatures. We have obtained the result that the binding energy of exciton decreases with
enhancing the temperature and increases with reducing the wellwidth upto 12 nm for heavy
hole exciton and 10 nm for light hole exciton, beyond this wellwidth the exciton binding energy
decreases.
Keywords : Quantum well, Exciton, Binding energy, Poschl-Teller Potential, Temperature.

Introduction

  In the last two decades, the low dimensional semiconducting systems have received much attention due
to their potential application in optoelectronic devices such as displays1, light emitting diodes2, solar cells3 and
photovoltaic devices4. Elabsy5 displays the variation of the binding energy of shallow donor in GaAs/Ga1-

xAlxAs superlattice with respect to temperature. Abraham and John Peter6 have studied the exciton binding
energy, interband emission energy and nonlinear optical properties in ZnMgSe quantum well with the effect of
dielectric constant mismatch. Cingolani et al.7 have investigated the excitonic states in Zn1-xCdxSe/ZnSe as a
function of wellwidth and composition of Cd experimentally.  Krystek et al8 have reported the variation of
energy and broadening parameter of the fundamental bandgap of ZnSe with different temperatures in the range
27 K to 370 K.  Stachow et al.9 have showed that the energy gap of CdMnTe epilayers depends upon the
temperature. Several authors10-11 have studied the effect of hydrostatic pressure on the binding energy of donor
and acceptor in GaAs/GaAlAs quantum wells.  Morales et al12 have made theoretical studies on simultaneous
effect of hydrostatic stress and electric field on donor binding energy in GaAs/GaAlAs. Arulmozhi13 has studied
the influence of temperature and pressure on the binding energy of hydrogenic donor in parabolic quantum well.
Tevosyan et al14 have computed the energy levels and direct interband absorption in a spherical quantum dot
with Poschl-Teller potential.  Mora-Ramos et al15 have calculated the exciton binding energy in a cylindrical
quantum dot with Poschl-Teller potential profile variationally. Effect of magnetic field on exciton binding
energy in near triangular quantum well has been studied by Anitha and Arulmozhi16. II-VI semiconductors are
extensively studied at nanoscale experimentally without doping17-19, with doping20-22 and with external
perturbations23, 24.  The purpose of the present work is to report the effect of temperature on binding energy of
light and heavy hole exciton in quantum well with Poschl-Teller confining potential profile composed of
ZnSe/Zn1-xMgxSe as a function of wellwidth.
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Theory

 The Hamiltonian of an exciton  in effective mass  approximation is given by25

                  (1)

The subscripts h and e represent the hole and electron respectively. µhi
* is the reduced effective mass of

the heavy hole (i = h) or light hole (i = l) and the electron, .  The reduced effective
mass of the exciton is

                                                       (2)

The potential profile for the electron and hole in Poschl-Teller potential15 are given by

                             (3)

         where, V0 is the barrier height, which depends on the composition x of Mg, . The numerical
values of χ  and λ are chosen to be 1.0001.  Since χ  and λ are chosen to be same, a symmetric Poschl-Teller
potential profile is considered. The trial wave function of the exciton in the Poschl-Teller potential15 is taken to
be

                           (4)

 where,  and . Substituting the available values
from Ref.15, the final trial wave function

                                                                                                                       (5)

where A   αi,  βi and  are variational
parameters, J0 is the Bessel function of zeroth order with θ0=2.40483 (Ref.15), N is the normalization constant.
The continuity conditions at ze =  L/2  and  zh =  L/2  relates  the  normalization  constant  N  and  N1.  We  have
computed expectation value of  Hamiltonian as a function of the variational parameters using the Hamiltonian
in (1) and the trial wave function in (5).

The binding energy of exciton is then given by

                                                                        (6)

where,  Ee and Eh are the ground state energies of electron and hole in bare quantum well respectively obtained
variationally.  is the minimized value of  with respect to the variational parameters. By applying
external  temperature to the system, the band gap of the material changes, as7

                                                                               (7)
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where  is the energygap at T=0, and  are Varshni coefficients, respectively.

The variation of  effective mass, dielectric constant, barrier height according to the temperature is
determined12 by

                        (8)

In this equation  is an energy related to the momentum matrix element,  is the spin-orbit splitting
and  is the temperature dependence of the energy gap.

The variation of the barrier height with temperature is calculated by

                                                                (9)

Conduction band offset parameter  and bandgap difference between quantum well and
barrier layer material as a function of  temperature and Mg concentration is given by

)                                      (10)

Variation of dielectric constant with temperature is expressed as

                                                   (11)

The numerical values for this calculation is taken from the references (Ref. 6, 8).

Results and discussion

 Table 1 represents the physical parameters of ZnSe, taken from references6, 8, 27. The difference of total
band gap between Zn1-xMgxSe and ZnSe is determined5 by the equation

The conduction band and valence band discontinuity is taken to be 70% and 30% of this band gap
difference respectively.

Table 1: Physical parameters of ZnSe

Physical parameters Absolute values
Mass of Electron           (me) 0.16 m0
Mass of heavy hole        (mh) 0.6 m0
Mass of light hole          (ml) 0.145 m0
Dielectric Constant         ( ) 8.8
Spin-Orbit splitting        ( ) 0.43 eV

Energy gap at 0 K        ( g ) 2.8 eV
Varshni co-efficient         (α) 7.3x10-4 eV/0K
Varshni co-efficient         (β) 2950K

Linear temperature co-efficient (C) 1.71x10-4 K-1

where m0 is the free electron mass.

Fig.1 shows that the variation of binding energy of heavy hole exciton as a function of well width L for
different temperatures T for a barrier height corresponding to the Mg composition x = 0.3.  When L is reduced,
the binding energy increases. If the L is reduced further, they reach a maximum value and then start to decrease
rapidly.  The peak value of binding energy is observed at L = 12 nm, for all values of T.
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The behavior of binding energy of light hole exciton as a function wellwidth L for different
temperatures is shown in Fig. 2. The peak value of binding energy is observed at L = 10 nm, for all values of T.
It is also noted that the binding energy of heavy hole exciton is  more than  that of the light hole exciton. So the
hh-exciton is more bound than the lh-exciton, which is due to mhh*  >  mlh*.   In  both  cases,  the  decrease  in
wellwidth produces a spreading of the wave function, which causes a lowering in the binding energy. The
contribution of confinement is dominant for smaller wellwidth and make the electron unbound, and tunnels
through the barrier.  This behavior is similar to those reported in Ref. 15 for a quantum dot of same profile. But
a decrease in binding energy for narrow wells is observed in quantum wells.

Fig.1. Variation  of the binding energy of  hh-exciton as a function of wellwidth for different
temperatures

Fig.3 shows that the variation of binding energy of heavy hole exciton as a function of temperature for
different wellwidths, for a barrier height corresponding to the Mg composition x = 0.3. As temperature
increases, the binding energy decreases4.

Fig.2.   Variation  of the binding energy of  lh-exciton as a function of wellwidth for different
temperatures
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Fig.3.  Variation  of the binding energy of  hh-exciton as a function of temperature for different
wellwidths

The behavior of binding energy of light hole exciton as a function of temperature for different
wellwidths is shown in Fig. 4.  For  a given quantum well thickness, there is a decrease in the binding energy of
the exciton, when the temperature is increased, because increasing the temperature, decreases the values of both
the effective mass and the barrier height.

Fig.4.   Variation of the binding energy of  lh-exciton as a function of temperature for different
wellwidths

Conclusions

Binding energies of hh-exciton and lh-exciton in the presence of temperature in a quantum well with
Poschl-Teller potential are calculated variationally. A maximum value of binding energy occurs at a critical
well  width  (12  nm for  hh-exciton  and  10  nm for  lh-exciton),  same  for  all  values  of  temperature.  For  a  fixed
wellwidth, the binding energy decreases as temperature increases. For same wellwidth and temperature, the
binding energy of hh-exciton is more than that of lh-exciton.
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Abstract
Objective: To study the structural, optical and conductivity properties of ZnO nanoparticles synthesized by two  different 
methods such as hydrothermal and sol-gel methods. Methods/Analysis: ZnO is synthesized at various temperatures 
100oC, 150oC and 200oC using hydrothermal method with oxalic acid and zinc acetate and using sol-gel method with 
 sodium hydroxide, zinc chloride and zinc nitrate. Findings: For both methods, the average crystal size determined by 
X-ray Diffraction (XRD) is noted to be in the range 20–30 nm. The pattern confirmed the composition, crystallinity and the 
synthesized products are ZnO with high purity and the hexagonal phase. The absorption peak of ZnO nanoparticles has a 
blue-shift compared with that of the bulk. In hydrothermal method, the band gap is large (i.e) from 4.4–4.9 eV and in the 
sol-gel method 3.5–3.9 eV. ZnO nanoparticles synthesized by both methods exhibit similar luminescence. Scanning Electron 
Microscopy (SEM) pictures reveal the morphology as near-spherical prismatic nano particles for  hydrothermal method and 
as nanoflakes for sol-gel method. The Energy Dispersive X-ray Spectroscopy (EDAX) analysis confirms the presence of ZnO 
only and no other element. The conductivity decreases with the growth temperature as well as the  concentration of the 
ZnO samples by sol-gel method. In contrast, the conductivity of the sample prepared by hydrothermal method, increases 
with the growth temperature but decreases with the concentration. Novelty: In addition, conductivity of the synthesized 
ZnO nanoparticles is measured for various concentrations of ZnO. The results of both the methods are compared with each 
other and with those reported in the literature.

A Comparative Analysis of the Properties of Zinc 
Oxide (ZnO) Nanoparticles Synthesized  
by Hydrothermal and Sol-Gel Methods
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Department of Physics, Jayaraj Annapackiam College for Women (Autonomous),  
Periyakulam – 625601, Theni, Tamil Nadu, India; preethivinikrish@gmail.com,  

anitha.jayarani@gmail.com, arulpkm@yahoo.co.in

Keywords: Conductivity, EDAX, PL, SEM, XRD, ZnO

1. Introduction
Zinc Oxide (ZnO) is a material with multifunctional 
and salient properties such as high photostability, low 
dielectric constant, high chemical stability, high elec-
trochemical coupling co-efficient and broad range of 
radiation absorption. In typical wurtzite hexagonal struc-
ture, ZnO crystallizes with the arrangement of Oxygen 
atoms in hexagonally closed structure, while the distorted 
tetrahedron structure is occupied by Zinc atoms. It has 
a wide band gap of 3.37 eV and large exciton binding 
energy of 60 meV even at room temperature. It provides 
the greatest assortments of very rich variety of structures 
among all known materials. ZnO is one of the extensively 

studied semiconductor materials because of its interest as 
a fundamental study and also its applied aspects such as, 
luminescence, electronics, optoelectronics, photocataly-
sis, varistors, solar energy conversion, laser technology, 
medicine, transparent UV protection films and chemical 
sensors. 

Optical and surface morphological properties of ZnO 
nanomaterials synthesized by hydrothermal method have 
been investigated1. The use of the sol-gel synthesis for the 
production of ZnO nanopowders has been proposed and 
the structure and morphology have been investigated with 
respect to the type of precursor, temperature of synthesis 
and dripping time2. The effects of reaction temperatures, 
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the precursors concentration and growth time on the 
properties of ZnO nanopowders synthesized by hydro-
thermal method have been invesigated3. The morphology, 
crystallite size and optical properties of ZnO nanopow-
ders synthesized by simple precipitation method were 
investigated. They also correlated the optical properties 
with morphology and crystallite size4. ZnO nanopar-
ticles were synthesized by wet chemical method, based 
on cyclohexylamine, in aqueous and ethanolic media and 
tested for the photogradation of cyanide ions5. 

A quick process for preparation of ZnO nanoparticles 
with the use of microwave irradiation and the advantages 
in yield and reaction time were reported6. ZnO nanoparti-
cles were synthesized using wet chemical method at room 
temperature and characterized7. The growth mechanism 
and modeling of ZnO nanopowders have been presented8. 
The characterization of ZnO nanoparticles synthesized by 
sol-gel method using zinc acetate as a precursor, acetic acid 
as the complexing agent and triton X-100 as a surfactant 
has been studied9. One pot synthesis of ZnO nanoparti-
cles via Chemical and Green method using aqueous leaf 
extract of Corriandrum Sativum have been reported10. 
The influence of the reaction conditions and sintering on 
the properties of ZnO nanoparticles synthesized by sol-
gel process assisted by Polyvinyl Alcohol (PVA) have been 
investigated11. Reviews of the growth, properties and appli-
cations of ZnO nanoparticles have been presented12, 13. The 
structural and optical properties of nanocrystalline ZnO 
powders controlled by the effect of PVP concentration in 
sol-gel method has been studied14. The influence of cobalt 
doping on optical properties of ZnO nanoparticles synthe-
sized by simple solution method has been analysed15. The 
effect of Al doping on the properties of ZnO nanoparticles 
fabricated by Sol-gel method has been studied16.

In the present work, hydrothermal and sol–gel 
 methods are used to prepare ZnO nanoparticles. The opti-
cal properties, particle size, conductivity and crystallinity 
of the synthesized ZnO nanopowders are investigated. 
The results of the two methods are compared with each 
other and with those reported in the literature.

2.  Experimental Procedure: 
Synthesis of ZnO Nanoparticles

2.1 Hydrothermal Method
Aqueous solution of Oxalic acid and Zinc acetate  dihydrate, 
under hydrothermal condition, are used. Oxalic acid with 

0.1M molarity is taken in a beaker. Zinc acetate dihydrate 
(Zn(CH3COO)2.2H2O) solution with 0.1M molarity is 
mixed with the oxalic acid and this mixture is left for stir-
ring for 6 hours. A white precipitate is formed. Impurities 
are removed by filtering and washing with acetone and de-
ionized water. It is then dried with various  temperatures 
such as 100oC, 150oC and 200oC for 2 hours. 

2.2 Sol-gel Method 
Zinc nitrate (Zn(NO3)2), Zinc chloride (ZnCl2) and 
Sodium hydroxide (NaOH) are used as precursors. 1.0M 
molarity of NaOH is prepared with distilled water and 
continuously stirred at a desired reaction temperature, 
50oC. After obtaining the desired temperature, a solution 
of ZnCl2 0.5M and another of Zn(NO3)2 are slowly added 
(dripping for 26 min) under constant stirring for 2 hours. 
A colourless precipitate of ZnO is formed and then the 
colour of the precipitate changes to white. The solution 
was agitated for a period of two hours, maintaining the 
desired temperature. The gel formed was filtered, washed 
with de-ionized water several times and dried for various 
temperatures such as 100oC, 150oC and 200oC. 

All the chemicals used in all the methods of synthesis 
are of analytical reagent grade.

3.  Results and Discussion: 
Characterization Studies

3.1  Structural Studies – X-ray Diffraction 
(XRD) Analysis

XRD patterns of the grown ZnO samples are recorded 
with the intensity data over a 2θ range of 20o-80o. Figure 1 
shows the XRD patterns of ZnO nanoparticles prepared 
by 1. hydrothermal method and 2. sol-gel method at dif-
ferent annealing temperatures. 

Figure 1. XRD patterns of ZnO nanoparticles prepared by 
(a) hydrothermal method and (b) sol-gel method at different 
annealing temperatures.

(a) (b)
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It is observed that,

The nature of ZnO is good crystalline which is •	
 confirmed by the sharp and intense diffraction peaks 
and they agree with the reported Joint Committee on 
Powder Diffraction Standards (JCPDS) data. 
The particles have a hexagonal phase with Wurtzite •	
structure with hexagonally closed pack lattice of 
oxygen atoms and half the tetrahedral sites of zinc 
atoms11. 
No characteristic peaks other than ZnO are observed •	
which confirms that the synthesized products are of 
high purity. 
The intensity of the diffraction peaks increases and •	
becomes sharper with increase in temperature, imply-
ing that the crystalline structure tends to have more 
integrity.
A definite line broadening of the diffraction peaks is •	
an indication that the synthesized ZnO materials are 
in nanometer range. 
 The size (D) of the particles is calculated from the XRD 
line broadening measurement by Debye Scherrer’s 
formula, 

  (1)

where λ is the wavelength of (Cu K•	 α) X-rays, θ is the 
half diffraction angle and β is the Full Width at Half 
Maximum (FWHM). 

The particle morphology of the ZnO nanoparticles is 
greatly influenced by the reaction temperature. In both syn-
thesis methods, there is a decrease in crystallite size when 
temperature increases and the decrease in hydrothermal 
method is steeper than in sol-gel method. The crystallite 
size is same in both methods at 1500C. FWHM increases 
with the reaction temperature but the size of the ZnO 
nanoparticles decreases with it, which may be due to the 
following reasons. 1. different crystallographic planes have 
different growth rates and 2. the quantum confinement 
effects, which is also confirmed by the Ultraviolet-Visible 
(UV-Vis) Absorption Studies. This behaviour is in con-
trast to that observed by Aneesh et al3, where the FWHM 
decreases and the crystallite size increases. 

3.2  Morphological Studies - Scanning 
Electron Microscopy (SEM)

Figure 2 shows the morphology of the samples observed 
in SEM. These images confirm the formation of ZnO 

nano powders. The morphology is analysed for various 
 temperatures such as 1000C, 1500C and 2000C. SEM pic-
tures reveal the morphology as near-spherical prismatic 
nanoparticles for hydrothermal method and as  nanoflakes 
for sol-gel method. 

3.3  Dispersion Studies – Energy Dispersive 
X-ray Spectroscopy (EDAX)

EDAX spectra are shown in Figure 3 for the ZnO 
 nanoparticles prepared by 1. hydrothermal method and 2. 
sol-gel method. Element with large concentration in the 
sample can be noted from the EDAX spectrum, as the one 
with highest peak. EDAX reveals the presence of required 
elemental composition of both Zinc (Zn) and Oxygen (O) 
in the samples.

Figure 2. SEM images of ZnO nanoparticles prepared by 
(a) hydrothermal method and (b) sol-gel method.

Figure 3. EDAX spectrum of ZnO nanoparticles prepared 
by (a) hydrothermal method and (b) sol-gel method.

(b)(a)
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3.4  Optical Studies -Ultraviolet-Visible 
(UV-Vis) Absorption Studies

Figure 4 depicts the spectra of optical absorption in ZnO 
nanoparticles prepared by 1. hydrothermal method and 
2. sol-gel method annealed at various temperatures, 
1000C, 1500C and 2000C. UV-Vis absorption of ZnO 
nanoparticles was recorded in the wavelength range of 
200 – 800 nm.

ZnO has a band gap of 3.37 eV and hence a peak in 
the absorption spectra7 is expected to occur at ≈ 358 nm. 
Exciton binding energy in ZnO ≈ 60 meV and hence 
shows unique features of exciton absorption. 

It is observed that, 

The absorbance increases with temperature, and hence, •	
there should be a decrease in band gap. 
Hydrothermal method shows a widened shoulder •	
peaks at 252, 265 and 277 nm implying the absorption 
spectra with a strong blue shift. This indicates that the 
exciton in ZnO has a Bohr radius larger than the size 
of the ZnO nanopowders. These results are in good 
agreement with those of Oladiran and Olabisi7.
Strong excitonic absorption peaks at 311, 318 and 330 •	
nm in sol-gel method confirm the lower particle size 
of ZnO1 and the photosensitivity of the sample in the 
UV region2.
No emission peaks are observed indicating the absence •	
of free exciton recombination via a collision process of 
exciton-exciton and oxygen interstice.

The band gap energies are calculated by extrapolating 
the straight line portion of the plot of modified Kubelka-
Munk function (αhν)2 against photon energy4 (hν), as 
shown in Figure 5.

The UV cut-off provides the value of band gap in the 
range 4.4 to 4.9 eV in hydrothermal method and 3.5 to 
3.9 eV in sol-gel method higher than that of bulk ZnO 
of 3.37 eV. Hydrothermal method shows larger blue shift 
than sol-gel method. This blue shift, (the absorption max-
imum shifted to lower wavelengths), is due to quantum 
confinement effects3 that led to the decrease in the par-
ticle size smaller than the exciton Bohr radius for ZnO 
and the radiative recombination of photo-generated holes 
with singularly ionized oxygen vacancies17, 18. 

3.5  Photoluminescence (PL) Emission 
Studies

Both physical and applied aspects of ZnO nanoparticles 
can be well understood from the luminescence studies of 
them. Figure 6 depicts the photoluminescence spectrum 
of ZnO nanoparticles synthesized by 1.  hydrothermal and 

Figure 4. UV-Vis absorption spectra of ZnO nanoparticles 
by (a) hydrothermal method and (b) sol-gel method at 
different annealing temperatures

(a) (b)

Figure 5. UV band gap measurement for (i) hydrothermal 
method and (ii) sol-gel method at different annealing 
temperatures.

Figure 6. PL spectrum of the ZnO nanoparticles prepared 
by (a) hydrothermal method and (b) sol-gel method with 
different annealing temperatures.

(a) (b)
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2. sol-gel methods. It is observed that ZnO  nanoparticles 
synthesized by both the methods exhibit similar 
 luminescence. 

Strong emission peaks centred at 301, 306 and 312 nm •	
for hydrothermal method and 354, 361 and 368 nm 
for sol-gel method are observed. The blue shift in the 
bandgap of ZnO nanoparticles is confirmed by these 
excitation peaks which correspond to the transition 
from band to band3. 
Blue emission peaks observed at 418, 426 and 431 nm •	
for hydrothermal method and 433, 439 and 447 nm 
for sol-gel method are the artifacts arising due to the 
improper alignment of the measurement set-up or the 
inappropriate choice of components in a PL system.
Photo-generated holes recombine radiatively with •	
electrons created by specific defect in the surface 
or subsurface which are of singly ionized charge 
state1, 6. A transition occurs between oxygen vacancy 
of single charge and hole which is photo-excited or 
defects which are Zn interstitial related3. Green-
yellow emission peaks observed at 510, 517 and 521 
nm for hydrothermal method and 549, 554 and 565 
nm for sol-gel method are due to either of these 
two effects. 

3.6 Conductivity Studies
Figure 7 depicts the conductivity of ZnO synthesized by 
hydrothermal and sol-gel methods for various tempera-
tures and concentrations. The conductivity decreases, 
when the growth temperature as well as the concentra-
tion of the prepared ZnO samples by sol gel method 
increases. In contrast, the conductivity of the sample pre-
pared by hydrothermal method increases as the growth 
temperature increases, but decreases as the concentration 
increases.

4. Conclusion
ZnO nanopowders are synthesized by hydrothermal and 
sol-gel methods at different temperatures such as 1000C, 
1500C and 2000C for 2hrs. In both the methods, the mean 
crystal size, calculated from XRD pattern, is found to be 
in the range 20-30 nm. The pattern confirmed the compo-
sition, crystallinity and the synthesized products are ZnO 
with high purity and the hexagonal phase. Crystallite size 
decreases as temperature increases. The peak in absorp-
tion spectra of the prepared ZnO nanoparticles shows a 
blue-shift comparatively larger than the bulk. When the 
temperature increases, the absorbance also increases and 
the band gap decreases. In hydrothermal method, the 
band gap is large (i.e) from 4.4-4.9 eV and hence it has 
large applications in solar field. ZnO nanoparticles synthe-
sized by both the methods exhibit similar luminescence. 
SEM pictures reveal the morphology as near-spherical 
prismatic nanoparticles for hydrothermal method and as 
nanoflakes for sol-gel method. The EDAX analysis con-
firms the presence of ZnO only and no other elements 
is present. The maximum peak is obtained for Zinc. In 
both hydrothermal as well as sol-gel methods, a pure 
ZnO occurrence is obtained. The conductivity decreases 
with the growth temperature as well as the concentra-
tion of the ZnO samples by sol gel method. In contrast 
the conductivity of the sample prepared by hydrothermal 
method increases as the growth temperature increases, 
but decreases as the concentration increases.
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Binding energies of the heavy hole and light hole exciton in a quantum well with Pöschl–
Teller (PT) potential composed of GaAs have been studied variationally within effective
mass approximation. The effects of pressure and temperature on exciton binding energy

are analyzed individually and also simultaneously for symmetric and asymmetric con-
figuration of the well. The results show that exciton binding energy (i) decreases as the
well width increases, (ii) increases with pressure and (iii) decreases with temperature.
Simultaneous effects of these perturbations lead to more binding of the exciton. The

results are compared with the existing literature.

Keywords: Exciton; temperature; pressure; Pöschl–Teller quantum well; binding energy.

PACS numbers: 73.21.Fg, 71.55.Eq, 71.35.-y

1. Introduction

Studies on low dimensional semiconductor systems with quantum confinement are

paid much attention due to their effective applications in electronic and optoelec-

tronic devices. Most of the investigations are carried out with III–V semiconductor

heterostructures, mainly with GaAs/GaAlAs. Because of the optical properties,

GaAs/GaAlAs structures have become more important in the field of device fab-

rication. Theoretical investigations on hydrogenic donor and exciton in quantum

semiconductor nanostructures play an important role to understand the electrical,

magnetic and optical properties of the nanostructures.1–6 Confinement of excitons

†Corresponding author.
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in semiconductor nanostructures are exploited in the design of novel optoelectronic

devices. Various authors have theoretically and experimentally studied the exci-

ton binding energy in cylindrical quantum dot,7 parabolic quantum wire,8 spher-

ical quantum dot,9 triangular quantum well,10 rectangular quantum well11,12 and

coupled double quantum well.13

Band structure and the properties of semiconductor materials can be controlled

and altered by the application of pressure and temperature. Hence, an understand-

ing of the effects of pressure and temperature on excitonic binding energy in a

quantum well may be useful in the design and preparation of a new generation

of efficient semiconductor devices like heterostructure lasers, QLEDs, white light

sources, etc.

Raigoza et al.14 have calculated theoretically the effects of hydrostatic pressure

and electric field on exciton states in GaAs–GaAlAs quantum well. The combined

influences of temperature and hydrostatic pressure on exciton binding energy in

a GaAs spherical quantum dot have been investigated by Jeice and Wilson.9 Ef-

fects of temperature and pressure on exciton binding energy in a cylindrical GaAs

quantum dot have been studied by Elmeshad et al.7 Moussaouy et al.15 have inves-

tigated the temperature and pressure effects on exciton–phonon coupled states in

semiconductor quantum dot composed of GaAs–GaAlAs.

Due to the evolution of growth techniques of low dimensional structures, it is

possible to alter distinct conduction and valence band potential energy to make

different potential profiles of various dimensions. Pöschl–Teller (PT) potential is

one among the novel confining potential profiles.16 An important feature of PT

potential is that the degree of asymmetry of the potential is tunable which yields

nonlinear optical properties17,18 such as third-order absorption co-efficient, second-

order susceptibility and optical rectification associated with inter-subband optical

transitions. By adjusting the characteristic parameters of the potential, there can

be a switchover from symmetric to asymmetric configuration.

Studies on such a potential are receiving much attention in the past two decades

due to their specific applications like photo detector operations. Barseghyan et al.19

have studied the simultaneous effects of pressure and temperature on the binding

energy of a hydrogenic donor impurity in PT quantum well and also investigated the

combined effects of pressure, electric and magnetic fields on donor binding energy in

InAs PT quantum ring.20 Mora-Ramos et al.21 have investigated the exciton binding

energy in a cylindrical PT GaAs quantum dot. The influence of temperature on

exciton binding energy in ZnSe–ZnMgSe PT quantum well has been investigated

by Sathiyajothi et al.22 The effects of hydrostatic pressure and temperature on

exciton binding energy in a cylindrical quantum dot have been studied by Mora-

Ramos et al.23 Optical properties of cylindrical and spherical quantum dots with

symmetric or modified PT potential have been studied by Hayrapetyan et al.24,25

In the present paper, we have investigated the combined effects of pressure

and temperature on light hole (lh) and heavy hole (hh) exciton binding energy

in PT quantum well formed by GaAs as a function of well width for different
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Simultaneous effects of pressure and temperature on excitons in PT quantum well

symmetric and asymmetric configurations of the quantum well. We have used vari-

ational method to compute the binding energy of exciton.

2. Theoretical Framework

2.1. Hamiltonian and wavefunction of exciton

The Hamiltonian of an exciton in a quantum well with PT potential composed of

GaAs is given in effective-mass approximation and in dimensionless variables as

H = −
[

1

ρ

∂

∂ρ
ρ
∂

∂ρ
+

1

ρ2

∂2

∂ϕ2

]
− µ∗ih
m∗e

∂2

∂z2
e

− µ∗ih
m∗ih

∂2

∂z2
h

+ V (ze) + V (zh)− 2

r
, (1)

where r =
√
ρ2 + |ze − zh|2 and µ∗ih is the reduced mass of hh- (i = h) exciton or

lh- (i = l) exciton given by

1

µ∗ih
=

1

m∗e
+

1

m∗ih
. (2)

m∗e and m∗ih are the effective masses of electron and hole, respectively. The effective

Bohr radius (a∗ = ~2ε0/µ
∗
ihe

2) and the effective Rydberg (R∗ = µ∗ihe
4/2~2ε2

0) are

used as the units of length and energy, respectively.

The PT potential for electron (j = e) and hole (j = ih) in quantum well is

given by,20

VPT(zj) =
µ∗ihη

2

m∗j

[
χ(χ− 1)

sin2 ηzj
+
λ(λ− 1)

cos2 ηzj

]
. (3)

χ and λ are the parameters which characterize the asymmetry of the potential. The

potential is perfectly symmetric when χ = λ. η = π
2L and L is the well width of the

quantum well.

Figure 1 shows the different shapes of the PT potential quantum well with

three different asymmetry cases. (a) When χ = λ = 1.5, the shape of the quantum

well is perfectly symmetric named as modified PT potential.24,25 The shape of the

quantum well is deviated from the symmetric well and becomes asymmetric, when

(b) χ = 1.5 and λ = 5 and (c) χ = 1.5 and λ = 8.

Since an accurate solution of the Schrödinger equation for the Hamiltonian of

Eq. (1) is not possible, a variational method is adopted. The trial wavefunction for

(a) (b) (c)

Fig. 1. PT quantum well according to the asymmetric parameters χ and λ.
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excitons within the PT quantum well is taken to be of the form,20

Ψ = N sinχ ηze cosλ ηze sinχ ηzih cosλ ηzihe
−ar, (4)

where ‘N ’ is normalization constant and ‘a’ is variational parameter. The expecta-

tion value of Hamiltonian 〈H〉 with respect to the variational parameter is calculated

using the expression

〈H〉 =

∫
Ψ∗HΨdτ∫
Ψ∗Ψdτ

. (5)

The binding energy of exciton in the PT quantum well is then given by

EB = Ee + Eih − 〈H〉min, (6)

where Ee and Eih are the ground state energies of electron and hole in bare quantum

well, respectively, obtained variationally. 〈H〉min is the minimized value of 〈H〉 with

respect to the variational parameter a.

2.2. Effect of temperature and hydrostatic pressure

The application of temperature and hydrostatic pressure alter the energy gap, ef-

fective masses of electron and hole, dielectric constant and well width. Variations

of these variables with respect to the applied hydrostatic pressure in kbar and

temperature in K are as given below.

The variation of effective-mass of electron in conduction band of GaAs as a

function of pressure and temperature is given by the expression3

m∗e(P, T ) =
m0

1 + Em

{
2

EΓ
g (P,T ) + 1

EΓ
g (P,T )+4o

} , (7)

where m0 is free electron mass, Em = 7.51 eV is energy related to the momentum

matrix element, ∆o = 0.341 eV is spin–orbit splitting and EΓ
g (P, T ) is the energy

gap of the GaAs quantum well which depends on both pressure and temperature

given by3

EΓ
g (P, T ) = EΓ

g (0, T ) + bP + cP 2, (8)

where b = 1.26 × 10−2 eV bar−1 and c = 3.77 × 10−5 eV bar−2. EΓ
g (0, T ) is the

energy gap of GaAs as a function of temperature without pressure given by3

EΓ
g (0, T ) = 1.519− 5.405T 2 × 10−4

T + 204
. (9)

The valence band effective-mass as a function of temperature and pressure is cal-

culated using the expression26

m∗ih(P, T ) = [m∗ih + x1P + x2P
2]
EΓ
g (0, T )

1.519
, (10)

where x1 = −0.1 × 10−3 kbar−1 and x2 = 5.56 × 10−6 kbar−2 are the pressure

coefficients.
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The variation of dielectric constant as a function of temperature and pressure

is given as,3

ε0(PT ) =

{
12.74e−1.73×10−2P e9.4×10−5

(T − 75.6), T ≤ 200 K,

13.18e−1.73×10−2P e20.4×10−5

(T − 300), T > 200 K.
(11)

Since the temperature dependence of well width is not available in the literature,

variation of well width with pressure alone is considered. The expression for well

width as a function of pressure is given by7

L(P ) = L− L(S11 + 2S12)P, (12)

where S11 = 1.16 × 10−3 kbar−1 and S12 = −3.7 × 10−4 kbar−1 are the elastic

constants of GaAs.

3. Results and Discussion

The material parameters for GaAs27 used in the calculations are, (i) effective masses

of hh, m∗hh = 0.34 m0, lh, m∗lh = 0.094 m0 and electron, m∗e = 0.0665 m0; (ii)

reduced masses of lh-exciton, µ∗lh = 0.05562 m0 and hh-exciton, µ∗hh = 0.03895 m0

where m0 is the free electron mass; (iii) dielectric constant ε0 = 13.2.

Figure 2 shows the variation of lh-exciton binding energy as a function of well

width without applied pressure and temperature for different values of asymmetric

parameters χ and λ, which define the shape of PT quantum well. We have calculated

the exciton binding energy as a function of well width for four different cases (i)

χ = λ = 1.5, (ii) χ = λ = 3, (iii) χ = 1.5, λ = 3 and (iv) χ = 1.5, λ = 5.

It is observed that when the well width reduces, the binding energy of lh-exciton

increases for all the four cases. The wavefunction of exciton squeezed together in

the well, due to the confinement, leads to more binding. This behavior is analogous

Fig. 2. Binding energy of lh-exciton as a function of well width for different asymmetry param-

eters.

1750050-5

In
t. 

J.
 M

od
. P

hy
s.

 B
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
C

A
L

IF
O

R
N

IA
 @

 S
A

N
 D

IE
G

O
 o

n 
01

/1
4/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.

backup
Typewritten Text
98



January 9, 2017 11:21 IJMPB S0217979217500503 page 6

A. Anitha & M. Arulmozhi

Fig. 3. Binding energy of hh-exciton as a function of well width for different asymmetry

parameters.

to the results of Mora-Ramos et al.23 It is also noted that the lh-exciton binding

energies increases as the parameters χ and λ increase for zero pressure and zero

temperature. As λ increases, keeping χ as a constant, the lh-exciton binding energy

increases. But the amount of increase, i.e., the increment decreases as λ increases

which is clearly seen from the closeness of curves (iii) and (iv). This behavior may

be due to the increase of tendency of the wavefunction to spread out of the well, as

λ increases.

In Fig. 3, we show the variation of hh-exciton binding energy in PT quantum

well as a function of well width for different combinations of asymmetry parameters

without applied pressure and temperature. As in the case of lh-exciton, the hh-

exciton binding energy also increases when the well width reduces. It is also observed

that the behavior of the hh-exciton binding energy with respect to the asymmetric

parameter is same as in case of lh-exciton, but the value of the hh-exciton binding

energy is smaller than that of lh-exciton.10,12

Figure 4 depicts the variation of lh-exciton binding energy as a function of

pressure for different well widths without applied temperature and the value of

asymmetry parameters are chosen as χ = λ = 1.5 which means that the quantum

well is perfectly symmetric. It is observed that for well width L = 20 nm, the binding

energy of lh-exciton increases with pressure applied to the quantum well. Another

significant result from the plot is that the lh-exciton binding energy increases with

pressure up to 30 kbar and for well widths such as L = 6, 8 and 10 nm, further

increase of pressure leads to less binding. This behavior is similar to those observed

for a donor by Morales et al.28 This may be due to the penetration of lh-exciton

wavefunction through the barrier with small well width under large pressure. So the

choice of the pressure level for a particular well width must be given importance

during the fabrication of devices.
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Fig. 4. Binding energy of lh-exciton as a function of pressure for different well widths.
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Fig. 5. Binding energy of hh-exciton as a function of pressure for different well widths.

Figure 5 displays hh-exciton binding energy as a function of pressure for different

well widths for T = 0 K. The asymmetry parameters are considered as χ = λ =

1.5. It is noted that the hh-exciton binding energy increases with pressure (up to

80 kbar) for all well widths.7 This behavior is not similar to that of lh-exciton case

presented in Fig. 4. Since the effective-mass of the hh-exciton is greater than that of

lh-exciton, the wavefunction of hh-exciton, though compressed together, does not

penetrate through the barrier even up to the pressure of 80 kbar.

The results depicted in Figs. 6 and 7 are similar to those in the case of Figs. 4

and 5, respectively, but the PT potential is deformed asymmetrically in the later

case by choosing the values of asymmetry parameters as χ = 1.5 and λ = 3.

Comparing Figs. 4 and 6, it is observed that the variation of lh-exciton binding

energy with respect to pressure and well width for asymmetric PT quantum well

with χ = 1.5 and λ = 3 is same as in the case of symmetric configuration χ = λ =

1.5. However, for all the values of pressure and well width the binding energy in

asymmetric case is larger than that in symmetric case (χ = λ = 1.5). Similarly, it
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Fig. 6. Binding energy of lh-exciton as a function of pressure for different well widths with χ = 1.5
and λ = 3.
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Fig. 7. Binding energy of hh-exciton as a function of pressure for different well widths with

χ = 1.5 and λ = 3.

can be seen from Figs. 5 and 7, the hh-exciton binding energy in symmetric case is

smaller than that in asymmetric case χ = 1.5 and λ = 3.

The variation of lh-exciton and hh-exciton binding energy in GaAs PT quantum

well as a function of temperature without applied pressure is presented in Figs. 8

and 9. The PT quantum well is considered as perfectly symmetric with χ = λ = 1.5.

In both the cases, it is observed that the binding energy decreases with temperature

for large well widths L = 10, 20 and 80 nm. This behavior agrees with those for

a quantum dot reported by Mora-Ramos et al.23 The reason is that the effective

mass of the electron and hole diminishes with increase of temperature. Hence the

reduced mass of the electron–hole pair also decreases. But for small well widths,

the binding energy remains constant when the temperature increases. This may be

due to the competitive effects of temperature and confinement.
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Fig. 8. Binding energy of lh-exciton as a function of temperature for different well widths.
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Fig. 9. Binding energy of hh-exciton as a function of temperature for different well widths.

The variation of binding energy of lh-exciton and hh-exciton as a function of

temperature for various well widths with asymmetry effect (χ = 1.5, λ = 3) is

shown in Figs. 10 and 11, respectively. It is observed that, the binding energy of lh-

exciton and hh-exciton in asymmetric (χ = 1.5, λ = 3) PT well is larger than that

in symmetric (χ = λ = 1.5) PT well. It can be seen from Figs. 8 and 10 that the

lh-exciton binding energy in asymmetric case increases with temperature for L = 8,

10 and 20 nm and decreases with temperature for L = 80 nm. This result is quite

different from the symmetric case, where the binding energy of lh-exciton increases

with temperature for L = 8 nm and decreases with temperature for L = 10, 20 and

80 nm. This is a consequence of the fact that increase of λ decreases the spatial

distance between the electron and hole as depicted in Fig. 1 and the localization of

electron and hole states increases in quantum well; hence the coulomb interaction

is strengthened which leads to the increase of the exciton binding energy.
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Fig. 10. Binding energy of lh-exciton as a function of temperature for different well widths with

χ = 1.5 and λ = 3.
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Fig. 11. Binding energy of hh-exciton as a function of temperature for different well widths with

χ = 1.5 and λ = 3.

Comparing Figs. 9 and 11, the hh-exciton binding energy, in symmetric case,

increases with respect to temperature for L = 8 nm and decreases with temperature

for L = 10, 20 and 80 nm. But in the case of asymmetric well, the lh-exciton binding

energy increases with temperature for well widths L = 8 and 10 nm and decreases

for L = 20 and 80 nm.

The combined effects of asymmetry, temperature and pressure on lh-exciton

binding energy in PT quantum well is shown in Fig. 12 for L = 10 nm and T =

200 K. It shows that the binding energy increases with pressure up to 30 kbar,

beyond that it starts to decrease for all asymmetric cases. It is observed that the

binding energy decreases when the value of λ increases with χ kept as a constant. It

is also noted that the simultaneous effects of temperature, pressure and asymmetry

on lh-exciton leads to increased binding.
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Fig. 12. Binding energy of lh-exciton as a function of pressure for different asymmetric shape of

the quantum well with L = 10 nm and T = 200 K.

15

20

25

30

35

40

0 20 40 60 80 100

B
.E

 o
f 

hh
-e

xc
it

on
   

   
   

 m
eV

Pressure                 kbar

χ =1.5, λ =3
χ =1.5, λ =5
χ =1.5, λ =8

L = 10 nm
T = 200 K

Fig. 13. Binding energy of hh-exciton as a function of pressure for different asymmetric shape of
the quantum well with L = 10 nm and T = 200 K.

Figure 13 presents the results of hh-exciton binding energy as a function of

pressure with L = 10 nm and T = 200 K. The asymmetric PT pattern was chosen

with constant χ = 1.5 and three different values of λ = 3, 5 and 8. It can be seen

that, for all asymmetry configurations the binding energy increases with pressure.

It is also important to note that, the hh-exciton binding energy decreases when

asymmetry parameter λ increases. The hh-exciton binding energy decreases to a

large extent when the value of λ goes beyond five. As in the case of lh-exciton, the

simultaneous application of pressure, temperature and asymmetry pattern leads to

more binding for hh-exciton also.

4. Conclusion

We have investigated the hh- and lh-exciton binding energy under the effects of

pressure, temperature and asymmetry pattern of the PT quantum well composed

of GaAs as a function of well width by variational method. The following points are
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noted: (i) increase in the degree of asymmetry of the PT quantum well increases

the binding energy of both excitons, (ii) both in symmetric and asymmetric cases,

for L ≤ 20 nm, lh-exciton binding energy increases with pressure up to 30 kbar

and decreases for further increase in pressure. But for L > 20 nm, it increases

with pressure continuously, (iii) hh-exciton binding energy increases with pressure

for all well widths (noted up to 80 kbar), (iv) in the asymmetric case, for L ≤
(>)20 nm, lh-exciton binding energy increases (decreases) with temperature. But

in the symmetric case, the same behavior is observed for L ≤ 8 nm, (v) similar

behavior is observed for hh-exciton binding energy also, in asymmetric case for

L ≤ 10 nm and in symmetric case for L ≤ 8 nm and (vi) simultaneous effects of

pressure, temperature and asymmetry pattern of PT quantum well lead to increased

binding of both excitons. The values of pressure and temperature in semiconductor

materials for the potential device applications must be properly chosen and our

calculations give an idea of the choice of these values which will be surely useful

in the preparation of semiconductor devices. However, choice of the wavefunction

with two variational parameters as in Mora-Ramos et al.21,23 may give still improved

results for the exciton binding energy.
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