Resonant Raman study of local vibration modes in AlGaAsN layers
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Abstract

We report on resonant inelastic light scattering in dilute AlGaAsN films. Intense narrow peaks associated to N-related local vibration
modes (LVM) have been observed around 325, 385, 400, 450, 500 and 540 cm ™", Their [requencies are compared to density functional
theory supercell caleulations of Al,Ga,_,N complexes (n = 1—4). We find clear indications of the formation of Al;N complexes. The
values of the extended phonon frequencies reveal changes in the N distribution depending on the growth conditions. The LVM spectra
are resonant in the energy range from 1.75 to 1.79 eV, which corresponds to an N-related electronic transition. Our results confirm the

preflerential bonding of N to Al in AlGaAsN.
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1. Introduction

Pure GaAs and InGaAs alloys containing small con-
centrations of nitrogen have been of special interest in the
last years for their applications in long-wavelength devices
[1,2] and for fundamental aspects of material physics. The
addition of small amounts of nitrogen to these materials
results in a strong reduction of the band gap energy
also observed in AlGaAsN alloys The change in the
optical properties depends on the details of the N
incorporation to the lattice (preferential bonding, pair
formation, etc.). Therefore, the study of the local bonding
in diluted nitrides is essential for the understanding of these
semiconductor alloys. Resonant Raman scattering (RRS)
has been shown to be a useful technique to study the local
vibration modes (LVM) associated to substitutional N in
these diluted nitrides

In this paper we report experimental and theoretical
results on the N-related LVM in AlGaAsN samples with

different N concentrations. RRS measurements at low
temperature show sharp LVM peaks at 325, 385, 400, 450,
500 and 540cm~'. Calculations based on the density
functional theory (DFT) suggest that they correspond to
Al,Gay_,N complexes (7= 1-4). This is consistent with the
known tendency of N to bond to Al atoms due to the
higher AI-N bond strength as compared to the Ga—N bond

This bonding tendency depends strongly on the growth
temperature.

2. Experiment

For the present study, Alg22Gag7sAs;_yN, layers with
500nm thickness were grown on GaAs substrates by
molecular beam epitaxy using a radiolrequency plasma
source for the supply of atomic nitrogen. A GaAs cap layer
of 100 nm was grown on top of the samples. The substrate
temperature was varied from 445 to 595°C for different
samples, yielding N concentrations in the AlGaAsN layers
up to y=0.01. An equivalent AlGaAs (nitrogen [ree)
sample was grown as a reference. The N concentration was



roughly estimated using X-ray diffraction, from the shift of
the AlGaAsN layer diffraction peak with respect to that of
AlGaAs in 626 scans. Post-growth rapid thermal anneal-
ing was carried out in some samples.

RRS spectra were recorded in backscattering geometry
at room and low temperature using Ti-sapphire and dye
lasers as excitation sources and a double-grating spectro-
meter with a charged coupled device detector. A contin-
uous flow cryostat with He-exchange gas was used for low
temperature (77 K) measurements.

3. Theory

DFT supercell calculations of the LVM [requencies and
vibrational density of states have been performed for
Al,Gay_,N clusters in AlGaAsN using a finite dynamical
matrix approach, whereby harmonic restoring forces are
found by small displacements of each atom from its
equilibrium position.

4. Results and discussion

The Raman spectra at low temperature (77 K) of two
samples with N concentrations of 0.1% and 1% are shown
in Fig. 1. Besides the LO phonon of the GaAs substrate at
290cm™, extended GaAs-like (LO;, TO;) and AlAs-like
(LO;, TO,) phonons of the ternary compound are
observed. Second-order features appear in the 560-
590cm™! region. In addition, the spectra show six peaks
at frequencies around 325, 385, 400, 450, 500 and 540 cm ™!
(marked by arrows in Fig. 1), which are absent in N-free
samples. These modes, appearing only with the simulta-
neous presence of Al and N, have already been observed in
the past in room-temperature measurements IHow-
ever, they are much sharper and more intense in low
temperature spectra They are interpreted as LVM
of different Al,Ga,;_,N complexes. LVM frequencies and
density of states have been calculated as described in
Section 3. The results for “mainly” Al and N motion for
n = 1and 2 are shown in Fig. 1. They are in fair qualitative
agreement with the experimental data, where low-fre-
quency modes are related to Al and high-frequency ones
to N displacements. LVM at 385 and 400cm™" are the
most intense features. The high intensity of the 400 cm™!
peak in the sample with nominally less N content is
probably due to resonance effects. These intense modes are
interpreted as due to » = 3 and 4 complexes. Actually our
DFT calculations indicate a singlet LVM at 410em™" in
AlN complexes (see Fig. 1). Although very scarce in a
random ion distribution, Al4N complexes may form with
noticeable abundance due to the strong Al-N binding
energy (also confirmed by our DFT formation energy
calculations). Upon rapid thermal annealing, the mode at
385cm™! grows while the one at 400cm ™" loses intensity,
thus revealing that the two modes originate from different
complexes.
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Fig. 1. Raman spectra at 77K of dilute AlGaAsN films with 0.1% and
1% of N concentration. Experimental and theoretical LVM are marked by
arrows and symbols (squares, triangles, diamonds, stars and crosses),
respectively. Narrow peaks at 435 and 495cm™! are Ne spectral lines for
calibration purposes.
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Fig. 2. Apparent Al concentration versus growth temperature for samples
grown with equal growth parameters cxcept temperature. The values
represented with circles, squares and triangles have been calculated from
the frequency of LO; phonon, the frequency of the .O, phonon and the
difference of frequencies between them, respectively. The solid hnes
correspond to the experimental values [or the samples without N.

Apart from the appearance of LVM, the incorporation
of nitrogen causes a low-frequency shift of the AlAs-like
LO> mode and a high-frequency shift of the GaAs-like LO,
phonon The intensity of the extended phonons is also
affected by the addition of N. These effects are due to the
preferential formation of AI-N bonds upon the addition of
nitrogen, and the consequent reduction of Al-As bonds
The apparent concentration of Al (Al bonded only to As
atoms) depends on the growth temperature, as shown in
Fig. 2, for samples grown using the same radiofrequency
power and nitrogen and aluminium fluxes. The LO,
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Fig. 3. Raman resonance at 77 K of the peak at 400em™" for a sample
containing 1% of N.

frequencies (circles), the LO, ones (squares) and the
difference of frequency between them (triangles) show the
same trend The significant decrease of the apparent Al
concentration for growth temperatures above 450°C
reveals a transition from random to non-random nitrogen
distribution. At 445°C, the apparent Al-content is lower
but close to the experimental values for the samples
without N (solid lines). At low growth temperatures, the
atomic mobility is comparatively low, and the abundance
of Al'N bonds should be close to random. At higher
growth temperatures the Al and N atoms have enough
mobility to find each other forming AI-N bonds, which are
energetically more favourable. The Al-N bond abundance
should then increase and the apparent Al content should
decrease, as observed. The mode at 400 cm™! is not present
in the sample grown at the lowest temperature, while the
mode at 385cm™' is still present. This is an additional
indication of the different origin of both LVM. According
to the previous argument, the peak at 400cm™" should
belong to clusters having more Al N bonds.

By changing the excitation energy in the range from 1.6
to 2eV, the peak at 400cm™ of a sample with 1% of N
concentration presents the resonance shown in Fig. 3, with
a maximum al 1.78 ¢V. This value is above the band gap of
our samples, which is 1.58 eV at 77K for the sample with
the lowest N composition (0.1%). Consequently, the
resonance is not related to the energy gap of the dilute
AlGaAsN. This was the assumption of Refs. [9,.10] where
the gap of the ternary compound having 33% Al
composition is in the 1.8eV region. In fact, the similar
value of the resonance energy in Refs. [9,10] and the
present work indicate that the LVM resonate with an
electronic transition involving N-related levels. The E ..
transition _, as due to the anticrossing
between the extended states of the I' conduction band

and the localized states of nitrogen, is a good candidate.
Our result cannot rule out the alternative origin of an
N-induced interactions between extended I', L, and X
conduction-band states. In GaAs, this transition occurs
around 1.7eV and we can expect that this value
increases moderately upon incorporation of 20% Al

5. Conclusion

RRS measurements in Alg22Gag7sAs;— N, films with
different N concentrations have been performed. Shifts in
the extended phonon frequencies reveal that the apparent
Al content is changing with N incorporation and with
growth temperature. Upon increasing the growth tempera-
ture from 445 to 495°C, the N distribution changes from
random to non-random. LVM attributed to different
Al Ga,_,N complexes have been observed at low tempera-
tures, including possibly Al4N units. Their frequencies are
in fair agreement with DFT calculations. The LVMs are
resonant near 1.8eV, independently of the N content. We
suggest that this energy corresponds to the N-related E -
transition.
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