
UCC Library and UCC researchers have made this item openly available.
Please let us know how this has helped you. Thanks!

Title Tunable semiconductor slotted lasers for near-infrared optical coherence
tomography

Author(s) Roy, Aritra; Patra, Saroj K.; Piwonski, Tomasz

Publication date 2021-08-15

Original citation Roy, A., Patra, S. K. and Piwonski, T. (2021) 'Tunable semiconductor
slotted lasers for near-infrared optical coherence tomography', IEEE
Photonics Technology Letters, 33(16), pp. 896-899. doi:
10.1109/LPT.2021.3098418

Type of publication Article (peer-reviewed)

Link to publisher's
version

http://dx.doi.org/10.1109/LPT.2021.3098418
Access to the full text of the published version may require a
subscription.

Rights © 2021, IEEE. Personal use of this material is permitted. Permission
from IEEE must be obtained for all other uses, in any current or
future media, including reprinting/republishing this material for
advertising or promotional purposes, creating new collective works,
for resale or redistribution to servers or lists, or reuse of any
copyrighted component of this work in other works.

Item downloaded
from

http://hdl.handle.net/10468/12452

Downloaded on 2022-05-18T20:15:40Z

https://libguides.ucc.ie/openaccess/impact?suffix=12452&title=Tunable semiconductor slotted lasers for near-infrared optical coherence tomography
http://dx.doi.org/10.1109/LPT.2021.3098418
http://hdl.handle.net/10468/12452


 1 

Abstract — The use of Optical Coherence Tomography in the field 

of clinical diagnosis is significant. There are different types of swept 

source lasers available on the market today, however, their design 

and associated complex fabrication process increase their cost. In 

the work presented here, an economical six-section slotted tunable 

laser operating near 850 nm has been designed and fabricated using 

a UV optical lithography process. The laser is monolithically 

integrable without a need for any regrowth step. Initial 

characterization has confirmed the high quality of the slot geometry 

and stable single mode operation within its tuning range. 

 

Index Terms— Optical Coherence Tomography, Ridge waveguide 

lasers, Semiconductor lasers, Tunable lasers. 

I. INTRODUCTION 

Optical Coherence Tomography (OCT) is a non-invasive, 

interferometric technique to capture 2-D or 3-D images of 

different scattering media. Though primarily OCT is used in 

clinical diagnosis for examining tissues and organs, it has 

widespread applications in the inspection of industrial batch 

production [1,2], semiconductor wafer processing [3], 

improving the performance of laser welding [4,5] and as well 

as many others [6,7,8]. In the Global OCT Market Forecast 

Report 2019-2024 [9], Business Wire predicted that the global 

OCT market will grow at a rate of 10 -12% annually and it will 

exceed $1.2 billion in 2024. Presently the market is dominated 

by Spectral Domain OCT (SD-OCT), but the Swept Source 

OCT (SS-OCT) is gradually gaining popularity due to its high-

speed performance and other advantages [10,11]. In SS-OCT, 

which uses a spectrally scanning source, the optical frequency 

is encoded in time. Ideally, the source for an SS-OCT system 

should offer broadband and continuous tuning range (70-100 

nm), high repetition rates (~200 kHz), as well as being able to 

operate in single mode with a narrow linewidth, high output 

power (>20 mW) [12] and having a small footprint. Meeting all 

those requirements is challenging and often requires complex 

designs. One of the greatest obstacles in large scale 

implementation of SS-OCT, specifically in portable or 

handheld OCT devices, is the lack of available economical 

sources in the market which can be integrated easily with the 

OCT system [13]. 

Conventionally swept source semiconductor lasers have been 

realized using various methods including external cavity, 

VCSEL, sampled Bragg gratings reflector (SG-DBR), super-

structure grating distributed Bragg reflector (SSG-DBR) and 
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surface gratings (slots) [14,15]. Most of these lasers contain 

movable parts (filters) for tuning their output wavelength [16] 

which either leads to the occurrence of some instabilities in their 

operation [17] or require some complex fabrication steps such 

as the use of e-beam lithography, ultimately increasing their 

cost. On the other hand, it has been reported that the multi-

section slotted lasers operating at 1550 and 1310 nm based on 

higher order surface etched grating structures [18] can offer 

similar performance at a reduced fabrication cost due to their 

simpler process where no regrowth step is required. 

Traditionally those devices have been developed for 

telecommunication applications, however, there is a need for 

extending their operational wavelength into 800-900 nm range 

for applications in OCT. Reducing the wavelength allows 

improving spatial resolution and deeper penetration due to 

lower absorption in water and hence providing a more detailed 

image of various tissues and other biological media [19]. 

Moreover, apart from medical diagnostics, the 800-900 nm 

range is also suitable for many industrial applications [20]. 

Finally, the low-cost, high speed and high efficiency silicon 

detectors can be used for detecting this wavelength range in 

OCT systems. Despite all the advantages mentioned above, 

multi-section slotted lasers based on comparable technology are 

not readily available in the market at 850 nm where many 

applications of OCT exist [21]. 

In this work, we present the design and fabrication of the six-

section semiconductor slotted laser operating around the central 

wavelength near 850 nm which utilizes Vernier effect to tune 

output wavelength. The manuscript is organized as follows. 

Sec. II describes the design and simulation methodologies for 

an optimized laser structure. In Sec. III, a low-cost fabrication 

technique has been presented. Sec. IV addresses the electro-

optic characterization of our laser structures. Finally, we 

summarize our findings in Sec. V followed by references. 
 

II. DESIGN AND SIMULATION 

Design parameter optimization is imperative for the 

realization of stable single mode operation of the laser with a 

high side mode suppression ratio (SMSR) within the broad 

tuning range. There are several different parameters related to 

laser geometry, such as ridge width, slot period and depth, and 

length of the sections which must be optimized following the 

properties of the epitaxial structure including gain-bandwidth 

and refractive index of each layer. 

Dr. Saroj K. Patra was with the Tyndall National Institute. He is now with 

IMEC-KU Leuven, Leuven, Belgium (e-mail: sarojkanta.patra@kuleuven.be). 
Dr. Tomasz Piwonski is with the Tyndall National Institute, University 

College Cork, Cork, T12R5CP Ireland (e-mail: tomasz.piwonski@tyndall.ie). 

Tunable semiconductor slotted lasers for near-

infrared Optical Coherence Tomography 

Aritra Roy, Saroj K. Patra, and Tomasz Piwonski, Member, IEEE 



 2 

A. Design of the Laser 

Our design is a ridge waveguide laser that consists of six 

active sections – i) two Semiconductor Optical Amplifier 

(SOA) sections, ii) two slotted mirror sections with slightly 

different slot separations, iii) one gain section and iv) one phase 

section (cf. Fig. 1a). The epitaxial structure has been acquired 

from a commercial supplier and it is based on GaAs multiple 

quantum wells embedded in the AlGaAs barriers. The cross-

section view of the entire stack is shown in Fig. 1b. 

Fig. 1. (a) The proposed design of the six-section swept source laser with 

slotted mirrors (b) the cross-section view of the ridge depicting all the 
different layers and (c) the working of the slots in this design. 
 

Both SOA sections act as output power boosters or equalizers 

depending on the output power requirement of the laser. They 

can also play the role of a photodetector (PD) if required. 

Although all the sections provide certain amplification to the 

optical field inside the laser cavity, the gain section acts as the 

primary gain control element of the laser. The phase section, 

which is in principle, a shorter version of the gain section, is 

used to fine-tune the wavelength of longitudinal modes in the 

cavity by varying the current dependent refractive index of the 

section. The wavelength tuning of the laser utilizes the Vernier 

tuning method [22] which can be implemented by controlling 

the mirror sections. Each mirror consists of several equally 

spaced slots (Fig. 1c), which act as higher order surface gratings 

leading to the creation of reflection peaks at certain 

wavelengths. The reflectivity peaks also depend on the 

refractive index of the material. To implement the Vernier 

effect, the separation between the slots of each mirror is slightly 

different (Fig. 2d). As a result, just one pair of reflectivity peaks 

from the two mirrors overlap allowing only that corresponding 

wavelength [23] to travel back and forth in the optical cavity. 

The position of each reflectivity peak is controlled 

independently by changing the current flowing through the 

mirror sections. Also, to suppress unwanted reflections from the 

laser facets, both ends of the ridge waveguide are bent at an 

angle of 7° with respect to the facets with antireflection coatings 

applied. Additional slots have been incorporated in the design 

to electrically isolate the adjacent sections of the laser. 

B. Simulation and Optimization 

The optical properties of each section of the laser have been 

calculated using the commercial simulation software 

FIMMWAVE/FIMMPROP by Photon Design. These 

calculations have been performed at the cross-section of the 

waveguide by solving Maxwell’s equation using a finite-

difference eigenmode solver (FDM) in the simulation tool. 

Now, to ensure single transverse mode operation and determine 

the optimum ridge width and depth, the TE and TM modes have 

been calculated for GaAs/AlGaAs QW separate confinement 

heterostructure (SCH). According to our simulation, 2 µm ridge 

width and 1.7 µm ridge depth guarantee single mode operation 

thoughout the whole wavelength tuning range with sufficient 

reflection from the slots (Fig. 2(a, b)).  Additionally, we have 

also verified that the combined thickness of the active and 

waveguide layer of 0.25 µm ensures a single mode operation in 

growth direction with an optical confinement factor 

(Γ𝑇𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒) of 0.61 [24]. 

The spectral properties (amplitudes and wavelengths of 

reflectivity peaks) of the mirror sections have been calculated 

by using FIMMPROP eigenmode expansion (EME) tool. The 

tuning range (∆𝜆𝑇𝑢𝑛𝑖𝑛𝑔) of the laser depends on the free spectral 

range (FSR) of both the mirrors, which is the separation 

between the reflectivity peaks and can be represented by the 

following formula [25]: 

∆𝜆𝑇𝑢𝑛𝑖𝑛𝑔 =  
∆𝜆𝑓 ∆𝜆𝑏

|∆𝜆𝑓−∆𝜆𝑏|
            (1) 

where, ∆𝜆𝑓 and ∆𝜆𝑏  represent the FSR of the front and back 

mirror respectively which is calculated as follows [23]: 

 ∆𝜆𝑀𝑖𝑟𝑟𝑜𝑟 =
𝜆𝐶

2

2 𝑑𝑀𝑖𝑟𝑟𝑜𝑟 𝑛𝑒𝑓𝑓
           (2) 

where, 𝜆𝐶  is the central wavelength,  𝑑𝑀𝑖𝑟𝑟𝑜𝑟  is the separation 

between the slots of the mirror and 𝑛𝑒𝑓𝑓 is the effective 

refractive index of the waveguide. The FSR value is inversely 

proportional to the period of the slotted mirror and needs to be 

optimized considering the maximum shift of the reflectivity 

peak versus current and the maximum tuning range adjusted to 

the gain bandwidth of the material. Moreover, it also affects the 

side mode suppression ratio (SMSR) of the laser.  Reflectivity 

spectra of different slot geometries of the mirror have been 

simulated with different slot periods (including width and 

spacing). Another important parameter related to mirror 

geometry is the slot depth, as it directly affects the maximum 

achievable reflection of the mirror section [26]. Figure 2c 

depicts the exponential relationship between the amounts of 

reflection from the slots and their depth. To increase the 

reflectance without compromising the transmission, the whole 

p-emitter region has been etched leaving only a small residual 

layer of ~200 nm in the slot region. Finally, the total reflectivity 

of the mirror and the FWHM of the reflectivity peaks also 

depend on the number of slots in each mirror section. Increasing 

the number of slots leads to the increase in total reflection, 

however, at the expanse of the total device length. Considering 

the central wavelength of 850 nm, available gain bandwidth of 

40 nm and effective refractive index of the slot material as 3.33, 

several designs have been simulated and among them, the ones 

with slot periods of 38.75 µm and 36.1 µm (corresponding FSR 

values of 2.75 nm and 2.95 nm respectively) have been selected 

for fabrication for the tuning range of 40 nm which matches 

with the gain bandwidth of the material. As the tuning range of 

the device is limited to 40 nm by the material gain bandwidth, 

to achieve the wider tuning range complying with the 

requirement of a good SS-OCT system, electronic 

synchronization, and optical coupling of the two slotted lasers 

will be implemented in our future designs. The gain spectrum 

of these two multi-section lasers, each with a different epitaxial 

structure, would overlap partially to cover the whole tuning 
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range. The width of the slot has been chosen as 1 µm to ensure 

optical photolithography compatible fabrication process. To 

achieve stable single mode operation and sufficient optical 

feedback for laser operation, nine slots have been used in each 

mirror section. The simulated reflectivity spectrum obtained for 

both mirrors is shown in Fig. 2d. The overlapped reflectivity 

peaks (encircled in the figure) indicate the selected lasing 

wavelength. 

Fig. 2.  Simulation of the (a) propagation of the fundamental TE mode and 

(b) the confinement of the electrical field along the ridge. (c) Dependence 
of the reflectivity of a slotted mirror with 9 slots on slot depth. (d) The 

overlapped reflectivity profile of both the front and back mirrors. 
 

Another important parameter for the tunable laser 

performance is the tuning speed. A-kinetic semiconductor 

tunable lasers could provide high tuning speed as there are 

no moving parts. The wavelength sweep could be 

implemented using a multichannel Arbitrary Waveform 

Generator (AWG) with V-I converters. Commercially 

available swept source lasers have been shown to offer 

tuning speeds up to 200 kHz at different wavelength ranges 

(1550 and 1310 nm) [27]. 
 

III. FABRICATION 

In order to reduce the complexity, the device fabrication is 

entirely based on UV lithography and single material dry etch 

step. It neither requires any re-growth steps nor an expensive 

and time-consuming e-beam lithography process. All 

fabrication steps have been optimized to reduce the cost without 

compromising the performance. A silicon dioxide (SiO2) hard 

mask has been created using a very thin resist and vacuum 

contact to achieve 1 µm resolution. After that, the main pattern 

has been transferred from the hard mask onto the wafer through 

dry ICP etching. The etch depth and vertical sidewall profile are 

among the very critical parameters for laser performance. The 

recipe, based on BCl3 – Chlorine, has provided high-quality 

vertical sidewalls with minimal surface roughness. Also, an 

optical end-point detection system has been employed for real-

time monitoring of the etch depth. The images of the ridge and 

slot after etching are presented in Fig. 3 (c, d) showing very 

good smoothness and verticality of the sidewall profiles. After 

that, SiO2 has been deposited using PECVD as an isolating 

layer. To provide current injection, narrow portions of oxide 

along the ridge have been opened for metal contact deposition. 

To eliminate the residual reflections from the facets, they were 

anti-reflection coated using thermal evaporation. The quality of 

the whole fabrication has been inspected using the scanning 

electron microscope (SEM) after each step. The whole 

fabricated device and the SEM images of different sections are 

presented in Fig. 3. 

Fig. 3.  (a) Fabricated device with all six sections. (b)  Zoomed image of the 

M1 (back mirror) section showing the metal coverage and the ridge. After 

the material etch, the flat sidewalls of the (c) ridge and (d) slot. 
 

IV. DEVICE CHARACTERIZATION 

Initial electro-optic characterization of the cleaved laser 

chips has been performed using a probe station. Fig. 4 shows 

the block diagram of the experimental setup. 

Fig. 4. Block diagram of the experimental set-up for electro-optic 
characterization of the lasers. The “Laser Controller” refers to 6 independent 

current sources which separately controls each section of the laser. 
 

The temperature of the laser has been maintained at 20°C 

using a thermo-electric cooler. Each section of the laser has 

been driven independently by a dedicated current source. The 

output emission of the laser has been coupled into a single mode 

fiber through aspherical lenses and then delivered to an Optical 

Spectrum Analyzer (OSA). Both laser drivers and the OSA 

have been controlled by a LabVIEW program. 

 The current-voltage (I-V) curve of one of the fabricated 

lasers is shown in Fig. 5(a).  The series resistance Rs of ~5Ω is 

obtained from the gradient of the I-V curve. Together with the 

electrical isolation of 11kΩ between the sections, the good 

electrical performance of the devices is confirmed. Also, lasing 

with a stable single mode operation has been recorded with an 

SMSR value of 25 dB indicating proper operation of slotted 

sections (cf. Fig. 5b). The output power of the laser depends on 

the current combinations applied to different sections of the 

laser. When the front mirror is pumped with a lower current the 

crosstalk from the strongly pumped SOA is the largest. To 

avoid large thermal crosstalk the SOA current is reduced and 

therefore the output power is lower. Without crosstalk 

curtailments, the output power is 10 mW. Wavelength tuning of 

these lasers is realized by varying the front and back mirror 

currents which change the effective refractive index in turn 
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leading to the shift of the position of the reflectivity peaks of 

the mirrors. The initial results of tuning the laser are shown in 

Fig. 5c. The variation of the output power for the presented 

device shown in Fig. 5c can easily be adjusted by regulating the 

SOA drive current of the laser. Both continuous tuning and 

Vernier tuning has been observed within a small wavelength 

range (10 nm) due to thermal limitations. These thermal effects 

are predominant in our setup because of the inefficient heat 

dissipation from the unmounted laser chips associated with 

higher drive current for different sections. This restricts the 

maximum drive current for the mirror sections to 120 mA. 

These thermal limitations in the laser operation could be 

circumvented by mounting the laser chip onto a ceramic mount 

and by placing it in an enclosed butterfly package with a 

miniaturized thermoelectric cooler (TEC) and heat sink module 

for efficient heat extraction and dissipation. It can also reduce 

the thermal crosstalk between the sections. These 

improvements would substantially aid in enhancing the range 

of drive current for both the mirror sections and in turn increase 

the overall tuning range of the device. 

Fig. 5. (a) I-V characteristics of the fabricated laser diode. (b)  Laser 

emission at 876.2 nm. (c) Tuning of the laser with different front and back 
mirror current combinations. 

 

V. CONCLUSION 

In this work, we have presented simulation, fabrication, and 

initial electro-optic characterization results of a multi-section 

semiconductor laser with higher order surface gratings having 

a central emission wavelength near 850 nm. The laser has 

exhibited single mode operation with 25 dB of SMSR. Both 

continuous and Vernier tuning has been observed for a certain 

wavelength range. The laser performance can be further 

improved in terms of tuning range and SMSR values by 

mounting and packaging the laser chips to enhance their 

thermal performance and further optimization of the design 

parameters, particularly, the number of slots and their relative 

depth. 
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