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1. Introduction 

The wide bandgap semiconductor 4H silicon carbide 

(4H-SiC) is very promising material for electronic device 

applications and have attracted much attention, because 

of its superior material properties for high-temperature, 

high-power and high-frequency electronics [1, 2]. The 

electron effective mass in the conduction band and holes 

in the valance one is important for describing various 

electrical and optical properties of 4H-SiC material and 

also for ascertaining the transport properties. The value 

of effective mass depends on the local curvature of the 

band near the band extremum [3]. The knowledge of 

effective mass inherent to electron in the conduction 

band and hole in the valence band is very necessary for 

least-squares fits of the experimental electrical 

characteristics to the temperature dependence of 

parameters of electronic devices, in particular for 

Schottky barrier diodes (SBDs) parameters, namely: 

barrier height and ideality factor. The electron effective 

mass m* is the parameter determining the slope of the 

calculated reverse characteristics [4, 5]. The effective 

mass, in general, is tensorial, and the more compact 

information for easy use in device application is the 

thermal density of states (DOS) effective mass calculated 

from  the effective masses  along the principal axes of the  

ellipsoidal energy surface according to the equation 

  31

321
  mmmm  [6]. The authors always use a single 

value of effective mass determined at room temperature 

for determining the temperature dependence of electrical 

parameters of Schottky barrier diodes. Using the density 

functional theory (DFT), Wellenhofer and Rossler [7] 

showed that DOS effective mass for electrons in 4H-SiC 

increases slightly with increasing temperature, however, 

it decreases with increasing the temperature for 6H-SiC. 

The experimental value of electron effective mass ii 

4H-SiC has been determined by several methods, such as 

the Hall effect, electron cyclotron resonance, infrared 

absorption, Raman scattering, and optically detected 

cyclotron resonance at room temperature. In this study, 

we investigate the temperature dependence of the 

electron effective mass in 4H-SiC material from the 

reverse current-voltage (I–V–T) characteristics of 4H-SiC 

SBDs, then we compare the value of electron effective 

mass at room temperature with those determined by 

different measurements and calculated methods. 

2. Theory and modeling 

Two predominant mechanisms across the Schottky 
barrier diodes are electron tunneling through the potential 
barrier  and  thermionic  mechanism  over  the barrier [8]. 

https://en.wikipedia.org/wiki/Density_functional_theory
https://en.wikipedia.org/wiki/Density_functional_theory
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The net current density flowing through the Schottky 

barrier is the algebraic sum of both these currents which 

are given by [9] 

 

ThermTun JJJ  . (1) 

 

The reverse tunneling current density component 

JTun can be expressed as [10, 11]: 
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where ζ denotes a difference between the equilibrium 

Fermi level and conduction bands, T – temperature, kB – 

Boltzmann constant, A
* 

– effective Richardson constant 

and T(Ex) is the tunneling probability calculated in this 

study by using the WKB approximation, because it offers 

an analytical solution, and it is valid for the Schottky 

barrier diodes [12]. The parameters ζ , A
*
 and T(Ex) 

depend on the effective mass and barrier height as 
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where NC in Eq. (3) is the effective density of states in 

the conduction band and is given by 
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In Eq. (5), U(x) is the potential energy profile, for 

an arbitrary Schottky diode as measured with respect to 

the energy of the bottom of the conduction band in the 

bulk of semiconductor, its expression, when the barrier 

lowering (second term in Eq. (7)) is included, can be 

given by [4, 13]: 

 

    
x

q
xmD

Nq
mU

S
b

S

d
b





 

16
,

2
,

2
2

2

,   (7) 

 

where εS is the semiconductor permittivity, Nd – doping 

concentration and D is the depletion width that depends 

on the barrier height and effective mass according to 
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The reverse thermionic current density component 

JTherm can be expressed as [4] 
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where b  is the barrier lowering due to the image force 

lowering effect, which is given by [14]: 
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The values of the higher current densities at high 

reverse bias voltages can spread the lower current density 

values at low reverse bias voltages by many orders of 

magnitude. The least squares method that use the sum of 

the absolute differences between the measured (
ex
iJ ) and 

theoretical (
Th
iJ ) values is dominated by the higher 

current densities, and the contribution of lower current 

densities is very little. So, the least squares method that 

use the sum of the relative differences is the best choice, 

because all data will contribute approximately the same 

amount of relative error S that must be minimal. This 

new criterion was proposed for the first time by Osvald 

[15] for determining the Schottky barrier diode 

parameters from forward I–V characteristics.  
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Performing the partial derivative of S for two 

variables (effective mass m
*
 and barrier height b ), we 

can find a system of two nonlinear equations with two 

variables: m
*
 and b . 
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To extract the parameters of SBDs, namely: the 

effective mass and barrier height, from the nonlinear 

system presented by the equation (12), a computer 

program based on the Newton–Raphson method was 

applied and well tested using the theoretical data. For 

more details about this method, please see Ref. [15]. 
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3. Results and discussion 

In order to extract the effective mass and barrier height 

from the reverse I–V–T characteristics obtained for  

n-4H-SiC SBDs, we used the experimental data 

previously published in the literature by two authors  

[16, 17]. The doping concentration ND, temperatures and 

types of diodes are summarized in Table 1. 

As we showed in our previous works [18, 19], the 

barrier height depends strongly on reverse bias voltage, 

especially for low reverse bias at low temperatures. In 

order to obtain the best results, we will omit to use the data 

that exhibit the reverse bias dependence of barrier height. 

Fig. 1 shows the reverse I–V–T characteristics of the 

metal/4H-SiC SBDs (diodes D1 and D2) measured at 

different temperatures (symbols) and the fitted curves 

(lines) calculated by using the equation (1) with the two 

characterized parameters  bm  ,  extracted using the 

optimization process. 

These two extracted parameters are listed in Table 2 

for two diodes D1 and D2. It can be seen from Fig. 1 that 

the experimental I–V–T curves totally coincide with the 

simulated I–V–T plots over the entire bias range. 

Fig. 2 shows the temperature dependence of 

electron effective mass for both diodes D1 and D2. As 

shown in this figure, the electron effective mass tends to 

decrease with increasing the temperature for both diodes. 

This new result is in contradiction with that obtained by 

Wellenhofer and Rossler [7] using DFT theory for  

n-4H-SiC material. 

 
Table 1. Some properties of SiC diodes taken from two works. 

 

Type Symbol Concentration 

Nd (cm–3) 

Temperature 

T(K) 

Reference 

Ni/4H-SiC D1 2×1015 298–522 [16] 

Ni2Si/4H-

SiC 

D2 3×1015 302–517 [17] 

 

 
Table 2. The obtained values of effective mass and barrier 

height for two diodes D1 and D2 at various temperatures. 
 

Diode Temperature 
T(K) 

Effective mass 

(m*
 /m0)  

Barrier height  

(eV) 

 

 

D1 

298 0.211 0.962 

359 0.121 1.129 

407 0.130 1.204 

465 0.090 1.321 

496 0.086 1.371 

522 0.084 1.408 

 

 

D2 

301 0.179 0.863 

346 0.228 0.885 

436 0.114 1.079 

476 0.112 1.104 

517 0.129 1.143 

 
 

 
 

Fig. 1. Experimental reverse I–V–T characteristics of  

metal/4H-SiC Schottky diodes (symbols) and the theoretical 

reverse I–V–T characteristics (continuous lines) calculated 

using the extracted parameters listed in Table 1: (a) for the 

diode D1 and (b) for the diode D2. 

 

 

Fig. 2. Effective mass as a function of temperature for n-4H-

SiC. 
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Table 3. The electron effective mass values obtained in this 

work with the I–V method and other experimental and 

theoretical values published previously in the literature. 
 

m|| /m0 m /m0  or 

m1 /m0, m2 /m0 

DOS effective 

mass (m*
 /m0)   

Reference 

0.22 0.18 0.19 [20] 

0.19 0.21 0.20 [21] 

0.48 0.30 0.3.1 [22] 

0.29 0.42 0.37 [23] 

0.33 0.58, 0.31 0.39 [24] 

0.31 0.57, 0.28 0.37 [24] 

0.62 0.39, 0.13 0.31 [2.] 

0.31 0.62, 0.27 0.37 [26] 

0.31 0.58, 0.28 0.37 [27] 

  0.21, 0.18 This work 

 

 

In Table 3, we summarized the values of electron 

effective mass extracted using the developed method at 

room temperature with those determined in several 

experiments [20-24] and calculated [24-27]. The values 

of 0.21m0 (diode D1) and 0.18m0 (diode D2) extracted 

using our method well agree with the experimental ones 

obtained by Gotz et al. 0.19m0 [20] and Lomakina et al. 

0.20m0 [21]. 

4. Conclusions 

In conclusion, we have directly determined the electron 

effective mass in 4H-SiC by applying the I–V–T 

technique to 4H-SiC Schottky barrier diodes. The 

effective mass has been found to decrease with the 

increase in temperature. Two values of the electron 

effective masses at room temperature have been 

experimentally determined as m
*
 = 0.21m0 and 

m
*
 = 0.18m0. Very good agreement has been found 

between our experimental results and the other 

experimental electron effective mass values m
*
 = 0.19m0 

and m
*
 = 0.20m0 obtained using other methods. 

References 

1. Mahajan A. and Skromme B.J. Design and 

optimization of junction termination extension 

(JTE) for 4H-SiC high voltage Schottky diodes. 

Solid-State Electron. 2005. 49. P. 945–955. 

https://doi.org/10.1016/j.sse.2005.03.020. 

2. Matsunami H. Current SiC technology for power 

electronic devices beyond Si. Microelectron. Eng. 

2006. 83. P. 2–4. 

https://doi.org/10.1016/j.mee.2005.10.012. 

3. Baliga B.J. Wide Bandgap Semiconductor Power 

Devices: Materials, Physics, Design, and 

Applications. Woodhead Publ. 2018. 

4. Furno M., Bonani F. and Ghione G. Transfer matrix 

method modelling of inhomogeneous Schottky 

barrier diodes on silicon carbide. Solid-State 

Electron. 2007. 51. P. 466–474. 

https://doi.org/10.1016/j.sse.2007.01.028. 

5. Latreche A. Reverse bias-dependence of Schottky 

barrier height on silicon carbide: influence of the 

temperature and donor concentration. Int. J. Phys. 

Res. 2014. 2. P. 40–49. 

https://doi.org/10.1016/j.sse.2007.01.028. 

6. Sze S.M. and Ng Kwok K. Physics of 

Semiconductor Devices. John Wiley & Sons, Inc., 

2007. 

7. Wellenhofer G. and Rossler U. Global band 

structure and near-band-edge states. phys. status 

solidi (b). 1997. 202. P. 107–123. 

https://doi.org/10.1002/1521-

3951(199707)202:1<107::AID-PSSB107>3.0.CO;2-9. 

8. Rhoderick E.H. Metal-semiconductor contacts. 

IEEPROC. 1982. 129. P. 1–14. 

https://ieeexplore.ieee.org/document/4642597. 

9. Chang C.Y., Sze S.M. Carrier transport across 

metal–semiconductor barriers. Solid-State Electron. 

1970. 13. P. 727–740. https://doi.org/10.1016/0038-

1101(70)90060-2. 

10. Eriksson J., Rorsman N. and Zirath H. 4H-silicon 

carbide Schottky barrier diodes for microwave 

applications. IEEE Trans. Microwave Theory 

Technol. 2003. 51. P. 796–804. 

https://ieeexplore.ieee.org/document/1191732. 

11. Tsu R. and Esaki L. Tunneling in a finite 

superlattice. Appl. Phys. Lett. 1973. 22. P. 562–564. 

https://doi.org/10.1063/1.1654509. 

12. Latreche A. and Ouennoughi Z. Modified Airy 

function method modeling of tunneling current for 

Schottky barrier diodes on silicon carbide. 

Semicond. Sci. Technol. 2013. 28. P. 105003. 

https://doi.org/10.1088/0268-1242/28/10/105003. 

13. Zheng L., Joshi R.P. and Fazi C. Effects of barrier 

height fluctuations and electron tunnelling on the 

reverse characteristics of 6H–SiC Schottky contacts. 

J. Appl. Phys. 1999. 85. P. 3701–3707. 

14. Rhoderick E.H. and Williams R.H. Metal–

Semiconductor Contact. Oxford: Oxford University 

Press, 1988. 

15. Osvald J. and Dobročka E. Generalized approach to 

the parameter extraction from I-V characteristics of 

Schottky diodes. Semicond. Sci. Technol. 1996. 11. 

P. 1198–1202. 

https://doi.org/10.1088/0268-1242/11/8/014. 

16. Ivanov P.A., Grekhov I.V., Potapov A.S. et al. 

Excess leakage currents in high-voltage 4H-SiC 

Schottky diodes. Semiconductors. 2010. 44. P. 653–

656. https://doi.org/10.1134/S1063782610050180. 

17. Vassilevski K.V., Nikitina I.P., Wright N.G. et al. 

Device processing and characterization of high 

temperature silicon carbide Schottky diodes. 

Microelectron. Eng. 2006. 83. P. 150–154. 

https://doi.org/10.1016/j.mee.2005.10.041. 

https://doi.org/10.1016/j.sse.2005.03.020
https://doi.org/10.1016/j.mee.2005.10.012
https://doi.org/10.1002/1521-3951(199707)202:1%3C107::AID-PSSB107%3E3.0.CO;2-9
https://doi.org/10.1002/1521-3951(199707)202:1%3C107::AID-PSSB107%3E3.0.CO;2-9
https://doi.org/10.1016/0038-1101(70)90060-2
https://doi.org/10.1016/0038-1101(70)90060-2
https://doi.org/10.1016/0038-1101(70)90060-2
https://ieeexplore.ieee.org/document/1191732
https://doi.org/10.1063/1.1654509
https://doi.org/10.1088/0268-1242/28/10/105003
https://doi.org/10.1088/0268-1242/28/10/105003
https://doi.org/10.1088/0268-1242/11/8/014
https://doi.org/10.1016/j.mee.2005.10.041


SPQEO, 2020. V. 23, No 3. P. 271-275. 

Latreche A. Determination of temperature dependence of electron effective mass…  
275 

18. Latreche A. Combination of thermionic emission 

and tunneling mechanisms to analyze the leakage 

current in 4H-SiC Schottky barrier diodes. 

Semiconductor Physics, Quantum Electronics and 

Optoelectronics. 2019. 22. P. 19−25. 

https://doi.org/10.15407/spqeo22.01.19. 

19. Latreche A. Combined thermionic emission and 

tunneling mechanisms for the analysis of the 

leakage current for Ga2O3 Schottky barrier diodes. 

SN Appl. Sci. 2019. 1. P. 188. 

https://doi.org/10.1007/s42452-019-0192-2. 

20. Götz W., Schöner A., Pensl G. et al. Nitrogen 

donors in 4H-silicon carbide. J. Appl. Phys. 1993. 

73. P. 3332−3338. 

https://doi.org/10.1063/1.352983. 

21. Lomakina G.A. and Vodakov Y.A. Comparative 

investigation of the anisotropy of electrical 

conductivity in various SiC polytypes. Sov. Phys. 

Solid State. 1973. 15. P. 83. 

22. Harima H., Nakashima S.I., Uemura T. Raman 

scattering from anisotropic LO-phonon–plasmon–

coupled mode in n-type 4H- and 6H-SiC. J. Appl. 

Phys. 1995. 78. P. 1996−2005. 

https://doi.org/10.1063/1.360174. 

23. Son N.T., Chen W.M., Kordina O. et al. Electron 

effective masses in 4H SiC. Appl. Phys. Lett. 1995. 

66. P. 1074−1076.  

https://doi.org/10.1063/1.113576. 

24. Volm D., Meyer B.K., Hofmann D.M. et al. 

Determination of the electron effective-mass tensor 

in 4H SiC. Phys. Rev. B. 1996. 53. P. 15409− 

15412. https://doi.org/10.1103/PhysRevB.53.15409. 

25. Käckell P., Wenzien B., and Bechstedt F. Electronic 

properties of cubic and hexagonal SiC polytypes 

from ab initio calculations. Phys. Rev. B. 1994. 50. 

P. 10761−10768. 

https://doi.org/10.1103/PhysRevB.50.10761. 

26. Zhao G.L. and Bagayoko D. Electronic structure 

and charge transfer in 3C-and 4H-SiC. New J. Phys. 

2000. 2. P. 16.1–16.12.  

https://doi.org/10.1088/1367-2630/2/1/316. 

27. Lambrecht W.R. and Segall B. Band-structure 

analysis of the conduction-band mass anisotropy in 

6H and 4H SiC. Phys. Rev. B. 1995. 52. P. R2249. 

https://doi.org/10.1103/PhysRevB.52.R2249. 
 

Authors and CV 

 Abdelhakim Latreche is an assistant 

professor of the Department of Mate-

rials Science at the University of 

Mohamed El Bachir El Ibrahimi, 

Algeria.   His main research interests 

include the electrical characterization 

and simulation of semiconductor 

devices, in particular, wide gap (SiC, 

Ga2O3, ...) Schottky barrier diodes. 

 

 

 

Визначення температурної залежності ефективної маси електрона в 4H-SiC від 

зворотних вольт-амперних характеристик діодів з бар’єром Шотткі на основі 4H-SiC 

A. Latreche 

Анотація. Метод профілювання струму, напруги та температури було використано для діодів з бар’єром 

Шотткі на основі 4H-SiC і представлено для визначення ефективної маси електрона у 4H-SiC. Виявлена 

ефективна маса електрона залежала від температури, вона зменшується зі збільшенням температури. Крім того, 

було знайдено хорошу узгодженість між отриманими нами значеннями ефективної маси електрона  

(m* = 0,18m0, 0,21m0) при кімнатній температурі та іншими значеннями, отриманими різними методами. 
 

Ключові слова: 4H-SiC, діод Шотткі, ефективна маса електрона, I-V метод, зворотний струм, терміонна емісія, 

тунельний струм. 
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