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a b s t r a c t

We report on the fabrication of superluminescent diodes (SLD) from a graded bandgap quantum well
intermixed (QWI) material obtained by an infrared laser rapid thermal annealing (IR Laser-RTA)
technique. The processed semiconductor wafer consisted of an InGaAs/InGaAsP/InP (001) QW laser
heterostructure originally emitting at 1.55 μm. The combined beams of a 150 W laser diode operating at
980 nm and a 30 W Nd:YAG laser operating at 1064 nm are used to heat the sample. While the laser
diode is used for back-side heating of the wafer, the Nd:YAG laser beam is swept along the sample
surface, resulting in temperature gradient changing in the direction perpendicular to the scan.
This contactless RTA approach, allowed to obtain a graded bandgap material that was employed for
the fabrication of SLD devices with a broadened emission bandwidth. The lasing effect in a series of 3 mm
long broad area injection diodes was suppressed by tilting their facets by 7.51 with respect to the [110]
direction. The best SLD devices had their FWHM (full-width-at-half-maximum) emission increased by
33% in comparison to the FWHM of 36 nm observed for devices made from the as grown material at an
equal output power of 0.8 mW.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Superluminescent diodes (SLDs), due to their broad emission
spectrum, find applications in optical coherence tomography, e.g.
for cornea and retina diagnostics [1], optoelectronic components
testing (transmission/reflection spectra, dispersion), fiber-optic
sensors (temperature, strain or pressure measurements) and
fiber-optic gyroscopes [2]. For these applications, SLDs with broad-
band optical spectra and high intensity emission are desirable.
Indeed, optical coherent tomography sees its resolution increase
with spectral bandwidth, and high output power offers a better
signal-to-noise ratio. For fiber optic based sensors, SLD short
coherence length allows feedback and mode partition noise
reduction compared to a laser-based system [3]. A typical SLD
structure is similar to that of a laser diode p–n junction containing
a quantum well (QW) or quantum dot (QD) active region and an
optical waveguide. Broad area emission of SLDs is achieved by
suppressing Fabry–Perot resonance induced by reflections from
optical waveguide facets. Facet reflections can be reduced by using
ll rights reserved.
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tilted facets [4,5], J-shaped waveguide [6], absorption region on
device rear side [7], or anti-reflecting coatings [8]. Current com-
mercial devices offer output power from tenths of a milliwatt to
several tens of milliwatts, depending on desired central wave-
length and spectral width [9].

To increase SLDs' spectral width, different approaches have
been studied. The common method is to increase the active region
gain spectrum by using chirped QWs [10] or self-assembled QDs
that exhibit broad emission due to their natural size distribution
[11–13]. In some cases, independent electrodes are used along the
waveguide in order to obtain the combined contribution of ground
and excited states emission to the emitted spectrum [14–16]. Other
approaches take advantage of the bandgap variation in light
emission direction; this has been realized by selective area epitaxy
[17] and by multi step epitaxy [18]. However, as the repeatability
of epitaxial techniques remains to be a challenging problem, the
growth of multi wavelength structures is not a straightforward
process.

To avoid the epitaxial growth related issues, post-growth
quantum well intermixing (QWI) has been investigated for the
fabrication of SLDs. Thereby, the use of ion implantation induced
disordering (IIID) produced devices emitting 1.7 mW power at a
95 nm spectral width, compared to a 45 nm for the as-grown
material made devices [19]. A 130% increase of the spectral width
was also reported for a high power device comprising SLD and a
semiconductor optical amplifier (210 mW for a 37 nm spectral
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Fig. 1. Cross-sectional view of the InGaAs/InGaAsP/InP QW heterostructure
employed in this study.

Fig. 2. Schematic of the IR Laser RTA setup.
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width) [20] that was obtained by impurity free vacancy disorder-
ing (IFVD). More recently, FWHM over 300 nm at 1145 nm center
wavelength was obtained at milliwatt power level by using IFVD in
InAs/InGaAs/GaAs dot-in-well structures [21]. Both IFVD and IIID
techniques become relatively complex and time consuming when
used for delivering structures with several degrees of intermixing.
This complexity arises from the need of a grayscale mask for IIID
and multiple material and/or thickness deposition on selected
regions of wafers for IFVD. In contrast, laser induced QWI offers a
possibility of contactless processing at selected regions of semi-
conductor wafers, without the need of complex mask deposition.
Early experiments of IR laser annealing and QWI, referred to as
photo-absorption induced disordering [22], allowed to observe an
increase in FWHM of InGaAs-InAlGaAs-based device emission
from 125 nm to over 260 nm. However, besides the very low
output power level achieved (less than 0.1 mW), this process was
limited to a single annealed spot (the laser beam and the sample
being motionless during the experiment), which makes it inap-
propriate for efficient device mass production. More recently,
similar experiments were conducted on QD microstructures, still
using a single laser beam combined with a hot plate providing
background heating [23]. Devices were intermixed after fabrica-
tion, as openings in the metal contact pad helped define the
regions to be intermixed. This offers the advantage of limiting the
annealing area, thereby limiting the annealing time. However,
these processing methods seem not suitable for mass scale
production and the use of a metal pad as a mask could limit the
flexibility of the process.

We have investigated infrared laser rapid thermal annealing for
QD intermixing [24] and fabrication of multi wavelength laser
arrays emitting in the 1400–1525 nm range [25]. Recently, we
developed a 2-IR Laser-RTA technique that could be used, without
the need of a dedicated mask and/or an etching procedure, to
deliver selective-area processed material with arbitrary contour
regions [26]. We have also demonstrated that the IR Laser-RTA
technique can be used for precise tuning of emission wavelength
at small sites (∼280 μm in diameter) of QW wafers [27]. In addition
to the spatial control of the laser beam position, the control of
laser beam scanning speed allows controlling its dwell time and,
thus, the annealing conditions along the path defined by laser
spots. Furthermore, thanks to the innovative simultaneous use of
two IR lasers, the high power beam damage that can be caused by
a single laser beam irradiation has been significantly reduced.
Here, we examine this seemingly promising approach application
to the fabrication of QW wafers with almost arbitrary gradients of
bandgap shifted material and report on the operation SLD fabri-
cated from this material; thus having its spectral width perfor-
mances improved in comparison to as grown material.
2. Experimental details

2.1. Material

We used a five QWs InGaAs/InGaAsP laser heterostructure
grown on an n-InP substrate by metalorganic Chemical Vapour
Deposition (MOCVD). The thickness and composition of the QWs
was designed to have a material emitting at 1.5 μm at room
temperature. The details of the heterostructure are shown in
Fig. 1. An 18.5 nm thick cap of SiO2 was deposited by plasma-
enhanced CVD on top of the microstructure to protect its surface
from deterioration during high-temperature annealing. The rela-
tively thin cap was chosen in this case to minimize the error of the
QWI temperature measured with an optical pyrometer. Addition-
ally, a 400 nm-thick sacrificial layer of undoped InP was added
during the epitaxial growth of the heterostructure to protect the
InGaAs contact layer. Following the annealing step, both the SiO2

and sacrificial layers were etched away to provide a high quality
defect-free surface for electrical contacts. The bottom of the
microstructure was protected during the annealing with a
266 nm thick SiO2 cap. This cap was also etched away to allow
for electrical contacting to the substrate.

2.2. IR Laser-RTA setup

The experimental set up, as illustrated in Fig. 2, is based on the
combined use of a 980 nm CW GaAs/AlGaAs laser diode (LD)
Apollo Instruments Inc., Irvine, CA and a 1064 nm TEM00 Nd:YAG
CW laser (Quantronix, Santa Clara, CA) as previously reported
[26,27]. The pigtailed fiber (1 mm core, Numerical Aperture¼0.22)
coupled with the LD is used to deliver power of up to 150 W to the
back of a 2" silicon wafer. This wafer remained in contact with the
InP substrate of processed InGaAs/InGaAsP samples. The LD,
operating at 30 W, projected a 10 mm diameter spot on the Si
wafer, resulting in background heating of almost the entire
sample. The front side of the sample was irradiated with 500 mm
diameter spot of the Nd:YAG laser, set to deliver 450 mWof power.
The Nd:YAG laser beam scanned the sample surface by means of a
galvanometric rastering system at a 200 mm/s. For 10,000 itera-
tions (one iteration being a two-way scan) over the 1.8 mm long
scan, the total processing (annealing) time was approximately
200 s per one line. A total of 8 lines were processed over the
sample surface, in two parallel series of 4 lines separated by
400 mm. The in-situ temperature measurements were carried



R. Beal et al. / Optics & Laser Technology 54 (2013) 401–406 403
out using a 2-channel fiber optic Micron M680 pyrometer and
a custom made IR camera (IR-CAM). The pyrometer allowed the
collection of radiation from circular areas of 0.45 and 0.7 mm in
diameter while the IR-CAM, equipped with 820–840 nm band-
pass filter, was used to monitor the sample temperature in the
center of processed lines. The LD output power was controlled in a
feed-back loop to maintain the maximum sample temperature at
690 1C. The IR lasers induced heating promotes diffusion of point
defects across the structure. These defects enhance intermixing of
the well and barrier atoms at elevated temperatures, resulting in
increased bandgap energy in the laser treated areas [28,29]. Due to
the changing effective dwell time, a graded bandgap material can
be created depending on the laser beam size, power and displace-
ment parameters.

2.3. Photoluminescence characterization

In order to measure the results of laser-induced bandgap
shifting, the sample was characterized by collecting room-
temperature photoluminescence (PL) maps using a Philips PLM-
150 mapper. The PL signal was collected from the material excited
with an Nd:YAG laser operating at 1064 nm, dispersed by a
monochromator and collected by an InGaAs detector array. The
spatial and spectral resolutions of the PL mapping were 20 μm and
0.6 nm, respectively. Besides the information concerning bandgap
energy gradient profiles, the collected PL maps played an impor-
tant role in the wafer alignment and SLD fabrication process.

2.4. Superluminescent diodes fabrication

SLD fabrication began by removing the protective SiO2 cap
layers using buffered oxide etch of NH4F:HF (6:1 solution).
The 400 nm sacrificial layer of InP was removed by selective
chemical etching for 390 seconds in HCl:H2O 1:1 solution. A fresh
200 nm PECVD SiO2 layer was then deposited. A schematic
drawing of the SLD microstructure fabricated in this work is
shown in Fig. 3. The gain guided devices were defined with
30 mm wide injection lines etched in the SiO2 cap layer and evenly
spaced at 300 μm using standard photolithography and BOE
etching. To minimize the lasing effect, the injection lines were
tilted by 7.51 from the normal to the crystal (1 1 0) facets. After a
standard solvent cleaning (acetone, IPA) and O2 plasma etching
(2 minutes at 100 W) to remove any undesired photoresist traces,
the front contact layer (consisting in 70 nm of titanium and
170 nm of gold) was deposited using e-beam evaporation.
To ensure good facet quality during the cleaving process and a
lower backside resistance, mechanical substrate thinning was
performed to reduce the device's thickness down to 150 μm. After
a second solvent cleaning to remove impurities coming from the
thinning process, back electrical contact layers were deposited
Fig. 3. A schematic of a fabricated SLD device with tilted facets.
(14 nm of gold, 14 nm of germanium, 14 nm of gold, 11 nm of
nickel and 200 nm of gold). A RTA step (60 s at 400 1C) was finally
carried out to optimize the contact's resistance. The final SLD
devices were 3 mm long and 300 μm wide.

2.5. Superluminescent diodes test procedure

The SLD devices were characterized using a Keithley 2520
pulsed current source. Light-intensity characteristics were mea-
sured using a Newport 818-IR Germanium photodiode. The pulsed
current source was set up with a 1 μs pulse width and a 1 ms pulse
delay (0.1% duty cycle). The application of such test parameters
was intended to minimize device heating effects at high current
density due to the lack of temperature control/dissipation system,
while remaining in the operating range of the detector employed
in this experiment. We note that similar test parameters were
reported in literature discussing the performance of SLD devices
[30,31]. SLD output beam was coupled into a 62.5 mm core
diameter multi-mode optical fiber and delivered to an Optical
Spectrum Analyzer (OSA) Agilent 86140B for spectral properties
analysis with tested devices powered in pulsed mode with a 0.5 μs
pulse width and a 20 ms pulse delay. SLDs from both bandgap
graded and as-grown material were tested.
3. Results and discussion

Fig. 4a shows the PL peak wavelength map of a region of the
sample processed under conditions described in the experimental
details section. As-grown material shows a PL peak wavelength
centered at around 1530 nm (not identified in Fig. 4). After laser
annealing, the zone of an intermixed material (blueshifted) is
clearly visible with the most intermixed material emitting at near
1410 nm. A 60% decrease of the corresponding PL peak intensity
has been observed for the blue shifted region of this material. The
primary source of this decrease is the reduced quantum confine-
ment, and related decrease of radiative (electron–hole) recombi-
nation in the QWI material. In addition, the PL intensity could be
reduced due to increased surface scattering. The Fig. 4b clearly
shows the PL peak intensity decrease.

An example of the bandgap gradient achieved in the direction
perpendicular to the scan, as indicated by the AB line in Fig. 4a, is
plotted in Fig. 5. It can be seen that over a 2 mm distance, the
bandgap varies from 1520 nm to 1410 nm between the near as-
grown and most blueshifted material.

The region along line AB in Fig. 4a was selected for the
fabrication of 3 mm long SLD devices. Due to its reduced optical
absorption, the largest bandgap energy material was used for the
front (emitting) side of the SLD device.

The light-current (LI) characteristics shown in Fig. 6 compare
the emitted electroluminescent (EL) power of SLD devices fabri-
cated from the QWI and from as grown material. The bandgap
tuned SLDs exhibit a higher output power for currents below 1.5 A,
and a lower output power above this value. This difference
between reference and QWI device LI characteristics is linked to
their different bandgap energy profile. The QWI induced bandgap
energy gradient reduces absorption for photons traveling from
rear to front of the fabricated SLD (as they have lower energy
compared to blueshifted bandgap). This may promote light emis-
sion at low current values and explain the better performance of
QWI SLD below 1.5 A injected current. Over this value however,
the reference devices output power becomes higher and the
power difference increases to be more than two and a half times
higher at a 2 A current (4 mW compared to 1.5 mW). This can be
related to three phenomena. The most important one is the device
amplification efficiency degradation due to the progressive blue



Fig. 4. PL peak wavelength (a) and intensity (b) maps of a sample processed with a dual laser RTA setup.

Fig. 5. PL peak wavelength profile along line AB defined in Fig. 4a.

Fig. 6. L-I curves measured under pulsed current of a reference SLD (broken line)
and a SLD (solid line) made of the laser processed material.
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shift of the material bandgap energy along the waveguiding
direction. This quantum well bandgap energy gradient affects gain
spectral bandwidth in a similar manner. As a consequence, the
rear-to-front traveling light amplification along the device length
decreases, since the emitted spectrum of a given region will
exhibit a lower energy in comparison to the gain spectrum of
the regions closer to the SLD front facet. The two other factors are
the reduction of quantum confinement of the intermixed material
and possible non-radiative recombination centers created by laser
processing. The role of the latter factor was reduced by the
combined use of two lasers and by the fast surface scanning of
the Nd:YAG laser that allowed to generate weaker temperature
gradients and reduced stress during the high power laser exposure
of a very limited area of the sample [26]. The fact that QWI SLD
shows brighter or equivalent output power for low current density
compared to reference SLD tends to validate this hypothesis.

Fig. 7 shows the reference and QWI SLDs output signal spectral
evolution for different currents ranging from 1.5 A to 2 A in steps
of 0.1 A. As a result of the QWI effect, the 1545 nm peak emission
of the as-grown SLD has been blue-shifted to 1445 nm for the
intermixed SLD device. The EL intensity for reference devices
demonstrates significant spectral ripples for the current exceeding
1.8 A, as some lasing modes become prominent. The spectral
ripple amplitude is weaker at this current for the QWI SLD as it
emits a weaker signal and the bandgap profile of the device
promotes absorption of light propagating in the front-to-rear
direction. The spectral FWHM evolution as a function of current
for both devices is plotted in Fig. 8 and it demonstrates the
broader spectral emission of the QWI SLD device. It ranges from
48 nm at 1.5 A to 46 nm at 2 A, while the reference device varies
from 36 nm to 30.5 nm for the same two currents. The significant
drop in the spectral width of the reference device is due to the
lasing modes appearing for current exceeding 1.8 A.

A comparison of the two devices' spectral properties for an
equal emitted power of 0.8 mW (at 1.5 A from Fig. 6) reveals
FWHM values of 36 nm and 48 nm for the reference and the
intermixed device, respectively. At 1.5 mW, these values change to
35 nm and 46 nm, respectively. This represents a FHWM gain of



Fig. 7. Spectral evolution of emitted signal for different injected currents of (a)
reference SLDs and (b) bandgap tuned SLD devices.

Fig. 8. Comparison of FWHM as a function of injected current between the
reference and the bandgap tuned devices.
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33% in the first case and 31% in the second one. These results and,
in particular, the output power of the QWI SLD device comparable
to that of the reference device, indicate the potential of the IR laser
QWI technique in delivering multibandgap wafers suitable for the
fabrication of SLD devices with attractive parameters. It is relevant
to point out that the Laser-QWI technique is well geared towards
such a study, including verification of SLD modeling results,
due to the ease in generating wafers with different gradient QWI
microstructures.
4. Conclusion

We have applied the infrared Laser-RTA technique for bandgap
blue-shifting of the InGaAs/InGaAsP/InP QW material designed for
SLD devices fabrication. The method combines a 980 nm laser
diode, operating at 30 W, with an Nd:YAG laser, operating at
450 mW, for simultaneous heating of the QW material. A con-
trolled speed scanning of the Nd:YAG laser beam along the wafer
allowed to fabricate, mask-free, QWI wafers with significant
bandgap energy gradient perpendicular to the scan direction.
The SLD devices obtained from the QWI material exhibited
spectral width emission enhanced by over 33% in comparison to
the width of SLD fabricated from the as-grown material, for
comparable milliwatt range output power. The fabrication of
optimized InGaAs/InGaAsP/InP SLD devices has yet to be carried
out, but our results suggest that the IR Laser-RTA technique has the
potential to yield QWI material of attractive parameter and quality
for cost-effective fabrication of SLD devices. It is difficult to
speculate if, at this stage, the Laser-RTA approach is more cost-
effective than established epitaxial techniques employed for the
fabrication for SLD. However, due to the flexibility of this techni-
que in the fabrication of multibandgap III–V wafers, the Laser-RTA
approach could be used for rapid prototyping of SLD and other
active/passive devices that otherwise would require complicated
(lithography, etching/re-growing) multi-step microfabrication pro-
cedures. We have been investigating the Laser-RTA technique for
selective area bandgap engineering of III–V quantum semiconduc-
tor wafer, but processing of other materials can easily be
accommodated.
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