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ABSTRACT 

In this study, we investigate the diffusion of Si donors in AlN. Amorphous 

Si1−xNx sputtered on the surface of bulk AlN with low dislocation density is used 

as a Si source. The diffusion experiments are conducted through isochronal and 

isothermal annealing in a protective N2 atmosphere at temperatures between 

1500°C and 1700°C. The Si depth profiles measured by secondary ion mass 

spectrometry exhibit a convex box-like shape with a steep diffusion front. These 

concentration profiles are best described with a diffusion coefficient that depends 

on the square of the local Si concentration. From the characteristic box-shaped Si 

profiles, we conclude that diffusion of Si in AlN is mediated by singly negatively 

charged dopant-vacancy pairs SiAlVAl
−

. The strong concentration dependence of 

Si diffusion is due to the electric field associated with the incorporation of Si 

donors (SiAl
+1) on substitutional Al lattice sites and reflects that Si is fully 

electrically active at diffusion temperature. The experimentally obtained extrinsic 

Si diffusion coefficient is reduced to intrinsic doping conditions. The temperature 

dependence of Si diffusion for intrinsic conditions is described by an activation 

enthalpy of (10.34 ± 0.32) eV and a pre-exponential factor 235 −203
+1485 cm2s−1. 

The migration enthalpy of the donor-vacancy pair SiAlVAl
− is estimated to be 

around 3.5 eV. This estimation is based on the activation enthalpy of the transport 
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capacity of SiAlVAl
− and theoretical results concerning the formation energy of 

negatively charged vacancies on Al-sites in AlN.  

INTRODUCTION 

AlN and Al-rich AlxGa1-xN are attractive candidates for deep-UV optoelectronic 

and high power and RF electronic devices thanks to their wide band gap, high 

breakdown field, high saturation velocity, high thermal conductivity and 

resistance to harsh environmental conditions. One of the main challenges in the 

development of AlN applications is to obtain efficient p-type and n-type doping. 

As for other wide bandgap semiconductors, effective doping is challenged by the 

low formation energies of compensating defects or DX centers, as described by 

the “doping limiting rule” [1]. In Al-rich AlxGa1-xN, doping above a critical Si 

concentration leads to a decrease of the free electron concentration and presents a 

severe limitation for the development of applications [2]. It has been hypothesized 

that Si may form DX centers beyond a critical Al composition and doping 

concentration [3] [4] [5]. In AlN, n-type doping is realized by incorporation of e.g. Si 

either during growth, via metalorganic vapor phase epitaxy (MOVPE) [6] [7] [8] [9] 

or molecular beam epitaxy (MBE) [10] [11], or by implantation and subsequent 

annealing at high temperature [12] [13]. This latter approach has been demonstrated 

to be particularly successful, leading to relatively high concentrations of Si 

shallow donors in AlN [12]. However, the understanding of Si diffusion processes 

in AlN at elevated temperatures remains limited. These processes are also of 

interest for epitaxial growth of AlN based heterostructures since the diffusion of 

Si from the n-doped region into the active region and/or into the p-doped layer at 

elevated temperature might have detrimental consequences on the device 

performance.  

In this paper, we experimentally study diffusion of Si in bulk AlN to provide key 

diffusion parameters and to get insights into the defects/defect-complexes 
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involved in the diffusion process. As a Si source, we use a Si1−xNx layer deposited 

by reactive sputtering onto the surface of bulk AlN with low dislocation density 

(DD < 103 cm-2). Diffusion experiments are performed by high temperature 

annealing at a pressure of 1000 mbar in N2 environment. The use of high quality 

AlN bulk substrate allows to neglect diffusion of Si along dislocations and grain 

boundaries, therefore to investigate the volume diffusion in AlN. Concentration 

profiles of Si before and after annealing at temperatures between 1500°C and 

1700°C, measured by secondary-ion mass spectrometry (SIMS), show a box-like 

shape. The Si diffusion profiles are best described by Fick’s second law of 

diffusion with a Si diffusion coefficient that depends on the square of the Si 

concentration. This concentration dependence and the preferred incorporation of 

Si on the Al lattice site provide strong evidence that Si diffuses via the vacancy 

mechanism in AlN. Considering theoretical calculations on the formation 

enthalpy of native point defects in AlN [14] [15], we conclude that Si diffuses via the 

vacancy mechanism expressed by the reaction SiAlVAl
− + e− ↔  SiAl

+1 + VAl
−3, 

with a single negatively charged dopant-defect pair SiAlVAl
− in the foreign-atom 

controlled diffusion mode. The Si diffusion in AlN is affected by an electric field 

associated with the incorporation of Si on substitutional Al lattice sites. The 

impact of an electric field on the Si diffusion indicates a distribution of active SiAl
+1

 

donors at the diffusion temperature that is not compensated in the diffusion 

volume.  

 

SAMPLE PREPARATION AND EXPERIMENTAL METHODS 

A freestanding AlN single crystal with low dislocation density (DD < 103 cm-2), 

grown by physical vapor transport via spontaneous nucleation, is sliced into 

wafers with (0001) orientation using an inner diameter saw [16] [17]. Subsequently, 

the surface of the AlN wafers is polished using diamond paste with decreasing 
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grain sizes down to 1 μm and, finally, chemo-mechanical polished using SiO2 at 

pH > 10 [18]. A 200 nm thick layer of amorphous Si1−xNx is deposited on the bulk 

AlN wafers using reactive sputtering deposition from a Si3N4 target with Ar/N2 

gas mixture at 5*10-3 mbar. The background concentration of Si in the bulk AlN 

wafers is in the range of 2 to 5*1017 atoms/cm3; the concentration of oxygen is in 

the range of 1 to 4*1019 atoms/cm3 and the carbon one between 1 to 2*1019 

atoms/cm3. 

One piece of the bulk AlN with deposited Si1−xNx is kept as reference, while the 

other Si1−xNx deposited bulk AlN wafers, with dimensions of ~1 cm x 1 cm, are 

annealed in a LORA HTMReetz furnace [19] at a pressure of 1 atm in N2 ambient. 

In order to reduce degradation of the Si1−xNx layer on top of the single crystal 

AlN bulk sample, an AlN epilayer grown on Al2O3 and covered with a 200 nm 

Si1−xNx layer is placed face to face with the SiN layer deposited on AlN as shown 

in fig.1.  

 

FIG.  1. Face to face annealing configuration of bulk AlN with 200 nm Si1−xNx deposition in interfacial contact 

with 200 nm Si1−xNx deposited on an AlN on sapphire structure. This sample configuration serves to protect the 

Si1−xNx surface against degradation during high temperature annealing. 

 

Isochronal diffusion anneals for 1 hour (not considering the heating up and 

cooling down time) are performed at 1500°C, 1600°C and 1700°C as well as 

isothermal anneals at 1600 °C for 1 h, 2 h and 4 h.  

After annealing, Si depth profiles established by diffusion of Si from the top SiN 

layer into the bulk AlN are measured by SIMS. The analysis of the AlN on 

sapphire structure used as protective cover is not addressed in this study. SIMS 

analyses are performed with a Cameca IMS 4f-E6 using 14.5 keV cesium Cs+ ions 

and a depth resolution of ~1 nm. The matrix signal 27Al- is taken as reference. 

Prior to SIMS analysis, a layer of gold with a few nanometers in thickness was 

sputtered on the surface of the samples in order to reduce charging effects during 
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the measurements. Implantation standards of carbon, oxygen and silicon in AlN 

are used for SIMS calibrations. The depth of the craters left from the SIMS 

measurements were determined by means of a tactile profilometer Rank Taylor 

Hobson Ltd with a diamond stylus. Using these measurements and considering a 

constant sputter rate, the depth scale is determined. 

 

RESULTS AND DISCUSSION 

Fig. 2 shows SIMS depth profiles of Si in AlN before and after diffusion annealing 

at the temperatures and times indicated. The dopant profiles recorded after 

annealing are characterized by a box-like shape with a nearly flat high 

concentration part close to the interface between Si1−xNx and AlN and a steep 

drop in the Si concentration at the diffusion front. The Si concentration beyond 

the diffusion front reveals the background dopant concentration C0, which 

corresponds to the initial concentration of Si in the bulk AlN crystals and is in the 

range of C0 =2-5 * 1017 at/cm3.  

These Si dopant diffusion profiles are characteristic of a diffusion process with a 

diffusion coefficient that depends on the local concentration of Si [20]. The Si 

concentration at the Si1-xNx/AlN interface located at about 200 nm below the 

surface is considered to reflect the solubility C
SiAl

+
eq

 of Si on Al lattice site in AlN 

obtained under the established experimental conditions. 

 

FIG.  2. Experimental SIMS depth profiles of Si in bulk AlN before and after isothermal annealing at 1600 °C for 

1 h, 2 h and 4 h (not considering the heating up and cooling down time) as well as isochronal annealing of 1 h at 

1500°C, 1600°C and 1700°C. 

 

The Si concentration profiles CSiAl
+ (x, t) are compared to numerical solutions of 

Fick’s second law of diffusion [20]: 
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∂CSiAl
+ (x, t)

∂t
−

∂

∂x
D

SiAl
+

eff (CSiAl
+ (x, t))

∂CSiAl
+ (x, t)

∂x
= 0                                                 (1) 

with an effective Si diffusion coefficient D
SiAl

+
eff (CSiAl

+ (x, t)) that depends on the 

local Si concentration CSiAl
+ (x, t).  

Fig. 3 shows numerical solutions of Eq. (1) for different concentration-dependent 

diffusion coefficients D
SiAl

+
eff

 in comparison with the experimental Si profile 

obtained after diffusion annealing at 1600°C for 1h.  

 

FIG.  3. Experimental Si depth profile measured with SIMS after 1h annealing at 1600°C (black curve) in 

comparison with diffusion profiles calculated assuming different concentration dependent effective Si diffusion 

coefficients D
SiAl

+
eff

∝ (CSiAl
+ )

n
 with n=0, 1, 2, 3. The best fit is obtained for n=2 (red curve). 

 

In the simulations, the initial Si concentration CSiAl
+ (x > 0, t = 0) = C0 is set to 

the background Si concentration measured by SIMS. The concentration of Si at 

the Si1-xNx/AlN interface established during diffusion annealing is considered to 

represent the boundary concentration CSiAl
+ (x = 0, t > 0) = C

SiAl
+

eq
, i.e., the 

concentration of the SiAl donor on Al sites under thermal equilibrium. 

The reference sample (bulk AlN with Si1-xNx without thermal treatment) is used 

to define the position of the Si1-xNx/AlN interface. Fig. 3 reveals that the 

experimental Si profile measured by SIMS is best described by solutions of Eq. 

(1) with an effective Si diffusion coefficient DSiAl
+

eff
 that depends on the square of 

the local Si concentration CSiAl
+ : 

D
SiAl

+
eff = 2DX

∗ (CSiAl
+ )n                                                                                              (2) 

with n=2. The parameters DX
∗  and C

SiAl
+

eq
 are fitted to achieve a good match between 

experimental (black curve) and simulated profiles. DX
∗  describes the concentration 

independent diffusion coefficient of the mobile defect X. The factor 2 on the right 

side of Eq. (2) follows from the general mathematical treatment of the diffusion 
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of mainly substitutionally dissolved dopants in semiconductors whose 

concentration exceeds the intrinsic carrier concentration at the diffusion 

temperature. Following this theory of dopant diffusion in semiconductors [20], the 

diffusion parameter DX
∗  reflects the reduced diffusion coefficient of the defect X 

that mediates the diffusion of Si in AlN (see below). 

To evaluate the accuracy of the fit, a comprehensive error analysis is performed, 

comparing the experimental profiles with the calculated diffusion profiles for the 

different values of n (n=0, 1, 2, 3). Among these values, the lowest root mean 

square percentage error (RMSPE) of 22% is achieved for n=2, indicating that the 

square concentration dependency provides the most favorable fit. It is important 

to highlight that the main contribution to this error arises from the tails of the 

profiles at the interfaces of the diffused layer. At these regions, the accuracy of 

the SIMS measurements may be affected by instrumental broadening due to the 

abrupt transitions. On the other hand, in the plateau part of the profiles, where 

measurements are more accurate and better capture the diffusion behavior, a 

nearly perfect agreement between the experimental and simulated profiles is 

achieved with n=2. This suggests that the chosen model adequately captures the 

diffusion behavior within the plateau region, leading to high precision in the 

results. We conclude that the square concentration dependency (n=2) is the 

optimal choice for describing the Si profile and yields the most accurate 

representation of the diffusion process.  

Fig. 4 displays the best fits (with n=2) for all the experimental Si concentration 

profiles assuming a square concentration dependence of the effective diffusion 

coefficient D
SiAl

+
eff

. All Si concentration profiles of both the isochronal and the 

isothermal annealing series are accurately described. The parameter values for DX
∗  

and C
SiAl

+
eq

 that best reproduce the experimental profiles are listed in Table I.  
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FIG. 4: Experimental and simulated SIMS concentration profiles of Si in AlN bulk wafers before and after 

diffusion annealing. (a) Si concentration depth profiles obtained after isochronal anneals at 1500°C, 1600°C and 

1700°C for 1 h. (b) Si concentration depth profiles after isothermal anneals at 1600°C for 1 h, 2 h, and 4 h. The 

dark blue curve represents the SIMS concentration profile of Si before annealing. 

 

The background concentration of Si in the bulk AlN slightly varies for the 

different samples. This reflects inhomogeneities in the Si concentration in the as-

grown crystal and is due to impurities occurring in the source material. These 

differences are within an acceptable range and do not significantly affect the Si 

diffusion process, thus the model parameters deduced from fitting the 

experimental profiles. 

 

Table I. Reduced diffusion coefficient DX
∗  and thermal equilibrium concentration C

SiAl
+

eq  determined by fitting the Si 

concentration profiles in bulk AlN measured by SIMS after diffusion annealing at the temperatures T and times t 

indicated. Within the framework of the vacancy mechanism, which we consider to mediate the diffusion of Si in 

AlN, the defect X is the mobile X = SiAlVAl
− defect pair that mediates the formation of the single donor SiAl

+1 on 

Al lattice site via a foreign-atom controlled mode of diffusion.   

T  

(°C) 

t  

(h) 

104/T 

(K-1) 

C
SiAl

+
eq

 

(cm-3) 

DX
∗  

(cm2/s) 

2DX
∗  

(cm2/s) 

1500 1 5.64 3.15 x 1019 6.55 x 10-18 1.31 x 10-17 

1600 1 5.34 4.00 x 1019 3.61 x 10-17 7.22 x 10-17 

1600 2 5.34 4.50 x 1019 3.47 x 10-17 6.94 x 10-17 

1600 4 5.34 5.20 x 1019 4.31 x 10-17 8.61 x 10-17 

1700 1 5.07 7.70 x 1019 2.56 x 10-16 5.12 x 10-16 

 

In the literature, few studies on Si diffusion in nitrides are available and they 

report diffusion parameters under extrinsic doping conditions [13] [21]. So, in order 

to compare our results with those earlier data, we refer to the extrinsic diffusion 

coefficient 2DX
∗  in eq. 2, the values of which are listed in Table I. In the conditions 

considered in our study, the temperature dependence of the extrinsic diffusion 

coefficient is described by an Arrhenius behavior with an activation enthalpy of 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

01
59

64
1



9 

 

5.51 ± 0.31 eV and a pre-exponential factor of 0.054 −0.05
+0.32 cm2s−1. This is 

illustrated by the solid pink line in fig. 5.  

 

FIG.  5: Temperature dependence of the Si diffusion coefficient in AlN for extrinsic conditions determined in this 

work (solid pink line) in comparison with the results for the Si diffusion coefficient in epitaxial AlN reported by 

Okomura et al. [13] (blue line) and for the Si diffusion coefficient in epitaxial GaN by Jakiela et al. [21] (yellow line).  

 

In addition, fig. 5 shows the comparison of our results on Si diffusion in AlN 

under the considered extrinsic experimental conditions with the data presented by 

Okomura et al. [13] in their study on impurity diffusion in AlN and with those by 

Jakiela et al. [21] on Si diffusion in GaN. It has to be considered that those earlier 

studies were performed on nitride layers on sapphire substrates, where the 

contribution of dislocations to the diffusion process cannot be excluded. In 

contrast, we use high-quality bulk AlN that allows to neglect Si diffusion along 

dislocations.  

Concerning Si diffusion in AlN on sapphire, Okomura et al. [13] report a pre-

exponential factor of 4 x 10−10 cm2s−1 and an activation enthalpy of 1.35 eV. While 

for Si diffusion in epitaxial GaN on sapphire, Jakiela et al. [21] calculated a value 

of 9.1×10-8 cm2s-1 for the pre-exponential factor and 1.55 eV for the activation 

enthalpy. These values are significantly lower compared to the ones determined 

in the context of our study. Okomura et al. [13] performed diffusion experiments 

on Si-implanted AlN layers on sapphire using thermal annealing. They assumed 

a finite source of Si and a constant diffusion coefficient, obtaining a partially good 

fit of the experimental Si depth profiles only for the region at high Si concentration 

(i.e. >1019 cm-3). On the other hand, in our study, considering an infinite source of 

Si and a diffusion coefficient dependent on the square of the local Si 

concentration, we are able to obtain a very good fit for the whole experimental Si 

box-shape profiles, as shown in fig. 4 and, accordingly, we consider our diffusion 

data to be more meaningful. 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

01
59

64
1



10 

 

The Si diffusion profiles alone do not provide direct evidence of the defects 

responsible for mediating the diffusion process in AlN. However, some insights 

on the mechanism of Si diffusion in AlN can be drawn from the shape of the Si 

profile, from the preferred incorporation of Si on the substitutional Al lattice site 

of AlN and from the nature of the native point defects in AlN which are favored 

under nitrogen-rich conditions. The distinctive box-shaped dopant profile with a 

steep front is typically associated with strong extrinsic conditions prevailing 

during the diffusion process. Such a profile provides clear indications of n-type 

doping conditions, implying that Si exhibits high electrical activity at the diffusion 

temperatures. Theoretical studies have shown that Al and N vacancies are the 

dominant intrinsic defects in wurtzite AlN. Density functional theory (DFT) 

calculations have revealed that Al vacancies and their complexes with Si or 

oxygen (O) are energetically favored when the Fermi level (EF) is close to the 

conduction band, i.e., at high n-type doping conditions [14] [15] [22]. Among the 

predicted native defects under these conditions, triply negatively charged 

vacancies on the Al site (VAl
−3) are considered to be the most favored under 

nitrogen-rich conditions [14]. Based on these considerations, it is plausible to 

conclude that the diffusion of Si in AlN is mediated by a vacancy mechanism that 

involves the formation of complexes between the singly positively charged Si 

donors on substitutional Al sites (SiAl
+1) and the triple negatively charged Al 

vacancies (VAl
−3). This is expressed by the reaction:  

SiAlVAl
− + e− ↔ SiAl

+1 + VAl
−3                                                                                               (3) 

where SiAlVAl
− is a singly negatively charged dopant-defect pair representing the 

mobile species mediating the diffusion process and e- an electron to keep the 

charge balance of the defect reaction [20]. The interface between the amorphous 

SiN layer and the AlN is considered to be the main source for vacancies during 

the diffusion process. Following the general analysis of dopant diffusion in 

semiconductors reported by Bracht [20], the formation of the immobile SiAl
+1 defect 
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on the Al sublattice (as reported in eq. 3) can be controlled either by the diffusion 

of the mobile SiAlVAl
−

 defect pair or by the diffusion of the vacancy VAl
−3. In the 

former scenario, the effective diffusion (D
SiAl

+
eff ) proceeds in a foreign-atom 

controlled mode, while in the latter case, in a native-defect controlled mode of 

diffusion. The native-defect controlled diffusion of Si via vacancy mechanism 

would suggest a concentration-independent effective diffusion coefficient D
SiAl

+
eff

 

(see Eq. (42) in reference [20]). This contradicts our observed experimental 

results, which clearly demonstrate that Si diffusion in AlN is proportional to the 

square of the Si concentration (Eq. (2)). On the other hand, the foreign-atom 

controlled mode of Si diffusion via the vacancy mechanism predicts a square 

dependence of the effective Si diffusion D
SiAl

+
eff

 on the Si concentration (see Eq. 

(47) in reference [20]). This is in accurate agreement with our experimental 

results. So, we conclude that Si diffusion in AlN proceeds in the foreign-atom 

controlled diffusion mode and the mobile species governing this diffusion process 

is the singly negatively charged defect pair SiAlVAl
−

.   

The characteristic box-shaped Si profile indicates that Si diffusion is strongly 

affected by the electric field resulting from Si incorporation on substitutional Al 

lattice sites SiAl
+1. This profile shape is not expected in case of strong compensation 

of the donor dopant SiAl
+1 during the diffusion process [20]. The general case of 

dopant diffusion in semiconductors through the vacancy mechanism is described 

by a system of coupled partial-differential equations accounting for each point 

defect potentially involved in the diffusion process [20]. However, in specific 

situations where the donor concentration is high (exceeding the intrinsic 

concentration), the free carrier concentration approximately matches the 

concentration of donors. This allows to simplify the set of coupled partial-

differential equations into a single differential equation (expressed by equation 1), 

which effectively describes Si diffusion in AlN under consideration in this study. 
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Accordingly, we can conclude that the free carrier concentration at the diffusion 

temperature is nearly equal to the concentration of Si donors on Al sites, which 

remain fully electrically active during high-temperature diffusion. 

Table I reports the values determined for the reduced diffusion coefficient DX
∗  with 

X = SiAlVAl
−

. These values are representative for the doping conditions realized 

in the diffusion experiments. Under different extrinsic doping conditions also 

different values of DSiAlVAl
−

∗  are expected. Accordingly, extrinsic doping 

conditions are not an appropriate reference for DSiAlVAl
−

∗ . Commonly, diffusion 

data obtained for extrinsic conditions are converted to intrinsic doping conditions 

as reference state. This is essential to establish a baseline for comparing Si 

diffusion data determined under various doping conditions. In the following, the 

extrinsic data for DSiAlVAl
−

∗  are converted to intrinsic conditions.  

In this context, first the physical meaning of the reduced diffusion coefficient 

DSiAlVAl
−

∗  must be clarified. In the framework of the vacancy mechanism in 

reaction (3), DSiAlVAl
−

∗  is given by [20]: 

DSiAlVAl
−

∗ =
(CSiAlVAl

−
eq

) (DSiAlVAl
−)

C
SiAl

+
eq                                                                             (4) 

where CSiAlVAl
−

eq
 and DSiAlVAl

−  are the thermal equilibrium concentration and 

diffusion coefficient of the singly negatively charged dopant-defect pair SiAlVAl
−

, 

respectively. C
SiAl

+
eq

 is the equilibrium concentration of the singly positively 

charged Si atoms on Al lattice sites. Considering the impact of doping on the 

formation of charged defects, their equilibrium concentration depends on the 

position of the Fermi level, i.e., with increasing n-type doping the Fermi level 

shifts to the conduction band and, as a consequence, CSiAlVAl
−

eq
 increases and C

SiAl
+

eq
 

decreases. This is generally expressed by the ratio [20] 
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CXz
eq

CXz
eq,in

= (
nin

neq
)

z

                                                                                                              (5) 

between the equilibrium concentrations of the defect Xz with charge state 𝑧 ∈

{±1, ±2, … }. CXz
eq,in

 and CXz
eq

 are the equilibrium concentrations of Xz under 

intrinsic and extrinsic doping conditions, respectively; nin represents the intrinsic 

carrier concentration and neq is the maximum free electron concentration 

calculated via the neutrality equation for the maximum dopant concentration in 

the semiconductor (see Eq. (34) in reference [20]). By means of Eq. (5), DSiAlVAl
−

∗  

for extrinsic conditions can be converted to DSiAlVAl
−

∗ (nin) for intrinsic conditions: 

DSiAlVAl
−

∗ (nin) = DSiAlVAl
−

∗ (
nin

neq
)

2

                                                                              (6) 

where neq is approximated by neq ≈ C
SiAl

+
eq

 for the respective temperatures. The 

intrinsic carrier concentration nin is given by [23] [24] 

nin
2 = NvNc exp (−

Eg

kBT
)                                                                                             (7) 

where Eg, Nv, and Nc represent, respectively, the energy bandgap, the density of 

states in the valence and conduction band. For the temperature dependence of 

these parameters, we consider the following expressions [25]: 

Nv(T) = Nv(300K) (
T

300K
)

3
2⁄

                                                                                  (8) 

Nc(T) = Nc(300K) (
T

300K
)

3
2⁄

                                                                                  (9) 

Eg(T) = Eg(0K) − 1.799 ∗ 10−3 (
T2

T + 1462
)                                                    (10) 

with Nv(300K) = 4.9 ∗ 1020 cm−3, Nc(300K) = 6.2 ∗ 1018 cm−3 and 

Eg(0K) = 6.2 eV [24] [26] [27]. The calculated values for nin are given in Table II for 

the respective diffusion temperatures. 
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Table II. Densities of states in the conduction band Nc and valence band Nv, the energy bandgap Eg and the 

intrinsic carrier concentration nin in AlN at the temperatures T indicated.  

T  

(°C) 

104/T  

(K-1) 

Nc  

(cm-3) 

Nv  

(cm-3) 

Eg  

(eV) 

nin  

(cm-3) 

1500 5.64 8.90 x 1019 7.04 x 1021 4.45 3.74 x 1014 

1600 5.34 9.67 x 1019 7.64 x 1021 4.31 1.38 x 1015 

1700 5.07 1.05 x 1020 8.26 x 1021 4.16 4.52 x 1015 

 

By means of Eq. (6) and the data calculated for nin listed in Table II, the reduced 

diffusion coefficient DSiAlVAl
−

∗ (nin) for intrinsic conditions is obtained. The data 

are given in Table III for the respective temperatures and shown in fig. 6 as 

function of the inverse temperature. The temperature dependence of 

DSiAlVAl
−

∗ (nin) is described by the Arrhenius equation: 

D = D0 exp (−
EA

kBT
)                                                                                           (11) 

where kB is the Boltzmann’s constant, while D0 and EA are the pre-exponential 

factor and the activation enthalpy of diffusion, respectively. 

 

FIG.  6. The reduced diffusion coefficient DSiAlVAl
−

∗ (nin) for intrinsic doping conditions as function of 

the inverse temperature 104/T. The temperature dependence is described by an Arrhenius equation with 

an activation enthalpy of (10.34 ±  0.32) eV and a pre-exponential factor of 235 −203
+1485 cm2s-1. 

 

The temperature dependence of DSiAlVAl
−

∗ (nin) is best described by an activation 

enthalpy EA,1 = 10.34 ± 0.32 eV and a pre-factor D0,1 = 235 −203
+1485 cm2s−1. 

 

Table III. Reduced diffusion coefficient DX
∗  for intrinsic doping conditions at the temperatures T and times t 

indicated. Transport capacity of the mobile dopant-vacancy in extrinsic and intrinsic doping conditions, both 

normalized to the atom density CAl = 4.78 ∗ 1022 of Al.  

T 

(°C) 

t 

(h) 

DSiAlVAl
−

∗ (nin) 

(cm2/s) 

C(SiAlVAl
−)

eq
D(SiAlVAl

−)/CAl 

(cm2/s) 

C(SiAlVAl
−)

eq (nin)D(SiAlVAl
−)/CAl 

(cm2/s) 

1500 1 9.26 x 10-28  4.32 x 10-21 5.13 x 10-26 
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1600 1 4.32 x 10-26  3.02 x 10-20 1.04 x 10-24 

1600 2 3.28 x 10-26  3.27 x 10-20 1.00 x 10-24 

1600 4 3.05 x 10-26  4.68 x 10-20 1.25 x 10-24 

1700 1 8.82 x 10-25  4.12 x 10-19 2.42 x 10-23 

 

By rearranging Equation (4), the transport capacity of the mobile dopant-vacancy 

pair is given by the product:  

C
SiAl

+
eq

DSiAlVAl
−

∗ = C(SiAlVAl
−)

eq
D(SiAlVAl

−)                                                              (12) 

The data thus obtained represent the values of the transport capacity for extrinsic 

doping conditions. The corresponding values are normalized to the atom density 

CAl = 4.78 ∗ 1022 cm−3 of Al and listed in Table III in units of cm2/s.  

The transport capacity for intrinsic conditions is given by 

 C(SiAlVAl
−)

eq (nin)D(SiAlVAl
−) = C(SiAlVAl

−)
eq

D(SiAlVAl
−)

nin

neq
                                   (13) 

The values obtained are listed in Table III and, also in this case, they are 

normalized to the atom density CAl.  

 

FIG. 7: Temperature dependence of the transport capacity C(SiAlVAl
−)

eq (nin)D(SiAlVAl
−)/CAl deduced from the 

analysis of Si diffusion in AlN. The temperature dependence is best described by an Arrhenius equation with an 

activation enthalpy EA,2 = 9.26 ± 0.32 eV and a pre-exponential factor D0,2 = 9.9 −8.5
+61.0

 cm2s−1 of the mobile 

defect SiAlVAl
−.  

 

The temperature dependence of the transport capacity 

(C(SiAlVAl
−

)
eq

(nin)D(SiAlVAl
−

)/CAl) is accurately described by an Arrhenius 

equation with an activation enthalpy EA,2 = 9.26 ± 0.32 eV and a pre-

exponential factor D0,2 = 9.9 −8.5
+61.0 cm2s−1 of the mobile defect SiAlVAl

−
. This is 

illustrated in fig. 7 by the black solid line.  

The activation enthalpy of the transport capacity, being the latter defined as the 

product of the equilibrium concentrations and diffusion coefficient of the mobile 

defect SiAlVAl
−

, represents the sum of its formation and migration enthalpy. Harris 
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et al. [3] report theoretical calculations for the formation energy of the SiAlVAl 

defect complex in its various charge states. For n-type doping conditions, i.e., the 

Fermi level is in the upper half of the band gap, Harris et al. predict that the doubly 

negatively charged complex (SiAlVAl
2−) is the most stable among the other 

SiAlVAl complexes with different charge states, with a formation energy below 2 

eV for Si-rich conditions [3]. For intrinsic conditions, i.e., the Fermi level is in the 

mid gap position, the formation energy of SiAlVAl
2−

 increases to a value of about 

5.3 eV and the formation energy of SiAlVAl
−

 is estimated to be about 5.8 eV (see 

fig. 3 in reference [3]). Compared to these theoretical calculations supporting the 

dominance of the double negatively charge state of the SiAlVAl complex under 

high n-type doping, the Si diffusion experiments reported in our study reveal that 

the SiAlVAl complex is singly negatively charged at the considered diffusion 

temperatures. This disparity does not disprove the theoretical calculations by 

Harris et al. [3], whose formation energies are representative for T = 0 K, but it 

rather shows that a direct comparison with theoretical calculations is difficult as 

the band gap shrinks with increasing temperature. As a result, also the formation 

of complexes between vacancies and Si atoms on the Al sites is expected to be 

dependent on the temperature. Neglecting this temperature dependence for 

simplicity and assuming an energy of 5.8 eV for the formation of the SiAlVAl
−

 

under electronically intrinsic conditions, an energy of about 3.5 eV is obtained for 

the migration of the donor-vacancy complex SiAlVAl
−

. Considering that the Si 

atom in Si-vacancy complexes in AlN occupies an Al second nearest neighbor 

site to the Al vacancy, the migration of the defect complex can involve both first 

and second nearest neighbor jumps and the formation of anti-site defects. Thus, a 

migration energy of several eV for the donor-vacancy complex SiAlVAl
−

 is 

considered to be realistic. 

CONCLUSIONS 
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This study provides fundamental parameters for the diffusion of Si donors in AlN.  

We investigated Si diffusion in bulk AlN with DD < 103 cm-2 and obtained 

concentration profiles that are best described with a diffusion coefficient 

dependent on the square of the local Si concentration. This specific diffusion 

behavior of Si in AlN is explained on the basis of the vacancy mechanism. By 

analyzing the experimental SIMS depth profiles, we determined the parameters 

governing the diffusion of Si in AlN under the specific extrinsic experimental 

conditions and we compared our results with the existing data provided in the 

literature. Subsequently, we converted our diffusion data for extrinsic doping to 

intrinsic doping conditions as reference state. The linear dependence of the 

reduced diffusion coefficient for the intrinsic conditions on the reciprocal 

temperature provided the value of the activation enthalpy EA,1 = 10.34 ±

0.32 eV under these intrinsic conditions. Furthermore, considering that the 

diffusion of Si in AlN proceeds in the foreign-atom-controlled mode of the 

vacancy mechanism, we identified the dopant-defect pair (SiAlVAl
−) as the mobile 

species governing the diffusion process. Exploiting the linear behavior of the 

transport capacity of SiAlVAl
− with the reciprocal temperature and considering 

theoretical DFT calculations from previous studies on highly n-doped AlN, the 

migration enthalpy of the mobile donor-vacancy complex SiAlVAl
− was estimated 

to be around 3.5 eV under intrinsic conditions. The Si diffusion in AlN is shown 

to be affected by the electric field associated with the incorporation of Si on 

substitutional Al lattice sites. The characteristic box-like Si profile reflects the 

distribution of active SiAl
+1 donors in the diffusion volume electrically active at the 

diffusion temperature. On the other hand, previous studies on Si in AlN have 

shown significant deactivation at room temperature [3] [4] [5] [8]. This suggests that 

the deactivation does not occur during the diffusion process at elevated 

temperature but rather during the cooling phase from high temperature to room 

temperature. A comparison of the Si diffusion profiles with electrical 
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measurements at room temperature with nanometer resolution would help to asses 

the local degree of compensation [28]. This would contribute to identify the 

physical origin of the Si compensation, leading to a more comprehensive 

understanding of Si behavior in AlN and its applications. This study could 

potentially open new perspectives for n-type doping in AlN by Si diffusion.  
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