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GaAsN layers were grown on GaAs(100) substrates by MBE employing a radio frequency (RF) plasma nitrogen source, and solid 
sources for Ga and As. The growth temperature was varied from 420 to 600 °C, and the GaAsN growth mode was in-situ 
monitored by reflection high-energy electron diffraction (RHEED). The optical properties of the layers were studied by 
photoreflectance spectroscopy (PR), phase modulated ellipsometry (PME), and photoluminescence. For the growth temperature of 
420 °C the films grew in a three-dimensional (3D) mode as indicated by the appearance of transmission spots in the RHEED 
patterns. In contrast, GaAsN layers grown at higher temperatures presented a two-dimensional (2D) growth mode. These GaAsN 
layers are pseudomorphic according to high resolution x-ray diffraction (HRXRD). The PR spectra of all samples exhibited Franz-
Keldish oscillations (FKO) above of the GaAs band-gap energy. From these oscillations we obtained the built-in internal electric 
field intensity (Fint) at the GaAsN/GaAs interface. In the low energy region of the PR spectra we observed the transitions associated 
to the fundamental band-gap of the GaAs1-xNx layers. The variation of the GaAsN fundamental band-gap obtained by PR as a 
function of the N content was explained according the band anticrossing model (BAC). On the other hand, the E1 and E1+∆E1 
critical points were obtained from the analysis of spectra of the imaginary part of the dielectric function obtained by PME. We 
observed a shift of these critical points to higher energies with the increase of N content, which was explained by a combination of 
strain and alloying effects. 
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1. Introduction 
 
Currently there is considerable interest in III-V-N dilute 
nitride thin film alloys, such as GaAsN, both because of 
their fundamental physical properties and potential device 
applications [1]. The substitution of a few percent of As 
atoms in GaAs by N atoms leads to a strong reduction of 
the band gap energy, for example; for 1% N added to GaAs 
the band gap energy is reduced by ∼200 meV [2]. This 
characteristic makes GaAsN alloys very attractive for 
applications in 1.3/1.55 µm semiconductor lasers, and for 
extending the wavelength range of GaAs-based solar cells 
further into the infra-red. There has been substantial 
progress in the synthesis of GaAsN alloys by molecular 
beam epitaxy (MBE). However, in order to obtain 
reproducible high quality dilute nitride thin films additional 
studies on the alloys growth and their properties are 
required. 

It is well known that in the heteroepitaxial growth of 
materials with a small lattice mismatch the epilayer can be 
grown pseudomorphically, that is with the same in-plane 
lattice constant of the substrate, up to certain critical 

thickness which depends on the lattice mismatch value and 
on elastic properties of the materials. In order to obtain 
pseudomorphic layers an appropriate growth mode is 
required to avoid lattice mismatch strain relaxation by the 
introduction of crystal defects. This is particular important 
for device applications since crystal defects strongly 
deteriorate the performance of devices. In this work we 
have studied the effects of growth temperature on the 
growth mode of GaAsN layers on GaAs(100) substrates. 
We evaluated the optical properties of GaAsN thin films 
grown at different temperatures.   
 
2. Experimental 
 

The GaAs1-xNx layers in this work were grown on (100) 
GaAs substrates employing a Riber C21 MBE system 
equipped with solid sources for III-V materials, and a 
standard reflection high-energy electron diffraction 
(RHEED) system. Nitrogen atoms were produced by a 
radio frequency (RF) plasma source. Ultrahigh purity  
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nitrogen was introduced into the plasma source using a 
mass flux controller and a leak valve. First, in the MBE 
chamber the substrates were heated up to 580 °C to remove 
the surface oxides under an As4 flux. Then, in order to 
smooth out surface imperfections, a GaAs buffer layer was 
grown at 580 °C. At end of the buffer layer growth the 
surface exhibited a sharp (2x4) RHEED pattern. After the 
buffer layer growth, the growth temperature was fixed to 
the desired value, and the N plasma was ignited to grow the 
GaAsN alloy. GaAsN layers were prepared at different 
growth temperatures with the same thickness (~100 nm), 
using a growth rate of 1µm/hr. The plasma excitation 
power and the N2 flow were held constant at 100 W and 0.1  
sccm, respectively. The GaAsN growth mode was in-situ 
monitored by RHEED. High resolution x-ray diffraction 
(HRXRD) measurements were performed using a Phillips 
diffractometer with a copper anode. Photoluminescence 
spectroscopy (PL) was realized at 10 K employing an Ar 
laser of wavelength λ = 488 nm. The fundamental band gap 
energy of GaAsN layers was studied by photoreflectance 
spectroscopy (PR) employing a standard experimental 
setup, with modulation light provided by a He-Ne laser of 
wavelength λ = 632.8 nm. The chopped laser light was 
irradiated onto the sample by a spot radius of ~ 1 mm. A 
200 W tungsten lamp was dispersed by a 20-cm 
monochromator and used as a probe light. The reflected 
probe light from the sample was detected by a Si detector, 
and the signal from the detector was fed to a lock-in 
amplifier. Higher energy transitions were studied 
employing a spectroscopic phase modulated ellipsometer.  

3. Results and discussion 
 
The structural properties and the Nitrogen content of 

GaAsN layers grown at different temperatures were 
analyzed by HRXRD. Figures 1(a)-(c) show (400) rocking 
curves of GaAsN layers grown at 450 (M1), 575 (M3) and 
550°C (M4), respectively. A graded structure was 
employed for the sample M4, in this sample a 100 nm thick 
GaAsN layer with a low N content was first grown to 
smooth the growth transition from GaAs to GaAsN. From 
the HRXRD rocking curves we obtained N compositions of 
1.54%, 1.75%, and 0.05% / 3.2%, for samples M1, M3 and 
M4, respectively. The HRXRD curve corresponding to 
sample M1 shows a broad peak for the GaAsN layer 
indicating poor crystal quality, which is presumably caused 
by the 3D growth observed in this sample, as will be 
discussed below. For sample M3 Pendellosung fringes are 
observed in the rocking curve, as indicated by the 
dynamical theory simulation curve (thin line in Fig. 2(b)), 
this result shows a high crystalline quality layer with a 
smooth and abrupt GaAsN/GaAs interface. The rocking 
curve for sample M4 clearly shows the two peaks 
corresponding to the two GaAsN layers with different N 
concentration. Pendellösung fringes can also be observed 
in this sample with a high N composition layer on top of a 
GaAsN layer with a low N content. Figure 1(d) shows the 
nitrogen composition as a function of growth temperature 
obtained from HRXRD. In this figure we have included 
sample M2 (N%=1.18) grown at 600 °C.  

 

 
Figure 1. HRXRD rocking curves of GaNAs samples grown at different temperatures. (d) Shows the 
nitrogen composition as a function of growth temperature. 
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In the Fig. 2, we present a sequence of RHEED patterns, 
taken along the substrate [011] azimuth, during the growth  
of GaAsN layers at: I) 450 oC (sample M1), II) 575 oC 
(sample M3), and III) 550 oC (sample M4). In this figure 
the RHEED patterns correspond to: a) GaAs buffer layer  
surface, b) just after start of GaAsN growth, c) 7 ML of 
growth, and d) at the end of growth (100 nm). The initial 
GaAs surface exhibited a c(4x4) surface reconstruction 
below 560 °C, above this temperature a (2x4) surface 
reconstruction was observed. According to HRXRD 
measurements the samples are pseudomorphic, except for 
sample M1. For this sample when the GaAsN growth 
commenced transmission spots appeared in the RHEED 
patterns (Fig. 2. I b-c), indicating a roughening of the 
surface probably caused by the formation of GaAsN 
clusters. According to these results, GaAsN grows in a 3D 
mode at low temperatures, which could be caused by the 
low surface mobility of adatoms. On the other hand, streak 
RHEED pattern for the sample M3 were conserved during 
all the GaAsN growth (Fig. 2 II b-d ). This behavior 
indicates us that at high growth temperatures a two 
dimensional (2D) growth mode is maintained. Moreover, 
the 2x4 reconstruction was observed during all the GaAsN 
growth, suggesting that for this sample N atoms have little 
effect on the surface atomic arrangement. For the sample 
M4 grown at 550 oC, streaky patterns where also observed 
during GaAsN growth (Fig. 1. III. b-d). For this sample a 
(3x3) surface reconstruction was observed during the 
GaAsN growth, indicating that the high N content produces 
considerable changes in the surface atomic arrangement.  
From the HRXRD and RHEED results we conclude that 
for the samples grown in a 2D mode the nitrogen 
composition decreases when the substrate temperature is 
increased as observed in Fig. 1 (d). This result can be 

explained considering an enhanced evaporation of N atoms 
on the sample surface at high growth temperatures. 

Now we present the results of the optical characterization 
of the samples. Fig. 3 shows PL spectra for samples M2, 
M3 and M4, grown in 2D mode. For samples grown in 3D 
mode no PL signal was detected showing a high density of 
non-radiative recombination centers. In Fig. 3 we note that 
the emission peak shifts towards lower energies when the 
nitrogen content in the samples increased indicating a 
decrease in the band gap energy. In order to study the 
fundamental band gap variation as a function of N content 
in GaAsN layers we performed PR measurements. Fig. 4 
shows PR spectra of samples M1-M4 obtained at room 
temperature. The insets in the Fig. 4 show an enlargement 
of the spectra in the GaAsN fundamental band gap region. 
In the spectra we observe the band gap transition from the 
GaAs buffer layer at ~1.42 eV. Above this energy the PR 
signal exhibits oscillations identified as Franz-Keldish 
oscillations (FKO), which are produced by intense built-in 
electric fields [3]. In the low energy region of the spectra 
we observe the transition associated to fundamental band 
gap (indicated by arrows in Fig. 4) of the GaAs1-xNx layers.  

Note that the PR spectrum of the graded sample (M4) 
has two transitions below the GaAs band gap associated to 
the two GaAsN layers: the first transition is at 1.36 eV 
corresponding to the layer with N = 0.05%, and the second 
transition is at 1.1 eV corresponding to the layer with N 
=3.2%. Since the PR signal intensity depends on the built-
in electric field, the larger amplitude of the GaAsN 
transition in sample M1 could be the result of a high 
intensity internal electric field in this sample. A signature 
of a high intensity electric field in sample M1 is the 
presence of clear FKO above the GaAsN band gap  

 
I) M1 III) M4

a) 

b) 

c) 

d) 

II) M3 
 

 
 
 
Figure 2. RHEED patterns during the GaAsN alloys growth at: I) 420 oC
II) 575 oC,and III) 550 oC. a) GaAs buffer layer surface, b) just after th
start of GaAsN growth, c) 7 ML of growth, and d) at the end of growt
(100 nm).  
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Figure 3. Photoluminscence spectra at 10 K of GaAsN layers grown on 
GaAs substrates. 
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Figure 4. Photoreflectance spectra at room temperature of GaAsN 
layers. The insets show an enlargement of the spectra in the GaAsN 
fundamental band-gap region. 
 
transition, as indicated in Fig. 4. From an analysis of the 
FKO is possible to determine the strength of the built-in 
internal electric field present in the samples. The FKO 
amplitude extrema occur at energies (Ej) given by [4]: 
 

gjj EFE +Ω= h  (1) 
 
where  
 

3
2

2
1

2
3

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ −= jFj π

        j=1,2 (2) 

 
hΩ is a characteristic electro-optic energy given by : 
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Fint is the built-in electric field strength, and µ is the 
interband reduced mass involved in the transition.  
From Eq. (1) we observe that a plot of Ej vs Fj corresponds 
to the equation of a straight line, taking the line slop we can 
obtain the built-in electric field Fint by Eq. (3), and from the 
ordinate to origin we obtain the material band gap energy 
Eg.  
This analysis is shown in the inset of Fig. 3 for the sample 
grown at 450 oC, for FKO associated to GaAs and GaAsN. 
The built-in internal electric field intensity (Fint) calculated 
from the analysis of FKO associated to GaAs and to 
GaAsN is shown in Fig. 5 as a function of nitrogen content. 
The Fint values obtained for samples grown in 2D and 3D 
modes are plotted by squares (■) and stars ( ) symbols, 
respectively.  

 

Figure 5. Built-in internal electric field intensity Fint in GaAs and in 
GaAsN for samples grown in two-dimensional (■) and three-dimensional 
(★) mode. The inset shows the linear fittings of the energy extremes in 
the FKO oscillations for the sample grown at 450 oC. 
 

We note that the electric field intensity for the 3D-grown 
sample (M1) is larger than for 2D-grown samples. Crystal 
defects in the relaxed M1 sample could be the cause of the 
more intense electric fields in this sample. On the other 
hand in 2D-grown samples the electric field is around 
2x104 V/cm, which is the typical value found in MBE 
grown GaAs layers [5]. 

We calculated the GaAsN alloys fundamental band gap 
(Eg(GaAsN) ) by the band anti-crossing model (BAC) [6], 
employing the nitrogen concentrations extracted by 
HRXRD. We took into consideration the following 
correction to Eg(GaAsN) related to strain for the samples 
with 2D growth mode:  

 
SHBAC EEEgGaAsNEg δδ −+=)(    4)   

 
where EgBAC is the bandgap calculated from the BAC 
model and HEδ  and 

SEδ are the hydrostatic pressure shift 
and uniaxial stress shift defined by [7]: 
 

εδ
11

12112
C

CCaEH
−

=     (5) 

 

εδ
11

1211 2
C

CCbES
+

=     (6) 

where a and b are the interband hydrostatic pressure and 
uniaxial deformation potentials, respectively. Cij are 
elastic-stiffness constants, and ε is the biaxial strain. 
The values for the GaAsN band gap obtained from Eq (4) 
are 1.26, 1.17, and 1.1 eV for samples M2, M3, and M4, 
respectively. As shown in Fig. 2 these values are in good 
agreement with the GaAsN transitions observed in the PR 
spectra, which were obtained by fitting the experimental 
data to a third derivative functional form [4]. 

Fig. 6 (a) shows the complex dielectric function <ε2> of 
samples M1- M4, and of a control GaAs sample without 
nitrogen content. The solid lines represent the experimental  
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a) 

b) 
Figure 6. a) Experimental data (solid lines) of the imaginary part <ε2> of th
dielectric function for GaAsN samples. The dotted lines are the fitting
obtained by using the Adashi’s model. The spectrum of a control GaA
sample (cero N content) is also included in the figure. b) Second derivative o
the imaginary part <ε2> of the dielectric function. 
 

 
Figure 7. E1 and E1+∆1 critical point energies as a function of N content. 
The lines E and E’ are theoretical calculation of the stress effects in the 
GaAsN layers. The lines A and A’ are the alloying effect by Vegard’s 
law, and lines S and S’ show the combined effect of stress and alloying. 

data, and the dotted lines are the best fit calculation by 
using the Adashi Model [8]. For sample M1 the spectrum 
has a low intensity and the optical transitions are very 
wide. The poor crystal quality in this sample makes 
difficult the analysis of the critical points. The main 
features in the spectra are the optical transitions termed E1 
and E1+∆1. By taking the second derivative of the fitted 
dielectric function spectra we obtained E1 and E1+∆1, as 
indicating in the Fig. 6 (b). In this figure, we observed that 
the E1 and E1+∆1 transitions in the GaAsN alloys shift to 
high energies with increasing nitrogen content in the 
samples. This shift is originated by the combined effects of 
strain and alloying in the films [9]. The strain produces a 
red shift that can be estimated for E1 by: 
 

22
111 )()2/(2/ exSH EEEE ∆±+∆−+∆= δδδ     (7) 

 
where HEδ  and 

SEδ are defined by Eqs. (5) and (6), and 
∆Eex is the electron-hole spin-exchange term. The results of 
the calculated strain induced red shifts are shown by lines 
E and E' in Fig. 7. On the other hand, the shifts produced 
by alloying were calculated by using the Vegard′s law 
between GaAs (N=0%) and GaN (N=100%), for GaN we 
took the E1 and ∆1 values for the cubic structure [10]; the 
results are indicated by the lines A and A' in Fig 7. In this 
figure the lines S and S' shows the combined effects of 
stress and alloying obtained by adding both effects. The 
results of Fig. 6(b) are plotted by square symbols (E1) and 
dots (E1+∆1) in Fig. 7. We note a reasonable agreement 
between the calculated values and the experimental results, 
the differences could be reduced taking into account 
bowing effects in the calculation of allowing.  
 
4. Conclusion 
 

GaAsN thin film alloys deposited at low temperatures 
(450 °C) grow in a 3D mode. This growth mode results in 
films with a high density of crystal defects, a high built-in 
electric field, and strongly degraded optical characteristics. 
A 2D growth mode is obtained at high growth temperatures 
resulting in high quality pseudomorphic GaAsN layers. 
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