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INFLUENCE OF LASER IRRADIATION ON OPTICAL PROPERTIES
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This paper is focused on investigation of the impact of laser irradiation on the structural and optical properties of
bismide-based multiple quantum wells (MQWSs). The MQW structures, composed of 5 GaAsBi quantum wells, 7 nm
thick, separated by 10 nm-thick GaAs barriers, were grown by molecular beam epitaxy on GaAs (100)-plane oriented
semi-insulating substrates at 330°C temperature. The bismuth content in as-grown GaAsBi wells evaluated from
the measurements of HR-XRD rocking curves was about 6%. HR-TEM and AFM studies of the MQWs evidenced
sharp interfaces between the wells and barriers, and a smooth, droplet-free surface, respectively. HR-TEM images
also evidenced a homogeneous bismuth distribution in the wells. The spatially-resolved photoluminescence study of
GaAsBi/GaAs MQWs revealed the enhancement of PL emission efficiency of up to 80% with no shift of the spectral
position after intense laser irradiation. The obtained results were explained by improvement of the GaAsBi crystal

quality.
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1. Introduction

Bismide semiconductor compound GaAsBi is
a promising material for optoelectronic devices, es-
pecially for light emitters and detectors in the near-
infrared (NIR) spectral range for optical fibre sys-
tems [EI]. The introduction of small percentage of
bismuth into gallium arsenide modifies the valence
band structure and significantly reduces the band
gap of the compound (by up to 88 meV per 1% of
Bi for x < 0.4 and about 65 meV for x > 0.4), while
the electron transport properties remain actually
unchanged [@]. In addition, the bandgap varia-
tion with temperature is shown to be much smaller
for GaAsBi than that for GaAs or InGaAsP [EI, E].
Moreover, a significant increase in the spin-orbit
split-off energy is caused by introduction of Bi re-
sults in suppression of the Auger recombination
processes in GaBiAs-based laser diodes [E].

Since relatively low temperatures (<400°C) are
necessary for the growth of GaAsBi compound,
post-growth rapid thermal annealing (RTA) at
higher temperatures (>600°C) is expected to re-
duce the density of structural defects and improve
the quality [ﬁ]. Photoluminescence (PL) intensity
improvement after the RTA procedure has been
demonstrated in both MOVPE and MBE grown
GaAsBi samples []. However, the effect of
annealing on GaAsBi structures is still not well
understood. It was reported that the PL intensity
improvement factor depended on the temperature
used in the annealing process, while the optimum
annealing temperature was shown to be depend-
ent on the Bi content [H]. It was demonstrated
that RTA also caused a blue shift of the PL band.
Although, it is still not clear if the emission shift
is related to the Bi out-diffusion or to the micro-
scale changes in the GaAsBi structure []. For
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thin GaAsBi structures, a decrease of defect densi-
ty has been claimed to occur during annealing [E,
@]. The PL intensity improvement might be as-
sociated with the reduction of bismuth clusters,
as well as with the removal of defects related to
arsenic and gallium []. The overall improve-
ment in crystal quality during RTA might also
be involved [ﬂ]. On the other hand, variation in
the PL intensity with time has been observed in
our previous study when exposing the GaAsBi
layer or quantum structure to laser irradiation.
Likely, this effect could be related to the changes
in the crystalline structure of bismide under in-
fluence of a laser beam. To the best of our knowl-
edge, the permanent influence of laser irradiation
on GaAsBi layers or quantum structures has not
been investigated yet. Moreover, a detailed study
of the irradiation influence on the bismide crys-
talline structure and optical properties would
be very useful for the development of optically-
pumped laser diodes based on GaAsBi MQWs,
which would be prospective sources operating in
near- and mid-infrared regions.

This work is focused on the study of the im-
pact of laser irradiation on GaAsBi/GaAs quan-
tum wells. Photoluminescence spectroscopy with
spatial resolution was used for monitoring the im-
pact. Focusing the laser beam on a submicrome-
tre-size spot enabled laser annealing of small
spots on the sample surface, which were studied
in reference to the surrounding unaffected areas.
The PL intensity and band peak position, indicat-
ing possible traces of micro-scale changes inside
GaAsBi structures, were compared.

2. Experiment

The GaAs ,Bi , MQW structure was grown
using the molecular beam epitaxy (MBE) tech-
nique SVT-A on a semi-insulating GaAs sub-
strate. Before MQW deposition, the GaAs buffer
layer of 200 nm in thickness was grown under typ-
ical conditions: at substrate temperature of 600°C
and As/Ga ratio exceeding 10. Then, the process
was interrupted for temperature reduction down
to 330°C and stabilization of the stoichiometric
As/Ga flux ratio; both these conditions are nec-
essary for introduction of Bi atoms. The MQW
structure consisted of five 7 nm-wide quantum
wells separated by 10 nm-thick GaAs barriers

grown at the same temperature as the quantum
wells. Finally, the MQWSs were covered by 5 nm-
thick high-temperature-grown GaAs. The struc-
ture of as-grown MQWSs was characterized by
means of high resolution X-ray diffraction (HR-
XRD) and high resolution transmission electron
microscopy (HR-TEM). The bismuth content in
GaAsBi wells evaluated from the HR-XRD rock-
ing curves of (400) reflex was 6%. The HR-TEM
and AFM study evidenced sharp well/barrier in-
terfaces and a smooth, droplet-free surface, re-
spectively. The HR-TEM images also evidenced
a homogeneous bismuth distribution in the wells.

The spatial distribution of PL characteristics was
studied on a submicrometre scale using a micro-
scopic system WITec Alpha 300S operated in a con-
focal mode. A CW He-Cd laser emitting at 442 nm
was used for excitation, and an objective of a high
numerical aperture (NA = 0.8) was used to ensure
the lateral spatial resolution of 490 nm. To per-
form the measurements with spectral resolution,
the confocal microscope was coupled by an optical
fiber to an Andor spectrometer followed by a ther-
moelectrically cooled InGaAs CCD camera capable
of acquiring a PL signal in the NIR spectral region.
The surface topography of the sample was inves-
tigated using a conventional contact-mode AFM
incorporated in the WITec system. Special marks
were used to match the mapping images of PL
characteristics (intensity, band peak position, band
width) measured in a confocal mode and the map-
pings of surface morphology within the same area,
which were obtained using AFM.

To study the influence of laser irradiation,
small spots, 350 nm in diameter, on the sample
surface were affected using the He-Cd laser ra-
diation. In the first set of measurements, each spot
was exposed to irradiation for 30 min but at dif-
ferent laser power densities ranging from 0.3 to
2.0 MW/cm?. In the second set, the spots were ir-
radiated for different durations from 1 to 45 min at
the same radiation power density of 2.0 MW/cm®.
The spacing between the laser treated spots was
10 ym. The treatment and measurements were
performed in air at room temperature. The em-
ployment of the microscopic system enabled ob-
servation of the changes in PL properties in real
time during the laser exposure. A detailed map-
ping of the PL parameters was performed after
the irradiation of all spots on the sample. It has
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been carried out under excitation intensity low
enough to avoid further annealing due to the PL
excitation.

The change in composition within the affected
spots was detected by scanning Kelvin force mi-
croscopy (SKFM) using a scanning probe micro-
scope DM3100/Nanoscope IVa by Veeco Metrol-
ogy Group. In the SKFM experiments, the contact
potential difference (CPD) between the probe and
sample surface was evaluated simultaneously with
the surface topography.

3. Results and discussion

The PL spectrum of the sample under study con-
sists of a single PL band centred at 1050 nm. The PL
mapping images show that the spatial distribution
of the spectrally-integrated PL intensity in the un-
modified areas of the sample is homogeneous:
the standard deviation of the intensity is as low as
2%. The spectrally-integrated PL intensity mapping
image containing both sets of the spots modified by
laser radiation is presented in Fig. . All the affect-

ed spots exhibit a significant enhancement of PL
intensity. The profiles of each spot along the hori-
zontal lines (as indicated by a white dashed line for
one spot) are presented in Fig. , besides the cor-
responding spot on the mapping image. The pro-
files were compared by studying two parameters:
the peak increase in intensity (the amplitude of
the profile) and the total intensity increase (the in-
tegral of the profile). The dependences of these pa-
rameters on irradiation conditions are summarized
in Fig. @(a, b).

As seen in Fig. @(a), the peak intensity initially
increases with irradiation duration and tends to
saturate at approximately 80% (green line online).
The dips in the profiles of the spots exposed with
the highest laser power densities (see the profiles
for spots Al and A2 in Fig. ) are probably caused
by the saturation. Meanwhile, the total increase in
PL intensity grows nearly linearly with the exposi-
tion duration (red line online). This is an indica-
tion that the saturation at the centre of the spot is
followed by expansion of the area of improved PL
intensity.
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Fig. 1. The spectrally integrated PL inten-
sity mapping image and intensity profiles of
OL 2 fh6( 8 )10 the corresponding irradiated spots. The la-
ength m B6 ser power density varied between 0.3 and
2.0 MW/cm? for the spots in the left-hand
0246 810 column, while the duration varied from 1 to
Length (um) 45 min for the spots in the right-hand column.
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Fig. 2. Dependences of the total increase in PL intensity (red line online) and the peak increase in intensity
(green line online) on irradiation duration (a) and laser power density (b).

The increase in the PL peak intensity does not
depend on the laser power density (see a green line
in Fig. (b)). For all the spots, the enhancement
is between 65 and 80%, i.e. close to the saturation
level. Meanwhile, the total increase in PL inten-
sity grows nearly linearly, similarly to its growth at
increasing the exposition duration. These results
suggest that the peak intensity increase is limited,
and the limit could not be passed either by the in-
crease of power density or duration. The incre-
ment of these parameters results just in extension
of the modified area.

The laser irradiation also results in a blue shift
of the PL band, as demonstrated for the spectral
centre of mass in Fig. H(a). The shift is approxi-
mately 4 meV in a wide range of the exposed pow-
er densities and durations. Meanwhile, a weak red
shift in the PL peak position is observed around

the central spot area strongly affected by the laser
beam.

The surface topography image of the same area
as in Fig. E(a) is shown in Fig. B(b). Humps of up
to 40 nm in height are evident at the irradiated
spots. Both height and width of the humps in-
crease with duration, while the height is approxi-
mately the same for all the spots exposed at differ-
ent laser power densities.

The enhancement of PL intensity might be ex-
plained by assuming that the laser irradiation im-
proves the crystalline quality of GaAsBi MQW:s by
enhancing the diffusion of Bi atoms, like during
the rapid thermal annealing.

Temperatures of 600-700°C used in rapid ther-
mal annealing were shown to be sufficient for
the restructuration of GaAsBi structures [H, ].
Since the photon energy of He-Cd laser radiation

Fig. 3. The spectral centre of
the mass mapping image (a)
and AFM surface image (b) of
the sample area with laser-an-
nealed spots. The annealing
duration varied for the spots
on the top row, while the la-
ser power density varied in
the bottom row.
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is 2.80 eV and the bandgap of the GaAsBi MQWs
used in this study is approximately 1.18 eV, more
than half of the excitation photon energy is trans-
ferred to the crystal lattice during thermaliza-
tion of the photoexcited carriers. In addition,
the thermal conductivity of GaBi is comparatively
low. Thus, the annealing effect might be achieved
in this material at comparatively low tempera-
tures [, @] presumably achieved in our laser
annealing experiments.

The increase of PL intensity within the affect-
ed spots indicates that typical defects, such as Bi
pairs or clusters, are possibly eliminated by laser
annealing. Moreover, the heating under laser irra-
diation supposedly enhances the migration of Bi
atoms in GaAsBi QWs in plane and to the GaAs
barrier, and, consequently, results in bismuth de-
pletion at the exposed spots, as indicated by a blue
shift in the spectral position of the PL band (see
Fig. E(b)). Hence, the decrease in defect density
might be accompanied by lateral out-diffusion of
Bi atoms to the surrounding area of the annealed
spots. In addition, the PL intensity improvement
might also be related to the reduction of non-bis-
muth related defects, such as arsenic antisites [E].

The peculiarities of the sample surface topog-
raphy are in line with the possibility of bismuth
migration perpendicularly to the sample surface.
New structures on the sample surface are prob-
ably formed due to this diffusion of Bi atoms.
The effect of Bi redistribution can be attributed
to the inhomogeneous heating of the sample.

OeV
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The surface is heated by the laser beam to a higher
temperature than that deeper in the MQW struc-
ture, thus the thermogradient effect (TGE) might
occur: the atoms with a bigger covalent radius in
comparison to the host atoms drift along the gradi-
ent of temperature. In the case of GaAsBi, Bi has
the biggest radius in the compound and, therefore,
the diffusion of bismuth atoms towards the higher
temperature region is expected [E]. Thus, the for-
mation of humps might be related to the gather-
ing of Bi atoms at the surface of the capping layer.
This assumption is supported by the measurements
of contact potential difference (CPD) on the areas
surrounding the annealed points. A typical CPD
mapping image and the corresponding surface
topography image are shown in Fig. @ (note that
the CPD scale is arbitrary, with zero set at the un-
modified areas of the sample). The work function
extracted from the CPD measurements is evident-
ly decreased in the vicinity of the annealed spot.
The decrease of the work function is most probably
associated with the locally increased bismuth con-
tent in the top layers of the GaAsBi structure.

As pointed out before, the set-up exploited in
our PL experiments provides a possibility to ob-
serve the changes of PL spectrum at the focal point
during the irradiation. Typical time dependences
of the spectrally integrated PL intensity (red curve
online) and the spectral center of mass (green
curve online) on the time of laser annealing are
presented in Fig. E In the course of time, the spec-
trally integrated intensity grows in two linear stages

Fig. 4. Images of the contact potencial
difference (a) and surface morpholo-
gy (b) showing a decrease of the work
function at two laser irradiated spots
(see the top scale).
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and starts decreasing after approximately 25 min
of exposure. Furthermore, the spectral centre of
mass rigorously follows the dynamics of PL in-
tensity. The dual nature of the intensity growth in
Fig. 5 might be related to elimination of defects
(e.g. Bi pairs or larger clusters). The slopes of dif-
ferent steepness could be associated with different
decomposition rates for various defects. The fur-
ther rapid decline of PL intensity is most prob-
ably caused by disintegration of the QW structure
originating from the formation of new defective
regions. The behaviour of the spectral position is
similar to the one seen in Fig. B(a): the increase
of PL intensity is accompanied by a blue shift
of the PL peak. Note, however, that the shift of
the PL peak is minor, so the change in the spectral
position is insignificant. Therefore, the possibil-
ity to improve the PL emission efficiency by laser
annealing is encouraging for application and can
be obtained without compromising the PL band
wavelength.

The best enhancement of the peak PL intensity
up to approximately 80% has been achieved in our
experiments after the 30 min exposure to a laser
radiation power density of 1 MW/cm?. The time
evolution of PL parameters in this case is pre-
sented in Fig. E Note that the blue shift of the PL
peak after annealing is only 4 meV. The intensity
increase and the spectral shift observed in this
experiment is in consistence with the results ob-
tained by thermal annealing of a sample of a simi-
lar composition, as reported in Ref. [E].

To summarize, the spatially-resolved photo-
luminescence study of GaAsBi MQWs revealed

Fig. 5. Typical time dependence of
the spectrally integrated PL intensity
(red curve online) and the spectral cen-
tre of mass (green curve online) during
the laser irradiation process.

that the PL emission efficiency could be enhanced
using laser irradiation by suppressing the nonra-
diative recombination at crystal defects. The re-
sults obtained in this work evidence a consider-
able enhancement of PL intensity varying from 65

Fig. 6. Evolution of the spectrally integrated PL inten-
sity (red curve online) and the spectral centre of mass
(green curve online) with time of laser annealing.
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to 80% with an insignificant shift in the spectral
position of the PL peak. The enhancement is in-
terpreted by the laser-heating-induced migration
of bismuth atoms from the pair and cluster sites to
the As substitutional sites. It is also demonstrated
that laser irradiation can be used as a site-selective
alternative for the high-temperature annealing to
improve the GaAsBi crystal quality.
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Santrauka

Siame darbe tyréme lazerio spinduliuotés poveikj
bismidy junginiy kvantiniy dariniy kristalinei san-
darai ir optinéms savybéms. Kvantinj darinj sudaré
GaAsBi junginio 7 nm plocio 5 kvantinés duobés, ap-
gaubtos 10 nm ploc¢io GaAs barjerais. Dariniai buvo
auginami esant 330°C temperatiirai, molekuliniy
pluosteliy epitaksijos bidu ant pusiau izoliuojancio
GaAs padéklo, orientuoto (100) plok$tuma. Bismuto
kiekis kvantinése GaAsBi duobése, jvertintas mode-
liuojant didelés skyros rentgeno spinduliy difrakcijos
(400) plokstumos atspindzio smailés kampine difrak-

togramg, buvo 6 %. Didelés skyros persvie¢iamosios
elektrony ir atominiy jégy mikroskopijos tyrimai pa-
rodé astrias sglycio tarp kvantinés duobés ir barjery
ribas, glotny ir be segregavusio bismuto ar galio lasy
darinio pavirsiy. Elektrony mikroskopijos tyrimai taip
pat atskleidé tolygy bismuto pasiskirstyma kvantinése
GaAsBi duobése. Kampinés skyros fotoliuminescen-
cijos matavimai parodé, kad lazerio spinduliuoté gali
suintensyvinti emisija i§ kvantiniy GaAsBi/GaAs dari-
niy net iki 80 % nedarant poveikio emisijos bangos il-
giui. Darbe pasiekti rezultatai pagrjsti GaAsBi junginio
kristalinés gardelés susitvarkymu.



