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The behavior of a high density radical source for the plasma assisted molecular beam epitaxy of GaN and
AlGaN compounds is studied and compared with the one of a conventional plasma source. Plasma light
emission correlates with the GaN growth rate. Both attest to the better efﬁciency of the new source for
producing active nitrogen species with resulting growth rates well beyond 1 mm/h. The present study
shows that GaN ﬁlms with equivalent structural and optical quality can be grown even with a growth
rate enhancement by a factor of 5. The purity of the grown ﬁlms is investigated as well as point defects.
Positron annihilation shows that plasma conditions can be tuned in order to limit the increase of the
gallium-vacancy related complexes density by about 2x1016 cm  3 while reaching growth rates as high as
2.1 mm/h.
& 2015 Elsevier B.V. All rights reserved.
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1. Introduction
For a long time, the plasma assisted molecular beam epitaxy
(PAMBE) growth of III-Nitride materials has been impeded by the
weak efﬁciency of the nitrogen plasma sources and their resulting
low growth rate (typically below 0.5 mm/h for GaN) compared to
ammonia source MBE (typically 0.5–1 mm/h) and metal organic
vapor phase epitaxy (MOVPE) with typical growth rate of 2 mm/h.
This can be a severe limitation for production. To solve this limitation, the use of several nitrogen plasma sources within the same
reactor [1] has been proposed as well as new types of plasma
sources [2,3]. Among these sources the high density radical source
(HDRS) has been co-developed by the University of Nagoya and
the company NU EcoEngineering Co. [2,4]. The nitrogen radicals
are supplied by conventional plasma sources with the application
of RF power into a BN cavity containing the nitrogen ﬂow. One
approach to achieve high density nitrogen radicals and then
higher growth rate is to increase the plasma densities. As described in [4], this can be achieved within inductively coupled plasma
n
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(ICP). Thanks to the enhancement of the efﬁciency, not only a
higher growth rate is expected, but also for a given growth rate, a
reduced RF power to generate active species which in return can
beneﬁt to the quality of materials like GaN, AlGaN and InGaN [4].
In the present work, we evaluate the capabilities of such a HDRS
for the PAMBE growth of GaN ﬁlms as well as for GaN/AlGaN
quantum well structures. Comparisons with ﬁlms grown with NH3
MBE are also made.

2. Experimental methods
Epilayers are grown in a RIBER Compact 21T molecular beam
epitaxy reactor dedicated to the growth of III-nitrides. Previously,
this reactor has been evaluated for the growth of GaN based
structures using ammonia thermally cracked at the sample surface
[5–7] and PAMBE with a conventional source (CS) from
RIBER/ADDON [7–9]. GaN and AlGaN ﬁlms are grown on 3-4 mm
GaN-on-sapphire MOVPE templates with a 1 mm thick Mo coating
on the backside to facilitate heating as well as temperature measurements with an infrared pyrometer. GaN ﬁlms are also grown
on 3 in. diameter AlN/Si(111) templates in order to assess the
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uniformity with Fourier transform infrared (FTIR) spectroscopy as
described in [10]. The growth temperature is set to 720 °C. In order
to obtain the best material quality, the chosen growth conditions
are slightly Gallium rich and are monitored using reﬂection high
energy electron diffraction (RHEED). While a Gallium beam
equivalent pressure (BEP) of less than 9  10  7 Torrs is sufﬁcient
to grow GaN at 0.5 mm/h, the ﬂux has to be increased to reach high
growth rates accordingly. For this reason, two Gallium effusion
cells equipped with pyrolytic graphite crucibles (RIBER MS440) are
used when growth operates at rates superior to 1 mm/h. For Aluminum, a Cold Neck effusion cell with a pyrolytic Boron Nitride
crucible is used (RIBER ABN60/80CN). The cryopanel cooling with
liquid nitrogen has much less inﬂuence on the growth pressure
when using nitrogen plasma instead of NH3. In the present case,
the turbo pump can absorb 2400 l/s of nitrogen. The pressure in
the reactor increases linearly with the nitrogen ﬂow rate and
reaches 3.5  10  5 Torrs for the maximum ﬂow rate of 10 sccm.
Like the CS, the HDRS cell is equipped with a viewport in order to
collect the infrared light emitted by the plasma. The optical sensor
developed by RIBER operates in the wavelength range of 750–
850 nm and produces an output voltage as a direct measurement
of the amount of active nitrogen available for growth [11]. The
growth rate is measured in-situ with a laser reﬂectivity set-up
(637 nm wavelength laser beam). In the present conﬁguration, the
period of the reﬂectivity signal oscillations is 133 nm for GaN as
conﬁrmed by thickness measurements made using cross section
scanning electron microscopy.
The surface of the different grown samples is inspected using
tapping mode atomic force microscopy (AFM) [11]. A Panalytical
crystal X-ray diffractometer using CuKα radiation is employed to
evaluate the Al molar fraction in AlGaN alloys. The GaN/AlGaN QW
crystal quality is also investigated using cross-section transmission
electron microscopy (TEM) in a JEOL 2010F microscope operating
at 200 kV. The optical properties are assessed by photoluminescence using the 244 nm line of a frequency doubled Ar
laser at room temperature, and in some cases at low temperature
(14 K) in a closed cycle optical cryostat. Secondary ion mass
spectrometry (SIMS) is used to evaluate the impurities concentrations in the grown ﬁlms. A Mercury probe set-up is used to
perform capacitance–voltage (CV) measurements without device
processing in order to assess the residual active donor density in
the grown ﬁlms. Moreover, positron annihilation spectroscopy [12]
is carried out in order to assess the layers quality in terms of point
defects. As shown below we ﬁrst detail the growth rate of GaN
ﬁlms using different nitrogen ﬂow rates and RF powers before
assessing the quality of the grown structures.

3. Results and discussion
3.1. Growth rates
The effect of the nitrogen ﬂow rate and RF power on the growth
rate of GaN ﬁlms is reported in Fig. 1. Our previous results
obtained with a conventional source [7] are reported in the ﬁgure
for comparison. It is obvious here that the efﬁciency of the HDRS is
much better. For instance, the growth rate is enhanced from
0.4 mm/h with the CS to more than 0.8 mm/h with HDRS using the
same RF power of 400 W and N2 ﬂow rates of 1.8–2 sccm. More,
the growth rate can be increased beyond 2 mm/h while increasing
the N2 ﬂow rate (7–9 sccm) and the power (400–500 W) and no
drop of the GaN growth rate is observed at high N2 ﬂow rates
contrary to what is observed with the CS [11] for similar experimental conditions. The intensity of the light emitted by the plasma
is reported in Fig. 2. The dependence with the nitrogen ﬂow rate
and the RF power is very similar to the one of the growth rate and

Fig. 1. GaN growth rate as a function of N2 ﬂow rate and HDRS RF power. Data from
[7] have been added for comparisons.

Fig. 2. Intensity of the light emitted by the plasma as a function of N2 ﬂow rate and
HDRS RF power. The inset shows the correlation between the growth rate and the
optical signal intensity.

conﬁrmed by the correlation between the growth rate and this
signal (inset of Fig. 2). This validates the use of the optical data.
More, looking at Fig. 2, one can anticipate that growth rate can be
further enhanced beyond 2.3 mm/h with an RF power of 600 W. For
comparison, we remind that maximum growth rates of 2.2 mm/h
and 2.65 mm/h have been achieved using powers of 500 W and
600 W respectively with another high density plasma source
technology [3]. FTIR measurements have been performed on 0.5–
2.2 mm thick GaN ﬁlms grown on 3 in. diameter AlN/Si(111) templates. Thickness variation (hmax–hmin)/hmax) of GaN over 30 mm
from the center toward the edges is slightly better with the HDRS
(6.5%) compared with the CS source (8.8%).
3.2. GaN layers quality
Despite the huge increase in growth rate, RHEED attests for a
smooth surface and this is conﬁrmed by AFM. Fig. 3 shows a
2  2 mm2 scan of the surface of a 2 mm thick GaN ﬁlm grown at
2.1 mm/h on a GaN-on-Sapphire template (RF power of 500 W, N2
ﬂow rate of 7 sccm). One clearly sees the features revealing the
spiral growth around a dislocation with a screw-component [13].
The proﬁle of heights along the line drawn on this ﬁgure reveals
the presence of  0.25 nm height steps that we can attribute to
single molecular monolayer steps. The root mean square (RMS)
roughness in this area is 0.5 nm. Larger area scans reveal an
increase of the roughness which can reach 2.3 nm for 10  10 mm2
due to the combination of the initial large range roughness of the
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Fig. 3. AFM surface morphology of a 2 mm thick GaN ﬁlm grown at 2 mm/h and height proﬁle along the line drawn on the left picture using WSxM software [14].

Table 1
Growth conditions, resulting growth rates and concentrations of impurities measured by SIMS in GaN ﬁlms grown with the CS and the HDRS cells.
Sample

Sample

GaN1

Template 1
CS 400 W
1.8 sccm
Template 2
HDRS 400 W
1 sccm
HDRS 400 W
3.5 sccm
HDRS 500 W
3.5 sccm
HDRS 400 W
4 sccm
HDRS 500 W
7 sccm
NH3
200 sccm

GaN2

GaN3
NH3

Growth rate (mm/h)

Silicon (at/cm3)

Oxygen (at/cm3)

0.43 [7]

4  1015
4–5  1016 [7]

1  1017
1–2  1017 [7]

6–9  1016
8  1016 [7]

0.53

2–3  1018
8  1015

1  1017
3  1017

6–7  1016
7  1016

5  1018

1.15

6  1015

2  1017

5  1016

2  1018

1.28

8  1015

3  1017

6  1016

3  1018

1.2

1016

2  1017

5  1016

1.5  1018

2.1

2–3  1015

3–5  1017

8–10  1016

2  1018

0.6

1–2  1015

1–2  1017

5  1016

template and the MBE growth process. In conclusion, in spite of
the low temperature (720 °C) compared to MOVPE (41000 °C),
the HDRS is efﬁcient enough to obtain a similar growth rate
without a dramatic increase of the roughness, thanks to the
enhanced adatom mobility in presence of a Ga-bilayer at the
growing surface.
Secondary ion mass spectrometry is used to determine the
concentrations of impurities in the grown ﬁlms. The comparison of
GaN ﬁlms grown on GaN-on-sapphire MOVPE templates is shown
in Table 1. The ﬁrst sample (GaN1) has been grown previously
with a CS source and the same gas installation. Data are taken
from [7]. The second sample (GaN2) consists of 4 GaN layers each
with thicknesses of  0.4 mm grown with the HDRS at various RF
powers and N2 ﬂow rates (400–500 W, 1–4 sccm) with resulting
growth rates ranging from 0.5 to 1.28 mm/h. These layers have
been grown on a GaN-on-sapphire MOVPE template intentionally
doped with silicon at 2–3  1018/cm3 (labeled Template 2 in
Table 1). The third sample (GaN3) is the previously mentioned
2 mm thick GaN layer grown at 2.1 mm/h with the HDRS and the
last sample is the same structure grown at 0.6 mm/h by NH3 MBE.
Compared with our previous works with a CS source [7], the silicon concentration (6–10  1015/cm3) is clearly lowered. Note that
in Template 1 and Template 2 the levels of Oxygen and Carbon are
similar. Carbon levels in GaN grown with both sources are as low
as in the templates, but progresses still have to be made in terms
of Oxygen concentration. The differences between the HDRS and
the CS cells persist for similar growth rates leading to a possible
origin related to the plasma cells materials. Moreover, this SIMS

Carbon (at/cm3)

Boron (at/cm3)

analysis has been completed with the tracking for Boron and Iron
species. The absence of Iron is good news as Fe atoms induce deep
energy levels in GaN. On the other hand, Boron concentrations are
in the range of the mid 1018/cm3 which seems sufﬁciently low to
consider GaN as a pure material. Finally, the variation of impurity
concentrations with the growth parameters globally conﬁrms a
reduction with the increase of the growth rate at a given RF power
(400 W in the present case) and a limited increase while changing
the RF power to 500 W at nitrogen ﬂow rates of 3.5–4 sccm with
growth rates in the same range (1.15–1.28 mm/h). According to
capacitance–voltage (CV) measurements, the residual donor density is (8–12)  1016/cm3 in GaN grown with the HDRS source and
in the (5–9)x1016/cm3 with the CS source [7]. SIMS data indicates
that the main impurity is Oxygen, plus Silicon when using the CS
with a partial compensation with Carbon acceptors. Both Oxygen
and Silicon are shallow donors in GaN which may explain the n
type doping revealed by CV measurements. However, the slightly
lower doping level obtained with the CS compared with the HDRS
is not fully consistent with SIMS data, even when taking into
account the Carbon impurities. Nitrogen vacancy is a donor defect
in GaN [15] and the slightly larger residual doping in GaN grown at
high growth rate may ﬁnd its origin in the amount of such a kind
of defect. On the other hand, as reported in Table 1, NH3 MBE
grown GaN contains similar amounts of Oxygen and Carbon while
producing residual donor densities of a few 1014/cm3 [7]. A larger
amount of Hydrogen in NH3 MBE grown GaN may explain this, as
Hydrogen can passivate many kinds of defects [16], including the
doping impurities.
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Fig. 4. Photoluminescence spectra of samples GaN1 (conventional source, 400 W/
1.8 sccm), GaN2 (HDRS, 400 W/4 sccm), and GaN3 (HDRS 500 W, 7 sccm) at room
temperature (a) and low temperature (b). The inset of Fig. 4b corresponds to the
low temperature photoluminescence spectrum of sample GaN3 in linear scale.

The optical properties of such GaN ﬁlms are assessed by roomand low-temperature PL on the 3 samples labeled GaN1, GaN2 and
GaN3. The room temperature spectra are dominated by the GaN Afree exciton at 3.425 eV (Fig. 4a). Compared to the integrated PL
peak intensity of the GaN band edge of GaN1 (IGaN1), the integrated PL peak intensity is 0.6  IGaN1 for GaN2 and 0.4  IGaN1 for
GaN3. The larger PL intensity of GaN1 compared to GaN2 and
GaN3 could be related to an increase of the point defect density in
these samples. However we cannot discard the fact that a higher
n-type non intentional doping in sample GaN1 (especially by Si
which is a shallow donor in GaN) can be at the origin of its higher
PL intensity compared to samples GaN2 and GaN 3 [17]. A broad
band, structured by interference fringes, is centered at 2.24 eV.
This band is commonly designed as the “yellow band” and is
typical of deep level emission in GaN. The origin of this band is
object of debate. It has been ﬁrst proposed that it was related to
the presence of Ga-vacancies [18] before that Carbon (CN, or CNON
complex) was proposed as the main responsible for this luminescence [19]. In principle, the intensity ratio between the bandedge emission and the deep yellow band emission can give an idea
of the GaN material quality. However, in such structures regrown
on GaN-on-Sapphire templates, yellow PL may originate from the
MOVPE-template. While direct excitation of the template by the
laser can be excluded when the MBE-grown layer exceeds a
thickness of about 100 nm, the PL of the MBE-grown layer can
excite the template indirectly. For this reason, it remains difﬁcult
to draw any conclusion on yellow PL. The low temperature PL
spectra of the same samples near the band-edge of GaN are shown

in Fig. 4b. All the spectra are dominated by the neutral donorbound exciton I2 at energy of 3.487 eV. We remind that according
to SIMS measurements, a high concentration of Oxygen is found in
all the samples. Therefore, Oxygen is probably the main impurity
involved in this I2 peak. Note that the full width at half-maximum
(FWHM) of this peak is below 3 meV for the three PAMBE grown
GaN samples. It is as narrow as 2.7 meV for sample GaN3 (inset of
Fig. 4) indicating that the crystalline quality the GaN-on-sapphire
template is not altered during the MBE of GaN at high growth rate
( 2 mm/h). For comparison a FWHM of 2.4 meV has been obtained
at 10 K for the I2 line of a GaN structure grown by NH3 MBE [5].
The slightly lower temperature as well as a smaller amount of
donor impurities may account for this difference. No donor–
acceptor pair luminescence can be detected. This shows that the
residual acceptor concentration in these samples is very low.
Finally, we can say that the overall properties of the spectra of
samples GaN1, GaN2 and GaN3 are very similar and therefore the
use of a HDRS at high growth rate can be beneﬁcial to reduce the
process time without compromising on the optical quality of the
GaN layers.
Positron annihilation spectroscopy was used to study the presence of cation vacancy and cation vacancy-complex defects in the
samples with a variable energy positron beam (E ¼0–25 keV). The
probed depth increases with the positron energy: at 25 keV the
positron mean implantation depth is about 1.2 μm in GaN. The
trapping of positrons at vacancy defects can be observed as the
narrowing of the Doppler-broadened 511 keV annihilation line,
recorded with a Ge detector. The measured spectra were characterized by the conventional line shape parameters S and W,
determined as fractions of positrons annihilating with low (|
pL| o0.4 a.u.) and high momentum electrons (1.5 a.u. o|pL| o3.9 a.
u.), respectively [12]. Fig. 5a shows the S and W parameters
extracted for a reference Mg-doped MBE GaN layer, the previously
investigated samples GaN1, GaN2 and GaN3 and a GaN NH3 MBE
grown sample. The Mg-doped (and p-type) MBE GaN is used as a
reference as the concentration of vacancy defects to which positron are sensitive has been shown to be below the detection limit
of the method in this sample [20], and hence the positron annihilation parameters correspond to those of the GaN lattice. All the
curves exhibit two distinct behaviors: a decrease for positron
energy inferior to 12 keV then a plateau. At low energy, the positrons annihilate in the near surface region and in the surface states
in a proportion decreasing when the energy increases. At higher
energy, the plateau shape indicates that the positrons annihilate
only in the layer region that appears homogeneous in all samples.
The normalized layer-speciﬁc positron annihilation characteristics for all the studied samples are shown in Fig. 5b. The S and W
parameters are normalized using the reference sample values
(SRef ¼0.457, WRef ¼ 0.049). Two reference points corresponding to
the gallium vacancy and to a typical in-grown gallium vacancyrelated complex are also shown [21]. The annihilation characteristics determined for the NH3 MBE sample are very similar to those
of the reference, meaning that the vacancy-defect concentration is
close to the detection limit of the experiment at room temperature, i.e.  1016 cm  3. The (S, W) points relative to the samples
GaN1, GaN2 and GaN3 fall on the line pointing to the in-grown
VGa-complex defect highlighting the presence of this kind of defect
in the probed layers. The defect concentration can be estimated
assuming S(VGa-complex)/SRef ¼1.05 and using a trapping coefﬁcient of μv ¼3  1015 s  1. The obtained concentrations range from
4  1016 cm  3 for GaN1 to 2  1017 cm  3 for GaN2, as shown in
Fig. 5b. The lowest point defect concentrations obtained in GaN1
(4  1016 cm  3) and GaN3 (6  1016 cm  3) are in the same range
as the ones reported by Koblmüller on GaN grown by PAMBE at
low growth rate under various conditions (temperature, Ga/N ﬂux
ratio) on similar crystal quality templates [22]. As GaN1 and GaN3
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Fig. 5. (a) S and W parameter as function of positron energy for the four MBE grown samples and for a p-type GaN reference. (b) Average S and W normalized parameters for
the studied samples. The average values are calculated on the energy range [12–25 keV] corresponding to the layers. The (S, W) parameters characteristic of VGa and in-grown
VGa-complex are also indicated. The defect concentration estimations are given in brackets.

have been grown at the lowest and the highest rate, respectively,
no direct link between the growth rate and the vacancy generation
can be deduced from the results. Whatever the mechanisms
involved it appears from Fig. 5 that the sample GaN3 grown at a
noticeably higher growth rate (higher power and larger nitrogen
ﬂow rate) is still close to the reference in terms of point defects.
3.3. GaN/AlGaN quantum wells
An efﬁcient plasma source is useful for growing thick structures
in a reduced time. In order to evaluate the impact of the buffer
growth rate on the quality of GaN/AlGaN quantum wells (QW),
two identical structures with 30 nm (top) and 50 nm (bottom)
Al0.12Ga0.88N barriers and 3 nm GaN wells have been grown with
0.5–0.8 mm thick buffer layers on 3–4 mm GaN-on-sapphire templates. In structure QW1, both the GaN buffer layer and the GaN/
AlGaN active region have been grown at 0.5 mm/h (400 W/1 sccm).
In structure QW2, the GaN buffer growth rate has been increased
to 1.7 mm/h (400 W/6 sccm) while the rest of the layers is grown as
previously. For this purpose, a second Ga effusion cell was used to
obtain the required ﬂux for an optimal quality at high growth rate.
Fig. 6 shows the cross section TEM view of the structure QW2 on
the GaN buffer grown at high growth rate. One can notice the
well-deﬁned ﬂat interfaces. The thickness of the GaN quantum
well is estimated to 3.5 nm.
Fig. 7 shows the room temperature PL spectra of samples QW1
and QW2. The PL spectra present very similar features. The spectra
are largely dominated by the fundamental e1–hh1 transition of the
GaN/AlGaN QW (3.456 eV and 3.453 eV for samples QW1 and QW2,
respectively). As illustrated in the inset of Fig. 7, these energy values
are higher than that of the GaN buffer layer (3.425 eV) and this
attests of carrier conﬁnement in the GaN QW. Note that the QW
thickness is too thin to induce a quantum conﬁned Stark effect sufﬁcient to obtain transition energy below the bandgap of GaN [23,24].
A high energy peak coming from the AlGaN barrier layer is observed
at 3.665 eV for sample QW1 and 3.664 eV for sample QW2. The
FWHM of the peaks corresponding to the QW emission of sample
QW1 and QW2 are 86 meV and 77 meV, respectively. From the X-ray

AlGaN 2

GaN

AlGaN 1

Fig. 6. Cross section transmission electron microscopy views along the [14–50]
zone axis of the AlGaN/GaN quantum well structure QW2 on a GaN buffer grown at
1.7 mm/h.

measurements we deduced Al contents of 12% and 11.8% in the
AlGaN barriers of samples QW1 and QW2 respectively. For both
samples, the QW fundamental transition and the barrier PL energy
values are very close. This indicates that we have good control of the
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conditions are not sufﬁciently altered to modify the layer quality,
at least for this kind of structure.
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Fig. 7. Room temperature photoluminescence (PL) spectra of GaN/AlGaN quantum
wells grown using the HDRS. The GaN buffer layer growth rates are 0.5 mm/h and
1.7 mm/h for samples QW1 and QW2, respectively. The inset shows the high energy
part of the room temperature PL spectrum of sample QW1 compared to that of
simple GaN layer (sample GaN3).

In the present work the plasma assisted MBE growth of GaN
and AlGaN compounds with a high density radical source (HDRS)
has been studied. The high efﬁciency in terms of production of
active nitrogen species is veriﬁed and allows reaching growth
rates noticeably larger than those obtained with a conventional
source (CS). Not only growth rates superior to 2 mm/h can be
obtained using an RF power of 500 W and a nitrogen ﬂow rate of
7 sccm, but growth at 1 mm/h is easily achieved with quite standard conditions (400 W, 2 sccm nitrogen ﬂow rate). The structural
and optical characterizations of GaN ﬁlms donot exhibit noticeable
differences in quality compared with materials grown at lower
growth rate. This is also the case of GaN/AlGaN quantum wells
grown using identical conditions on buffer layers obtained at
growth rates of 0.5 mm/h and 1.7 mm/h. More a slight enhancement
in uniformity is obtained. The SIMS analysis of the grown GaN
layers shows differences in impurity concentrations, especially
silicon, depending on the nitrogen source and the plasma conditions. However, the difference between donor and acceptor
impurities concentrations does not seem to account for the n-type
residual doping of the layers; involving other donor defects like
nitrogen vacancies may explain the present results. On the other
hand positron annihilation experiments reveal gallium vacancyrelated complexes whose density depends on the plasma conditions. An interesting point is that increasing the growth rate from
0.43 mm/h with a CS to 2.1 mm/h with an HDRS plasma source
enlarged the defect density by 2  1016 cm  3 only.
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Fig. 8. (a) Variation of the fundamental e1–hh1 photoluminescence energy of GaN/
AlGaN quantum well. The inset corresponds to the relative energy variation using
the center of the wafer as the reference. Also presented are the AFM images of the
surface of QW2 sample (b) at the center and (c) at 20 mm from the center.

GaN QW thickness and the Al composition of the AlGaN layers using
the HDRS. We remark that the peak PL intensity of sample QW2 is
nearly 3 times larger than that of sample QW1. This proves that using
large growth rate for the GaN buffer layer (1.7 mm/h for sample QW2)
has no negative impact on the QW internal quantum efﬁciency.
The analysis reported above concerns the center of the wafers.
In order to get information about the sample uniformity with the
HDRS, we have mapped the PL along the wafer diameter. The
diameter is 2 in. The energy corresponding to the QW fundamental transition energy is reported as a function of the position
on the wafer diameter in Fig. 8. A 5 mm exclusion zone accounts
for the combination of two effects already observed with our MBE
system [5,8]: the shadowing effect of the molybdenum substrate
holder and the temperature variation that can degrade the layer
quality. The PL energy is quasi constant up to a distance of 10 mm
away from the wafer center. There is a trend to an increase of the
energy at the wafer edges. The increase is of 10–15 meV over
20 mm from the center while it was 35–40 meV with QWs grown
with the CS [8]. This better uniformity (4% on GaN QW thickness
over 20 mm) is consistent with the abovementioned enhanced
thickness uniformity and results in a relative energy variation
below 0.5%. AFM measurements performed at the center and
20 mm away from the center show that the surface morphology of
the QW structure and its roughness are not changed
(RMS ¼0.5 nm on 1  1 mm2 area). This indicates that over a distance of 20 mm from the center of the wafer, the growth
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