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In unintentionally Si-doped AlN bulk samples, an elec-

tron paramagnetic resonance (EPR) spectrum with char-

acteristics of a shallow donor, previously assigned to the 

shallow Si donor, was observed at room temperature in 

darkness. Temperature dependent studies of the EPR sig-

nal showed that Si is a DX center in AlN. However, with 

the negatively charged DX– state determined to be only 

~78 meV below the neutral shallow donor state, Si 

should behave as a shallow dopant in AlN at normal de-

vice operating temperatures.  
 

Copyright line will be provided by the publisher  

1 Introduction Silicon (Si) and oxygen (O) are resid-

ual impurities in GaN, AlN and their alloys AlxGa1-xN. It is 
known that Si and O are effective-mass-like donors in GaN. 

Calculations [1-3] suggested that in AlN and AlxGa1-xN 
with Al content above a certain level, O undergoes a large 

lattice relaxation, forming a so-called deep DX state cap-

turing a second electron to lower its energy. The process 
turns the shallow neutral charge state d

0
 to a deep negative 

charge state (2d
0
  d

+
 + DX

–
) [1] and hence O behaves as 

a self-compensated center. For Si the properties are still 

under debate. Some calculations [1,2] suggested that simi-
lar to O, Si also forms DX state in AlN and AlxGa1-xN with 

high Al contents and cannot be used as a n-type dopant in 

the materials. On the contrary, other calculations [3] pre-
dicted Si to be a shallow donor for all values of x. Report-

ed experimental data are also controversial. Some suggest-
ed DX behavior for Si [4,5]. The electron paramagnetic 

resonance (EPR) spectrum of the shallow Si donor has so 

far been detected only at low temperatures (below 60 K) 
under or after illumination [5,6]. This behavior was ex-

plained by the DX model of Si with the DX
– 

state lying at 
320 meV below the conduction band minimum (CBM) [5] 

or by the carrier compensation of the shallow Si donor due 
to deep-level defects [6]. In more recent transport studies, 

high n-type conductivity was obtained in Si-doped AlN 

films and Si was proposed to be a shallow effective-mass-
like donor [7-10]. In this work, we report our observation 

of the EPR signal of Si in unintentionally Si-doped AlN 

bulk samples in darkness at room temperature. We will 

show from the temperature dependence of the EPR signal 
that Si is indeed a DX center in AlN but its DX

– 
state is lo-

cated only ~78 meV below the shallow d
0
 level and Si 

should therefore behave as a shallow dopant at room tem-

perature.  

 
2 Experiment The AlN bulk samples were grown by 

physical vapor transport (PVT) using standard growth con-
ditions and multiple resublimation of the source material 

prior to growth [11]. Different parts of the bulk crystals 
were grown on different facets forming domains (zonar 

structure) with different impurity incorporation cf. [12]. 

Secondary ion mass spectrometry (SIMS) measurements 
show that the concentration of Si is ~710

17
 cm

–3
 or slight-

ly higher in unintentionally Si-doped samples and is in the 
SIMS background detection (<210

16
 cm

–3
) in nominal 

undoped samples. The concentration of carbon and O are 

~210
18

 and ~410
18

 cm
–3

, respectively, in both undoped 
and unintentionally Si-doped AlN materials. EPR meas-

urements were performed in an X-band (~9.5 GHz) Bruker 
E500 spectrometer. For illumination, a 200 W halogen 

lamp and appropriate optical filters were used. 
 

3 Results and discussion Fig. 1 shows EPR spec-

tra in undoped and unintentionally Si-doped AlN samples 
measured in darkness at room temperature for the magnetic 

field parallel to the c-axis (B||c). In nominal undoped AlN 
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samples, the EPR spectrum of the neutral N vacancy ( 0
NV ) 

[13] was observed (Fig. 1a), whereas in unintentionally Si-
doped samples, only a sharp line was detected (Fig. 1b). 

This line has an isotropic g-value of g=1.9905±0.0001. 

From the g-value and the line width of the spectrum (less 
than 0.1 mT at low temperatures), it can be concluded that 

the spectrum in our Si-doped AlN has been previously re-
ported in AlN films (~1.5 μm thick) grown on sapphire 

substrates (g=1.9885) [5] and in bulk AlN (g=1.990) [6].  

When cooling down the sample in darkness, the signal 
was first increased, reaching its maximum at ~200-230 K 

and then gradually decreased to zero at ~85 K (Fig. 1c). 
From 80 K, we warmed up the sample in darkness and ob-

served again the signal at ~95 K. As can be seen in the fig-
ure, the resonance position of the line shifted to low mag-

netic field with decreasing temperature, showing a temper-

ature dependence of the g-value characteristic for shallow 
donor centers [14,15]. This supports the previous identifi-

cation of the signal in Si-doped AlN samples to be related 
to the Si shallow donor [5,6].  

Using a super high-Q cavity specially calibrated by 

Bruker for spin counting [16], we could determine the 
number of spins from the EPR intensity. From the weight 

of the sample and the density of AlN, the corresponding 
concentrations on the d

0
 state can be determined (shown as 

open circles in Fig. 2). As can be seen in Fig. 2, the con-
centration is about constant (~610

15
 cm

–3
) at temperatures 

~245-294 K. At lower temperature range, the concentration 

of the shallow state gradually decreases with decreasing 
temperature to below the detection limit of EPR (low 10

14
 

cm
–3

) at ~85 K. This temperature dependence indicates that 
the Fermi level EF is not at the shallow donor state d

0
 but is 

pinned at a slightly deeper level. This level should be close 

to the d
0
 state so that the thermal excitation at 95 K can ef-

ficiently create a detectable population on the d
0
 state.  

Depending on the carrier compensation by the O DX-

center, there are several possibilities: (i) Si is a shallow-
effective-mass donor or a DX-center and EF lies at the DX

– 

state of O and (ii) Si is a DX center and EF lies at its DX
–
 

state. In AlN, there is no valley-orbit splitting and hence 
the ionization energy of the shallow donor level is ex-

pected to be equal to the effective-mass-theory (EMT) val-
ue of a shallow donor which is ~60 meV [5] or ~65 meV 

[17] as calculated adapting the calculations in Ref. [18]. 

The shallow donor d
0
 states of Si and O are expected to 

have similar ionization energy. In either case (i) or (ii), the 

decrease of the concentration of the shallow donor nd with 
decreasing temperature in Fig. 2 can be described by the 

Boltzmann distribution of the shallow donor state of a DX 
center having four states: (i) a positive charge state with no 

electron present  and zero energy (d
+
, E

+
=0); (ii) two neu-

tral charge states with a single electron occupation with 
different spin polarizations MS=±1/2 (d

0
, Ed); and (iii) a 

negative charge state with two electrons present (DX
–
, 

EDX). The temperature dependence of nd is dependent on 

the energy separation between the shallow donor d
0
 level 

and the Fermi level EF, E=Ed-EF  
  

nd(T)  Nd/[1+0.5exp(ΔE/kBT)].                   (1) 
 

Here Nd is the donor concentration at room temperature 
and EF may lie at the DX

–
 state of either Si or O. In Eq (1), 

the terms related to the DX
–
 state of Si and/or O (in the 

case if EF lies at the DX
–
 state of O), in the denominator 

with the form 0.5exp[(Ed+EF-EDX)/kBT)] can be neglected 

since Ed+EF-EDX<0. From the best fit of the temperature 
dependence of nd(T) using Eq (1) we obtained ΔE=78 meV. 

Thus, in our Si-doped samples, the Fermi level lies at ~78 

meV below the shallow donor level or ~0.14 eV below the 
CBM.  

In accordance with Ref. [5], we also observed strong 
signal under illumination at low temperatures. At 40 K, the 

 
Figure 2 (color online) Temperature dependence of the num-

ber of spins (open circles) on the shallow state of the Si donor 

in AlN measured in darkness. The solid curve represents the 

fit using Eq (1). The inset shows the persistent signal meas-

ured at 50 K and 70 K after illumination at 40 K. 

 
 

Figure 1 (color online) EPR spectra in (a) undoped and (b-c) 

unintentionally Si-doped AlN samples measured in darkness 

for B||c at different temperatures. 



pss-Header will be provided by the publisher 3 

 

 Copyright line will be provided by the publisher 

1 

2 

3 
4 

5 
6 

7 

8 
9 

10 
11 

12 
13 

14 

15 
16 

17 
18 

19 

20 
21 

22 
23 

24 
25 

26 

27 
28 

29 
30 

31 

32 
33 

34 
35 

36 
37 

38 

39 
40 

41 
42 

43 

44 
45 

46 
47 

48 
49 

50 

51 
52 

53 
54 

55 

56 
57 

signal is persistent after illumination (the corresponding 

concentration is ~8.5×10
17

 cm
–3

). With increasing the tem-
perature in darkness, the signal decreased and its line width 

reduced from ~0.5 mT at 40-50 K to ~0.1-0.15 mT at T>70 

K (see the inset in Fig. 2). We believe that the broad signal 
observed under illumination is mainly contributed from the 

O shallow donor. [For O, the hyperfine (hf) interaction 
with four 

27
Al (nuclear spin I=5/2, nuclear gn-value of 

1.45601) neighbors is expected to give rise to a resonance 

consisting of a larger number of unresolved hf lines with a 
larger hf splitting than that of Si which has the hf interac-

tion with four nearest 
14

N (I=1, gn=0.4037067) neighbors.]  
The temperature dependence of the EPR signal before 

and after illumination support the second case, i.e., Si is a 
DX center and EF lies at its DX

–
 state. In equilibrium, due 

to carrier compensation, this level was only partly populat-

ed whereas all O were in its DX
–
 state which lies deeper. 

The shallow donor state can be activated by removing elec-

trons from its DX
– 

state. In the studied temperature range, 
the electron removal by thermal energy can be efficient for 

Si having its DX
– 

state lying only ~0.14 eV below the d
0
 

state, but not for O. As a result, only the signal of the Si 
shallow donor was observed. Under illumination or after il-

lumination at ~40 K, both the d
0
 states of Si and O were 

activated and their overlapping signals were detected. With 

increasing temperature, electrons can overcome the energy 
barrier between d

0
 and DX

–
 states to relax back to lower-

lying DX
–
 levels, resulting in the decrease of the persistent 

signal. At above 70 K, O is mostly in the DX
–
 state and the 

persistent signal is mainly contributed from Si since the 

donor activation is still possible for Si with its shallower 
DX

–
 level. After illumination, the population on the d

0
 and 

DX
–
 states of Si increased. Therefore, thermal excitation at 

T<85 K could induce a larger population on the d
0
 state 

compared to that before illumination and the EPR signal 

was observed (the concentration is~2×10
16

 cm
–3

 at ~85 K).  
The observation of the EPR signal of the Si shallow 

donor in darkness at temperatures above ~95 K suggests 
that the concentration of the isolated O DX center should 

be considerably less than the total O concentration deter-

mined by SIMS. In AlN, O has been predicted to form 
complexes such as the O-vacancy pair, ON-VAl [19], or the 

close O pair, ON-ON, a stable donor center [20]. The for-
mation of the  ON-ON pair should be possible in AlN crys-

tals grown by PVT at ~2250 °C but may not occur in epi-

taxial AlN layers grown by metalorganic vapor phase epi-
taxy typically at 1100-1400 °C. The formation of O-related 

donor complexes may explain the lower level of carrier 
compensation than expected in our samples.  

The DX properties with a shallow level d
0
 and DX

–
 at 

~65 meV and ~0.14 eV, respectively, below the CBM may 

explain the large variation of reported ionization energies 

of the Si shallow donor in AlN in transport studies. De-
pending on the Si concentration and carrier compensation, 

the Fermi level can be at the DX
–
 level of either Si or O. 

The ionization energy obtained from the analysis of 

transport data using the shallow donor model with one lev-

el system can be close to an average of the energies of the 

d
0
 state (~65 meV) and the DX

–
 state of either Si (~0.14 

eV) or O depending on the level of carrier compensation 

(e.g., ~86 meV [7], ~180 meV [8], 60-180 meV [9] and 

~250 meV [10]).  
In summary, we have observed the EPR signal of the 

shallow Si donor in darkness at temperatures above 95 K. 
The temperature dependence of the EPR signal suggests 

that Si is a DX center in AlN its DX
– 

state lying at ~78 

meV below the shallow donor d
0
 state or ~0.14 eV below 

the CBM. With such relatively small ionization energy, Si 

should behave as a shallow dopant in AlN at normal device 
operating temperatures. 
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