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Abstract: We report on the application of a laser rapid thermal annealing
technique for iterative bandgap engineering at selected areas of quantum
semiconductor wafers. The approach takes advantage of the quantum well
intermixing (QWI1) effect for achieving targeted values of the bandgap in a
series of small annealing steps. Each QW1 step is monitored by collecting a
photoluminescence map and, consequently, choosing the annealing strategy
of the next step. An array of eight sites, 280 um in diameter, each emitting
at 1480 nm, has been fabricated with a spectral accuracy of better than 2 nm
in a standard InGaAs/InGaAsP QW heterostructure that originally emitted
at 1550 nm.
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1. Introduction

Bandgap engineering techniques addressing fabrication of the I11-V quantum semiconductor
(QS) wafers with spatially selected regions of different bandgap energy material have been of
great interest for fabrication of monolithically integrated photonic devices (MIPDs) [1-2]. The
natural approaches to spatially modify the bandgap of a QS wafer are based on selective area
epitaxy [3-6] and selective etch-re-growth [7-9]. Fabrication of numerous MIPDs has been
demonstrated with these techniques [10-13]. However, the difficult to control quality of
etched surfaces and fabricated interfaces often contributes to low manufacturing yields and,
consequently, to the high-cost of devices fabricated with these approaches. The major
challenge is to develop a cost-effective process capable of delivering multibandgap QS wafers
with both high spectral and spatial accuracy. Since the pioneering works of early 80’s that
introduced the concept of impurity-enhanced selected area intermixing of the barrier and
quantum well materials, known as quantum well intermixing (QWI) [14], this approach has
been studied intensively to address fabrication of MIPDs [15-18]. High-temperature
annealing is the basis of any QW1 technique, thus the choice of a laser as a heating source in
this process is attractive due to the ease with which a laser beam can be delivered to a well
defined spot [19-24]. Despite these advancements, the spectral accuracy of the QWI process
has remained poorly defined, primarily due to the difficult technology of 111-V materials that
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has prevented the introduction of bandgap engineering processes relying on accurate
calibration procedures, analogous to those known in the manufacture of Si-based circuits
comprising, e.g., a monolithically integrated inductance [25].

To address this issue, we have developed a highly-reproducible process of iterative
bandgap engineering at selected areas (IBESA) that allows fabrication of QS wafers with
regions of QWI material emitting at arbitrarily set blue-shifted wavelengths.

2. Experimental details

The spatially selective laser annealing of QS wafers was carried out with the laser rapid
thermal annealing (Laser-RTA) setup described elsewhere [26]. In short, the procedure is
based on using a 150 W 980 nm fiber coupled laser diode (LD) for background heating, and a
30 W TEMOO Nd:YAG laser emitting at a wavelength of 1064 nm for ‘writing” of regions of
the QWI material. The system is equipped with a galvanometric scanner (GS) allowing to
raster the Nd:YAG laser beam over the sample with a controlled velocity of 1-4000 mm/s. An
F-Theta lens mounted at the output of the GS head assures that a beam with the same profile
is delivered to any site of the wafer’s surface. Temperature of the processed spot was
monitored with Mikron M680 and a custom designed infrared camera (IR-CAM). Another
640 x 480 pixel visible camera (Vis-CAM) operating at 10 Hz was used to monitor the
sample’s positioning. With a 0.5 mm diameter of the Nd:YAG laser spot and depending on
the amplitude of the blueshift, the fabrication of QWI material could be carried out with the
spatial resolution of 100 to 400 pum. Higher spatial resolution processing is feasible as the
Nd:YAG laser beam delivery system allows working with laser spots down to 12 um in
diameter.

The metal-organic vapor phase epitaxial InGaAs/InGaAsP microstructures were grown on
a 0.375 mm thick InP substrate covered with a 1.5 um thick InP buffer layer and a 110 nm
thick graded index InGaAsP layer. The microstructure comprised five 6 nm thick InGaAs
QWs separated by 10 nm thick InGaAsP barriers. The active region was Si doped at 8 x 10*
cm ™ and capped with a 20 nm-thick InGaAsP, 40 nm InP, 6 nm InGaAs etch stop layer and
topped with a 30 nm thick InP layer. The capping was p-type doped at 5x10"" cm™. The
room-temperature QW PL emission wavelength from this microstructure was at 1550 nm.
The dimensions of a sample used in this study were 10 mm x 12 mm x 0.375 mm. The as-
grown wafer was coated with plasma-enhanced-chemical-vapor-deposition 50 and 500 nm
thick SiO, layers on the front (polished) and back (unpolished) sides of the wafer,
respectively. The SiO, caps prevented the wafers from high-temperature decomposition in the
atmospheric environment. Before Laser-RTA processing, the samples were cleaned,
sequentially, with OptiClear, Acetone, Isopropyl Alcohol, and finally rinsed with deionized
water. The background and intermixing temperatures were set at 550 and 760 °C,
respectively.

Room temperature photoluminescence (PL) measurements were carried out with a
commercial mapper (Philips PLM-150) using an Nd:YAG laser (A = 532 nm) as an excitation
source and an InGaAs array detector. The PL mapping was performed with 1 nm and 10 um
spectral and spatial resolutions, respectively.

Based on an edge-detection algorithm, a custom LabVIEW image recognition software
was developed for precise repositioning of samples returning from PL mapping
measurements. The software interfaced VIS-CAM and the XYZ-R motorized stage allowing
sample reinstallation within 5um translational and 0.05 deg rotational accuracies. A
schematic idea of the IBESA process is illustrated in Fig. 1. The preliminary results have
shown that the investigated InGaAs/InGaAsP microstructure could be blueshifted by 230 nm
in a single irradiation step after 30 s irradiation at 780°C [27]. These experiments enabled us
to determine conditions of irradiation leading to less than 2 nm blueshift in one step.
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Fig. 1. Schematic idea of the IBESA process.
3. Results and discussion

Figure 2(a) shows a PL wavelength peak map of a fragment of the sample irradiated with the
Nd:YAG laser beam in 20 sites for different periods of time. The conditions of the irradiation
at A1-A4 and B1-B4 sites and the achieved blueshifts are given, respectively, in the ‘Step 1
processing time’ and ‘Peak wavelength’ columns of Table 1. It can be seen that the 30 sec
irradiated spots A3 and B1 have been blueshifted by 70 nm from the initial 1550 nm. Their
diameter is approximately 280 pm. Figure 2(b) compares PL spectrum of the center of the A3
spot with that of the as-grown material, both obtained under nominally the same excitation
conditions. A decreased PL intensity of the A3 site is related to the reduced quantum
confinement of the intermixed QWs. It is worth mentioning that for blueshifts < 50 nm the
opposite effect was observed, with a slightly increased PL intensity of the intermixed
material. A reduced concentration of grown-in defects following the annealing step, before
the reduced confinement starts to dominate the QW PL emission intensity, could explain such
a behavior.
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Fig. 2. Photoluminescence PL peak wavelength map of an InGaAs/InGaAsP QW wafer with
20 sites of QWI material fabricated by Laser-RTA (a), and PL spectra of the as-grown and 70
nm blueshifted (site A3) materials (b). The inset shows details of the processed microstructure.

A similar effect has also been observed in other laser and non-laser annealed InP/InGaAsP
QW heterostructures [21,28]. Sites Al, A2 and A4 show the QW material emitting at 1488,
1492 and 1504 nm, while site B2 emits at 1484 and sites B3 and B4 at 1497 nm.
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To illustrate the IBESA approach, we requested that all the sites from both rows A and B
would emit at 1480 nm, i.e., at the same emission wavelength as A3 and B1. This required
additional blueshift amplitudes from 9 to 23 nm. Cross-scans indicating PL peak positions for
A series sites, following processing No 1, 2 and 3, are shown in Fig. 3. The targeted 1480 nm
emission wavelength was achieved following additional two-step processing at A2 and A4,
and one-step at Al. Similarly, as illustrated in Fig. 4, the targeted 1480 nm emission from the
B series sites has been achieved following additional one- or two-step-processing. Thus, these
results demonstrate a highly reproducible process capable of controlling emission wavelength
of InGaAs/InGaAsP QW microstructures, between 1550 and 1480 nm. Depending on the
application of the investigated material, this tuning range could easily be extended to 1320
nm. We note that the wavelength tuning precision of 1 nm observed in the current
experiment is limited by the relatively low resolution of room-temperature PL spectra.
Although for some applications this precision is sufficient, the ultimate tuning precision of the
IBESA process will require low-temperature PL data.

Table 1. Irradiation time and resulting PL peak wavelength emission from
InGaAs/InGaAsP QW heterostructures processed by a 3-step IBESA technique.

Point Step 1 Peak Step 2 Peak Step 3 Peak
# processing | wavelength | processing | wavelength | processing | wavelength
time (s) A (nm) time (s) A (nm) time (s) A (nm)
Al 27 1488 - - 4.5 1479
A2 25 1492 3 1485 2 1480
A3 30 1480 - - - 1480
A4 20 1504 9 1486 2 1481
B1 30 1480 - - - 1480
B2 28 1484 - - 1.8 1481
B3 23 1497 4 1486 2.1 1481
B4 23 1497 4 1486 2.1 1481
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Fig. 3. Photoluminescence peak wavelength cross-scans for Al, A2,
the 1% (a), 2™ (b) and 3" (c) IBESA annealing step.
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Fig. 4. Photoluminescence peak wavelength cross-scans for B1, B2, B3 and B4 sites following
the 1% (a), 2™ (b) and 3" (c) IBESA annealing step.
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5. Conclusion

We have investigated the Laser-RTA technique for IBESA of InGaAs/InGaAsP QW wafers
originally emitting at 1550 nm. The material blueshifts relatively easily in excess of 230 nm if
annealed at 780 °C for 30 sec. To achieve controllable shifts of less than 2 nm, an annealing
time shorter than 1-2 sec had to be applied while the annealing temperature was reduced to
760 °C. We have demonstrated that such precision of the annealing time is feasible using the
Laser-RTA technique. The IBESA process is carried out in small steps, monitored by taking
photoluminescence maps of processed samples. In principle, it should be possible to collect
such maps without the need of samples leaving the Laser-RTA processing stage. However,
we have developed LabVIEW based software allowing for precise repositioning of the sample
returning from PL mapping experiments on the Laser-RTA stage. This allows, for example,
carrying out low-temperature PL experiments that are not compatible with the Laser-RTA
environment. Targeted values of PL emission wavelength at selected sites of the wafer can be
achieved with precision not worse than + 1 nm. The position of the laser beam on processed
sample is carried out with a galvanometric scanner and an XYZ-R stage that are the
permanent features of the Laser-RTA technique. Thus, highly spectrally uniform pixels, lines
and circles of the QWI material can be fabricated with this approach. At this stage, tests were
performed using only one Nd:YAG laser writing beam, but multi-beam processing should
also be possible, which would result in decreased overall processing times.
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