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a b s t r a c t

The ultraviolet laser induced quantum well intermixing process has been investigated for prototyping of
multiple bandgap quantum well (QW) wafers designed for the fabrication of superluminescent diodes
(SLDs). The process takes advantage of a krypton fluoride excimer laser (λ¼248 nm) that by irradiating
an InP layer capping GaInAs/GaInAsP QW heterostructure leads to the modification of its surface che-
mical composition and formation of point defects. A subsequent rapid thermal annealing step results in
the selective area intermixing of the investigated heterostructures achieving a high quality bandgap
tuned material for the fabrication of broad spectrum SLDs. The devices made from a 3-bandgap material
are characterized by �100 nmwide emission spectra with relatively flat profiles and emission exceeding
1 mW.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Superluminescent diodes (SLDs) are broadband light sources
employed in a variety of fiber based optical sensors [1], as well as
for photonic testing system [2] and optical coherent tomography
[3]. Typically, SLDs are made of epitaxially grown heterostructures
comprising quantum wells (QW) or quantum dots (QD) designed
for waveguiding optical signal, and with suppressed reflections at
cavity ends for preventing the appearance of Fabry–Perot modes
(unlike the cavity reflections in laser diode devices). The goal of an
SLD device is to emit a bright signal with a large spectral width.
The most common approach addressing this problem takes ad-
vantage of heterostructures with broad gain spectra achieved with
multiple width QW architectures [4], large size distribution QD
microstructures [5] or a combination of both QW and QD micro-
structures [6]. A relative advantage of QD over QWmicrostructures
results from the significantly increased emission bandwidth of QD
devices operating above a characteristic current density, where the
emission from both excited and ground states becomes compar-
able and, thus, results in an enlarged output spectrum [7]. Alter-
native SLD architectures employ multiple structures emitting at
Beal),
different wavelengths and stacked along the waveguiding direc-
tion. Such architectures could be fabricated by the epitaxial
growth techniques, but are less attractive due to a relatively
complicated fabrication process [8,9]. Post-growth intermixing has
also been investigated to increase spectral emission range of QW
and QD wafers using impurity-induced intermixing [10], impurity-
free vacancy diffusion intermixing [11,12] or infrared laser induced
quantum well intermixing (QWI) [13].

Amongst the post-growth bandgap tuning techniques, ultra-
violet laser induced QWI (UV-Laser-QWI) distinguishes itself as an
attractive method of mask-free selective area processing with a
significantly reduced risk of introducing extensive damage to the
surface or sub-surface region of investigated microstructures. The
irradiation of SiO2 coated InP/InGaAs/InGaAsP QW micro-
structures, or direct irradiation in air and deionized water allows
inducing significant bandgap blue shifts [14]. The experiments
have revealed that laser irradiation in air leads to the formation of
the InPxOy compound on the surface of a cap InP material, while
irradiation in water leads to only a partially decomposed InP cap
whose stoichiometry is restored following the rapid thermal an-
nealing (RTA) step [15,16]. Consistent with these observations are
relatively large bandgap blue shifts (�130 nm) found in micro-
structures processed in air with the excimer UV-Laser-QWI tech-
nique [15,17]. An example of the successful application of such an
approach for device fabrication are high-intensity InGaAsP/InP
laser diodes [18]. Recently, we have demonstrated that the UV-
Laser-QWI process has the potential to deliver multi-bandgap
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material with blue shifted amplitudes controlled to better than
78% [19], which may be attractive in exploring this technology for
fabrication of commercial devices.

Here, we report on the successful use of the UV-Laser-QWI
technique for fabrication of multi-bandgap wafers designed for the
fabrication of broad spectrum SLDs. A comparative analysis of the
performance of SLDs fabricated from the as-grown (unprocessed)
material has revealed the attractive feature of the employed in-
termixing technique in achieving high-quality devices.
2. Experimental details

2.1. UV-laser-QWI

The experiments were carried out using a 5-QW InGaAs/In-
GaAsP/InP laser heterostructure designed to emit at 1.55 mm at
room temperature. Fig. 1 shows a cross-section of the hetero-
structure capped with an undoped sacrificial layer of InP. The sa-
crificial layer is meant to be altered by the UV laser irradiation and
removed at the end of the intermixing process by wet etching,
leaving an undamaged wafer suitable for device fabrication. Two
samples of the aforementioned heterostructure, referred to as A
and B, were processed using a KrF excimer laser (Lumonics PM-
848) based workstation equipped with a laser beam homo-
genization optics (MBX JPSA Sercel, Manchester, NH) [20]. The
beam delivery system was designed to irradiate up to
15 mm�15 mm masks that are imaged on the sample surface
using a lens doublet with a 1.8 demagnification ratio. The samples
were irradiated in an air environment with a 155 mJ/cm2 pulse
fluence of the laser operating at 2 Hz repetition rate. This resulted
in changing the surface chemistry of the InP cap and creating an
oxygen rich surface layer [15]. A bench top JIPELEC Jetfirst thermal
processor was used to carry out RTA of the laser irradiated mate-
rial. The samples were placed on a 4″ diameter silicon wafer
whose temperature was monitored with a dedicated
Fig. 1. Details of the 5-QW laser InGaAs/InGaAsP/InP heterostructure processed
with the UV-Laser-QWI technique and employed for the fabrication of SLD devices.
thermocouple. The annealing was performed in a forming gas
environment of a 9:1 mixture of nitrogen and hydrogen. During
the RTA step, the laser-induced point defects diffuse across the
heterostructure and promote selective area intermixing of the QW
and barrier species, which results in blue shifting of the sample
bandgap energy. The blue shifting amplitude depends on the laser
irradiation dose and RTA parameters [19]. A part of the sample A
was irradiated with 60 pulses, while the remaining region of that
sample was left unirradiated. In contrast, two regions of the
sample B were irradiated with 15 and 60 pulses intended for the
fabrication of a 3-bandgap material. The width of each irradiated
region was defined at 625 mm using a step-and-repeat mask pro-
jection technique. Sample A was RTA for 2 min at 665 °C, while
sample B was initially RTA for 2 min at 660 °C and, to increase the
final intermixing amplitude, it was additionally RTA at 655 °C for
2 min. This corrective annealing was required due to the strong
temperature dependence of PL blue shift, with a variation mea-
sured up to 1.8 nm/°C on a similar structure [19], and to the
temperature measurement precision of the RTA processor limited
to 75 °C. A 20 s long RTA ramp was necessary to heat the samples
from room temperature to a set point temperature.

The samples were characterized by collecting room tempera-
ture photoluminescence (PL) maps using a Philips PLM-150 sys-
tem. Fig. 2 shows cross-section profiles of QW PL peak emission
(λPL) measured across samples A (a) and B (b). It can be seen that
sample A emits in the non-irradiated region at 1512 nm, while its
emission has been blue shifted by 74 nm to 1438 nm in the laser
processed region. The non-irradiated region of sample B emits at
1516 nm, its middle section emits at 1466 nm, while the most
blue-shifted region, intended for the front section of an SLD de-
vice, emits 1428 nm. Thus, the maximum bandgap blue shift in
both samples is almost identical, but as it will be illustrated in the
next section, the presence of an additional blue-shifted section in
sample B allows fabricating an SLD with a significantly stretched
profile near its maximum emission intensity. It is of particular
importance for the operation of devices fabricated from such a
wafer that its PL peak intensity has not been affected by the in-
termixing process, and remained comparable in both irradiated
and non-irradiated regions of the investigated samples. This result
suggests that the QW heterostructure did not sustain a significant
damage during the UV-Laser-QWI process, which is consistent
with previously reported results [18].

2.2. Devices fabrication and test conditions

After PL characterization, broad area injection SLD were fabri-
cated from samples A and B, and a reference device was fabricated
from the as-grown material. Selective etching in an HCl:H2O/1:1
solution for 6 min was applied to remove the sacrificial InP layer
grown on InGaAs. Following this step, the samples were coated
with a 200-nm-thick layer of silicon dioxide deposited with a
plasma-enhanced chemical vapor deposition (PECVD) technique
employing electronic grade source gases (SiH4, N2O and N2 with a
99.999% purity). The thickness of this layer was verified by ellip-
sometry measurements. The current injection regions were
opened in the dielectric by photolithography and wet etching
using a buffered oxide etchant solution of NH4F:HF/6:1 for 2 min.
The injection regions were 30 mm wide, and tilted from the facet
normal by 8° to prevent reflections in the cavity. Afterward, the
top metal contact was deposited by evaporating a 70 nm thick
layer of titanium and a 170 nm thick layer of gold. Mechanical
thinning and polishing reduced the sample thickness down to
125 mm, and finally the back electrical contact was deposited by
evaporating 14 nm of gold, 14 nm of germanium, 14 nm of gold,
11 nm of nickel and 200 nm of gold. All of the evaporation sources
were of 99.999% purity, except for the nickel that was 99.995%



Fig. 2. PL peak wavelength profiles generated with the UV-Laser-QWI process across sample A (a) and B (b).

Fig. 3. Broadband emission spectrum of an SLD device fabricated from sample A.
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pure. A 1 min 400 °C annealing in nitrogen ensured the quality of
the electrical contacts and completed the device fabrication
process.

The devices were cleaved from the samples according to the
blue shifted region positions at the desired device length. The
sample A SLDs were cleaved to obtain 2.5 mm long devices with a
1.7 mm long rear non-irradiated region (λPL: 1512 nm) and a
0.8 mm long strongly intermixed front region (λPL: 1438 nm). For
sample B, the active section was made 3 mm long. The lengths of
the different bandgap energy sections were 700 mm for the front
one (λPL: 1428 nm), 600 mm for the middle one (λPL: 1466 nm), and
1700 mm for the rear section (λPL: 1516 nm). The shorter total
length of the sample A devices was meant to limit gain narrowing
and therefore the intensity drop between the signal contributions
of the two bandgap regions. The sample B SLDs included an ad-
ditional 600 mm long non-pumped non-intermixed absorption
region. This was designed to limit reflections in the cavity of the
3 mm long active region device. An extended length waveguide
microstructure of the SLD device is expected to deliver a larger
total gain and therefore increased output power, but it is conse-
quently more sensitive to parasitic reflections resulting in the
apparition of lasing modes in the output spectrum.

After fabrication, the diodes were tested under pulsed current
condition using a Keithley 2520 laser diode test setup. The pulse
width was limited to 2.5 ms with a 1 ms delay between each pulse.
This duty cycle was chosen to prevent Joule heating that would
have altered devices performances at high-injected current value,
while remaining in the current generator and photodetector op-
erational limitations for pulse duration. A Newport 1830C photo-
diode was used to measure the light – intensity characteristics of
SLD devices. The SLD signal was coupled into a multimode 62.5 mm
diameter core fiber, allowing collecting spectra with an Optical
Spectrum Analyzer (OSA) Agilent 86140B.
3. Results and discussion

3.1. Sample A devices

The analysis of SLD devices revealed, as expected, a strong de-
pendence of their output spectra on the injected current. The
broadest spectrum of an SLD device made from sample A is shown
in Fig. 3. Its full width at half maximum (FWHM) of 124 nm has
been achieved with the injection current of 1.3 A. Two clearly dis-
tinguished peaks, centered near 1450 nm and 1520 nm, can be
observed in that case. The peaks are separated by an approximately
70-nm wide region of a reduced by up to 40% emission intensity. It
is clear that the overlapping of the emission spectra of the
2-bandgap material of sample A was insufficient to achieve a broad
range emission spectrum with a flat top profile. For current values
below 1.3 A, the 1450 nm peak dominated the entire spectrum,
while for greater currents, it was the 1520 nm peak emission that
contributed the most to the spectrum. Also, the lasing modes visible
near the 1520 nm peak indicate a limited efficiency of the device in
suppressing lateral modes within the cavity.

The power emitted by this device at the injection current of
1.3 A was of 0.65 mW, which is comparable to the power emitted
by the reference device.

3.2. Sample B devices

Fig. 4 shows current dependent emission spectra of an SLD
device fabricated from the sample B material. It can be seen that at



Fig. 4. Evolution of emission spectra in an SLD device fabricated in sample B for
injected currents ranging from 1.5 to 1.9 A.

Fig. 5. Emission spectra from SLD devices fabricated in sample B (Intermixed SLD)
and in as-grown non-irradiated non-annealed material (Reference SLD). The output
power emitted in both cases is 1.1 mW.
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1.5 and 1.6 A, the spectra are dominated by emission centered at
1465 nm that originates from the QWI material. In contrast, the
spectra generated with currents of 1.8 and 1.9 A are dominated by
emission centered at 1510 nm that originates from the non-inter-
mixed material. The optimum shape spectrum, centered around
1480 nm, has been observed for a driving current of 1.7 A. Varia-
tions of SLD spectra as a function of current have commonly been
observed for broad spectrum sources based on QD [21] or asym-
metric QW SLD [22] microstructures, for which the hetero-
structure gain spectra are strongly related to carrier density. In our
case, for both samples A and B the SLD device spectral dependence
on the injected current can be predominantly attributed to the
competition between the signals from the rear and front sections.
For low current densities, the low-energy photons from the rear
section of the device are also attenuated while traveling through
the intermixed front region. Therefore the contribution to the
output signal comes mostly from the front intermixed section. As
the current increased, the signal intensity from the longer rear
region increased faster than the signal from the front section and
became prominent for current exceeding an equilibrium value of
1.3 A for sample A SLDs and 1.7 A for sample B SLDs.

In Fig. 5, we compare the sample B SLD spectrum at 1.7 A with
the spectrum of a device fabricated from a non-intermixed material
at equivalent output power of 1.1 mW. It can be seen that the ar-
chitecture of an SLD device based on a 3-band gap material allowed
increasing the width of an emitted spectrum by 2.5 times
(FWHME100 nm) in comparison to the spectrum emitted by a
device fabricated from a non-intermixed material (FWHME40 nm).
The insertion of a middle section, blue shifted by 50 nm in com-
parison to the rear section emission, resulted in the disappearance of
the aforementioned intensity drop in the middle of the SLD emission
spectrum. However, the FWHM of the spectrum emitted by this
device is 25 nm narrower in comparison to that of the device made
from the sample A material. Several phenomena may be responsible
for this behavior. Firstly, the increased device length from 2.5 mm to
3 mm is expected to result in a slightly increased gain of this device,
which could lead to gain narrowing of the emitted spectrum [23].
Secondly, a shorter wavelength portion of the signal emitted from
the rear section is likely amplified preferentially while traveling
through the middle section, hence resulting in its narrowing. This
can be explained by considering the steady state traveling wave rate
equation describing the photon density variation in the forward
direction z of the cavity [24,25]:
S z z g z z S z R z, / , , , , ,SP SPλ λ α λ λ β λ∂ ( ) ∂ = ( ( ) − ( ))⋅ ( ) + ⋅ ( )

where S denotes the photon density, g the modal gain, α the internal
loss, βSP the spontaneous emission coupling coefficient, and RSP(λ,z)
the spontaneous emission rate. The first term on the right hand side
shows that the signal variation along z is linked to the gain value at
the z position. Since the gain spectrum varies along the waveguiding
direction in the intermixed material [26], the rear section spectrum
is expected to be altered by the blue shifted heterostructure in front
of it. In the sample A device, the front section is blue shifted by
74 nm with respect to the rear section, thus the overlapping of its
gain spectrum with the signal from the rear section is relatively
weaker than the overlapping in the sample B device. Nevertheless,
the results for both samples discussed in this report can be favorably
compared to those obtained for a device with a bandgap energy
gradient profile [13] where the gradually changing gain spectrum
included also a signal originating from a significantly blue shifted
front part of the device.

The light-current plots of the devices discussed in Fig. 5 are
shown in Fig. 6. They indicate that at currents of up to approxi-
mately 1.5 A the output power of these devices is practically
identical, and equal to 0.5 mW at 1.5 A. For currents greater than
1.5 A, the power of the intermixed SLD increases slower with the
current than that of the reference device. This result is quite an-
ticipated given that the reference device was made of a single
bandgap energy material having the same gain spectrum along the
waveguide where light amplification is expected to be more
efficient.

These results demonstrate attractive features of the UV-Laser-
QWI technique employed for convenient fabrication of multibandgap
material from a single bandgap QW wafers. The process control and
the ability to yield a low-defect material made it possible to fabricate
SLD devices of relatively high emission power from a 3-bandgap
material. It seems feasible that optimization of this approach, in-
cluding advanced device modeling should lead to the fabrication of
further advanced SLD and related multi-bandgap devices.
4. Conclusion

We have investigated the UV-Laser-QWI technique for post-
processing of GaInAs/GaInAsP QW wafers and fabrication of
broad-spectrum SLD devices.



Fig. 6. Light-Intensity characteristics of SLD devices fabricated from the intermixed
(dashed line) and as-grown (solid line) material of sample B.
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� The ability to produce different multi-bandgap material by ad-
justing the laser dose delivered to the wafer was employed for
direct (without a photolithographic step) prototyping of two
different wafer heterostructures.

� The light-current (LI) characteristics of the intermixed SLDs
devices was found to be relatively close to this of the reference
(fabricated from the non-intermixed material) devices, con-
firming that the UV-Laser-QWI process does not degrade sig-
nificantly the optical characteristics of the as-grown
heterostructures.

� The superluminescent devices, produced from a 2-bandgap and a
3-bandgap material, yielded broadband emission of FWHM equal
to �125 nm and �100 nm, respectively. The related output
power of these devices was 0.65 mW and 1.1 mW, respectively,
although non-optimized emission exceeding 2 mW was easily
achievable with devices made from a 3-bandgap material.

The fabrication of a 3-bandgap material discussed in this report
illustrates an attractive application of the UV-Laser-QWI technique
for prototyping of QW wafers useful for the fabrication of SLDs
devices with enhanced parameters. It seems feasible that further
optimization of this approach, including advanced device model-
ing should lead to the fabrication of SLDs and other multi-bandgap
devices at attractive cost for applications in photonic sensing and
wide range diagnostics.
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