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Abstract: We explore quantum well laser diodes for applications in pulse oximetry based
on two material systems, namely, classical AlGaAs and a rather exotic GaAsBi, with lasing
at around 800 nm and 1100 nm, respectively. These spectral regions and material families
were selected due to their closely matched effective penetration depths into soft tissue. An
improved design of the band structure of device active areas was tested on both material
systems, yielding enhancement of the two main parameters, namely, output power and
threshold current. A maximum emission power of the AlGaAs laser diode was registered
at4.9 mW (I = 60 mA, A = 801 nm). For the GaAsBi-based devices, the target emission of
1106 nm was measured in pulsed mode with a peak output power of 9.4 mW (I =3 A).
The most optimized structure was based on three GaAsBi quantum wells surrounded by
parabolically graded AlGaAs barriers. This structure was capable of 130 mW peak power
(I=2A, » =1025 nm) along with a more than tenfold decrease in threshold current to
250 mA compared to a classical rectangular quantum well active region.

Keywords: GaAsBi; QW with parabolic graded barriers; laser diode

1. Introduction

The ever-growing demand for monitoring systems of human vitals drives the improve-
ment of the components of integrated sensor systems. One area of possible improvement
is pulse oximetry. Traditionally, 660 nm red and 940 nm near-infrared (NIR) emitters
have been used for oximetry applications [1]. While such technology is capable of achiev-
ing satisfactory results in transmission measurements (e.g., finger clips), the accuracy of
measurements in reflectance mode is hindered by the difference in penetration depth of
these wavelengths. It has been demonstrated that an improvement could be achieved by
using two NIR laser diodes (LD) with similar emission wavelengths, resulting in a similar
optical path length. Nonetheless, using nearby emission lines results in technological
challenges [2]. This underscores the need for further research and development in the
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field. Another solution can involve using two NIR wavelengths in the vicinity of 800 nm
and 1100 nm, as these are far apart and have a similar penetration depth into soft tissue.
AlGaAs quantum well (QW) laser diodes are the obvious candidate for the 800 nm emission
line, while the choice of emitters operating at 1100 nm is more complicated. The classical
material for this wavelength region is InGaAs; however, structures with over 20% of In are
necessary for emission at 1100 nm, and these are prone to relaxation and formation of a
dislocation grid due to the large lattice mismatch with GaAs substrates. GaAsBi QW-based
structures can be used to overcome this issue, and also have many attractive properties
for applications in laser diode active media. First of all, the introduction of Bi into the
lattice of GaAs induces a substantial band gap reduction of up to 88 meV/%Bi [3]. This
means that a small amount of host As atoms have to be replaced in order to achieve a large
redshift without inducing strain in the structure, which could result in dislocations that
limit the applicability in devices. Additionally, the increase in Bi content also increases
the spin—orbit split-off (ASO) energy due to major influence on the valance band. At a Bi
content of 10.5% in GaAsBi, the ASO becomes larger than the band gap energy; in this way,
a major Auger non-radiative recombination path can be suppressed [4]. Finally, bismides
possess temperature-insensitive emission energy paired with stable room-temperature
operation of GaAsBi-based devices, making cooling less crucial [5,6]. The latter properties
are significant for device applications that are supposed to work in various environmental
conditions and maintain the same accuracy levels, making GaAsBi the perfect candidate
for application-focused 1100 nm emitters. The ability of GaAsBi to achieve lasing at longer
wavelengths has been demonstrated by Wu et al., who achieved 1142 nm emission with a
GaAsBi QW laser diode [7]. Even though GaAsBi-based laser diodes have been success-
fully produced by many groups [7-12], their wider application is limited by the defective
crystalline structure of the alloy, which negatively affects the reproducibility, threshold
current (I,), and maximum power output of the devices. Some of these defects consist
of Big, antisites [13]. Bi clustering has also been shown to be energetically favored in Bi
atom ordering [14], and CuPtg-type ordering has been noticed in bismides, resulting in
optical anisotropy of the structure. Furthermore, Gelczuk et al. reported electron trap levels
in n-type GaAsBi that are crucial for device performance [15], where two out of the six
trap states are related to Bi (specifically a complex defect containing a Big, antisite) [13].
The other four trap levels are associated with low-temperature GaAs, which have been
shown to be a prominent current leakage channel in GaAsBi LDs [16]. The major cause
of these defects is the complicated growth of the alloy, which is usually conducted at a
stoichiometric As-to-Ga flux ratio and a low growth temperature that also doubles as a
limiting factor for Bi incorporation. This means that high Bi content is achieved at extremely
low growth levels, resulting in large defect density [17-19]. Several strategies have been
employed to improve the performance of GaAsBi lasers. Marko et al. reported a decreased
threshold current when introducing Al into the barriers [10]. Our earlier work focused on
enhancing the emission characteristics of quantum structures based both on pure AlGaAs
and on a GaAsBi alloy containing high Bi by designing parabolically graded barriers [20].

In this work, we explore the opportunity of application of two laser diode families,
namely, AlGaAs and GaAsBi, in pulse oximetry, with the aim of reaching the target wave-
lengths of about 800 nm and 1100 nm. GaAsBi QW-based laser diodes were optimized for
emission at around 1100 nm, while AlIGaAs QW structures based on the classical material
approach were produced for emission in the vicinity of 800 nm, providing a reference
for laser diode performance. Structures with both of the investigated compounds were
produced with parabolically graded barriers to increase the maximum output power and
decrease the Iy,.
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2. Structure Modeling and Growth

Two material systems were utilized to produce the presented laser structures. The
AlGaAs alloy was selected for the shorter target wavelength due to its straightforward and
well-established growth. On the other hand, a quite exotic material system, GaAsBi, was
employed for the longer wavelength spectral region. Additionally, two different designs of
the active area band structure, rectangular and parabolically graded barriers (PGBs), were
developed for both material systems to clarify the beneficial impact of the PGBs on the
device performance parameters. The laser structures in this work are named according
to their structure design, with the first letter representing the geometry (R—standard
rectangular; P—parabolic) and the second two letters representing the material system
(Bi—GaAsBi; Al—AlGaAs).

The structures were simulated using nextnano++ software (Nextnano GmbH,
Miinchen, Germany) , allowing for comprehensive full-band quantum mechanical model-
ing. A one-dimensional (1D) simulation was conducted along the growth direction (z-axis).
The electronic band structure was calculated employing the 8 x 8 k-p method within the
effective mass approximation framework [21]. Only the I'-point was considered the conduc-
tion band minimum, and the two valence band maxima, corresponding to the heavy hole
(hh) and light hole (Ih) states, were both included in the calculations. Additionally, excitonic
effects and temperature-induced variations of the band gap were incorporated into the
simulations. Due to the matched lattice constants of AlGaAs and GaAs, strain-related ef-
fects were omitted from the model. The simulation parameters for GaAsBi, band gap, ASO,
elastic constant, lattice constant, and band offset were obtained from the literature [22-25].

Figure 1 illustrates the calculated band edges of four active areas of the studied laser
diodes. Figure 1a presents the gain region of structure RAl, which consisted of two 2 nm
GaAs rectangular quantum wells separated by 10 nm AlGaAs barriers containing 15%
Al encapsulated in a 30% Al spacer. The simulation shows weak interaction between the
two QWs due to the overlap of the two electronic wavefunctions, with the hole states not
interacting with each other. Figure 1b shows the result of the calculation regarding PAL
The active region consists of a parabolic AlGaAs QW, where the aluminum content varies
from 30% down to 9% and the QW has a thickness of 25 nm. The modeling shows the
presence of a level inside of the parabola with a wavefunction wider than in the previous
case. Figure 1c shows the gain region of RBi, consisting of three 6.8 nm GaAsBi QWs with
7 nm GaAs barriers.

Figure 1d shows the active area of PBi, consisting of three 10 nm GaAsBi QWs with
10 nm GaAs barriers enclosed in an AlGaAs parabolic barrier with an Al content that varies
between 30 and 0%. In this gain region, the QWs are confined and the wavefunctions are
localized in the wells corresponding to the hole wavefunctions.

The presented laser structures were grown using a solid-source “Veeco GenXplor
R&D” (St. Paul, MN, USA) MBE system on Si-doped (2 x 10'® cm~3) n-type double-
side polished 350 pm-thick GaAs substrates (100). The temperature was recorded with
a “kSpace Associates BandiT” band edge thermometry system working in transmission
mode. A similar growth procedure was performed for the highly doped GaAs contact and
AlGaAs cladding layers for all four LDs. A standard degassing procedure was performed
at 650 °C for ~10 min to remove the native oxide. All LD structures followed a similar
design with high (>2 x 10'® cm~2) doping by Si and Be n+ and p+ GaAs layers grown
to ensure an Ohmic contact. The growth rates varied from 300 to 580 nm/h. Further,

Al 5Gag5As cladding layers doped to 5 x 1017 cm—3

were grown with a 650 to 1200 nm/h
growth rate. The growth rates for both material systems were reduced to a range of 300 to
450 nm /h for the active regions of the devices in order to achieve high quality and precision

of growth. Moreover, contrary to AlGaAs, the growth of GaAsBi active regions must be
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carried out under specific growth conditions. A growth interruption was made before
starting the growth of the bismuth-containing QW layer. The interruption was necessary
to decrease the substrate temperature to 350-370 °C, reduce and stabilize the As flux to
closely match that of Ga, and deposit a Bi wetting layer. We used 350 °C for the growth
of RBi, while 370 °C was used for the growth of PBi. Bi predeposition was performed to
avoid the delayed incorporation described by Ludewig et al. [26]. The growth of GaAsBi
layers was performed in Bi-rich conditions; thus, Bi incorporation was limited solely by
the substrate temperature. A major difference in structure design was implemented for
the laser structure RBi, which was grown with a 1000 nm thick AlAs sacrificial layer. This
layer is used in further processing, and enables removal of substrate and its transfer onto
an integration platform. Detailed information on the parameters of the device active area is
provided in Table 1.
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Figure 1. nextnano++ models of the intrinsic regions of the laser diode: (a) RAl, (b) PAl, (c) RBi, and
(d) PBi. The legend is for all four graphs.

The parabolic design of the barriers was created using an analog grading technique,
with the parabolic shape of the conduction band achieved by gradually decreasing the Al
content from 30% to 0% in the case of laser diode PBi and to 9% for structure PAl. This led
to a relatively intricate growth protocol in which the PGB was segmented into steps of four
monolayers each and a gradual decrease in Al content was implemented. The growth times
were progressively extended due to the lowered growth rate resulting from the reduction
in Al flux.
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Table 1. Structural parameters of the intrinsic regions of grown devices.
Laser Diode RAl PAl RBi PBi
QW type RQW PGBs RQW RQW in PGBs
No of QW 2 1 3 3
QW composition (Al, Ga)As GaAsBi
QW thickness, nm 2 25 6.8 10
Parabolic grading - A10.3O — A10.09 - AIO.SO — AI0.00
Barrier composition Aly15Gag gsAs - GaAs GaAs
Outer/inner
barrier thickness, nm 5/10 B /7 -/10
Spacer composition Aly30GagpAs Aly30GagpAs GaAs -
Spacer thickness, nm 200 200 25 -

3. Processing and Characterization

After MBE growth, the laser structures were cleaned in acetone and isopropyl alcohol
baths at 80 °C for 10 min each, followed by rinsing in deionized water and drying on a
hotplate at 120 °C for 10 min. Next, the AZ1518 photoresist was spin-coated at 4000 RPM
for 30 s and baked at 100 °C for 60 s. The pattern of the designed structure containing
4 to 5 um bars was exposed through the mask under a 75 mW/cm? dose of UV illumination.
The developing process was carried out in HyO: AZ351B = 4:1 solution. The mesas were
etched using a phosphorus acid solution of HyO : HyO, : H3PO4 =10:1:1 for 3 min, stopping
in the AlGaAs:Si cladding layer. The photoresist was removed by rinsing the sample in
acetone, isopropyl alcohol, and deionized water, followed by O; plasma cleaning for 5 min.
To enable testing of the laser RBi and confirm its operational performance without carrying
out the transfer, a different processing procedure was selected for a structure that was
grown in preparation for transfer onto SiC platform. This particular diode structure was
grown on a 1000 nm thick AlAs sacrificial layer for substrate removal. In order to test the
properties of the laser prior to the substrate removal step, the processing procedure was
modified compared to the other three diodes. The classical way of making the bottom
contact is to deposit it on the substrate side; in this case, however, this was impossible due
to the isolating AlAs layer between the substrate and the grown diode. Thus, an additional
area was etched down to the n-type GaAs region and contacts of both n and p type were
deposited from the sample side. For structure PBi, a part of the laser diodes were thinned.
The final substrate thickness was 100 um, which was achieved by both chemical (etching)
and mechanical thinning. Metallization of the Ohmic contacts was accomplished by using
an electron beam (VST Model TFDS-870, Petah-Tikva, Israel) to deposit Ti (15 nm)-Au
(180 nm) on the p-type substrate and AuGe (140 nm)-Ni (25 nm)-Au (40 nm) on the n-type
substrate (or n+ GaAs layer in the case of structure RBi). The laser bars were mechanically
cleaved to form the ~500 pm Farby—Perot resonator. Electrical pumping of the laser diodes
was achieved using two setups. A continuous-wave (CW) Agilent US002A (Santa Clara, CA,
USA) single-output DC power supply was used for the AlGaAs lasers, and output power
injection current curves were recorded using a Thorlabs PDA50B-EC - Ge (Newton, NJ,
USA) switchable gain detector. The spectra of the investigated AlGaAs-based devices were
registered in CW mode using a Q8341 optical spectrum analyzer (Advantest, Tokyo, Japan )
with a wavelength resolution of 0.01 to 0.05 nm. All measurements were performed at room
temperature (293 K). Prior to the experiment, all samples were mounted on gold-plated cop-
per heat sinks using silver paste. A thermoelectric Peltier cooler was used for temperature
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stabilization. GaAsBi-based lasers were measured via pulsed electrical pumping using an
AVTECH high voltage pulse generator (AVRZ-5W-B, Nepean, ON, Canada) operating at a
1 kHz repetition rate with a pulse duration of 50 ns. A digital handheld optical power meter
(Thorlabs PM100D, Newton, NJ, USA)was used to register the output power. The lasing
spectrum was dispersed through a 0.42 m monochromator VEB Carl Zeiss SPM-2 (Jena,
DDR), and detected with a thermoelectrically cooled InGaAs photodetector IGA-030-TE2-H
(Electro-Optical Systems Inc., Phoenixville, PA, USA). Current—voltage (I-V) characteristics
under CW operation were measured using a B2901 precision source measurement unit
(Keysight, Santa Rosa, CA, USA)with a voltage step of 10 mV. The maximum permissible
DC current and forward voltage were limited to avoid damage to the quantum well region.

4. Results and Discussion
4.1. I-V Characteristics

The [-V characteristics of the investigated laser diodes are typical for pn junction
q(U—1IRs)
devices and can be expressed as I = Iy(e *7)  — 1), where I is the saturation current of

the diode, g is the elementary charge, Rs is the series resistance of the diode, # is the non-
ideality factor of the diode, and k is Boltzmann’s constant. The non-ideality factor varies in
the range from 2 to 2.5 in the laser diodes presented in Figure 2 for the current interval of
107 to 107> A. Usually, a factor close to 2 shows a dominant generation-recombination
current component in a p-n junction [27]. The deviation from the exponential law at
currents above 1 mA can be explained by the voltage drop on LD series resistance.

- [ ——RAI
[l - PAI
102} —RBiI
—— PBi

10-11 A 1 1 1
0 1 2 3

Voltage (V)

Figure 2. Current-voltage characteristics of the investigated laser diodes.

Here, laser diode PAl is distinguished by a higher non-ideality factor in the low-
current range below 1078 A, which is attributed to the leakage current component. This
usually indicates slightly lower quality of the device/structure due to higher defectiveness,
and is not necessarily related to the quantum well region of the LD. Our subsequent
measurements of optical characteristics confirmed this, with no negative effect on LD
performance observed above the threshold at this stage of characterization. However,
the leakage current can contribute to reduced LD reliability during operation and shorter
lifetime of the device [28,29]. A more detailed discussion of the electric measurements,
including the I-V curve and the derivation of the non-ideality factor, can be found in [16].

4.2. Light Output Characteristics

Figure 3 presents the injection current—output power characteristics measured for the
two AlGaAs-based lasers, containing the standard rectangular design of the two QWs
(Figure 3a) and a single parabolic QW design (Figure 3b). The lasing spectra of diodes RAI
and PAl are shown in the insets of Figure 3a,b. The two lasers have similar emission lines
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at 801 and 780 nm, respectively. These values are good matches for the transition energy
obtained by the nextnano++ modeling. The main lasing mode is mirrored by satellite
Farby—Perot modes that are usual for as-cleaved laser diodes. The output power versus
injection current characteristics reveal some inherent differences in the behavior of the
two structures when a CW electrical current is applied. Even though the maximum output
power measured for both diodes was similar, laser PAl (Figure 3b) had a higher output
when comparing powers at the same injection current (60 mA), with 4.9 mW compared
to 3.2 mW for laser RAI (Figure 3a). Furthermore, a decrease in threshold current (Iy,)
is observed, from 43 mA for LD RAl to 35 mA for LD PAL Finally, a gradual loss in
the linearity of the dependence for laser RAl becomes noticeable at around 55 mA of
injection current, showing power saturation. Such results are rather unusual, as the longer-
wavelength laser demonstrates better parameters. We propose that PGBs in LD PAl are the
reason for the enhanced device properties. Even though the nextnano++ simulation and
I-V characteristics would suggest that the design, confinement, and quality of laser PAl are
less optimal, the enhanced carrier capture efficiency via PGBs proposed by Piikiene et al.
has a more significant effect on the laser performance [20].

1.01 RAI 5+ 1.0t PAI
4
3 4r3
& &
0.5F 0.5}
3L% z
s |f 3
g =
82|
% 0.0 1 L 2F 00 alllAa
o 780 781 782 783 784 785 800 801 802
Wavelength (nm) Wavelength (nm)
1+ 1L
a b
0 - - o 1 1 |) 0 - 1 1 |)
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60
Current (mA) Current (mA)

Figure 3. Room temperature measurement of output power versus injection current dependencies of
the LDs. The insets show the emission spectra for (a) laser RAl and (b) laser PAI.

CW operation of GaAsBi-based laser diodes could not be achieved due to problems
related to defect formation promoted by the low-temperature growth and narrow window
of As and Ga flux ratios discussed earlier in this paper. The peak output power versus
injection current plots and lasing spectra obtained under pulsed excitation (50 ns at 1 kHz)
are depicted in Figure 4, and are discussed separately. Lasing from the two diodes was
recorded at a central wavelength of 1106 nm for LD RBi and 1024 nm for LD PBi. The
redshifted lasing wavelength of laser RBi is attributed to the higher Bi content in the GaAsBi
QWs, which is estimated to be at ~7% and ~5% for structures RBi and PBi, respectively.
The trend of enhanced laser parameters employing PGBs is maintained for GaAsBi-based
emitters. The maximum output power was doubled from ~10 mW to ~20 mW at 3 A of
injection current, in addition to a twofold decrease in Iy, (2.5 A and 1.3 A) for the sample
with the improved barrier design. Moreover, a laser diode with a thinned substrate was
fabricated (Figure 4b black curve) and a drastic improvement was noticed. The peak pulse
output power was increased by almost an order of magnitude, to more than 130 mW, and a
further decrease in Iy, was noticed, achieving values as low as 250 mA. Such a significant
effect of substrate thinning can be explained by two factors. First, the crystalline quality
of the substrates is substantially worse than that of epitaxially grown layers. This means
that the larger defect density results in loss of carriers in the substrate, leading to fewer
of them reaching the active region. Second, the high defectiveness of bismides results in
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high resistance and significant local heating of the structure. The substrate thinning greatly
enhances the temperature exhaust capabilities.

10 140 20
a) b)
1.0 RBi -18
120 -_—
8 I 16
E 100 114
= 0.5+
Z6 L2 412
3 5 80 | 1.0f PBi
‘g £ -— 410
(o] —~
o 60 | >
24T o0 ‘ ‘ S 18
3 1104 1106 1108 > 05}
& Wavelength (nm) 40 - é 16
2t = 44
20 0.0
1023 1025 1027 {2
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0 it T ;o 1 1 0 1 1 1 1 1 1 1 0
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0 4.5

Current (A) Current (A)

Figure 4. Room temperature measurement of output power versus injection current (pulsed 50 ns at
1 kHz) dependencies of the LDs. The insets show the emission spectra: (a) laser RBi and (b) laser PBi.
The black curve represents the laser on the thinned substrate, while the blue curve represents the
laser before substrate thinning.

5. Conclusions

Application-focused QW LDs were fabricated in an attempt to improve the accuracy
of pulse oximeters. LDs emitting in the range from 780-800 nm were produced using an
AlGaAs material system. A maximum lasing output power of 4.9 mW was registered in
the CW regime for the laser with PGBs emitting at 801 nm (Figure 3b), while the 782 nm
laser with a classical rectangular design achieved 3.2 mW at the same injection (Figure 3a).
GaAsBi alloy-based QW emitters exhibited lasing in the pulsed regime. A maximum peak
output power of ~10 mW was recorded at a target wavelength of 1106 nm, where a classical
rectangular design was used (Figure 4a). For a laser diode with three rectangular QWs
embedded in PGBs, the recorded peak output power was 20 mW at 1025 nm (Figure 4b).
These results confirm our hypothesis that improved carrier trapping efficiency can enhance
LD performance. Both material systems showed improved output power and lasing
threshold. The improvement of the AlGaAs samples was not as pronounced as for the
GaAsBi ones, where both parameters were improved twofold. The reduced impact on the
properties of AlGaAs-based LDs can be explained by the simulation results (Figure 1b) and
the I-V curves (Figure 2), hinting at suboptimal quality and design of laser PAl. Additional
steps were carried out to investigate the impact on substrate thinning for the optimized
GaAsBi-based LD PBi. A decrease in the threshold current of over five times in magnitude
and more than six times increased output power was recorded, with 250 mA of threshold
current and over 130 mW of peak power produced by a GaAsBi-based LD in pulsed-
mode operation.
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