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Abstract Without any assumption of the number of donor species, the densities and energy levels of 
donors in undoped 3C-SiC grown from hexamethyldisilane (HMDS; Si2(CH3)6) are precisely 
determined by a graphical peak analysis method proposed here, using the temperature dependence 
of the majority-carrier concentration obtained from Hall-effect measurements. 
 
1. Introduction 

Silicon carbide (SiC) has been regarded as a promising semiconductor for power electronic 
applications owing to its excellent physical properties. In order to use SiC wafers or epilayers for 
electronic devices, an accurate evaluation of densities and energy levels of electronically active 
impurities or defects is essential. Among these impurities and defects, the electronic properties of 
deep level impurities or defects can be accurately determined by deep level transient spectroscopy 
(DLTS) or isothermal capacitance transient spectroscopy (ICTS) [1,2]. 

The temperature dependence of the majority-carrier concentration )(Tn obtained from 
Hall-effect measurements includes important information on shallow level impurities in a 
semiconductor. However, it has been difficult to determine the energy levels and densities of 
shallow impurities from the experimentally obtained )(Tn . A curve-fitting method seems 
unsuitable because of the uncertainty in the number of impurity species in the semiconductor. 

In this article, we introduce a new graphical peak analysis method (free carrier concentration 
spectroscopy; FCCS) to analyze the free carrier concentration )(Tn , and apply it to undoped cubic 
SiC (3C-SiC) grown on silicon (Si) from non-flammable hexamethyldisilane (HMDS). In addition, 
we investigate the dependence of the donor energy levels on the thickness of the 3C-SiC film. 
 
2. Basic Concept of Free Carrier Concentration Spectroscopy 

DLTS or ICTS can uniquely determine the densities and energy levels, because each peak in the 
signal corresponds one-to-one to an impurity or defect. For example, the ICTS signal is defined as 

tTCttS d/)(d)( 2≡ , where )(tC  is the transient capacitance after a reverse bias is applied. Since 
)(tS  is described as the sum of )exp( teteN iii − , it has a peak value of )1exp(peak −iii teN  at a peak 

time ii et /1peak = . Here, iN  and ie  are the density and emission rate of the i -th energy level. 
Therefore, )exp( teteN iii −  plays an important role in the analysis. 

For the analysis of the free carrier concentration )(Tn  with respect to impurities, we have 
introduced a function that is described as the sum of kTkTEN ii /)/exp( ∆− , where iN  and iE∆  
are the density and energy level of the i -th impurity, respectively, T  is the measurement 
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temperature and k  is the Boltzmann constant [3,4]. The function kTkTEN ii /)/exp( ∆−  has a 
peak at kET ii /peak ∆= , which is not for all impurities in the temperature range of the measurement. 
If we can introduce a function in which the peak appears at kEET ii /)( refpeak −∆= , we can shift the 
peak temperature within the measurement temperature range by changing the parameter refE . This 
indicates that we can determine iN  and iE∆  in a wide impurity-energy-level range. Therefore, a 
function to be evaluated should be described as the sum of ( )[ ] kTkTEEN ii //exp ref−∆− , where 

iN  and iE∆  determined by this method should be independent of refE  [5,6]. In addition, we 
have avoided introducing a differential evaluation of )(Tn , because the differential of experimental 
data results in an increase of observation errors. 
 
3. Theoretical Consideration of FCCS 

For the following theoretical considerations, we assume an n-type semiconductor with n  
different donor species (density iND  and energy level iED∆  of the i -th donor for ni ≤≤1 ) and 
one acceptor density ( AN ). The donor energy levels iED∆  are measured from the bottom of the 
conduction band ( CE ) with ii EE D1D ∆<∆ − . From the charge neutrality condition, the free electron 
concentration )(Tn  can be derived as 

[ ] A
1

DD )(1)( NEfNTn
n

i
ii −∆−=∑

=

,                                                 (1) 

where )( Ef ∆  is the Fermi-Dirac distribution function given by 
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FE∆  is the Fermi level measured from CE , and Dg  is the degeneracy factor of donors. 
On the other hand, using the effective density of states )(C TN  in the conduction band, we can 

describe )(Tn  as 
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nm  is the electron effective mass, h  is 

the Planck constant, and CM  is the number of equivalent minima in the conduction band. 
From Eq. 1 and Eq. 3, we can introduce a favorable function to determine iND  and iED∆  as 

follows. We define the function to be evaluated as 
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Substituting Eq. 1 for one of the )(Tn  in Eq. 4 and substituting Eq. 3 for the other )(Tn  in Eq. 4 
give 
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Finally, using a personal computer, we take the temperature dependence of )( DiEI ∆  into account, 
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and we can easily determine iND  and iED∆  for each peak. 
 
4. Experimental 

3C-SiC epilayers with thicknesses (8 µm, 16 µm and 32 µm) were grown on (100) Si substrates 
by atmospheric pressure chemical vapor deposition. HMDS with a flow rate of 0.5 sccm and H2 
with a flow rate of 2.5 slm were introduced at 1350 °C. The growth rate was about 4.3 µm/h.  

Each 3C-SiC was cut into pieces of 5x5 mm2, and Si substrates were removed by chemical 
etching. The free electron concentration )(Tn  was measured by the van der Pauw method at 
temperatures between 85 K and 500 K, at a magnetic field of 5 kG and a current of 1 mA. 
 
5. Results and Discussions 

Figure 1 shows the free electron concentration )(Tn  (open circles) and the function ),( refETH  
(solid line) for the 8-µm-thick 3C-SiC epilayer. ),( refETH  is calculated by interpolating )(Tn  
with a cubic spline function. From the peak, the density ( 2DN ) and energy level ( 2DE∆ ) can be 
determined to 1.7x1017 cm-3 and 46 meV, respectively. 

As is clear from Eqs. 4 and 5, the function that is not influenced by this donor is introduced as 
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which is shown by the solid line in Fig. 2. From the lower peak temperature and the lowest 
measurement temperature, 1DN , 1DE∆  and AN  are determined to be 1.1x1017 cm-3, 10 meV and 
1.3x1016 cm-3, respectively. 

The function that is not influenced by the first donor, or the second donor, or the acceptor is 
introduced as 
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which is shown by the broken line in Fig. 2. From the lower peak temperature, 3DN  and D3E∆  
are determined to be 1.1x1017 cm-3 and 107 meV, respectively. In the same matter, 4DN  and D4E∆  
are determined to be 4.6x1016 cm-3 and 156 meV, respectively. 
  Figure 3 shows the free electron concentration simulated using the values determined here (solid 
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line). The open circles represent the experimentally 
obtained )(Tn . The simulated free electron 
concentration is quantitatively in good agreement 
with the experimentally obtained )(Tn , indicating 
that the values determined here are reliable. 

In the same way as illustrated for the 8-µm-thick  
epilayer, the densities and energy levels of donors in 
the 16-µm-thick and 32-µm-thick 3C-SiC epilayers 
are determined, and are listed in Table 1. 

In undoped 3C-SiC grown from a mixture of SiH4 
and C3H8, only the ~15 meV donor with a 
concentration higher than 1018 cm-3 was reported with 
the compensation ratio higher than 0.9 [7]. In 
high-purity 3C-SiC crystals, on the other hand, a ~50 
meV donor was reported [8]. From those reports, 
Segall et al. [7] concluded that both the ~15 meV and 
~50 meV donors resulted from substitutional nitrogen 
(N) atom, and that a high degree of compensation and 
a large N concentration induced the reduction of the 
N donor energy level. 

In the 3C-SiC investigated here, both the ~15 meV 
and ~50 meV donors coexist. The density of the ~15 
meV donor is sensitive to the crystallinity of the 
epilayer, as shown in Table 1, because the 
crystallinity of our epilayers was enhanced as the thickness increased. Moreover, the substitutional 
N donor energy level was reported to be 54 meV from photoluminescence measurements [9]. 
Therefore, the ~50 meV donor may be ascribed to a substitutional N atom, while the ~15 meV 
donor may be attributed to some defect-N complex or nonstoichiometric defect, which Freitas et al. 
[9] and Suzuki et al. [10] suggested.  
 
6. Conclusion 

Even if we do not know the number of impurity species included in a semiconductor, we have 
found that FCCS can determine the densities and energy levels of shallow impurities accurately. In 
undoped 3C-SiC grown from HMDS, we detected four types of donors whose energy levels are 
7-14 meV, 46-54 meV, 97-120 meV and 156 meV. 
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Table 1  Values determined by FCCS 
Thickness [µm] 8 16 32 
∆ED1 [meV]  10  7  14 
ND1  [x1016 cm-3]  11  8.1   4.7 
∆ED2 [meV]  46 46  54 
ND2  [x1016 cm-3]  17 20   8.1 
∆ED3 [meV] 107   97 120 
ND3  [x1016 cm-3]  11 13  10 
∆ED4 [meV] 156 ----- ----- 
ND4  [x1016 cm-3] 4.6 ----- ----- 
NA   [x1016 cm-3] 1.3  0.99   0.57 
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