Excimer laser induced quantum well
intermixing: a reproducibility study of the
process for fabrication of photonic integrated
devices

Romain Beal, Vincent Aimez and Jan J. Dubowski"

Interdisciplinary Institute for Technological Innovation (31T), Department of Electrical and Computer Engineering,

Université de Sherbrooke, 3000 boul. de I’Université, Sherbrooke, Québec JIK 043, Canada
“jan.j.dubowski@usherbrooke.ca

Abstract: Excimer (ultraviolet) laser-induced quantum well intermixing
(UV-Laser-QWI) is an attractive technique for wafer level post-growth
processing and fabrication of a variety of monolithically integrated photonic
devices. The results of UV-Laser-QWI employed for the fabrication of
multibandgap I1I-V semiconductor wafers have demonstrated the attractive
character of this approach although the process accuracy and reproducibility
have remained relatively weakly covered in related literature. We report on
a systematic investigation of the reproducibility of this process induced
with a KrF excimer laser. The influence of both the irradiation with
different laser doses and the annealing temperatures on the amplitude of
intermixing in InGaAs/InGaAsP/InP quantum well heterostructures has
been evaluated based on the photoluminescence measurements. Under
optimized conditions, the process allows to blue shift the bandgap of a
heterostructure by more than 100 nm with a remarkable 5.3% relative
standard deviation.
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1. Introduction

Over the past 25 years, the complexity of photonic integrated devices has progressed from a
simple laser-modulator architecture [1] to wavelength division multiplexing
transmitter/receiver devices with several hundreds of components integrated within the same
wafer [2]. Such devices require the coexistence of different heterostructures suitable to
deliver a plethora of functions handled by a photonic integrated circuit (PIC). The most
obvious approach allowing such functions is based on the epitaxial growth of wafers that,
through a series of etch-and-re-growth steps, could deliver multi-bandgap wafers [3-5].
However, the regrowth techniques rely on so-called butt-joint architecture, and thus are
relatively complex and frequently encounter difficulties in delivering high-quality interfaces.
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Selective area growth (SAG) [6, 7] is an alternative method that allows limiting the number of
re-growth steps by employing dielectric masks to control the thickness of nearby growing
layers. The weak point of this technique concerns the difficulty in controlling the thickness of
a layer in the vicinity of a dielectric mask. Hybrid integration is a seemingly promising lead
which takes advantage of a relatively low cost of silicon for the passive sections and III/V
heterostructures for active operations [8]. Devices emitting over a large spectrum may
however require several active bandgap structures. Such devices can be obtained by bonding
either different heterostructures on the same silicon wafer [9] or by interfacing with a single
structure previously processed by quantum well intermixing (QWT) [10].

The QWI process is a post growth technique designed to modify the bandgap energy
profile of an existing quantum well (QW) system by intermixing the species of the barriers
and the wells [11]. While rapid thermal annealing (RTA) is applied to activate intermixing-
promoting point defects, a selective area intermixing is achieved by introducing point defects
in selective areas of the investigated QW wafers. QWI brings less complexity over epitaxial
etch-regrowth processes and increases versatility in desired wafer bandgap tuning. Thus, the
QWI process could deliver multi-bandgap wafers rapidly and, potentially, at an attractive
manufacturing cost. Examples of QWI approaches include impurity induced disordering (IID)
[12], impurity free vacancy disordering (IFVD) [13], infrared laser annealing [14] [also
known as photon absorption induced disordering (PAID)] [15], plasma induced intermixing
[16] and ion implantation induced intermixing [17, 18]. Among these processes, ultraviolet
laser-induced quantum well intermixing (UV-Laser-QWI) is particularly appealing due to its
ability to produce selective area bandgap tuned wafers without employing contact masking
and associated processing steps. In addition to pulsed IR laser QWI [19, 20], both visible [21]
and pulsed UV [22, 23] lasers have been investigated for the intermixing and selective are
bandgap engineering.

The influence of different environments on UV-Laser-QWI, such as air, SiO, and
deionized water has been investigated, demonstrating significant blue shifts with a minimal
modification of the quality of InP/InGaAs/InGaAsP QW microstructures [23-25]. These
experiments have revealed that laser irradiation in air leads to the formation of the InP,O,
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
annealing (RTA) step. Consistent with this observation are relatively large bandgap blue
shifts (:130 nm) found in microstructures processed in air with the excimer UV-Laser-QWI
technique [25, 26]. An example of the successful application of such an approach for device
fabrication are high-intensity InGaAsP/InP laser diodes [27]. To address the potential of the
QWI method for industrial applications, it is mandatory to investigate its reproducibility
based on a relatively large sampling. Related to this has been a reproducibility study of the
ion implantation induced QWI [28]. Here, we discuss the results related to UV-Laser-QWI
reproducibility in samples irradiated with a KrF laser in an air environment. Due to the
possibility of the laser irradiating numerous sites on the same sample, the number of
investigated sites for that purpose was equivalent to 217 samples that would have to be
processed with an alternative (laser-free) QWI technique.

2. Experimental details

The experiments were carried out using 5-QW InGaAs/InGaAsP laser heterostructures grown
by MOCVD on 3-inch diameter InP substrates. The heterostructures, designed for the
fabrication of laser devices emitting at a 1.55 um wavelength, were capped with a 200 nm
undoped InP sacrificial layer. After completion of the intermixing process, this layer was
removed by wet etching, which allowed achieving samples with a minimized concentration of
surface defects. A cross-section of the investigated heterostructures is shown in Fig. 1.

Prior to laser irradiation, the samples were submitted to solvent cleaning (successively in
Opticlear, acetone and isopropanol) using an ultrasonic bath. The samples were irradiated in
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an air environment with a KrF (248 nm) excimer laser (GSI Lumonics PM-848). The laser
produced 20 ns pulses of fluence extending up to 380 mJ/pulse. A typical energy root mean
square (RMS) variation of the fluence, measured for 290 ml/pulse, was estimated at 2.6%
over an hour of operation at a 2 Hz repetition rate. A beam delivery system comprising a fly-
eye-array homogenizer allowed producing top hat shape pulses with GRMS intensity of 5%
over an area of 15 mm x 11 mm. Rectangular 3 mm x 2.25 mm and round 3 mm diameter
masks were placed in the plane of the laser homogenized beam and projected on the sample
surface with a demagnification ratio of 1.6. Samples were irradiated with a fixed pulse
fluence of 155 mJ/cm® and the intermixing amplitude was controlled by changing the total
number of irradiating pulses. While lower laser fluence irradiation has been reported to
promote intermixing [25], this particular value was chosen based on experimental evidence
indicating that a slightly increased fluence improves intermixing homogeneity within the
processed site.

200 nm InP sacrificial layer U/D

100 nm InGaAs contact layer p* Zn 8 x 108 cm™?
50 nm InGaAsP 1.2Q p*Zn 2 x 108 cm?

1200 nm InP upper cladding p Zn 6 x 107 cm-
10 nm 1.3Q InGaAsP etch stop p Zn 6 x 10'7 cm™
100 nm InP p Zn 6 x 10'7 cm?

80 nm InGaAsP 1.05Q upper waveguiding core
n Si5x10'7 cm?

50 nm InGaAsP 1.2Q n Si 5 x 107 cm®
12 nm InGaAsP barrier 1.25Q U/D
5 nm InGaAs quantum well U/D
12 nm InGaAsP barrier 1.25Q U/D
50 nm InGaAsP 1.2Q n Si 5 x 107 cm®

80 nm InGaAsP 1.05Q lower waveguiding core
nSi5x10'7 cm?

1400 nm InP lower cladding n* Si 2 x 10" cm™

X5

InP substrate n* S 2 x 108 cm

Fig. 1. Cross-section of the 5-QW laser heterostructure employed for a reproducibility study of
the UV-Laser-QWI process.

The number of pulses delivered by the laser on the sample surface ranged from 1 to 150.
After laser irradiation, the samples, each comprising between 6 and 25 sites, were annealed
individually at 670 C for 2 minutes. The RTA step was carried out using a 30 kW JIPELEC
Jetfirst thermal processor with the process temperature induced with infrared lamps and
monitored by a chromel/alumel thermocouple. A 4-inch 350-pm thick silicon wafer was used
to support the annealed samples. Quartz rods fixed in the RTA chamber were used to support
the wafer itself. The samples were placed face down on the silicon substrate to minimize
material desorption. Also, to minimize the effect of potential temperature variations along the
wafer, the samples were installed, each time, at nominally same location with respect to the
location of the temperature monitoring thermocouple. The RTA process was performed in
forming gas environment (N,:H,, 9:1). The samples’ photoluminescence (PL) was measured
before and after intermixing using a Philips PLM-150 industrial PL. mapping system. The
measurements were performed at room temperature using a 1064 nm Nd:YAG laser as an
excitation source. By measuring the variation of PL peak position (blue shift), these
measurements allowed us to investigate indirectly the modification of the QW concentration
profile for each laser processed site.

3. Results and discussion

A total of 12 samples were processed, exhibiting 217 PL blue shift values for different laser
doses. Figure 2 shows blue shifts ( | AM | ) measured as a function of pulse number for all the
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investigated sites (a), and the average blue shift values as a function of pulse number obtained
for a minimum of 4 sites irradiated under the nominally same conditions (b). The PL blue
shift evolution displays a rapid increase of the amplitude for laser doses for up to N = 5
pulses, which is followed by a weak dependence for 4 < N < 15. Within the next 20 pulses,
the blue shift amplitude increases about 50%, and it shows relatively stable values for 50 <N
< 70, followed by a slow decrease for N > 70. This decrease is likely concomitant with the
onset of laser ablation, which may remove the oxygen rich layer created near the surface of
the irradiated material. The removal of such a layer would decrease drastically the amount of
point defect participating in the intermixing process during the subsequent RTA step. In
addition to the blue shift plateau observed for 4 < N < 15, Fig. 2(b) shows another plateau
discernible for 50 < N < 70 pulses. In the remaining part of this document, we will refer to
these as plateau 1 and plateau 2, respectively. The formation of a PL blue shift plateau may be
linked to the saturation of the concentration of laser-induced point defects due to the complete
removal of ad-atoms [29] and formation of defect clusters that act as traps for point defects,
preventing them from diffusing toward the active region and participating in the intermixing
process [30]. We note that a 2-plateau evolution was also observed during the ArF-based UV-
Laser-QWI process investigated for a similar 5-QW laser heterostructures [23]. It appears that
at these conditions, defects that enhance the QWI process have been exhausted and formation
of a new type of surface defects begins to take place. For instance, it has been reported that
the removal of Ga atoms from the GaAs surface is defect initiated and the irradiation with
1.35 eV laser pulses at 400 mJ/cm” could increase and saturate rapidly their removal rate with
the pulse number, while for low-fluence pulse irradiation of 200 mJ/cm? such a removal rate
decreased and saturated at a significantly lower level [31].

A weak dependence of the PL blue shift on the pulse number defines conditions where the
UV-Laser-QWI technique could offer the most reproducible results independently from the
reproducibility related to the material non-uniformity or the annealing conditions discussed
later in this report. Clearly, it is reasonable to expect that the error of | AL| would be
minimized when different samples of the investigated QW microstructure were irradiated
with N =10 and N =60 pulses. We have investigated a statistics of the |AX | values observed
in the two saturation regions, as these provide an interesting perspective to the application of
UV-Laser-QWI for the delivery of multi bandgap wafers with a prominent reproducibility.
The | AL | values for each plateau were compiled, giving a total of 67 results for plateau 1 and
37 results for plateau 2. The thermal shift generated in the non-irradiated material was also
considered for comparison, based on 12 data points. The related results are presented in Fig.
3. It can be seen that the |AX | values for plateau 1 range between 60 nm and 77 nm, with a
mean value of 70.6 nm ( = 15%), and a standard deviation of 4.5 nm (6.4%). For plateau 2,
the |Ak|values range between 91 nm and 113 nm, giving a mean value of 101.5 nm ( +
11.3%) and a standard deviation of 5.4 nm (5.3%). At the same time, it can be seen that
| AL | for the non-irradiated material ranged between 5 and 8 nm, giving a mean value of 6.7
nm.

We have also investigated the influence of RTA conditions on achieving reproducible
QWI results. Figure 4 shows | AL | values observed for a series of samples irradiated with 20
pulses (plateau 1 region) and with 60 pulses (plateau 2 region) that were RTA for 120 s in the
temperature range between 640 and 710°C. This figure illustrates also the thermal stability of
the non-irradiated material in the same temperature range. It can be seen that | AL | of the non-
irradiated material increases from 3 nm at 640°C to 14 nm at 710°C. At the same time, the
| AL | amplitude increases linearly between 640 and 690 C, at a rate of 1.8 nm/°C, for both
groups of the samples. Taking into account that the RTA process allows to control a set point
temperature with + 5 °C, we estimate that the intended | AL | value can be affected by a
related error of up to = 9 nm.
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Fig. 2. (a) PL blue shift as a function of pulse number for samples irradiated at 155 mJ/cm?.
The results shown with the same style symbols identify the sites processed on the same
sample. (b) Average values of PL blue shift (Sblue) collected as a function of pulse number
(only data for minimum 4 sites irradiated under the nominally same conditions are taken into
account).
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Fig. 3. Distribution of the | Al | values for the unirradiated material (red columns) and samples
irradiated with 4-15 pulses (green columns) and 50-70 pulses (blue columns).
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Fig. 4. PL determined blue shift as a function of the RTA temperature for as-received material
(M) and sites annealed with 20 (®) and 60 (A) pulses.

With the analysis of the impact of annealing temperature on the blue shift amplitude, more
insight can be provided regarding the UV-Laser-QWI process reproducibility under improved
annealing conditions. Hence, two samples were processed with a series of laser irradiated
sites. Similarly to previous experiments, the samples were irradiated in air environment with a
pulse fluence of 157 mJ/cm® projected on 1. mm square sites. The first sample was
processed at 34 different sites, each with 15 pulses (corresponding to plateau 1) and the
second was processed at 30 different sites, each with 60 pulses (corresponding to plateau 2).
Both samples were then annealed at 670°C for 2 min. By processing 2 samples, each with a
series of sites irradiated with the same number of pulses, a more accurate evaluation of
uncertainty of the | Al | amplitude related to the laser process alone, free of RTA variations,
could be carried out. The related results are presented in Fig. 5.

Count
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60
PL blue shift, |AA| (nm)
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120

Fig. 5. Distribution of the ‘Aﬂvalues for two samples irradiated at 34 sites with 15 pulses

(green columns) and 30 sites with 50-70 pulses (blue columns) respectively.
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For the sites of the plateau 1 sample, | AL | amplitude ranged from 62 to 72 nm for a 67.4
nm mean value and for the sites of the plateau 2 sample, it ranged from 94 nm to 106 nm for a
101 nm mean value. These values are consistent with the data discussed in Fig. 2. For the
plateau 1 and 2 samples, the standard deviation was determined as 3.1 nm (4.6%) and 3.2 nm
(3.2%), respectively. Thus, the reproducibility of | A%| from site to site on such samples was
found to be superior to that observed for the set of 12 separate samples processed nominally
under the same conditions, but annealed separately. The corresponding maximum variation
range decreased from + 15% to + 7.9% for the plateau 1, and from = 11.3% to + 6.9% for the
plateau 2, while the relative standard deviation decreased from 6.4% to 4.6% for the plateau 1
and from 5.3% to 3.2% for the plateau 2.

4. Conclusion

We have investigated reproducibility and the precision of the QWI process induced with the
UV-Laser-QWI technique. The samples of a wafer with InGaAs/InGaAsP/InP 5-QW laser
heterostructures were laser processed in air environment and annealed in a commercial RTA
instrument. The PL blue shift evolution as a function of delivered pulse number exhibited two
plateaus, defined between 4 and 15 pulses, and between 50 and 70 pulses.

The results have demonstrated that material with quantum well bandgap blue shifted by
70.6 nm (first plateau) and 101.5 nm (second plateau) can be delivered within = 15% and +
11.3%, respectively.

The RTA temperature control was revealed to be of critical importance for achieving high
control of the blue shift amplitude. In the temperature range of 640-690 °C, the
heterostructure PL determined bandgap varied at the rate of 1.8 nm/°C, which for the RTA
system capable of controlling a set point temperature with + 5 °C, resulted in the bandgap
uncertainty of £ 9 nm. When delivering a 2-bandgap material using the UV-Laser-QWI
process applied to the same wafer, the bandgap could be delivered within + 7.9% ( £+ 15% on
independently RTA samples) for the plateau 1 region, and within £ 6.9% ( £ 11.3% on
independently RTA samples) for the plateau 2 region. Thus, we have demonstrated that the
application of the UV-Laser-QWI process for bandgap engineering of InGaAs/InGaAsP/InP
QW laser heterostructures has the potential to deliver 3-bandgap material, consisting of a
background and 2 plateau regions sections, with blue shifted amplitudes controlled to better
than + 8%. Such feature is considered highly attractive for the fabrication of advanced multi-
bandgap materials at the wafer level in the absence of successive microfabrication steps.
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