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An all optical mapping of the strain field in GaAsN/GaAsN:H wires
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GaAsN/GaAsN:H heterostructures were made by an in-plane selective hydrogen incorporation
controlled by H-opaque metallic masks. The strain field and hydrogen distributions in GaAsN
micro-sized wires thus obtained have been mapped by an all optical procedure that combines
micro-Raman scattering and photoreflectance spectroscopy. The strain field is related to the formation
of N-H complexes along the hydrogen diffusion profile with an ensuing expansion of the GaAsN lattice
whose patterning generates an anisotropic stress in the sample growth plane. These results highlight a
powerful non-invasive tool to simultaneously determine both the H diffusion profile and the related
strain field distribution. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4766285]

Recently, light polarization control in GaAsN hetero-
structures has been achieved by selective H-irradiation' by
taking advantage from the unique property of hydrogen of
forming complexes in dilute nitrides.”* A small percentage
of nitrogen incorporation produces, indeed, dramatic effects
on the electronic and structural properties of the host lat-
tice.*> Moreover, these effects can be modified or even
washed out by post-growth H-irradiation, where H passivates
the electronic activity of nitrogen, thus fully restoring most
of the physical properties of the N-free material.®

In GaAsN, the capability of tuning specific material pa-
rameters (e.g., band gap,’ carrier effective masses,® electron
giromagnetic ratio,” sample resistance,'® exciton binding
energy,'' refractive index'?) via post-growth H-irradiation has
been extensively investigated. The recovery of the optical and
structural properties of “GaAs-like”” material upon hydrogena-
tion is accompanied by a lattice expansion along the growth
direction,™'>'* which turns the tensile strain in the as-grown
GaAsN layers into a compressive strain in the hydrogenated
layers."” This effect accounts for an amazing, marked polar-
ization anisotropy of the light emission observed in GaAsN/
GaAsN:H wires.! This anisotropy, which develops at the ver-
tical interfaces between hydrogenated and non-hydrogenated
GaAsN, has been ascribed to an asymmetric distribution of
the strain fields perpendicular to the wires. Beyond their inter-
est in the basic research on semiconductors, these results have
opened up the possibility to engineer the polarization proper-
ties of the light emitted by GaAsN, an alloy that can be em-
bedded in devices based on GaAs technology.”

In this work, H distribution and related strain fields in
GaAsN wires whose light polarization anisotropy has been
previously investigated' are derived by an all optical proce-
dure, which combines micro-Raman scattering and photore-
flectance (PR) spectroscopy. This approach exploits the
dependence on strain of the longitudinal optical (LO) phonon
frequency, »"©, and of the critical points energies at and
near the energy gap as measured, respectively, by Raman
scattering (on a microscopic scale) and PR (on a macroscopic
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scale).'®'® The combined peculiar features of the two tech-
niques allow to get a detailed description of the strain fields
and hydrogen distributions across the wires, in qualitative
agreement with preliminary calculations based on the solu-
tion of a system of partial differential equations that simulate
H kinetics in Ga(AsN)."?

We studied a 200 nm thick GaAsgg9;Np oo layer grown
at 500 °C by molecular beam epitaxy on top of a GaAs buffer
deposited at 600°C on (001) GaAs substrate. N, cracking
was obtained using a radio-frequency plasma source. Nitro-
gen concentration and layer thickness were determined by
x-ray diffraction measurements. A 50nm thick film of tita-
nium, opaque to H, was deposited on the GaAsN surface and
patterned by electron beam lithography. Samples were hydro-
genated at 300 °C by a low-energy (100eV) ion beam, then
Ti masks were removed by chemical etching. The sample
was hydrogenated with a H dose equal to 3 x 10'® ions/cm?,
which allows the full depth of an unpatterned GaAsN layer to
be passivated. Since H proceeds into GaAsN by a trapping-
limited diffusion with a H forefront of 10nm/decade, or
1ess,20 a steep GaAsN/GaAsN:H interface is obtained?!
between GaAsN wires bounded by GaAsN:H barriers that H
irradiation had turned into “GaAs-like” barriers.

A sketch of the hydrogenation process used to produce
the vertical interfaces defining the GaAsN wires is shown in
Fig. 1. The figure displays the post-hydrogenation concentra-
tion of the electronically active N atoms (namely, N atoms
not passivated by H atoms) for the case of a Ti mask of width
w =10 um. Notice that the figure refers to a section of the
sample near a GaAsN/GaAsN:H vertical interface. The
effective N atoms distribution was calculated by extending
in two dimensions and in the presence of a Ti mask, the
model reported in Ref. 19.

In the investigated GaAsgg91No oo sample, untreated
wires of different widths w (w=0.5, 1, 2, 5, and 10 um) and
directed along one of the (110) directions were separated by
10-20 um wide hydrogenated barriers. An untreated piece of
the same sample was measured for comparison’s purposes.

© 2012 American Institute of Physics
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FIG. 1. Sketch of the hydrogenation process used to fabricate the GaAsN
wires. View of a sample section near a GaAsN/GaAsN:H vertical interface
(the actual wire is 10 um wide). The wires run perpendicularly to the figure
plane and the Ti wire is sketched as a greyish rectangle on the top surface.
The color map shows the effective N concentration (namely, N atoms not
passivated by H atoms), as derived quantitatively by extending in two
dimensions and in the presence of a Ti mask the model reported in Ref. 19.
The corresponding effective N concentration value is shown in a false color
scale on the right.

PR measurements were performed at near-normal inci-
dence in the 1.1-1.9eV range, with a spectral resolution of
1meV. A standard experimental apparatus®® was operated
with a 100 W halogen lamp as probe source. The excitation
source was provided by a 20 mW Coherent He-Ne laser
(A=632.8nm; 1-mm spot diameter) chopped at 220 Hz. For
Raman scattering measurements, a Jobin Yvon Labram
micro-spectrometer was used. It was equipped with a
100 x —0.90 numerical aperture objective, a 1800 lines/mm
grating, and a CCD detector. In this case, the power of the
exciting He-Ne laser (spot diameter ~ 0.7 um) was attenu-
ated to about 1 mW to avoid light-induced dissociation of
the N-H complexes.*® The incident laser beam was polarized
parallel to [110] axis, namely, parallel to the wires. Scans
were performed in the direction [110], normal to the wires,
and spectra were collected at 0.25 um steps.
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FIG. 2. Comparison of the room-temperature PR spectra of the selectively
hydrogenated sample (circles) and of the untreated sample (open squares,
vertically shifted for clarity). In both spectra, the PR features near 1.26eV
(E—" and E—") are related to the red-shifted GaAsN fundamental gap (E—
band). Note the blue-shift of the SO transition energy Ey’ + Ay’ (due to PR
signal coming from the hydrogenated sections of the sample with wires)
with respect to the one of GaAs (Ey, + Ap). Arrows mark the transition
energy, as obtained from the best fit (thick lines) of the experimental line-
shape. The transition energy of the GaAs fundamental gap E, and SO band
Eo + Ao (literature data) as well as of the GaAsN:H fundamental gap Ey’
(simulation results) is also reported (dashed bars).
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In Fig. 2, the room-temperature PR spectra are shown
for the selectively hydrogenated (circles) and as-grown
(open squares) sample in the 1.1-1.9eV energy range. In
addition to the spectral structures (near 1.42eV) due to the
buffer/substrate GaAs band gap,'® some interesting features
can be clearly observed in the two spectra. In the sample
with wires, the “GaAs-like” spectral features of the band gap
(Ey’) and of the split-off (SO) band (Ey’ + Ay') are due to the
surface barriers between the GaAsN wires, that hydrogena-
tion has turned into “GaAs-like” sections. These features
appear greatly broadened and blue-shifted with respect to the
corresponding features, Ey and Ey + A, reported in the liter-
ature for N-free GaAs, as previously observed.'>'* These
line broadening and blue-shift are due, respectively, to an
increased lattice disorder and a significant /attice expansion
in the growth plane upon H irradiation. From a best fit (thick
line) of the SO spectral feature to the appropriate Aspnes
line-shape model,'® we estimate a value of (9 = 1) meV for
the blue-shift of the SO band. With a procedure thoroughly
described elsewhere,'?> we then derive a value of the mean
compressive in-plane strain ¢, (in the barriers) roughly equal
to —1.0x 1077,

The contribution to the PR spectra from the GaAsN wire
sections is given by the E— band*® at E—" =1.265¢V, as
determined by a best fit.>* This value is 11 meV higher than
that (E—" = 1.254 eV) derived for the same band by a best fit
of the PR spectrum for the reference untreated GaAsN sam-
ple.25 According to the deformation potential theory,16 the
energy gap increases for decreasing tensile stress (or increas-
ing compressive strain). Therefore, on going from the
untreated to the hydrogenated sample, the tensile strain in
the masked wire sections of the hydrogenated sample should
largely decrease (and eventually turn into a compressive
strain), consistently with the observation of a compressive
strain produced on GaAsN wires by a lattice expansion®'” in
GaAsN:H barriers.'

At lower temperatures, improved experimental condi-
tions allowed us to resolve the doublet in the E— band of the
spectra of the untreated reference sample (not shown) and to
measure at 7=90K a valence band splitting AE = (14 = 2)
meV, that corresponds'*'* to an in-plane tensile strain &,
~+ 1.8 x 107>, a value very close to the one expected for
coherent growth of GaAsg 991Ng ggo on GaAs. Unfortunately,
the same procedure failed in the case of the sample with
wires. The reason may be found in the fact that the GaAsN
E— band in the hydrogenated sample is characterized by a
broadening parameter somewhat greater than the one of the
untreated reference sample.

The spatial distribution of the strain fields created in the
patterned sample is now addressed by micro-Raman scatter-
ing measurements. Indeed, the frequency variation of the
longitudinal optical mode (w"°)  with respect to the
unstrained case can nicely reproduce the actual value of the
average in-plane strain, marking its enhanced compressive/
tensile character for increasing/decreasing frequencies, even
on a microscopic scale.’*®

In Fig. 3, we compare the room temperature Raman
scattering spectra taken in different sections of the hydrogen-
ated sample. Several lines can be identified in the spectrum
taken at the center of a 10 um wide GaAsN wire and are
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FIG. 3. (a) Room-temperature Raman spectrum taken at the center of a
10 um wide GaAsN wire; (b) the same, taken in the hydrogenated barrier far
from the wire axis. Note the vanishing of LVM line in the fully hydrogen-
ated part of the barrier; (c) LO GaAs-like frequency variation along a direc-
tion perpendicular to the wire axis. The in-plane strain values derived by PR
and characterizing the wire barriers and the GaAsN layer of the reference
untreated sample are also reported; (d) integrated intensity of the Ga-N
LVM line recorded at the same positions of panel (c).

shown in panel (a). The line at 292.0 cm ™' and the weaker
line at 270cm ™' correspond to the GaAs-like LO and TO
mode, respectively (2LO and 2TO lines are also observed at
double these frequencies). The line at 475 cm ™' is ascribed
to the Ga-N local vibrational mode (LVM).'*?° In panel (b),
a typical spectrum taken in the hydrogenated barriers and far
from the wire axis is shown. Therein, the frequency of the
GaAs-like LO phonon shifts to higher values (292.7cm™ "),
in qualitative agreement with previous results.'® This value
is also much greater than the frequency (290.9 cm™') of the
same Raman mode recorded in the untreated, reference
sample.

In Fig. 3, panel (c), the spatial map of the frequency of
GaAs-like LO line, as measured along the normal to the wire
axis is displayed. The w; o value, which is almost constant
far from the wire, decreases quasi-linearly with a sudden
slope change near the wire border, till it reaches a minimum
at the center of the wire. On the ground of PR results, the
labels in the panel indicate the different strain levels in the
barrier material (ey=—1x10"") and in the untreated

Appl. Phys. Lett. 101, 191908 (2012)

GaAsN sample (g, =1.8 x 10~%) and the corresponding "™
values.

In particular, our results highlight two important points.
First, well into the GaAsN:H barriers the nearly constant
value (wpo~292.7 cmfl) of the GaAs-like LO frequency
can be associated to the in-plane compressive strain typical
of fully passivated GaAsN:H layers with similar N concen-
tration.'*'* Second, approaching the wire axial region, the
net decrease of the @y value should correspond to an
increase of the tensile character of the strain. In fact, the wire
sections are subjected to the combined effect of the pre-
existent biaxial tensile strain and that due to the barrier
deformation induced by the H-irradiation process. Neverthe-
less, the observed frequency minimum is still higher than the
value recorded in the untreated sample. This is likely related
to the long range character that strain fields have. In turn, this
leads to an effect that extends beyond the site of the
H-related complexes causing the lattice expansion of GaAsN.

In Fig. 3, panel (d) shows an integrated intensity scan of
the Ga-N LVM Raman line, as recorded together with data
reported in panel (c). The intensity of this mode, which van-
ishes after hydrogenation,13 is strictly related to the electri-
cally active N concentration.®® TIts step-like profile
confirms,”*! therefore, that a sharp hydrogen diffusion pro-
file characterizes the vertical interfaces between hydrogen-
ated and untreated sections of the sample.

We underline that the H diffusion profile produces a
very steep interface on a 10 nm length scale.”*?! Here, in the
LVM intensity plot, the width of the barrier/wire interface is
about 1 um, clearly limited by the laser probe spot diameter.
Nevertheless, by comparing the results of panels (c) and (d),
one can notice that LVM intensity shows a much steeper pro-
file, with respect to the ;o frequency. This confirms the
non local character of the strain, as mentioned before.

In summary, by combining Raman scattering and PR
techniques, we produced experimental evidence of the strain
field redistribution and H-diffusion profile in wire patterned
GaAsN:H layers, adding useful information to those pro-
vided by micro-PL measurements. Performing an all optical
mapping, the strain field behavior across the GaAsN wires
was determined, highlighting its non isotropic geometry. At
the same time, the presented analytical procedure allows us
to monitor hydrogen diffusion profile via the quenching of
the Ga-N LVM line, strictly related to the formation of N-H
complexes. These results may have a relevant spin-off in en-
gineering/realization of integrated optical circuits, where
light-polarization control plays a role of primary importance
in optimizing the device efficiency.

This work was partially supported by COST Action
MP0805. M.G., E.G., and M.P. acknowledge Professor
G. Guizzetti for fruitful discussions.
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