Contract No:

This document was prepared in conjunction with work accomplished under Contract No.
89303321CEMO000080 with the U.S. Department of Energy (DOE) Office of Environmental
Management (EM).

Disclaimer:

This work was prepared under an agreement with and funded by the U.S. Government. Neither the
U.S. Government or its employees, nor any of its contractors, subcontractors or their employees,
makes any express or implied:

1) warranty or assumes any legal liability for the accuracy, completeness, or for the use or
results of such use of any information, product, or process disclosed; or

2 ) representation that such use or results of such use would not infringe privately owned rights;
or

3) endorsement or recommendation of any specifically identified commercial product, process,
or service.

Any views and opinions of authors expressed in this work do not necessarily state or reflect those
of the United States Government, or its contractors, or subcontractors.



ELECTROPHYSICAL PROPERTIES OF Cd, o, Mn, ,Te, ocS€, os CRYSTALS

AND SURFACE-BARRIER DIODES BROOKHIAVEN

NATIONAL LABORATORY

Savannah River
National Laboratory-

SRNL-STI-2022-00536

V. Sklyarchuk!, P. Fochuk!, A. E. Bolotnikov? and R. B. James?

1— Chernivtsi National University, 2, Kotziubynskoho Str., Chernivtsi, Ukraine, 58012
2 — Brookhaven National Laboratory, Upton, NY, USA, 11973
3 - Savannah River Laboratory, Aiken, SC, USA, 29808

ABSTRACT

Cd,oMn, o Te, 065¢€) 04 (CMTS) single crystals of p-type conductivity, grown by the Bridgman method in a 3-zone furnace with a rate of 3 mm/hour, were studied.
Differential Thermal Analysis (DTA) for this alloy was performed with heating/cooling rates equal to S K/min with an intermediate melt dwell time of 30 min. Using the
DTA method, the temperatures of the solid-liquid phase transition of Cd,,Mn,,,Te,.5¢,04 alloys and the melting/solidification rates were determined. From the
temperature dependence of the Au/CMTS/Au structure with two ohmic contacts, the resistivity of the semiconductor material was determined, which is equal to px4x10?
Q-cm at T = 293 K. The activation energy of the dark conductivity, found from the dependence of the resistivity p on temperature, is equal to AE~0.24 eV. Using optical
measurements of the absorption coefficient from the energy of photons in the region of large a, the band gap was found to be equal £, = 1.495 eV. A/CMTS/Au diode
structures, fabricated by vacuum deposition of Al on the p-CMTS single crystal surface, were also Investigated. A quantitative interpretation of the electrical

characteristics of the diodes has been done within the framework of the Saah-Noys-Shockley carrier generation-recombination model.

Key words: CdyMn, ,Te, oS¢€, o4 SIngle crystals, ohmic contact, rectifying contact, generation-recombination currents.

The band gap of CMTS single crystals I-V curve of an AI/CMTS/Au diode
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Fig. 1. Optical absorption of a single crystal with a Fig. 2. Dependence of Eg on the thickness of CMTS crystals, ’
thickness of d;~0.05 mm in the region of high absorption determined from the absorption spectra in the region of large -20 -10 0 10
Voltage (V)

values of a. The solid line approximates the dependence E£,=1,49S —
0,0037 In d, cutting off on the abscissa axis at d=1 pm, the desired

value Eg=1.495 eV.

coefficients at 300 K (filled circles). The solid line is the
extrapolation of the linear section to the intersection with

the abscissa axis.

Fig. 3. I-V curve of an AIICMTS/Au diode at 293 K.

Temperature dependences of the resistivity for Au/CMTS/Au diodes I-V curve of AVCMTS/Au diode
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Fig. 4. The dependence of the differential Fig. S. The electrical resistivity of Au/CMTS/Au vs. Fig. 6. I-V curve of a A/CMTS/Au diode at forward bias. Filled circles
temperature. p=x4-10> Ohmxcm at T=293 K. - without taking into account the voltage drop across the series

resistance vs. the voltage at forward bias for the
AlI/CMTS/Au structure at T=293 K.

Activation energy is AE ~ 0.24 eV.

resistance of the crystal, empty circles - taking it into account. Solid
straight line - theoretical dependence I ~ exp(eU/2kT). T=293 K.

Comparison of the calculated I-V curve with the experiment for the AI/CMTS/Au diode

1,E-02
LE-03 / o - . IN; (1) - Generation-recombination rate in the depleted layer
éﬂ o(x,U) = n(x,U)p(x,U) —n, 1) D= v (2) (2), 3) - n; and p, are numerically equal to the equilibrium
1,E-04 T o [n(x, U)+ ”1]+ rno[p(x,U )+ P1] exp[ by — E, } 1 concentrations of electrons and holes, provided that the Fermi
2 1 p0e g kT level coincides with recombination center level.
e g (4), (5) - n(x,U) and p(x,U) are the concentrations of free carriers
. A in the conduction and valence bands, respectively, n, and p, are
E 1,E-06 l_\._\.\t g‘g‘ 7, = EC' () nx.U)=N exp{— E, —Ap—px,U)—elU } 4) their equilibrium values, 7,, and 7, are effective lifetimes of
1,E-07 6Xp[ k}] + 1 C kT electrons and holes, respectively, in the depleted region.
|08 (6) - Generation-recombination current density
’ Ast+ p(x.U) w (7) - The potential energy in the depleted region W. The effective
1.E-09 p(x,U)=N, exp{— T : } (5) VS AGIU (x,V)dx (6) masses of electrons and holes are 0.11m and 0.63m_, respectively
5 3 1 1 3 0 (m, is the mass of an electron in vacuum), carrier lifetimes in the
Voltage (V) depletion region of the barrier:
Fig. S. Experimental I-V curve of the AV/CMTS/Au v\ Tpo = Too & 0,3x107 s.
diode. Filled squares - reverse bias, open squares — p(x,U) = (g, - eU)(l - W) (7) The depth of the deep level is taken equal to E~0.75 eV.
forward bias. The solid line is the result of calculations.
CONCLUSIONS \

Cd,_ Mn_TeSe single crystals were grown by the Bridgman method. According to the DTA data, the melting of the Cd, (Mn,, ,,Te, ,S€, 4 alloy occurs in the
temperature interval of 1363-1378 K. This temperature interval is close to that found for pure CdTe. Superheating above the critical temperature of 1378 K by
235 K was applied to ensure full homogenization of the melt. The band gap of single crystals was found to be E, = 1.495 ¢V, and the resistivity of single crystals
was p~4-10> Ohm-cm at T=293 K. The AI/CMTS/Au structure had a pronounced diode characteristic and a rectification factor of K~10* at room temperature.
The barrier height, formed during the vacuum deposition of Al on the p-Cd,_ Mn_TeSe surface, was at least 0.9 eV. The generation-recombination charge
transfer mechanism seems to be dominant in the AI/CMTS/Au diodes within the depleted region. The I-V curves of the diodes were quantitatively described In

W,

terms of the generation-recombination model of Saah-Noys-Shockley.
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										2.941		127.23

										2.857		100.661

										2.778		80.683
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Лист3

		






Диаграмма1

		0.308		0.308		0.308

		0.413		0.413		0.413

		0.476		0.476		0.476

		0.512		0.512		0.512

		0.546		0.546		0.546

		0.582		0.582		0.582

		0.615		0.615		0.615

		0.652		0.652		0.652

		0.674		0.674		0.674

		0.703		0.702		0.703

		0.73		0.729		0.73

		0.758		0.757		0.758

		0.789		0.787		0.789

		0.811		0.808		0.811

		0.838		0.832		0.838

		0.869		0.86		0.869

		0.906		0.892		0.906

		0.953		0.929		0.953

		0.99		0.955		0.99

		1.042		0.986		1.042

		1.116		1.029		1.116

		1.207		1.067		1.207

		1.361		1.116		1.361

		1.491		1.141		1.491

		1.764		1.204

		2.1		1.225

		2.723		1.323

		4.06		1.61

		5.51		2.01



1

2

3

Voltage (V)

Current (A)

0.000000002

0.000000002

0

0.000000004

0.000000004

0.0000000004

0.000000007

0.000000007

0.0000000014

0.00000001

0.00000001

0.0000000028

0.000000016

0.000000016

0.0000000055

0.000000025

0.000000025

0.0000000114

0.00000004

0.00000004

0.000000022

0.00000007

0.00000007

0.000000046

0.0000001

0.0000001

0.0000000715

0.00000016

0.00000016

0.0000001277

0.00000025

0.00000025

0.0000002191

0.0000004

0.0000004

0.0000003836

0.0000007

0.0000007

0.0000007131

0.000001

0.000001

0.000001107

0.0000016

0.0000016

0.0000019

0.0000025

0.0000025

0.000003532

0.000004

0.000004

0.000007403

0.000007

0.000007

0.00001895

0.00001

0.00001

0.00003972

0.000016

0.000016

0.0001124

0.000025

0.000031

0.0004937

0.00004

0.000054

0.003047

0.00007

0.00009

0.066

0.0001

0.00012

0.893

0.00016

0.00022

0.00025

0.00025

0.0004

0.0004

0.0007

0.0007

0.001

0.001



Лист1

		0.308		2.00E-09		1.54E+07		-0.5		1.50E-09		4.72E-11																								0.308		2.00E-09

		0.413		4.00E-09		5.25E+06		-1		2.00E-09		3.87E-10																								0.413		4.00E-09

		0.476		7.00E-09		2.10E+06		-2		3.00E-09		1.36E-09																								0.476		7.00E-09

		0.512		1.00E-08		1.20E+06		-3		4.00E-09		2.80E-09																								0.512		1.00E-08

		0.546		1.60E-08		5.67E+05		-4		4.80E-09		5.53E-09																								0.546		1.60E-08

		0.582		2.50E-08		4.00E+05		-5		5.70E-09		1.14E-08																								0.582		2.50E-08

		0.615		4.00E-08		2.20E+05		-6		6.00E-09		2.20E-08																								0.615		4.00E-08

		0.652		7.00E-08		1.23E+05		-7		6.80E-09		4.61E-08																								0.652		7.00E-08

		0.674		1.00E-07		7.33E+04		-8		7.50E-09		7.15E-08																								0.674		1.00E-07

		0.703		1.60E-07		4.83E+04		-9		8.40E-09		1.28E-07																								0.702		1.60E-07

		0.73		2.50E-07		3.00E+04		-10		9.20E-09		2.19E-07																								0.729		2.50E-07

		0.758		4.00E-07		1.87E+04		-12		1.00E-08		3.84E-07																								0.757		4.00E-07

		0.789		7.00E-07		1.03E+04		-14		1.13E-08		7.13E-07																								0.787		7.00E-07

		0.811		1.00E-06		7.33E+03		-16		1.25E-08		1.11E-06																								0.808		1.00E-06

		0.838		1.60E-06		4.50E+03		-18		1.50E-08		1.90E-06																								0.832		1.60E-06

		0.869		2.50E-06		3.44E+03		-20		1.68E-08		3.53E-06																								0.86		2.50E-06

		0.906		4.00E-06		2.47E+03						7.40E-06																								0.892		4.00E-06

		0.953		7.00E-06		1.57E+03						1.90E-05																								0.929		7.00E-06

		0.99		1.00E-05		1.23E+03						3.97E-05																								0.955		1.00E-05

		1.042		1.60E-05		8.67E+02						1.12E-04																								0.986		1.60E-05

		1.116		2.50E-05		8.22E+02						4.94E-04																								1.029		3.10E-05

		1.207		4.00E-05		6.07E+02						3.05E-03																								1.067		5.40E-05

		1.361		7.00E-05		5.13E+02						0.066																								1.116		9.00E-05

		1.491		1.00E-04		4.33E+02						0.893																								1.141		1.20E-04

		1.764		1.60E-04		4.55E+02						209.85																								1.204		2.20E-04

		2.1		2.50E-04		3.73E+02						1.74E+05																								1.225		2.50E-04

		2.723		4.00E-04		4.15E+02						4.48E+10																								1.323		4.00E-04

		4.06		7.00E-04		4.46E+02						1.84E+22																								1.61		7.00E-04

		5.51		1.00E-03		453.333						7.23E+34																								2.01		1.00E-03
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Диаграмма1

		0.308		-0.5

		0.413		-1

		0.476		-2

		0.512		-3

		0.546		-4

		0.582		-5

		0.615		-6

		0.652		-7

		0.674		-8

		0.703		-9

		0.73		-10

		0.758		-12

		0.789		-14

		0.811		-16

		0.838		-18

		0.869		-20

		0.906

		0.953

		0.99

		1.042

		1.116

		1.207

		1.361

		1.491

		1.764

		2.1

		2.723

		4.06

		5.51



1

2

Voltage (V)

current (A)

0.000000002

0.0000000015

0.000000004

0.000000002

0.000000007

0.000000003

0.00000001

0.000000004

0.000000016

0.0000000048

0.000000025

0.0000000057

0.00000004

0.000000006

0.00000007

0.0000000068

0.0000001

0.0000000075

0.00000016

0.0000000084

0.00000025

0.0000000092

0.0000004

0.00000001

0.0000007

0.0000000113

0.000001

0.0000000125

0.0000016

0.000000015

0.0000025

0.0000000168

0.000004

0.000007

0.00001

0.000016

0.000025

0.00004

0.00007

0.0001

0.00016

0.00025

0.0004

0.0007

0.001



Лист1

		0.308		2.00E-09		1.54E+07		-0.5		1.50E-09		4.72E-11																								0.308		2.00E-09

		0.413		4.00E-09		5.25E+06		-1		2.00E-09		3.87E-10																								0.413		4.00E-09

		0.476		7.00E-09		2.10E+06		-2		3.00E-09		1.36E-09																								0.476		7.00E-09

		0.512		1.00E-08		1.20E+06		-3		4.00E-09		2.80E-09																								0.512		1.00E-08

		0.546		1.60E-08		5.67E+05		-4		4.80E-09		5.53E-09																								0.546		1.60E-08

		0.582		2.50E-08		4.00E+05		-5		5.70E-09		1.14E-08																								0.582		2.50E-08

		0.615		4.00E-08		2.20E+05		-6		6.00E-09		2.20E-08																								0.615		4.00E-08

		0.652		7.00E-08		1.23E+05		-7		6.80E-09		4.61E-08																								0.652		7.00E-08

		0.674		1.00E-07		7.33E+04		-8		7.50E-09		7.15E-08																								0.674		1.00E-07

		0.703		1.60E-07		4.83E+04		-9		8.40E-09		1.28E-07																								0.702		1.60E-07

		0.73		2.50E-07		3.00E+04		-10		9.20E-09		2.19E-07																								0.729		2.50E-07

		0.758		4.00E-07		1.87E+04		-12		1.00E-08		3.84E-07																								0.757		4.00E-07

		0.789		7.00E-07		1.03E+04		-14		1.13E-08		7.13E-07																								0.787		7.00E-07

		0.811		1.00E-06		7.33E+03		-16		1.25E-08		1.11E-06																								0.808		1.00E-06

		0.838		1.60E-06		4.50E+03		-18		1.50E-08		1.90E-06																								0.832		1.60E-06

		0.869		2.50E-06		3.44E+03		-20		1.68E-08		3.53E-06																								0.86		2.50E-06

		0.906		4.00E-06		2.47E+03						7.40E-06																								0.892		4.00E-06

		0.953		7.00E-06		1.57E+03						1.90E-05																								0.929		7.00E-06

		0.99		1.00E-05		1.23E+03						3.97E-05																								0.955		1.00E-05

		1.042		1.60E-05		8.67E+02						1.12E-04																								0.986		1.60E-05

		1.116		2.50E-05		8.22E+02						4.94E-04																								1.029		3.10E-05

		1.207		4.00E-05		6.07E+02						3.05E-03																								1.067		5.40E-05

		1.361		7.00E-05		5.13E+02						0.066																								1.116		9.00E-05

		1.491		1.00E-04		4.33E+02						0.893																								1.141		1.20E-04

		1.764		1.60E-04		4.55E+02						209.85																								1.204		2.20E-04

		2.1		2.50E-04		3.73E+02						1.74E+05																								1.225		2.50E-04

		2.723		4.00E-04		4.15E+02						4.48E+10																								1.323		4.00E-04

		4.06		7.00E-04		4.46E+02						1.84E+22																								1.61		7.00E-04

		5.51		1.00E-03		453.333						7.23E+34																								2.01		1.00E-03
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