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Abstract. In this work, we investigate the impact of Al-implantation into n-MOSFET channel 

regions together with its p-doping concentration upon the mobility limiting scattering mechanisms 

in the channel. For this purpose, a study of the interface trap density, interface trapped charge 

density, field-effect mobility, and Hall mobility is carried out for normally-off n-MOSFETs with 

different doping profiles and concentrations in the channel region. The trend of the field-effect and 

the Hall mobility as well as the differences thereof will be discussed. Based on the determined 

mobilities in the range from 11.9 cm
2
/Vs to 92.4 cm

2
/Vs, it will be shown that for p-doping 

concentrations above 5·10
16

 cm
-3

 Coulomb scattering is the dominant scattering mechanism for 

both, low- and high-field mobility. In contrast, for p-doping concentrations below 5·10
16

, cm
-3

 

further scattering mechanisms will be considered that may account for the observed mobility trend 

at high electric fields. 

Introduction 

Silicon carbide is the only compound semiconductor that has the ability to grow a native oxide 

and, due to its wide band gap, it is well suited for high temperature applications. As the breakdown 

field of SiC is one order of magnitude larger compared to that of silicon it is also an attractive 

material for high power applications [1], especially for high voltage MOSFET devices. The 

SiC/SiO2 interface, however, suffers from a higher density of interface states (Dit) and hence a 

higher interfacial charge density (Qit) compared to the Si/SiO2 interface. As the interfacial charge 

density is proportional to the amount of Coulomb scattering centers at the SiC/SiO2 interface, it is 

detrimental for the electron mobility in the MOSFET surface channel. In this paper the effect of the 

p-type doping concentration upon Qit and its correlation with the electron mobility in the MOSFET 

channel is studied.  

Experimental 

Lateral n-channel MOSFETs with different aspect ratios (W/L) were fabricated on n- and p-type  

4° off-axis (0001) Si-face 4H-SiC epitaxial layers. Tab. 1 summarizes the relevant doping 

concentrations in the MOSFET channel region as well as those of the employed epitaxial layers for 

all investigated samples. One MOSFET (E 5E17) has been fabricated on a p-type epitaxial layer 

without an additional aluminum (Al) implantation in the channel region. For the fabrication of the 

other n-channel MOSFETs (W 3E17, W 5E16, W 1E16, and W 5E15), p-wells with doping 

concentrations (NA) in the range of 5·10
15

 cm
-3

 to 3.5·10
15

 cm
-3

 were formed by Al-implantation.  

Relevant fabrication steps are described elsewhere [2]. 
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Doping  

concentration 

E 5E17  W 3E17 W 5E16 W 1E16 W 5E15 

Epitaxial layer 

(cm
-3

)  

NA=5·10
17

 ND=8·10
15

 NA=1·10
15

 NA=1·10
15

 NA=1·10
15

 

p-type well (cm
-3

) w/o
 

NA=3.5·10
17

 NA=5·10
16

 NA=10
16

 NA=5·10
15

 

Results and Discussion 

 The field-effect mobilities (µFE) of the SiC MOSFETs listed in Table 1 are presented in Fig. 1 a) 

as a function of the gate voltage (VG) for different temperatures in the range of 303 K to 403 K. 

From these µFE-VG characteristics, we find that the peak field-effect mobility (µFE,max) significantly 

increases with decreasing p-doping concentration from 6.5 cm
2
V

-1
s

-1
 for MOSFET E 5E17 to 26.6 

cm
2
V

-1
s

-1
 for MOSFET W 5E15 at room temperature. Similarly, we observe an increase of µFE,max 

for increasing temperature. In accordance with other reports [3, 4], the increase of µFE,max with 

decreasing doping concentration or increasing temperature is explained in both cases by a reduction 

in the bulk potential (ϕB). The latter leads to a reduction of the interface charge density (Qit) at the 

onset of strong inversion caused by a reduction in the amount of electrons trapped in interface 

states. Thus the amount of scattering centers at the SiC/SiO2 interface and consequently the 

Coulomb scattering of channel electrons is reduced with decreasing NA or increasing T leading to 

the observed increase of µFE at low and medium fields. It should be noted, however, that the field-

effect mobility and its progress, in dependence on VG and T, is only qualitatively related to the 

underlying transport and scattering mechanisms in the MOSFET channel. For the calculation of µFE, 

the ideal inversion carrier sheet density (ninv) is assumed. The actual ninv, however, amounts only to 

about 50% of its maximum theoretical value [2] and therefore the actual electron mobility in the 

MOSFET inversion channel is underestimated for the field-effect mobility by a factor of about two. 

More importantly, the values of µFE are significantly influenced by series resistances of the 

MOSFET not related to the channel region (i.e. drift resistances of source and drain regions and 

contact resistances). This effect is demonstrated exemplarily in Fig. 1 b) for MOSFETs of the  

W 3E17 series that are only different with respect to their aspect ratios (W/L). The smaller the W/L, 

the smaller the drain-source current and, hence, the smaller the voltage drop across the above 

mentioned series resistances for the same externally applied drain-source voltage (VDS). Especially, 

for higher voltage drops across the series resistances, the internal drain-source voltage (VDS,int) 

differs considerably from the externally applied one.  

Because, commonly VDS and not VDS,int is used for the calculation of µFE,  a severe 

underestimation of the actual peak electron mobility and especially the high-field electron mobility 

is resulted (compare continuous and dashed lines in Fig. 1 b) for W/L equal to 0.16 and 33.3). We 

conclude that the high-field µFE crucially depends on the drift resistances of source and drain 

  
Figure 1 a. Field-effect mobilities as a function 

of VG for all MOSFETs at different tempera-

tures in the range from 303 K to 403 K. 

Figure 1 b. Field-effect mobilities as a function 

of VG for two MOSFETs that only differ in the 

voltage drop across the S/D regions. 
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 regions and the contact resistances of the MOSFET. Therefore we state that it should not be used to 

analyze the dominant scattering mechanisms in the MOSFET channel especially at high fields. This 

conclusion is supported by the fact that the high-field µFE exhibits nearly the same values for all 

investigated MOSFETs for a gate voltage of 16 V (Fig. 1 a)). 

Therefore gated Hall effect measurements were performed. The Hall measurement setup as well 

as the measurement conditions are described elsewhere [5]. On the one hand side, this measurement 

technique allows for an independent determination of the inversion carrier sheet density and the 

Hall mobility (µH) (note that a Hall scattering factor equal to one was used). On the other hand the 

Hall mobility is not influenced by the drift resistances of the source and drain regions, because it is 

measured quasi current less within the MOSFET channel region. The determined Hall mobilities for 

MOSFETs E 5E17, W 3E17, W 5E16, W 1E16, and W 5E15 at 303 K are plotted in  

Fig. 2 a). At low electric fields, µH exhibits the same dependence on p-doping concentration as µFE 

does and is thus consistent with a Coulomb scattering dominated mobility at low fields as explained 

above with respect to µFE. From the continuous rise of µH with VG for samples E 5E17 and W 3E17, 

however, we conclude that for p-doping concentrations larger than 5·10
16

 cm
-3

, the interface trapped 

charge density Qit must be considerably higher than for lower p-doping concentrations and 

Coulomb scattering remains the dominant mobility limiting mechanism also at high fields. In 

contrast, for the MOSFETs with a smaller p-doping concentration we find that the Hall mobility 

reaches a peak value with increasing VG and then decreases. This behavior of µH is increasingly 

pronounced for decreasing p-doping concentrations. Therefore we conclude that a second scattering 

mechanism becomes dominant at high fields for the MOSFETs with a p-doping concentration 

smaller than 5·10
16

 cm
-3

.  

To estimate the difference in the density of trapped charges at the SiC/SiO2 interface at the onset 

of inversion Qit was computed as a function of the Fermi level according to: 

 

																																																			Q E = q ∙ N = − D E dE	.                                              [1] 

 

The interface trap density (Dit) in the energy range from the conduction band edge (EC) to  

EC-600 meV was determined by combining two different measurement and calculation methods that 

are described briefly: The Dit in the energy range from EC-200 meV to EC-600 meV was calculated 

by the High-Low method from capacitance-voltage measurements on p-MOS structures. The Dit in 

the vicinity of EC was calculated by the method described by Saks et al. [6] that is based on the 

comparison of the ideal and the real surface potential as a function of VG. The latter was obtained 

independently from the inversion carrier concentration as determined by Hall effect measurements 

for the not Al-implanted MOSFET E 5E17 and for the Al-implanted one W3E17. It was assumed 

that the Dit of all other Al-implanted MOSFETs is identical to the one determined for W 3E17. The 

validity of this assumption, however, will have to be proofed in a future work. For the calculation of 

 

 

 

Figure 2 a.  Hall mobilities at 300 K as a 

function of VG for all investigated 

MOSFETs. 

Figure 2 b). Bar chart displaying the interface 

trapped charge density at the onset of inversion and  

achieved peak Hall effect mobilities. 
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Qit, with Eq. 1 only acceptor-like interface states were considered and the neutrality level En was 

assumed to be at Ec-600 meV. Note that assuming the neutrality level to be equal to the intrinsic 

level (≈Ec-1610 meV) would not have a significant impact on the results. This is due to the fact that 

the Dit decreases exponentially with increasing energetic distance from EC and is thus several orders 

of magnitude smaller at midgap than close to EC [7]. The calculated interface trapped charge 

densities at the onset of inversion for all investigated MOSFETs were calculated with Eq. 1 and are 

shown in Fig 2 b). The maximum Hall effect mobilities in the range from 11.9 cm
2
/Vs for 5E17 to 

92.4 cm
2
/Vs for W 5E15 are also plotted in Fig. 2 b). We find that the Qit values of the 5E17 and W 

3E17 sample are about 1.7·10
12

 q/cm
2
 and 1.4·10

12
 q/cm

2
, respectively. These values are 

approximately two (four) times higher than that of MOSFET W 5E16 (W 5E15). These very high 

Qit values support the above mentioned conclusion that for a p-doping concentration higher than  

5·10
16

 cm
-3

, Coulomb scattering is the dominant scattering mechanism for the low- as well as for 

the high-field electron mobility. In contrast with decreasing doping concentration, Coulomb 

scattering is considerably reduced and thus at higher fields surface roughness scattering may 

become increasingly dominant for decreasing p-doping concentrations. We believe in accordance 

with the work of Tilak and Matocha [3] that this pronounced dependency of the Hall mobility from 

the electric field could be explained by surface roughness scattering. To conclude, whether the 

surface roughness scattering is related to a physical roughness at the SiC/SiO2-interface or to an 

electrically rough interface due to trapped interface charges, temperature dependent Hall mobility 

measurements will be performed. The analysis of the temperature dependence of µH in the high-

field region will also allow to conclude if phonon scattering instead of surface roughness scattering 

is the dominant mobility limiting scattering mechanism in the high field region. 

Summary 

Based on the systematic investigation of the interface trap density, the interface trapped charge 

density, the field-effect mobility, and the Hall mobility carried out for MOSFETs with different 

doping profiles and concentrations in the channel region it was found that for p-doping 

concentrations above 5·10
16

 cm
-3

, Coulomb scattering is the dominant scattering mechanism for low 

and high field mobility. Contrary for p-doping concentrations below 5·10
16

 cm
-3

, surface roughness 

scattering was assumed to become increasingly dominant for the high field mobility. This 

assumption will be verified in a future work on the basis of temperature dependent Hall effect 

mobilities. 

Acknowledgments 

This work has been performed by the French-German Consortium MobiSiC and supported by the 

Program Inter Carnot Fraunhofer (PICF) from BMBF (Grant 01SF0804) and ANR. The support 

from Robert Bosch GmbH as well as from the Hans L. Merkle-Stiftung is highly appreciated. 
  

References 

[1] S. Dimitrijev, Understanding Semiconductor Devices, Oxford Press, New York (2000). 

[2] C. Strenger, V. Uhnevionak, A. Burenkov,  A. J. Bauer,  V. Mortet, E. Bedel-Pereira, F. 

Cristiano, M. Krieger and H. Ryssel, Materials Science Forum, 740-742 , 537 (2013). 

[3] K. Matocha, and V. Tilak, Materials Science Forum, 679-680, 318 (2011) 

[4] S. Potbhare, N. Goldsman and G. Pennington, Journal of Applied Physics, 100, 044515 (2006). 

[5] V. Mortet, E. Bedel-Pereira1, J.F. Bobo, F. Cristiano, C. Strenger, and A.J. Bauer, Materials 

Science Forum, 740-742 , 537 (2013). 

[6] N.S. Saks in W. Choyke, H. Matsunami, and G. Pensl, Eds, Silicon Carbide: recent major 

advances. Berlin: Springer, 2004. 

[7] P. Deák, J. Knaup, T. Hornos, C. Thill, A. Gali and T. Frauenheim, Journal of Physics D: 

Applied Physics, 40, 6242 (2007). 

586 Silicon Carbide and Related Materials 2013


