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The effect of hydrogen irradiation on the optical properties of GaAs1�xNx/GaAs heterostructures

was investigated using photoreflectance and reflectance techniques. Systematic measurements

performed on both as-grown and hydrogenated samples for N-concentrations ranging from 0.0% to

3.5% and for H-implanted doses from 3� 1018 to 6� 1018 ions/cm2 have shown that (a) the

H-induced widening of the energy gap is accompanied by a decrease of the refractive index of the

H-treated samples with respect to the as-grown ones, resulting in an index mismatch that can be as

large as 2% in the subgap spectral region; and (b) the presence of compressive strain in fully

passivated GaAsN determines a decrease of the refractive index even below that of GaAs that can

be eliminated via moderate thermal annealing. These findings are promising for the development

of heterostructures with planar geometry, in which the simultaneous confinement of both carriers

and photons, even on a nanometric scale, can be obtained in a single step process.
VC 2011 American Institute of Physics. [doi:10.1063/1.3597818]

I. INTRODUCTION

III-V nitrides, in particular GaAsN, have attracted great

interest in recent years due to the possibility of modifying

the electronic properties of the host lattice by incorporating a

small percentage of nitrogen atoms.1 Moreover, in III-V

dilute nitrides, the electronic activity of nitrogen can be

modulated through the formation of N–H complexes induced

by hydrogen incorporation.2–5 In GaAsN, the capability of

tuning the band gap,6 as well as the electron effective mass,7

the exciton binding energy,8 and the electron gyromagnetic

factor,9 via post-growth H-irradiation has been extensively

studied. In addition, it was found that hydrogen produces a

lattice expansion along the growth direction5,10,11 that indu-

ces a reversal of the strain status of GaAsN layers. In this

framework, photoreflectance (PR) and electroreflectance are

powerful and practical techniques for studying the electronic

and lattice properties of semiconductors within the same

measurement. Indeed, they have been successfully employed

in order to determine not only critical point energies in III-V

dilute nitrides1,8,10,12 but also strain-related valence band

splitting in GaAsN/GaAs layers13 and strain release in mis-

matched InGaAs/GaAs metamorphic buffers.14

Hydrogenation leads to potential applications in the field

of planar optical devices via an in-plane modulation of the

bandgap of GaAsN, as recently reported.15–17 Moreover, it

already has been shown18 that the bandgap widening and the

strain inversion due to deuterium implantation of GaAs1�xNx

with x¼ 0.0122 is accompanied by a variation Dn in the

refractive index n of 0.8% to 0.4% in the 1.31 and 1.55 lm

spectral regions of interest for fiber optic communications.

These promising results in view of the development

of waveguides deserve further systematic investigation,

especially regarding the extent of the Dn variation of the

H-irradiated samples as a function of both N concentration

and H dose, thus defining the real possibility of confining

both carriers and photons, on a nanometric scale, with a

single step process.

In this work, photoreflectance and reflectance (R) spec-

troscopies are used to investigate the effect of hydrogen

incorporation on the optical properties of GaAs1�xNx epitax-

ial layers for N concentrations in a wide range from 0.0% to

3.5% with a 3� 1018 to 6� 1018 ions/cm2 H-implanted dose.

All of the examined samples (as-grown and H-treated) are

well characterized by taking advantage of the unique proper-

ties of the PR technique to simultaneously monitor the varia-

tion of the bandgap and the drastic change of the strain status

of the GaAsN layer, as expected after hydrogenation. A

detailed analysis of R spectra around the GaAsN bandgap

permits one to follow its evolution with increasing N content

and to determine the changes of the refractive index values

upon H irradiation. The role of different N–H complexes in

the optical response is also investigated.

II. EXPERIMENT

The heterostructures investigated have been grown on

(001)-oriented GaAs substrates via plasma-assisted solid-

source molecular beam epitaxy. They consist of a 500 nm

thick GaAs buffer, a 100 nm thick GaAs1�xNx layer (nomi-

nal concentrations: x¼ 0.000, 0.0068, 0.022, 0.031, 0.035),

and a 20 nm thick GaAs cap layer.

N2 cracking was obtained by using a radio frequency

plasma source. A reference N-free GaAs epilayer grown

under similar conditions was also measured. The layer
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thickness was determined by means of reflection high-energy

electron diffraction.

Post-growth treatment with atomic hydrogen was per-

formed using ion-beam irradiation from a Kaufman source.

Two different H doses were employed (3� 1018 and

6� 1018 ions/cm2 for N concentrations smaller or greater

than 3%, respectively) in order to ensure full N passivation

in all samples.

PR measurements were performed at near-normal inci-

dence in the 0.8–2.2 eV range, with a spectral resolution of

1 meV. The standard experimental apparatus19 was operated

with a 100 W halogen lamp as a probe source. The excitation

source was provided by a 20 mW Coherent sapphire-488 nm

laser, mechanically chopped at a frequency of 220 Hz.

R measurements in the 0.2-1.65 lm wavelength range

were performed at near-normal incidence with a double-

beam spectrophotometer (Cary Varian 6000i) with a photo-

metric accuracy of 0.5% and a spectral resolution better than

1 nm. An Al mirror covered with MgF2 film, the absolute

reflectivity of which was directly measured, was used as

reference.

Atomic force microscope (AFM) images were obtained

with a Thermo Microscope CPII AFM operated in tapping

mode with NT-MDT silicon tips. Data analysis (width and

height calculations on the line profiles) was carried out with

Image Processing and Data Analysis software, version

2.1.15, from TM Microscopes

III. RESULTS AND DISCUSSION

A. PR results: GaAsN electronic and strain properties

Both the electronic and the structural properties of the

GaAs1�xNx layers were checked using PR. In particular,

the analysis of the experimental PR line shape allows for the

measuring of the energy of the fundamental band gap12 and

the tensile strain10,11 in the as-grown GaAs1�xNx layers, as

well as the bandgap recovery8,10 and the strain inver-

sion5,11,18 in the H-treated samples. A typical example is

shown in Fig. 1, in which the room-temperature PR spectra

in the 1.0–1.9 eV energy range are displayed for the as-

grown (open circles) and H-treated (solid circles) samples

with x¼ 0.022.

The two features near 1.10 eV (ELH and EHH) in the

low-energy part of the spectrum of the as-grown sample are

related to the GaAsN fundamental energy gap.12 Epitaxial

GaAs1�xNx layers grown on (100) GaAs substrate are under

biaxial tensile strain.10,11 The doublet is the signature of the

strained status of the GaAsN layers. We assign the first and

the second feature to the split light- and heavy-hole E� tran-

sitions in the GaAsN layer,18 respectively. The spectral

features near 1.42 eV are related to the bandgap E0 of the

GaAs cap/buffer layers and exhibit the typical Franz-

Keldysh oscillations.20 The high-energy part of the spectrum

displays a less intense structure near 1.76 eV that we assign

to the split-off transition E0þD0 in the GaAs cap/buffer

layers.20,21

In the case of the H-irradiated GaAs1�xNx sample, all of

the spectral features related to the N electronic activity

vanish, and the spectrum assumes a GaAs-like behavior. The

corresponding features are stronger than those coming from

the GaAs cap/buffer layers, and are much broader, as is usu-

ally found in the PR spectra of H- or D-treated dilute

nitrides.8,10,18 Moreover, the energies of the GaAsN:H

fundamental gap E00 (�1.44 eV) and of the split-off transi-

tion E00þD00 (�1.79 eV) are blue-shifted with respect to

those expected from the full passivation of N atoms alone.

These occurrences indicate the presence of a H-induced

compressive strain in the hydrogenated sample5,10,11,18 due

to the lattice expansion caused by the formation of N–H

complexes.3,11

The transition energies EHH, ELH, and E00þD00 have

been obtained from the best fit (solid line) to the experimen-

tal line shape (symbols) by using, for each PR feature, the

appropriate Aspnes functional form.18,21 This analysis pro-

vides us with fine information about the composition and the

strain status of the GaAsN layers. As a matter of fact, accord-

ing to the deformation potentials theory,22 the energy gaps

associated with the transitions from heavy-hole (HH), light-

hole (LH), and split-off (SO) bands to the conduction band,

as well as the valence band splitting DE¼EHH�ELH, can be

related14 to the in-plane strain e//¼ (a0� ax)/ax, where a0 and

ax are the GaAs and the free-standing (or relaxed)

GaAs1�xNx lattice parameters, respectively. As an example,

in the case of the untreated x¼ 0.022 sample (see Fig. 1,

solid lines), we obtain EHH¼ 1.123 eV and ELH¼ 1.092 eV,

with DE¼ 31 meV. By using the procedure explained in

more detail in Ref. 18, we get e//¼ 0.0039, which has to be

compared with e//¼ 0.0045, the expected tensile in-plane

strain for coherent growth. At the same time, by using the

FIG. 1. (Color online) Room-temperature PR spectra of the as-grown (open

circles) and H-treated (solid circles) samples with x¼ 0.022. Features near

1.1 eV are related to the red-shifted GaAsN fundamental gap (E�) and high-

light the doublet (ELH and EHH) arising from the tensile strain in the as-

grown GaAsN epitaxial layers. These features vanish in the spectrum of the

H-treated sample. Moreover, the transition energies E00 and E00þD00 (asso-

ciated with the bandgap and the SO band of the GaAsN:H layers) are blue-

shifted with respect to the corresponding GaAs transitions, giving evidence

that strain inversion has occurred. The arrows mark the transition energies,

as obtained from the best fit (solid line) to the experimental line shape.
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experimental value of the split-off transition energy

E00þD00¼ 1.792 6 0.002 eV, as obtained from the best fit,

we get an estimate of the compressive strain e//¼� 0.0027

in the GaAsN:H layer from the extent of the blue-shift18

(25 meV) of the SO band with respect to the corresponding

band in pure GaAs.23 The sign reversal of e// observed after

H incorporation nicely agrees with previous x-ray diffraction

studies.5,11

In Fig. 2, the N-dependence of the transition energies

EHH and ELH (thin lines) for pseudomorphic GaAsN, calcu-

lated by applying the deformation potential theory to the

E� band predicted by the band anticrossing (BAC) model12

(thick solid line), is compared to the PR derived results

(squares). In these calculations, the elastic stiffness constants

(C11 and C12) and the band parameter values of the

GaAs1�xNx alloy were obtained via linear interpolation

between the end-binary material values of GaAs and GaN.24

As shown, with increasing N concentration, the measured

DE is systematically smaller than the corresponding one cal-

culated for coherent growth, consistent with the reduction of

the critical thickness for plastic relaxation due to the

enhanced material mismatch. Moreover, for intermediate N

concentrations, the nominal values are clearly overestimated.

Anyway, taking into account the partially relaxed nature of

the GaAsN layers, the agreement between energy gap PR

values at nominal composition and the N-dependence of the

bandgap derived from the literature data1,24 on dilute nitrides

is within 10%. We note that this uncertainty regarding N

concentration is a fact of minor importance in the context of

our investigations.

The GaAsN bandgap energies E0 (solid circles) after

H-irradiation, as estimated from a simulation of the PR spec-

tra, are also displayed in Fig. 2 and are compared to the

GaAs fundamental gap E0. The calculated blue-shift of the

fundamental gap (more precisely, of its HH related spectral

feature) and of the split-off transition energies versus the in-

plane compressive strain are shown for GaAs in the inset of

Fig. 2. As reported elsewhere,18 assuming for the passivated

GaAsN the same stiffness constants and band parameters as

in GaAs, the compressive strain of the layer can be estimated

by using the strain dependence of the blue-shift of the funda-

mental gap or (preferably) of the split-off band.

The PR results can be summarized as follows:

(a) All of the as-grown samples present PR evidence of in-

plane tensile strain in GaAs1�xNx layers, except for

x¼ 0.035, where the line shape’s broadening prevents

any valence band splitting evaluation. In particular, from

the experimental value of DE we infer that for

x¼ 0.0068, the layer is fully strained; for x¼ 0.022, the

layer is 14% relaxed; for x¼ 0.031, the layer is 44%

relaxed; and for x¼ 0.035 (DE not detectable), the layer

is almost completely relaxed.

(b) All of the H-treated samples show evidence of full re-

covery of the bandgap of the host lattice (i.e., GaAs), as

well as of the in-plane compressive strain, in GaAs1�xNx

layers ranging from e//¼� 0.0008 for x¼ 0.0068 to

e//¼� 0.0035 for x¼ 0.035. This provides evidence that

strain inversion occurred after H-irradiation.

B. Reflectance measurements and AFM images

In Fig. 3, the interband R spectra of the as-grown sam-

ples are shown. The optical response of the N-free

(x¼ 0.000) sample is also shown. The effect of the composi-

tion in the GaAsN layers on the dispersive R line shape at

the fundamental gap (E0 near 0.88 lm� 1.40 eV for x¼ 0) is

highlighted by the red-shift of the corresponding spectral

features (E�) for increasing N concentrations, consistent

with PR results. In contrast, the energy position of higher

interband transitions (E1 and E1þD1) is scarcely affected by

N, in agreement with results from the literature.1 The weak

blue-shift undergone by higher interband transitions, due to

FIG. 2. (Color online) N-dependence of the GaAsN transition energies EHH

and ELH (thin solid lines) calculated by applying the deformation potentials

theory to the E� band predicted by the BAC model (thick solid line).

Squares mark the PR results for the as-grown samples. The GaAsN:H

bandgap energies E00 (solid circles), as estimated from a simulation of the

PR spectra, are also reported and compared to the GaAs value (E0). In the

inset, the expected blue-shift of the GaAs bandgap and split-off band are

plotted vs the in-plane compressive strain.

FIG. 3. (Color online) Room-temperature reflectance spectra of as-grown

GaAs1�xNx samples with different N contents. The arrows mark the main

interband transition energies of the GaAsN and GaAs layers.
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the combination of strain and compositional effects, becomes

evident only for higher N concentrations.1,25 We note that

the intensity of the spectral features decreases drastically for

samples with higher N concentrations (x¼ 0.031 and

x¼ 0.035). This can be attributed to the presence of surface

roughness, which has been evidenced by AFM measure-

ments of the same samples.

In Fig. 4, AFM images of the as-grown samples for

x¼ 0.000 and x¼ 0.035 are shown. The significant deepness

and extension of the surface irregularities of the x¼ 0.035

sample might account for the drastic decrease of the intensity

of the R spectral features. Nevertheless, it must be said that

the R reduction does not follow the typical (! 1/k4) scatter-

ing behavior, and instead includes a quasi-rigid shift (see

Fig. 3). We can explain this behavior by noticing that for

samples with greater concentrations (x¼ 0.035 and

x¼ 0.031), the photoluminescence (PL) and PR results seem

to indicate the likely presence of phase-separated regions of

micrometric dimensions that, in turn, might produce surface

irregularities and hence a decrease of the R signal.

In more depth, we may consider as an example the opti-

cal data shown in Fig. 5, in which the room temperature PR

spectra in the 0.8-1.7 eV range are displayed for the as-

grown (open circles) and H-treated (solid circles) samples

with x¼ 0.031. Features near 1.05 eV are related to the red-

shifted GaAsN fundamental gap (E�) and highlight the dou-

blet (ELH and EHH) arising from the tensile strain in the as-

grown GaAsN epitaxial layers. Due to H irradiation, these

features vanish in the spectrum of the H-treated sample, and

the fundamental gap PR features assume a GaAs-like energy

position, as with the sample with x¼ 0.022 (shown in Fig. 1)

and all of the other examined samples. In contrast, a new fea-

ture (E�0) grows up near 1.2 eV. This feature, due to its

energy position, must be related to the signal coming from

regions of the GaAsN layer with an effective N concentra-

tion of about 1%, indicating the presence of not fully passi-

vated N. Similar behavior was also observed for the sample

with x¼ 0.035. This could be due either to a non-homogeneous

in-depth distribution of H (Ref. 26) (discussed in more detail

in the next subsection) or to in-plane N-richer regions, as

suggested above. In any case, for x> 3%, the R signal cannot

be properly used or modeled in order to extract the optical

parameters of interest.

The comparison of the R spectra before and after

H-treatment is shown in Fig. 6. It is evident that H-treated

samples recover the R response typical of the GaAs-like fun-

damental gap, centered at 0.88 lm (�1.4 eV), in agreement

with PR results. Moreover, at the same time, H irradiation

decreases the reflectance of the multilayer sample structure

in the subgap spectral region. This effect is more pronounced

for increasing N concentrations. Because GaAs optical prop-

erties are not affected by H irradiation,11 this effect ought to

be attributed to the increase of the refractive index in H-

treated GaAsN layers.

At this point, one may ask for the effect of H irradiation

on the surface roughness of the examined samples.

FIG. 4. (Color online) AFM images of as-grown GaAs1�xNx samples for (a)

x¼ 0.000 (b) and x¼ 0.035, showing the surface texturing of the two

samples.

FIG. 5. (Color online) Room-temperature PR spectra of the as-grown (open

circles) and H-treated (solid circles) samples with x¼ 0.031. Features near

1.05 eV are related to the red-shifted GaAsN fundamental gap (E�) and

highlight the doublet (ELH and EHH) arising from the tensile strain in the as-

grown GaAsN epitaxial layers. Due to H irradiation, these features vanish in

the spectrum of the H-treated sample, as observed for the sample with

x¼ 0.022 (see Fig. 1). In contrast, a new feature (E�0) appears near 1.2 eV.

This feature, originating from not fully passivated N, indicates the presence

of phase-separated regions of micrometric dimensions (see text). The arrows

mark the transition energies, as obtained from the best fit to the experimental

line shape.
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Systematic AFM measurements have proved that no signifi-

cant variation of the surface irregularities occurs after

H-treatment, suggesting that the surface roughness increases

with N content, nearly independent from H irradiation,

although it becomes significant, to the point of drastically

modifying R behavior, only for N concentrations much

greater than 2%.

C. Reflectance spectra analysis and refractive index
determination in GaAsN and GaAsN:H

Reflectance spectra allow the determination of the re-

fractive index changes due to N alloying and subsequent hy-

drogenation procedures.18 In order to obtain the refractive

index n(k) of the as-grown and hydrogenated GaAsN layers

in the subgap region, a best-fit procedure using the R spectra

was performed with the software package WVASE32
VR

(J.A.

Woollam Co. Inc.), based on the Levenberg–Marquardt algo-

rithm. The multilayer structure of the samples was modeled

with a five-phase scheme: air/2 nm oxide overlayer/20 nm

GaAs cap/100 nm GaAsN/infinite GaAs buffer and substrate.

With regard to the oxide overlayer, we assumed the dielec-

tric function of the Ga2O3 native oxide27 and estimated its

effective thickness by best-fitting the higher energy region

(4–5 eV) of spectroscopic ellipsometry curves taken on the

samples. The dielectric function used for the GaAs cap,

buffer, and substrate layers was taken from the literature.28

We verified that this precisely reproduces our measurements

of the reference N-free GaAs epilayer.18 The dielectric func-

tion of the GaAs cap/buffer layers was assumed not to

change upon hydrogenation. This assumption relies on

secondary-ion mass spectrometry,29 which demonstrates that

H incorporation is an efficient process in the N-doped layer,

whereas it is negligible outside the dilute nitride film.

The n(k) dispersion of GaAs1�xNx and hydrogenated

GaAs1�xNx layers in the subgap transparency region was

modeled through the Sellmeier relation30 n2¼AþBk2/

(k2�C)þDk2/(k2�E), where A was fixed; B, C, D, and E

were the free-variable parameters of the best-fit to the R

spectra; and k was the wavelength (in lm).

We have noticed before that AFM measurements have

shown a relevant surface roughness in the samples with

higher N concentrations. However, PR and PL results indi-

cate an inhomogeneous N distribution that might account for

the unusual behavior of the R spectra. Furthermore, in sam-

ples with a high N concentration and a relatively large thick-

ness (> 200 nm), the strongly trapping-limited diffusion of H

(and the corresponding very sharp profile)26,29 leads to the

formation of two regions along the axis of crystal growth:

one region (closer to the surface) having the bandgap of

GaAs (namely, fully passivated GaAsN), and a second (usu-

ally a much thinner region farther from the surface) with the

bandgap of as-grown GaAsN.29 This accounts for a PR fea-

ture near 1.2 eV, clearly revealed by the PR spectrum of the

H-treated sample with x¼ 0.035 and assigned to N atoms

that remain electrically active (not shown here). The same

occurrence, although less evident, seems to characterize the

sample with x¼ 0.031, too. The presence of non-passivated

N in the H-treated sample with x¼ 0.035 has been confirmed

by Raman shift measurements (not shown here). All of these

facts make the use of Sellmeier modeling inappropriate;30

consequently, we applied this procedure only to samples

with low N concentrations (x¼ 0.000, 0.0068, and 0.022),

both as-grown and H-treated.

The GaAs1�xNx refractive index behavior, as obtained

from the best fit to the R spectra in the 1.2–1.65 lm wave-

length range, for x¼ 0.000, x¼ 0.0068, and x¼ 0.022 is

shown in Fig. 7. The overall refractive index increment with

FIG. 6. (Color online) Comparison of the room-temperature reflectance

spectra of GaAs1�xNx samples before and after H-treatment. Note the sys-

tematic decreasing of the reflectance values, in the sub-gap spectral region,

after hydrogenation. This effect is exalted for increasing N content.

FIG. 7. (Color online) Refractive index spectra for GaAs1�xNx as-grown

samples with different N contents, as obtained from the best fit to the R

spectra in the subgap region.

123511-5 Geddo et al. J. Appl. Phys. 109, 123511 (2011)

Downloaded 21 Jun 2011 to 193.206.72.203. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



increasing N concentration is evident. Our results are in

moderate agreement with previous ellipsometric measure-

ments31 performed on MOVPE grown tensile strained

GaAsN layers of similar compositions.

In Figs. 8(a) and 8(b), the effect of H irradiation on the

GaAsN refractive index is shown for the x¼ 0.0068 and

x¼ 0.022 samples, respectively, and is compared to the N-free

GaAs refractive index data. For x¼ 0.0068, H irradiation

results in an overall relative reduction of the refractive index

by (1-0.6)% in the wavelength range from k¼ 1.3 to 1.55 lm.

For x¼ 0.022, the overall relative reduction of the refractive

index is increased to (2–1.5)% in the same wavelength range.

These values of the refractive-index change nicely fulfill those

required for waveguiding in planar integrated optical devi-

ces.32 This effect can be engineered for in-plane confinement

using N concentration and post-growth H-irradiation as exter-

nal tunable parameters. As an example, recently it has been

shown that the deposition of patterned metallic masks onto the

surface of GaAsN/GaAs heterostructures enables the produc-

tion of micrometric stripe-like adjacent regions in the GaAsN

growth plane with a sizable mismatch in the bandgap,16 refrac-

tive index,18 and strain status.33 We note here that a larger

refractive index change Dn could be obtained by using GaAsN

layers with a higher N concentration. However, this is true as

long as the optical quality of the materials is not degraded by

the presence of fluctuations highlighted by PR, PL, and AFM

measurements. The overall approach has been improved on

the nanometric scale by obtaining well-defined GaAsN wires

in GaAsN:H layers with a sharp diffusion profile for H (or

deuterium).15–17,26

Very interesting, we note in Fig. 8 that upon H-irradia-

tion, the values of the refractive index of the GaAsN layers

for wavelengths k> 1 lm are significantly lower than those

of the host matrix (n overshooting). This behavior is

well described in Fig. 9, in which the absolute variation

of the GaAsN refractive index after H irradiation

Dn¼ nGaAsN� nGaAsN:H, as obtained from the best fit of the

reflectance data, is displayed for k¼ 1.31 lm (squares). The

difference between the refractive index of GaAsN and that

of N-free GaAs, i.e., Dn0 ¼ nGaAsN� nGaAs as obtained in this

work and as derived from the optical data reported in Ref. 31

(solid and open circles, respectively), is also shown for the

same wavelength.

The reason for the refractive index reduction (and its in-

triguing overshooting) in H-treated GaAsN, as occurred for

many other electronic and structural properties of dilute

nitrides,1,2,7,9,8,6,10,11 may be related to the formation of dif-

ferent types of hydrogen complexes. It is now well estab-

lished that the bandgap recovery and the lattice overshooting

in H-treated GaAsN layers are related to N-2 H and N-3 H

complexes, respectively.5 Each one of these complexes is

characterized by a different concentration ratio [H]/[N] and a

different activation energy.5,34

To gain deeper insight into the role played by the differ-

ent complexes, we repeated the R measurements on the

H-treated samples after moderate annealing.5,34 This process

has proved to give [H]/[N]¼ 2, removing the more weakly

bound hydrogen atoms and consequently turning N-3 H com-

plexes into N-2 H complexes, with the former being respon-

sible for the compressive strain observed in H irradiated

GaAsN layers.5,11,18 In contrast, it has been shown that the

electronic passivation of N atoms due to N-2 H complexes is

still active after the thermal treatment.

After a 5 h annealing at 225 �C, we observed an increase

of the reflectance of the hydrogenated GaAsN/GaAs struc-

tures, and R values in the subgap region become closer to

those characterizing the sample with x¼ 0.000. An example

is shown in Fig. 10, in which the R spectra for the sample

with x¼ 0.022 (as-grown, H irradiated, before and after

annealing) are compared with the spectrum of the sample

FIG. 8. (Color online) GaAs1�xNx refractive index spectra before and after

H irradiation, as obtained from the best fit to the R spectra in the subgap

region for (a) x¼ 0.0068 and (b) x¼ 0.022 samples. The dashed lines report

the GaAs as-grown sample values.

FIG. 9. (Color online) Refractive index variation Dn in GaAs1�xNx layers at

k¼ 1.31 lm after H irradiation (squares). The difference Dn0, at the same

wavelength, between the refractive index of the GaAs1�xNx layers and that

of GaAs derived in this work and from the optical data reported in Ref. 31

are also shown (circles).
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with x¼ 0.000, i.e., GaAs material without compressive

strain. Moreover, the PR measurements exhibit a red-shift of

few meV of the PR features associated with the bandgap

(E00) and the split-off band (E00þD00), highlighting the fact

that a moderate reduction of the compressive strain in the

hydrogenated GaAsN layers18 occurred after annealing. In

contrast, no variation was detected after annealing for the R

and PR spectra of the sample with x¼ 0.000.

Because the thermal treatment does not affect the refrac-

tive index (or the strain status) of GaAs, we can infer that the

increase of the refractive index of the hydrogenated GaAsN

layer following annealing produces the increase of the reflec-

tance of the whole GaAsN/GaAs heterostructure. Conse-

quently, the refractive index behavior can be explained as

follows: H irradiation reduces the refractive index of GaAsN

to values lower than those characterizing GaAs in the subgap

region (n overshooting). This is due to the formation of N-3

H complexes. After thermal treatment at 225 �C, the more

weakly bound hydrogen is partially removed,5,34 inducing

the observed reduction of the compressive strain and, at the

same time, the observed increase of the sample’s R (and of

the refractive index of the GaAsN layers). Due to the

observed tendency of the n overshooting to vanish with the

reduction of the concentration of N-3 H complexes, we con-

clude that the latter are responsible for this phenomenon.

Then, a suitable post-growth thermal treatment might drive

the refractive index of the hydrogenated GaAsN layers to

make it coincide with that of GaAs.

IV. CONCLUSIONS

We have investigated the relevant changes induced by

hydrogen irradiation in the optical properties of GaAsN by

means of reflectance-based spectroscopy. The bandgap re-

covery, as well as the presence of a peculiar compressive

strain resulting from H irradiation in dilute GaAsN, high-

lighted by PR spectra, has been shown to be accompanied by

a reduction of 1% or more of the refractive index in the 1.31

and 1.55 lm spectral windows of interest for fiber optic

communications. Moreover, the role played by different

hydrogen complexes in determining the refractive index

behavior in GaAsN dilute nitride has been clarified.

These results provide us with an opportunity to modu-

late the refractive index of GaAsN by means of post-growth

treatments and, taking advantage of the extent of the refrac-

tive index change, indicate a single step process for the si-

multaneous confinement of photons and charge carriers in

GaAsN/GaAs heterostructures. The observed changes in the

refractive index are such to envision the future development

of waveguides and/or optical couplers integrated with light

emitting devices, and they could have relevance with regard

to the realization of integrated optical circuits.
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