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While increasing temperature is 
essential for reducing carbon and 
oxygen incorporation, it reduces the 
incorporation of silicon as a donor. 
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n-type conductivity bound by the growth temperature: the case of 
Al0.72Ga0.28N highly doped by silicon  
A. Kakanakova-Georgieva,a S.-L. Sahonta,b D. Nilsson,a X. T. Trinh,a N. T. Son, a E. Janzén,a    and     
C. J. Humphreysb    

High-Al-content AlxGa1-xN layers, x ~ 0.72, have been grown by metal organic chemical vapour deposition (MOCVD) at a 
temperature ranging from 1000 to 1100 °C, together with high flow rate of the dopant precursor silane (SiH4) in order to 
obtain highly Si-doped Al0.72Ga0.28N layers, ~ 1 × 1019 cm–3 as measured by secondary ion mass spectrometry (SIMS). Further 
characterization of the layers by capacitance-voltage (C-V), electron paramagnetic resonance (EPR), and transmission 
electron microscopy (TEM) measurements reveals the complex role of growth temperature for the n-type conductivity of 
high-Al-content AlxGa1-xN. While increasing temperature is essential for reducing the incorporation of carbon and oxygen 
impurities in the layers, it also reduces the amount of silicon incorporated as a donor. 

  

Introduction 
Establishing n- and p-type conductivity in epitaxial layers via 

intentional doping is fundamental to any semiconductor 
material system and its relevant device applications. Growth 
parameters such as temperature, gas-flow-rate of precursors 
and pressure may all affect intentional doping in epitaxial layers 
grown by metal organic chemical vapour deposition (MOCVD). 
The same growth parameters, particularly temperature, also 
affect the incorporation of carbon and oxygen impurities which 
has been observed in the MOCVD of III-V semiconductor 
materials such as AlxGa1-xAs and GaN.  

In the case of GaN, an original study has reported that an 
increase in growth temperature from around 955 to 1065 °C 
reduces the incorporation of carbon, which mainly originates 
from the hydrocarbon fragments of the metal organic precursor 
trimethylgallium, (CH3)3Ga, by a factor of up to 25 [1]. The 
understanding is that the increased growth temperature leads 
to enhanced generation of hydrogen radicals from the principal 
precursor ammonia, NH3, and the carrier gas hydrogen, H2, 
which combine with hydrocarbon fragments on the layer 
surface to give methane, CH4, which then desorbs from the 
surface [1]. Carbon acts as an acceptor in GaN and AlxGa1-xAs 
materials by substituting N and As atoms, respectively, in the 
crystal lattice. The strong dependence of the carbon 
concentration on the temperature has been utilized in the 

epitaxial growth of various device structures such as (i) multi-
junction solar cells, which include p++-AlxGa1-xAs layers doped by 
carbon at the optimal growth temperature for this material 
system, typically ranging from 510 to 630 °C [2], and (ii) GaN-
based high-electron-mobility transistors, which include semi-
insulating GaN buffer layers with optimized concentration of 
the carbon impurities [3] which can also be achieved by varying 
the growth temperature from 980 to 1080 °C [4].  

An increase in growth temperature reduces the 
incorporation of oxygen impurities in semiconductor alloys 
containing Al, such as AlxGa1-xAs [5], and AlxGa1-xN [6-8]. The 
incorporation of oxygen into AlxGa1-xN alloys, where oxygen 
substitutes for N in the crystal lattice (ON), has an instant impact 
on the conductivity of respective layers.  From experiment and 
various density functional theory (DFT) calculations, it has been 
found that ON is an effective-mass donor in GaN with a fourfold-
coordinated geometry [9, 10]. The incorporation of oxygen into 
AlN gives rise to strongly localized states associated with the so-
called DX centers in the material, which have been described to 
involve a “large, bond-rupturing displacement” of the donor 
atom itself, or one of its nearest-neighbour atoms, along a bond 
axis [11]. The large extent of lattice relaxation is accompanied 
by the trapping of an extra electron, therefore reducing the 
carrier concentration in the conduction band and limiting the 
conductivity. DFT calculations attest to the formation of oxygen-
related DX centers in AlN independent of the functional used [9, 
10]. The most recent DFT calculations using the screened hybrid 
functional of Heyd, Scuseria, and Ernzerhof (HSE) predict that 
the onset for oxygen-related DX center formation in AlxGa1-xN 
alloys occurs for x > 0.61 with an uncertainty in the order of 0.1 
[12].  

DX centers have been identified by the presence of 
persistent photoconductivity at low temperatures in a number 
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of semiconductors, including AlxGa1-xAs where 0.22 < x < 0.8, 
doped by Te [13], Al0.39Ga0.61N doped by oxygen [14], and AlN 
doped by Si [15]. The formation of DX centers in semiconductor 
materials, for example silicon-doped AlxGa1-xAs [16], AlxGa1-xN 
[17] and AlN [15, 18], have been explored by the application of 
electron paramagnetic resonance (EPR) measurements, which 
extract data about the interaction between the electron spin 
and nuclear spin of the impurity (defect) and to the 
neighbouring atoms, and can provide unique information as to 
the chemical nature of the defect and defect concentration.  

It is clear from the above introduction that an increase in 
growth temperature would benefit the n-type conductivity of 
high-Al-content AlxGa1-xN layers where x > 0.60 ~ 0.70. An 
increase in growth temperature reduces the incorporation of 
carbon and oxygen impurities, and consequently inhibits the 
formation of related compensating defects. In the present study 
we select n-type Al0.72Ga0.28N layers which have been highly 
doped by silicon to the atomic concentration of [Si] ~ 1 × 1019 
cm–3. Most importantly, the Al0.72Ga0.28N:Si layers, when grown 
at 1000 °C, exhibit a low electrical resistivity of ρ ~ 0.012 Ω.cm, 
which compares well with reference values [19-21]. n-type 
Al0.70Ga0.30N:Si layers can exhibit a minimum electrical resistivity 
of ρ ~ 0.0075 Ω.cm when doped by silicon to a higher 
concentration of [Si] ~ 3.5 × 1019 cm–3 [19]. We note that the 
electrical resistivity of high-Al-content AlxGa1-xN layers depends 
strongly on the Al content. The electrical resistivity is known to 
increase by up to four orders of magnitude for AlN layers 
compared to layers of Al0.70Ga0.30N alloy, which correlates with 
a respective decrease in the carrier concentration [19-21]. It has 
been reported that Al0.96Ga0.04N:Si layers with optimized 
structural quality and doping characteristics exhibit electrical 
resistivity of ρ ~ 3.35 Ω.cm, yet enabling efficient light emitting 
diodes in the deep ultraviolet spectral range [21].  

Using the low resistivity of the n-type Al0.72Ga0.28N:Si layers 
grown at 1000 °C as a reference point, we targeted further 
improvement of the transport properties of the layers by an 
increase in growth temperature. We will show that an increase 
in growth temperature can indeed achieve layers with reduced 
incorporation of oxygen and carbon impurities. However, 
implementation of high growth temperatures in combination 
with high flow rates of the dopant precursor silane (SiH4) in 
order to obtain highly Si-doped Al0.72Ga0.28N layers can 
potentially limit doping efficiency and conductivity.  

Experimental 
In this study, Al0.72Ga0.28N:Si/Al0.72Ga0.28N/AlN structures were 
grown on semi-insulating 4H-SiC substrates in a horizontal hot-
wall MOCVD reactor (GR508GFR AIXTRON). The SiC substrates 
were heated up in the flow of hydrogen gas. The reactor was 
operated at a process pressure of 50 mbar. Trimethylaluminum, 
TMAl, of semiconductor grade, trimethylgallium, TMGa, of 
semiconductor grade, ammonia, NH3, (99.9999%); and silane, 
SiH4, (99.999%) diluted to 200 ppm in H2 (99.9996%) were used 
as precursors. The effective substrate template, AlN-on-SiC, was 
overgrown by a composition-graded AlxGa1-xN layer with x 
decreasing from 1.0 to 0.72 by lowering the growth 

temperature from 1240 °C (the temperature for the AlN growth) 
to any of the set values of 1000, 1025, 1050, 1075, and 1100 °C 
(the various temperatures for the Al0.72Ga0.28N growth in this 
study).  TMGa was introduced at a constant gas-flow-rate 
corresponding to the alloy composition of x ~ 0.72 during the 
deposition of the graded layer. A high gas-flow-rate ratio of 
SiH4/(TMAl+TMGa) of ~ 1.0 × 10–3 was applied. The layers of 
Al0.72Ga0.28N (including doping) were deposited at a growth rate 
of ~ 460 nm/h. The concentration of dopants and residual 
impurities, and the alloy composition were measured by 
secondary ion mass spectrometry (SIMS). The SIMS 
measurements were obtained through a commercial analytical 
service [22]. With Cs primary ion bombardment, Al, and Ga 
measurements were obtained using positive secondary ion 
detection. Si, C, and O depth profiles were obtained in another 
measurement by acquiring negative secondary ions. The 
quantification of the Al content and Si, C, and O concentrations 
was performed using proprietary data processing method 
PCOR-SIMS [22]. The instrument conditions were optimized for 
overall depth resolution and sensitivity. The mobility and carrier 
concentration were measured by a microwave-based 
contactless mobility measurement system (LEI 1610, Lehighton 
Electronics, Inc.). Capacitance-voltage (C-V) measurements 
were performed on Schottky contacts formed on the AlxGa1-

xN:Si layers using a mercury probe at 1 kHz (HP4284A LCR meter 
and PRC100 mercury probe station). EPR measurements were 
performed on an X-band (~9.4 GHz) Bruker E500 EPR 
spectrometer equipped with a continuous He flow cryostat, 
allowing control of the sample temperature from 4 to 295 K. 
Specimens were prepared in cross-section for transmission 
electron microscopy (TEM) by mechanical polishing and ion 
milling using Ar+ ions accelerated to 5 kV until a perforation was 
observed in the SiC substrate.  Specimens were studied using a 
Philips CM30 TEM operating at 300 kV and a JEOL 4000EX TEM 
operating at 400 kV.   

Results and discussion 
As already pointed out, the Al0.72Ga0.28N:Si layers grown at 

1000 °C exhibit a low electrical resistivity of ρ ~ 0.012 Ω.cm. The 
low electrical resistivity results from the high doping of                           
[Si] ~ 1 × 1019 cm–3, which gives rise to a carrier concentration 
of n ~ 1×1019 cm-3. The carrier concentration was obtained using 
C-V measurements and microwave-based contactless 
measurements (labelled nCV, and nLEI, respectively, on the plot 
in Figure 1).  
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The high correlation between the silicon concentration and 
carrier concentration in the Al0.72Ga0.28N:Si layers grown at         
1000 °C indicates no major effect of carrier compensation. 
Al0.72Ga0.28N:Si layers were further grown at each of the higher 
temperatures of 1025, 1050, 1075, and 1100 °C. At each of 
these temperatures, silicon was incorporated into the layers at 
the same concentration of [Si] ~ 1 × 1019 cm–3 as verified by SIMS 
for the layers grown at 1050 and 1100 °C (Fig. 1). The 
concentrations of both the oxygen and carbon impurities are at 
least an order of magnitude lower than that of silicon for any of 
the growth temperatures. Particularly, the oxygen 
concentration decreases by a factor of three with an increase in 
temperature from 1000 to 1100 °C, as in Fig. 1. In the layer 
grown at the highest temperature of 1100 °C, the 
concentrations of oxygen and carbon impurities correspond to 
the values at the typical SIMS instrument detection limit for 
silicon and oxygen in AlN, respectively, [O] ~ 2 × 1017 cm-3 and 
[C] ~ 2 × 1017 cm–3. The highest growth temperature of 1100 °C 
causes an increase in the Al content in the layer and is 
understood to be due to the lower thermal stability of GaN than 
AlN. According to the SIMS measurements, this results in the 
growth of an Al0.77Ga0.23N:Si (instead of Al0.72Ga0.28N:Si) layer at 
1100 °C. The growth of higher-Al-content alloy at 1100 °C has 
been confirmed by EPR measurements of the structures grown 
at 1100 oC, 1075 oC, and 1050 oC, respectively, whereby the 
associated g-values are consistent with the corresponding EPR 
spectra [8]. The higher-Al-content layer grown at 1100 °C is then 
excluded from further considerations in this study.  

Both, C-V measurements and microwave-based contactless 
measurements, indicate a constant value of n ~ 1 × 1019 cm–3 for 
the layers with the lowest two temperatures of 1000 and 1025 
°C, but n decreases for layers grown at the higher temperatures 
of 1050 and 1075 °C (Fig. 1). It is clear from the SIMS studies 
that the low carrier concentration has no correlation with the 
oxygen, carbon, and Al contents in the layers, but most probably 
with the amount of silicon incorporated as a donor. The 

concentration of incorporated silicon donors was estimated 
based on EPR measurements.  

The EPR measurements were performed on the 
Al0.72Ga0.28N:Si structures grown at 1050 and 1075 °C; the 
Al0.72Ga0.28N:Si structures grown at 1000 and 1025 °C have too 
high a conductivity and could not be measured by EPR due to 
microwave coupling problems. The EPR signal [8] could be 
detected in darkness at a sample temperature of T = 5 K and up 
to T = 250 K. Respective EPR signals detected in darkness at              
T = 100 K are plotted in Figure 2. The intensity of each EPR signal 
increases with temperature and exhibits a maximum in the 
temperature range of 70 to 120 K, beyond which the intensity 
drops. Such a temperature-dependent EPR signal is indicating 
for a DX center [17, 18].  

It is necessary to provide the remark here that besides 
oxygen, the incorporation of silicon into AlN gives rise to DX 
centers. For the past decades, various DFT calculations using 
different functionals have generated controversy as to the 
formation of silicon-related DX centers in AlN. Recently, the HSE 
screened hybrid functional has been argued for a more accurate 
description of the DX centers that may form in AlN [10, 12]. Such 
recent calculations attest to the formation of stable and 
metastable Si-related DX centers in AlN [10]. EPR has previously 
been reported on Si-doped AlN layers grown on sapphire 
substrates by plasma induced molecular beam epitaxy [15], and 
more recently on unintentionally Si-doped bulk crystals of AlN 
grown by physical vapor transport [18], which observe the 
formation of silicon-related DX centers in AlN. The onset of 
silicon-related DX center formation in AlxGa1-xN alloys requires 
investigation. Reports on EPR of high-Al-content AlxGa1-xN are 
scarce and they include our most recently published data on 
AlxGa1-xN layers of 0.79 ≤ x ≤ 1.0 [17].  
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Fig. 1 Temperature dependence of the atomic concentration 
of silicon, oxygen, and carbon; the carrier concentration (n) 
obtained by C-V (nCV) and contactless microwave-based 
(nLEI) measurements; and the concentration of silicon donor 
on the neutral charge state (SDs) estimated by EPR. 

Fig. 2 EPR signals of the shallow donor measured in darkness at 
100 K for the magnetic field parallel to the c-axis (B||c) in 
Al0.72Ga0.28N:Si layers grown at 1050 and 1075 °C. The donor 
concentration on the neutral charge state estimated by EPR for 
each layer is indicated. 
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Accordingly [15], the understanding is that the conductivity in 
these layers is caused by the thermal emission of electrons from 
the associated stable Si-related DX– state into the conduction 
band, and the activation energy of the conductivity in these 
layers is related to the energy level of the associated stable Si-
related DX– state [23], which was derived from the EPR 
measurements [17]. The negatively charged DX− state (occupied 
by two electrons) is the lowest-energy ground state of the Si 
donor [15]. More details on the proposed configuration-
coordinate diagram of the Si donor in AlN can be followed in 
Ref. 15. Our EPR studies have shown, that for up to x ~ 0.83 the 
Si-related DX centers do not affect significantly the conductivity 
of the respective layers as the energy separation between the 
negatively charged DX– state and the neutral charge state of the 
Si donor is less than ~ 9 meV [17]. 

The maximum intensity of the EPR signal was used to 
estimate the maximum electron spin density, which is 
representative of the concentration of Si donors incorporated 
into the Al0.72Ga0.28N (labelled as SDs on the plot in Figure 1). For 
that, detailed analysis of the temperature dependence of the 
intensity of the EPR signal was performed as previously applied 
to high-Al-content AlxGa1-xN of 0.79 ≤ x ≤ 1.0 [17]. This 
estimation results in SDs ~ 1 × 1018 cm–3 and ~ 4 × 1017 cm–3 
respectively for the Al0.72Ga0.28N:Si structures grown at 1050 
and 1075 °C. The estimated concentration of Si donors and 
concentration of carriers scale reasonably, moreover the same 
trend is exhibited with an increase in temperature between 
1050 and 1075 °C (Fig. 1). However, SDs represents only a very 
small fraction of the total silicon atoms incorporated into the 
layers as measured by SIMS, [Si] ~ 1 × 1019 cm–3. In particular, 
the ratio SDs/[Si] is found to be ~ 10–1 and ~ 10–2 respectively, 
which correlates with an increase in growth temperature from 
1050 to 1075 °C.  

An increase in growth temperature can affect the relative 
rates of specific surface interactions during the stage of SiH4 
supply. It is likely that submonolayers of Si-N bonds can form 
within the microstructure of the layers, including at sites of 
nitrogen dangling bonds such as threading dislocation cores 
[24] and (1-101) facets [25]. In the case of treatment of the 
AlxGa1-xN surface with Si-bearing precursor such as 
tetraethylsilicon, the formation of a submonolayer of Si-N 
bonds with varying “fractional coverage” has been reported 
depending on the amount of Si applied and the temperature 
[24]. The submonolayer coverage by Si-N bonds (generally 
referred to as a SiNx layer [26]) has widely been considered 
when the growing surface of GaN is exposed to a flash of silane 
flow. Some earlier TEM studies have identified this 
submonolayer to be in a certain structural relationship with GaN 
causing threading dislocations to bend towards the c-plane [27]. 
Recently, experimental proof for the SiNx layer has been 
obtained using aberration-corrected high resolution 
transmission electron microscopy [26]. In combination with DFT 
calculations, the atomic structure of this layer was proposed to 
be 2D SiGaN3. The cited reference reported on the growth of a 
SiNx layer at a sharp 3D-2D transition boundary in GaN, 
therefore allowing easy observation. We could expect that in 
our case direct evidence of submonolayer coverage of Si-N 

bonds within the microstructure of the highly Si-doped 
Al0.72Ga0.28N layers would be extremely difficult to observe with 
TEM.  

Typical cross-sectional TEM images of the studied 
Al0.72Ga0.28N:Si/Al0.72Ga0.28N/AlN/SiC layer structures grown at 
the various temperatures show threading dislocations in 
Al0.72Ga0.28N which propagate through the AlN layer after 
nucleation at the interface with the foreign SiC substrate, Fig. 
3(a). Dislocation densities of around 1 × 1010 cm-2 were 
observed for all layers, with around 75 % of dislocations of pure 
edge type. The dislocation density appears to decrease 
dramatically after the deposition of around 150 nm AlN owing 
to the nucleation layer inducing the bending of threading 
dislocations into the c-plane, and those of opposite Burgers 
vector meet and annihilate [28]. Dislocations appear to incline 
to an angle of 17 ° with respect to [0001] in the upper 
Al0.72Ga0.28N layer.  The onset of this inclination is generally 
above the Al0.72Ga0.28N interface with the composition-graded 
AlxGa1-xN layer where x is decreasing from 1.0 to 0.72 by 
lowering the temperature from 1240 °C (the temperature for 
the AlN growth) to any of the set values of 1000, 1025, 1050, 
1075 °C (the various temperatures for the Al0.72Ga0.28N growth 
in this study).  The composition-graded AlxGa1-xN layer appears 
atomically-flat on the lower interface with the AlN, but appears 
rough at the upper interface, as shown in the scanning TEM 
image in Figure 4. This image was taken along the [11-20] zone 
axis using a high-angle annular dark-field (HAADF) electron 
detector which collects images in which atoms with high atomic 
number, such as gallium, appear with relative bright contrast 
and those with low atomic number, such as aluminium, appear 
with dark contrast. The upper region of the layer shows bright 
contrast due to the higher concentration of gallium atoms in the                  
AlxGa1-xN layer.  The composition-graded AlxGa1-xN layer shows 
a variation in contrast from dark to bright along [0001] as more 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Dark field TEM image of a specimen taken with g = 1-
100 close to the [11-20] zone axis. Threading a- and a+c-
type dislocations are visible, propagating along the growth 
direction [0001].  

17 ° 

1 μm 
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gallium is incorporated into the layer. Two threading 
dislocations are visible which appear to increase their angle of 
inclination within the composition-graded AlxGa1-xN layer, 
suggesting that some of the dislocations may begin to incline 
either within the composition-graded AlxGa1-xN layer, as well as 
during the deposition of the subsequent Al0.72Ga0.28N layer, and 
predominantly within the Si-doped Al0.72Ga0.28N layer. The 
dislocations are viewed in projection in the cross-section 
specimens so the observed inclination angles range from zero 
to a maximum of around 17 ° according to the direction of travel 
of the dislocations through the TEM foil, as in Fig. 3(b).  

The inclination of TDs in the AlxGa1-xN material system is a 
recognized mechanism for compressive strain relaxation, 
followed by transition to a tensile strain, whereby 
thermodynamic calculations based on bulk-energy-balance 
provide a set of conditions for the onset of the inclination of TDs 
[29]. An alternative model can be provided when considering 
the kinetics of the growth of the composition-graded AlxGa1-xN 
layer.  The composition-graded AlxGa1-xN was grown by the 
gradual reduction of the growth temperature, which resulted in 
an increase in the amount of gallium incorporated into the layer 
as growth proceeded.  The ramp-down in temperature is also 
consistent with allowing kinetically-slower surface coverage 
processes to dominate, such as the incorporation of vacancies 
or the formation of localised surface pits at dislocation 
terminations during the deposition (in the case of the 
compressively-strained layers); however for layers under 
tension then the incorporation of self-interstitials or the 
formation of monolayer islands around dislocation cores would 
be required).  This process is known as surface-mediated climb 
[30] and it can be further envisaged that any growth conditions 
that promote surface roughening are likely to enhance surface-
mediated climb, as in the case of the graded layers in this study 
which exhibit rough upper surfaces. This is consistent with the 
work of Romanov et.al., [29] where silicon dopant was shown 
to increase the inclination angle of dislocations; the silicon is 
thought to act as an anti-surfactant and promote the surface-
mediated climb process. 

It can be inferred that the particular microstructure, which 
develops within the Si-doped Al0.72Ga0.28N layer, and the 

speculated formation of coverage of Si-N bonds at the higher 
growth temperatures used in combination with a high SiH4 flow 
rate, would prevent the incorporation of silicon atoms at 
substitutional donor sites such that they could contribute to 
doping. We can note that the detailed TEM study of the 
Al0.72Ga0.28N layer structures presents the bending of the 
threading dislocations within the structures. It is known that 
inclination of threading dislocations represents a mechanism by 
which a tensile-stress-gradient is introduced in a typical AlxGa1-

xN layer structure along the growth direction, which can 
ultimately cause the build-in of a tensile strain [31, 32]. 
Following theoretical calculations, the incorporation of Si at 
substitutional acceptor site, SiN, is considered energetically 
unfavorable unless the AlxGa1-xN layer is under tensile stress, as 
the findings of a recent study may suggest [33]. This plausible 
effect contributes to the combination of effects that might be 
involved in explaining the lack of Si incorporation at 
substitutional donor sites as have been obtained by the EPR 
measurements in this study.  

Formation of acceptor-type point defects such as group III 
vacancies (VIII) and complexes such as VIIISiIII has also been 
invoked in explaining the mechanism of compensation in Si-
doped high-Al-content AlxGa1-xN layers where x~0.60 grown at 
various process conditions including temperature, V/III ratio, 
and doping concentration [6, 34]. The equilibrium 
concentration of group III vacancies in the crystal lattice of 
AlxGa1-xN has been calculated to increase with increase in 
temperature [35], which was the argument in explaining the 
significant drop in carrier concentration, from ~ 2 × 1018 cm–3 to 
1 × 1017 cm–3 with increase in temperature in a case study of 
Al0.62Ga0.38N layer doped by silicon at ~ 3 × 1019 cm–3 [6].  A very 
recent report on the growth temperature dependence of Si 
doping efficiency in high-Al-content Al0.70Ga0.30N also refers to 
thermodynamically driven compensating point defect 
formation in explaining the reduction of electron concentration 
(i.e. from 2.0 × 1018 -> 1.1 × 1018 -> 2.9 × 1017 cm–3) as the 
temperature has been increased from 1060 -> 1120 -> 1170 °C, 
respectively [36]. There is no data about the actual atomic 
concentration of the Si dopant incorporated into the 
Al0.70Ga0.30N alloy. The reduction of the carrier concentration is 
reported to be accompanied with a reduction of the mobility 
(i.e., from 100 -> 71 -> 41 cm2V-1s-1, respectively), and 
consequently explained as a further evidence for the excess 
point defect formation giving rise to heavy compensation 
effects [36]. We can note, that we observe an opposite trend in 
our present study. As the temperature increases from 1000 -> 
1025 -> 1050 -> 1075 °C, and the electron concentration 
decreases from about 1.2 × 1019 -> 8.9 × 1018 -> 7.5 × 1017 ->               
3.3 × 1016 cm–3 for the same atomic concentration of the 
incorporated Si dopant,  ~ 1 × 1019 cm–3, the mobility increases 
as 43 -> 50 -> 76 -> 270 cm2V-1s-1. A major factor in the scattering 
mechanism in highly doped semiconductors is the scattering 
from ionized dopants. The trends in the measured values of the 
electron concentration and mobility thus confirm the findings 
of the EPR study that not all of the total silicon atoms 
incorporated into the layers, has contributed SDs.      

 
 
Fig. 4 [11-20] HAADF TEM image of the graded AlGaN 
layer, showing two inclined dislocations. 
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Conclusions 
We have presented our understanding of the complex role of 
growth temperature for the n-type conductivity of high-Al-
content AlxGa1-xN highly doped by silicon, for the example of x ~ 
0.72. We have shown that an increase in temperature can 
indeed achieve layers with reduced incorporation of oxygen and 
carbon impurities which otherwise could cause compensation 
through the formation of substitutional point defect CN, and 
oxygen-related DX centers for certain values of x > 0.70. 
However, we find that implementation of high growth 
temperatures in combination with high flow rates of the dopant 
precursor silane in order to obtain highly Si-doped Al0.72Ga0.28N 
layers can reduce the concentration of carriers which correlates 
with the reduced amount of silicon incorporated as a donor into 
the layers. The formation of coverage of Si-N bonds at the 
higher process temperatures used in combination with a high 
SiH4 flow rate is speculated as a conceivable mechanism, which 
can possibly operate in combination with other outlined effects.  
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