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A B S T R A C T

We investigated the structural and optical properties of AlGaN films grown on SiN-treated sapphire substrates,
without and with GaN-template, by atmospheric pressure metal organic vapor phase epitaxy. The samples were
characterized using high-resolution X-ray diffraction (HR-XRD), time-resolved photoluminescence (TR-PL), and
photoreflectance (PR) spectroscopies. Furthermore, the carrier mobility was determined from Hall-effect mea-
surements. When the AlGaN (GaN-template) layer thickness increases up to 0.6 µm (1.3 µm), an increase in the
PL decay times is observed and correlated with the transition from 3D to 2D growth mode resulting in a decrease
in the dislocations density as obtained from the HR-XRD measurements. Beyond the aforementioned layer thick-
nesses, we observed a deterioration in the PL transient corresponds to an increase in the density of VAl-related
complexes during the relaxation process, which act as non-radiative recombination centers. Our observations
strongly suggest that this type of defects influences the carrier transport and carrier recombination process in
the AlGaN layers. Furthermore, our results reveal a phenomenological linear relationship between the internal
electric field, obtained from the PR measurements, and the dislocations density. This finding predicts an increase
in the GaN internal electric field by about 147 KV/cm when the Al content is increased to 7% in the AlGaN lay-
ers. We attribute this increase to a rise in the polarization-induced electric field due to Al incorporation in the
AlGaN layer. Based on the obtained correlation between the internal electric field and the dislocation density, we
propose an experimental approach that can be utilized to determine the internal electric field, at zero dislocation
density, which is very important for designing high-efficient electronic and optoelectronic devices.

1. Introduction

Group III nitride semiconductor compounds have attracted increas-
ing attention due to their unique physical properties such as direct
bandgap, high electron mobility, and high thermal conductivity [1–3].
In particular, the AlGaN ternary alloys family is one of the most promis-
ing group III-nitride semiconductors that has been used for a vari-
ety of optoelectronic and photonic applications. When varying the Al
content, AlGaN alloys cover a broad spectral range with a tunable
bandgap from 3.4 eV for pure GaN to 6.2 eV for pure AlN [4]. This
makes AlGaN very promising for ultra-violate (UV) light-emitting diodes
(LEDs) [5], laser diodes [6], sensors [7], and UV solar-blind detec-
tors [7]. Furthermore, AlGaN has been widely used for high power,

high frequency, and high-temperature operation electronic devices such
as high electron mobility transistors (HEMT) [8,9], metal–oxidesemi-
conductor HEMT (MOSHEMT) [10], and MOS heterostructure field ef-
fect transistor [3,11], due to its numerous superior properties, includ-
ing high electric breakdown field, high electron mobility, high electron
saturation velocity, and high thermal conductivity [2,8,12].

Despite the impressive broad spectrum of the achievements men-
tioned above, however, the full potential of AlGaN-based applications
and devices has not reached yet. The primary factor reducing the de-
vice performance is the heteroepitaxy of AlGaN on foreign substrates
due to the lack of native substrates. In this context, sapphire has been
the most common substrate used for the fabrication of AlGaN-based
structures and devices. However, sapphire is largely mismatched to
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(Al)GaN in terms of both the lattice size and the thermal expansion co-
efficient [13,14]. This leads to the growth of AlGaN films with a high
density of defects. These defects trap carriers, acting as non-radiative re-
combination centers, and consequently affect the optical and electronic
properties of the elaborated layers [15–23]. However, several methods
have been suggested to reduce the effects associated with mismatches
between the AlGaN layer and sapphire substrate, e.g., the deposition
of a low-temperature buffer layer of GaN or AlN on the substrate [24]
and the epitaxial lateral overgrowth [6]. Furthermore, the use of an
in situ SiNx nano-masking on the sapphire substrate, the so-called Si/
N treatment, has been proved to be a promising technique to enhance
the AlGaN layer quality [25]. An improvement in the AlGaN crystalline
quality has also been reported when a high-temperature GaN layer, i.e.,
GaN template, is sandwiched between the AlGaN layer and the substrate
[26]. Nevertheless, the AlGaN layer quality can be influenced by vari-
ous growth parameters such as the III/V ratio [27], growth temperature
[16], template polarity [23], and the layer thickness [24].

Although many reports have been published on the study of the layer
thickness effect on the structural and optical properties of AlGaN-related
heterostructures [24,26,28,29], some fundamental properties are still
unexplored for such heterostructures, such as the evolution of the inter-
nal electric field and the carrier decay times with AlGaN (or GaN-tem-
plate) thickness. In fact, due to the presence of charged defects (dis-
location, impurities, and point defects) and polarization charges (spon-
taneous and piezoelectric), a huge internal electric field exists along
(0001) direction of hexagonal AlGaN heterostructures [18,30,31]. Such
a field strongly influences the optical and electronic properties of AlGaN
heterostructures and hence the device performance [30,32]. For exam-
ple, the internal electric field causes the quantum-confined Stark effect
in the quantum wells of LEDs, resulting in reduced radiative recombina-
tion rates and a shift in the emission wavelength. Hence, the experimen-
tal determination and the control of the internal electric field evolution
in AlGaN-based structures are of high importance for the device design.
In this paper, we present a study of the optical properties of AlGaN lay-
ers grown without and with a GaN template on Si/N-treated sapphire
substrates. We discuss our observations and compare them with those
of the structural properties of the same sets of samples. In particular,
we systematically investigate the effects of the transition from 3D to 2D
growth mode on the dislocation density, strain, carrier decay times, and
the internal electric field. We show the correlation of optical and struc-
tural properties of the AlGaN layers focusing on the effects of disloca-
tions and strain on the internal electric field and carrier decay times.

2. Experimental procedures

AlGaN layers under investigation were grown using Si/N treatment
by metal organic vapor phase epitaxy (MOVPE) in a home-made ver-
tical reactor operated at atmospheric pressure on (0001) sapphire sub

strates. The studied samples are divided into two groups. The samples of
the first group (A) were grown without GaN template and with differ-
ent AlGaN layer thicknesses. In contrast, in the second group (B) of sam-
ples, a GaN template layer was sandwiched between the AlGaN and GaN
buffer layer. Here, the AlGaN layer thickness was set to be 0.5 µm, while
the GaN template thickness was varied. The structural, morphological
and optical properties of the GaN template layer are investigated in Ref.
[19]. Fig. 1 shows schematic drawings of the growth sequence of the
studied samples: the first group is on the left-hand side, and the sec-
ond one is on the right-hand side. Trimethylgallium (TMG), trimethyla-
luminum (TMA), ammonia (NH3), and silane (SiH4) were used as Ga, Al,
N, and Si sources, respectively. The carrier gas used during the growth
process was a mixture of N2 and H2. The growth temperature was mea-
sured by a thermocouple inserted into the graphite susceptor. After a
cleaning procedure of the sapphire substrate, the growth started with a
nitridation step in an ambient of NH3 + N2 + H2 for 10 min at 1080 °C.
Then, the Si/N treatment was carried out by an in situ deposition of a
thin Si/N mask on the sapphire substrate. In particular, the substrate
was exposed to a mixture of NH3 and SiH4 for 120 s. This leads to a
partial covering of the substrate by a thin Si/N layer, which acts as a
nano-mask, facilitating the formation of self-organized GaN islands.

The growth was in situ controlled by laser reflectometry with a
632.8-nm He-Ne laser. The layer thicknesses were obtained based on
in situ reflectivity during the growth process, presented in Fig. 2a and
b. The different growth steps have been described in Refs. [26,28,29],
where the correlation between the reflectivity signal evolution and sur-
face morphology obtained from atomic force microscopy (AFM) and
scanning electronic microscopy (SEM) has been analyzed and demon-
strated. In particular, the morphology of the studied AlGaN layers
evolves from a surface covered with discontinued islands to a smooth
continued surface, i.e., the transition from 3D to 2D growth mode occurs
when the AlGaN (GaN template) thickness increases.

The Al solid composition of the samples was determined by en-
ergy-dispersive X-ray measurements at different regions of each sample
with a composition inhomogeneity of about 0.2%. High-resolution X-ray
diffraction (HR-XRD) measurements were performed to study the struc-
tural properties of AlGaN thin films; the HR-XRD spectra are presented
in Ref. [26]. We approximately obtained the screw-type and edge-type
dislocations densities (Dedge and Dscrew, respectively) from the full-wide
at half-maximum of (0004) symmetric and (−1015) asymmetric rock-
ing curve reflections. On the other hand, we obtained the in-plane strain
(εxx) in the layers from the in-plane lattice constant (a), which is deter-
mined by using the Bragg angle of (−1015) plane in the ω−2θ scanning
mode. A detailed description of the methods used to assess the disloca-
tion densities and strain in the layers is found elsewhere [24,33]. The
obtained structural parameters of the studied samples are summarized
in Table 1.

Fig. 1. Schematic drawings of the growth sequence of the samples of group A (left-hand side) and group B (right-hand side).
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Fig. 2. The Reflectivity against the growth time of the samples of (a) group A and (b)
group B. The solid circles in (a) and (b) indicate the stage at which the growth was inter-
rupted.

Photoreflectance (PR) measurements were performed employing the
325-nm line of a He-Cd laser as the pump source. A 75-W Xe lamp
dispersed with a 275-mm focal length monochromator was used as
the probe source. The pump laser beam was mechanically chopped at
280 Hz. The reflected light signal was dispersed by a 500-mm focal

length grating monochromator and detected using an ultraviolet en-
hanced silicon photodiode. Time-resolved photoluminescence (TR-PL)
measurements were performed using a frequency-tripled mode-locked
Ti:sapphire laser for excitation and a streak camera for detection. The
excitation laser was operated at a center wavelength of 290 nm, with a
pulse duration of 100 fs at a repetition rate of 80 MHz. All PR and TR-PL
measurements presented in this work were carried out at room temper-
ature.

3. Results and discussion

The total dislocation density (Dtot = Dedge + Dscrew) as a function
of the AlGaN (GaN-template) thickness is shown in Fig. 3(a). For
group A of samples, the values of Dtot decreases from 7.5 × 109 to
2.2 × 109 cm−2 when the AlGaN layer thickness is increased from 0.3
to 1.2 µm. This reflects an improvement in the layer crystalline qual-
ity through the smoothing process. Threading and misfit dislocations are
common defects in GaN and AlGaN based heterostructures. The internal
stress due to the lattice mismatch is the main cause of the formation of
misfit dislocations. Threading dislocations, however, are generated as a
result of the coalescence of adjacent grains during epitaxial growth at
high temperatures with a density ranging between 108 and 1011 cm−2

[34]. Furthermore, it has been demonstrated that the most dislocations
in AlGaN/GaN heterostructures are of threading straight type [34].

In the first stage of the AlGaN growth on sapphire substrate (Group
A), the dislocation density is high near the sapphire interface, due to
the 3D growth mode. When the growth is continued, i.e., the AlGaN
thickness is further increased, a transition from 3D to 2D growth mode
is occurred, as observed from SEM images [29] and in situ reflectivity
(Fig. 2a). Consequently, the dislocation density decreases as the coales-
cence of adjacent grains occurs and as the sapphire interface region be-
comes far. The decrease in the dislocation density could also be attrib-
uted to the increase of the interdependence parameter during the tran-
sition from 3D to 2D growth mode [29]. In fact, the rise of the inter-
dependence parameter, which reflects the interaction between tilt and
twist mosaic (edge and screw dislocations), leads to a decrease in both
edge and screw dislocation densities. On the other hand, a notable de-
crease in the dislocation density is observed when a GaN template layer
is inserted between the AlGaN layer and sapphire substrate (group B
of samples). This result reflects an improvement in the crystalline qual-
ity when the AlGaN layer is grown on a GaN template; the GaN-tem-
plate layer acts as a filter and minimizes the propagation of dislocations
and defects from the sapphire interface region to the AlGaN top-layer.
For sample B1, where the AlGaN layer was grown on 3D-GaN-template,
the dislocation density is of about 1.2 × 109 cm−2. When the GaN tem-
plate thickness increases, the dislocation density decreases to 9.5 × 108

cm−2 for sample B2 and reaches 6.4 × 108 cm−2 for sample B3 when
the AlGaN layer was grown on 2D-GaN-template. When the GaN tem-
plate thickness increases further, the dislocation density remains almost

Table 1
Thickness, morphology, and structural parameters of the AlGaN heterostructures.

Sample AlGaN thickness (µm) GaN-template thickness (µm) Morphology Al composition (%) (10 −3) Dedge (10 8 cm −2) Dscrow (10 8 cm −2)

AlGaN GaN-template

A1 0.3 – 3D – 2 −1.9 46.9 27.8
A2 0.5 – 3D – 3.5 −2.01 35.0 13
A3 0.6 – 2D – 5 −4 22.6 10.5
A4 1.2 – 2D – 7 −0.2 14.6 7.1
B1 0.5 0.4 2D 3D 7 0.1 7.3 5.3
B2 0.5 0.6 2D 3D 7 1.6 5.2 4.3
B3 0.5 1.3 2D 2D 7 2.8 3.6 2.7
B4 0.5 2.1 2D 2D 7 0.3 4.7 1.7
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Fig. 3. (a) dislocation density- and (b) strain dependence on the AlGaN/GaN-template
thickness.

constant (sample B4). The difference in the dislocation density evolution
between group A and group B of samples, when the transition from 3D
to 2D growth mode is established, is attributed to the fact that for group
A of samples, the AlGaN thickness is varied from 0.3 to 1.2 , how-
ever, for group B of samples, the AlGaN layer is kept constant.”

The in-plane strain (εxx) as a function of AlGaN (Group A) and
GaN-template (Group B) layer thicknesses is depicted in Fig. 3(b). The
negative values of εxx, obtained for group A of samples, indicate that
the direct grown of AlGaN on sapphire substrates is under compres-
sive strain. In contrast, the positive values found for group B of sam-
ples suggest that the AlGaN deposited on GaN/sapphire pseudo-sub-
strate is under tensile strain. Our results agree well with previous stud-
ies [24,33,35]. Despite its compressive or tensile nature, the absolute
value of εxx firstly increases with increasing thickness to reach a max-
imum when the AlGaN (GaN template) layer thickness exceeds 0.6 µm
(1.3 µm). Above this thickness, the in-plane strain shows a significant
decrease for both groups of samples, reflecting a relaxation process
(samples A4 and B4). The evolution of strain with increasing AlGaN
layer thickness could explain the variation of the Al solid composition
in the samples of group A, despite the identical growth conditions (the
fixed TMA flow rate). Strain has an inhibiting effect on the Al atoms
incorporation via the compositional pulling effect [36]. Consequently,
in the early growth stages, the high value of the strain leads to a low
Al composition. Yet, when the layer gets thicker, the strain is reduced
due to relaxation, resulting in a higher Al content. In this context, three
main mechanisms have been reported for stress relaxation: relaxation
by the appearance of cracks, relaxation by the generation of disloca-
tions, and relaxation by the generation of point defects [26,37,38].
However, the order of the appearance of these mechanisms has been
the subject of controversy. Lee et al. [39] reported that the relaxation

starts with cracks marks that are followed by the generation of disloca-
tions at the AlGaN/substrate interface. The cracks serve as nucleation
centers for dislocations [39,40]. Furthermore, the stress relaxation by
cracking only occurs in layers with high quality grown under tensile
strain. For both samples A4 and B4, the AFM and SEM images demon-
strated a crack-free surface. Furthermore, the HR-XRD investigations on
both A4 and B4 samples revealed a lower dislocation density compared
with its values for other samples of the same group. This leads us to
conclude that the dominant relaxation process for samples A4 and B4 is
most likely associated with the generation of point defects.

To investigate the effect of the AlGaN and GaN-template thickness on
carrier decay times of the studied samples, TR-PL measurements were
performed at room temperature. The normalized PL transients of the
samples, measured at a laser power of 0.3 mW, are shown in Fig. 4. Ev-
idently, the PL transients show a tendency to be relatively longer with
increasing AlGaN (GaN template) thickness up to 0.6 µm (1.3 µm). Be-
yond, a shortening in the PL transition is observed. While the PL transi-
tion of sample A4 shows a single exponential decay curve, the PL tran-
sients of the other investigated samples reveal non-monoexponential de-
cay curves. As shown by the solid lines in Fig. 4, the PL transients of
these samples can be well fitted using bi-exponential decay function:

where I(t) refers to the PL intensity at time t. Af (As) and τf (τs) represent
the initial intensity and the decay time, respectively, of the fast (slow)
PL decay component. The values of the decay times as well as the in-
tensity ratio of the slow PL component to the fast one, obtained using
the Levenberg-Marquardt algorithm, are plotted in Fig. 5 and Fig. 6, as
a function of the layer thickness of AlGaN (group A) and GaN template
(group B), respectively.

In the first stage of AlGaN growth directly on sapphire, the mea-
sured τf and τs are of about 5 and 23 ps, respectively, whereas the As/Af
ratio is of about 0.35 (sample A1). Evidently, τf, τs, and As/Af inten-
sity ratio increase with the AlGaN thickness, to reach 14 ps, 63 ps, and
0.48, respectively, when the 2D growth mode is established (sample A3).
Nevertheless, when the AlGaN layer thickness is further increased up to
1.2 µm, an unexpected very fast PL transient with a single exponential
decay is observed (sample A4). For group B of samples, when the AlGaN
layer is grown on 3D-GaN-template (sample B1), the measured τf and τs
are about 11 ps and 34 ps, respectively. As the GaN-template thickness
increases, τf and τs, as well as the As/Af intensity ratio, show a monot-
onic increase, when the AlGaN layer is grown on the 2D-GaN template
(sample B3). The behavior of the As/Af intensity ratio consequently re-
veals a relative decrease in the fast process at the expense of the slow
one. When the GaN template reaches a thickness of 2.1 µm (sample B4),
a drop in both τf and τs and in the As/Af intensity ratio is observed.

The origin of fast and slow PL decays in group III-nitride semi-
conductors has been the subject of a number of previous studies
[15,19,41–45]. After Refs. [41–44], the slow and fast components
are linked to the presence of two dominants recombination pathways
that contribute to the decay curve. Furthermore, an increased As/Af ra-
tio reflects reduced non-radiative relaxation pathways. Hence, the in-
crease of the As/Af intensity ratio observed in the present work, when
the AlGaN (GaN-template) thickness is increased, evidently reflects a de-
crease in the density of non-radiative recombination centers. This de-
crease is directly correlated with the enhancement of the AlGaN qual-
ity when the AlGaN (GaN-template) layer has undergone a transition
from 3D to 2D growth mode. In other words, the decrease in the non-ra-
diative recombination contribution to the PL decay curve is associ-
ated with an obvious drop in the dislocation density when the AlGaN
(GaN-template) thickness is increased from 0.3 to 0.6 µm (from 0.4 to
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Fig. 4. Room temperature TRPL spectra of (a) samples of group A and (b) samples of group B. Symbols represent the experiment data while the solid lines indicate the least square fitting
using Eq.1.

Fig. 5. (a) fast and slow decay times and (b) the As/Af intensity ratio and the mobility
against the AlGaN thickness. Fig. 6. (a) fast and slow decay times and (b) the As/Af intensity ratio and the mobility

against the GaN-template thickness.
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1.3 µm). Likewise, the decrease of the slow and fast decay times as well
as their intensity ratio observed for samples B4, should reveal an in-
crease in the density of non-radiative recombination centers and hence
in the dislocation density. However, this is not the case, since the dislo-
cation density of sample B4 is lower when compared to other samples of
group B, as seen from Fig. 3(a).

Pozina et al. [46] reported that the PL decay is influenced by two
competitive non-radiative mechanisms: the first one is related to struc-
tural defects like dislocations, and it is important for relatively thin lay-
ers, and the other mechanism is relevant to point defects such as vacan-
cies and impurities, and it is dominant for relatively thick layers having
low structural defects. Furthermore, Ichikawa et al. [22] and Chichibu
et al. [21] reported that point defect complexes, containing III-element
vacancies, such as Al vacancy with nitrogen vacancy (VAl-VN), Al va-
cancy with oxygen impurity in nitrogen site (VAl-ON), and Ga vacancy
with nitrogen vacancy (VGa-VN), are the origin of predominant non-ra-
diative recombination centers in AlGaN and GaN at room temperature.
Since our AlGaN samples are grown by MOVPE at atmospheric pressure
(with TMG and TMA flow rates of 40 and 22.5
, respectively), only a relatively small amount of Al solid composition
is incorporated into AlGaN films during the growth. This is due to the
high parasitic reactions between the organometallic and ammonia at at-
mospheric pressure, and to the low mobility of Al atoms compared to
Ga atoms. Thus, a high density of VAl is expected in our AlGaN samples.
Besides, Gruber et al. [38] stated that vacancies have to be created due
to strain relaxation. The strain relaxation process causes a decrease in
the formation energy of VAl, consequently leading to an increase in the
density of VAl. On the other hand, since our AlGaN layers were grown by
MOVPE using SiN-treatment, carbon, silicon, and oxygen impurities are
unintentionally incorporated into the (Al)GaN structures near the sap-
phire interface [47]. During the strain relaxation process, these impuri-
ties could diffuse to the AlGaN layer through the dislocation lines [37],
occupy N vacancy, and form VAl-related complexes. Consequently, the
degeneration in the PL decay response from samples A4 and B4 could be
associated with this increase in the density of VAl-related complexes.

To evidence our above-mentioned speculation of the formation of
VAl-related complexes, secondary ion mass spectroscopy (SIMS) has been
used to probe the Si and O contents in our samples. Fig. 7 shows the
depth profiles of Al, Ga, O, and Si in sample A4. Si and O concen-
trations, of about 1020 atoms/cm3 and 1022 atoms/cm3, respectively,
are high near the film/substrate interface region. Both gradually de-
crease to have a concentration of around 6 × 1018 atoms/cm3 for the
depth ranges between 0.13 and 0.8 µm. Near the surface region, we ob-
serve a monotonic increase of the O concentration to reach 1020 atoms/
cm3, while the Si concentration keeps around 6 × 1018 atoms/cm3.

Fig. 7. SIMS depth profiles of Al, Ga, O, and Si atoms obtained for sample A4.

The increase in the O concentration for a layer thickness of about 1.2 µm
could be attributed to the diffusion of O impurity through the disloca-
tion lines during the strain relaxation process. Another explanation of
the increase in the O signal is associated with the possibility of the oxi-
dation of the AlGaN surface by O atoms from the ambient air. However,
the SEM image of sample A4 [29], excludes this hypothesis; it presents a
terrace-like surface morphology without any oxidation symptoms. From
the results obtained from SIMS investigation, we conclude that Al va-
cancy with oxygen impurity in nitrogen-vacancy complex (VAl-ON) could
be the primary origin of the degeneration in the PL decay response.
However, conclusive evidence of our speculation needs further investi-
gation with positron annihilation spectroscopy to control the evolution
of vacancy density from sample to sample.

For further investigation, we studied the effect of defects on the elec-
trical properties of the studied AlGaN layers. In particular, we obtained
the room-temperature electron mobility of the samples using the Van
der Pauw-Hall technique. The variation of carrier mobility with the Al-
GaN and GaN-template thickness is shown in Fig. 5(b) and Fig. 6(b),
respectively. Obviously, both the carrier mobility and the As/Af intensity
ratio show the same tendency of evolution when the AlGaN (GaN-tem-
plate) thickness is increased. This observation strongly suggests that the
same type of defects influences the carrier transport and carrier recombi-
nation processes. In this context, Look et al. [48] showed that the elec-
tron mobility can be affected by point defects and impurities. Hence, we
believe that the VAl-related complexes are the primary defects’ source
affecting both the PL decay response and carrier mobility in the studied
AlGaN layers. It is worth to mention that sample B4 has higher carrier
mobility and longer PL decay response than sample A4. This is due to
the presence of a GaN template layer, which acts as a filter and mini-
mizes the diffusion of impurities and point defects from the sapphire in-
terface to the AlGaN layer, as above mentioned.

To obtain the internal electric field in the studied samples, we used
PR spectroscopy. Fig. 8 shows the room-temperature PR spectra of the
samples. Except for sample A1, all spectra show fringes above the Al-
GaN bandgap energy, which are attributed to the Franz–Keldysh ef-
fect, the so-called Franz–Keldysh oscillations (FKOs). Such FKOs fea-
tures have been commonly observed in PR spectra of III-V semiconduc-
tors and structures and have been attributed to the modulation of the
built-in electric fields present at the layer surface and/or layers’ inter-
faces [30,31,49,50]. To obtain the electric field of the AlGaN films, the
FKO period is analyzed within the asymptotic expression of PR [19,49].
This approach neglects the light-hole contribution to PR spectra and
takes into account only the contribution of heavy holes [49]. According
to this model, the energy of oscillation extrema (Ej) is given by:

with , where ħθ is the electro-optic energy, is the
bandgap energy, and j denotes the jth FKO extremum. An example of
FKO analyses is shown in the inset of Fig. 9 (for sample A4), where the
straight lines represent the least-squares fit to Eq. (2). The slope of this
linear relationship yields ħθ. Then, the electric field (F) is determined
using the following equation:

where ħ is the reduced Planck constant, and µ is the electron-hole re-
duced mass. The estimated electric fields are presented in Fig. 9 as a
function of AlGaN and GaN-template thicknesses. For both groups of
samples, the electric field obviously drops with increasing thickness.
However, the rate of this decrease is different for the two groups. In the
first stage of growth, AlGaN/sapphire heterostructure exhibits a strong
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Fig. 8. Room temperature photoreflectance spectra of samples of group A (a) and samples of group B (b).

Fig. 9. Electric field dependence on AlGaN and GaN-template thickness. The inset shows
the FKO analysis of sample A4.

electric field of about 380 KV/cm (sample A2). When the AlGaN thick-
ness increases, the electric field decreases rapidly to reaches 300 KV/cm
for sample A3 (0.6 µm) and 250 KV/cm for sample A4 (1.2 µm). For Al-
GaN grown on GaN-template, the electric field slightly decreases from
236 to 220 KV/cm, when the GaN-template thickness is increased from
0.4 to 2.1 µm. Our results agree with the findings reported by Kudraw-
iec et al. [50].

The change in the internal electric field in AlGaN is ascribed to the
change of two main components: the polarization-induced electric field
and the dislocations-induced electric field [34,51]. However, no clear
experimental evidence of the magnetite of each component has been

reported so far. This is due to the difficulty in separating their contri-
butions. The polarization-induced electric field is produced by sponta-
neous and piezoelectric polarizations. Spontaneous polarization is orig-
inated from the intrinsic asymmetry of the bonds in the equilibrium
AlGaN wurtzite structure, leading to an electric field along the c-axis.
Piezoelectric polarization occurs due to the strain induced by the lat-
tice mismatch. The sign of piezoelectric polarization depends to the sign
of strain: it is positive for compressive strain and negative of tensile
strain. On the other hand, Guo et al. showed that the polarization elec-
tric field in AlGaN alloy systems is dominated by the contribution of
spontaneous polarization [51]. Likewise, due to the relatively low strain
values observed in our samples, the contribution of piezoelectric polar-
ization to the total polarization electric field can be neglected in the pre-
sent work. Therefore, the magnitude of the polarization-induced electric
field should be increased with Al composition due to the higher sponta-
neous polarization effect is in AlN compared to GaN.

As can be seen from Fig. 3(a) and Fig. 9, the dislocation density
and the internal electric field show the same tendency to evolve with
the AlGaN (GaN-template) thickness increase. This suggests a strong cor-
relation between the dislocation density and the internal electric field.
Given that a high density of dislocations characterizes the AlGaN/sap-
phire interface region, a strong electric field is expected for samples
A2 and A3, which is in agreement with our results. Moreover, the in-
crease of the AlGaN thickness from 0.3 µm (sample A1) to 1.2 µm (sam-
ple A4) suggests: (a) an increase in the polarization-induced electric field
due to increased Al content from 3.5% to 7%, and (b) a decrease in
the dislocations-induced electric field due to the decrease in the dis-
location density. However, the observed reduction in the total electric
field obtained from PR measurements, with AlGaN thickness increas-
ing, reflects that the dislocation-induced electric field is dominant in
this Al content range. For samples of group B, the contribution of the
polarization electric field to the total electric field is almost the same.
This is due to the fact thatall samples have the same Al content, and
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the strain is very small. Therefore, the small drop in the electric field
value with GaN-template thickness is ascribed to the slight reduction in
the dislocation density in the AlGaN layer, as above discussed.

Ultimately, in Fig. 10, we plotted the electric field against the dis-
location density for the samples of group B with the same Al content
(xAl = 7%) and for the set of GaN (xAl = 0%) samples of Ref. [19].
The electric field increases linearly with the dislocation density for both
Al0.07G0.93N and GaN layers. Such a linear relationship could be ex-
plained by the fact that the majority of dislocation lines (threading dis-
locations) are aligned vertically in the same direction of the electric
field as observed from the cross-sectional SEM image depicted in Fig.
11. The orientation of threading dislocation lines along direc-
tion has also been experimentally observed for grown epitaxial GaN
layers [34]. The best linear fit of the two data sets of Fig. 10 yields
the same slope of about 19 µV.cm. The y-intercept is about 63 KV/cm
and 210 KV/cm for GaN and Al0.07G0.93N, respectively. Here, the y-in-
tercept represents the electric field in GaN and Al0.07G0.93N layers at
zero dislocation density (dislocation-free layers). Thus, an increase in
the electric field by about 147 KV/cm is estimated when the Al compo-
sition increases from 0% (GaN) to 7% (Al0.07G0.93N). We attribute this
effect to the rise of the polarization-induced electric field due to Al in-
corporation. However, further investigations of different sets of samples

Fig. 10. The evolution of electric field as a function of the dislocation density for
Al0.07Ga0.93N and GaN.

Fig. 11. Cross-sectional SEM image of sample A4 (adopted from Ref. [29]).

with each, the same Al content and various layer thicknesses, can help to
experimentally estimate the relation between the internal electric field
of AlGaN and Al content at the zero dislocation density. Such a finding
is of great importance for the design of AlGaN-based devices with en-
hanced performance.

4. Conclusions

We have investigated the structural and optical properties of AlGaN
layers during the entire growth process. The samples were grown by
atmospheric pressure MOVPE on SiN treated sapphire substrates, with
and without GaN template. HR-XRD measurements show a decrease in
the dislocations density when the AlGaN (GaN-template) thickness is in-
creased. While the AlGaN layers directly grown on sapphire are under
compressive strain, the AlGaN layers grown on GaN template are under
tensile strain. Our results obviously demonstrate a correlation between
the dislocations density, PL decay, and the carrier mobility of the Al-
GaN layers. Hence, we strongly believe that the same type of defects
affects the carrier transport and carrier recombination process. Further-
more, we have found that an increase in the density of VAl-related com-
plexes during the relaxation process, which act as non-radiative recom-
bination centers, is responsible for the degeneration of the PL transient
when the AlGaN layer thickness is increased. The internal electric field
extracted by applying the FKO theory on the PR spectra shows a ten-
dency to decrease when the AlGaN and GaN-template thicknesses are
increased. Moreover, our results reveal a phenomenological linear re-
lation between the internal electric field and the dislocation density in
Al(GaN). Importantly, this finding leads to a prediction of the internal
electric field at the zero dislocation density, i.e., in dislocation-free lay-
ers. Furthermore, we have found that, at the zero dislocation density,
the internal electric field increases by about147 KV/cm when the Al con-
tent is increased from 0% to 7%. Ultimately, by following the approach
used to obtain the internal electric field of AlGaN at the zero dislocation
density, one can find out experimentally the relation between the inter-
nal electric field of AlGaN and the Al content. Such a relationship is of
great importance to determine the desired Al content when designing an
AlGaN-based device with enhanced performance.
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