w
=
=
e
g
w
[
B
g
™
s

www.afm-journal.de

e \ﬁé

www.MaterialsViews.com

Hydrogen Incorporation in 111-N-V Semiconductors: From
Macroscopic to Nanometer Control of the Materials’

Physical Properties

Rinaldo Trotta, Antonio Polimeni,* and Mario Capizzi

The effects of hydrogen incorporation in dilute nitride semiconductors, spe-
cifically GaAs;_,N,, are discussed. The remarkable consequences of hydrogen
irradiation include tuneable and reversible changes in the electronic, optical,
structural, and electrical properties of these materials. The highly trapping-
limited diffusion of H atoms in dilute nitrides results in the formation of
extremely sharp heterointerfaces between H-containing and H-free regions
of the crystals. This, in turn, offers an unprecedented possibility to tailor the
physical properties of a semiconductor chip in its growth plane with nano-
meter precision. A number of examples are presented and discussed.

The quantum interaction between these
two sets of states leads to a distortion of
the energy-wavevector dispersion curve
and to the formation of a fully developed
energy gap in the CB of the host crystal,
as shown in Figure 1b.5%% This pro-
vides not only a parameter for tuning the
bandgap energy down to the wavelength
region of interest for telecommunications
and expanding the range of frequencies
exploitable for solar cells,™32 but it is
also a means for modifying the effective
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1. Introduction

The capability to modify the physical properties of elemental
and compound semiconductors through deliberate incorpora-
tion of foreign atoms into the crystal has led to the birth of
modern electronics and optoelectronics. Improved perform-
ance and multifunctionality of devices have paralleled the
progress achieved in the synthesis and engineering of new
materials and in the control and modification of their phys-
ical properties at small scale lengths. Recently, there has been
much interest in the science and applications of highly mis-
matched alloys, in which small and highly electronegative iso-
valent impurity atoms are included on the anion sublattice of
a I11-V compound semiconductor (e.g., GaAs and GaP).l'"3] A
well-known example is GaAs;_ ,N,, where small percentages
of nitrogen atoms (x = 1%) dramatically perturb the electronic
properties of the host crystal, leading to a counterintuitive
and large decrease of the bandgap (see Figure 1a),*’! a non-
monotonic variation of the electron effective mass®'4 and
gyromagnetic factor,'> '8 and a softened response to external
perturbations, such as hydrostatic pressure!®%’l and tempera-
ture.[26-291 All these effects are attributed to the formation of
N-related localized states that are resonant with (or close to)
the extended states of the conduction band (CB) of GaAs.[*623]
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mass and group velocity of conduction
electrons with potential for novel elec-
tronic devices in the terahertz region.l34

Another important feature that makes dilute nitrides an
intriguing material system is the surprising behavior that
these semiconductors exhibit after irradiation with hydrogen.
It was discovered that hydrogen incorporation modifies the
bandgap, E, of GaAs; N, InGa; As; N, and
GaPy_,N,,[*! leading to a recovery of the E, value of the N-free
host; see low-temperature photoluminescence (PL) spectra in
Figure 2. The bandgap tuning is accompanied by a H-induced
variation of the electron effective mass!®!? and gyromagnetic
factor,[” which clearly indicates that the entire band struc-
ture of GaAs;_,N, is profoundly affected by H. Furthermore,
even the structural characteristics of H-irradiated GaAs;_,N,
undergo major modifications. A reversal of strain from ten-
sile to compressivel’”*1=* and an effective re-establishment
of local ordering, as found by X-ray absorption fine struc-
ture measurements!®! and optical emission spectra,*®l were
observed.

Here, we review the intense experimental and theoretical
research that these findings have triggered. We focus on the
unique capability to spatially control the H-N interaction in
GaAs;_,N, and the resulting materials’ physical properties.
In particular, by means of a masked-hydrogenation approach,
we show that the bandgap energy can be controlled in the
plane of the alloy down to the nanometer scale length, thus
making way for the possible realization of a novel class of
size- and site-controlled semiconductor nanostructures.
Using the same methodology, we also obtain control of the
polarization state of the light emitted by strain-engineered
planar microstructures. Finally, the effects of H incorpo-
ration on the refractive index and electrical resistance of
GaAs,_,N, are reviewed.
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2. Experimental and Theoretical Details

Here we report some details about the experimental and theo-
retical techniques mentioned in this article. We refer the reader
to specific papers for a more complete description.

2.1. Samples

All GaAs; N, samples were grown at 500 °C by molecular
beam epitaxy on top of a 500 nm-thick GaAs buffer layer depos-
ited at 600 °C on a (001) semi-insulating GaAs substrate. Dif-
ferent nitrogen concentrations and GaAs;_,N, layer thicknesses
were employed, depending on the specific application.

2.2. Hydrogen Irradiation

All samples were H-irradiated by a Kaufman source (100 eV
ion beam energy) with the samples held at a fixed tem-
perature Ty. Ty values varied between 200 °C and 350 °C.
Typical ion current densities are few tens of uA cm=2.138 For
specific analytical techniques sensitive to ion mass, such as
secondary ion mass spectrometry,*’/] nuclear reaction anal-
ysis,*?l and far-infrared absorption spectroscopy,*¥! deute-
rium was used in place of hydrogen. We point out that D and
H have the same consequences on the physical properties of
dilute nitrides.*

For in-plane engineering of the physical properties of the
samples, the specimen surface was covered with titanium
patterns that had thicknesses equal to about 50 nm and dif-
ferent shapes and sizes. Ti was chosen because of its opacity
to hydrogen and ease of removal from GaAs-like surfaces
by hydrofluoric acid. The Ti patterns were fabricated using
high-voltage (100 kV) electron-beam lithography and a lift-off
technique.[*)]

2.3. Structural Characterization

For secondary ion mass spectrometry measurements (SIMS),
an Ec; = 1 keV Cs* primary beam at oblique incidence (55°)
was used in a CAMECA Sc-Ultra mass spectrometer, where 2H~
and 7’As™ negative secondary ions were collected with a depth
resolution of 2-3 nm per decade.”” The sputtering time was
converted to an in-depth scale by measuring the obtained crater
depths with a mechanical stylus profilometer with few nano-
meter resolution. Measurements of the lattice parameter were
carried out using a Philips X'Pert PRO MRD diffractometer. A
1.2 MeV D" beam delivered by the CN accelerator at the Labo-
ratori Nazionali di Legnaro (Italy) was used to perform nuclear
reaction analysis with the 2H(d,p)*H and the N(d,o)!2C
reactions.*

2.4. Optical Characterization

The electronic properties of the samples were investigated
using continuous-wave photoluminescence (PL) with a
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vanadate:Nd laser (A = 532 nm) for excitation. For conventional
measurements on untreated samples, a PL set-up with a laser
spot diameter, s, of about 200 ym was employed. For micro-
photoluminescence (u-PL) measurements addressing the prop-
erties of single heterostructures, we used a microscope objective

wileyonlinelibrary.com

1783

“
m
5
G
~
m
>
3
(o}
F
m




w
=
4
e
g
w
[
B
g
T
s

1784

Makees
Vier'S
www.MaterialsViews.com

using a liquid crystal variable retarder and a
fixed linear polarizer (analyzer) in order to
disregard the response to polarization of the
optical set-up.l!

For time-resolved u-PL measurements a

dye laser (A = 600 nm) pumped by the second
harmonic of a neodymium-doped yttrium
aluminium garnet (Nd:YAG) pulsed laser

(a) T T T T T T
15 GaAs (1.42 eV)
’ GaN (3.2eV) |
o 1.3
g AN .
RSN GaAs N -
i ° S5 T=300 K
0.90L 1 1 | 1 1
0 0.04 0.08

Nitrogen concentration (x)

Figure 1. a) Dependence on N concentration of the bandgap energy (E,,,)

temperature (open circles). The solid line shows the Eg,,

(100x and 0.8 numerical aperture (NA)) resulting in s= 1 um. In
both cases, the luminescence was spectrally analyzed by a 0.75 m
monochromator and detected by a N-cooled charge-coupled
device (CCD) detector or an InGaAs array detector. In magneto-
PL experiments, the samples were mounted in a non-magnetic
Ti- and carbon-body insert, which was then placed in the bore
of a 30 T water-cooled Bitter magnet. The insert was composed
of a 40x microscope objective (with NA = 0.65 and spatial reso-
lution =1 um), a three-axis piezoelectric nanopositioner, and a
sample holder. The PL signal was excited by a 532 nm laser and
spectrally analyzed and detected by a 0.30 m monochromator
coupled to a Si CCD detector. Throughout the measurements,
the sample was kept at a temperature T = 4.2 K in a liquid He-
bath cryostat.*”! Polarization-resolved PL was performed by

of GaAs,_,N, at room
values expected within a conventional
virtual crystal approximation, which is not applicable here. b) Sketch of the energy-wavevector
dispersion curve (thick solid line) assuming a simple two-level interaction between a single N
level (horizontal solid line) and the parabolic conduction band (CB) of GaAs (dotted line). Note
the CB splitting in € and €, bands, with &_ being the new conduction band minimum.

was used for excitation; the pulse duration
was 5 ps and the repetition rate was 76 MHz.
For light collection, a confocal microscope
configuration was used with two different
infinity objectives. The y-PL signal was then
focused onto a multimode optical fiber and
dispersed by a single grating spectrometer
with 25 cm focal length. It was then detected
by an In;_,Al,As/In;_,Ga,As photomultiplier
followed by a photon counting apparatus
for PL measurements and a time-correlated
single-photon counting setup providing an experimental time
resolution of 200 ps for time-resolved spectra.

2.5. Theoretical Models

For hydrogen diffusion modelling, finite-element calculations
were employed to solve the set of partial differential equations
that govern the diffusion of hydrogen in GaAs;_,N,, as it will be
described in the Section 3.2. For strain calculations, we used the
equilibrium elasticity theory employing a finite-element method
in the framework of thermoelasticity. The elasticity parameters
entering into calculations were fixed so as to reproduce the
experimental values of the strain found in bulk samples.!>?!

(a)|GaAs, N/GaAs QW T=10K (b) [InGa,_As N /GaAs QW.. (c) | GaP, N /GaP T-10K
x=1.1% t=6nm  P=5W.cm?> t=7.0nm i x=0.81% _ om2
° y=41% ° P=10W-cm
d =10x10'® cm® X=2.2% d =2x10" cm”
dH=1x1o19 cm? L. il
2 2 P=15W-cm? 2
5 6 2 5 N om 5 dH=1><1O”3 cm?
S| d=8x10"cm S| 4= 18 2 S
5 H § dH_1><1 0" cm L‘E‘, u
2 2 2
Z) g g 17 -2
i) Q o dH=6><10 cm
16 -2 [
f d =6x10"° cm f dH=1><1017 cm? 3
o o - o
treat i untreated
untreated L InGa As

untreated vty

1.2 128 136 144 152 08 095 1.1 1.2 13 1.9 2.1 23
Energy (eV) Energy (eV) Energy (eV)

Figure 2. PL spectra at T =10 K of different dilute nitride systems treated with increasing hydrogen doses dy. a) GaAs;_,N,/GaAs quantum well with
thickness t = 6 nm. b) In,Ga; AsyN,/GaAs quantum well with t = 7 nm. The dashed line is the PL spectrum of the N-free In,Ga;_,As/GaAs quantum
well. ¢) GaP;,,N,/GaP epilayer with a thickness equal to 250 nm. The top most spectrum coincides with that of a sample with an N effective concentra-

tion <0.01%.
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Figure 3. The relaxed C;}, defect in GaAs;_,N,. The angle 6 is the canting
angle of the N-passivating C;}, center. Reproduced with permission.[4l
Copyright 2010, American Physical Society.

3. Hydrogen Diffusion in GaAs, N,
3.1. How Many Hydrogen Atoms Per N Atom?

The answer to this question is a key point for the modelling
and prediction of the kinetics of hydrogen in dilute nitrides
and, of course, it is strictly related to the geometry and stoi-
chiometry of the complex responsible for the electronic pas-
sivation of N atoms. Early theoretical calculations suggested
that nitrogen-stabilized H,"(N) structures with one H atom
at a bond-centered site and a second H at an antibonding site
with respect to the N atom along the same Ga-N <111> axis
would account for the bandgap shifts caused by H.*~>8 How-
ever, these H,"(N) complexes were inconsistent with the vibra-
tional properties of hydrogenated GaAs;_,N,. In fact, infrared
(IR) absorption studies of GaAs;_,N, epilayers treated with both
hydrogen and deuterium revealed that the defect causing the
passivation of the electronic activity of N has two inequivalent,
weakly coupled N-H stretching modes.[*#%% Therefore, alterna-
tive H-N-H structures with C,, symmetry or with a canted Cyy,
geometry (Figure 3) have been proposed.l®®-%3l The observed
vibrational properties are most consistent with the canted
H-N-H structure with C;;, symmetry.l®* Additionally, this Cyy,
complex accounted for the X-ray absorption near-edge structure
of N atoms performed in hydrogenated GaAs;_,N, using a syn-
chrotron radiation sourcel®? and, to date, it is the most likely
complex responsible for nitrogen passivation.

We next summarize the experimental evidence that discloses
the presence of an additional hydrogen atom in the complex
depicted in Figure 3. As it will be shown in the following, this
extra H atom plays a great role in determining the lattice prop-
erties of hydrogenated GaAs;_,N,. Figure 4a shows the concen-
tration of deuterium atoms in a GaAs;_,N, sample (x = 1.22%,
thickness t = 220 nm) subjected to different post-growth treat-
ments. The concentration was determined by exploiting the by-
products of different controlled nuclear reactions, as described in
detail elsewhere.[*?l The bottom-most line refers to the untreated
sample, while the upward displaced lines refer to post-growth
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treated samples. The corresponding lines in panels (b,c) show
the PL spectra and X-ray diffraction rocking curves of the same
samples, respectively. All measurements were performed at
room temperature. In particular for PL, this experimental con-
ditions allow one to avoid the contribution from localized states
that may affect the spectrum lineshape,?°l thus rendering a reli-
able estimate of the bandgap energy difficult. After deuterium
irradiation, all N atoms are fully passivated, as evident from the
PL spectrum in panel (b) and the ratio between D and N atoms
is equal to three (see panel (a)). At the same time, the tensile
strain of GaAs;_,N, becomes compressive as determined by
the change in sign of the diffraction angle of the N-containing
layer shown in panel (c).*'=#244 A moderate annealing at 250 °C
does not vary the bandgap energy of the deuterated sample (see
corresponding PL spectrum in panel (b)) but changes the ratio
of D to N atoms from three to two (panel (a)) and makes the
N-containing layer lattice-matched to the GaAs substrate (panel
(c)). Finally, annealing at high temperature (325 °C) restores
the electronic and lattice properties of untreated GaAs;_,N, in
accordance with the small concentration of D atoms left in the
crystal (most likely in the interstitial position).

In summary, the interaction of H (or equivalently D) with N
leads to the formation of (N-2H)-H complexes where: i) two
H atoms bind to a single N atom forming a very stable N-2H
complex, which is responsible for the electronic passivation of
nitrogen (see Figure 3) and ii) a third H atom is more weakly
trapped near passivated N atoms and causes a compressive
strain in the GaAs;_,N, layer (the exact position of this satel-
lite H atom is yet unknown). Careful X-ray diffraction meas-
urements on hydrogenated GaAs; N, samples subjected to
different thermal annealings showed that the third H atom is
removed from its site at 250 °C with an activation energy equal
to 1.77 eV. At the same time, the compressive strain disappears
while N atoms are still electronically passivated (namely, the
bandgap energy of GaAs;_,N,:H is equal to that of GaAs). A
higher activation energy (1.89 eV) instead characterizes the dis-
sociation of the N-2H complexes and the concomitant recovery
of the GaAs,_,N, pristine properties, e.g., bandgap energy value
and lattice constant.[*!]

3.2. Modelling Hydrogen Diffusion in GaAs;_,N,

We have shown that hydrogen irradiation is an exceptional tool
for modifying, on demand, the physical properties of GaAs;_
«N, (and other dilute nitrides), in the first instance the bandgap
energy and lattice constant. Other important properties (e.g.,
refractive index!®! and electrical resistancel®)) can be also con-
trolled, as will be shown in the following. Here, we are prima-
rily interested to establish to what extent the formation of the
N-passivating Cqy, complexes can be spatially controlled.

Figure 5a shows the deuterium profile in different GaAs;_,N,,
samples determined by secondary ion mass spectrometry. All
samples were deuterated at a temperature Tp, = 300 °C. It can be
clearly observed that the deuterium forefront becomes sharper
as the N concentration increases. In particular, for x > 1% the
deuterium concentration falls by a factor 10 within 10 nm.
Remarkably, this quantity reaches a value as small or less than
5 nm for a deuteration temperature equal to Tp = 200 °C, as
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Figure 4. a) Deuterium depth profiles derived from *He(d,p)*He reaction in a 220 nm-thick GaAs 375No.0122 sSample before the deuteration process
(bottom-most line), at the end of the deuteration process (second line from the bottom), at the end of the 250 °C annealing stage with duration
13 h (third line from the bottom), and at the end of the 325 °C annealing stage with duration 4.7 h (top-most line). Zero on the abscissa axis indicates
the sample surface. b) PL spectra at T =290 K of the samples displayed in panel (a). c) (004) X-ray diffraction rocking curves of the samples shown

in panels (a,b).

shown in panel (b) for x = 0.7% along with the predictions of
a model developed to take into account the particular forma-
tion and dissociation kinetics of the (N-2D)-D complex. This
is described in detail in the following. According to the experi-
mental and theoretical results presented so far, we assume
that D capture ceases as soon as three D atoms bind to one
N atom, resulting in a multiple trapping process.®’] Treating
the GaAs;_,N, epilayer as a semi-infinite medium (z > 0), we
define np(z,t) as the concentration of free unbound D atoms
and ny;p(z,t) as the concentration of immobile N atoms with i =
0, 1, 2, and 3 bonded D atoms such that the spatially uniform
N concentration is ny = Z;_ g3 hyip(2). For z > 0 and t > 0, the
time (and space for unbound D only) evolution of the involved
species is given by

8nD 32nD
—L2 _ Dar =—k(mpn npn npn
TS i 552 (npMNoD + MDHNID + PDHN2D) )
+ Yahn3p t Yohnep + YehNiD
G —
102 | x=1.5% Gars N1 ~
€
e
=)
“e10%° E
o
=) X=0.09%
10" 1%
o
i a
m
10 AR i e
0 50 100 150 200 250 300 350 400

Depth (nm)

i) =— knphnop + Yehnip )
ot

Z)r;% = knpnyop — knphnip — Yelinip + Yoz G)

ar;% = knpnnip — knphNap — YeBNap + YalNsD )

anaN;D = knpnyap — Yahinsp ()

Yin = Vimexp(—E,,/kgT) (with m = a,b,c) is the dissociation rate of
the particular complex considered,®”] where v, is the attempt
frequency and E,, is the activation energy for the dissociation.
k is the deuterium capture rate coefficient for the different
complexes considered®’! and, for simplicity, it is assumed to

1 021

1 020

10%
0] X=0.7%
1071 T.=300°C
10"
40 120 40

80 80 120
Depth (nm) Depth (nm)

Figure 5. a) SIMS depth profile of deuterium concentration (the origin is set at the sample surface) for GaAs;_,N, samples with different N concentra-
tion x. The sample irradiation temperature was T = 300 °C. b) Same as (a) for x = 0.7% and different irradiation temperatures.
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be independent of the trapping step. On the right-hand side
of Equation (1), the first term represents the capture of one
D atom by N atoms with i (= 0,1,2) D atoms already bonded.
The second, third, and fourth terms, respectively, account for
the thermal release of one D atom from an N-2D-D, an N-2D,
and an N-1D complex. As mentioned in Section 3.1, previous
experiments disclosed the existence of two steps in the disso-
lution of N-2D-D complexes.' 1 In the first step, a D atom
is removed leaving an N-2D complex. In the second step the
N-2D complex is dissociated by releasing two D’s simultane-
ously, thus leaving an isolated unpassivated N atom. Therefore,
the second and third D atom are released with a same activa-
tion energy and we will effectively assume ¥, # %, = ¥.. Finally,
Equations( 2-5) represent the time evolution of the immobile
species. The system of five coupled partial differential Equa-
tions (1) to (5) is solved numerically with the following initial
and boundary conditions: ny;p(z,0) = 0 for (z > 0) and i =1,2,3;
nnop(2,0) = ny for z > 0; np(0,t) = constant (set by the current of
impinging D' ions during the experiment); and nyop(0,8) = 0;
np(e0,t) = nnip(eo,t) = Mnap(e0.t) = nnsp(ee,t) = 0. Finally, the total
deuterium depth profile is given by

nS'(z) = np + Z inNiD- (6)

i=1,3

We obtain a very good agreement between model and experi-
ments, as shown in Figure 5b. A similar agreement has been
achieved for all N concentrations considered. During the fit-
ting procedure we fixed the D exposure times to be equal to
those used experimentally, the N concentration ny was equal to
the nominal value of the GaAs;_,N, samples, and v = 90 THz
for both detrapping processes.’”) k and E,,, were used as free
parameters. In agreement with previous annealing studies,*!
E, =(1.75£0.03) eV and Ej, = (2.0 £ 0.1) eV is the only pair of
activation energies that consistently fit all the deuterium pro-
files. Notice that the discrepancy between the model and experi-
mental data for depths <40 nm and T = 200 °C is due to D
accumulation. In fact, D may form stable, albeit weak, bonds to
defects differently than N atoms or N complexes, resulting in
an increase in D concentration close to the surface at low T.
The steepness and shape of the D trailing edge also reflect
the sample optical properties. In particular, in synergy with
SIMS, PL can be effectively used to estimate the extent of the
D-free GaAs;_,N, thickness after irradiation. Figure 6a shows
the SIMS depth profiles of deuterium for an x = 0.4% sample
with a thickness of 180 nm. The sample irradiation tempera-
ture was 300 °C and two different D impinging ion doses were
employed by using the same ion current but different exposure
times. This results in a nearly rigid shift of the D concentra-
tion trailing edge. The PL spectra of the two samples (dashed
line plus squares for lower dose and dashed line plus circles for
higher dose) at 150 K are shown in Figure 6b and that of the
untreated GaAs; N, (solid line) is also shown. This relatively
high measurement temperature allows the substantial decrease
in the contribution of localized states,?®! while retaining a good
PL signal-to-noise ratio. Notice that the peak energy of the
GaAs;_ N, -related emission is the same in the untreated and
in the low-dose irradiated sample (open squares in Figure 6),
while the weight of the GaAs-related emission relative to that
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Figure 6. a) SIMS depth profiles of deuterium in a GaAs; N, sample with
x = 0.4% and a thickness equal to 180 nm. The sample irradiation tem-
perature was 300 °C and two different ion impinging doses were used:
lower dose (squares, dp = 6 X 10'® cm™) and higher dose (circles, dp =
2 x 10" cm™2). b) PL spectrum at 150 K of the untreated sample (solid
line), of the low-dose deuterated sample (dashed line and squares, dp =
6 x 10" cm™2), and of the high-dose deuterated sample (dashed line and
circles, dp =2 x 10'7 cm2). The SIMS data for the latter two samples are
shown in panel (a). The PL bands peaked at =1.38 eV correspond to the
carrier recombining in deuterium-free GaAs,_,N,. The PL peak at =1.48 eV
is due to carrier recombination in GaAs or fully passivated GaAs; N,
regions. The band at =1.42 eV originates from the carrier recombining in
the sample region located at the deuterium forefront, where a partial passi-
vation of N atoms occurred (highlighted by the gray region in panel (a)).

of the GaAs; N, related emission is slightly higher in the
latter sample. In a PL experiment, carriers relax toward regions
of the sample with the lowest bandgap energy before recom-
bining radiatively. Therefore, in the sample deuterated at a
lower dose no sizable carrier recombination occurs in the fully
or partially deuterated regions closer to the sample surface and
almost all luminescence originates from the D-free 50 nm-thick
GaAs;_,N, layer (highlighted by a grey rectangle in Figure 6b) at
the GaAs;_,N,/GaAs interface. In the sample irradiated at higher
D dose, the low-energy band due to GaAs;_,N, is blue-shifted
by about 40 meV because a partial N passivation occurs at the
interface between the GaAs;_, N, and GaAs buffer layers, where
the SIMS shows a sizable D concentration; see panel (a). Conse-
quently, a fine tuning of the effective N concentration in dilute
nitrides can be realized, especially in GaAs,_,N, epilayers with
small N concentration and in GaAs;_,N, (or In,Ga,As;_N,)
quantum wells. In these latter heterostructures, one exploits
the small thickness of the well (usually a few nanometers) in
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Figure 7. a) Sketch of sample before H irradiation. Post-hydrogenation distribution of the total H atoms as obtained by solving Equations (1-6) in
two dimensions and in the presence of a 200 nm wide metallic mask. b) Simulation for x =0 and Ty, = 200 °C. c) Simulation for x = 0.9% and T =
200 °C. The diffusion coefficient (2.0 x 10'> cm? s7') and the time (420 s) used for the calculations are the same in (b) and (c). The total deuterium
concentration is shown in a false color scale. Notice the factor 50 difference in the color scale between (b) and (c).

order to quite uniformly vary the density of electronically active
N atoms.

3.3. Engineering H Incorporation in GaAs;_,N,

In the previous section we have shown that a tight spatial control
of the N-H (or N-D) interaction can be achieved in the crystal
growth direction. A most relevant objective of our studies is to
extend this control in the sample growth plane at the nanometer
scale length. As shown in Figure 7a, a titanium mask opaque
to hydrogen is deposited on the surface of a GaAs;_,N, sample
and patterned by electron-beam lithography in order to impede
H diffusion in well-defined and arbitrarily shaped regions of
the sample. The results of a 2D simulation based on Equations
(1-6) of H diffusion in samples covered by a 200 nm wide wire
are shown in panel (b) for a N-free GaAs layer and in panel
(c) for GaAs; N, epilayer with x = 0.9% and hydrogenated at
200 °C. The boundary and initial conditions used in the calcula-
tions were set equal to those used experimentally to obtain the
nanostructures described in the following. The sample section
displayed in Figure 7 contains the growth axis of the sample
and is perpendicular to the metallic wire direction. The colored
scale shows the total hydrogen concentration, namely, ny',
see Equation (6). From a comparison of Figure 7b,c it is clear
that N dramatically modifies the H kinetics in GaAs, altering
both the depth and the lineshape of the hydrogen advancing
profile. In particular, in the N-free GaAs epilayer, panel (b), a
purely Fick-like diffusive motion is found with a H concentra-
tion smeared over the forefront. On the other hand, in panel (c)
the high density of N traps (2 X 102° cm~3) in the GaAsg 991Ng 09
layer turns free diffusion of H into a multiple-trapping process
that drastically affects the distribution of H atoms, resulting in
a cross-over region between H-free and H-containing GaAs;_
<N, as sharp as few nanometers.

The results reported so far show that the diffusion of H in
a medium such as GaAs; N, with such a high trap density
can be tightly controlled. This fact, combined with the peculiar
effects that H has on the electronic properties of dilute nitrides,
renders GaAs,;_,N, an example in solid state physics of a system
whose entire physical properties can be modified on demand
and at the nanometer scale. This gives us the unprecedented
possibility to design desired structures with specific physical
properties. We performed a series of simulations of H diffu-
sion in different GaAs;_,N,/GaAs heterostructures (x = 1%),

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

whose surfaces are covered by different Ti masks. Figure 8
shows the distribution of unpassivated (or electronically active)
N atoms following H incorporation. Panel (a) refers to a
200 nm-thick GaAs;_,N, epilayer covered with a Ti wire that has
a width equal to 80 nm. The initial bulk-like layer becomes a
thin quantum well with a thickness equal to =8 nm. The forma-
tion of a quantum wire starting from a 50 nm-thick GaAs; N,
epilayer (on which a 50 nm-wide Ti wire has been deposited) is

e W=100 nm

GaAsN:H

Figure 8. a) Post-hydrogenation distribution of electronically active
N-atom density in a GaAs;,N, epilayer (x = 0.9% and t = 200 nm) in
the presence of a 100 nm-wide Ti wire. The irradiation temperature used
for the calculation was 200 °C. b) Post-hydrogenation distribution of
electronically active N-atoms in a GaAsy,N, epilayer (x = 0.9% and t =
50nm) in the presence of a 50 nm-wide Ti wire. The irradiation tempera-
ture used for the calculation was 300 °C. In panels (a) and (b) the wires
run perpendicular to the figure plane. d) 3D post-hydrogenation distribu-
tion of N-atom density in a GaAs; N, epilayer (x=0.9% and t = 50 nm)
in the presence of a Ti ring. The size of the inner (outer) diameter is 30
(80) nm. The irradiation temperature used for the calculation was 200 °C.
Red and blue correspond to maximum and minimum N concentration,
respectively.
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displayed in panel (b). Finally, Figure 8c shows a 3D simulation
of the formation of a quantum ring starting from a 50 nm-thick
GaAs;_,N, epilayer. Since regularly shaped quantum rings are
very difficult to obtain by self-assembly techniques based on
molecular beam epitaxy,®! alternative methods, such as the one
here reported, would be of particular importance.

4. Fabrication and Characterization of GaAs,_,N,
Nanostructures Based on Tailored Hydrogen
Incorporation

4.1. From 3D to 2D

We demonstrate first that quantum confinement can be obtained
starting from a bulk sample. In particular, we consider a
200 nm-thick GaAs;_,N, layer with a nitrogen concentration
equal to 0.9%. On top of the N-containing layer, a 50 nm-thick
film of titanium is deposited and patterned using electron-beam
lithography so as to obtain ensembles of Ti wires with different
widths, w170 The metallic wires were 5 yum apart from each
other and 485 nm, 175 nm, and 80 nm wide, as determined by
scanning electron microscopy. The patterned sample was hydro-
genated at 300 °C. Figure 9a—c shows the calculated distribution
of unpassivated (or electronically active) N atoms (nyon) in dif-
ferent GaAs;_,N, wires. We point out that these H-free N atoms
ultimately determine the potential depth to which carriers are

z (nm)
0 20 40 600

[N] (%)
0.91

GaAsN:H i

-0.2

Figure 9. Left panels: Post-hydrogenation distribution of electronically
active N atoms in a sample section containing the growth axis. The wires
run perpendicular to the figure plane and the Ti wire is sketched as a grey
rectangle on the top surface. Panels (a—c) are simulations of the effective
N concentration obtained by solving Equations (1-6) for Ti wires depos-
ited on the GaAs;_,N, surface with widths equal to w = 485 nm, w =175,
and w = 80 nm, respectively. The N atom concentration is shown in a
false color scale on the left. Right panels: bandgap energy modulation,
AE,, along the vertical symmetry axis of the wires (z runs from the buffer/
GaAs;_N, interface, z =0 nm, to the sample surface, z =200 nm). d):
w =485 nm, e) w =175 nm, and f) w = 80 nm. Reproduced with permis-
sion.’2 Copyright 2010, American Physical Society.
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subjected in the nanostructure formed. In the simulations, the
H-ion current impinging on the sample surface, the exposure
duration to H, and the irradiation temperature were set equal to
the experimental values. Size and shape of the heterostructures
change rapidly with w, gradually approaching the nanometer size
in the smallest structure. Figure 9d—f shows the spatial modulation
of the bandgap energy, AE,, along the growth axis z (the line scan
is performed along the symmetry axis perpendicular to the wire).
AE, was determined using the known relationship between N con-
centration and the GaAs;_,N, bandgap energy.”!! Importantly, for
w = 80 nm, the vertical size of the wire is about 10 nm, which
leads to carrier quantum confinement, as discussed next.l’

The consequences of the reduced dimensionality are
demonstrated in Figure 10a, which shows the PL spectra of unpat-
terned GaAs;_,N, and GaAs; ,N,/GaAs;_ ,N,:H wire ensembles.
The lattice temperature was 110 K in order to highlight the free-
exciton recombination with respect to that from localized excitons,
while maintaining a high narrow PL signal.?®/ Upon going from
the bulk to the 485 nm wire, the GaAs;_,N,, PL signal was roughly
constant, while in the case of the 175 nm structures the inte-
grated intensity of the GaAs;_,N, luminescence increases slightly
by a factor of 1.6. In the case of the 80 nm wires, instead, the
GaAs,_,N, integrated intensity increases dramatically by a factor
of 50 and blue-shifts. This increase in the GaAs; N, PL integrated
intensity for constant number of photoexcited carriers has to be
attributed to an enhanced radiative efficiency. This is a signature of
an increased electron-hole wavefunction overlap due to sizable car-
rier confinement in the nanostructures. Most importantly, the PL
peak of the smallest wires blueshifts by about 30 meV with respect
to the untreated sample and the larger wires, which is further
evidence of quantum confinement. The above-mentioned value
matches well with the quantum confinement energy estimated for
a 10 nm-thick GaAs;_,N, (x = 0.9%) quantum well sandwiched in
GaAs barriers (10 nm is the average thickness of the GaAs; N,
wire as it results from the data displayed in Figure 9f).

In order to further investigate this effect, we used time-
resolved u-PL. Figure 10b shows the time evolution of the
emission at T = 10 K for different single wires (symbols) and
for the unpatterned sample (solid line). The detection energy
is set at the maximum of the free-exciton band, as measured
by continuous-wave u-PL (1.40 eV for w = 80 nm and 1.32 eV
for w = 175 nm and 485 nm and the as-grown sample). Dif-
ferent laser power densities were used for different w’s in order
to keep the same density of photogenerated carriers, fippgogens
and thus to compare carrier dynamics consistently in the var-
ious structures. An estimate of the density of photogenerated
carriers can be obtained by #photogen = o (hV) Npn/s®, where
o= 10° cm™ is the absorption coefficient of GaAs at the exciting
wavelength (600 nm) and s is the laser spot size (about 1.5 pum).
Finally, one finds #po00en=1.0 X 10%° cm™3. This large number
can, indeed, lead to band-filling effects, as observed experimen-
tally in the narrowest wires. The behavior of the w = 485 and
175 nm wires is similar to that of the as-grown sample and the
three decay curves overlap in Figure 10. For w = 80 nm the u-PL
intensity exhibits an overall longer decay with a pronounced
plateau. This plateau is a fingerprint of band-filling effects,
which usually take place in low-dimensional systems because
of a reduced density of states.”>’#l In fact, carrier replenish-
ment of the ground state from higher energy states is slowed
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Figure 10. a) PL spectra recorded at T= 110 K for a same laser power density (P, =30 W cm~2) on bulk GaAs,_,N, (gray line, least intense spectrum)
and GaAs;_,N,/GaAs;_,N,:H wires with different width w equal to 485, 175, and 80 nm (line + squares, circles, and triangles, respectively). Notice
the large increase in the PL signal in the narrowest wire. b) Low-temperature (T = 10 K), time-resolved U-PL spectra on the same single wires as in
panel (a), obtained by setting the detection energy at the free-exciton recombination energy (1.40 eV for w = 80 nm; 1.32 eV for w = 175 nm, 485 nm,
and the as-grown sample). Different laser power densities have been used to maintain the same density of collected photogenerated carriers in the
different wires.

by the breaking-up of the bulk continuum levels into discrete
levels (along at least one dimension in our case).

4.2. From 2D to OD

4.2.1. Quantum Dot Fabrication and Optical Characterization

A further reduction of the dimensionality of the carrier poten-
tial can be achieved using masks that allow control of hydrogen

diffusion in two dimensions.*l This is shown by the 3D simula-
tion in Figure 11a, where a GaAs; N, quantum well (x = 1.1%,
t = 6 nm, distance from surface equal to 30 nm) is covered by
an ensemble of Ti dots with diameter d = 80 nm. After expo-
sure (duration equal to 420 s) to a H-ion current density equal
to 30 uA cm™? at temperature Ty = 200 °C, a H-free region
about 50 nm in diameter and 3 nm high is formed in the area
beneath each dot. According to Figure 11a this nanometer-sized

[N]

(10*° cm™)
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Figure 11. a) 3D distribution of N atoms not passivated by H (namely, N atoms without bound H atoms) obtained after a masked hydrogenation of
a GaAsy N, quantum well with thickness t = 6 nm and x = 1.1%. The axis origin (0,0,0) is set in the dot center at the GaAs;_,N,/GaAs buffer interface.
b) Energy band diagrams in the conduction (CB) and valence band (VB) as obtained by performing a linescan along the dot symmetry axes (the scan
along the x- or y-axis was done at a dot height z =1 nm). The diagrams were derived from the relationship between the effective N concentration
(namely, the density of N atoms with no bound H atoms) and the GaAs;_N, bandgap energy. The conduction band offset was taken to be equal to
0.7. Due to the requested large calculus power, only half a dot is displayed and large meshes are employed, thus causing a lower spatial accuracy with
respect to the two-dimensional case. ¢) T=15 K PL image of an ensemble of GaAs;_,N, dots obtained using the technique depicted in the Figure 7
and 9 and using Ti dots with d = 80 nm. The image was recorded using an 850 nm low-energy pass filter to reject the emission from the GaAs cap
and buffer layer and from the hydrogenated GaAs;_,N, barriers. The single-dot image size is determined by the carrier diffusion length. The PL image
demonstrates excellent control over the dot position and a quite uniform emission efficiency from the array. Reproduced with permission.*l
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region has the composition of the starting GaAs; N, mate-
rial (bandgap energy E, = 1.32 eV at 5 K) and is surrounded
on all sides by a GaAs or hydrogenated-GaAs, N, barrier
(Eg=1.52 eV at 5 K). We point out that the chosen dimensions
of the metallic pattern do not require a cutting-edge lithographic
apparatus since it is H diffusion that determines the actual dot
size, which is ultimately smaller than the diameter d of the
Ti dot deposited on the sample surface. The known relation-
ship between the N concentration and the bandgap energy”!l
leads to the conduction and valence band diagrams shown in
Figure 11b. Panel (c) shows a u-PL image at low-temperature
(5 K) of an array of GaAs;_,N, dots obtained by the technique
just described using metallic dots with d = 80 nm. The image
demonstrates excellent control over the dot position and exhibits
a very uniform emission efficiency.

To address the electronic properties of a single nanostruc-
ture, we performed u-PL measurements. It is worth remarking
that the very small density of nanostructures achievable by our
method (for instance 4 x 10° dots cm™2, see Figure 11) permits
investigation of a single emitter without the need for chemical
isolation of the nanostructure, metallic masks with apertures,
or the use of optical setups with high spatial resolution. Fur-
thermore, the dots so-fabricated have no surfaces exposed to
air, which are detrimental for the emission yield in self-assem-
bled nanocrystals and lithographic nanostructures.”>7¢ In fact,
H causes negligible damage at the H doses used here and, on
the contrary, it often leads to an improvement in the PL effi-
ciency.”’! Figure 12a shows the u-PL spectra at 5 K of a single
nanostructure formed starting from a Ti dot with d = 80 nm
and of the starting quantum well sample. Laser power densi-
ties equal to 5.0 W cm™ and 0.75 W cm™ were used for the
dot and bulk samples, respectively. Dramatic changes can be
noticed: the dot emission is blue-shifted by about 70 meV with
respect to the untreated material and the PL linewidth of the
dot is more than two orders of magnitude smaller than that
of the starting sample. This is in agreement with an estimate
obtained by treating the dot potential as a decoupled square
box with finite height barriers and using the dot geometrical
parameters displayed in Figure 11a.

Panels (b,c) show the effect of different perturbations
addressing the 0D nature of the recombining carriers. In panel
(b) the dependence of a single dot PL spectrum on the density
of photogenerated carriers is shown. At the lowest laser power,
P, a single line at 1.402 eV due to the ground state exciton dom-
inates the spectrum. With increasing P, the intensity of low-
energy (<1.402 eV) components increases more rapidly than
that of the ground state exciton. These additional lines can be
attributed to biexciton and charged/multiple exciton recombi-
nation, as in other QD-like systems.””-7% At higher laser power,
the intensity of single- and bi- (multiple)-exciton recombination
lines becomes progressively saturated and other distinct states
appear at higher energy. This behavior, widely reported in many
0D systems, is typical of a population of excited states.”’]

Figure 12c shows the u-PL spectra at 5 K of a d = 80 nm
dot (similar to that shown in the previous panel) and of the
corresponding untreated sample as a function of magnetic
field in the B = 0-30 T interval (the laser power density was
30 W cm™?). The magnetic field is applied along the growth
axis. The extent and functional dependence of the variation of

Adv. Funct. Mater. 2012, 22, 17821801
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the recombining carrier energy with magnetic field provides
information on the dimensionality and symmetry of the con-
fining potential to which carriers are subjected in a nanostruc-
ture.® In the untreated sample, a B-induced shift of about
15 meV is observed. In the d = 80 nm dot, the exciton line shifts
with B much less (2 meV) than in the GaAs; N, QW. This
clearly indicates that carriers in the dot undergo a strong spatial
localization/confinement, resulting in a smaller wavefunction
size. Furthermore, a clear spin-splitting can be observed in the
dot. Panel (d) displays a quantitative analysis of the diamag-
netic shift, AEy, data for the QD. In a perturbative framework
that holds for tightly bound electron-hole pairs as in atomic-
like systems, the B-induced variation of the exciton energy is
given by AEq= (€?/8texc) < pic > B* = B2 B where e
is the electron charge, ., is the exciton reduced mass, and
Dexc 18 the wavefunction extent in the plane perpendicular to B.
Pexc 18 related to the exciton diameter by dexe = /2 < p%. > .
If Ueye (= 0.095m, where my is the electron mass in vacuum)!®!
depends on the sample composition only, we obtain d.,. = 4.3
nm, which reflects the strong exciton confinement in the dot.
Panel (d) displays also an analysis of the Zeeman-splitting data
leading to a value of the exciton g-factor equal to 1.04.

4.2.2. Dependence of Quantum Dot Emission on Local Electric
Fields and Temperature

One of the main advantages of the method discussed here is
the possibility to fabricate nanostructures with size and site that
can be controlled with nanometer precision. This method does
not require lengthy, repeated, and complicated lithographic
processes (except for the deposition of the metallic mask) that
are typical in top-down approaches®” and, at the same time,
circumvents the random character of the nanostructure for-
mation typical of bottom-up growth techniques.®¥ However,
GaAs;_,N, dots exhibit a relatively large (0.2 meV) linewidth
that may be detrimental for photonic applications, where spec-
tral purity is an important issue. This is in part due to local
electric fields that perturb the carrier confining potential and
gives rise to spectral diffusion effects. Figure 13 shows the tem-
poral evolution of a single dot y-PL spectrum. The peak energy
wanders by more than 1 meV and PL intensity changes. This
effect has been reported in other quantum dot systems, such as
I1-VI nanocrystals, and is attributed to a charged QD environ-
ment that changes with time under optical pumping.® In our
case, the local electric fields are likely due to the presence of
hydrogen atoms in the QD surrounding. We know that a third
H atom, whose spatial position is unknown yet, induces a com-
pressive strain (see Section 3.1). This H atom can be removed
after a mild annealing that leaves the N-passivating C;;, com-
plex untouched. Different hydrogenation/annealing procedures
are being attempted in order to minimize these spectral diffu-
sion effects and to considerably reduce the single dot emission
linewidth. Alternatively, resonant excitation below the GaAs
barrier could lead to a lowered broadening of the dot emission
line.

Another important issue concerns the thermal stability of the
quantum dot emission yield. Figure 14a shows the u-PL spectra
of a single dot (d = 80 nm) as a function of temperature up to
T =110 K and at a laser power density equal to 25 W cm™2.
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Figure 12. a) Low-temperature PL spectra of a untreated GaAs;,N, quantum well (x = 1.1%, well thickness equal to 6 nm) and of a single dot fab-
ricated using the same quantum well as the starting material and following the fabrication method outlined in Figure 11. b) Low-temperature u-PL
spectra for different excitation powers on the same single dot shown in panel (a). MX indicates multiexcitonic components as discussed in the text.
) Low-temperature (T =5 K) U-PL spectra for different magnetic fields, B, recorded on a single dot similar to that shown in panels (a,b). The right
panel refers to the starting quantum well material displayed in panel (a), while the left panel refers to a single dot. Note the large energy scale differ-
ence. The spectra are displayed in steps of 2 T. d) Diamagnetic shift, AE4, of one dot (circles indicate the average of the Zeeman split components).
Lines are fits to the data according to the diamagnetic shift formula AEy = BB? reported in the text. The error associated to each data point is within the
symbol size. The inset shows Zeeman splitting, AE; , data for the dot. The line is a fit to the data according to AE7 = g.,UgB, Where g, is the exciton
g-factor and pg is the Bohr's magneton.
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This demonstrates that, despite the relatively low confining
potential, the optical quality of these QDs is remarkably good.
At the lowest temperature two levels in thermal equilibrium,
separated by 6 meV and ascribable to the the light- and heavy-
hole excitons forming in the QDs, can be observed. It is rather
difficult to estimate which of the valence bands is involved in

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the lowest energy transition. Indeed, the energy splitting of
the two lines is a result of two counterbalancing effects. On
the one hand, quantum confinement tends to push the light
hole towards higher energy with respect to the heavy hole
due to the different effective masses. On the other hand,
the compression caused by the H-induced barrier expansion

Adv. Funct. Mater. 2012, 22, 1782-1801



M \llﬂ"§

www.MaterialsViews.com

1.412

T=6K P=12W.cm?
3 ‘N #f *
%1410&”‘ AL} ‘l*rv N\d '
S
2
L 20 s

—
1.408 —

Figure 13. U-PL spectra from a single GaAs;_N,/GaAs QD with d =
80 nm recorded as a function of time at T= 6 K and at a power density of
1.2 W cm~2. Note that the photon energy scale runs along the vertical axis.
The time interval between the different spectra is 300 ms. Brighter (darker)
regions correspond minimum (maximum) PL intensity, respectively.
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Figure 14. a) PL spectra from single GaAs;_,N,/GaAs;_N,:H quantum
dot as a function of the lattice temperature (T = 10-110 K with 10 K
steps). The power density used for the measurements is also reported.
Two different transitions ascribed to the light and heavy hole exciton can
be clearly observed. b) Ratio between the integrated intensities of the
heavy and light hole transitions (dots). The solid line indicates the theo-
retical curve as obtained by taking into account the different density of
states of the two valence bands.
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(see the next section) compensates the built-in tensile strain
of the GaAs, N, quantum well, thus reducing the “built-in’
energy splitting between the valence bands. However, the evo-
lution of the relative population of the two states as the tem-
perature is increased suggests that the light-hole exciton is the
lowest energy transition. Figure 14b shows the ratio g of the
peak intensity of the two excitonic lines versus T. The line is a
fit to the data by ¢ = 3 (%)5 e~ Emn—Eml/lsT) where the pre-factor
3 takes into account the different density of states of light-
and heavy-hole excitons having reduced mass equal to uy
and pyy, respectively,® while (M) M is the ratio between
the exciton reduced masses and is left as a fitting parameter. A
good agreement is found with the experimental data by using
the previous formula with M = 0.93. This value is very close to
what we find for strained bulk material (see the next section),
where the lowest energy transition has a predominant light
hole character.®!

5. Strain-Engineering in GaAs,_,N,/GaAs, ,N,:H
Heterostructures

The possibility of controlling strain fields in semiconductor
heterostructures is a key issue in modern solid state physics.
Strain has a remarkable effect on the band structure of bulk
semiconductors,’® it plays a fundamental role in the growth
and in the determination of the physical properties of Stranski—
Krastanov quantum dots,”] and it can lead to surprising polari-
zation effects for the light emitted by semiconductor quantum
wires. (58]

We have already mentioned that H irradiation results in
the formation of H-N complexes, which cause an astonishing
expansion of the GaAs;_,N, cubic cell and induce a reversal of
the strain status of the GaAs;_,N, layer from tensile to com-
pressive.[*14244 This finding opens up the unprecedented pos-
sibility to spatially modulate strain fields in the growth plane
of GaAs;_,N, heterostructures by the masking-hydrogenation
procedure presented so far, thus paralleling the effect on the
bandgap. This section is entirely devoted to this subject. We
have found that the extent and the direction of the strain
fields can be tailored by the size and shape of the patterned
GaAs;_,N, structures and by sample composition. The resulting
in-plane structural anisotropy switches on polarization selection
rules that hold for photons emitted along the growth axis. This
allows for tight control of the polarization properties of the light
emitted by submicrometer-sized GaAs;_,N, wires. The experi-
mental findings are quantitatively accounted for by combining
finite-element stress calculations with optical selection rules.

We studied 200 nm-thick GaAs; N, layers (x = 0.4%—-0.9%)
grown on (001) GaAs. A 50 nm-thick film of titanium was
deposited on the GaAs; N, surface and patterned by electron
beam lithography. Samples were hydrogenated at 300 °C. The
lowest H dose necessary to passivate the entire unpatterned
GaAs;_,N, layer was used for all the samples studied here. As
described in Section 3.2, H proceeds into GaAs,_,N, by a trap-
ping-limited diffusion with a H forefront of 10 nm per decade,
or less. Therefore, steep GaAs;_,N,/GaAs;_N,:H interfaces are
obtained.
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Figure 15. a) PL spectra taken at T=10 K on ensembles of GaAs;_,N, wires with x=0.9 and 0.4% (width w = 500 nm for both samples) for light polari-
zation perpendicular (I}, solid lines) and parallel (I, dotted lines) to the wire axis, which is assumed to be oriented along the [110] direction. Bottom-
left inset: Sketch of the metallic pattern deposited before H irradiation. Top-right inset: Polar plot of the normalized PL intensity (Ip) as a function of
the angle o formed between the linear polarizer and the wire axis (see inset bottom-left inset). Notice that the dependence of the optical setup on the
polarization is eliminated by the combined use of a fixed polarizer plus a A/2 wave-plate. b) PL spectra for the as-grown GaAs;_,N, sample (x = 0.9%)
at two different temperatures (T =10 K and T =150 K, bottom and top spectra, respectively) and for light polarization perpendicular (I}, solid lines)
and parallel (/,,, dotted lines) to the [110] axis. No polarization anisotropy is observed in the spectra obtained at T=150 K. c) PL spectra taken at T =
10 K on ensembles of GaAs,_,N, dots with x = 0.9% and diameter equal to 500 nm for light polarization perpendicular (I, solid lines) and parallel (I,
dotted lines) to the [110] axis. No polarization anisotropy is observed. The spectra of the dots are blue-shifted with respect to those of the as-grown
sample. This is most likely due to the diffusion of hydrogen through the whole dot. d) PL spectra acquired at different temperatures (T =10-300 K) on
ensembles of GaAs;_,N, wires with x=0.9% (w = 500 nm) for light polarization perpendicular (I, solid lines) and parallel (/,;, dotted lines) to the wire
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axis. The vertical dashed line highlights the presence of an energy splitting between the spectra obtained by selecting different polarization.

Figure 15a shows polarized PL spectra of GaAs; N,/
GaAs,_,N,:H wires at T = 10 K. The top and bottom spectra
were recorded on a 800 x 800 um? ensemble of GaAs;_,N, wires
with x = 0.9% and 0.4%, respectively. The wires were 500 nm
wide, separated by 5 um and directed along the [110] or [1-10]
directions. The lowest energy band is due to carrier recombina-
tion in the GaAs;_,N, wires, while other luminescence bands
are due to carrier recombination from hydrogenated GaAs;_,N,
(GaAs-like) regions aside the wires. Solid and dashed lines refer
to light polarized perpendicular and parallel to the wire axis,
respectively. The light emitted from GaAs;_,N, wires is prefer-
entially polarized perpendicularly to the wire axis (independ-
ently of being directed along [110] or [1-10] directions). This
immediately excludes the quantum confinement effect as the
source of the observed anisotropy.®”! The top-right inset shows
a polar plot of the normalized PL intensity as a function of the
angle, o, formed between the linear polarizer and the wire axis
(see inset Figure 15a). I), and I, indicate the PL peak intensity
measured parallel (0° and 180°) and perpendicularly (90° and
270°) to the wire axis, respectively. This figure highlights that
the light emitted by GaAs;_, N, wires is mainly polarized per-
pendicularly to the wire axis and that the polarization degree
strongly depends on the sample composition. In order to verify
the genuineness of our results, several control experiments

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

were performed. First, the polarization properties of the light
emitted from the untreated sample were studied. As shown in
Figure 15b, we found a small (5%) polarization degree at 10 K.
This result is not surprising as it is well known that the low
temperature PL spectrum of dilute GaAs;_,N, is dominated
by localized states, which may exhibit some polarization ani-
sotropy.’! This picture is further supported by the tempera-
ture dependence of this built-in anisotropy, which disappears
as soon as the contribution of localized states in the PL spec-
trum becomes negligible (see top spectra of Figure 15b). Fur-
thermore, an ensemble of circular dots in the x = 0.9% sample,
which shows the highest polarization anisotropy, were also pat-
terned. The single dot is separated from the others by 5 ym and
has diameter equal to 500 nm. The low-temperature polarized
PL spectra of the dot ensemble are shown in Figure 15c. No
polarization is observed in these highly symmetric structures,
thus indicating that the sample structuring is responsible for
the observed polarization anisotropy and this definitively rules
out any spurious effect. Notice that the spectra of the dots are
blue shifted with respect to those of the as-grown sample due
to H-induced passivation of localized states, which leads to
the predominance of the free-exciton contribution in the PL.
Further information can be extracted from temperature-
dependent PL measurements on ensembles of GaAs;_,N, wires

Adv. Funct. Mater. 2012, 22, 1782-1801
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Figure 16. a) Photoluminescence, PL, imaging of 5.0, 2.0, 1.0, 0.5, and
10 um-thick GaAs;_,N, wires, from left to right; white (black) corresponds
to maximum (minimum) intensity. b) Spatial map of the PL polariza-
tion degree (p) on the same area shown in (a); white (black) indicates
maximum (minimum) p. Note the higher value of p at the wire borders.
c) T=77 K u-PL spectra recorded at power density of 25 W cm™ at the
center (top spectra) and border (bottom spectra) of a 10 um wide wire
for light polarization parallel (I,) and orthogonal (/) to the wire axis. The
vertical dashed line highlights the relative shift of the PL peak positions.

(see Figure 15d). Although a progressive decrease in the polari-
zation degree is observed, we still measure p ~ 20% at room
temperature, thus demonstrating that the polarization effect in
the wires involves both extended and localized states. Further-
more, an energetic splitting between the spectra obtained with
light polarized perpendicular and parallel to the wire axis is
clearly observed for T > 50 K, where excitonic transitions domi-
nate PL spectra. The PL band is thus composed by transitions
with different selection rules for light polarized in the crystal
growth plane, which should be related to the strain-split valence
band states. This indicates that strain is playing a key role in
these experiments.

In order to address the physical origin of the macroscopic
polarization anisotropy measured in the wire ensemble, we
next focus on the local polarization properties of isolated wires.
Figure 16a shows the p-PL intensity imaging at liquid nitrogen
temperature T = 77 K of GaAs,_,N, wires with x = 0.9% and
width w = 5.0, 2.0, 1.0, 0.5, and 10 um (this temperature and
the use of a highly focused laser beam ensures a scarce con-
tribution of localized states). Brighter and darker regions cor-
respond to maximum and minimum intensity, respectively (the
luminescence from GaAs;_,N,:H bands was rejected by a GaAs
filter placed in front of the detector). Figure 16b shows a map of
the polarization degree for o = 0° recorded on the same sample

Adv. Funct. Mater. 2012, 22, 17821801
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zone. For w > 1 um, these data clearly show that the polariza-
tion anisotropy observed in the ensemble is mainly located at
the wire borders. For the smallest stripes, the interfaces merge
in a single peak and, simultaneously, the polarization degree
increases. Finally, Figure 16c shows that the spectra recorded
at the edge of the w = 10 um wire are blue-shifted (and have
greater polarization degree) with respect to the spectra recorded
at the centre of the same wire. This explains the energy split-
ting already observed in the ensemble spectra of the smallest
wires and it suggests the presence of a compressive strain at
the wire borders.¥ A rather clear physical picture is emerging:
the strain modulation in the planar heterostructures arises
from the hydrogen-induced expansion of the barriers against
the GaAs;_,N, wires. This introduces a marked in-plane struc-
tural anisotropy, which induces an optical anisotropy for the
polarization of the light emitted in the crystal growth direction.

In order to support this picture, finite element calcula-
tions in the framework of thermoelasticity were employed to
estimate the strain experienced by the wires. We model the
strain distribution by considering the deformation induced
on a GaAs;_,N, wire by the thermal expansion of the adjacent
GaAs;_N,:H barriers.’?l The extent of the thermal expansion
is fixed by the experimental values of the compressive (tensile)
strains measured in unpatterned GaAs; N H (GaAs;_N,)
samples by high-resolution X-ray diffraction.*!*>* Figure 17a
shows the 3D distribution of the strain field, &, calculated in a
2 um GaAs,_,N, wire with x = 0.9% and laterally delimited by
hydrogenated barriers. According to our qualitative picture, the

X

GaAsN:H s

Figure 17. a) 3D distribution of the strain field, &, calculated along the
direction perpendicular to the axis of a w = 2.0 m GaAs;_,N, (x=0.9%)
wire embedded between GaAs;_,N,:H barriers (structure deformation is
magnified 100 times); refer to Figure 7 for the fabrication process. The
picture shows a portion of the wire cut along the coordinate x. b) Line
scan of calculated strain field g, along the normal to the wire axis (thin
black line, left axis; note the inverted ordinate). Note the qualitative agree-
ment with the experimental polarization degree p shown in Figure 16¢c
(thick line, right axis). Reproduced with permission.’" Copyright 2009,
American Institute of Physics.
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expansion of the barriers against the wire is reproduced. The
same calculations were extended to the structure described in
Figure 16. Figure 17b shows a line scan of &, along the direc-
tion perpendicular to the wires together with a line scan of the
polarization degree as obtained after a vertical binning of the
polarization map displayed in Figure 16b. A remarkable agree-
ment between the polarization degree and the strain is found.
This proves the close connection between the optical anisotropy
and the strain modulation and calls for a quantitative analysis.
Nevertheless, the simple and well-established optical selection
rules for uniaxial stress applied along highly symmetric direc-
tions, such as [001] and [111], do not hold in the present case,
since strain takes place along the [110] or [1-10] crystal direc-
tions. This leads to a complicated form of the orbital-strain
Hamiltonian and the projection of the total angular momentum
along the quantization axis, m, is no longer a good quantum
number. This induces a mixing of the two top-most valence
bands, which can be written in the [110] representation as:!

Uyt = €4 13/2;3/2)110 + €1 [3/2; =1/2) 139 7)
U2 = —Cp 13/2;3/2)110 + €a 13/2;=1/2)15 -

¢, and ¢, depend on the elastic constants, the uniaxial defor-
mation potentials, and, most importantly, the ratio oL /oy
between the stress components perpendicular and parallel to
the wire axis. p can be calculated from the transition matrix ele-
ment between the conduction band states u. and the valence
band states u,; and u,,. These matrix elements depend on the
orientation of the polarization vector of the emitted light, &//:*,
with respect to the wire axis:[®!

. > 2 .
M/ o< uc &/ Bl > [ (1= 1.2) ®)

Then, each transition is weighted by the corresponding
reduced density of states (proportional to u/?, where y; is the
exciton reduced mass) and by the relative thermal population of
the valence band states ¢—3E12/(ksT), where 8E, is the calculated
energy separation between u,; and u,,.°?! Finally one finds:

Lo o [l M 4 3P Mgt e—aEu/(kBT)] (9)

According to Equations (7-9), the polarization degree, which
can be calculated from Equation (9), depends via Equations (7,8)
on 01/0y. This latter quantity can be used to explain all the
experimental results presented so far, since it accounts for the
sample structuring. In unpatterned, tensile strained GaAs; N,
samples and in highly symmetric structures (such as the dots
presented in Figure 15) 6,= o). In this case, the in-plane
symmetry is not broken and there is no optical anisotropy for
photons whose polarization vector lies in the (001) plane. In
GaAs;_,N, wires, the compression caused by the expansion of
hydrogenated barriers compensates sizeably the built-in tensile
stress along one of the <110> directions (see Figure 18a). This
breaks the symmetry in the (001) plane (o, # 0;,), mixes the
light- and heavy-holes states (see Equation (7)) and switches
on optical selection rules for light emitted along the crystal
growth direction (see Equation (8)). 6, and o, determined at
the center of the wire by finite element calculations are shown
versus w in Figure 18b). As expected, 0, changes with w while
0, remains essentialy constant. Finally, Figure 18c shows the
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Figure 18. a) Sketch of a GaAs;_,N, wire embedded between GaAs;_,N,:H
barriers. The barrier expansion against the wire induces a reduction of
the built-in tensile stress along the direction perpendicular to the wire
axis. The wire is assumed to be oriented along the [110] crystal direction.
b) Wire width, w, dependence of the calculated stress, o, perpendicular
(solid line, o,) and parallel (dotted line, 6)) to the axis of a GaAs;_,N,
wire (x = 0.9%) embedded between GaAs;_,N,:H barriers. o was calcu-
lated at the wire center. c) Dependence on the ratio G, /0, of the polari-
zation degree p measured at the wire center at 77 K (symbols). The solid
line is the theoretical estimation obtained by combining finite-element
simulations and suitable optical selection rules.

dependence of p on 0 /0) for x = 0.9%. A very good agree-
ment is found between the model (being u,/1; = 1.2 the only
adjustable parameter) and the polarization degree measured at
the wire centre at 77 K. The value of u,/u, found from the fit
nicely parallels the one found in the previous section and sug-
gests that the two top-most valence bands are mixed and cannot
be named light and heavy holes. The same model also repro-
duces well the temperature dependence of p measured in wire
ensembles (not shown here). This agreement indicates that
the presented effects can be tightly controlled with promising
perspectives for strain-engineered heterostructures based on
In,Ga;.,As;_,N,/GaAs and GaP;_,N,/GaP.

To conclude this section, we showed that the polarization
properties of the light emitted by GaAs;_,N, microstructures
can be controlled by modulating the lattice expansion of hydro-
genated GaAs;_,N,. This result mirrors the bandgap modulation
and demonstrates that the structural properties of this class of
alloys can be modelled on demand on a sub-micrometer scale.

6. Other Examples of H-Induced Variations
of the Physical Properties of GaAs;_N,

6.1. Refractive Index

In a semiclassical framework the refractive index of a medium
in its transparency region decreases as the frequency decreases
with respect to that of the so-called Sellmeier oscillator

Adv. Funct. Mater. 2012, 22, 1782-1801
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Figure 19. a) Comparison of the room-temperature reflectance spectra of a GaAs;_,N, sample (x = 2.2%, thickness 100 nm) before and after H-treat-
ment and of a GaAs reference. Note the decreasing after hydrogenation of the reflectance values in the sub-gap spectral region. b) GaAs;_,N, refractive
index spectra before and after H irradiation, as obtained from the best fit to the reflectance spectra in the subgap region for the same sample shown
in part (a). c) Reflectance spectra for a GaAs;_,N, sample with x = 0.022 subjected to different treatments. Note the slight increase of the reflectance
in the sub-gap spectral region after annealing at 225 °C, approaching the values of GaAs (N-free sample).

resonance. This resonance includes in a single classical oscil-
lator the contribution to absorption processes occurring through
the fundamental bandgap. As a consequence, one expects that
the bandgap energy variation induced by hydrogen in GaAs;_, N,
should modify the refractive index.

Figure 19a shows a comparison of the reflectance spectra
recorded at T = 290 K before and after H-treatment for a
GaAs;_,N, sample with a thickness equal to 100 nm and x =
2.2%. The data of a reference GaAs are shown, too.

[t is evident that the H-treated sample recovers the reflectance
response typical of the GaAs-like fundamental gap, centered at
0.88 um (=1.4 eV). Moreover, at the same time, H irradiation
decreases the reflectance of the sample in the subgap spectral
region. Since the GaAs optical properties are not affected by H
irradiation, this effect ought to be attributed to a decrease of the
refractive index n(2) in the H-treated GaAs,_,N, layers.

In order to obtain n(A) for the as-grown and hydrogenated
GaAs;_,N, layers in the subgap region, a best-fit procedure to
the reflectance spectra was performed by using the software
package WVASE32 by J.A. Woollam Co., Inc. based on the
Levenberg-Marquardt algorithm. The multilayer structure of
the samples was modeled with a five-phase scheme: air/2 nm
oxide overlayer/20 nm GaAs cap/100 nm GaAs; ,N,/infinite
GaAs buffer and substrate.”?! With regard to the oxide over-
layer, we assumed the dielectric function of the Ga,0O; native
oxidel™ and estimated its effective thickness by fitting the
higher energy region (4-5 eV) of the spectroscopic ellipsom-
etry curves measured on the samples. The dielectric function
used for the GaAs cap, buffer, and substrate layers was taken
from literature.l! We verified that this precisely reproduces our
measurements on the reference N-free GaAs epilayer.[®®) The
dielectric function of the GaAs cap/buffer layers was assumed
not to change upon hydrogenation. This assumption relies on
SIMS, which demonstrates that H incorporation is an efficient
process in the N-doped layer while it is negligible outside the
dilute nitride film.

Figure 19b shows the wavelength dependence of the refrac-
tive index as derived by a standard analysis of the reflectance
spectra. This analysis is based on the n(A) dispersion in the

Adv. Funct. Mater. 2012, 22, 17821801
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subgap transparency region modelled through the Sellmeier
relation n* = A+ BA2/(3* — C)+DA*/(A* — E),®! where A
was fixed while B, C, D and E were the free-variable parameters
of the best fit to the reflectance spectra and A is the wavelength
(in um). The effect of H irradiation on the GaAs;_,N, refrac-
tive index is shown for a x = 2.2% sample and compared to the
N-free GaAs refractive index data. For x = 2.2% the overall rela-
tive reduction of the refractive index is increased to (1.5%-2%)
in the wavelength range from A = 1.3 to 1.55 pum. These
values of the refractive-index change fulfill those required for
waveguiding in planar integrated optical devices.l””] Similar to
what was shown for the bandgap, this effect can be engineered
for in-plane optical confinement using the N concentration and
post-growth H-irradiation as external tunable parameters. Very
interestingly, we note in Figure 19b that upon H-irradiation the
values of the refractive index of GaAs;_ N, for wavelengths A
> 1 um are significantly lower than those of the host matrix
(n overshooting). The reason of the refractive index reduction
(and its intriguing overshooting) in H-treated GaAs;_,N, can be
related to the presence of the third H atom positioned nearby
the N-passivating C;, complex mentioned before (see Section
2.1). Indeed, after 5 h of annealing at 225 °C we observed an
increase of the reflectance of the hydrogenated GaAs; N,/
GaAs structures and the R values in the subgap region become
very close to those characterizing the nitrogen-free sample.
Figure 19¢ shows the reflectance spectra of the hydrogenated
x = 0.022 sample after annealing at 225 °C and of the sample
with x = 0.0%, i.e., GaAs material without compressive strain.
Due to the observed tendency of the n overshoot to vanish with
the reduction of the concentration of the more weakly bound
hydrogen atoms, we conclude that the latter are responsible for
this phenomenon.[1-42.%8]

6.2. Electrical Resistance

So far, we have shown that hydrogen incorporation in
GaAs;_,N, determines dramatic changes of the electronic, struc-
tural, and optical properties of the material. This has led to the
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Figure 20. Histogram of local resistance R measurements on a GaAs; N,
sample (thickness 200 nm, x = 0.9% and no GaAs cap layer) subjected to
different treatments, as indicated. The inset shows the room temperature
PL spectra of the same samples shown in the main part of the figure.
The peak at 1.255 eV is due to carrier recombination from the bandgap
of untreated GaAs;,N, and of hydrogenatated GaAs;,N, after 550 °C
1 h annealing. The peak at 1.422 eV is due to carrier recombination from
GaAs or fully N-passivated GaAsq,N,.

fabrication of quantum dots and strained planar heterostruc-
tures and to the possibility to waveguide light by exploiting the
modulation of the optical refractive index. Next, we show that
also the electric and transport characteristics of these materials
can be suitably modified. To this end, we used conductive-
probe atomic force microscopy (CP-AFM) to measure the local
resistance at room temperature.’*1%U Figure 20 shows the
local resistance, R, values measured after different treatments
for a sample having GaAs;_,N, thickness equal to 200 nm and
x=0.9%. Hydrogen irradiation with a dose equal to 3 x 10'® cm™
determines an increase of R by a factor =500 with respect
to the untreated sample. At the same time, PL measurements at
room temperature indicate a complete passivation of the elec-
tronic activity of N resulting in a blue/shift of the GaAs; N,
bandgap energy (1.255 eV) to the GaAs value (1.422 eV) (see
inset in the figure). We verified that the only thermal treatment
used during H irradiation (3 h at 300 °C) does not cause vari-
ation of R in the untreated material. Thermal annealing of the
hydrogenated sample at 550 °C (duration 1 h) dissociates N-H
complexes thus restoring the bandgap energy of the untreated
GaAs,_,N, sample, as shown in the inset of Figure 20. The local
electrical resistance is also strongly affected by annealing treat-
ments. In fact, R is reduced by a factor of 2000 in the hydro-
genated sample after thermal treatment. This is primarily due
to a removal of H atoms from the lattice. Nevertheless, we
notice that the annealed sample exhibits a local resistance value
smaller by about a factor 4 than that measured in the untreated
(starting) material. This may be attributed to an improvement of
the crystal quality caused by the high-temperature treatment. In
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fact, a similar R decrease has been also observed in a untreated
(namely, H-free) GaAs;_,N, sample subjected to a same 1 h
annealing at 550 °C. We checked that the increase of the local
resistance was absent in a reference N-free GaAs sample, where
R was found to decrease slightly after H irradiation with an ion
dose equal to that considered in Figure 20.

These results indicate that the electrical resistance of
GaAs,_,N, can be modulated by hydrogen irradiation in a fully
controllable and reversible manner. This finding nicely parallels
the effects H has on the optical and structural properties of this
alloy and assigns to the N-2H complexes a rather unexpected
role, that is the capability to modify even the transport proper-
ties of dilute nitrides.

An interesting outcome of our findings is the possibility
to pattern the electrical properties of GaAs; N, in its growth
plane. Figure 21a shows an electrical resistance mapping of a
series of GaAs;_,N, wires with different widths, w, and formed
by spatially selective hydrogenation of the ¢ = 200 nm and
x = 0.9% sample. R is much lower in the Ti-shielded regions
than between the wires, where R = 6 x 10'° Q (no Ti residuals
were present after removal of the metallic wires, as indicated by
topographic AFM images of the sample surface acquired con-
comitantly with the local resistance mapping). This is evident
from the linear scan of R perpendicular to the wire axis and
superimposed to the CP-AFM image in Figure 21a. The ratio
of the resistance between the N-passivated barriers and the
GaAs;_,N, wires varies from a factor 750 to 15 upon changing
w from 5 um to 0.5 um. This dependence on w is due to H
diffusion beneath the metallic wires, which tends to increase
the effective resistance of the considered wire. Indeed, SIMS

T=290 K

40
Position (um)

60 80

Figure 21. a) 2D mapping of the local resistance R of a GaAs; N, sample
(x=10.9% and t = 200 nm) by CP-AFM. The surface was patterned before
H irradiation by H-opaque titanium wires with widths equal to 5, 2, 1,
and 0.5 ym (from left to right), each separated by 20 ym. The white line
superimposed on the 2D map of R provides the value of the local elec-
trical resistance (ordinate axis) along a line perpendicular to the axis of
the wires. b) 1D mapping of the y-PL intensity across the wire region
recorded at room temperature (power density equal 2.5 x 10 W m~2). The
abscissa axis indicates the laser spot position. The ordinate axis indicates
the energy of the emitted photons. The emission intensity is shown in a
false color scale (red and blue correspond to maximum and minimum
intensity, respectively). Reproduced with permission.l®l Copyright 2011,
American Physical Society.
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performed on the same sample shows a deuterium decay length
equal to 12 nm per decade for a hydrogenation temperature
equal to 300 °C. Combined with current spreading from the
probe nanocontact, this leads to an effective resistance profile
that reduces by a factor 10 within 150 nm at most at the border
between hydrogenated and not-hydrogenated regions. This in-
plane electrical modulation matches the spatial variation of the
bandgap energy as determined by u-PL measurements shown
in Figure 21b for the same artificial structure displayed in panel
(@). The wire region emits at the bandgap energy of the as-
grown sample, 1.26 eV, whereas the regions aside the wire emit
at higher energy (1.42 eV, not shown). The lower resistance
regions of the planar heterostructure clearly coincide with those
having a smaller bandgap energy. The resistance increase after
hydrogenation is caused by the decrease in the intrinsic carrier
density following the bandgap increase and by a decrease of
the electron scattering time, as described in detail elsewhere.[®!
These effects can be exploited for the realization of microscopic
circuits, such as on-chip microscale coils, and electrical inter-
connects of more complicated nanostructures fabricated by the
masked-hydrogenation procedure outlined in this work.

7. Concluding Remarks and Outlook

We have reviewed the effects of hydrogen incorporation in
GaAs;_,N,. The capability of hydrogen to transform the whole
physical properties of one material (GaAs;_,N,) into another
(GaAs) represents a unique case in semiconductor physics.
Indeed, the formation of (N-2H)-H complexes into the
GaAs;_,N, lattice modifies the whole band structure (bandgap
energy, conduction band curvature, spin properties), the refrac-
tive index, the unit cell volume, and the electrical resistance in
a fully controllable and reversible manner. Starting from the
observation that H kinetics in GaAs;_,N, is characterized by
a highly trapping-limited motion, we implemented H-related
effects in order to modulate the physical properties of the mate-
rial in its growth plane. To this end, we used a masked-hydro-
genation procedure, whereby the formation of N-passivating
complexes can be spatially controlled. The extent to which this
control can be obtained is on the order of few nanometers,
as determined by mass spectrometry. Then, modelling the H
diffusion permits one to fabricate site-controlled nanostruc-
tures, whose electronic properties have been investigated by
PL in single nanostructures, also under high magnetic fields.
A similar approach combining finite-element calculations and
masked-hydrogenation has been used to engineer strain fields
in GaAs;_,N,. This has led to a control of the polarization of
the light emitted from the sample in a back-scattering geom-
etry. We have also fabricated planar conductive, resistive, and
conductive heterostructures with sub-micrometer spatial reso-
lution, exploiting the giant increase of the electrical resistance
induced by hydrogen. In a similar way, the refractive index
mismatch between hydrogenated and untreated regions of a
GaAs;_,N, chip could be exploited to realize integrated optical
waveguides.

In future work, we plan to develop the method for the fabri-
cation of more complicated nanostructures, such as quantum
rings and coupled quantum dots. In particular, the opportunity

Adv. Funct. Mater. 2012, 22, 17821801
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to exactly position a quantum dot in the sample growth plane
opens up a series of possibilities in nanophotonics applica-
tions. For instance, a perfect matching of the position, emission
energy, and polarization state of single GaAs;_,N, nanostruc-
tures with the optical modes of a photonic crystal cavity would
allow the achievement of efficient coupling and interesting pos-
sibilities for the realization of microcavity lasers. Furthermore,
one could envision more complicated optical and electrical inter-
connects on a same chip using, respectively, the optical refrac-
tive index and resistance modulation, which can be obtained by
patterning of hydrogen incorporation on a micrometer scale.

Finally, it is worth mentioning that the simplicity featured
by our approach is of interest in other materials, for instance
in graphene, whose bandgap can be tuned by hydrogen in
a manner closely resembling that discovered by us in dilute
nitrides,'%2 or in (GaMn)As, where ferromagnetism can be
spatially patterned by hydrogen, although on a micrometer
scale.1%]
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