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Irradiation  of  quantum  semiconductor  microstructures  with  ultraviolet  pulsed  lasers  could  induce  sur-
face  defects  and  modify  chemical  composition  of  the  microstructure  capping  material  that  during
high-temperature  annealing  leads  to selected  area  bandgap  engineering  through  the  process  known  as
quantum  well  intermixing  (QWI).  In  this  work,  we  investigate  the  role  of  both  ArF  and  KrF  excimer  lasers
in the  QWI  process  of  InP/InGaAs/InGaAsP  microstructures  irradiated  in  air and deionized  (DI) water.
uantum well intermixing
nP/InGaAs/InGaAsP microstructures
rF and KrF excimer laser irradiation
-ray photoelectron spectroscopy
econdary ion mass spectroscopy
ndium and InP oxides

X-ray  photoelectron  spectroscopy  and  secondary  ion  mass  spectroscopy  analysis  was  employed  to  study
the  chemical  composition  of  the  irradiated  surface  and  investigate  the  chemical  evolution  of  ArF  and
KrF laser  irradiated  microstructures.  The  results  indicate  that  InPxOy oxides  are  the  dominating  surface
products  of  the  ArF  and  KrF  lasers  interaction  with  InP.  Consistent  with  this  observation  is  a  relatively
greater  bandgap  blue  shift  of  ∼130  nm  found  in  the microstructures  irradiated  in  air,  in  comparison  to a
maximum  of  60  nm  blue  shift  observed  in  the  microstructures  irradiated  in  a DI water  environment.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Quantum well intermixing (QWI) has been reported as a
otentially efficient method for the fabrication of some photonic

ntegrated circuits due to its ability to selective area modify the
andgap of quantum well (QW) or quantum dot microstructures
1–3]. InP/InGaAs/InGaAsP QW microstructures, due to their abil-
ty to address device fabrication for fiber optic communication at
.3 and 1.55 �m wavelengths, i.e., where the optical fibers exhibit
he minimum of optical attenuation, have attracted a significant
olume of QWI  investigations [4–6]. In addition to traditionally
nvestigated QWI  techniques, excimer lasers were found attrac-
ive as they are able to induce surface defects and modify chemical
omposition of the microstructures capping material that during
apid thermal annealing (RTA) could lead to QWI-based selective
rea bandgap engineering [7–10]. Depending on whether a QW
icrostructure is irradiated directly in air [8,11] or through a dielec-
ric cap layer [12,13] different bandgap shifts have been observed,
ndicating the importance of the environment on the nature of
urface defects and their role in the QWI  mechanism. The role of

∗ Corresponding author. Tel.: +1 819 821 8000; fax: +1 819 821 7937.
E-mail address: jan.j.dubowski@usherbrooke.ca (J.J. Dubowski).
URL: http://www.dubowski.ca (J.J. Dubowski).

169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.12.007
surface defects, including P vacancies and In interstitials created
in the InP cap layer irradiated with Ar ions, has been investigated
with X-ray photoelectron spectroscopy (XPS) [14] and revealed
that, indeed, the modification of the surface chemical composition
plays an important role in the QWI  process. The XPS and Auger
spectroscopy techniques have also been employed to study surface
chemistry of excimer laser irradiated InP [8] and InGaAs/InGaAsP
microstructures [15], indicating that the amount of surface oxides
normally increases with the laser pulse number if the irradiation is
carried out in an air atmosphere. Although the influence of the pres-
ence of different oxides, such as SiO2, SiOxNy and TiOx deposited on
quantum semiconductor (QS) microstructures on the QWI  effect
has been reported in literatures [3,16,17], the correlation between
the amplitude of the QWI  effect (bandgap shifting) and the con-
centration of specific oxides induced with lasers has remained a
relatively weakly investigated problem.

The presence of various atomic species in QW microstructures at
the impurity level of <1019 cm−3 is known to contribute to the QWI
effect [18,19];  therefore the investigation of excimer laser induced
QWI  effect has to address the problem of impurities distribution in
irradiated microstructures. With this in mind, we have employed

the time of flight secondary ion mass spectroscopy (TOF-SIMS) due
to its high sensitivity and possibility of providing depth profiles
of impurities in multilayer microstructures [20,21].  Of particular
interest was the influence of the irradiation environments of air

dx.doi.org/10.1016/j.apsusc.2012.12.007
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:jan.j.dubowski@usherbrooke.ca
http://www.dubowski.ca
dx.doi.org/10.1016/j.apsusc.2012.12.007
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nd deionized (DI) water on the amplitude of bandgap shifting and
he quality of the intermixed material.

. Experiment details

The investigated InP/InGaAs/InGaAsP microstructure consists
f five (5) 6-nm-thick In0.47Ga0.53As wells separated by four (4)
0-nm-thick In0.74Ga0.26As0.57P0.43 barriers. It comprises 110 and
0 nm thick InGaAsP graded bandgap layers, interfacing the sub-
trate and surface side of the QW stack, that have been designed
o provide optical waveguiding confinement. The microstructure
s covered with a 40-nm thick InP and a 6-nm-thick etch-stop
nGaAsP layer and, finally, capped with a 30-nm thick InP layer.
he microstructure was designed to emit photoluminescence
PL) at 1.540 �m at room temperature. Small samples, typically
0 mm × 10 mm,  were cleaved from the QW wafer and degreased

n opticlear, acetone and isopropyl alcohol, each for 5 min  at room
emperature. For the laser irradiation experiments, the samples
ere installed in a 0.74 mm high chamber made of UV transparent

T > 90%) fused silica glass. The sample chamber was filled either
ith air or DI water. The irradiation was carried out with ArF

� = 193 nm)  and KrF (� = 248 nm)  excimer lasers (Lumonics, Pulse
aster 800). The laser beam, homogenized with a double micro-

ens fly-eye-array, was used to irradiate a circular mask. The image
f the mask was projected on the sample surface at demagnification
atios of 2.6 and 1.8 with the ArF and KrF laser setups, respectively.

 computer controlled X–Y–Z-Theta sample holding stage allowed
or processing of the same sample at numerous sites. Following the
aser irradiation, the samples were installed in a sealed nitrogen
ontainer to limit their exposure to an atmospheric environment,
nd transported for further processing. After laser irradiation, the
amples were annealed for 2 min  at 700 ◦C with a rapid thermal
nnealing (RTA) furnace (JIPELEC, Jetfirst) in an atmosphere of
ixed hydrogen and nitrogen forming gas (N2:H2 = 1:9).
Room temperature PL measurements of investigated samples

ere carried out with a commercial mapper (Philips, PLM-150)
hat employs an Nd:YAG laser (� = 1.06 �m)  to excite the samples.
he PL signal was collected with a spatial resolution of 30 �m,  dis-
ersed by a monochromator and detected by an InGaAs photodiode
rray.

The XPS measurements were carried out in a spectrometer
Kratos Analytical, AXIS Ultra DLD) equipped with a 150 W Al K�
ource and operating at a base pressure of 1 × 10−9 Torr. The surface
urvey scan and high resolution scans were observed in constant
nergy modes at 50 eV and 20 eV pass energy, respectively. The
ize of an analyzed area on the investigated samples was set at
20 �m × 220 �m.  The XPS spectra were recorded for samples after

aser irradiation and after the RTA step. The collected data were
rocessed using Casa XPS 2.3.15 software. To compensate for the
urface charging effect, all XPS data binding energies were refer-
nced to the adventitious C (Cadv) 1s peak at the binding energy
BE) of 285.0 eV. For spectral fitting, Gaussian-type and asymmet-
ic peaks with constant full width at half-maximum (FWHM) were
sed for all components at a particular peak envelope. Quantifica-
ion of XPS data was obtained by determining the area under each
omponent peak that was corrected using manufacturer’s relative
ensitivity factors (RSF). The RSF used for In 3d, P 2p and O 1s were
et at 13.3, 1.19 and 2.93, respectively.

TOF-SIMS (TOF-SIMS IV, ION-TOF GmbH) measurements were
erformed to record information about the chemical composition
nd obtain depth profiles of atoms in non-irradiated sites, and sites

rradiated in air and DI water before and after RTA. A 10 keV Bi ion
eam was used as an analysis gun and a 3 keV Cs ion source was
sed as a sputtering gun. The sputtering beam was rastered over an
rea of 500 �m × 500 �m in the center of irradiated spots and the
Fig. 1. PL shift dependence in the InP/InGaAs/InGaAsP microstructure on the laser
pulse number after (a) ArF and (b) KrF laser irradiation in air and DI water that was
followed by the RTA step.

analysis signal was taken from a 50 �m × 50 �m area in the center
of the sputtered region.

3. Results and discussions

3.1. PL in InP/InGaAs/InGaAsP microstructure irradiated in air
and DI water

Fig. 1 illustrates the PL shift dependence on pulse number in
InP/InGaAs/InGaAsP microstructure after ArF laser irradiation at
82 mJ/cm2 (Fig. 1a) and KrF laser irradiation at 124 mJ/cm2 (Fig. 1b)
in air and DI water and RTA at 700 ◦C for 2 min. For samples irradi-
ated in air by both lasers, the PL shift continues to increase with the
pulse number and it saturates for N ≥ 25 pulses for KrF irradiated
samples, while no such saturation is visible for the ArF irradiated
samples, even for N = 100 pulses. The maximum blue shift of 130 nm
observed for the ArF irradiated samples compares to 90 nm of the
maximum blue shift observed for the KrF irradiated samples. In
contrast, for samples irradiated in DI water, the saturation of the
blue shift amplitude is observed at N ≥ 20 and N ≈ 5 for ArF and KrF

irradiated samples, respectively. The blue shift saturation ampli-
tude of near 60 nm seems to be related to the limited concentration
of the intermixing inducing defects that both lasers can generate
during the irradiation in a DI water environment.
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ig. 2. In 3d 5/2 and P 2p XPS spectra of as grown sample (a and d), and a sample irr

A slightly stronger absorption of InP at 4.99 eV
∼1.77 × 106 cm−1) than at 6.4 eV (∼1.25 × 106 cm−1) [22] could
esult in a modification of the thicker surface layer achieved with
he ArF laser and, as a result, lead to a greater QWI  amplitude as
llustrated in Fig. 1a. Note that even though the microstructure

as irradiated with 50% more intense pulses of the KrF laser
n comparison to those of the ArF laser (124 vs 82 mJ/cm2), the
nergy absorbed by the samples was comparable in both cases
ue to a greater reflectivity of InP at 4.99 eV (R ∼ 0.6) than at 6.4 eV
R ∼ 0.43) [22]. Nevertheless, the role of the irradiation environ-

ent is clear, as the maximum blue shift amplitudes achieved
ith both lasers are significantly smaller for samples irradiated in
I water than for samples irradiated in air.

.2. XPS analysis of sample irradiated by ArF laser in air and in DI
ater

Fig. 2 shows In 3d 5/2 and P 2p XPS spectra of cap InP
urface for as grown (non-irradiated) sample (a, d), irradi-
ted by ArF laser in air (b, e) and DI water (c, f) with 50
ulses at 82 mJ/cm2. The In 3d 5/2 spectra from all the sam-
les have been fitted with elemental In (BE = 443.5 ± 0.2 eV,
WHM = 0.67 eV), InP (BE = 444.4 ± 0.2 eV, FWHM = 0.67 eV),

ndium oxide (InOx) (BE = 445.2 ± 0.2 eV, FWHM = 0.67 eV)
nd In(PO3)y (BE = 445.6 ± 0.2 eV, FWHM = 0.67 eV), Inx(PO4)
BE = 446.3 ± 0.2 eV, FWHM = 0.67 eV) [23–25].  All the peaks have
een fitted with Gaussian functions, except for In, where an
d by ArF laser at 82 mJ/cm2 with 50 pulses in air (b and e) and in DI water (c and f).

asymmetric function has been used [26]. A peak at the highest
binding energy (BE = 446.4 ± 0.2 eV, FWHM = 0.67 eV) observed
for the as-grown and air irradiated samples, has been attributed
to In(PO3)3. This peak disappeared in the spectra of samples
irradiated in DI water, consistent with the high solubility of InPxOy

oxides in water [27]. Also, for these two  samples, as illustrated in
Fig. 2 a and b, an additional peak has been observed at the lowest
binding energy (443.0 ± 0.2 eV). As this peak appears accompanied
with the appearance of the carbide peak in C 1s spectrum, we
ascribed it to indium carbide, InCx [28,29].  This peak is absent in
the sample irradiated in DI water, as shown in Fig. 2 c.

A comparison between Fig. 2 a, b and c shows that the con-
centration of InOx and InPxOy has significantly increased in the
air-irradiated sample, and additional oxides, such as In(PO3)y,
Inx(PO4) and In(PO3)3, have also been created by the ArF laser irra-
diation in air. Using a model reported in the literature [30], our
COMSOL calculations indicated that the peak temperature of InP
irradiated with the ArF laser at 82 mJ/cm2 in air is about 500 K. This
condition leads to the formation of InOx and InPxOy by adsorption
of oxygen that enters the In In and In P bonds [31]. In contrast,
the irradiation in DI water with the same laser fluence induces a
peak temperature of about 360 K. At this temperature, no signif-
icant oxidation of InP is expected. Besides, laser heated DI water

environments will enhance desorption of phosphorous oxides by
the dissolution process [27]. The oxygen concentration in DI water
is lower than that in air [32], which is consistent with the low XPS
intensity of InOx and InPxOy components observed in Fig. 2 c. We
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ig. 3. C 1s and O 1s XPS spectra of as grown sample (a and d) and a sample irradia

ote that the binding energy of InOx created in DI water has been
educed by 0.3 eV and the In/O ratio has decreased from 1.3 in air to
.8 in DI water. This suggests that another In sub-oxides are created

n the sample irradiated in DI water [33].
The P 2p spectra in Fig. 2d, e and f show 2p 3/2

solid line) and 2p 1/2 (dash dot line) doublets of InP
nd P, respectively. To fit the experimental data, we fixed
he doublet separation and branch ratio of P 2p 3/2 to P
p 1/2 at 0.85 eV and 2.0, respectively. The peaks at low
inding energy (BE = 128.6 ± 0.2 eV, FWHM = 0.56 ± 0.1 eV) were
ssigned to InP and the peaks at secondary higher binding
nergy (BE = 129.2 ± 0.1 eV, FWHM = 0.56 ± 0.1 eV) were assigned
o P [34]. The oxides at the higher binding energy can be
scribed to In(PO3)y (BE = 133.1 ± 0.2 eV, FWHM = 1.1 ± 0.1 eV),
nx(PO4) (BE = 133.8 ± 0.2 eV, FWHM = 1.1 ± 0.1 eV) and In(PO3)3
BE = 134.4 ± 0.2 eV, FWHM = 1.1 ± 0.1 eV), consistent with those in
he In 3d 5/2 spectra[35]. For the sample irradiated in air (Figure 2e),
he XPS intensity of InPxOy increased significantly. However, for the
ample irradiated in DI water (Figure 2f), the quantity of InPxOy has
educed and In(PO3)3 has clearly disappeared due to dissolution.
he P 2p XPS spectra are consistent with the In 3d 5/2 XPS spectra.

Fig. 3 shows the C 1s and O 1s XPS spectra of as-grown sam-
le (a, d) and sample irradiated by ArF laser at 82 mJ/cm2 with 50
ulses in air (b, e) and DI water (c, f). The C 1s XPS spectra are dom-

nated by the Cadv peak that was assigned to 285.0 eV and used for

he calibration of the charging effect. All the C 1s spectra showed
he presence of three additional C adsorbate species: alcohol COH
286.5 ± 0.2 eV), carbonyl CO (287.9 ± 0.1 eV) and ester COO
288.8 ± 0.1 eV) [36]. The peak at lower binding energy (≤284 eV)
 ArF laser at 82 mJ/cm2 with 50 pulses in air (b and e) and in DI water (c and f).

in the C 1s XPS spectra of the as-grown and air irradiated sam-
ples could be assigned to metal carbide [37]. Here, we  attributed
it to InCx, which is consistent with the results shown by the In 3d
5/2 spectra (see Fig. 2a, b) that also show the increased quantity
of this carbide in the sample irradiated in air. The binding energy
of the InCx peak observed for the laser-irradiated sample (Fig. 3b)
has been increased by 0.5 eV, in agreement with the reported high-
temperature reconstruction of this compound [38]. However, the
InCx peak disappeared in the sample irradiated in DI water, simi-
larly to what has been observed in the In 3d 5/2 spectra.

Four small peaks corresponding to the O-containing C adsor-
bates have been observed in the O 1s spectra in Fig. 3d, e and f. The
intensities of these peaks are related to the corresponding species in
C 1s spectrum in Fig. 3a, b and c. Identification of these C adsorbates
species in the O 1s peak is important for the analysis of the quan-
tities of InOx and InPxOy. The expanded portion of the O 1s peak at
higher binding energy of the as grown and irradiated in air and DI
water samples are shown Fig. 4a, b and c. In addition to the C adsor-
bate peaks, the peak at 532.0 ± 0.2 eV has been ascribed to absorbed
oxygen species (see Fig. 4) and the other peak at 533.7 ± 0.2 eV has
been ascribed to bridging oxygen atoms in In(PO3)y (see Fig. 3)
[35]. The expanded view of the O1s spectrum (Fig. 4c) of the sam-
ple irradiated in DI water shows the presence of the H2O peak at
BE = 536.0 ± 0.2 eV. A similar peak has been reported for a rhenium
sample irradiated in DI water [39]. Note that the binding energy

of InOx created in DI water (Fig. 3f) has been reduced by ∼1.2 eV
and the In/O ratio has decreased from 1.3 to 0.8 in DI water, which
means another kind of indium oxides created [40]. This is consis-
tent with the formation of a low binding energy non-stoichiometric
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ig. 4. Expanded O 1s XPS spectra of the as grown sample (a) and the sample
rradiated by ArF laser at 82 mJ/cm2 with 50 pulses in air (b) and in DI water (c).

ub-oxide compound that is energetically stable, even at tempera-
ure approaching 1000 ◦C [33].

.3. XPS analysis of sample irradiated by ArF laser in air and DI
ater and then RTA

The In 3d 5/2 and P 2p XPS spectra of RTA as-grown samples and
TA ArF laser irradiated samples at 82 mJ/cm2 with 50 pulses in air
nd DI water are shown in Fig. 5. Compared with Fig. 2, these spectra
emonstrate that the RTA step has drastically reduced the concen-

ration of surface oxides in all samples. This reduction is primarily
elated to the decomposition process of P-oxides as it is known
hat P atoms evaporate at 650 ◦C [41] and InPxOy decomposes at
58 ◦C [42]. Some presence of InCx can be seen in the air irradiated
ce Science 270 (2013) 16– 24

samples (Fig. 5b), but the carbide disappeared in the RTA as-grown
sample (Fig. 5a) and in the RTA sample laser-irradiated in DI water
(Fig. 5c). It is possible that surface oxides and carbides could be
the source of O and/or C diffusing into the QW region, which would
promote the QWI  process. However, the role of C in the intermixing
process seems negligible due to a relatively small concentration of
this impurity at the surface of laser-irradiated samples, especially
those processed in the DI water environment. Furthermore, the dif-
fusion coefficient of C in GaAs is relatively low (<10−16 cm2 s−1) [43]
in comparison to the defect diffusion rate of 2.3 × 10−15 cm−2 s−1

reported for a similar InGaAs QW structure during pulsed Nd:YAG
laser QWI  [44].

Fig. 6 shows the C 1s and O 1s XPS spectra of the as-grown sam-
ple (Fig. 6a and d) and the sample irradiated with the ArF laser in
air (Fig. 6b and e) and DI water (Fig. 6c and f) with 50 pulses at
82 mJ/cm2 and then RTA at 700 ◦C for 2 min. It can be seen that the
trace of H2O, previously observed for a sample irradiated in DI water
(see Fig. 3f) has disappeared following the high temperature treat-
ment. The intensity of the InOx peak observed in the O 1s spectra
has also decreased considerably, especially in the as-grown sample
and that irradiated with the laser in air. However, the InOx peaks in
the as-grown sample and irradiated in air has shifted to low bind-
ing energy (530.0 ± 0.2 eV), which is similar as that in the sample
irradiated in DI water, consistent with the more stable form of In
sub-oxide after high temperature treatment [33]. The InCx feature
in the C 1s spectrum of the sample irradiated in air is practically
invisible.

Fig. 7 presents a dependence of the XPS atomic concentrations
of In, InP, oxides compounds and major adsorbates observed at the
surface of the InP capping layer as a function of the laser irradiation
pulses. The results are presented for samples irradiated in DI water
(Fig. 7a and c) and air (Fig. 7b and d) using 82 mJ/cm2 pulses of
the ArF laser. It can be seen that the InPxOy XPS signal from the
sample irradiated in air increases rapidly with the number of laser
pulses to reach a plateau at N ≥ 40. This increase is mirrored by
a decrease of the InP XPS signal observed for the same range of
laser pulses. In contrast, the concentration of InPxOy in the sample
irradiated in DI water increases weakly (about 5%) for 0 < N ≤ 50.
At the same time, the O2 XPS signal remains relatively unchanged,
or even slightly reduced for 0 < N ≤ 40 in comparison to that in the
sample irradiated in air (compare Fig. 7a and b). Similarly, the InOx

concentration increased by 6% in the sample irradiated in air while
the quantity of this compound in the sample irradiated in DI water
doesn’t show an obvious increase. Thus, the weaker formation of
oxides on the surface of samples processed in DI water, as well as
water dissolution of oxides appear the main reason for the pulse
dependent behavior of the InP XPS signal observed in Fig. 7a.

Following the RTA treatment at 700 ◦C for 2 min, both series
of samples show comparable XPS composition profiles for the
range of 0 ≤ N ≤ 100. It is feasible that the surface oxides have
been decomposed and/or evaporated during the RTA step, although
some diffusion of the surface adsorbates could take place into the
investigated microstructures.

3.4. SIMS analysis of RTA samples that were irradiated with ArF
laser in air and DI water

The TOF-SIMS depth profiles of oxygen in the QW micro-
structures irradiated with the ArF laser are shown in Fig. 8. The bars
above the figures illustrate the chemical composition of the inves-
tigated microstructure. The five InGaAs wells and four InGaAsP
barriers separating the wells can clearly be identified from the

observed oxygen profiles. The presence of oxygen is a common
problem in CBE [45] and MOVPE [46] grown materials. The concen-
tration of oxygen in the InGaAs layers reported in Fig. 8a is lower
than in the InGaAsP layers, consistent with the use of PH3 for the
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Fig. 5. In 3d 5/2 and P 2p XPS spectra of as grown sample (a and d) and a sample irradiated by ArF laser at 82 mJ/cm2 with 50 pulses in air (b and e) and DI water (c and f),
followed by the RTA step.

Fig. 6. C 1s and O 1s XPS spectra of as grown sample (a and d) and a sample irradiated by ArF laser at 82 mJ/cm2 with 50 pulses in air (b and e) and DI water (c and f), followed
by  the RTA step.
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ig. 7. Dependence of XPS atomic concentration of InP and surface adsorbates on t
fter  RTA of the sample irradiated in DI water (c) and in air (d).
rowth of the barrier material that could also be the source of the
xygen impurity. The SIMS oxygen profiles for the as-grown and
rradiated in DI water samples are almost identical. However, the
aser irradiation in air has induced a measurable increase of oxygen

ig. 8. TOF-SIMS oxygen concentration depth profile in as grown sample, and in samples 

or  2 min.
er pulse number in samples irradiated with ArF laser in DI water (a), in air (b) and
in the top portion of the microstructure (sputtering time < 600 s).
For the same sample, the diffusion of oxygen into the entire active
region of the microstructure has been observed following the RTA
step at 700 ◦C for 2 min  (Fig. 8b). For the sample irradiated in DI

irradiated with ArF laser in DI water and in air before (a) and after (b) RTA at 700 ◦C
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ig. 9. Dependence of XPS atomic concentration of InP and surface adsorbates on th
fter  RTA of the sample irradiated in DI water (c) and in air (d).

ater, the RTA step increased the oxygen concentration only in the
op portion of the microstructure (sputtering time < 500 s).

The oxygen impurity in III–V QW microstructures has been
mployed to enhance intermixing in a sample coated with Al-
educed SiO2 intermixing [47]. It seems reasonable that this
mpurity is the main source of the QWI  effect observed in the inves-
igated here microstructures.

.5. XPS analysis of the samples after KrF laser irradiation in air
nd in DI water

Qualitatively, similar results have been observed for the KrF
aser irradiated samples. Fig. 9 presents XPS atomic concentrations
f In, InP, oxides compounds and major adsorbates observed for the
s-grown InP cap layer and a dependence of these concentrations
n the laser irradiation pulse number. The irradiation was carried
ut in DI water and air environments using the KrF laser delivering
ulse fluence of 124 mJ/cm2. For the samples irradiated in DI water,

 25-pulse irradiation increases atomic concentration of InPxOy to
8%, while the same irradiation in air results in the increase of the
oncentration of this oxide to 48%. The XPS InP signal decreases
ith the pulse number as it has been oxidized into InPxOy. This

ffect is especially evident for samples irradiated in air. For the sam-
les irradiated in air, the concentration of InCx increased to 4% from
.5%, observed for the as-grown material. This compound is not
bserved in the samples irradiated in DI water; instead they exhibit

 traceable amount of H2O. We  attribute a reduced concentration

f InPxOy, observed in the as-grown material exposed to DI water
17%) compared to the 29% concentration of this oxide in the as-
rown sample exposed to air, to the high solubility of this oxide in DI
ater. Following the RTA step at 700 ◦C for 2 min, the concentration
r pulse number in the sample irradiated with KrF laser in DI water (a), in air (b) and

of InPxOy, regardless of the pulse number, has been reduced to near
10%. This illustrates the effect of thermal decomposition of oxides
and loss of the surface oxygen due to its diffusion into the inves-
tigated microstructure. Similar to the results presented in Fig. 7c
and d, the surface chemical composition of all the RTA processed
samples is indistinguishable within the experimental error of the
XPS measurements.

4. Conclusions

We have investigated the surface chemical evolution of
InP/InGaAs/InGaAsP QW microstructures irradiated with ArF and
KrF lasers in the context of the laser induced QWI  effect. The role
of laser irradiation, carried out in air and DI water, is to modify the
surface of the QW microstructure and create conditions enhancing
atomic intermixing during the RTA step. Our results have indicated
that InPxOy oxides are the dominating product of the ArF and KrF
lasers interaction with InP. Owing to oxide solubility in water, a
significantly greater concentration of oxides has been observed in
samples irradiated in air than in those irradiated in DI water. The
increasing oxide concentration with the laser pulse number has a
similar trend as the band gap increment, indicating that oxides play
important roles in the excimer laser QWI. The SIMS results show
that after RTA, significant amount of oxygen atoms have diffused in
the microstructure active region and resulted in an enhanced inter-
mixing. A greater PL shift in samples irradiated in air than that in the
samples irradiated in DI water is consistent with this observation.

XPS results have also shown that surface chemical composition of
samples after the RTA step is comparable, regardless of the environ-
ment in which the laser irradiation took place. This suggests that
excimer laser processing of InP/InGaAs/InGaAsP microstructures
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