
 

Table 1  Results determined by FCCS. 

 AN [cm-3] AE∆ [meV] comN [cm-3]

)( AFD Ef ∆  2.1x1020 154 2.2x1018 
)( AEf ∆  8.9x1018 149 1.5x1017 
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Experimental acceptor levels ( AE∆ ) in GaN, measured from the valence band maximum ( VE ), are reported to be 

deeper than 150 meV [1]. Theoretically, the ground and first excited state levels of acceptors in GaN, calculated by 
hydrogenic dopant model [ )/(6.13 22* rmE sr ε=∆  eV], are 101 meV and 25 meV, respectively. The experimental 

AE∆  corresponds to 1E∆ , while it is deeper than 1E∆  due to central cell corrections. Since the Fermi level ( FE∆ ) 
is between VE  and AE∆ , the excited states )2( ≥r  should affect the hole concentration )(Tp . Here, all the 
energy levels are measured from VE .  Using both of the Fermi-Dirac distribution function )( AFD Ef ∆  and the 
proposed distribution function )( AEf ∆  including the influence of the excited states, we experimentally investigate 
the influence of the excited states on )(Tp . 
  The proposed distribution function for electrons is expressed as [2] 
 
 
                                                                                             (1) 
 
 
where rg  is the )1( −r th excited state degeneracy factor and exE  is the ensemble average of the ground and 
excited state levels, which increases from 0 with T . Here, the average acceptor level AE∆  is expressed as 

exAA EEE −∆=∆ .  When the influence of the excited states is ignored (i.e., 1=r and 0ex =E ), Eq. (1) 
corresponds to )( AFD Ef ∆ . 
  2 µm-thick Mg-doped p-type GaN epilayers were grown at 1025 °C by metalorganic chemical vapor deposition on 
undoped GaN/sapphire, and they were annealed at 800 °C for 20 min. The Mg concentration ( MgC ) in the epilayers, 
determined by secondary ion mass spectroscopy, was 19102×  cm-3. )(Tp  was obtained by Hall-effect 
measurements. Using Free Carrier Concentration Spectroscopy (FCCS) [2,3], AE∆ , the acceptor density ( AN ) and 
the compensating density ( compN ) were determined, and are shown in Table 1.  Figure 1 shows the experimental and 
simulated )(Tp . 

Since Mg atoms at Ga sites act as acceptors, AN  should be lower than or equal to MgC .  In )( AFD Ef ∆ , 
although the simulated )(Tp , shown by the broken line, is in agreement with the experimental )(Tp , AN  is 
much higher than MgC , indicating that this AN  is not reliable. In )( AEf ∆ , on the other hand, the simulated 

)(Tp , shown by the solid line, is in agreement with the 
experimental )(Tp , and also AN  is lower than MgC .  
Therefore, AN  and AE∆  obtained using )( AEf ∆  are 
considered to be reasonable. 
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Fig. 1 Experimental and simulated )(Tp . 


