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Chapter 1 
Introduction  

1.1. Optical coherence tomography 

Clear and informative images of the internal structure of elements of the 
human body are an important tool for successful medical diagnosis and treatment. 
Several diagnostic imaging techniques such as X-ray radiography [7], computed 
tomography (CT) [8], ultrasonic imaging [9] and magnetic resonance imaging 
(MRI) [11] have been developed over the past decades for medical as well as 
industrial applications. These techniques aim for different imaging applications 
depending on the specific requirements mainly on the imaging depth and resolution 
[13]. 

The optical tomography techniques are of great interest especially in the field 
of medical imaging. They can offer non-invasive high-resolution diagnostic images 
of human tissue. There are two major techniques of optical tomography: diffuse 
optical tomography (DOT) [15] and optical coherence tomography (OCT) [16]. 
OCT can have several specific advantages over other imaging techniques. In 
particular it has the advantage over X-ray based techniques of not being harmful to 
biological tissue and the OCT can be used both in vivo and in vitro. OCT also 
allows a high resolution (several microns or even sub-micron [18]) of the images 
compared to other mature techniques (including DOT). According to its 
micrometer resolution and millimeter imaging depth, the OCT can be used in 
diagnostic inspections, notably in ophthalmology [16] for obtaining detailed three-
dimensional images of the retina which other techniques cannot achieve. The high 
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resolution OCT can be used in other medical applications such as dermatology [19] 
and endoscopic biopsy [20]. OCT is also increasingly used in non-medical 
applications such as art conservation [21] and industrial metrology [16].  

The OCT imaging technique is developed from one-dimensional optical 
coherence domain reflectometry (OCDR) [22] which is commonly applied in 
optical fiber or waveguide based devices and which provides information on 
coherently backscattered light along the propagation of the mode of the light field. 
An image with details of e.g. tissue structure can be obtained by extending the 
OCDR technique to two or three dimensions through repetition of the one 
dimensional measurement over a raster of positions. The information on the 
position-dependent coherent backscattering strength is reconstructed by collecting 
all backscattered light. The intensity and phase information in the backscattered 
light is obtained in an interferometer system in which the reference light is a 
fraction of the input light. The basic scheme of an OCT system is depicted in Fig. 
1-1. The light source is guided to a Michelson interferometer. The output light 
from the source is directed to a beam splitter and the light is split over the two arms 
of the interferometer. One arm is the reference arm in which the light reflects on 
the reference mirror. In the other arm the sample that is to be inspected (e.g. a 
human eye) reflects the light. The backscattered light from the tissue then interferes 
with the reflected light from the reference mirror at the beam splitter. The 
information on the positions and intensities of reflections of the sample can be 
derived from the optical interference signal that is recorded using a photodetector. 
The choice of the light source and photodetector depends on the type of the OCT 
system. 

There are two main types of OCT: one is the time-domain OCT (TD-OCT) 
and the other is the frequency-domain OCT (FD-OCT). 

Reference mirror

Light source

Photodetector

Beam splitter

Tissue (e.g. eye)

 

Fig. 1-1. The schematic diagram of the basic OCT system. 
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In the TD-OCT, a broadband light source with a short coherence length is used 
in combination with a standard photodetector [16]. Because of the low coherence 
of the source, an optical interference signal is detected by the photodetector only 
when the path length difference between the reference mirror and the position of 
reflection in the sample is within the coherence length of the light source. The 
shorter the coherence length of the light source, the more precision of path length 
matching between the reference mirror and the sample is required. The one-
dimensional image along the depth in the sample can be obtained by scanning the 
reference mirror along the longitudinal direction at a certain speed and recording 
the received power using the photodetector at each scanning interval. The 2D or 3D 
imaging can be achieved by laterally scanning either the sample or the probe beam 
illuminating the sample. The major drawback of the TD-OCT is that the scanning 
speed is seriously limited by the moving mirror which has to be mechanically 
driven over a distance of several millimeters. The scanning speed of TD-OCT 
system is typically less than 1 kHz [23] which is not sufficient to be used for real-
time imaging.  

In the FD-OCT, the OCT image along the depth is obtained by performing an 
inverse Fourier transformation (FT) on the transmission spectrum of the 
interferometer. This spectrum can be obtained by either spectral domain OCT (SD-
OCT) or swept-source OCT (SS-OCT). The SD-OCT scheme utilizes a broadband 
light source as an input to the interferometer and the optical interference signal is 
spectrally resolved using a spectrometer. An inverse discrete FT (IDFT) is 
performed on the spectrum to reveal the intensities and positions of reflections in 
the sample. A grating together with a detector array (e.g., CCD camera) is 
commonly used as the spectrometer. The SS-OCT scheme uses a swept laser 
source instead of the broadband source and for the signal detection only a single 
photodetector is required. The wavelength of the laser is sweeping over the 
required spectral range and the photodetector records the interference signal 
intensity in time. From this spectrum the spatial information is then obtained in the 
same way as with SD-OCT. The FD-OCT has shown to be superior over the TD-
OCT. A sensitivity advantage of 20 – 30 dB for FD-OCT over TD-OCT has been 
demonstrated in [24]. The scanning speed of FD-OCT has also been demonstrated 
to be able to operate much faster than that of the TD-OCT [25], [26]. The main 
reason of the faster scanning speed for the FD-OCT is the instantaneous collection 
of all information along the depth in the frequency domain compared to the slow 
mechanical scan over the depth in time domain for TD-OCT. Among the two 
schemes of the FD-OCT, the major advantage of SS-OCT over SD-OCT is the 
lower sensitivity roll-off along imaging depth [27]. The sensitivity roll-off is the 
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decrease of the minimum detectable signal along the depth. This minimum 
detectable signal depends on the amount of power received and the resolution with 
which the spectrum is recorded. The deeper into the tissue the point of reflection 
lies, the smaller the detail in the interference spectrum is. The finite number of 
pixels (usually 1000 - 2000 pixels) in the camera-based spectrometer for the SD-
OCT limits the spectral resolution and therefor will deteriorate the information on 
the position of the reflection deep inside the tissue [28], [29]. A swept laser with a 
sufficiently narrow linewidth in an SS-OCT setup can produce a large number of 
wavelength samples over the entire tuning range (e.g., > 3000). The SS-OCT thus 
has the potential to achieve a higher imaging depth range and lower sensitivity roll-
off compared to SD-OCT. Furthermore the SS-OCT has a potential of simpler 
optical design and easier to be integrated compared to SD-OCT. The laser systems 
and photodiodes that are investigated and discussed in this thesis are designed to be 
suitable for the SS-OCT scheme.  

The tuning range of the swept laser source is important for the axial resolution 
of the images of the SS-OCT system. The axial resolution in free space (l ) of the 
OCT imaging is defined as [30] 

 
2
02 ln 2

 
 


l   (1-1) 

where 0 is the central wavelength and   the tuning range. Note that this 

equation is based on the assumption of a Gaussian spectral distribution of the laser 
tuning spectra. It can be seen that the axial resolution is mainly limited by the 
tuning range of the laser at a certain central operation wavelength.  

The coherence length of the swept laser source influences the sensitivity roll-
off of the OCT images [24]. The longer the coherence length is, the slower the 
sensitivity degrades along the imaging depth. The value of the coherence length 
should be chosen to at least meet the specific imaging application of the OCT (e.g., 
images of typically several millimeters in the tissue [31]). The relation between the 
coherence length and the full-width-at-half-maximum (FWHM) of the laser peak is 
given as follows [32] 

 
2
0

2cL



   (1-2) 

where   is the spectral linewidth of the laser (FWHM of the laser peak).  
The spectral sampling interval of the swept laser determines the maximum 

imaging depth in the following way [33] 

 
2
0

max 4
z




   (1-3) 
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where   is the spectral sampling interval (i.e., the wavelength tuning step) of the 

swept laser. A smaller   (the denser spectral sampling) could improve the image 
quality at deeper penetration in the tissue due to the more precise recording of very 
fine interference patterns.  

The operating wavelength region is also important for the performance of the 
OCT systems. Commonly used wavelength regions for imaging the retina are 
around 800 nm [34] and 1050 nm [35]. The wavelength region around 1300 nm has 
been used to obtain optical biopsy images without the need for excision [36]. The 
major limitation of the imaging depth that can be achieved with an OCT system is 
the scattering of the laser light in the tissue. The absorption of the light has less 
influence on the OCT signal than the scattering for the wavelength ranges 
mentioned above [36]. The coefficient for Rayleigh scattering in media however 
strongly decreases for longer wavelengths. This makes that the spectral range from 
1600 to 1800 nm which lies in between two strong water absorption bands (1400 – 
1500 nm and 1900 – 2200 nm [37]) is promising for application in OCT since a 
larger imaging depth should be achievable in biological tissue. The advantage of 
this 1600 to 1800 nm wavelength range has been predicted in several publications 
in which the studies of the wavelength-related scattering coefficients of tissues are 
presented [38], [39]. A predicted relation between the achievable imaging depth 
and the wavelength used is presented in Fig. 1-2 [2]. The required spectral 
bandwidth of the light source or the tuning range of the required swept laser scan to 
achieve a 10 μm depth resolution is also indicated in the figure.  

As can be seen from Fig. 1-2, a larger imaging depth (> 2.5 mm) can be 
achieved around 1700 nm compared to shorter wavelengths. The required 

 

Fig. 1-2. The calculated imaging depth (solid curve) and bandwidth (dashed curve) of 
the light source to obtain a resolution of 10 μm as a function of wavelength. Imaging 
depth is defined as the depth at which the signal contributions from single and 
multiple scattering to the OCT signal are equal. The figure is from [2]. 
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bandwidth of the light source is about 100 nm in order to maintain a 10 μm depth 
resolution. A comparative study of the OCT imaging depth between 1300 nm and 
1600 nm [40] has shown the improvement of imaging depth in the Intralipid 
solution by using the longer wavelength. Note that the choice of 1600 nm 
wavelength used in [40] is not optimal. In this study the wavelength range is 
mainly limited by the spectral response of the photodetector at longer wavelengths. 
The 1.7 μm wavelength has been introduced in a TD-OCT system with an all-fiber 
super-continuum source [41]. A 1700 nm light pulse with the temporal width of 
120 fs and the spectral bandwidth of 17 nm was generated by nonlinear effect in an 
anomalous-dispersion fiber with an ultrafast optical pump. The super-continuum 
wide-band light with a FWHM of 358 nm is obtained after the 1700nm light pulse 
passes through a high nonlinear fiber. This TD-OCT system has shown a 
penetration depth of about 2 mm into the biological tissue (e.g., beef tallow and pig 
tooth) with a resolution of 3.3 μm in tissue. A fiber-based super-continuum source 
at 1.7 μm was also applied in an SD-OCT system [42] to obtain deeper imaging in 
samples with a relatively low-water content (human tooth). The light is generated 
in a highly nonlinear fiber and has a FWHM of 210 nm and a high output power of 
500 mW. The advantage of enhanced imaging depth also has been demonstrated 
[43] in an SS-OCT system by using an external-cavity swept laser operating in the 
1.7 μm wavelength region. The laser employs a commercial semiconductor optical 
amplifier (SOA) chip as the gain section. The SOA chip has a nominal central 
wavelength at 1700 nm with a gain bandwidth more than 160 nm. One side of the 
SOA chip is high-reflection (HR) coated. This coating acts as one of the cavity 
mirrors. The other side of the SOA is anti-reflection (AR) coated. A grating in 
combination with a rotating polygon-based reflecting scanning filter (0.12 nm 
passband width) is used as the tunable intra-cavity filter [44] and second cavity end 
mirror. A pellicle beam splitter is inserted in the cavity as the output coupler of the 
laser. This external cavity swept laser can be operated at a sweeping speed of 50 
kHz over 160 nm wavelength band around 1700 nm. The average fiber-coupled 
output power is 6.3 mW. The laser has been used in an SS-OCT system for the 
imaging of several biological and phantom samples. The imaging results have also 
been compared to the 1.3 μm SS-OCT. An enhanced penetration depth using the 
1.7 μm light over 1.3 μm light has been demonstrated. 

The integrated photonic devices for SS-OCT in the 1.7 μm wavelength region 
that are the subject of this thesis are the tunable laser and the photodetector. The 
requirements on the performance of these devices are briefly introduced here. They 
will be discussed in more detail in the later chapters.  

The tunable laser should ideally be able to have a single-mode lasing peak 
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with a side mode suppression ratio (SMSR) of e.g., 20 dB. A stringent requirement 
on the spectral linewidth is that it should be less than 0.07 nm [45] which is 
equivalent to a coherence length of 6.5 mm (Eq. (1-2)). The output power of the 
laser should be higher than 5 mW. This is close to the maximum usable power 
level in OCT which is determined by thermal damage to the tissue due to light 
absorption. The output power levels of several commercial lasers for SS-OCT are 
15 mW for the Thorlabs SS-OCT system at 1.3 μm [46] and 10-20 mW for the 
Santec high speed scanning lasers [47] at 1.3 μm. The laser should be able to be 
tuned within a wavelength band of at least 100 nm around 1.7 μm (according to 
Fig. 1-2) with a scanning speed of 20 kHz over the entire tuning range. The 
commercial lasers can scan at 16 kHz for the Thorlabs SS-OCT system [46], 20-50 
kHz for the Santec high speed scanning lasers [47] and 100 kHz for the Topcon 
SS-OCT system [48]). A MEMS-VCSEL-based swept laser source for SS-OCT 
application is currently in development by Thorlabs and Praevium Research with 
the expected output power of 25 mW and scan rate of 200 kHz [49].  

The requirement of the photodetector should meet the performance of the 
tunable laser. High responsivity (> 0.5 A/W) as well as a flat spectral response 
around 1.7 μm wavelength region is desired. A low dark current is essential to 
achieving a high sensitivity of the OCT system. It should be kept lower than 30 nA 
which is comparable to the commercial photodetectors for OCT application [50]. 
The electrical bandwidth of the photodetector should be at least 100 MHz in order 
to time resolve the signals generated with the fast scanning of the laser (e.g., 20 
kHz with 1000 samples over the tuning range). 

1.2. Integrated optics for OCT 

Most of the OCT systems developed so far are realized using bulk-optical 
components or fiber-optic components. These systems have two main 
disadvantages. The first is that packaging of each individual optical component 
brings significant production cost. The second is the relatively large device size. 
Several efforts have been made and are under way to improve this through the 
development of specific integrated optical devices and components for application 
in OCT. 

An integrated spectrometer for SD-OCT has been designed and fabricated at 
the University of Twente and its use in OCT has been studied at the Academic 
Medical Center of the University of Amsterdam. The spectrometer was based on an 
arrayed waveguide grating (AWG) optimized for 1300 nm wavelength; it was 
realized in SiliconOxyNitride (SiON) technology and used in a fiber-based SD-
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OCT system [51]. The detection of the spectrum at the output of the spectrometer 
still relies on discrete lens and a commercial line-scan InGaAs camera. The AWG 
had 195 channels with channel spacing of 0.4 nm. The reported imaging depth was 
about 1 mm which is mainly limited by the limited number of output waveguide of 
the AWG. A similar design of a SiON AWG spectrometer for both 800 and 1300 
nm wavelength SD-OCT has been reported in [52]. Both AWGs have been 
demonstrated in a free-space Michelson interferometer with two mirrors. A signal-
to-noise ratio (SNR) of 75 dB was achieved in the setup for both AWG 
spectrometers. The influence of polarization diversity of the integrated 
spectrometer to the performance of the OCT has been studied at University of 
Twente [53]. The polarization diversity will result in a wavelength difference for 
two polarizations in the output waveguide of the AWG. This will deteriorate the 
SNR of the images. The two polarizations create a beating like effect in the 
recorded spectra which also affects the sensitivity roll-off. The structure of the 
SiON waveguide has been optimized to minimize the polarization dependence of 
the AWG. The use of such an AWG has been reported [53] for one-dimensional 
spectral domain OCDR. OCDR can be easily upgraded to SD-OCT with two or 
three dimensions. The beating effect between two polarizations on the sensitivity 
roll-off has been relieved by the polarization insensitive design of the AWG. The 
signal depth of the Michelson interferometer has also been improved from 1mm to 
more than 3 mm by cleaving off the output waveguides of the AWG and collecting 
the light directly at the output plane of the free propagation region (FPR). A 
spectrometer with cascaded AWG scheme [54] has also been developed to 
demonstrate its potential of improving the overall free spectral range (FSR) and 
resolution of the device. The flat-top transmission of the channels is realized by a 
Mach-Zehnder interferometer at the input of the coarse AWG. The lossless and 
broadband flat-top design could be beneficial for overcoming the loss non-
uniformity of the passbands. The AWG spectrometers developed so far are mainly 
based on low-contrast waveguide platform which results in relatively large device 
sizes (several cm × several cm). The integration of a broadband source, 
interferometer and the AWG spectrometer has not been reported so far.  

Efforts also have been made on integration of the interferometer used in the 
OCT system. The use of an integrated interferometer was first reported by 
researchers at the University of Dortmund [55]. Eight Michelson interferometers 
based on glass waveguides were fabricated in parallel in a single chip. The devices 
were successfully used in a TD-OCT system for skin imaging. The Academic 
Medical Center in Amsterdam has presented an integrated interferometer [1] for 
SS-OCT system with balanced detection at 1300 nm. The device was fabricated on 
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the TriPleXTM technology platform [56] which offers low-cost and low-loss optical 
passive waveguide devices. The first directional coupler in the integrated 
interferometer splits the light from the tunable laser into the sample arm which 
illuminates the sample with a discrete lens. In the reference arm, the light passes 
through a 180˚ bend and interferes with the reflected light from the sample arm in 
the second directional coupler. The interfered light is then detected by balanced 
detectors at the two outputs of the second coupler. The schematic diagram of the 
SS-OCT system utilizing this integrated interferometer is shown in Fig. 1-3 [1]. 
The OCT imaging experiment on a glass plate shows an SNR of 66 dB. The 
performance of the system is limited by the coupling loss between chip and fiber 
and the fabrication uncertainty of the coupling ratio in the directional couplers. The 
TriPleXTM technology used however makes that only passive components can be 
integrated and further integration with lasers and detectors is difficult. The 
possibility of using an integrated interferometer for SS-OCT on a silicon-on-
insulator (SOI) platform has been studied at Ghent University [57]. The proposed 
interferometer consists of two grating couplers (one for the input from a tunable 
laser and one for the output to a photodetector), and a multimode interference 
(MMI) coupler as the beam splitter. The reference arm is realized by a waveguide 

 

Fig. 1-3. The schematic diagram of the experimental setup used for the integrated-
optics-based SS-OCT [1]. 

SiO2 buffer layer

Si waveguide

Dry etched facet

 

Fig. 1-4. The simple diagram of the waveguide-air mirror used in the SOI-based 
interferometer. 
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delay line with a dry-etched silicon-air interface as the mirror. A simple diagram of 
the waveguide-air mirror is depicted in Fig. 1-4. The waveguide is adiabatically 
tapered to a wider width in order to increase the modal reflectivity of the interface. 
The light from the sample arm is collected by a discrete lens. The SS-OCT system 
with this integrated interferometer has only 25 dB SNR due to the relatively high 
waveguide loss and low coupling efficiency of the grating couplers. 

Most OCT setups use an optical lens to focus the optical beam from e.g. a 
single mode fiber onto the sample. In this way a higher optical power density on 
the spot can be obtained. Moreover the lens can collect more scattered light from 
the sample within the numerical aperture (NA) of the lens. The use of optical lens 
can thus improve the SNR of the OCT images. On the other hand, the lens will 
limit the imaging depth. Only the light reflected from a certain depth range, 
typically the Rayleigh range around the focal point can be collected by the lens. 

The solutions to integrating the focusing component together with other 
integrated components in the OCT system have been proposed by several research 
groups. The integrated focusing component can be used to replace the discrete lens 
which focuses light from the sample arm on the tissue. Researchers in Academic 
Medical Center in Amsterdam and University of Twente have developed SiON 
integrated elliptic couplers for OCT application [58]. The light enters into the 
elliptic coupler will be re-focused at a certain distance away from the output facet. 
The major limitation of this design is that only one dimension of the optical mode 
can be focused. It cannot completely replace the function of the lens. The devices 
were optimized for 1300 nm wavelength band and a beam waist of about 10 μm at 
the focal plane (530 μm from the output facet) was achieved. The sensitivity roll-
off was significantly improved by using the elliptic coupler compared to straight 
waveguide output. Researchers in University of Twente have proposed polymer 
microlenses integrated with SiON waveguides [59] which have the potential to be 
used for OCT. The fabrication of the microlens starts with an isotropic wet etching 
to form a hole into the waveguide structure at the position where the microlens is 
desired. The hole is then filled with polymer. The spherical lens can be obtained by 
performing a reflow process to the polymer at certain temperature. The simulated 
focused beam has a diameter of about 45 μm at 2.5 mm from the center of the lens. 

The possible solutions for a fully integrated OCT system have been proposed 
[60] for the SOI technology platform (Gent University). Designs for both SD-OCT 
and SS-OCT schemes were presented with active devices (tunable laser, super 
luminescence diode, photodetectors, etc.) which have to be bonded onto SOI 
passive waveguides. No successful realization of either active or passive 
components in the proposed OCT schemes has been reported so far.  



 

  

Introduction

11 

1.3. Overview of the previous generation tunable 
laser for SS-OCT 

A tunable laser for SS-OCT has been previously proposed and successfully 
demonstrated in our group [3]. It is the first integrated tunable laser for SS-OCT 
application in the 1.7 μm wavelength region to our knowledge. The basic 
schematic diagram of the laser is depicted in Fig. 1-5(a). The realized layout of the 
laser structure is shown in Fig. 1-5(b) [3].  

The tunable laser is based on a ring cavity with a 3 dB coupler to couple the 
laser light out. The device uses all shallowly etched ridge waveguides in active-
passive integration technology. In order to increase the output power, a loop mirror 
[61] is connected to one of the coupler output to force the light propagates 
unidirectionally. 

The optical gain in the tunable laser is provided by 8 mm-long InAs quantum 
dot (QD) amplifiers. The QD amplifiers are based on five-layer InAs QDs on GaAs 
monolayers. The QD active layers are inserted in the center of the waveguiding 
layer of a shallowly etched ridge waveguide. The modal gain from this QD 
amplifier has been measured in [5] at a number of injected current densities. The 
tunable laser consists of three QD amplifiers where two amplifiers are in the ring 

Optical amplifiersTunable optical filters 

outputmirror (a) 

output

QD amplifier #1

QD amplifier #2

Output QD amplifier

Tunable high 
resolution filter

coupler

Tunable low 
resolution filter

Loop
mirror

(b)  

Fig. 1-5. (a) The basic schematic diagram of the tunable laser previously 
developed in our group. (b) The realized layout of the laser structure [3]. 
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cavity to provide sufficient optical gain over passive loss and one amplifier is 
connected to the output port of the coupler to further amplify the lasing power. 

The tuning of the laser is realized by inserting two tunable filters in the ring 
cavity [62]. The high resolution (HR) filter is based on AWG with 10 nm FSR and 
0.5 nm FWHM of the passband while the low resolution (LR) filter is based on 
MMI-tree with 200 nm FSR and 25 nm FWHM of the passband. The MMI-tree 
filter uses 1×2 MMI couplers to split light into arrayed waveguides and recombine 
the light from each arm [62]. The HR filter selects about three ring cavity modes in 
the passbands and suppresses the modes outside the passbands. The LR filter 
selects the correct passband of the HR filter and suppresses other passbands located 
10 nm away. Both filters have 5 mm-long phase modulators (PHMs) on all the 
arrayed waveguides to enable the tuning function. 

A P-I measurement of the laser showed that it was operating just above 
threshold. The threshold was at a total of 1.5 A injection current for the two intra-
cavity amplifiers and the laser was operated at 2 A total injection current. This is 
mainly due to the relatively low modal gain by the QD amplifiers while high 
passive loss (25-30 dB) existed. The resulting output power was 0.25 mW at 
maximum for the center wavelength and 0.1 mW on average. A tuning range of 60 
nm around 1700 nm could be achieved with about 0.1 nm tuning accuracy. The 
performance of the device has been demonstrated in a free-space Michelson 
interferometer setup. 

In Chapter 2, the tuning principle of the laser and the results obtained will be 
reviewed. The laser was used in a free-space OCT setup for OCT test imaging 
experiments. Important issues and aspects for the laser will be addressed. 

1.4. Thesis outline 

The research work towards a monolithically integrated SS-OCT system in 1.6 
to 1.8 μm wavelength region is presented in this thesis and is organized as follows: 

Chapter 2 firstly reviews the tuning principle and calibration routine of the 
tunable filters used in the tunable laser. Then the tuning results of the previously 
developed QD tunable laser are briefly presented. Several important aspects and 
issues which have been discovered during the calibration of the filters and tuning 
of the laser are discussed. The chapter further presents a basic OCT setup 
incorporating the previously developed QD tunable laser. The preliminary OCT 
imaging experiments are performed on a glass dish and a 3-layer Scotch® tape. The 
successful imaging experiments demonstrate the feasibility of the QD tunable laser 
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to be used in an SS-OCT system. The important aspects and issues with respect to 
the influence of performance of the laser and photodetector used in the setup to the 
imaging quality are highlighted. 

Chapter 3 is an overview of the active-passive integration technology to 
fabricate the integrated photonic devices in this thesis. The QD and QW active 
materials for the 1.7 μm wavelength band are compared and discussed. Several 
different active-passive schemes are also briefly discussed. The use of standard 
butt-joint active-passive integration technology as well as a slight modification for 
1.7 μm wavelength is introduced. The chapter continues with the detailed 
explanation of the layerstack of the active-passive wafer and the step-by-step 
fabrication process. Several issues that have been discovered during the cleanroom 
processing are discussed. The origin of the issues as well as their influence to the 
device performance and possible solutions are presented.  

Chapter 4 is motivated by the OCT imaging experiments in Chapter 2 during 
which issues on the performance of the original QD tunable laser were discovered 
and analyzed. The purpose of the characterization of a tunable laser with QW 
amplifiers was to study the influence of the gain material on the performance of the 
laser. The much higher gain value from the QW amplifiers resulted in several 
improvements on the laser performance (e.g. the reduced threshold current, the 
increased output power and the improved switching time). Moreover, the tuning 
range of the QW laser was limited by the gain difference between two adjacent HR 
filter passbands and the suppression provided by the LR filter. This experiment 
motivated the work on the characterization and analysis of a new single-layer QD 
gain material (see Chapter 6) with both high gain and wide gain bandwidth. The 
analysis of the tuning range also motivated the development of an improved LR 
filter. A new QD tunable laser is presented with an improved MMI-tree-based LR 
filter to extend the tuning range and a re-designed waveguide layout to increase the 
optical power. The optical feedback scheme was also modified to achieve a more 
efficient unidirectional operation. The laser design is analyzed by using a 
segmented ring laser model. New laser devices were fabricated and the preliminary 
characterization results are presented. 

Chapter 5 presents the characterization and modeling of QD waveguide 
photodetectors. Motivated by the relatively poor performance of commercially 
available photodetectors a few years ago in 1.6 to 1.8 μm wavelength region, the 
waveguide type photodetectors based on five-layer QD active material have been 
characterized. It was demonstrated that such photodiodes can meet the 
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requirements to be used in long wavelength SS-OCT systems. A modified rate 
equation (RE) model is set up to simulate the carrier dynamics and physical 
parameters of the QD photodetectors. The RE model has explained the length-
dependent responsivity and predicted the spectral response of the QD 
photodetectors well. An equivalent circuit model is also applied and fitted to the 
measured electrical bandwidth of the devices. Through the use of this model the 
major limit of the bandwidth was found to be the capacitance of the metal contact. 
Further improvement is also suggested in the chapter. 

This chapter has been published as a journal paper with the following title:  
Y. Jiao, B.W. Tilma, J. Kotani, R. Nötzel, M.K. Smit, S. He and E.A.J.M. Bente, 
“InAs/InP(100) quantum dot waveguide photodetectors for swept-source optical 
coherence tomography around 1.7 µm,” Optics Express, 20(4), 3675-3692, (2012). 

Chapter 6 contains the description of the fabrication, characterization and 
modeling of new single-layer InAs/InP(100) QD amplifiers. The InAs QDs are 
grown on top of a thin InAs QW layer. The measurement shows a higher modal 
gain than the previously used five-layer QDs. An improved RE model is applied on 
the single-layer QD to understand the mechanisms which cause the blue shift of the 
peak gain wavelength when current density increases and temperature drops. The 
carrier injection efficiency is introduced in the model and several parameters are 
modified to be temperature dependent in order to obtain good fit to the measured 
gain spectra. The new single-layer QD amplifiers are good candidate to be used in 
the next-generation QD tunable laser and QD photodetector for SS-OCT systems in 
1.6 to 1.8 μm wavelength region. 

This chapter has been published as a journal paper with the following title:  
Y. Jiao, P.J. van Veldhoven, E. Smalbrugge, M.K. Smit, S. He and E.A.J.M. Bente, 
“Measurement and analysis of temperature-dependent optical modal gain in single-
layer InAs/InP(100) quantum dot amplifiers in the 1.6 to 1.8 μm wavelength 
range,” IEEE Photonics Journal, 4(6), 2292-2306, (2012). 

Chapter 7 starts with a brief overview of the research work presented in this 
thesis. Further developments in the future regarding the performance improvement 
of the tunable laser and photodetector as well as the study of integration with 
passive interferometer components are suggested. Two possible schemes for the 
monolithically integrated SS-OCT system are proposed at the end of the chapter.  
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Chapter 2 
Tunable laser for SS-OCT – 

characterization and imaging experiments 

Abstract: In this chapter the feasibility of the swept-source optical coherence 
tomography (SS-OCT) in the 1.6 to 1.8 μm wavelength range using a previously 
developed integrated quantum-dot (QD) tunable laser is demonstrated. The tuning 
principle of the QD tunable laser is reviewed. Several practical issues during the 
calibration and actual tuning of the laser are discussed. The laser is then used in a 
free-space SS-OCT setup. The primary OCT imaging has been obtained for a glass 
slide and a sample consisting three layers of Scotch® tape. The issues that are 
observed during the imaging experiments and the motivations for the further 
research work presented in this thesis are discussed in detail. 

2.1. Introduction 

As has been discussed in Chapter 1, the 1.6 to 1.8 μm wavelength range is 
assumed to be advantageous over shorter wavelengths such as 0.8 or 1.3 μm in 
terms of being able to achieve a larger imaging depth in biological tissue with an 
optical coherence tomography (OCT) system. The advantage of the 1.6 to 1.8 μm 
wavelength range has been predicted on the basis of studies on the light scattering 
coefficients of skin [38] and adipose tissues [39] as well as experimental studies in 
Intralipid solution [40] at different wavelengths. In a recent publication [43] the 
increase in imaging depth using 1.7 μm wavelength light over 1.3 μm has been 
experimentally demonstrated in phantoms and biological tissues with an SS-OCT 
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system using an external cavity tunable laser. The disadvantage of using the 
external cavity tunable laser is its cost and reliability. This is caused by the 
difficulty of precise alignment of discrete components such as the semiconductor 
optical amplifier (SOA), lenses and in particular the tuning element with a grating 
and a fast rotating mirror. The efforts on the monolithic integration of all laser 
components will be of great importance in reducing the cost for assembly and 
packaging of the swept laser as well as increasing the reliability. 

Reliable integrated tunable filters on the InP semiconductor platform have 
been proposed and experimentally demonstrated [62] in the swept laser for SS-
OCT that is depicted schematically in Fig. 1-5. The high-resolution (HR) filter 
which was realized using an arrayed waveguide grating (AWG), selected a 
maximum of 3 cavity modes of the laser cavity. The low-resolution (LR) filter was 
realized by an MMI-tree filter. It was designed to suppress all the passbands of the 
AWG HR filter around the central lasing channel. The layouts of the waveguides of 
the HR and LR filters and the laser are depicted in Fig. 2-1. The tuning of the 
filters is realized by voltage control [61] of the 5 mm-long electro-optic phase 
modulators (PHMs) in the arrayed waveguides of the two filters. In this way the 
filters can be successfully tuned over a 60 nm wavelength band around 1.7 μm with 
a resolution of 0.1 nm (1 % of the free spectral range (FSR)) for the HR filter and 9 
nm (4 % of the FSR) for the LR filter [62]. 

The integrated tunable laser for SS-OCT has also been fabricated and 
demonstrated [3]. The laser is based on a ring cavity containing two quantum dot 
SOAs (QD-SOAs) at 1.7 μm [5] as the gain sections and HR and LR filters as the 

Fig. 2-1. The layouts of the tunable laser with the HR and LR filters. The monitor 
output of the HR filter for the calibration measurement and the test QD amplifiers for 
modal gain measurement are indicated.  
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tunable wavelength-selective filters. The laser chip is mounted on a copper chuck. 
The PHMs of the laser are wire-bonded to a print circuit board (PCB) which is 
connected to an analog waveform generator to control the voltage on each PHM. 
The details on the chip mounting and the measurement setup are presented in 
Chapter 3. The laser shows a tuning range of 60 nm and a scan repetition rate of 
0.5 kHz with 4000 steps in a single scan. The laser has been incorporated in a free-
space Michelson interferometer with one fixed mirror and one moving mirror for 
measuring the effective linewidth which was determined to be 0.11 nm [3]. The 
reflection peak from the movable mirror can be clearly seen until the arm length 
difference in the interferometer is as large as 7 mm. But no imaging experiments 
using this integrated QD tunable laser have been reported yet.  

In this chapter we first review the procedure and issues of the calibration and 
actual tuning of the laser in Section 2.2. Then in Section 2.3 we report on OCT 
imaging results using this laser and a free-space Michelson interferometer. The 
issues that came up during the imaging experiments are discussed in Section 2.4. 
The chapter ends up with the motivation and introduction of the further work in 
this thesis. 

2.2. Characterization of the QD tunable laser 

In this section the tuning principle and calibration method of the two tunable 
filters in the laser is briefly introduced. The performance of the tunable laser is then 
reviewed. The important aspects and issues observed during the calibration of the 
filters and tuning of the laser are discussed. 

2.2.1. Calibration of tunable filters 

The central wavelength c  of the HR or LR filters can be expressed as [63] 

 eff
c

L N

m


 
  (2-1) 

where L  is the path length difference of adjacent arrayed waveguides, 
effN the 

effective refractive index of the arrayed waveguides, m the diffraction order of the 
filter. From this equation it can be seen that a change of the path length difference 

L will cause a shift of the central wavelength c  of the filters. The path length of 

the i-th arrayed waveguide is defined as 

 , 1,2,...
PHM PHM eff

i i iS L N i n    (2-2) 

where i=1 corresponds to the innermost PHM with shortest waveguide length and n 
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the total number of arrayed waveguides. In order to obtain a certain change of the 
path length difference, a reverse-bias voltage will be applied on the PHMs to 
increase the effective refractive index 

eff

iN of the i-th waveguide. The change of the 

path length due to reverse-bias voltage for i-th waveguide can be expressed as 

 ( ) ( )
PHM eff

i i i
PHM i iS V L N V    (2-3) 

where ( )
eff

i
iN V  is the effective index change due to applied voltage. On the 

other hand, this path length change i
PHMS  must be linear with respect to i  

 ( )i
PHM iS V i S    (2-4) 

in order to guarantee the constant path length difference between adjacent arrayed 
waveguides. The path length change i

PHMS  can also be represented by the phase 

change of the light wave travelling in the waveguide 

 ( )i
PHM iV i     (2-5) 

The relation between the linear phase change   and the shift of central 

wavelength is expressed as 

 
2c FSR

 



    (2-6) 

where FSR  is the FSR of the filter. In order to tune the central wavelength to a 

desired value, the linear phase change   can be determined by Eq. (2-6) when 

the target wavelength is given. Thus the total phase change ( )i
PH M iV for i-th 

arrayed waveguide can be determined by Eq. (2-5).  
The relation between total phase change ( )i

PH M iV and reverse-bias voltage 

can be described by a quadratic polynomial function [45] 

 2( )i
PHM i i iV aV bV c     (2-7) 

where a and b are the quadratic and linear phase change due to the electro-optical 
effects in the PHMs [61], and c the zero-voltage phase error due to non-uniformity 
of the layer stack and fabrication imperfection. These parameters are dependent on 
the wavelength. Thus the central wavelength of the filter can be tuned to the target 
as long as the a, b and c values are known for that wavelength. The phase change 
for each arrayed waveguide ( )i

PH M iV  is truncated to modulo 2π in order to 

keep the calculated voltage value within the limited tuning range (0 V to 10 V). 
The limit of the phase change does not influence the transmission of the AWG at 
the central wavelength, but can introduce the less-optimal constructive interference 
at the wavelengths in other passbands which are not important for the laser. By 
setting proper voltage values on each PHMs, the correct central wavelength can be 
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derived by Eq. (2-6) and (2-7). 
The method to determine a, b and c values for a set of wavelength samples is 

described in detail in [45]. The relation between phase and bias voltage for a 
particular wavelength can be determined for each PHM by scanning one particular 
PHM over a range of bias voltages and measuring the optical transmission of the 
filter at that specific wavelength. The transmitted optical power will vary since the 
contribution of the particular PHM to the filter will vary between constructive and 
destructive interference when the bias voltage is scanned. The optical power 
variation can then be expressed as a function of bias voltage 

 2cos( )i iP A C aV bV c      (2-8) 

where P is the measured optical power, A the mean output power and C the 
modulation of optical power due to phase shift of the PHM. 

The calibration procedure of the filters in the integrated laser uses an 
automatic measurement routine. In the procedure one of the two QD-SOAs in the 
laser is switched on to act as an ASE broadband light source. The transmitted 
optical power through the filter is recorded using a spectrum analyzer. The 
automatic routine scans the voltage (0 V to -7 V in 0.1 V step, that corresponds to 
at least a 2π phase shift) on a single PHM and records the optical power at the 
central wavelength of the passband of the filter. The a, b and c are calculated for 
the specific wavelength by applying a least squares fitting of Eq. (2-8) to the 
measured optical power. The same procedure is applied to each PHM respectively 
for a set of sampling wavelengths such that a map of a, b and c values are obtained 
for every PHMs and every sampling wavelength. When the laser is switched on 
and when a particular wavelength is required, the filter is being tuned using this 
map to translate the phase setting requirements as given in Eq. (2-6) and (2-7) into 
voltage values for each PHMs.  

2.2.2. Performance of tunable laser 

After the tunable filters being fully calibrated, the laser can be tuned 
continuously over a wide spectral range. The voltage values on all PHMs should be 
calculated from the calibration data in advance for each of the tuning wavelength. 
The application of voltages on 36 PHMs in total is realized using 36 parallel 100 
MHz analog waveform generators. The two QD-SOAs in the laser cavity are 
injected with a current of 1 A in each amplifier. The QD-SOA at the output of the 
laser is also injected with a current of 700 mA to further amplify the optical power.  

The tunable laser can be tuned in 4000 steps (0.015 nm/step) from 1685 nm to 
1745 nm. The lasing spectra when the laser is tuned in 1 nm step over the 60 nm 
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tuning range is shown in Fig. 2-2 [3]. The lasing wavelength is tuned from one 
value to the next within 500 ns. The sweeping speed is thus 30000 nm/s and the 
maximum sweep repetition rate is 0.5 kHz. 

 

Fig. 2-2. The lasing spectra when the laser is tuned in 1 nm step over the 60 nm tuning 
range [3]. 

2.2.3. Important aspects and issues 

The calibration routine for the HR and LR filters and the tuning results of the 
laser are described in detail in [3, 45, 62]. Important aspects and issues that emerge 
during the calibration of the filters and tuning of the laser are highlighted and 
discussed here. 

 Calibration sequence of the PHMs in the AWG 
When initially the calibration data are not available (and e.g. 0 V is applied on 

all PHMs of the AWG), the total transmission of the AWG will be less than 
optimal due to the unpredictable zero-voltage phase errors in the PHMs (parameter 
c in Eq. (2-7)). The output power of the non-calibrated laser will be much lower 
than that of the calibrated laser due to the extra loss caused by phase errors in the 
filters. The centermost arrayed waveguide of the AWG will carry more optical 
power than other waveguides. The calibration of the centermost PHM allows for 
the correcting of its phase error with respect to the light from the other waveguides. 
This correction will improve the transmission of the AWG most significantly. The 
calibration and phase error correction of the outermost PHMs will lead to a much 
smaller improvement in the total transmitted power due to the much lower optical 
power carried in them. The optical power in the outermost PHM is calculated to be 
less than 2 % of the optical power in the centermost PHM using a simplified 
Fourier-optics model for the AWG [64]. Thus, after the improvement of 
transmission of AWG by correcting the phase error of the centermost PHM by 
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applying a voltage, more transmitted optical power can be obtained. This helps the 
calibration and fitting accuracy of the outermost PHMs which carry the least 
optical power. To illustrate this, the measured optical power transmitted through 
the AWG at 1796.84 nm as a function of reverse-bias voltage on the PHM in the 
shortest, innermost arm of the tunable AWG with 0 V applied on all other PHMs is 
shown in Fig. 2-3(a). The result of the same calibration measurement of the same 
PHM after all the other PHMs having been calibrated and their relative phase offset 
being corrected is shown in Fig. 2-3(b). The fitted curves (from Eq. (2-8)) are also 
shown in the figure. It can be seen from the difference in signal quality of the two 
data sets that the sequence of the calibration is very important for the accuracy of 
the fitting. As a result, the calibration routine of the tunable AWG should start from 
the centermost PHM and then move outward symmetrically to the outermost and 
innermost PHMs. 

For the LR filter (MMI-tree filter), the optical power in each waveguide of the 
array is equal in principle due to the 50/50 splitting of the MMI splitters. Thus the 
calibration sequence of the PHMs does not influence the accuracy of the resulting 
calibration. 

 Calibration wavelength interval 
In the calibration routine for the HR filter (AWG filter) as presented in [62], 

the calibration is performed at a set of sampling wavelengths which were chosen 
exactly at the peaks of the passbands of the AWG. In other words, the sampling 
wavelengths were separated by the FSR (10 nm) of the AWG. This was for 
sufficient optical power for the measurement at the peak of the passbands. To tune 
to wavelengths in between, the phase modulator parameters were extrapolated from 
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Fig. 2-3. The measured optical power transmitted through the AWG at 1796.84nm as 
a function of reverse-bias voltage on the innermost PHM of the AWG when (a) the 
calibration is performed when all the other PHM voltages are set at 0V; (b) the 
calibration is performed after all the other PHMs are calibrated and each of the phase 
offset is corrected. Fitted curves are shown as the continuous grey lines. 
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the nearest available wavelength. It was found that the detuning of the actual 
wavelength with respect to the target wavelength showed a periodic behavior with 
a periodicity of the FSR of the AWG [62]. This periodic detuning determined the 
tuning accuracy of the laser.  

The wavelength interval for the calibration can be set up to be smaller (e.g., 5 
nm) to improve the tuning accuracy. Note that the optical power is very low 
outside the AWG passbands. Thus an initial coarse calibration (e.g., 0.5 V/step) is 
required. The optical power will increase significantly at the wavelengths required 
after the coarse calibration. The AWG passband can then already be shifted to the 
calibration wavelength but the optical power is not optimal due to the coarse 
voltage step used in the initial calibration. A second fine calibration with a voltage 
step of 0.1 V/step is then carried out to obtain accurate a, b and c values. This 
method has been used on the calibration of a quantum well (QW) tunable laser 
which has tunable filters and cavity identical to the QD tunable laser. A wavelength 
interval of 5 nm was used for the calibration of this QW laser instead of 10 nm for 
the QD laser. The tuning of the HR filter in the QW laser using the improved 
calibration method showed a wavelength accuracy of ± 0.05 nm with respect to the 
target wavelength compared to the ± 0.1 nm for the HR filter in the QD laser. 
Further details on this calibration and the QW laser are presented in Section 4.2.4 
in Chapter 4. However, it is obvious that the improved calibration method is more 
time consuming. The calibration time is at least doubled by using 5 nm wavelength 
interval compared to the original method using 10 nm wavelength interval when 
calibrating the same wavelength band. 

 Calibration of the LR filter under lasing condition 
The calibration of the LR filter (MMI-tree filter) is less straightforward than 

that of the HR filter since the LR filter is located in between two QD-SOAs. The 
tuning range of the filter is of the same order as the bandwidth of the ASE and gain 
spectra of the amplifiers. There is also no monitor output for the LR filter as can be 
seen from Fig. 2-1. Thus in order to calibrate this filter, one QD-SOA was used as 
the broadband light source while the other QD-SOA (the output amplifier) was 
operating above transparency to enable the light to pass through to the main laser 
output waveguide [62] (see Fig. 2-1). The shape of the spectrum that can be 
measured this way contains the information on the passband of the LR filter plus 
the wavelength dependency of the optical gain and the ASE contribution from the 
output SOA as well as the ASE from the SOA inside the laser cavity. Since these 
different contributions cannot be separated the tuning accuracy that can be 
achieved for the LR filter is much lower than that of the HR filter. 

As can be seen in Fig. 2-4(a), the tuning range of the laser is limited (less than 
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40 nm) when using the calibration results obtained with the ASE as the light source 
and estimating the distorting effects of the amplifiers. In the wavelength regions 
below 1710 nm and above 1740 nm, hops in the actual laser wavelength of 
approximately 10nm are observed. This wavelength hop which corresponds to the 
FSR of the HR filter is mainly due to the inaccuracy of the calibration of the LR 
filter. The suppression of the central AWG passband in the HR filter to the 
neighboring passband by the LR filter is less than 2 dB. When the LR filter cannot 
compensate the slope of the optical gain as designed due to the tuning inaccuracy, 
the neighboring passband of the AWG will start to dominate and lase. 

The tuning range can be improved by a second calibration routine on the LR 
filter at the lasing condition. First both the HR filter (already calibrated) and the LR 
filter (already calibrated once using the ASE) are tuned to the required calibration 
wavelength and the laser is operated well above threshold. The voltage on each 
PHM of the LR filter is scanned one by one and the optical power at the target 
wavelength (i.e., laser peak) is monitored by the optical spectrum analyzer (0.2 nm 
resolution) as a function of the bias voltage. Clearly the relation between optical 
power and bias voltage expressed in Eq. (2-8) is no longer valid under lasing 
conditions. However the periodic change of optical power as the bias voltage 
increases still can be observed because of the constructive and destructive 
interferences during the tuning of a PHM. It is obvious that the maxima in the 
periodic optical power correspond to the phase change of 0 or multiple of 2π in the 
PHM. The voltage value that provides the highest laser power (one of the maxima) 
is recorded. This is the so-called optimized voltage. Thus for each calibration 
wavelength, one optimized voltage is obtained for one PHM. In most of the cases, 
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Fig. 2-4. (a) The actual lasing wavelength versus the target wavelength using the 
initial and improved calibration value sets of the LR filter. (b) The optimized voltage 
values as a function of the calibration wavelength for 3 typical PHMs (#2, #4 and #8) 
of the LR filter. 
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the lowest voltage value that corresponds to one of the maxima is recorded 
automatically by the calibration program. This is because of the higher optical loss 
at higher bias voltage [61]. However in a few cases, a relatively higher voltage 
value which corresponds to other maximum optical power is recorded. The higher 
optimized voltage value results in an additional 2π phase change as compared to 
the relatively low optimized voltage. The method to obtain the voltage value on 
each PHM at an arbitrary wavelength is described using the following example. 

The recorded optimized voltage values as a function of the calibration 
wavelength are plotted in Fig. 2-4(b) for three PHMs of the LR filter. As can be 
seen from the figure, the voltages for PHM #4 and PHM #8 show more or less 
linear relation to the wavelength. Thus the voltages on those PHMs can be obtained 
by interpolation when the laser is tuned to a certain wavelength between two 
calibration wavelengths. For the PHM #2, a step-like change of the voltage value 
between 1700 nm and 1705 nm is observed. This is due to the 2π phase difference 
in the recorded voltages for 1700 nm and 1705 nm. The voltages for the 
wavelengths shorter than 1700 nm and longer than 1705 nm can be obtained by 
interpolation which is similar to the method for PHM #4 and PHM #8. For the 
wavelength between 1700 nm and 1705 nm, the voltage is determined by extending 
the slope between 1695 nm and 1700 nm and extrapolating it towards the longer 
wavelength (see the black dashed line in Fig. 2-4(b)). The improvement in tuning 
range that is achieved using the results from this extra calibration routine is shown 
in Fig. 2-4(a). The range with the correct lasing wavelength of the laser was 
improved from less than 40nm to more than 75 nm. 

 Determination of PHM voltages at arbitrary wavelength 
In the previous work on the tunable filters, the sampling wavelengths at which 

the a, b and c values were determined for each PHM are the wavelengths of the 
different orders of transmission of the HR filter (10 nm separation) or wavelengths 
at a fixed distance of 20 nm for the LR filter [62]. The a, b and c values at arbitrary 
wavelength in between two sampling wavelengths were chosen to be the values of 
the nearest sampling wavelength. The reason for choosing this method is that the 
calibrated a, b and c values do not show a predictable relation to the sampling 
wavelengths for several PHMs that have a relatively poor performance. As has 
been mentioned in [62], 8 PHMs out of 28 for HR filter and 1 PHM out of 8 for LR 
filter show relatively poor performance. High leakage currents (several tens or 
hundreds of μA) as well as the reduction of actual applied voltages (e.g., actual 6 V 
on the PHM when the target voltage is 10 V) are observed on those PHMs. They 
are attributed to mainly t poor passivation on the sidewall of the PHM waveguide 
or poor electrical connection of the PCB or bonded wires. Fig. 2-5(a) shows the b 
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values for two PHMs with poor performance in the HR filter (#15 is the central 
arm and #23 is close to the longest arm) as a function of sampling wavelength. As 
can be seen in the figure, there is no clear relation between the b value and the 
sampling wavelength. And there is no predictable trend among different PHMs. 
The main reason for the unpredictable b value is the reduced phase change 
efficiency of those PHMs when the actual voltage is much less than the target 
voltage. The reduced actual voltage results in relatively low b values (Fig. 2-5(a)) 
compared to the b values of PHMs with good performance (Fig. 2-5(b)). The phase 
modulation is sometimes observed to be even less than 2π over the entire 10 V 
voltage range at the presence of low phase change efficiency. Thus the fitting 
accuracy of the a, b and c values is significantly reduced which explains the 
unpredictable relation of the b value to the wavelength as shown in Fig. 2-5(a). 

The b values are plotted for two good PHMs of the HR filter (#14 is the central 
arm and #21 is close to the longest arm) as a function of sampling wavelength as 
shown in Fig. 2-5(b). The good PHMs show a more predictable inversely 
proportional relation to the sampling wavelength. And good PHMs have similar 
performance amongst each other. The two extraordinary data points marked by 
arrows in Fig. 2-5(b) are mainly due to the errors in the fitting (Eq. (2-8)) which are 
caused by the relatively low measured optical power at PHMs that are close to the 
edge of the waveguide array.  
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Fig. 2-5. (a) The b values for two bad PHMs of the HR filter (#15 is the central arm 
and #23 is close to the longest arm) as a function of sampling wavelength. (b) The b 
values for two good PHMs of the HR filter (#14 is the central arm and #21 is close to 
the longest arm) as a function of sampling wavelength. 

If the quality of the PHMs can be improved during the processing (i.e., less 
poorly performing PHMs), the PHMs can be operated in a more predictable and 
precise way. When most of the a, b and c values of the PHMs show similar relation 
to the wavelength, the a, b and c values at arbitrary wavelength can be obtained by 
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interpolation instead of choosing nearest data. This will improve the tuning 
accuracy of the tunable laser. 

 Wavelength hops during continuous tuning of the laser 
During the tuning of the laser, hopping of the lasing wavelength at a smaller 

scale was observed. The peak wavelength will jump approximately 0.1 nm towards 
a longer wavelength compared to the target wavelengths, as can be seen from Fig. 
2-6 [3].  

In order to understand the cause of this wavelength hop, a cold-cavity model 
using the T-matrix formalism [65] is used to analyze the near-threshold optical 
modes in the laser cavity. This model has been previously applied to determine the 
reflectivity of the butt-joint active-passive interfaces in integrated external cavity 
lasers [66]. In this model, every component in the laser cavity (e.g., filters, SOAs 
and passive waveguides) is expressed by a four-port T-matrix which describes the 
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Fig. 2-6. The measured peak wavelength of the laser with respect to the target 
wavelength [3].  
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Fig. 2-7. (a) Schematic diagram of the total T-matrix of the ring cavity. (b) Schematic 
diagram of the simulated ring cavity. 
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relation of the output light to the input light for two propagation directions of the 
single transverse mode. The total T-matrix Ttotal is then the product of T-matrices of 
all components in the ring cavity. Besides the phase and optical loss terms in each 
component, optical gain is also introduced in two amplifier components as well as 
the filtering function in the AWG and the MMI-tree. For details of the realization 
of the T-matrices for each component in the laser cavity, one can refer to [66]. The 
tuning of the filter components is realized by shifting the filter profile along the 
spectrum. The components are connected as in the actual tunable laser as shown in 
Fig. 2-7(a). The interfaces of the components are indexed and connected to the 
interfaces of adjacent components. Lengths of the components are also indicated in 
the figure (e.g., L6-7 for the length of the AWG, number 6 and 7 corresponds to the 
two interfaces of the AWG component). The values of the lengths are taken from 
the actual device. It can be seen from the figure that reflections are considered 
between adjacent components (e.g., SOA and waveguide (Ri), PHM and 
waveguide (Rf), MMI coupler and waveguide (Rm)). The two interfaces of the 
total T-matrix Ttotal are then connected with each other losslessly as shown in Fig. 
2-7(b). A small amount of light E0 at a single wavelength is coupled into the cavity 
to simulate the spontaneous emission at that wavelength generated in the SOAs.  

During the simulation the wavelength is scanned over the relevant range and 
the gain of the two amplifier components is adjusted such that the single-pass gain 
in the ring cavity is just below 1. The mode structure of the laser below lasing 
threshold can thus be observed at one of the output ports of the MMI coupler. The 
wavelength of the peak at which the highest optical power is observed is recorded 
for each target wavelength during the tuning as shown in Fig. 2-8. The peak with 
the highest optical power below threshold will be the lasing peak since it will win 
in the mode competition in the lasing condition. In the results presented in Fig. 2-8, 
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Fig. 2-8. The simulated peak wavelength of the laser with respect to the target 
wavelength using the T-matrix model. 
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a similar wavelength hop compared to Fig. 2-6 can be observed. The simulated hop 
is about 0.1 nm which is in agreement with the measured result when the 
reflections from SOA-waveguide interfaces are set to be 0.1 % (optical power) and 
other reflections to be 0 %. The hops are then due to a mode structure that arises 
from a beating of the ring cavity mode spacing (0.02 nm) and the 8 mm-long SOA 
cavity (0.05 nm). The wavelength hop will be 0.05 – 0.08 nm when the reflections 
occur at PHM-waveguide interfaces (beating of the ring cavity and the 5 mm-long 
PHM cavity). Reflections (0.1 %) introduced at the MMI coupler-waveguide 
interfaces do not introduce any wavelength hop in the model. 

It is thus reasonable to conclude that the wavelength hop is mainly due to 
reflections at or near the isolation sections between the SOA and the passive 
waveguide, or at the active-passive transitions between amplifiers and passive 
waveguides. The reflection at the isolation section is dependent on the etch depth 
of the top p-type InP layer and for a value of 0.1 % reflectivity this seems the most 
likely case. This model is able to predict the cause of the wavelength hop and the 
magnitude of the reflections. But it cannot predict the position of those reflections 
in the cavity.  

2.3. OCT imaging experiments 

In this section the feasibility of using the QD tunable laser (discussed in 
Section 2.2) in an SS-OCT system is demonstrated using a free-space Michelson 
interferometer setup. The OCT imaging experiment is also carried out using this 
setup. The important aspects and issues are discussed in detail. 

2.3.1. Free-space OCT setup 

The schematic diagram of the free-space SS-OCT setup is shown in Fig. 2-9. 
The setup is based on a free-space Michelson interferometer. The QD tunable laser 
[3] is controlled by the control electronics (AWG100, 100 MHz analog waveform 
generator system [67]). The laser is able to scan over 60 nm spectral range (1685 – 
1745 nm) in 4000 steps (0.015 nm/step) with a sweep rate of 0.5 kHz (500 ns/step). 
A lensed single mode fiber is used to collect the optical power from the laser chip. 
The collected light is then coupled to a free-space collimated beam using a 
microscope objective (Leitz NPL Fluotar 50× NA 0.85). The light is equally split 
into two beams at the cubic beam splitter, one beam towards a fixed mirror and the 
other towards the sample to be imaged. The reflected light from the fixed mirror 
and the sample are recombined and interfered with each other at the beam splitter. 
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The interfered light is then collected by another microscope objective and coupled 
back into a single-mode fiber. An amplified InGaAs photodetector (NewFocus 
2053, 3 MHz bandwidth and 3×103 V/A gain factor) is used to measure the time-
dependent optical power. The 3 MHz bandwidth of the amplifier InGaAs 
photodetector meets the requirement to be used with the QD tunable laser. The 
signal from the photodetector is recorded by a digital oscilloscope (LeCroy 
LT584L, 4 channels with 8-bit analog-to-digital conversion (ADC)). No averaging 
on the recorded time trace of the oscilloscope was performed. The use of this 
amplified standard InGaAs photodetector with 3 MHz electrical bandwidth instead 
of a more sensitive short-wave infrared (SWIR) InGaAs photodetector with 60 
MHz bandwidth that was available is the much higher noise level (5 μA dark 
current) of the latter one. Even though the responsivity of the standard InGaAs 
detector is lower, the high noise level from the SWIR InGaAs detector makes that 
the signal to noise ratio (SNR) from the New Focus detector is better. The SNR 
determines the quality of the time trace on the oscilloscope and thus the image 
quality after the data analysis. The SWIR InGaAs detector was used for the 
measurement of the effective linewidth of the laser in the free-space interferometer 
[3].  

The recorded trace from the oscilloscope contains information about the 
reflections along the depth of the measuring spot on the sample with respect to the 
fixed mirror. Since there is a relative path length difference between a reflection 
from the sample and the fixed mirror, the intensity of the light at the detector is 
dependent on the wavelength. Thus a modulated pattern can be observed on the 
oscilloscope. At each wavelength sweep of the laser, the analog waveform 
generator (AWG 100) sends to the oscilloscope a 10 V voltage pulse (pulse width 
500 ns) the rising-edge of which is used as the trigger signal. Thus the accurate 
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Fig. 2-9. The schematic diagram of the free-space SS-OCT setup. 
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time trace of the voltage signal as the laser continuously sweeps is obtained 
between two rising-edges of the trigger signal. The information on the reflections 
can be extracted by performing an inverse nonlinear extended discrete Fourier 
transform (INEDFT) algorithm [68] on the recorded time trace. 

The feasibility of the setup to be used for OCT imaging can be demonstrated 
by placing a moving mirror on the translation stage at the sample arm. When the 
moving mirror is moved towards or from the beam splitter, the relative path length 
difference between two arms will change. This change of path length difference 
will result in a shift of the reflection peak after the Fourier transform of the 
recorded trace data. The recorded time trace on the oscilloscope of one full sweep 
of the laser when the path length difference between two arms is 1.2 mm is shown 
in Fig. 2-10(a). The low frequency variations in intensity observed in the time trace 
cum wavelength scale originate from the intensity variations of the laser as the 
wavelength is scanned. The reflected peaks obtained by performing INDFT on the 
time trace data at 3 different moving mirror positions are plotted in Fig. 2-10(b). 
The signal-to-noise ratio obtained in this free-space interferometer is about 40 dB. 
The spatial resolution [30] in this OCT imaging setup which is mainly determined 
by the wavelength and the tuning range of the laser is about 21 μm in free space 
(Eq. (1-1)). 
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Fig. 2-10. (a) The recorded time trace on the oscilloscope of one full sweep of the 
laser when the path length difference between two arms is 1.2 mm. (b) The reflected 
peaks obtained by performing INDFT on the time trace data at 3 different moving 
mirror positions. 

2.3.2. OCT imaging experiments in 1.7 μm wavelength region 

The first OCT imaging experiment presented here is performed on a glass dish 
(thickness about 1.7 mm). The glass dish is placed on the translation stage at the 
sample arm. The relative path length difference between the fixed mirror and front 
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surface of the glass dish is 2 mm. The laser spot on the glass dish can be scanned 
along the lateral direction using the translation stage. The sample is scanned along 
the lateral direction over 3 mm within 200 steps. The oscilloscope is set to have a 
sampling rate of 200 MS/s. Since the QD tunable laser is operated at a wavelength 
switching speed of 500 ns per wavelength step, there will be 100 data points for 
each wavelength step. Thirty data points at the beginning and at the end will be not 
used to reduce the influence of the rise and fall of the laser power. The remaining 
40 data points are averaged to reduce the noise in the detector signal. The 
reconstructed data at each position of the translation stage will contain 4001 points 
which correspond to the number of wavelength samples in the tunable laser. The 
INDFT algorithm is then applied on the data. The spatial spectrum which contains 
two reflection peaks which correspond to the two surfaces of the glass dish is 
plotted in Fig. 2-11(a). At this point the translation stage is 0.12 mm from the 
initial position in the lateral scanning direction. The distance between the two 
peaks shows a thickness of 1.7 mm. The SNR of this imaging experiment on the 
glass dish is about 26 dB. The imaging result is thus constructed by the Fourier 
transformed data at all positions of translation stage as shown in Fig. 2-11(b). The 
thickness of 1.7 mm can be clearly seen. The slight fading of the image at the back 
surface of the glass dish may be due to a decrease of the flatness of the surface. 
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Fig. 2-11. (a) The spatial spectrum of the glass dish when the translation stage is 0.12 
mm from the initial position in the lateral direction. (b) The 1.7 μm OCT imaging of a 
glass dish with 1.7 mm thickness. 

The second imaging experiment is performed on a 3-layer Scotch® tape which 
has a thickness of about 50 μm for each layer. The Scotch® tape is a material with 
more diffuse scattering compared to the glass of the dish. Thus a lens (Thorlabs 
C350TM-C, f = 4.5 mm) is placed in front of the Scotch® tape to collect more 
scattered light. The lens is chosen such that its Rayleigh length is in the same order 
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of the coherence length of the laser (6.5 mm). The coating of the lens is optimized 
for 1050 – 1600 nm. The tape is placed on the translation stage at the sample arm 
and is scanned along the lateral direction over 2 mm in 80 steps. The path length 
difference between the fixed mirror and the Scotch® tape is about 1.3 mm. An extra 
measurement is taken as a reference OCT image signal when the Scotch® tape is 
absent in the sample arm. By subtracting this signal from the signal with the tape 
sample, the influence of the reflections from optical components such as the lens 
could be reduced significantly. The spatial spectrum which contains the reflection 
peaks of the Scotch® tape is shown in Fig. 2-12(a) when the translation stage is 0.5 
mm from the initial position in the lateral scanning direction. The SNR of 19 dB 
can be obtained for this experiment. The imaging result of the 3-layer Scotch® tape 
is shown in Fig. 2-12(b). The thickness of the Scotch® tape observed from the OCT 
imaging result is about 120 – 150 μm which is in good agreement with the actual 
thickness. 
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Fig. 2-12. (a) The spatial spectrum of the 3-layer Scotch® tape when the translation 
stage is 0.5 mm from the initial position in the lateral direction. (b) The 1.7 μm OCT 
imaging of the 3-layer Scotch® tape with about 150 nm thickness. 

2.3.3. Issues following from the OCT imaging tests 

The important aspects and issues that we observed during the OCT imaging 
experiments are discussed in detail in this section. The limit of the image quality 
(mainly the SNR) due to the performance of the tunable laser and photodetector 
used in the experiments is analyzed.  

 Influence of the optical power of the QD tunable laser 
The output power of the QD tunable laser is relatively low (0.3 mW 

maximum, 0.1 mW average) compared to swept laser sources that are commonly 
used (> 10 mW [69], [70]) in the SS-OCT systems. An increase of the optical 
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power of the laser will improve the SNR of the imaging at a scattering sample by 
the same factor when using the same photodetector. The relatively low optical 
power in this QD tunable laser is mainly limited by the relatively low modal gain 
of the QD-SOAs and the high intra-cavity losses. The low modal gain of the QD-
SOA is due to the limited density number of QDs in the active region ([71], also 
see Chapter 6). The high intra-cavity loss is due to the large number of passive 
components, in particular the free propagation regions (FPRs) of the AWG, the 
MMIs in the LR filter, the PHMs (5 mm) and the 43.5 mm-long cavity length. Only 
shallow etched waveguide was used which had an estimated loss of 6 dB/cm at 
1700 nm. This 6 dB/cm results from 4.6 dB/cm from material absorption [45] and 
the rest from sidewall roughness and material growth imperfections.  

An optical feedback is designed in the laser to force the laser to lase 
unidirectionally. This feedback is realized by reflecting the light coupled out of the 
laser in clockwise propagation direction back into the laser cavity using an MMI 
loop mirror [72]. This design can in principle improve the optical output power of 
the laser by a factor of 2. During the actual characterization of the laser, it was 
found that the optical power for two propagation directions (clockwise and 
counterclockwise) is comparable [3]. This indicates that the feedback by the MMI 
loop mirror is weaker than expected. This weak feedback is mainly due to the long 
path length from the output of the clockwise light to the MMI loop mirror and back 
into the laser cavity (about 16.3 mm). This long path length will introduce a high 
propagation loss (estimated to be 6 dB or even higher). The power exchange 
between two propagation directions is also observed in [3], which indicates 
reflections within the laser cavity as has been discussed in detail in Section 2.2.3. 
This power exchange will also prevent the unidirectional operation of the laser. 

The coupling loss of the laser to the lensed fiber is also significant (~ 4 dB). 
This loss can be reduced by either directly go from the laser chip to the free space 
part of the interferometer using a microscope objective or to have a spot-size 
converter on the chip that allows for a more efficient coupling to single-mode fiber 
[73]. 

 Influence of the tuning range of the QD tunable laser 
As has been discussed in Chapter 1, the axial resolution of the OCT images is 

mainly limited by the tuning range of the laser source in the SS-OCT. The axial 
resolution is limited to 21 μm in free space using this QD tunable laser with 60 nm 
tuning range. The designed tuning range of the laser is at least 120 nm (to achieve a 
10 μm resolution) up to 200 nm. The limited tuning range is mainly due to the lack 
of sufficient suppression by the LR filter of the HR filter passband which is one 
FSR away from the central channel when the slope of the modal gain spectrum 
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becomes too large.  

 Influence of the sweeping rate of the QD tunable laser 
The repetition rate of the wavelength scan of the QD tunable laser used in the 

OCT experiments is 0.5 kHz (500 ns per step in 4000 steps). This value is 
relatively low compared to commercial products and published works on SS-OCT 
(16 kHz [46], 100 kHz [70]).  

The sweep repetition rate is mainly limited by the wavelength switch time of 
the laser. The measured switch time of the laser is 500 ns for one step. This is the 
build-up time of the laser from 10 % to 90 % of the stabilized power. This value is 
10 times higher than the designed value (50 ns) [45] of the laser. This is in turn due 
to the relatively low modal gain of the QD-SOAs in combination with the intra-
cavity loss. The laser is operated not far above threshold at the maximum current 
injection levels (the total injected current is 2 A when the threshold is about 1.5 A). 
To improve the switch time of the laser a higher gain in the amplifiers is required. 
The reduction of the threshold current due to the increase of the gain has been 
demonstrated in the characterization of a QW laser which has the identical layout 
as the QD laser, as well as in the pulsed operation of the QD laser (see Chapter 4). 
A reduced switch time due to increased gain has also been demonstrated in the QW 
laser. The switch time of the filters was measured to be 100 ns which is limited in 
the current setup by the control electronics and the capacitances in the cables and 
PCB electrical connections to the PHMs on the chip. 

 Photodetectors used for 1.7 μm SS-OCT 
The photodetector used in the OCT experiments is based on an InGaAs diode 

with amplifier circuit. Due to the low responsivity (< 0.2 A/W at 1.7 μm) and its 
large wavelength dependence, the amplification has to be high (3×103 V/A) in 
order to obtain sufficient voltage signal at the relatively low optical power of the 
laser. The electrical bandwidth of this photodetector is 3 MHz which is mainly 
limited by the amplifier circuit. This bandwidth value is just sufficient for the OCT 
experiments presented in this section with a laser of relatively low tuning speed 
(500 ns/step). But it is obviously not adequate for use in SS-OCT systems with 
faster sweeping lasers (e.g., 50 ns/step). 

The photodetector (Ultrafast Sensors FIR083 [74]) based on SWIR InGaAs 
diode with sufficient responsivity in 1.7 μm (~ 0.9 A/W) and a wider electrical 
bandwidth (60 MHz) is also tested in the OCT setup. It can be used with swept 
lasers with faster tuning speed. But the noise level of such type of photodetector is 
relatively high (in the order of μA) which makes that the signals from the normal 
InGaAs diode with lower sensitivity have a better SNR. 
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2.4. Motivation and introduction to further work 

The characterization of the QD tunable laser and the OCT experiments using 
this laser have brought up several issues which have been discussed in Section 
2.2.3 and 2.3.3. Those issues are the direct motivation to the further work towards a 
monolithically integrated SS-OCT system. 

2.4.1. Improved design of QD tunable laser 

The issues of the output power, tuning range and tuning speed of the laser 
previously used, motivated an improved design of the QD tunable laser. In order to 
improve the output power of the laser a new layout has been designed for the 
improved laser (see Fig. 4-15). In the new design, the laser light will be coupled 
out of the cavity directly after a QD-SOA and it will be amplified again by the 
output QD-SOA. This design is expected to give higher output power compared to 
the previous design where the light passes through the LR filter with at least 5 dB 
loss before being coupled out. 

The tuning range is dominated by the bandwidth of the gain spectra and the 
suppression of passbands of HR filter adjacent to its central passband. Since the 
same QD material as in the previous laser is used for the improved laser design, the 
improvement of the tuning range can be mainly achieved by narrowing the full-
width-at-half-maximum (FWHM) of the LR filter. The new design of the LR filter 
is presented in Section 4.4 in Chapter 4. 

The tuning speed of the laser is limited by the build-up time of the laser mode 
when the intra-cavity filters are tuned. The build-up time is limited by the round-
trip net modal gain in the cavity. The tuning speed is currently less limited by the 
switching speed of the control electronics. Since the performance of the active 
material and the passive loss in the cavity are already determined by the QD 
material and the length of SOAs and PHMs respectively, the laser can be operated 
in pulsed operation with pulse width of several µs instead of continuous wave 
(CW) operation to improve the gain of the QD-SOAs. Obviously pulsed operation 
will reduce the duty cycle of the laser which lowers the scan speed attainable. 
However if the build-up time reduces sufficiently and since the peak output power 
of the laser should increase as well, pulsed operation of the laser may be beneficial 
for the system as a whole. Thus the tuning speed of the laser may be improved 
towards the switching limit of about 100 ns of the control electronics. The 
measurement results on the pulsed operation of the QD laser are presented in 
Section 4.3 of Chapter 4. 
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The scheme of optical feedback which keeps the laser operating 
unidirectionally is also modified because of the issue with the MMI loop mirror 
which was used in the previous design. The clockwise light coupled out of the 
cavity is directed to the right-angle waveguide cleaved facet which gives a 
reflectivity of about 0.33. The advantage of using waveguide facet mirror is 
discussed in Section 4.4 in Chapter 4. 

The intra-cavity reflections are mainly due to the isolation sections between 
passive waveguides and SOAs or PHMs. The etch depth into the top InP layer is 
deeper than the designed value for previous laser, resulting in a higher reflection 
value. This can be more controlled by more precise dry etching during fabrication 
of the improved laser. 

As discussed in Section 2.2.3, the calibration method of the tunable laser can 
also be improved. The accuracy of the wavelength tuning can be increased by 
optimizing the calibration routine as suggested in Section 2.2.3. 

2.4.2. QD waveguide photodetector 

The lack of suitable photodetectors with a high responsivity, low dark current 
as well as wide electrical bandwidth in the wavelength region of interest gives rise 
to a motivation of developing a QD waveguide photodetector. 

Since the five-layer QD material has shown good lasing around 1.7 μm, it also 
has strong absorption in this wavelength region. Thus it can be used in a 
photodetector with high responsivity around 1.7 μm. The dark current of this QD 
photodetector also has been demonstrated to be much lower (order of nA) than the 
SWIR InGaAs detectors. The electrical bandwidth of the QD photodetector 
demonstrated in this thesis is limited by the non-optimized metal contacts and n-
doped InP substrate however the measured value is already close to being sufficient 
for SS-OCT applications. 

The QD photodetectors investigated are waveguide detectors. They are 
suitable for monolithic integration with the QD tunable laser. Since the layerstack 
of the QD photodetector is identical to that of the QD-SOA used in the laser, the 
detector can be integrated with the laser and other passive components without any 
adaptation in the active-passive integration technology. 

The fabrication and characterization of the QD photodetectors and the analysis 
of the devices using simulation tools are presented in Chapter 5 in this thesis. 

2.4.3. New QD material with higher gain 

The issue with relatively low optical power from the previous QD tunable 
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laser also motivated the study of a new QD gain material. A new QD material with 
higher gain can improve the optical power and tuning speed of the laser at the 
certain laser layout and passive loss. 

The new QD material is based on a single-layer InAs QDs on a thin InAs QW 
structure. This material has been demonstrated in a ridge waveguide stripe laser 
and lasing around 1.7 μm was demonstrated [10]. We have used this new QD 
material in a series of shallowly etched ridge waveguide SOAs to measure the 
small signal modal gain at different injection current densities and at different 
temperatures. The measurement results have shown higher gain compared to 
previous five-layer QDs with GaAs interlayers. 

The fabrication, measurement and model analysis of the new single-layer QD 
material are presented in Chapter 6 in this thesis. 
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Chapter 3 
Integration technology 

Abstract: In this chapter the active-passive integration technology is discussed. 
This technology is used to fabricate all the devices presented in this thesis. The 
active-passive layerstack is presented, followed by the detailed processing scheme. 
Issues on the polyimide planarization, the annealing of the metallization, the 
plating of gold and the long term stability of the electro-optic phase modulators are 
discussed. 

3.1. Introduction 

Integrated photonic devices have attracted a great deal of interest in the 
research and development over the past decades. It has been shown that integration 
of photonic components has several advantages over using their discrete 
counterparts. The photonic components and devices can benefit from the photonic 
integration technology in terms of compactness, reduced power consumption, 
faster operation speed, higher reliability and reproducibility, potential for low-cost 
mass production, and compatibility with electronic circuits [75]. Many integration 
schemes based on different materials and fabrication technologies have been 
studied in parallel for photonics. Major integration technologies are based on Si, 
GaAs and InP materials. For instance the Si on silicon oxide integration platform 
[76] has advantages such as compactness and low loss for passive photonic 
components. But it requires complicated heterogeneous integration techniques to 
enable the generation of light due to the indirect bandgap in Si. The laser diodes 
based on GaAs substrate [77] have been successfully integrated in systems with 
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very high average power, but the material system is limited in wavelength up to 1.3 
μm. For applications requiring light generation at longer wavelength, the InP 
platform [78] with lattice-matched InGaAsP layer would be the first choice. The 
bulk InGaAsP material covers the 1550 nm telecommunication wavelength band 
and reaches a limit at 1670 nm [79]. 

As has been discussed in the Introduction, the wavelength range from 1.6 to 
1.8 μm is advantageous for application in optical coherence tomography (OCT) in 
terms of an increased imaging depth. Several types of active materials can be used 
on an InP substrate that are capable to generate light in this wavelength band. 
InGaAs quantum well (QW) layers can be fabricated with a controlled amount of 
lattice-mismatch (strain) within the InGaAsP waveguiding layer to be able to 
amplify light at wavelengths longer than 1670 nm. The wavelength of such strained 
QWs can indeed be extended beyond 2 μm [80]. Another suitable choice for the 
active material is self-assembled quantum dots (QDs). InAs self-assembled QDs 
can be grown on InP substrate by metal organic vapor phase epitaxy (MOVPE). 
The wavelength of these QDs can be tuned from 1.4 to 2 μm by controlling the 
average dot size during the growth process [81]. 

The advantage of QW active material is the higher gain per layer compared to 
QDs. The modal gain can be in the order of 40 to 50 cm-1 for strained InGaAs QWs 
[82]. But the gain bandwidth of QW is limited to about 20 to 40 nm due to the 
quantum carrier confinement. The relatively narrow spectral bandwidth of the QWs 
makes the QW laser unsuitable for swept laser source applications which requires 
the tuning bandwidth to be at least 100 nm. The QDs on the other hand provide 
relatively low modal gain (only about 6 cm-1 [5]) but a wide gain bandwidth. The 
self-assembled growth process of the QDs will result in different dot sizes with an 
approximately Gaussian dot size distribution [12]. The QDs with a different dot 
size will have an individual gain profile at different central wavelengths. Thus the 
overall gain spectra of the QD amplifier will be the sum of all QDs each with a 
certain wavelength. The resulting gain bandwidth of the QDs has been 
demonstrated to be as wide as 200 nm [5]. This wide gain bandwidth can be 
beneficial for a swept laser source with QD amplifiers. In this thesis, the QD 
material is used for the tunable laser and photodetector. The alternative way to 
achieve both sufficient gain and wide gain bandwidth is to use the so-called 
asymmetric multiple QWs (AMQWs) [83]. Several QWs with different thicknesses 
(i.e., different bandgaps) are stacked together and a broader gain bandwidth can be 
obtained compared to conventional QW stacks. However such a scheme has not 
been successfully reported for wavelengths beyond 1.6 μm to our knowledge. In 
this thesis, the QD material is chosen as the active material for the tunable laser and 
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the photodetector for application in OCT. 
In order to integrate the passive tunable filters which are required for making a 

swept laser and the active QD amplifiers, a suitable integration scheme has to be 
applied to enable the integration of both active and passive components on a single 
chip. Several schemes have been proposed including (not limited to) selective area 
growth [84], quantum well intermixing [85], off-set active region [86] and butt-
joint integration [87]. The selective area growth requires an extra mask which is 
applied on the wafer prior to the epitaxial growth process. The mask selects the 
area where the QW structure with specific parameters is grown. This technique has 
a transition in the thickness of active region at the interface of two types of QWs. 
Thus the optical confinement factor could not be optimized in this case. The 
material quality at the thickness transition region could not be guaranteed. The 
quantum well intermixing method has the capability of locally controlling the 
emission wavelength of the QWs in an otherwise uniform wafer. Defects are 
brought in locally into the quantum wells, e.g. by ion implantation. A shift in 
wavelength of the QW is observed that is linear to the time of applying an 
annealing process after the implantation. Thus active regions with different 
wavelengths can be achieved on a single chip. This method requires extra 
lithography steps for defining different active regions. The off-set active region 
scheme applies the active material above the waveguide layer and selectively 
removes the active material in passive regions. The major drawback of this scheme 
is the low efficiency of interaction between the optical mode in the waveguide and 
the active material. The butt-joint integration selectively removes the active regions 
followed by the regrowth of passive material used for waveguiding. The advantage 
of this method is that the active material is unaffected during the processing. The 
interaction with light can also be maximized since the active region is inserted in 
the middle of the waveguide layer. A disadvantage is the difficulty to control the 
quality of the regrowth. 

The butt-joint active-passive integration in the InGaAsP/InP material system 
has been studied intensively in our photonic integration group. The COBRA 
platform (previously JePPIX platform) standardizes a limited number of photonic 
components (so-called building blocks, both active and passive components) and 
integrates them on a single chip [78, 88]. This platform offers the possibility of 
organizing multi-project wafer runs which reduce the development cost and 
increase the yield. The devices presented in this thesis are based on a modified 
version of this standardized integration technology using a very similar processing 
scheme. Since this technology originally aims at 1550 nm wavelength band, 
modifications are made on both the active amplifiers and passive waveguides in 
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order to operate the devices at 1.6 to 1.8 μm wavelength. 
The description of the active-passive wafer layerstack will be presented in 

Section 3.2 followed by a detailed description of the active-passive processing 
scheme that is used. The modifications that have been made to the standard 
COBRA active-passive integration technology will be discussed in this section. 
Issues that have been discovered during the cleanroom processing concerning 
planarization, annealing, plating and the long-term stability of the phase 
modulators will be discussed in Section 3.3. 

3.2. Fabrication technology 

In this section, the layerstack of the active-passive wafer will be presented. 
The fabrication process for the devices in this thesis will be explained in detail. 

3.2.1. Active-passive layerstack 

In order to integrate semiconductor optical amplifiers (SOAs) and passive 
waveguides, multimode interference (MMI) couplers, arrayed waveguide gratings 
(AWGs) and phase modulators (PHMs) in a single chip, the butt-joint active-
passive integration technology was used. The complete active-passive wafer (as 
shown in Table 3-1) was fabricated at the COBRA research institute, in 
collaboration with the MiPlaza division in the Philips Research. This active-passive 
scheme was used to fabricate the QD tunable laser system reported in [45]. 

The active layerstack is first grown on an n-type InP substrate (Epitaxy 1 as 
shown in Table 3-1) by the MOVPE at COBRA. The InAs QDs are grown on top 
of an ultrathin GaAs interlayer. The GaAs interlayer is used to control the size of 
the QDs and therefore their emission wavelength [17]. The central wavelength of 
the QDs is optimized to 1.6 to 1.8 μm band. Five of such InAs QDs on a GaAs 
interlayer structure are stacked with 40 nm InGaAsP (Q1.25) layers in between. 
The total active region is in the center of the Q1.25 waveguiding layer (500 nm in 
total). The waveguiding layer also contains a 10 nm non-intentionally-doped (n.i.d) 
InP etch stop layer which was used during the etch-back process. On top of the 
waveguiding layer, a 20 nm n.i.d InP layer was grown for protection of the 
waveguiding layer during the etch-back process. The area which was to be the 
passive region was then defined by SiNx mask layer using a photolithography 
process. The selected region was not protected by the SiNx mask layer and was 
etched back until the etch stop layer. Then the regrowth (Epitaxy 2 in Table 3-1) 
was performed at Philips to stack the passive region with Q1.25 passive 
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waveguiding layer. After removing the SiNx layer, the common p-InP top cladding 
and compositionally graded InGaAs contant layer were grown at Philips. 

This active-passive integration scheme was used for the tunable laser where 
both active QD amplifiers and passive tunable filters are integrated on a single 
chip. For the photodetectors and QD test amplifiers discussed in this thesis, an all-
active wafer is used since there is no need for passive component in those devices. 
The layerstack of the all-active wafer is fully compatible with the active-passive 
wafer. The only difference is that there is no 10nm i-InP etch stop layer in the all-
active wafer. Moreover, for the fabrication of the InP wafer with single-layer InAs 
QD-on-QW material, the active region (only 2 nm) is inserted in the center of a 500 
nm Q1.25 waveguiding layer the thickness of which guarantees the active-passive 
compatibility. 

3.2.2. Active-passive processing scheme 

The processing scheme used in this thesis is a slightly modified version of the 
standard active-passive COBRA scheme. In principle the passive components and 
QD amplifiers can be either shallowly or deeply etched in the COBRA scheme. 
The shallowly etched waveguides have a lower propagation loss (typically 2-3 
dB/cm at 1550 nm and at TE polarization) but are limited to a large bending radius 
(> 500 μm) while deeply etched waveguides typically have a higher propagation 
loss (5-6 dB/cm at 1550 nm) but can be used with a small bending radius (> 30 
μm) [89]. Since the QD material is used, the length of the two SOAs in the laser 
cavity (see Fig. 1-3) has to be long enough (8 mm) to provide sufficient gain. The 
length of the PHMs in the tunable filters is chosen as long as 5 mm in order to 
provide at least 2π phase shift at 5 V. Thus the total cavity length of the laser is 
dominated by the length of SOAs and PHMs. The choice of using either shallowly 
or deeply etched waveguides does not change the cavity length much. Thus in the 
devices in this thesis, only shallowly etched waveguides are employed. This also 
reduces the complexity of the processing.  

The waveguide width in the standard COBRA scheme is 2 μm which is an 
optimized value for the 1550 nm wavelength band. For the use of the waveguide 
components in 1.6 to 1.8 μm wavelength range for the tunable laser, the width is 
enlarged to 2.2 μm [45]. At these longer wavelengths there will be more interaction 
of the optical mode with the dry-etched waveguide sidewall and with the absorbent 
p-doped cladding layers. Therefor this waveguide width is chosen such that the 
propagation loss is minimized without enabling the higher-order modes. The 
propagation loss due to absorption from the doped cladding layers in the 2.2 μm 
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wide waveguide is estimated to be about 4.6 dB/cm at 1700 nm [45]. For the all-
active devices (photodetectors and test QD amplifiers) the waveguide width is still 
2 μm which is determined by the available test mask [90]. 

 Active layerstack Passive layerstack  

 Material 
Doping 
(cm-3) 

Thickness 
(nm) 

Color code
Thickness 

(nm) 
Doping 
(cm-3) 

Material  

 i-InP 
protect layer 

n.i.d 20  20 n.i.d i-InP 
protect layer 

 

E
p

it
ax

y 
3 

p-InGaAs 1.5×1019 280  280 1.5×1019 p-InGaAs 

E
p

itaxy 3 

p-Q1.4 7.2×1018 10  10 7.2×1018 p-Q1.4 

p-Q1.2 4.7×1018 10  10 4.7×1018 p-Q1.2 

p-InP 1×1018 1000  1000 1×1018 p-InP 

p-InP 5×1017 300  300 5×1017 p-InP 

i-InP n.i.d 180  180 n.i.d i-InP 

E
p

it
ax

y 
1 

i-InP n.i.d 20   20 n.i.d i-InP 

E
p

itaxy 2 

i-Q1.25 n.i.d 100  

 330 n.i.d i-Q1.25 

InAs QDs / 
i-Q1.25 

n.i.d 40 × 5  

i-Q1.25 n.i.d 20  

i-InP  
stop layer n.i.d 10  

i-Q1.25 n.i.d 170  170 n.i.d i-Q1.25 E
p

itaxy 1 

i-InP n.i.d 70  70 n.i.d i-InP 

n-InP 5×1017 430  430 5×1017 n-InP 

n-InP 
substrate 1~4×1018 ≈ 350 μm  ≈ 350 μm 1~4×1018 n-InP 

substrate 

Table. 3-1. The active-passive layerstack of the wafer. The thick boxes in the table 
indicate the different epitaxial growth steps. Epitaxy 1: the active layerstack is grown 
on the InP substrate. The area where passive layerstack is desired is selectively etched 
back till InP stop layer. Epitaxy 2: the passive layerstack is regrown. Epitaxy 3: the 
common top cladding layerstack and the contact layer are grown. 

The complete description of the processing scheme used for the tunable laser 
is shown in Fig. 3-1. The minor differences in the processing of the all-active 
devices will be mentioned below. The way the different components are formed 
during processing is presented from left to right for the PHM, passive waveguide 
with electrical lead crossing it, bond pad, electrical isolation section and SOA. 
Note that the dimensions of the layers are not scaled. 
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WGPHM Pad SOAIso

(a)

WGPHM Pad SOAIso

(b)

WGPHM Pad SOAIso

(c)

 

WGPHM Pad SOAIso

(d)

WGPHM Pad SOAIso

(e)

WGPHM Pad SOAIso

(f)

 

WGPHM Pad SOAIso

(g)

WGPHM Pad SOAIso

(h)

WGPHM Pad SOAIso

(i)

 

WGPHM Pad SOAIso

(j)

WGPHM Pad SOAIso

(k)

WGPHM Pad SOAIso

(l)

 

Fig. 3-1. The processing scheme used for the devices in this thesis. 
The way the different components are formed during processing is 
presented from left to right for the PHM, passive waveguide with 
electrical lead crossing it, bond pad, electrical isolation section and 
SOA. Note that the dimensions of the layers are not scaled. The 
layerstack in this figure has the same color code as the one used in Table 3-1. (a) 
Optical waveguide lithography. (b) First InP dry etch step. (c) Isolation section 
lithography. (d) Second InP dry etch step. (e) Contact layer lithography. (f) Third InP 
dry etch step. (g) Polyimide planarization and lithography for electrical contact 
opening. (h) Polyimide etch-back. (i) Metalization. (j) Metal contact lift-off and 
backside metallization. (k) Plating. (l) Cleaving and wire bonding. 

a. Optical waveguide lithography 
The SiNx hard mask layer with a thickness of 600 nm was deposited on the 

wafer using a plasma-enhanced chemical vapor deposition (PECVD) process after 
the 20 nm InP protection layer had been removed. After that a 750 nm thick 

 SiNx  

 Photoresist 

 Polyimide 

 Metal 
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positive photoresist (HPR504) is spin-coated on the SiNx layer. The optical 
waveguide pattern was defined in the photoresist layer by optical vacuum contact 
lithography. The pattern was transferred to SiNx layer using a CHF3 reactive ion 
etching (RIE) dry etch process. After removal of the residual photoresist, the 
optical waveguide pattern remains in the SiNx layer. 

b. First InP dry etch step 
The InP dry etch process used in the processing is based on an optimized 

CH4/H2 inductively coupled plasma RIE (ICP-RIE) process alternated with an O2 
cleaning step. During the InP dry etch steps, the lag effect has to be taken into 
account. The lag effect is that the etch depth changes with the density of the 
waveguide structures [91]. The lag effect is estimated to be 30 nm for the ICP-RIE 
process used in our cleanroom. 

For the first InP dry etch process, the height difference between the top of 
isolation section and the etch depth into the Q1.25 waveguiding layer was defined 
using the ICP-RIE process. The aimed etch depth was 430 nm (300 nm top 
cladding, 100 nm Q1.25 waveguiding layer and the 30 nm lag effect 
compensation). 

c. Isolation section lithography 
The isolation sections were defined by using optical lithography with a 

positive photoresist (AZ4533) and a dark field mask. The positions of the isolation 
sections were not covered with photoresist. The SiNx hard masks at the isolation 
sections were etched wet chemically using a buffered hydrofluoric acid (BHF) 
solution. Finally the AZ4533 resist was removed using O2 plasma. 

d. Second InP dry etch step 
The height difference between the top of the passive waveguide and the top of 

the isolation section was defined in a second InP dry etch step using an ICP-RIE 
process (same as was used for the first InP dry etch). The aimed etch depth was 
1150 nm. The top of the passive waveguide is then 150 nm below the InGaAs 
contact layer. 

e. Contact layer lithography 
The waveguide structures with the InGaAs contact layer on top in SOAs and 

PHMs were protected by the AZ4533 positive photoresist using the optical 
lithography. The SiNx hard mask on top of the passive waveguides were removed 
wet chemically using the BHF solution. The InGaAs contact layers on top of the 
passive waveguides will be removed to reduce the propagation loss. 
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f. Third InP dry etch step 
The third and last InP dry etch step defines the height difference between the 

top of the SOAs/PHMs and the top of the passive waveguides using the same 
process as the first and second dry etch processes. After this dry etch, the shallowly 
etched waveguide structure have been formed with a ridge of 100 nm into the 
Q1.25 waveguiding layer. The aimed etch depth in this step was 350 nm. The 
waveguide topology was completed after wet chemically remove all the SiNx hard 
mask using the BHF solution. 

For all-active devices, since there is no passive waveguide in the designed 
mask, this third dry etch step was not used. The shallowly etched ridge waveguide 
(100 nm into the Q1.25 layer) was directly formed after the second InP dry etch 
step. 

g. Planarization 
The whole structure on the wafer was planarized by spin-coating six layers of 

polyimide (PI2723). The advantage of using six layers of polyimide compared to 
the commonly used two or three layers is the better uniformity of the polyimide. 
This uniformity guarantees the simultaneous opening of the contact layer during 
the etch-back process for all the PHMs and SOAs [45]. Flood exposure (exposure 
without any mask) was performed after deposition of each polyimide layer to 
harden the polyimide on the top side of the wafer. Some residual polyimide 
attached on the backside of the wafer can be easily removed by rinsing the wafer in 
the developer solution (DE9040). This backside cleaning step is much simpler than 
the backside protection using PECVD deposited SiO2 layer as described in [45]. 
After spin-coating of each polyimide layer, the wafer is cured in a vacuum oven at 
325 ˚C.  

For fabricating the all-active devices, only three polyimide layers are applied. 

h. Polyimide etch-back 
After deposition of six layers, the polyimide was etched back using a CHF3/O2 

RIE dry etch process until approximately 100 nm above the contact layer of PHMs 
and SOAs. The areas where the contact layer needs to be open were defined by a 
negative photoresist (MaN440) using optical lithography. The polyimide in those 
selected areas was etched until the contact layer was exposed in the air. 

i. Metallization 
The metallization pattern was defined by thick negative photoresist (MaN440) 

using optical lithography. The areas where no metal is expected were protected by 
this photoresist. The top surface of the contact layer was cleaned using a 
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H2SO4:H2O2:H2O 1:1:100 solution in order to obtain low contact resistance. The 
Ti/Pt/Au 60/75/300 nm metal contact layer was deposited by e-beam evaporation. 

j. Metal lift-off and backside metallization 
The wafer was placed in an acetone vapor atmosphere for at least 1 hour and in 

an acetone solution for 1 hour to remove the photoresist and lift-off the metals on 
top of it. Then the backside of the wafer was deposited with Ti/Pt/Au 60/75/200 
nm metal using the same e-beam evaporation. The wafer was annealed at 325 ˚C 
for 30 s to reduce the contact resistance. 

k. Plating 
The metal layer for the SOAs was thickened further by using an electro-plating 

process. First a Ti/Au 50/100 nm seed layer was sputtered on the wafer. The 
plating pattern was defined by the positive photoresist (AZ4533) using optical 
lithography. The areas where no plated gold is expected were protected by this 
photoresist. Then the 1.7 μm thick gold layer is electro-plated on top of the metal 
contacts for SOAs. After removal of the photoresist, the undesired seed layer in 
between metal contacts was removed by wet chemical etching using a potassium 
cyanide (KCN) solution. This process also etches a little bit the plated gold layer. 
But the etched thickness is negligible compared to the total thickness of the plated 
gold. 

l. Cleaving and wire bonding 
After the plating step, the excess polyimide on the wafer was removed by the 

CHF3/O2 RIE dry etch process. This is beneficial for the cleaving of the wafer to 
avoid the possible damage on the cleaved facet. Then the chip for the tunable laser 
was cleaved out of the wafer and mounted on a copper chuck using an electrical 
and thermal conductive epoxy resin. The printed circuit board (PCB) to control the 
PHMs in the tunable laser was also glued on the copper mount. The PHMs and the 
PCB are electrically connected by means of wire bonding between the bond pads 
which connect the PHMs and the bond pads on the PCB. The PCB contains eight 
high bandwidth (1 GHz) multi-pin connectors with eight channels in each 
connector. The PCB is then connected to a 64 channel 100 MHz analog waveform 
generator (AWG100 [67]) to control the voltage on each PHM. The detail of this 
PCB layout can be found in [45]. The whole copper mount is then fixed on an 
optical table. Probe needles are used to inject current into the QD amplifiers. The 
output waveguide of the device is coupled by lensed fibers. The temperature 
underneath the chip is controlled by a water chiller system. The picture for the 
mounted and wire bonded chip with PCB is shown in Fig. 3-2. 
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For the characterization of photodetectors and test QD amplifiers, the setup is 
much simpler since there is no synchronized control of a larger number of PHMs. 
The setup for characterizing the photodetectors is presented in Chapter 5. The low-
temperature setup for measuring the temperature-dependent modal gain of test QD 
amplifiers is presented in Chapter 6. 

 

 

Fig. 3-2. (a) The chip with the tunable laser is mounted on the copper chuck and wire 
bonded to the PCB. (b) The complete device including the chip and the PCB with 
eight connectors. 

3.3. Issues discovered during processing 

In this section, issues discovered during the processing of the devices are 
discussed. Possible reasons of the issues as well as influences to the device 
performance and suggested solutions are presented. 

3.3.1. Polyimide planarization 

The polyimide polymer is used for the planarization of the waveguide 
structures. The polyimide layer supports the metal contacts which are wider than 
the width of the waveguide. It also keeps good electrical isolation between the 
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passive waveguides and the metal wires crossing above them (as shown in Fig. 3-
1).  

During the fabrication of single-layer InAs QD amplifiers (see Chapter 6) an 
issue on the purity of the polyimide material was discovered. After the spin-coating 
of a polyimide layer, several spots on the wafer were found from the microscope 
with no polyimide material. As can be seen in Fig. 3-3, particles were found in the 
center of the spot. The dimension of these particles could be as large as several 
microns which could be more than the thickness of a single polyimide layer (1-2 
μm). The semiconductor material (Q1.25) is thus not protected by the polyimide in 
those spots. This will influence significantly the electrical performance of the 
devices. We attribute this issue to either the relatively short shelf life of the 
polyimide material (e.g., only 6 weeks at room temperature [92]) or contamination 
of the material. For the fabrication of the tunable laser, a fresh bottle of polyimide 
was used. No particles or spots were observed during the processing of this laser. 

20 μm

waveguides

poyimide

poyimide

semiconductor

semiconductor

particles

 

Fig. 3-3. The microscope picture of one of the spots on the wafer with no polyimide 
material.  

3.3.2. Annealing 

The purpose of the annealing step is to reduce the resistance of the metal 
contacts (both topside and backside). It is performed after the lift-off of the topside 
metals and the evaporation of the backside metallization (see Fig. 3-1(j)). During 
the processing of both the single-layer QD amplifiers (Chapter 6) and the tunable 
laser (Chapter 4), the formation of gas bubbles is observed in the polyimide layer 
after the annealing process (as shown in Fig. 3-4(a)). 

The gas bubbles generated during the annealing process is most possibly due 
to the outgassing of the polyimide. In the open regions where the polyimide layer is 
not covered by metal, the generated gas can be released into the atmosphere. No 
obvious change of the polyimide surface was observed. In the regions where 
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polyimide planarization has a metal layer on top, the generated gas could not 
escape through the metal. Thus the gas bubbles will be formed and cause the 
deformation of the metal surface. The microscope picture of the metal contact with 
a larger magnification is shown in Fig. 3-4(b). It can be clearly seen that there are 
small gas bubbles (several microns diameter) distributed all over the metal 
contacts. Several large gas bubbles with more than 20 μm diameter can also be 
seen. 

 

 

Fig. 3-4. (a) Gas bubbles generated in the polyimide layer after the annealing process. 
(b) An enlarged picture of the metal contact. Small gas bubbles (several microns 

diameter) as well as large gas bubbles (more than 20 μm diameter) can clearly be 

seen. 

The source of the polyimide outgassing is usually attributed to the residual 
solvent and moisture in the polyimide due to a non-optimized baking process [93], 
[94]. The outgassing presented here is observed both for single-layer QD amplifiers 
(Chapter 6) with expired polyimide material (as mentioned in Section 3.3.1) and 
for tunable laser (Chapter 4) with fresh new polyimide material. 

The influence of the gas bubbles to the performance of the SOAs is not 
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significant. As can be seen from Fig. 3-4(b), although the gas bubbles create the 
deformation of the metal even at regions very close to the waveguides, the metal 
layer is not broken. The adhesion between the top of the waveguides and the metal 
layer is also good from microscope inspection. The linear resistance of the 
fabricated SOAs is measured as low as 3 Ω even at the presence of the gas bubbles.  

Since the position and strength of the gas bubble formation are not predictable, 
the quality of the metal contact could not be guaranteed. The baking process of the 
polyimide needs to be optimized in the future to reduce or eliminate this 
outgassing. 

3.3.3. Plating 

The quality of the electro-plated gold for some of the single-layer InAs QD 
amplifiers (see Chapter 6) is not good. This is the main reason that only 12 out of 
total 26 amplifiers are being used in the modal gain measurements as reported in 
Chapter 6. 

A microscope picture of one of the SOAs taken after the gold had been plated 
and the seed layer had been removed wet-chemically, is in Fig. 3-5(a). It is found 
that at the edge of the metal contact, the plated gold is much thinner and does not 
adhere well to the evaporated gold underneath. The thin gold films partially 
connect with the thick plated gold layer as indicated in Fig. 3-5(a). They can be 
removed by performing extra wet-chemical etching for only several seconds in the 
KCN solution. After the extra gold etching, the regions originally covered with thin 
plated gold show clearly the 300 nm evaporated gold (as shown in Fig. 3-5(b)). An 
obvious change of thickness can be observed at the edge of the plated gold. There 
is a serious thickness non-uniformity of the plated gold which will influence the 
electrical performance (especially the uniformity of current distribution) of the 
metal contact. The origin of this thickness non-uniformity is attributed to a low 
concentration of the gold in the plating bath after prolonged use. The relatively low 
concentration of gold may play a role in the quality of plating in certain conditions. 
It was expected that the uniformity of the plated gold can be significantly improved 
by using a new plating bath solution. 

The transition region from the well plated area with normal thickness to the 
bad plated area is shown in Fig. 3-5(c). The sudden change in thickness that is 
attributed to the flow of the liquid is indicated in the figure as the dashed circle. 
The cause of the sudden thickness change is explained as follows.  

A section of the mask layout of the single-layer InAs QD amplifier chip is 
shown in Fig. 3-6(a). To see the complete mask design, one can refer to Fig. 6-1 in 
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Chapter 6. In Fig. 3-6(a), the waveguides and isolation sections are not shown and 
p-side 300 nm metal contacts are depicted as gray rectangles. In order to perform 
the gold electro-plating only at the desired regions, a thick positive photoresist 
(AZ4533, 3μm) was used to protect the other parts of the wafer. The photoresist 
pattern after the optical lithography can be seen in Fig. 3-6(b) as dashed regions. 
Only long SOA sections were not covered with photoresist. These areas were 
deposited with plated gold. In the mask design, the SOA sections are alternated 
with relatively long and relatively short lengths as shown in Fig. 3-6(b). As a result 
part of the relatively long SOA sections will be in between areas with thick 
photoresist (as marked as black circle in the figure). Those photoresist sections will 
become a source of disturbance to the liquid flow. At low gold concentration of the 
plating bath, the gold ions have to travel on average a longer distance to reach the 

 

 

Fig. 3-5. (a) The microscope picture shows thin gold films partially connect with the 
thick plated gold layer after the plating process. (b) After the extra gold etching, the 
regions originally covered with thin gold films show clearly the 300 nm evaporated 
gold which has a different structure. An obvious gradient of thickness can be 
observed at the edge of the plated gold. (c) The transition region from the good plated 
area with normal thickness to the poorly plated area. The dashed circle indicates a 
sudden change in thickness that is attributed to the liquid flow during the plating.  
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SOA sections that are in between two thick photoresist sections. Thus the local 
deposition rate is affected. As a result, the part of relatively long SOAs that is in 
between thick photoresist will have a thinner gold layer. Even no gold is deposited 
in some regions when the turbulence in the liquid is highest (as shown in Fig. 3-
5(c)). The microscope picture of the finalized devices is shown in Fig. 3-6(c). The 
disturbance of local gold plating thickness is observed only at relatively long SOA 
sections. For the relatively short SOA sections, the uniformity of gold layer is still 
good. 

 

 

 

Fig. 3-6. (a) A section of the mask layout of the single-layer InAs QD amplifier chip. 
The waveguides and isolation sections are not shown and the p-side 300 nm metal 
contacts are presented as gray rectangles. (b) The photoresist pattern after the optical 
lithography are the dashed regions. Part of the relatively long SOA section is 
sandwiched between areas with thick photoresist as marked by a black circle. (c) The 
finalized devices. The plated gold for relatively short SOAs is uniform. The influence 
of the photoresist on the plated gold on the relatively long SOAs is visible. 
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3.3.4. Long-term reliability of the PHMs 

In this section the long-term reliability of the PHMs and its influence on the 
laser performance are studied and discussed. In the initial measurement of the QD 
laser ([3] and Chapter 2) and its subsequent use over the course of 4 months, the 
performance of the phase modulators was stable. The tuning of the QD laser was 
investigated again approximately 2 years after fabrication. It was found that the 
voltage-to-phase relationship of the PHMs had become unstable. 

It is discovered that the voltage-to-phase relation and therefore the relation 
between the transmitted ASE optical power from an amplifier to the monitor output 
of the HR filter and the applied bias voltage (see Eq. (2-8)) changes over time. As 
an example of this change the measured optical power as a function of bias voltage 
for two typical PHMs (PHM #6 and PHM #23) in the HR filter is presented in Fig. 
3-7. The current injection into the QD amplifier is 1.6 A at pulsed operation 
(20 kHz repetition rate and 5 μs pulse width) to provide sufficient ASE power. The 
wavelength is 1673.15 nm which is at the peak of the ASE spectra. Three 
measurements were performed at different times. In Fig. 3-7 the black curve was 
measured first. The gray curve was measured 7 days after the black curve. The 
light gray curve was measured 4 hours after the gray curve. 
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Fig. 3-7. The measured optical power as a function of bias voltage for two typical 
PHMs in the HR filter: (a) PHM #6, (b) PHM #23. Note that PHM #6 is close to the 
outermost arrayed waveguide and the PHM #23 is close to the innermost arrayed 
waveguide. The black curve was measured at first. The gray curve was measured 7 
days after the black curve. The light gray curve was measured 4 hours after the gray 
curve.  

The Fig. 3-7 shows a change of the phase offset (the c value in Eq. (2-8)) in 
both PHMs. The change in the phase offset is observed both after a relatively long 
time of 7 days and a relatively short time of four hours. Only change in the c value 
with time was observed for PHM #6 as shown in Fig. 3-7(a). No change of the 
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voltage needed for a 2π phase shift was seen. On the other hand the change of the 
voltage for 2π phase shift was clearly observed in the PHM #23. This means that 
both the phase change coefficients (a and b values) and the phase offset (c value) 
change with time in the PHM #23.  

The consequence of the instability of the PHMs with time is the unpredictable 
phase error introduced in each PHM of the HR filter. The phase errors in the PHMs 
will deteriorate the performance of the HR filter (the AWG) [95]. The influence of 
the instable PHMs on the performance of the HR filter and the laser was presented 
as follows. The calibration procedure (see Chapter 2) was performed on the HR 
and LR filters at 1711.43 nm. After the calibration, the transmission spectrum of 
the HR filter was measured from the monitor output by using the ASE light from 
the QD amplifier (as shown in Fig. 3-8(a)). The second measurement was taken 
after a time interval of two days and using the same voltages on the PHMs. As can 
be seen in Fig. 3-8(a), the AWG passbands are located exactly 10 nm apart 
immediately after the optimization of voltages on all PHMs. The transmission of 
the HR filter has deteriorated after two days. The change in the phase offset and 
phase change coefficients of the PHMs results in two AWG passbands which are 
close to each other as shown in Fig. 3-8(a). One passband has the same peak 
wavelength as in the original spectrum. The other passband has a peak wavelength 
which is 1.4 nm longer. The decrease in the measured optical power which 
indicates the increased loss due to the phase error can be also seen from the figure. 

The laser was switched on using pulsed current injection after the calibration 
procedure and after 2 days later. The current injected in each of the two intra-cavity 
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Fig. 3-8. (a) The transmission spectrum of the HR filter. (b) The optical spectrum of 
the QD laser operating above threshold. The voltages on all PHMs are optimized at 
1711.43 nm for the first measurement. The second measurement is taken two days 
later using the same voltages on the PHMs. The major laser peak in (b) is at 1711.43 
nm.  
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QD amplifiers is 0.8 A. The repetition rate of the current pulse is 20 kHz with 5 μs 
pulse width. The optical power was measured at the monitor output of the HR filter 
(see Fig. 2-1). The first measurement (right after the calibration) shows a single 
mode laser peak at 1711.43 nm as can be seen from Fig. 3-8(b). The second 
measurement on the laser spectrum is performed two days later. It can be seen that 
a second peak appears at 1712.83 nm which is 1.4 nm away from the target 
wavelength. This extra laser peak matches with the extra AWG passband measured 
2 days after calibration. 

A possible explanation of the change in behavior is water absorption of the 
polyimide. The polyimide planarization layer was not covered with a thin SiO2 
layer compared to the standard COBRA technology. The refractive index of the 
polyimide may change with the amount of water being absorbed. This can affect 
the effective mode index in the ridge waveguide. This small effective refractive 
index change can result in the change in the phase offset (Fig. 3-7(a)). For some of 
the PHMs the phase change coefficients are observed to be time dependent (Fig. 3-
7(b)). This could be due to the change of an electrical property (e.g., the resistance 
or break down electric field strength) of the polyimide layer. When the resistance 
of the polyimide layer reduces after absorbing water, the waveguide sidewall 
passivation and the insulation between the metal contact and the semiconductor 
(e.g., Q1.25 waveguiding layer) might be deteriorated [96].  

In order to test the assumption that water absorption is the cause, the entire 
device (the laser chip mounted on the copper chuck and wire-bonded to the PCB) 
was baked in an oven in the cleanroom at 115 ˚C for 1 hour to try to remove the 
water absorbed in the polyimide layer. The temperature was chosen to be the 
curing temperature for the bonding glue (EpoTec H20e) between the chip and the 
copper chuck. Thus the damage to the bonding glue was minimized. No damage on 
the gold wires connecting metal pads on the chip and the PCB is observed after the 
baking. 

The voltage-to-phase relation of the PHMs is examined once again by 
measuring the relation between the transmitted optical power from the monitor 
output of the HR filter and the applied bias voltage. The measured optical power as 
a function of bias voltage for PHM #6 and PHM #23 is presented in Fig. 3-9. The 
measurement conditions are the same as the measurement before baking (Fig. 3-7). 
In Fig. 3-9 the black curve was measured first. The gray curve was measured 2 
days after the black curve. The light gray curve was measured 10 days after the 
gray curve. As can be seen in the figure, the voltage-to-phase relation of the PHMs 
becomes relatively stable with time. No change in phase offset or phase shift 
coefficients were observed within the total 14 days. This restoration of the 
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performance of the PHMs is therefore attributed to the removal of water in the 
polyimide layer. 
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Fig. 3-9. The measured optical power as a function of bias voltage for two typical 
PHMs in the HR filter after the baking in the oven (115 ˚C for 1 hour): (a) PHM #6, 
(b) PHM #23. The black curve was measured at first. The gray curve was measured 2 
days after the black curve. The light gray curve was measured 10 days after the gray 
curve. 

In this section the changes in the phase offset and the phase change 
coefficients discussed above were observed for all PHMs in the HR filter. A 
possible explanation for this is the gradual absorption of moisture from the air in 
the polyimide planarization layer which would change the refractive index and the 
electrical behavior (e.g., the sidewall passivation and the insulation between the 
metal contact and the semiconductor). One solution to this issue is to bake the 
device at 115 ˚C for 1 hour. 

3.4. Conclusion 

In this chapter the layerstack of the active-passive wafer used for tunable laser 
is presented. The fabrication process of the active-passive wafer is illustrated step 
by step. The differences between the fabrication of all-active devices and active-
passive devices are also described. The chapter ends with a discussion of issues on 
the planarization, annealing and gold plating which were discovered during the 
cleanroom processing. The phenomena, the possible origins and possible solutions 
of the issues are discussed in detail. The solution to the issues on the polyimide 
layer and the plating bath are related to the use of fresh material. More efforts 
could be made on the optimization of the curing recipe of the polyimide as well as 
the annealing recipe of the metallization. A reduction or the elimination of the 
outgassing is expected after optimization. The long-term reliability of the PHMs 
was also investigated. The instable behavior of the PHMs was attributed to the 
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water absorption in the polyimide. The solution to restore the PHMs can be a 
baking of the device in an oven to remove the water. 
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Chapter 4 
Integrated tunable lasers 

at 1.7 µm wavelength region 

Abstract: In this chapter studies are presented that focus on improving integrated 
tunable lasers for swept-source optical coherence tomography (SS-OCT) 
application in the 1.7 μm wavelength region. Motivated by the OCT imaging 
experiments in Chapter 2, a tunable laser based on quantum well (QW) amplifiers 
was characterized to study the influence of different gain materials on the laser 
performance. The influence of the higher modal gain and narrower gain bandwidth 
of the QW amplifiers on the laser performance is compared to the performance of 
the laser with five-layer quantum dot (QD) amplifiers. These measurements 
confirm the improvements needed. A new design of the QD tunable laser is 
presented that addresses a number of these issues. The intra-cavity low resolution 
filter as well as the layout of the laser is re-designed to improve the laser tuning 
range and output power. A simulation to check the design improvements of the 
laser structure is presented. The new laser design was realized and measurement 
results on the LR filter and issues with the QD amplifiers are presented. 

4.1. Introduction 

The rapid development of the medical imaging technique of swept source 
optical coherence tomography (SS-OCT) [24, 27, 69] in recent years is enabled by 
the developments in high-performance continuously tunable laser sources. The SS-
OCT scheme has the advantage of a simple design of the interferometer system 
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compared to other OCT schemes (e.g., time domain (TD) and spectral domain (SD) 
OCT). It particularly can benefit from a tunable laser with a fast repetition rate 
(e.g., 20 kHz). Most of the SS-OCT systems reported so far are using tunable lasers 
based on discrete-elements [27], [69] or optical fiber systems [97], [98]. The 
monolithic integration of those tunable laser sources can greatly improve the 
compactness, the power efficiency and the robustness of the lasers [3]. The 
integrated tunable lasers have also the potential of mass production and 
consequently lowered cost which is important for the development of miniaturized 
and less expensive OCT systems. 

Several different schemes have been proposed in literature for the realization 
of the integrated tunable lasers with the functionality of continuous wavelength 
scan over a certain wavelength range. One of the approaches is the digital 
supermode distributed Bragg reflector (DS-DBR) laser [99] which consists of a 
broadband digitally chirped grating for coarse wavelength selection and a tunable 
DBR mirror for fine wavelength selection. The wavelength of the DS-DBR laser 
can be continuously scanned over at least 45 nm. However those DS-DBR lasers 
have several drawbacks for SS-OCT application. The tuning range of the DS-DBR 
lasers is limited by the tunability of the gratings for coarse tuning. Also the 
switching time between some groups of wavelengths of these lasers cannot be 
faster than several milliseconds due to current injection.  

Integrated electro-mechanically tunable lasers show possible potential to be 
used in the SS-OCT system. Those lasers are based on external-cavity scheme and 
have micro-electromechanical systems (MEMS) integrated in the laser cavity 
[100]. The tuning of the laser wavelength is realized by a MEMS mirror to scan the 
relative angle with respect to a grating in the cavity. The switch time of those 
MEMS lasers between two wavelengths is typically in the order of microseconds. 
A nano-electromechanical tunable laser scheme has also been recently proposed 
[101]. Such a laser utilizes a lightweight nano-electromechanical mirror which is 
based on a high-contrast sub-wavelength grating. The ultra-thin (230 nm) nano-
electromechanical grating mirror enables a much higher mechanical resonance 
frequency compared to the MEMS. Thus a switch time of 150 ns between two 
wavelengths can be achieved. The tuning range of MEMS and nano-
electromechanical tunable lasers is typically 30-40 nm [100], [101]. A widely 
tunable MEMS-based vertical-cavity surface-emitting laser (MEMS-VCSEL) has 
recently been demonstrated with 150 nm tuning range in 1300 nm wavelength 
region and 500 kHz sweeping repetition rate [102]. However the laser is optically 
pumped by a 980 nm diode laser. This limits the capability of achieving a 
monolithically integrated tunable laser system. 



 

  

Integrated tunable lasers at 1.7 µm wavelength region

63 

The monolithically integrated continuously tunable laser that has been 
developed and fabricated [3] in our group is to our knowledge the first for SS-OCT 
in the 1.7 μm wavelength region. The laser is fabricated on an active-passive wafer 
with butt-joint technology and using a process scheme which is fully compatible to 
the active-passive integration technology in the COBRA research institute. The 
gain is provided by intra-cavity semiconductor optical amplifiers (SOAs) with five-
layer InAs QDs as the active material. The wavelength tuning is realized by two 
intra-cavity tunable filters with electro-optic phase modulators (PHMs). For the 
detail of this previously developed QD laser, one can refer to [3]. An overview of 
the performance of this laser is presented in Chapter 2 in this thesis. 

During the characterization of this QD laser and the OCT experiments using 
this laser, we had discovered several issues which limit the performance of the 
laser and the quality of the OCT images (see Chapter 2). The major limit on the 
laser performance is the modal gain in the QD amplifiers. The relatively low modal 
gain limits the output optical power of the QD laser as well as the switching time 
between two wavelengths. Furthermore it was found that the passband of the low 
resolution (LR) filter needed to be narrowed to obtain an improved tuning range. 
The scheme of the optical feedback needs to be redesigned to achieve 
unidirectional operation. Also the layout of the laser can be optimized for improved 
optical output power. 

In this chapter, we first turn to using a different gain material with a higher 
gain value in the amplifiers and study the influence of the higher modal gain on the 
performance of the tunable laser. Quantum well (QW) amplifiers can have much 
higher optical gain than the QD amplifiers that were used. A tunable laser with QW 
amplifiers was fabricated at the same time as the original QD tunable laser. The 
laser has a compatible layerstack and an identical layout as the QD tunable laser 
discussed in Chapter 2. Its characterization is described in Section 4.2. The 
improvement of the threshold current and tuning speed of the QW laser compared 
to the previous QD laser due to the higher modal gain value provided by the QW 
amplifiers is demonstrated. The influence of the gain bandwidth of the QW 
amplifiers on the achievable tuning range is also discussed.  

An improved design of the QD tunable laser is presented in Section 4.3. The 
QD amplifiers and the high resolution (HR) filter are kept the same as the previous 
QD laser. The major improvements are the new design of the LR filter and the 
device layout. Simulations of the new laser structure are performed and compared 
to the performance of the previous QD laser. The preliminary measurement results 
on newly fabricated redesigned LR filter and issues are presented.  
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4.2. Quantum well tunable laser 

As has been discussed in the Section 4.1, the relatively low modal gain in the 
QD amplifiers limits the performance of the tunable laser in terms of output power 
and switching time. The use of QW amplifiers with much higher gain in the 
tunable laser is studied in this section. The characterization results of a QW tunable 
laser at the 1.7 µm wavelength region are presented. The section starts with a brief 
introduction of the QW active region and the laser layout. The calibration of the 
tunable filters and the tuning of the laser are shown. The advantage and 
disadvantage of using QW amplifiers in the tunable laser for 1.7 μm SS-OCT are 
discussed. 

4.2.1. QW laser fabrication 

The layerstack of the QW gain sections is fully compatible with that of the QD 
wafer which has been presented in Table 3-1 in Chapter 3. The only modification 
on the layerstack for the QW wafer is the active region which consists of four 
layers of strained InGaAs QWs. The strained QW can produce and amplify light 
around 1.7 µm. The active region is 80 nm thick in total and is inserted at the 
center of the 240 nm Q1.25 upper waveguiding layer. The total thickness of the 
waveguiding layer is 500 nm which is identical to that of the QD wafer. The QW 
wafer is then selectively etched-back and regrown with passive layerstack to 
realize the active-passive butt-joint wafer using the identical process as for QD 
wafer. The entire growth and regrowth processes for the QW wafer are performed 
at Philips Innovation Services. 

In order to make a direct comparison of the performance between QW and QD 
tunable lasers, the QW tunable laser is fabricated using the same masks and 
processing steps as for the QD tunable laser ([3], see Fig. 2-1). The fabricated QW 
laser chip is mounted on the copper chuck and wire-bonded to the PCB which is 
also the same as for the QD laser ([45], see also Fig. 3-2).  

4.2.2. Net modal gain of the QW amplifiers 

After the fabrication of the laser, the net modal gain of the QW amplifiers 
were first examined by measuring the amplified spontaneous emission (ASE) 
spectra from three test amplifiers (1mm, 2mm and 3 mm long) which are located 
on the laser chip. For the detailed measurement method of the net modal gain one 
can refer to Chapter 6 in this thesis. The measured net modal gain spectra of the 
QW amplifiers over a range of injection current densities are shown in Fig. 4-1. 
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The temperature underneath the chip is kept at 285 K during the measurement 
using water cooling. 
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Fig. 4-1. The measured net modal gain spectra of the QW test amplifiers on the QW 
tunable laser chip at five different current densities (1875, 1550, 1250, 950 and 625 
A/cm2) and at a temperature of 283 K underneath the chip. 

The peak value of the measured net modal gain in the QW amplifiers (19 cm-1 
at 1875 A/cm2) is much higher compared to the gain in the five-layer InAs QD 
amplifiers [5] (6 cm-1 at 3000 A/cm2) which were used in the previous generation 
of QD tunable laser [3]. The high gain value provided by the QW amplifiers leads 
to a much lower threshold and higher output power of the laser. On the other hand, 
the full width at half maximum (FWHM) of the gain spectra for QW amplifiers is 
about 60 nm, which is more narrow than a FWHM of about 150 nm of the five-
layer QD amplifiers [5]. The relatively narrow FWHM of the gain for QW 
amplifiers will limit the tuning range of the tunable laser as will be shown in 
Section 4.2.4. 

The threshold current for the QW laser was measured to be around 500 mA 
(total in two intra-cavity amplifiers). This value is much lower than the threshold 
current of the previous QD laser (1500 mA in total [3]). Since the QW laser was 
fabricated using the identical layout and fabrication procedure as for the previous 
QD laser, the reduction of the threshold current is obviously the result of the higher 
modal gain in QW amplifiers. 

4.2.3. Calibration and tuning of the filters 

The two intra-cavity filters in the QW laser are calibrated in order to tune the 
laser over the spectrum continuously. The HR filter (the AWG) and the LR filter 
(the MMI-tree) are calibrated using a calibration procedure which is described in 
detail in Chapter 2. It is slightly modified from the method presented in [62]. 
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The ASE light from the SOA #1 (see Fig. 2-1) is used as the light source for 
the calibration of the HR filter. The current injected into the SOA #1 is 300 mA. 
Since the FWHM of the ASE spectrum is limited (comparable to the FWHM of the 
gain spectra), only 5 AWG passbands separated by the 10 nm free spectral range 
(FSR) are visible. A calibration wavelength interval of 5 nm was used in this 
experiment instead of 10 nm [62]. The reduced wavelength interval can help to 
improve the tuning accuracy of the HR filter as discussed in Section 2.2.3 of 
Chapter 2. The calibration interval can simply be reduced to increase the number of 
data points however there will be a proportional increase of the time needed for the 
calibration procedure. For the calibration of 9 wavelengths it already takes about 4-
5 hours. The method for calibrating the voltage to phase relation of the phase 
modulators (PHMs) in the HR filter with the calibration wavelength interval < 10 
nm is described in Section 2.2.3 of Chapter 2. The voltage on each PHM of the HR 
filter is scanned from 0 V to -7 V. The optical power at the calibration wavelength 
is recorded from the monitor output of the HR filter using a lensed fiber. The 
calibration sequence of the PHMs starts from the centermost PHM. This gives an 
improved calibration quality for the innermost and outermost PHMs as has been 
explained in Section 2.2.3.  

The voltage scan is performed for 28 PHMs in the HR filter and at 9 
wavelengths. The recorded optical power as a function of bias voltage was fitted 
using Eq. (2-8). The method to determine the a, b and c values at arbitrary 
wavelength for this HR filter was to look for the nearest calibration data point (the 
same method as be used in [62]). The reason that the interpolation method on the a, 
b and c values at arbitrary wavelength (see Section 2.2.3) could not be used is the 
relatively poor performance of a few PHMs. The phase change of at least 2π could 
not be achieved within the 7 V voltage range for those PHMs. This results in 
extraordinary a, b and c values compared to other PHMs with normal performance. 

The calibration quality was checked by tuning the HR filter over 40 nm (1690 
– 1730 nm). The recorded detuning of the peak wavelength of the AWG passband 
with respect to the target wavelength is shown in Fig. 4-2(a). It can be seen that the 
detuning of the actual wavelength of the HR filter from the target wavelength is 
within ± 0.05 nm in most cases. This result indicates an improved calibration 
accuracy of the PHMs using a denser wavelength sample interval (5 nm) compared 
to the calibration (10 nm interval) for the previous QD laser which resulted in ± 0.1 
nm detuning. The measured FWHM of the AWG passband is shown in Fig. 4-2(b). 
The FWHM of the AWG is among the range of 0.4 to 0.46 nm which is 
comparable to the result for the QD laser (0.4 to 0.5 nm) [3].  
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Fig. 4-2. (a) The detuning of the actual peak wavelength of the AWG passband with 
respect to the target wavelength. (b) The FWHM of the AWG passband. 

For the calibration of the LR filter, the improved calibration procedure at 
lasing condition was used (see Section 2.2.3 of Chapter 2). The LR filter was first 
calibrated by using the ASE power. Then it was calibrated for a second time when 
the laser was switched on (500 mA for each of the intra-cavity amplifiers and 240 
mA for output amplifier) and both HR and LR filters were tuned to the target 
calibration wavelength. The optical power at the lasing wavelength was measured 
at the output of the laser as a function of the bias voltage. Only the voltage value 
which provided the maximum optical power is recorded for each PHM. The 
obtained voltage data as a function of calibration wavelength is then interpolated to 
obtain the voltage value at arbitrary wavelength. The wavelength range for the 
calibration is 14 nm (1706 nm to 1720 nm with 2 nm interval). 

4.2.4. Tuning of the QW laser 

The laser was operated at an injection current of 500 mA to each of the intra-
cavity amplifiers and 240 mA to the output amplifier. The temperature underneath 
the chip is held at 285 K. The 64 channel analog waveform generator [67] is 
connected to the PCB to provide voltage control on each of the PHMs in the HR 
and LR filters. A lensed fiber is used to collect the optical power from the output 
waveguide of the chip. A spectrometer (Yokogawa AQ6375) with 0.05 nm 
resolution is used to measure the spectrum of the laser. 

The laser was tuned over the wavelength range from 1706 nm to 1720 nm in 
900 steps (0.016 nm per step). The measurement results are presented in Fig. 4-3. 
The tuning accuracy of ± 0.15 nm was achieved over the entire tuning range as can 
be seen from Fig. 4-3(a). This is a bit better than the measured wavelength 
detuning for the QD laser (± 0.2 nm) [3]. A closer look at the actual peak 
wavelength shows wavelength jumps of approximately 0.1 nm while the laser is 
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being tuned with a constant step (0.016 nm) as shown in Fig. 4-3(b). The same 
wavelength jump has been observed in the QD laser (Fig. 2-5 in Chapter 2). The 
most likely cause for this wavelength jump has been identified using a T-matrix 
model of the laser system in Section 2.2.3. The main reason is reflections within 
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Fig. 4-3. The performance of the QW tunable laser. (a) The detuning of the actual 
peak wavelength of the laser with respect to the target wavelength. The calibration 
wavelength interval of 5 nm is also indicated in the figure as the dashed lines. (b) The 
measured peak wavelength with respect to the target wavelength for a narrow 
wavelength region between 1712 nm to 1713 nm. (c) The FWHM of the laser peak. 
(d) The optical power of the laser peak. The power is integrated over 1 nm around the 
peak wavelength. 
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the ring cavity (e.g., reflections from the isolation sections). The measured FWHM 
of the laser peak (see Fig. 4-3(c)) is within the range between 0.1 nm and 0.35 nm 
which is comparable to that of the QD laser [3]. The recorded optical power of the 
laser peak is shown in Fig. 4-3(d). At each target wavelength, the power is 
integrated over 1 nm around the peak wavelength. 

The laser spectra which were recorded using the spectrometer are shown in 
Fig. 4-4(a) for 10 target wavelengths (from 1708 nm to 1718 nm with 0.1 nm step). 
The total optical power coupled into the fiber is between 0.35 – 0.4 mW as shown 
in Fig. 4-4(b). The increased output optical power of the QW laser is due to the 
increased modal gain in the QW amplifiers as compared to the average output 
power of 0.1 mW in the QD laser [3]. The suppression between the central laser 
peak and the power in the next passband of the HR filter is calculated from the 
spectra and the result is shown in Fig. 4-4(c). The tuning range with good 
suppression ratio of the other passband (e.g., < -15 dB) is only about 10 nm. The 
reason for this narrow tuning range compared to the 60 nm tuning range for 
previous QD laser is the narrow FWHM of the gain in the QW active region. The 
measured modal gain spectra of the QW amplifiers and the five-layer QD 
amplifiers are compared in the Fig. 4-5. The gain spectra were measured using the 
variable length method [103] on test amplifier structures integrated with the QD 
and QW lasers. The current density was 3000 A/cm2 for the QD amplifier and 
1550 A/cm2 for the QW laser. The increase in the current density does not 
influence the FWHM of the gain spectra much. As can be seen from the figure, the 
gain spectra of the QW amplifiers is much narrower than that of the five-layer QD 
amplifier. The tuning ranges for the two lasers and the locations of the HR filter 
passbands are also indicated in the figure.  

For the QD laser, when one of the HR filter passbands is tuned to the target 
wavelength which is at the edge of the tuning range, the adjacent passband located 
within the tuning range experiences a higher gain (as shown in Fig. 4-5). The gain 
difference between those two HR filter passbands is 0.4 cm-1 which corresponds to 
2.1 dB difference in amplification after propagation through two 8 mm-long QD 
amplifiers. The passband of the LR filter provides about 2 dB suppression between 
the target passband and the adjacent passband in the HR filter. The suppression in 
the LR filter just compensates the difference in amplification in the amplifiers at 
the edge of the tuning range. When the HR filter passband moves outside the 
tuning range, the gain difference becomes larger due to the steeper slope of the 
gain spectra. The LR filter cannot efficiently suppress the adjacent HR filter 
passband any longer.  
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For the QW laser, the tuning range is much more limited by the bandwidth of 
the gain spectra in the QW amplifiers. As can be seen in Fig. 4-5, when one of the 
HR filter passbands is tuned to the target wavelength which is at the edge of the 
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Fig. 4-4. (a) The laser spectra for 10 different lasing wavelengths from 1708 nm to 
1718 nm with 1 nm step. (b) The total optical power for each target wavelength. (c) 
The ratio between the optical power in the central laser peak and the optical power in 
the next passband of the HR filter. 

1600 1640 1680 1720 1760
0

4

8

12

location of HR filter 
passbands

10 nm 5-layer QD amplifier
 QW amplifier

ne
t m

od
al

 g
ai

n 
(c

m
-1

)

wavelength (nm)

60 nm

0.53 cm-1 difference

location of HR filter 
passbands

 

Fig. 4-5. The measured modal gain spectra of the QW amplifiers (at 1550 A/cm2) and 
the five-layer QD amplifiers (at 3000 A/cm2). The tuning ranges of the QW laser and 
the previous QD laser and the locations of the HR filter passbands are also indicated. 
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tuning range, the adjacent passband is at the other side of the tuning range. The two 
passbands experience the same amplification by the QW amplifiers. Due to the 
2 dB suppression by the LR filter, the wavelength can be tuned to the edge of the 
10 nm tuning range properly. However when the target wavelength moves outside 
of the tuning range, e.g., 1 nm more outside, the gain difference between two HR 
filter passbands is already 0.35 cm-1 which corresponds to 1.9 dB difference in 
amplification after propagation in 1.6 mm total length of QW amplifiers. Thus the 
LR filter becomes unable to efficiently suppress the HR filter passband adjacent to 
the target passband.  

It can clearly be seen from the above analysis that the tuning range can be 
further improved by narrowing the passband of the LR filter to compensate for the 
gain difference over one FSR. This gives a direct motivation for the re-design of 
the LR filter in the new layout for the QD tunable laser which will be discussed in 
Section 4.3. 

4.2.5. Tuning speed 

The tuning speed of the HR filter has been measured by using an external 
single-mode laser as the input light into the monitor waveguide and switching the 
HR filter between two different wavelengths. For one wavelength of the HR filter, 
the laser wavelength lies within one of the AWG passbands. For the other 
wavelength, the laser wavelength is well outside the transmission window of the 
filter. Since another suitable single-mode light source at 1.7 μm wavelength region 
was not available, we have used a tunable single-mode laser source the wavelength 
of which was tuned to 1572.7 nm. The laser light was coupled from a monitor 
output port after passing through the AWG. When the HR filter switched between 
two wavelengths, 20 dB difference in the measured optical power was observed. 
The measurement time at each wavelength of the HR filter is set to be 50 μs. The 
output optical power was measured using a photodetector (Ultrafastsensors 
FIR083) with the responsivity of about 1 A/W around 1.7 μm and the electrical 
bandwidth of 60 MHz. The voltage signal from the photodetector is displayed in an 
oscilloscope with 1 GHz bandwidth. The measured rise and fall time of the signal 
(which are defined as the time interval between 10 % and 90 % of the voltage step) 
cause by the wavelength switching are 120 ns and 70 ns respectively. Those values 
are comparable to the switching speed of the HR filter in the QD laser. The major 
limit on the switching speed of the passive tunable filters is the capacitances from 
the relatively long cable (more than 1 meter) and the PCB. 

The tuning speed of the laser was measured by switching the laser between 
two wavelengths. The laser light was coupled to a collimator and passes through a 
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free-space band-pass filter with a central wavelength at 1705 nm and with an 
approximate bandpass FWHM of 10 nm. The light was then coupled into a single-
mode fiber by another collimator. The two wavelengths for the switching of the 
laser are determined to be 1708 nm and 1718 nm. The same photodetector was 
used to measure the optical power of the laser light after passing through the filter. 
The 10 % - 90 % rise and fall time for the laser were measured to be 140 ns and 70 
ns respectively. The rise and fall time of the laser when switching between two 
wavelengths showed similar rise time and same fall time compared to that of the 
HR filter. It indicates that the major limit on the tuning speed of the laser becomes 
the tuning speed of passive filters when amplifiers with high gain are used such 
that the laser is operated well above the lasing threshold. 

In this section a tunable laser fabricated with QW amplifiers was 
characterized. The main idea of this QW laser is to demonstrate the improved laser 
performance using the QW amplifiers with higher gain value as compared to the 
QD amplifiers used in Chapter 2. The reduced threshold current, increased output 
optical power and improved switching time between two laser wavelengths was 
demonstrated in the QW laser. The limited tuning range of the QW laser compared 
to the QD laser was explained by comparing the gain difference for adjacent HR 
filter passbands in QW and QD amplifiers. This experiment provides a direct 
motivation of developing a novel gain material with high gain value and wide gain 
bandwidth (Chapter 6) and an improved LR filter with narrowed passband (Section 
4.3). 

4.3. Improved design of QD tunable laser 

The issues with the QD tunable laser that has been used in the OCT imaging 
experiments (see Chapter 2) have motivated an improved design of the laser. In this 
section, the improvements that have been made on the improved design of the laser 
are discussed. In particular the LR filter was modified to reduce the width of its 
passband. A simulation of the entire improved laser structure has been done to 
check the improved performance expectations. Preliminary measurement results of 
a fabricated LR filter with the improved design are presented.  

4.3.1. Improved laser design 

The schematic layout of the improved design of the QD laser is depicted in 
Fig. 4-6. As compared to the layout of previous QD laser (see Fig. 1-5), several 
modifications have been made on the improved design to improve the laser 
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performance. 

HR filter
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Output QD SOA

Coupler

Laser output

 

Fig. 4-6. The schematic layout of the improved design of the QD laser. 

In order to improve the limited output optical power (0.1 mW in average) of 
the previous laser, a new layout has been used. The amplifier material could not be 
improved for this redesign since the active-passive integrated wafer material was 
available only for the original five-layer QDs stack. In the new design, the laser 
light will be coupled out of the cavity directly after the second QD-SOA (see Fig. 
4-6) and it will be amplified again by the output QD-SOA. This layout is expected 
to give higher output power compared to the previous design where the light passes 
through the LR filter with at least 5 dB loss before being coupled out of the laser 
cavity. 

As has been discussed in Section 4.2.4, the tuning range is mainly determined 
by the bandwidth of the gain spectra and the suppression of unwanted AWG 
passbands by the LR filter. Since the same QD material as in the previous laser is 
used, an improved design of the LR filter with halved FWHM of the bandpass is 
used in the new layout of the laser. The narrowing of the FWHM of the LR filter 
provides more suppression to unwanted AWG passbands. This was done by 
increasing the number of levels of the MMI tree from 3 to 4. This does mean 
however that the new MMI-tree filter will require 16 channels of PHM control (8 
arms more than in the previous design). This can be accommodated since the total 
number of PHM control channels in the AWG100 electronics system [67] is 64 
which is more than sufficient for 28-arms AWG and 16-arms MMI-tree filter. The 
performance of the improved filter design has been simulated using an S-matrix 
oriented CAD-tool [104]. The simulated spectral responses of both new and 
previous MMI-tree designs are presented in Fig. 4-7. As can be seen in the figure, 
the simulated FWHM of the filter passband for the new design is 12.5 nm which is 
half of the FWHM for previous design (25 nm). The suppression of the AWG 
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passband which is 10 nm from the central wavelength is 9.23 dB by the 16-arm 
new filter and only 1.97 dB by the 8-arm filter. The improved tuning range with the 
new filter design is illustrated by using a segmented ring laser model in the next 
section (Section 4.3.2). The measurement demonstration of the improved LR filter 
is presented in Section 4.3.3. 
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Fig. 4-7. The simulated spectral responses of both new (16 arms) and previous (8 
arms) MMI-tree designs. The simulated FWHM of the filter passband is also indictaed 
in the figure. 

The MMI loop mirror [72] was used as the optical feedback to keep the laser 
operating unidirectionally in the previous design (see Fig. 1-5). During the 
characterization of the previous QD laser, it was found that the feedback by the 
MMI loop mirror was weaker than expected due to the long path length and high 
passive waveguide loss. The feedback scheme is now modified. The clockwise 
light coupled out of the cavity is directed to the right-angle waveguide cleaved 
facet which gives a reflectivity of about 0.33. The path length between the cleaved 
facet and the MMI coupler could be reduced to 1.1 mm from that of the 16.3 mm 
MMI loop mirror. Thus a stronger feedback can be expected from this 
modification. Moreover, the waveguide cleaved facet plus the short path length 
requires much smaller surface area on the laser chip. 

The mask layout of the improved laser design is presented in Fig. 4-8. The 
zoom-in details on the free propagation region (FPR) of the HR filter and the MMI-
tree structure of the LR filter are also shown in the figure. Auxiliary waveguides 
are inserted in the MMI-tree structure as can be seen from the inset of Fig. 4-8. 
Those auxiliary waveguides help to improve the uniformity of the polyimide layer 
over the entire filter structure. This enables the contact opening of all PHMs at the 
same time (see Section 3.2.2 in Chapter 3). The auxiliary waveguides are parallel 
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to the MMI couplers of the filter. They are separated at least 20 μm from MMI 
couplers and actual waveguides which carry optical power to avoid possible light 
coupling. The distance between adjacent auxiliary waveguides is 30 μm which is 
identical to the waveguide separation between the PHMs.  

#2
#1

output amplifier

test amplifiers

waveguide 
facet mirror

laser output

test straight waveguides

 

Fig. 4-8. The mask layout of the improved laser design. The zoom-in details on the 
FPR of the HR filter and the MMI-tree structure of the LR filter are shown. 

The improved laser design is realized on a butt-joint active-passive integration 
wafer which has identical layer stack to the wafer for the previous QD laser. The 
same five-layer QD amplifiers are used as the gain sections. The fabrication 
process for the improved laser is described in Chapter 3. 

4.3.2. Laser simulation 

In order to verify the improved laser design in terms of e.g., tuning range and 
tuning speed, the segmented ring laser model which has been previously applied to 
simulate the performance of the previous QD laser [45] was used.  

The segmented ring laser model is based on rate equations to simulate the 
change in carrier and photon concentrations in the QD active material as well as the 
change in photon concentration in passive components (e.g., AWG, MMI-tree 
filter, passive waveguides and waveguide facet mirror). All the active and passive 
components in the improved laser are divided into segments as shown in Fig. 4-9. 
The length of each segment is the product of the speed of the light in the segment 
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and the simulation time step. Each segment in the QD amplifiers has its own set of 
variables (i.e., number of photons at each wavelength and number of carriers in 
each energy level) for the rate equation simulation. The homogeneous broadening 
in the QDs and the inhomogeneous broadening of the dot size distribution are both 
included in the rate equation model. The passive section includes the length of all 
the passive waveguides as well as the lengths of AWG and MMI-filters. This 
simplifies the programming of the model considerably. The AWG and MMI-tree 
filters are thus represented by only one single segment respectively with 
wavelength-dependent loss (calculated from the S-matrix oriented CAD-tool 
[104]). The MMI coupler is represented by a four-port segment with 50/50 splitting 
ratio. The waveguide facet mirror is realized by a passive waveguide with its length 
twice as long as the actual length and a mirror loss (about 4.8 dB) at the segment in 
the middle of the waveguide. 

Output

new MMI filter AWG filter
Amp 1 Amp 2

Passive

Waveguide facet mirror

MMI coupler

50/50

CW + CCW

Amp 3
4.8 dB loss

 

Fig. 4-9. The schematic diagram of the segmented ring laser model. The black arrows 
indicate the CW and CCW propagation directions. Note that the number of segments 
in each component shown in the diagram does not represent the actual segment 
number.  

The model uses a time stepping algorithm. In each time interval, the rate 
equations for the QD active segments and the passive losses in the passive 
segments are integrated over the time interval for both CW and CCW directions. 
After the calculations the photons in each laser mode in a segment are transferred 
to the next segment for both directions. The simulation is stopped when the optical 
power in the output port gets stable. Since the QD material and the AWG are 
identical for the previous QD laser and the improved design, the rate equations and 
the parameters used in the rate equation model are the same as in [45]. The position 
of the passive section in the laser cavity does not influence the simulation results 
much. The spectral transmission of the improved 16-arms MMI filter is used in this 
simulation. All the other simulation parameters in the model are kept the same as in 
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the simulation of the previous QD laser. For the details of the rate equations and 
parameters of this segmented ring laser model, one can refer to [45]. 

The simulation is performed for a spectrum of 1600 to 1800 nm with a 0.5 nm 
interval between the optical spectrum segments (i.e., 400 spectrum divisions). The 
QD material is split into 61 sub-groups each of which represents a certain average 
dot size (i.e., emission wavelength). The QD material covers the spontaneous and 
stimulated emission over a 300 nm range around 1700 nm. The iteration time step 
used for the simulation is 0.5 ps. For all three QD amplifiers in the model the 
current density is set at 3000 A/cm2.  

First the switch-on of the laser at 1700 nm is simulated for the new laser 
design. Both HR and LR filters are tuned to have the passband peaks at 1700 nm. 
The photon and carrier concentrations in the segments are initially zero. The total 
number of photons in the laser cavity as a function of time for both CW and CCW 
directions is presented in Fig. 4-10(a). The simulation result for the previous laser 
design is also shown for comparison. As can be seen in the figure, both the new 
design and previous design start to lase at about 3 ns and stabilize at 20 ns. The 
output spectrum at simulation time of 50 ns is presented in Fig. 4-10(b). As can be 
seen from the figure with the improved design the peak power at 1700 nm is 
comparable to that of the previous design. However a significant suppression of the 
optical power at other AWG passbands as well as the spontaneous emission power 
is achieved for the improved design. The suppression between the laser peak and 
other unwanted optical power is 47 dB for the improved design which is 13 dB 
better than the previous design. This is due to the narrower passband provided by 
the improved LR filter design.  

In the second simulation the lasers have been tuned from 1700 nm to 1745 nm. 
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Fig. 4-10. The simulation results of the switch-on of the improved laser as well as the 
previous laser at 1700 nm. (a) The total number of photons in the laser cavity for both 
CW and CCW propagation directions. (b) The output spectrum of the two lasers.  
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The central wavelength of the filter transmissions for the HR and LR filters have 
been set to 1745 nm. At the start of the simulation, the photon and carrier 
concentrations in each segment at the end of the previous simulation (50 ns) are 
used. The total number of photons in the laser cavity for both laser designs as a 
function of time is presented in Fig. 4-11(a) for 30 ns. It can be seen that both 
improved and previous lasers take about 8 ns for the stabilization of the laser peak 
after the filters having been tuned to 1745 nm from the original wavelength at 1700 
nm. This is longer than the build-up time at 1700 nm (about 3 ns). It is due to the 
fact that the modal gain around 1745 nm is lower than that at 1700 nm. The output 
spectrum after a simulation time of 30 ns is presented in Fig. 4-11(b) for both laser 
designs. It can be clearly seen that the improved laser has a correct lasing 
wavelength at 1745 nm at which the filters are tuned. However for the older laser 
design the suppression of unwanted AWG passbands by the 8-arms LR filter is 
much less than that of the 16-arms LR filter. Therefore the lasing wavelength is 
1735 nm which is 10 nm (one FSR of the AWG) away from the target wavelength. 
Thus the improved tuning range (at least 90 nm) by using the new 16-arms LR 
filter is demonstrated. However the precise value of the tuning range could not be 
obtained at the moment due to the relatively long simulation time (about 7 days for 
a 50 ns simulation). 
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Fig. 4-11. The simulation results of the tuning of the improved laser as well as the 
previous laser from 1700 nm to 1745 nm. (a) The total number of photons in the laser 
cavity for both CW and CCW propagation directions. (b) The output spectrum of the 
two lasers.  

4.3.3. Measurement results 

A device was fabricated with the new mask layout described in Section 4.3.1. 
The wafer used for the laser fabrication has the identical layerstack design and 
five-layer QD gain material as the previous QD laser used in Chapter 2. 
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Unfortunately this device could not lase even at maximum pulsed current injection 
available in our lab (1.6 A to SOA #1 and 1.1 A to SOA #2 using two synchronized 
pulsed sources with 20 kHz repetition rate and 5 μs pulse width). In order to 
investigate the reason the net modal gain of the amplifiers and the passive 
waveguide losses were measured. 

The net modal gain of the QD amplifiers was measured using three test QD 
amplifiers (1 mm, 2 mm and 3 mm) on the laser chip using the same method as for 
the QW laser (Section 4.2). The measured modal gain spectra are presented in Fig. 
4-12. The measurement was performed for two pulse widths (5 μs and 2 μs) at 20 
kHz repetition rate. The current density in the QD amplifiers is 10 kA/cm2. The 
temperature underneath the chip is 285 K. The measured modal gain is only about 
6 cm-1 at the peak wavelength (1750 nm) with the current density as high as 10 
kA/cm2. This must be compared to the measured modal gain for the QD amplifiers 
in the previous QD laser which was 6 cm-1 at 3 kA/cm2 with constant current 
injection [3] and 9 cm-1 at 10 kA/cm2 with pulsed current injection.  
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Fig. 4-12. The net modal gain spectra of the QD amplifiers on the laser chip with the 
improved design at a current density of 10 kA/cm2 for two pulse widths (5 μs and 
2 μs). The modal gain spectra for the previous QD laser is also shown for comparison. 

The passive waveguide loss is also measured for the test straight waveguides 
(1.15 cm long) on the improved laser chip (see Fig. 4-8). Two lensed fibers are 
used to couple laser light into one of the right-angle waveguide facet and collect 
the optical power on the other side. The laser light from a commercial tunable laser 
(Agilent 81600B) is used. The wavelength is 1640 nm which is the longest 
wavelength from the laser source. The measured insertion loss of the test 
waveguides includes the coupling loss at both facets plus the propagation loss. By 
estimating the coupling loss for each fiber-facet interface to be 4.1 dB/facet at 1640 
nm (see Fig. 5-7(d)), the propagation loss of the test straight waveguides are 
calculated to be 4.9 dB/cm. This passive loss value is significantly higher than the 
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measured loss for the test waveguides on the previous laser chip (2.7 dB/cm) at the 
same wavelength. The higher passive loss is another reason for the unsuccessful 
lasing of the improved laser. We attribute the higher passive loss to the quality of 
the passive layerstack regrowth. 

Both the relatively low modal gain provided by the QD amplifiers and the high 
passive waveguide loss in the newly fabricated laser are the main reasons for not 
achieving the lasing threshold. This can be due to the quality of the active regions. 
It can be also noticed that the peak wavelength of the gain spectra for QD 
amplifiers in the newly fabricated laser chip is longer (1750 nm) than that for the 
QD amplifiers in the previous laser chip (1680 nm) at the same current density (10 
kA/cm2). This could be due to the different average dot sizes between two wafers. 

In order to demonstrate the filtering property of the improved LR filter design, 
another device using this new wafer was fabricated and cleaved at one side (as 
shown in Fig. 4-13) such that the ASE light from SOA #1 passes through the LR 
filter can be directly measured using a lensed fiber with right-angle coupling. The 
cleaved chip is also mounted on a copper chuck and the 16 PHMs of the LR filter 
are wire-bonded to the PCB which is connected to the control system. The current 
injected in the SOA #1 is 1.6 A (50 V) by the pulsed generator with a repetition 
rate of 20 kHz and pulse width of 7.5 μs. The injected current is the maximum the 
pulse generator can provide and the pulse width is set to maximize the measured 
optical power. However the measured optical power is still relatively low (only 
about -60 dBm at the power meter). This is due to the relatively low modal gain in 
the QD amplifier and high passive loss in the waveguides. Thus in order to 
measure the optical spectrum with reasonable accuracy and measure time, the 
optical spectrum analyzer (Yokogawa AQ6375) has to be set at the highest 
sensitivity and moderate resolution (0.5 nm).  

cleaved facet

measure from here

#1

#2

output amplifier
 

Fig. 4-13. The zoom-in picture of the device layout which shows the position of the 
cleaving facet to measure the LR filter. 
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The transmission spectra of the LR filter are presented in Fig. 4-14. The filter 
was tuned to 13 wavelengths (1695 nm to 1755 nm with 5 nm interval). The filter 
was calibrated using calibration method which is the same as the one used with the 
LR filter in the QW laser (see Section 4.2). The calibration was performed at the 13 
wavelengths mentioned above. At each calibration wavelength, the voltage on each 
of the PHMs that provide the maximum optical power is recorded. The voltage 
values for all PHMs and all wavelengths are stored to be used for tuning.  
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Fig. 4-14. The transmission spectra of the LR filter when the filter is tuned to 13 
wavelengths (1695 nm to 1755 nm with 5 nm step). 

As can be seen from Fig. 4-14, the tuning of the LR filter is demonstrated 
successfully over a 60 nm spectral range. This demonstration range is mainly 
limited by the measurement and due to the low ASE power from the QD amplifier. 
The LR filter is expected to be tunable over at least 100 nm range. It can also be 
seen in the figure that the peak transmission of the filter passbands are not 
optimized. The fluctuation of the optical power at different tuning wavelengths is 
mainly due to the calibration errors. The measurement error (e.g. the current drift 
of the photodetector in the optical spectrum analyzer) can play a significant role in 
the measured optical power at such low power level (less than 200 pW/nm). The 
calibration errors also result in a less accurate peak wavelength of the filter 
passband as can be seen in Fig. 4-15(a). The detuning of the peak wavelength to 
the target wavelength is within ± 2 nm. However the achieved wavelength detuning 
is already better than what is measured in the 8-arm LR filter (± 10 nm) in the 
previous QD laser. The FWHM of the filter passband at each target wavelength is 
shown in Fig. 4-15(b). The measured FWHM of the filter passband is within the 
range of 11 nm to 12.5 nm which agrees well with the design value (12.5 nm). 
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Fig. 4-15. (a) The detuning of the peak wavelength to the target wavelength. (b) The 
FWHM of the passband of the new LR filter at each target wavelength. 

4.4. Conclusion 

The work presented in this chapter was motivated by the OCT imaging 
experiments as discussed in Chapter 2 using the original QD tunable laser.  

The characterization of the QW tunable laser has demonstrated the important 
impact of the gain material on the performance of the laser. The much higher gain 
value from the QW amplifiers results in a much reduced threshold current, 
increased output power and improved switching time between two wavelengths as 
compared to the QD tunable laser used in Chapter 2 with relatively low-gain QD 
amplifiers. However, the tuning range of the QW laser is much narrower than that 
of the QD laser. The limit on the tuning range was explained by the gain difference 
between two adjacent HR filter passbands and the suppression provided by the LR 
filter. From this experiment it is clearly shown that a gain material with sufficiently 
high gain value and wide gain bandwidth is needed to achieve a tunable laser with 
both reduced switching time and improved tuning range. This is the direct 
motivation of the work on the characterization and analysis of a new single-layer 
QD gain material (see Chapter 6) with the gain value comparable to the QW 
amplifiers used in this chapter and the gain bandwidth comparable to the five-layer 
QD amplifiers used in Chapter 2. The analysis of the tuning range also motivated 
the development of an improved LR filter (Section 4.3 in this chapter). The 
improvement of the tuning accuracy of the HR filter by using the improved 
calibration procedure (Section 2.2.3 of Chapter 2) was also demonstrated.  

An improved QD tunable laser has been designed. The work was focused on 
the improvement of the tuning range using a new MMI-tree filter. The layout of the 
new laser design was re-designed to increase the optical power. The optical 
feedback scheme was also modified to achieve a more efficient unidirectional 
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operation. The laser performance has been analyzed by using a segmented ring 
laser model. The simulation has demonstrated at least 90 nm possible tuning range 
in the new laser design. New laser devices were fabricated and characterized. The 
preliminary characterization results on the new MMI-tree filter has demonstrated 
the improved FWHM of the passband (11 – 12.5 nm) with ± 2 nm tuning accuracy 
over 60 nm wavelength range. The measurement was limited by the relatively low 
ASE power provided by the QD amplifier on the chip. 
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Chapter 5 
Quantum dot waveguide 

photodetectors around 1.7 µm 

Abstract: In this chapter a study of waveguide photodetectors based on 
InAs/InP(100) quantum dot (QD) active material are presented for the first time. 
These detectors are fabricated using the layer stack of semiconductor optical 
amplifiers (SOAs) and are compatible with the active-passive integration 
technology. We investigated dark current, responsivity as well as spectral response 
and bandwidth of the detectors. It is demonstrated that the devices meet the 
requirements for swept-source optical coherent tomography (SS-OCT) around 1.7 
μm. A rate equation model for QD-SOAs was modified and applied to the results 
to understand the dynamics of the devices. The model showed a good match to the 
measurements in the 1.6 to 1.8 μm wavelength range by fitting only one of the 
carrier escape rates. An equivalent circuit model was used to determine the 
capacitances which dominated the electrical bandwidth. 

5.1. Introduction 

Since its first proposal and demonstration [105], optical coherence tomography 
(OCT) has been proven to be an excellent solution for in vivo medical imaging 
without physical contact. It shows large potential in a wide range of applications 
such as ophthalmology, intravascular imaging, dermatology, and developmental 
biology. The swept-source OCT (SS-OCT) is one of the more successful 
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techniques among other OCT schemes. In SS-OCT, the image along the depth of 
the sample to be investigated (e.g., tissue) is reconstructed by measuring a 
spectrally resolved interferometer signal [69] using a swept narrow-band laser 
source. The interferometer is Michelson type where the reference arm length is 
fixed and the second arm is lead to the sample. The reflected lights from the two 
arms are combined and will interfere. As the laser source sweeps its frequency, the 
intensity of the output of the interferometer is detected by a photodetector, the 
signal from which is recorded in real time. The information of reflections along the 
depth of the sample is then extracted by performing a Fourier transform of the 
recorded interference signal. The SS-OCT offers several advantages over other 
types of OCT systems, e.g., higher sensitivity [24], lower sensitivity roll-off with 
imaging depth [25] and a more simple optical design. 

The dominating limitation of imaging depth of SS-OCT in biological samples 
is the intensity reduction of the reflected light as the depth increases. In the 
wavelength regions that are currently used, this signal fading with depth is 
dominated by scattering of light in the sample and less so by the absorption [36]. 
One way to reduce scattering is to use longer wavelengths compared to the more 
commonly used 0.8 μm or 1.3 μm wavelength regions. The wavelength range from 
1.6 to 1.8 μm lies in between two strong water absorption peaks and the scattering 
should be reduced even more. An improvement of imaging depth of up to 80% in 
the sample is predicted [106] with respect to the 1.2 to 1.3 μm range. An 
improvement in imaging depth of up to 40% was demonstrated in [40] for OCT in 
the 1.5 to 1.7 μm range. This was despite the fact that the water absorption at 1.5 
μm is still significant. 

Two main components are required to open up OCT imaging in an SS-OCT 
system in this long wavelength range. The first is a swept laser source. In previous 
work [3], we have developed an experimental monolithically integrated tunable 
laser around the 1.7 μm wavelength region for the SS-OCT application. It is 
integrated on a single InP chip and uses InAs/InP(100) quantum dots (QDs) for its 
optical amplifiers. The laser can achieve a tuning range of 60 nm and a scanning 
speed of 0.5 kHz. The output power of the laser was however limited (0.1mW) and 
measurements could only be done in a free-space Michelson interferometer setup. 
Even the measurements on this set-up were seriously hampered by the commercial 
photodetector either by the high noise-level of spectrally optimized detector or by 
the limited spectral range of a standard low noise detector optimized for 1.55 μm. 
In both cases the signal-to-noise ratio (SNR) deteriorates to such an extent as to 
wipe out any advantage expected by the use of the long wavelengths through the 
reduced scattering in the sample. A suitable photodetector is thus the second main 
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component that is essential to realize the potential for OCT imaging in the 1.6 to 
1.8 μm range. Such detectors are not readily available commercially. The limited 
spectral range of the detector used in [40] was the reason for limiting the studies to 
the less suitable 1.5 to 1.7 μm range. 

In this chapter we demonstrate that InAs/InP(100) QD waveguide 
photodetectors meet all the requirements for application in an OCT system 
operating in the 1.6 to 1.8 μm wavelength range that can achieve an improved 
imaging depth. These photodetectors thus open up the long wavelength region for 
OCT imaging. The technology of the integrated tunable QD laser discussed above 
allows for the monolithic integration of components of the interferometer with the 
laser. In particular the detector can be integrated provided that the QD active 
structure used for the detectors is compatible with the laser. Thus the detector could 
then be fabricated in the same process as the laser and be fully integrated with the 
laser. This is the main advantage of the QD active material and motivation for the 
investigation presented in this chapter. 

In order to maximize the performance of the OCT system, the photodetectors 
should have a high responsivity, preferably higher than 0.5 A/W over the whole 
wavelength range around 1.7 μm where the quantum limit is 1.37 A/W. A high 
responsivity is the first condition to obtain a high extinction ratio (ER) of the 
beating signal, thus improving the SNR of the images. A flat spectral response is 
also preferable to ensure the efficient use of the entire wavelength range of the 
swept laser and to obtain the highest spatial resolution. To match the state-of-the-
art 10 μm resolution in tissue, the 1.7 μm OCT systems require at least a bandwidth 
of 100 nm [2]. The dark current of the photodetectors should be low at room 
temperature. The level of the dark current will limit the minimum detectable 
optical power and thus maximum imaging depth. The noise level of typical 
commercial photodetectors used for OCT application [50] is associated with a dark 
current of the photodetectors of around 30 nA maximum. Thus we choose the 
maximum tolerable dark current as 30 nA. The signal bandwidth of the 
photodetectors must be sufficient for 3D SS-OCT imaging where the requirement 
of the repetition rate is the highest. For a swept laser source with a scanning speed 
of 20 kHz and 4000 wavelength samples in each scan, the minimum bandwidth of 
the photodetectors should be approximately 200 MHz (e.g., a 3D image of 200 by 
200 pixels could then be recorded in approximately 2 s). We believe a laser with 20 
kHz rate is feasible in the technology of the integrated laser system which we have 
demonstrated. Therefore we consider a bandwidth of 200 MHz to be sufficient. 
Since most of the proposed OCT realisations are based on fiber systems, the 
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detector should be fiber coupled. Thus a waveguide photodetector is promising 
among other types of detectors. 

Several semiconductor material systems can be used in principle for 
photodetectors working in the 1.6 to 1.8 μm wavelength range. Photodetectors 
based on InGaAs, shortwave-infrared (SWIR) InGaAs, Ge, PbS or HgCdTe have 
been studied intensely [107-111] and are commercially available [112-116]. But 
they have limitations on the performance such as low responsivity, high 
wavelength depencency of the spectral response, high dark current or high 
complexity of cooling. Work on QD photodetectors reported in literature focus on 
single photon detection [117]. Such devices are typically operated at cryogenic 
temperatures. QD photodetectors have also been developed in the mid-infrared 
wavelength region [118, 119]. But the responsivities of them are low (~0.1 A/W at 
peak wavelength) thus not suitable for OCT application. To our knowledge this is 
the first publication on QD photodetectors in the 1.6 to 1.8 μm wavelength range. 

In this chapter, we present InAs/InP(100) QD waveguide photodetectors 
sensitive in the 1.6 to 1.8 μm wavelength range. These devices have advantages of 
a sufficiently low dark current, high responsivity, flat spectral response and 
sufficient bandwidth. We will discuss the performance of our photodetectors in 
relation to the long-wavelength SS-OCT application. The results are however also 
relevant to other applications. The devices have an identical structure to the QD 
optical amplifiers in this wavelength region, and they have been fabricated using 
the same technology as the QD tunable laser demonstrated earlier and can therefore 
be easily integrated with it. This makes the QD photodetectors particularly 
promising for monolithically integrated OCT systems. 

In Section 5.2, the structure and the layout of the devices are presented. In 
Section 5.3, measurement methods and results on the dark current, device-length-
related and spectrally resolved responsivities, the absorption spectra of the dots and 
the signal bandwidth of the QD waveguide photodetectors are presented. To 
interpret and analyze the measurements a theoretical model based on rate equations 
and an equivalent electrical model of the devices are presented in Sections 5.4 and 
5.5 respectively. Comparisons between the measurement and theory are also 
discussed. From this work conclusions which are presented in Section 5.6 can be 
drawn on the usability of the InAs/InP(100) QD material for the purpose of 
photodetection. Both advantages and disadvantages over other material systems are 
discussed. 
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5.2. Device structure and layout 

The QD waveguide photodetectors are realized by applying a reverse-bias 
voltage on a shallowly etched ridge waveguide QD semiconductor optical amplifier 
(QD-SOA). The QD-SOA structure (shown in Fig. 5-1(a)) is fabricated using a 
technology that is fully compatible with the active-passive optical integration 
scheme of the Inter-University Research School on Communication Technologies 
Basic Research and Applications (COBRA) at our university [5]. The QD active 
material is grown on an n-doped InP(100) substrate by metal-organic vapor-phase 
epitaxy (MOVPE) [17]. Five InAs QD layers are stacked with each layer (3 
monolayers (MLs)) grown on top of an ultrathin GaAs interlayer (1 ML). The 
GaAs interlayers are used to control the size of the QDs. Between each QD layer, 
40 nm InGaAsP separation layer is used. This stack of active materials is then 
placed in the center of the InGaAsP (Q1.25) waveguiding layer with a total 
thickness of 500 nm. During the MOVPE growth, the average size of the InAs QDs 
is tuned to have the emission (absorption) spectrum around 1.7 μm [81]. The 
waveguiding layer is sandwiched by a bottom cladding of a 500 nm n-type InP 
buffer and a top cladding of 1.5 μm p-type InP layer with a compositionally graded 
300 nm p-type InGaAs contact layer. The single-mode shallowly etched waveguide 
with a width of 2 μm is formed by etching 100 nm into the InGaAsP waveguiding 
layer using a reactive ion etching (RIE) process. The RIE process is also used to 
etch isolation sections on the ridge waveguide in order to create sections of varying 
length and to provide electrical isolation between adjacent sections. The isolation 
sections are formed by etching away the top cladding layer until 200 nm above the 
waveguiding layer (see Fig. 5-1(a)). The structure is then planarized using 
polyimide before creating the top and backside metal contacts. The structure is 
cleaved perpendicularly to the waveguide and no coating is applied. The whole 
layer stack of the QD photodetector is the same as the layer stack of a QD-SOA 
[5], and is compatible with a butt-joint active-passive integration process for 
further integration [120]. It opens a possible way to the monolithic integration of 
the swept laser, the photodetector and the interferometer structure in a single chip. 

A photograph of the fabricated chip is shown in Fig. 5-1(b). A single chip 
contains an array of 26 QD-SOAs, each of which consists of two sections. The 
strips of metallization that lie on top of the waveguides are clearly visible. The 
shorter sections are reversely biased as the QD waveguide photodetectors. The 
longer sections are used to absorb the residual optical power passing through the 
photodetectors and prevent reflections from the back facets. The ratio of the 
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lengths of the shorter and longer sections is varied such that a series of devices 
with different lengths are realized on a single chip. In this chapter, we will present 
the measurement results from two chips with 52 devices in total. One chip has a 
total length of 4 mm and device lengths of the photodetectors range from 200 μm 
to 1160 μm, the other has a total length of 6 mm and device lengths range from 300 
μm to 1740 μm. Note that the metallization pattern is optimized for optical 
amplifier operation. 
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top metal contact
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polyimide 
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photodetectors

 

Fig. 5-1. (a) The cross-section structure of the QD-SOA section and isolation section. 
(b) The layout of a chip of QD waveguide photodetectors. 

5.3. Characterization 
5.3.1. Measurement methods 

The dark current, the length-dependent responsivity, the absorption spectra, 
the spectral response and the optical response to the modulated signal have been 



 

  

Quantum dot waveguide photodetectors around 1.7 µm

91 

measured for the QD waveguide photodetectors. A diagram of the measurement 
set-up used is shown in Fig. 5-2. The measurement of the dark current, 
photocurrent and responsivity of the photodetectors are done with a constant 
optical input. The measurement of the response to the modulated optical input is 
done with a sine wave modulation on the input signal. A polarization-maintaining 
(PM) lensed fiber is used to input linearly polarized light from a tunable laser into 
the waveguide photodetectors with a coupling loss of 4 ± 0.2 dB. The orientation of 
this PM lensed fiber can be rotated such that the polarization state of the excitation 
light launched into the waveguide can be controlled. A 1 GHz high-speed probe is 
attached to the anode (top contact) of the photodetector. It is then connected to the 
core of an SMA connector. The case of the SMA connector is connected to the 
cathode (substrate contact) of the photodetector.  

The DC measurements are realized by applying a reverse-bias voltage on the 
SMA connector (i.e., on the photodetector) from a source meter. The source meter 
also reads out the current values generated in the detector. The dynamic 
measurement is done by recording and analyzing the temporal response of the 
photodetector to the modulated optical input. A commercial photodiode trans-
impedance amplifier (TIA) module (Ultrafastsensors, CIT735SP) [74] is used to 
convert the current into a voltage signal and amplify it such that the output voltage 
signal can be recorded in an oscilloscope (1 GHz bandwidth; 4 GHz/s sampling 
rate). The bandwidth of the amplifier module is 210 MHz, which is higher than 
required for the bandwidth of an SS-OCT system. The reverse bias of the 
photodetector under dynamic measurement is directly supplied by the amplifier 
module.  
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Fig. 5-2. The schematic diagram of the static and dynamic measurement methods. 

 



 

 

Chapter 5 

92 

5.3.2. Dark current 

The dark current consists of the current generated randomly in the diode in the 
absence of the photon input plus any leakage current that may run along the sides 
of the ridges under reverse bias.  

The dark currents of the QD waveguide photodetectors are measured for 52 
devices. The results for four devices of different lengths and for a range of reverse-
bias voltages are shown in Fig. 5-3. Twenty devices turned out to have an 
excessively high dark current (in the order of mA at a few volts’ bias) which we 
attribute to a failing of the surface passivation of those devices. For a fixed device 
length, the dark current of the properly functioning devices increases exponentially 
with the reverse-bias voltage. The mechanism behind this phenomenon is not 
certain. This might be attributed to the increase of the side-wall leakage current or 
to the Zener effect at higher voltages. Clearly the dark current increases 
proportionally with the increasing device length, i.e., the surface area of the diode. 
For devices shorter than 1000 μm, the dark current can stay below 10 nA when the 
reverse-bias voltage is lower than 2 V. The dark current increases up to 30 nA 
when reverse-bias voltage is 3 V. Thus from a practical view, the device length 
should be shorter than 1000 μm and reverse-bias voltage be lower than 3 V in order 
to maintain a sufficiently low dark current (< 30 nA). When the voltage is 
increased further the dark current increases rapidly and the operating point 
becomes impractical. 
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Fig. 5-3. The dark currents under various reverse-bias voltages for different device 
lengths. 

5.3.3. Responsivity 

As discussed in the introduction, the responsivity is a key characteristic of a 
photodetector for the OCT application. The relationship between responsivity and 



 

  

Quantum dot waveguide photodetectors around 1.7 µm

93 

various operational parameters (e.g., reverse-bias voltage and device length) is 
important for choosing the most suitable device. In order to explore the 
responsivity property, a series of measurements are done for 32 out of total 52 
devices with different lengths. A laser with a 1640 nm wavelength and 0 dBm 
optical power is used as the light source. The photocurrents are recorded for each 
of the 32 devices for four different reverse-bias voltages and for both polarizations. 
The responsivities are then calculated by calibrating the photocurrents with the 
input optical power in the waveguide (with a coupling loss of 4 dB). 

Fig. 5-4(a) shows the responsivities of all measured devices in all conditions. 
It is shown in the figure that as the device length increases, the responsivity also 
increases since more photons are absorbed in the detector. When the device length 
increases to a certain value, the increment of the responsivity becomes less and the 
trend becomes flatter. This indicates that after reaching a certain length, almost all 
the photons are absorbed. Thus little improvement will be seen for longer devices. 
Here we define the absorption length to be the length where the responsivity 
reaches 95% of its maximum. As can be seen in Fig. 5-4(b), the absorption length 
is inversely proportional to the reverse-bias voltage. This indicates that the photon 
absorption of the diode becomes stronger at higher reverse-bias voltages. This 
phenomenon will be further explored in Section 5.3.4. It is also obvious that the 
absorption length of TM polarization is longer than that of TE polarization. This 
indicates a relatively lower absorption for TM polarization which will be proven by 
fitting the simulation to the measured data in Section 5.4.2. 
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Fig. 5-4. (a) The responsivities of 32 devices with different lengths at a wavelength of 
1640 nm. The measurements were done under four different reverse-bias voltages and 
for both polarizations. The simulated results (which will be discussed in Section 5.4) 
are also shown in the figure. (b) The absorption length (for both polarizations) under 
different reverse-bias voltages. 

The response of the photodetectors to a scan of input optical power has also 
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been investigated. The wavelength of the input laser is fixed at 1640 nm with an 
output power of 0 dBm. The laser output is then directed to a tunable attenuator 
which provides attenuations from -60 dB to 0 dB. The total loss before entering the 
lensed fiber (including the insertion loss of the attenuator) is 6.04 dB. A coupling 
loss of 4 dB between the lensed fiber and waveguide is assumed. As the attenuation 
of the optical power is scanned from -60 dB to 0 dB, the photodetectors generate 
corresponding photocurrents. The photocurrents are then linearly fitted. We found 
that within the attenuation range from -20 dBm to 0 dBm, the relative deviation 
between measured and fitted data is less than 5 % for both short (280 μm) and long 
(1120 μm) devices and for both TE and TM polarizations. When the attenuation 
increases further, the relative deviation becomes larger because the influence of the 
dark current cannot be neglected. Saturation is not observed for both short (280 
μm) and long (1120 μm) devices. 

5.3.4. Absorption spectra 

As is observed in the previous section that the photon absorption becomes 
stronger at higher reverse-bias voltages, the absorption spectra of the 
photodetectors have been measured in order to investigate the absorption behavior 
of the QDs. The measurement is done by reverse biasing the short SOA section 
(the photodetector) and injecting a current into the long section by forward biasing 
(see Fig. 5-1(b)). The injected current density is set to be 3000 A/cm2 such that the 
long SOA section provides an amplified spontaneous emission (ASE) output the 
power of which is sufficient such that the residual optical power passed through the 
photodetector is recognizable. The ASE spectrum P0(λ) from the output facet of the 
long section is collected by the lensed fiber and recorded by an optical spectrum 
analyzer (OSA) with a resolution of 0.1 nm. Thereafter the residual optical power 
Pr(λ) which passes through the photodetector is collected from the output facet of 
the short section for a number of reverse-bias voltages. Fig. 5-5(a) shows the 
measured spectra for P0(λ) and Pr(λ) for a device length of 600 μm. 

The relation between P0(λ) and Pr(λ) can be expressed as follows, 

 0 ( ) ( ),ASEP P     (5-1) 

 ( ) ( ) ( ) ,SOA PDGL L
r ASE ASE fP P P e R e         (5-2) 

 0( ) ( 1) ( ).SOAPD GLL
r fP e e R P     (5-3) 

where α(λ) is the absorption coefficient, LPD the length of the photodetector, LSOA 
the length of the long SOA section, PASE(λ) the ASE spectrum generated in the long 
SOA section and η the coupling efficiency between the lensed fiber and the 
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waveguide. The facet reflection Rf is taken into account in this calculation since 
part of the light at the output facet of the long SOA will be reflected back into the 
SOA. The reflected light will be amplified by the small signal gain G of the SOA 
and will contribute to the input power of the photodetector. Since we have only two 
sections available in each device we have to make assumptions in the analysis. We 
assume that the fiber coupling losses of the short and long sections are identical. It 
should also be noticed that the measured absorption spectra also include the pure 
propagation loss of the optical mode in the short detector section. When a method 
with four SOA sections in the device is used [121] a higher accuracy can be 
achieved. 
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Fig. 5-5. (a) The ASE spectrum collected from the output facet of the long SOA 
section and the residual power collected from the output facet of the short section. (b) 
The absorption spectra for different reverse-bias voltages.  

By applying equation (5-3) to the measured data shown in Fig. 5-5(a), the 
absorption spectra for different reverse-bias voltages can be derived (see Fig. 5-
5(b)). It can be found in the figure that the absorption increases with increasing 
reverse-bias voltage. According to our simulation using a modified rate equation 
model (see Section 5.4) this increased absorption is a result of the increased carrier 
extraction rate in the diode. As the reverse-bias voltage increases, the carriers flow 
faster out of the QDs which can then absorb another photon. The probability of the 
QDs being occupied with a carrier pair decreases which results in an increase of the 
absorption.  

5.3.5. Spectral response 

The QD waveguide photodetectors have a flat response over a whole 300 nm 
wavelength range as shown in Fig. 5-6. This well satisfies the requirement for the 
OCT application. The responsivities of the QD waveguide photodetectors have 
been measured as a function of wavelength. This is done by scanning the 
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wavelength of the optical input. A device with a length of 960 μm is used. The 
choice of this length is that this device has a good dark current performance and the 
length is long enough to absorb most (95%) of the light (see Fig. 5-4(b)). The 
photocurrents are recorded for every 5 nm wavelength step and are calibrated with 
the original optical power of each wavelength. The light sources used for the 
measurement are a commercial tunable laser which covers a wavelength range 
from 1.44 μm to 1.64 μm, and our QD tunable laser proposed earlier [3] which 
covers a wavelength range from 1.685 μm to 1.745 μm. The measurements are 
done for four reverse-bias voltages at which the dark-currents are sufficiently low 
and for both TE and TM polarizations. It should also be mentioned that there is an 
increasing uncertainty in the data in the wavelength range between 1.685 μm to 
1.745 μm since the power meter used in the measurement is not calibrated for 
wavelengths longer than 1.65 μm.  
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Fig. 5-6. The spectral responses of a 960 μm-long device under different reverse-bias 
voltages. The spectrums for both TE and TM polarizations are shown. 

The spectral dependency of the coupling loss between the fiber and the 
waveguide facet is also investigated. This is done by calculating the overlap 
integral between the fundamental mode of the waveguide and the Gaussian mode 
profile of the lensed fiber as a function of wavelength. The wavelength-dependent 
waveguide modes are calculated by a finite-difference method (FDM) mode solver. 
The wavelength-dependency of the mode spot-size and focal length of the lensed 
fiber can be found in [122]. The focal length will decrease and the mode spot-size 
will increase as the wavelength increases as depicted schematically in Fig. 5-7(a). 
Note that the output light from the lensed fiber is considered as Gaussian beam. In 
the measurement of the spectral response, the position of the lensed fiber is 
adjusted to obtain the optimized collected optical power for 1700 nm. During the 
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wavelength scan the fiber is kept in this position. The focal plane of the lensed 
fiber will shift with respect to the original position as wavelength varies. And the 
width of the fiber mode at the waveguide facet can be larger than the width at the 
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(a)

1700 nm
1800 nm

1600 nm

lensed fiber

 

X (m)

Y
 (
 m

)

 

 

-2 0 2

-3

-2

-1

0

1

2

3

X (m)

Y
 (
m

)

 

 

-2 0 2

-3

-2

-1

0

1

2

3 0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(b) (c)  

1.4 1.5 1.6 1.7 1.8
-4.3

-4.2

-4.1

-4.0

-3.9

-3.8

-3.7

-3.6

-3.5
 TE
 TM

C
ou

pl
in

g 
lo

ss
 (

dB
)

m

(d)

 

Fig. 5-7. (a) Schematic diagram of the focal distance and spot-size of the lensed fiber 
at different wavelengths. The arrows indicate the position of the focal plane (waist of 
the Gaussian beam) at each wavelength. (b) Waveguide mode intensity distribution at 
1700 nm and TE polarization. The waveguide structure is indicated by the white 
lines. (c) Mode profile of the lensed fiber at the focal plane for 1700 nm and TE 
polarization. (d) The coupling losses between the lensed fiber and waveguide facet 
for both polarizations. 
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waist of this Gaussian beam. This is also considered in the calculation (see Fig. 5-
7(a)). An example of the waveguide mode distribution at 1700 nm at TE 
polarization is shown in Fig. 5-7(b). The mode profile of the lensed fiber at the 
focal plane at 1700 nm and TE polarization is shown in Fig. 5-7(c).  

The calculation result shows limited wavelength dependency of the coupling 
loss (see Fig. 5-7(d)). As in the 1.4 to 1.8 μm wavelength range, the coupling loss 
difference between minimum and maximum loss is less than 0.5 dB (11 %). The 
polarization dependency is also low (< 0.2 dB). Thus the coupling loss has little 
influence on the spectral responses. 

It is clear in Fig. 5-6 that the responsivity of the photodetector increases 
dramatically with the reverse-bias voltage. When the reverse-bias voltage increases 
from 0 V to 1 V, the responsivity shows the largest increment. If the reverse-bias 
voltage increases further, the increase of responsivity is less but still significant. 
This phenomenon can also be observed in Fig. 5-4(a). It can be explained as the 
increase of the carrier extraction rate from the QDs as will be shown and discussed 
in detail using a QD rate equation model in Section 5.4. The increase of reverse-
bias voltage will enhance the electric field in the depletion region of the diode. As a 
result, the carrier extraction rate from the QDs increases. It is also obvious from 
Fig. 5-6 that over the whole wavelength range, the slope of the spectral response 
curves stays almost the same when the reverse-bias voltage varies. It indicates that 
when the reverse-bias voltage changes the shape of the absorption spectra of the 
photodetector does not change (see Fig. 5-5(b)). It is also clear that the device 
shows a polarization dependency. This is mainly due to the physical nature of the 
strained QDs [81, 123]. The absorption coefficient at TM polarization will be less 
than that of TE polarization, thus causing the difference in responsivities. 

As a result, when the reverse-bias voltage is 3 V, the photodetector provides a 
very flat response to a wide wavelength range (300 nm) with an average 
responsivity as high as 0.7 A/W. The high responsivity and flat spectral response 
show good perspective in the application of SS-OCT systems. 

5.3.6. Bandwidth 

To determine the signal bandwidth of the photodetector, sine wave amplitude 
modulated laser light at a wavelength of 1.55 μm and a power of 3 dBm was 
launched into the detector with a varying modulation frequency. The modulation 
depth which is defined as max min max min( ) / ( ) 100%V V V V   , where Vmax and Vmin 

represent the average upper and lower envelopes of the signal, is 20% in our 
measurement. 
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Fig. 5-8 shows the frequency response of a 280 μm-long photodetector under 
different reverse-bias voltages. It is clear that the 3 dB bandwidth increases as the 
reverse-bias voltage increases. This is possibly due to the increase of the depletion 
region thus decrease of the junction capacitance. As the voltage increases up to 3 
V, the 3 dB bandwidth can reach 75 MHz.  

The 3 dB bandwidth is also related to the length of the device. The longer the 
device, the larger the junction and metal contact capacitances. Thus a shorter 
device will provide a higher bandwidth (shown in Fig. 5-9). When the device is as 
long as 1 mm at 2 V, the 3 dB bandwidth is only 30 MHz. While the device length 
shrinks to 200 μm, the bandwidth increases significantly to 83 MHz. It should be 
noticed that, since the lower limit of the modulation frequency in our setup is 
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Fig. 5-8. The frequency response of the 280 μm-long photodetector for different 

reverse-bias voltages when the modulation ranges from 10 to 100 MHz. The data are 
normalized at 10 MHz. 
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Fig. 5-9. The frequency response of the photodetector for different device lengths 
when the modulation ranges from 10 to 100 MHz at a reverse bias voltage of 2 V. 
The data are normalized at 10 MHz. 
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limited to 10 MHz we had to align the curves at 10 MHz. Therefore the actual 
bandwidth will be slightly lower than the measured one. 

The measured bandwidth is relatively low compared to other waveguide 
photodetectors [124, 125]. The main reason is the large capacitance of the 
structure. This capacitance is relatively large due to the fact that an n-doped 
substrate is used in combination with the large 220 µm wide metal contacts as well 
as the relatively long devices that are needed due to the low absorption of the 
material. However the measured bandwidth is already close to being sufficient for 
the OCT application. In Section 5.5, the main sources which limit the bandwidth 
will be analyzed by applying an equivalent circuit model on the photodetectors. 

5.4. Rate equation model 

In this section, a modified rate equation model analyzing the absorption 
behavior of the QDs will be presented and analyzed. The rate equations together 
with the modifications and parameters will be presented first. The responsivities of 
various devices will be calculated and compared to the measurement results which 
have been shown in Section 5.3.3. The spectral response as well as the absorption 
behavior of the QDs is also simulated and discussed.  

5.4.1. Modified model and parameters 

Various rate equation models have been proposed for understanding the gain 
properties of the QD-SOAs and lasers [5, 12, 126]. Obviously they are used for the 
gain analysis with a current injection. Here we present a rate equation model based 
on a QD-SOA model [5, 126] that has been modified for the simulation of 
photodetection with current extraction. 

In Ref. [5], a rate equation model was applied to the analysis of the gain in 
QD-SOA in the 1.6 to 1.8 μm wavelength range. A good match was achieved 
between the model and the measured small signal gain spectra. It also explained the 
shape of the gain as a function of the injected current density. Since we used the 
same QD active material and layer stack for the photodetector, the QD rate 
equation model and several of the parameters used in [5] were modified to simulate 
the behavior of the photo-absorption of the QDs. The whole schematic of the 
structure of the energy band diagram is depicted in Fig. 5-10 where all the carrier 
dynamics are also indicated.  

The model contains a separate confinement structure (SCH) layer where the 
carriers are extracted out of the QDs and a wetting layer (WL) as a carrier 
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reservoir. The excited state (ES) and ground state (GS) are both allocated into N 
sub-groups to express the inhomogeneous dot size distribution with each group 
representing a certain average dot size (energy level). The Gaussian 
inhomogeneous distribution of dot size is the same as in [5]. The photo-generated 
carriers in the GS are transferred to ES with an escape rate of 1/τeGS. Then together 
with the carriers generated in ES, they escape from ES to WL with a rate of 1/τeES. 
The escape process from WL to SCH (1/τqe) is assumed to be strongly dependent 
on the reverse-bias voltage. Finally the carriers are extracted by a very fast process 
(1/τesc) due to the high electric field. The carriers can also flow back from SCH to 
WL, from WL to ES and from ES to GS with capture rates of 1/τs, 1/τc and 1/τd 
respectively. The carriers also experience radiative or non-radiative processes in 
SCH, WL and two energy states in QDs with a rate of 1/τsr, 1/τqr and 1/τr 
respectively. 

The resulting rate equations are as follows: 
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Fig. 5-10. The schematic of the energy band diagram of the QD active region. The 
carrier capture and escape rates from the states are indicated. 



 

 

Chapter 5 

102 

 0,1,..., 1n N       (5-7) 

 ( ) .spon
ESn GSn

nr r p

NdS c S
S

dt n
  

 


     (5-8) 

The rate equation model consists of one equation representing the SCH (Eq. 
(5-4)), one representing the WL (Eq. (5-5)), N equations for ES (Eq. (5-6)), and N 
equations for GS (Eq. (5-7)). The rate equations are then coupled with one equation 
for the photons (Eq. (5-8)) where spontaneous emission (βNspon/τr) and pure photon 
loss (S/τp) are also included.  

The major modification from [5] is the change from current injection to 
current extraction. We set the current injection in the model to zero, and add an 
additional carrier escape rate 1/τesc from the SCH layer out of the QDs. This 
parameter presents the fast extraction of the photo-generated carriers due to the 
high electric field and it is assumed to be much faster than other capture and escape 
rates in the model. Another modification is that the multiple photon groups used for 
representing different wavelength components in the gain spectra is reduced to 
only one photon group which represents a single wavelength as in the 
measurements.  

In the model, the carrier escape times of ES and GS are related with the carrier 
capture times τc0 and τc0 in the following way [126]: 
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where ρWLeff is the effective density of states in the WL, VA and VWL the volume of 
the QD active region and the WL, μES and μGS the degeneracy of ES and GS, and 
ND the dot density. 

The extraction of the photocurrent is represented in Eq. (5-4) by the escape 
rate from SCH out of the QDs (1/τesc). The relation between the photocurrent Ip and 
τesc can be written as: 

 .s
p

esc
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I e


  (5-11) 

During the calculation, the absorption coefficients of ES and GS of the QDs 
are calculated with the following equations: 
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where Cg is a constant, Nw the number of QD layers, Hact the total active layer 
thickness, |Pσ

ES, GS|
2 the transition matrix elements of ES and GS recombinations 

[12], Gn the normalized fraction of n-th dot group and Bcv the Lorentzian 
homogeneous broadening function [12]. The total absorption of the photons is then 
calculated by: 

Table 5-1 Parameters used in the rate equation model 

Parameters Values Reference 
FWHM of inhomogeneous broadening Γ0 = 41 meV [4] 
Effective density of states of WL ρWLeff = 2.4×1011 cm-2 (T = 

288 K) 
 

FWHM of homogeneous broadening 2ћΓcv = 40 meV [5] 
Degeneracy of ES μES = 4  
Degeneracy of GS μGS = 2  
Relaxation time from SCH to WL τs =7.85 ns [5] 
Capture time from WL to ES τc0 = 1 ps [4] 
Capture time from ES to GS τd0 = 1 ps [4] 
Escape time from SCH to outside τesc = 0.1 ps  
Carrier recombination time in SCH τsr = 4.5 ns [6] 
Carrier recombination time in WL τqr = 28.3 ps [5] 
Carrier recombination time in ES and GS τr = 1 ns [4] 
QD density ND = 3.1×1010 cm-2 [17] 
Number of QD layers Nw = 5  
Total active layer thickness Hact = 200 nm  
Refractive index nr = 3.261  
Optical confinement factor ΓTE = 0.34; ΓTM = 0.33 

@1.7 μm 
(wavelength dependent) 

 

Transition matrix elements (for TE) |Pσ
ES, GS|

2 = 2.70·m0·EEG,GS 
kg·eV 

[5] 

Internal modal loss αi = 10 cm-1 @1.7 μm 
(wavelength dependent) 

 

Temperature T = 288 K  
Number of QD sub-groups N = 61  
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where Γ is the confinement factor of the QD active layer. All the values of the 
parameters fixed in the rate equation model are summarized in Table 5-1. During 
the simulation, τqe is used to represent the different carrier extraction rate due to 
different reverse-bias voltages. This is the only parameter that is adjusted to match 
the calculated responsivities to the measured ones. For TM polarization, the 
transition matrix element |Pσ

ES, GS|
2 is also adjusted to fit the simulations to the 

measurements. This is because only TE polarization was considered and described 
in the simulation of QD-SOAs in [5]. 

The rate equations are solved in the time domain. They are integrated in time 
till a steady state has been reached [5]. During the simulation, an instant carrier 
extraction from SCH out of the QDs is assumed (τesc = 0.1 ps) due to the high 
electric field. All the carriers escaping from WL to SCH will be instantly extracted 
by this fast process. As long as τesc is shorter than 10 ps, it does not significantly 
influence the simulation results any further. The escape rate from WL to SCH is 
determined to be dependent on the reverse-bias voltage to represent the voltage-
dependency of the carrier extraction rate mentioned in Section 5.3.3. The optical 
confinement factors of the active region for TE and TM polarizations are calculated 
over the whole wavelength range (1.4 μm to 1.8 μm) using an FDM mode solver 
(see Fig. 5-11(a)). The wavelength dependency of the internal modal loss αi is also 
considered as shown in Fig. 5-11(a). One can clearly see the loss for longer 
wavelengths is much higher than that for shorter wavelengths due to the higher 
overlap of the optical mode and the highly doped p-type cladding layers. 
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Fig. 5-11. (a) The wavelength dependency of the optical confinement factors (for both 
TE and TM polarizations) and the internal modal loss. (b) The values of τqe at 
different reverse-bias voltages. 
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5.4.2. Comparison with experimental results 

The simulation is first performed at an optical input with fixed wavelength and 
fixed optical power for TE polarization. The device length is scanned from 200 μm 
to 2000 μm. The carrier escape rate from WL to SCH (1/τqe) is the only parameter 
that is adjusted to match the simulation with the measured data for one particular 
value of the reverse-bias voltage. The relation between 1/τqe and the reverse-bias 
voltage is shown in Fig. 5-11(b). The increase in the rate represents the increase of 
the reverse-bias voltage. 

The simulated results for all the devices are shown in Fig. 5-4(a) in dashed 
curves. As can be seen in the figure, the simulation results match very well with the 
measured data. For TM polarization, we use the same set of τqe since the carrier 
dynamics is not expected to change with the polarization state of the incident light. 
The optical confinement factors for TM polarization need to be used. The transition 
matrix elements are also adjusted for TM polarization to represent the polarization 
dependency of the QDs. After the simulated result being fitted to the measured 
data, the transition matrix elements decrease from 2.70·m0·EEG,GS for TE 
polarization (as shown in Table 1) to 2.30·m0·EEG,GS. The lower transition matrix 
elements for TM polarization indicate lower absorption coefficients (αES, TM and αGS, 

TM) according to Eq. (5-12) and Eq. (5-13). 
Simulations for the spectral behavior of the photodetectors are also performed. 

The spectral simulations for a 960 μm-long device under TE polarization are 
performed (as shown in Fig. 5-12(a)). The situation is similar for TM polarization. 
It can be seen in the figure that for wavelengths longer than 1.6 μm, the simulation 
matches well with the measured spectrum. But for the shorter wavelengths below 
1.6 μm, there is a clear deviation between simulation and measurement. The reason 
of this deviation is that the absorption coefficient of the QDs in the shorter 
wavelength region is underestimated. As can be seen in Fig. 5-12(b), the photon 
absorption α (Eq. (5-14)) of the device is calculated for TE polarization. It shows 
that the calculated photon absorption in the shorter wavelength region is lower than 
that in the longer wavelength region. On the other hand, the measured photon 
absorption in the shorter wavelength region is higher than that in the longer 
wavelength region (see Fig. 5-5(b)). It is possible that the photon absorption is 
underestimated due to the exclusion of the contributions from higher energy states 
in the QDs. Such states would not show up in the ASE spectra in forward bias, but 
can play a role in absorption. Also absorption in the WL was not included in our 
model. The energy level of the WL corresponds to a wavelength of 1.47 μm [5] and 
is indicated as a gray dashed line in Fig. 5-12(a). This wavelength is in the 



 

 

Chapter 5 

106 

wavelength region where a clear deviation occurs. Thus the exclusion of absorption 
from WL is the most likely reason for the deviation. According to our simulation, 
the photodetectors still provide high responsivities for wavelengths beyond 1.8 μm 
(e.g., 0.6 A/W at 2 μm, 3 V). 

1.40 1.45 1.50 1.55 1.60 1.65 1.70 1.75 1.80

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1.4 1.5 1.6 1.7 1.8
10

15

20

25

30

35


(

cm
-1

)
m

 0 V
 1 V
 2 V
 3 V

(b)

 

 0 V     Simulated 0 V
 1 V     Simulated 1 V
 2 V     Simulated 2 V
 3 V     Simulated 3 V

R
es

po
ns

iv
ity

 (
A

/W
)

m

(a)

 

Fig. 5-12. (a) The spectral simulations of a 960 μm-long device for TE polarization. 

The measured spectra are also shown for comparison. (b) The total photon absorption 
of the QDs calculated by the rate equation model (also for TE polarization). 

5.5. Equivalent circuit model 

In this section, an equivalent electrical circuit model is applied on the QD 
waveguide photodetectors to analyze the factors that limit the bandwidth of the 
devices. The simulated bandwidth is matched to the experimental results in order to 
determine the capacitances in the circuit. 

5.5.1. Equivalent circuit modeling 

The QD waveguide photodetectors can be modeled by an equivalent circuit 
method [127] as shown in Fig. 5-13. Io(ω) is the photon-generated current 
paralleled by the junction capacitance Cpd and junction resistance Rd. A time-
independent reverse-bias voltage VR is applied on the photodetector. The device is 
in series with a series resistance Rs and then in parallel with the probe pad 
capacitance Cp. The photodetector is connected with the commercial photodiode 
amplifier module [74], which has an input capacitance (Ci = 7 pF) and an input 
load (RL = 50 Ω). The series resistance Rs is estimated to be about 7.6 Ω using the 
method presented in [124]. The junction resistance Rd can be neglected when the 
dark current is very low (<< μA). The Cpd and Cp are adjusted during the simulation 
to match the simulated bandwidth to that of the measured one.  
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The frequency response of this circuit is the product of the frequency response 
of the RC circuit and the frequency response of the amplifier module. According to 
[124], the frequency response of the RC circuit can be written as  

 1 2

1
( ) .

1 [ ( ) ( )] ( )pd s L L i p s L pd i p

H
j C R R R C C R R C C C


 


     

 (5-15) 

The frequency response of the amplifier module H2 (ω) can be directly measured 
by a network analyzer. Thus the overall frequency response is the product of H1 (ω) 
and H2 (ω).  

The total bandwidth of the photodetector can be written as 
2 2 21 / 1 / 1 /total circuit trf f f  , where fcircuit is the 3 dB bandwidth of the equivalent circuit 

and ftr the transit time bandwidth which is determined by the carrier drift time in 
the photodetector. Since ftr is very large (> 40 GHz [124]) compared to fcircuit, it can 
be neglected for simplicity. 

5.5.2. Comparison with experimental results 

The junction capacitance Cpd and probe pad capacitance Cp are first determined 
for a device with a fixed length and a range of reverse-bias voltages. The Cpd 
should be inversely proportional to the applied voltage since as the voltage 
increases the junction capacitance will decrease due to an expansion of the 
depletion region. The Cp on the other hand will not change as the voltage. Thus by 
matching the simulated 3 dB bandwidth with the measured one, the value of Cp and 
voltage dependency of Cpd can be determined. The frequency responses of the 
amplifier module, the equivalent circuit and the overall model of a 280 μm-long 
device under 2 V reverse bias are shown in Fig. 5-14(a). The determined values of 
Cpd and Cp under different reverse-bias voltages are shown in Fig. 5-14(b). As Cp 
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Fig. 5-13. The equivalent circuit model of the QD waveguide photodetector. 
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does not change as voltage, it keeps a relative high value (as high as 46 pF). This is 
mainly due to the large area of the metal contact used in our devices (220 μm wide 
and same length as the device). It can also be seen that there is a significant 
improvement on Cpd as the reverse-bias voltage increases. The error bars of the Cpd 
in Fig. 5-14(b) indicate the variability of Cpd when the ± 5 % relative deviation of 
the bandwidth values used in the calculation is considered. 

After determining the capacitances for a device with a certain length, the 
capacitances for devices with other lengths can be easily estimated because both 
Cpd and Cp are linearly proportional to the device length. Then the relation between 
the 3 dB bandwidth and the device length can be simulated based on the results 
obtained at 280 µm length and compared with the measured results. As can be seen 
in Fig. 5-15, the simulated bandwidths match well to the measured ones. The figure 
shows that the length of the device strongly affects the 3 dB bandwidth. According 
to our model, the 3 dB bandwidth of the device is mainly limited by Cp. Thus the 
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Fig. 5-14. (a) The frequency responses of the amplifier module, the equivalent circuit 
and the overall model of a 280 μm-long device under 2 V reverse bias. (b) The 
determined values of Cpd and Cp under different reverse-bias voltages. 
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Fig. 5-15. The measured and simulated 3 dB bandwidth vs. the device length. 
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bandwidth can be easily improved by optimizing the metallization of the 
photodetectors. 

5.6. Conclusion 

In this chapter we have presented the QD waveguide photodetectors and have 
shown them to meet requirements for application in OCT in the 1.6 to 1.8 μm 
wavelength range. By choosing a relatively short device (280 μm) and applying a 
reverse-bias voltage (3 V) these requirements can be met. A low dark current (~ 15 
nA) and flat spectral response (> 0.5 A/W over 300 nm wavelength span) can be 
achieved. The dark current is of the same magnitude as the InGaAs detectors and 
much smaller than that of the SWIR InGaAs detectors. The responsivity (calibrated 
by fiber coupling loss) is also much higher than photodetectors of the InGaAs type. 
And the flatness of the spectral response is more advantageous compared to all 
other candidates (e.g., InGaAs, SWIR InGaAs and Ge types). The rate equation 
model was applied to understand the carrier dynamics in the QD material. The 
model explains well the absorption behavior of the QDs in the 1.6 to 1.8 μm 
wavelength range and shows a good match to the experimental results for the 
length-dependent responsivities. High responsivities for wavelengths beyond 1.8 
μm can still be expected according to this model. An equivalent circuit model was 
also applied. By matching the simulated bandwidths with the measured ones, the 
capacitances which dominate the bandwidth are estimated and analyzed. The 
device provides a 3 dB bandwidth of about 70 MHz which is sufficient for OCT 
application. According to the simulation, bandwidths well over 200 MHz should be 
achievable with optimized metallization. The QD waveguide photodetectors have 
also shown potential in other applications such as near-infrared spectroscopy and 
gas sensing. 

There are also several improvements which can be made. For instance, the 
photon absorption of the active material can be improved by using a new QD 
material with higher dot density [10]. This will significantly shorten the length of 
the device and metal contact and will thus help to improve the bandwidth. The 
layer stack of the photodetector can also be adjusted for less overlap between the 
optical mode and the highly-doped InP contact layer. The improvement on the 
propagation loss will increase the maximum achievable responsivity. However this 
will reduce the performance of the layerstack when being used as an optical 
amplifier. A spot-size converter might also be included to improve the coupling 
efficiency between the waveguide and the optical fiber. 
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Chapter 6 

High-gain quantum dot amplifiers 
at 1.7 µm wavelength region 

Abstract: In this chapter measurements and analysis of the small signal net modal 
gain of single-layer InAs/InP(100) quantum dot optical amplifiers are presented. 
The amplifiers use only a single layer of InAs quantum dots on top of a thin InAs 
quantum well. The devices have been fabricated using a layerstack that is 
compatible with active-passive integration scheme which makes further integration 
possible. The measurement results show sufficient optical gain in the amplifiers 
and can thus be used in applications such as lasers for long-wavelength optical 
coherence tomography and gas detection. The temperature dependence of the 
modal gain is also characterized. An existing rate equation model was adapted and 
has been applied to analyze the measured gain spectra. The current injection 
efficiency has been introduced in the model to obtain a good fit with the 
measurement. It is found that only a small portion (~ 1.7 %) of the injected carriers 
is actually captured by the QDs. The temperature dependence of several parameters 
describing the QDs is also discovered. The mechanisms causing the blue shift of 
peak gain as the current density increases and the temperature changes are analyzed 
and discussed in detail. 

6.1. Introduction 

Semiconductor quantum dot (QD) material has attracted great interest among 
researchers. Because of the three-dimensional confinement of carriers, QD 
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semiconductor optical amplifiers (QD-SOAs) and QD lasers have several 
advantages over bulk or quantum well (QW) devices. Low threshold current 
density [128], [129] in QD lasers and ultrafast carrier capture dynamics [130], [4] 
in QD-SOAs have been experimentally demonstrated. The QD-based devices can 
also benefit from the inhomogeneous broadening of the QDs. Due to the 
inhomogeneous size distribution of the QDs, the emission bandwidth can be as 
wide as 100 – 200 nm [131], which is suitable for applications requiring a wide 
operating range such as widely tunable lasers. More importantly, the QD material 
has an advantage in that there is a direct control mechanism for the central 
emission wavelength over a wide range. The emission wavelength of a single QD 
is mainly determined by the gap of energy levels and to a limited extent by the 
width of homogeneous broadening [12]. The wavelength of the photon emitted by 
the QD can be mainly controlled by the size of the QD which directly determines 
the energy gap [132]. The average size of the QDs can be controlled during the 
growth process, which has been demonstrated in the InAs/InP(100) QD platform 
[81]. Thus the central wavelength of the emission spectra can be tuned from 1.4 μm 
up to 2 μm. 

The wavelength range from 1.6 to 1.8 μm is desirable for several applications 
such as monolithically integrated tunable lasers [3] and photodetectors [71] used in 
optical coherence tomography (OCT) or gas detection [133]. The InAs/InP(100) 
QD platform with QDs tuned to 1.7 μm with wide bandwidth, in combination with 
the butt-joint active-passive photonic integration scheme [120] can be used for the 
development of integrated optical devices for 1.6 to 1.8 μm long-wavelength 
applications. 

In our previous work, a five-layer InAs/InP(100) QD material system at 1.6 to 
1.8 μm wavelength range has been characterized [5] and successfully used in a 
tunable laser [3] and a photodetector [71]. The measured small signal net modal 
gain is relatively low (peak gain of 6.5 cm-1 at 3000 A/cm-2 at 288 K) compared to 
bulk or QW materials. This relatively low gain has limited the performance of the 
tunable laser which operated just above the threshold due to the high intra-cavity 
loss. One way to improve the output power and tuning speed of the laser is to use a 
new QD material with higher gain. 

In this chapter, we present measurement results and their analysis of QD-
SOAs based on a single-layer InAs/InP(100) QD platform. This single-layer 
material is based on a QD-on-QW system (similar to the concepts previously 
reported in [128], [134]) which shows superior properties as compared to the five-
layer QD-SOAs used in our previous experiments. When this single-layer QD 
amplifier is used in Fabry-Perot ridge waveguide lasers it shows a higher slope 
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efficiency than the one that was achieved with the previously used five-layer QD-
SOAs [10]. The small signal gain spectra of the single-layer QD-SOAs have been 
characterized by us for a series of injection current densities and chip temperatures. 
The improvement of the optical gain is demonstrated and quantified. An improved 
rate equation (RE) model based on [5] is applied to model the amplifiers and obtain 
insight into its operation. From this modeling it is found that only a small fraction 
of the injected carriers are captured by the QDs. Good fitting to the measured data 
could be obtained by introducing a high carrier escape rate from the SCH layer. 
The resulting low current injection efficiency and high gain contribution from 
individual QD together determine the absolute value and shape of the gain spectra 
at different current densities. By fitting the simulation to the measurement, the 
temperature dependence of the carrier dynamics and several physical parameters in 
the QDs has been extracted. A number of the parameters in the model turned out to 
be significantly temperature-dependent. Significant blue shift of the peak gain with 
increasing carrier density and decreasing temperature was observed and its origin is 
explained by the model. 

The accurate measurement of the gain properties of InAs/InP QDs performed 
in this work is important for further device optimization, as well as for providing 
comparison of the gain properties of this active region with those of alternative 
methods based on other active regions. Prior works had reported the uses of 
InAs/GaAs QDs [135], [136] for lasers in the 1.2-1.3 μm wavelength region, 
strained InGaAs QWs [137], [138] and InGaAsSb QWs [139] for achieving long 
wavelength lasers up to 2.3 μm. Our preference of using QDs as the active material 
stems from the wider gain bandwidth that QDs can provide compared to the QWs. 
The wide gain bandwidth is crucial for a widely tunable laser in a swept-source 
OCT system.  

This chapter is organized as follows. In Section 6.2, the device design and 
fabrication as well as the measurement method are introduced. The measurement 
results of the small signal gain spectra will be presented in Section 6.3. The 
improved RE model will be presented in Section 6.4, followed by fitting results 
and analysis in Section 6.5. 

6.2. Gain characterization method, device design, 
fabrication 

The Hakki-Paoli technique [140] is a well-known method for measuring 
optical gain. This technique is based on the analysis of resonance modulation in the 



 

 

Chapter 6 

114 

amplified spontaneous emission (ASE) spectra from a Fabry-Perot cavity operating 
below threshold. Since the QD-SOAs have a low modal gain compared to bulk or 
QW materials, the devices have to be several millimeters long in order to provide a 
sufficient optical gain value that is suitable for measurement. To resolve the closely 
spaced spectral modes of the modulated ASE spectra of millimeter-long cavities in 
the 1.6 to 1.8 μm wavelength range a high resolution spectrometer is required 
which is not available. This makes that the Hakki-Paoli technique is not practical 
for characterization of these QD-SOAs. The measurement method used in this 
chapter is based on the analysis of ASE spectra from SOAs of different lengths [5], 
[103]. Only a moderate spectral resolution of the spectrometer is required for this 
method.  

The relation between the ASE output power P(λ,L), the net modal gain G(λ) of 
the SOA and the device length L under the condition of no optical feedback and no 
gain saturation can be written as [141]: 
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   (6-1) 

where Psp(λ) is the spontaneous emission power per unit length. The gain can be 
obtained by fitting a series of ASE spectra from SOAs with different lengths to Eq. 
(6-1) at each wavelength. 

We have implemented this method by fabricating a series of shallowly etched 
ridge waveguide amplifiers of various lengths that have been divided into two 
sections on a single chip. One part is the optical amplifier from which the ASE 
output is monitored through a cleaved facet. The other section is reverse biased and 
acts as an absorber which prevents detectable feedback into the amplifier. The 
advantage of this method is that the random noise and measurement errors such as 
variation in fiber coupling efficiency can be averaged out when using a sufficiently 
large number of SOA sections. 

In this chapter, a chip with a width of 7 mm is used, where the length of SOA 
sections vary from 4.97 mm to 6.65 mm, as shown in Fig. 6-1(a). The devices 
cover a 7 mm × 7 mm area of a 13 mm × 12 mm mask that was used on a quarter 
of a two inch wafer. The absorber waveguide sections have only 300 nm thick 
evaporated metal contacts. The isolation sections are etched into the waveguide 
ridge to provide electrical isolation between the SOA and absorber sections.  

The cross-section structure of the single-layer InAs/InP(100) QD-SOAs as 
well as absorber and isolation sections are presented in Fig. 6-1(b). The devices are 
fabricated using a process technology which is fully compatible with the active-
passive photonic integration scheme of the COBRA Research Institute [5]. The 
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layer structures are grown by low-pressure metal-organic vapor-phase epitaxy 
(MOVPE) starting from an n-type InP(100) two inch diameter substrate. The InAs 
QDs are grown on a thin (1.6 nm) InAs QW layer [10], and are inserted in the 
center of a 500 nm thick InGaAsP (Q1.25) waveguiding layer as shown in Fig. 6-
1(b). The thickness of the InAs QW layer is designed to control the average size of 
the InAs QDs to have an emission wavelength around 1.7 μm. The waveguiding 
layer is sandwiched by a 500 nm n-type InP bottom cladding and a 1.5 μm p-type 
InP top cladding with compositionally graded 300 nm p-type InGaAs contact layer. 
The single-mode shallowly etched waveguides with a width of 2 μm are formed by 
etching 100 nm into the waveguiding layer using an inductively coupled plasma 
reactive ion etching (ICP-RIE) process. The isolation section is formed by etching 
away most of the highly doped p-type top cladding between the SOA and the 
absorber using the same etching process. All the structures are planarized using 
polyimide. Metal contacts (TiPtAu) are evaporated at both sides to form electrical 
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Fig. 6-1. (a) The layout of a chip with 26 devices with different lengths. The selected 
devices for the measurement are marked by gray arrows. (b) The cross-section 
structure of the single-layer InAs/InP(100) QD-SOA section, absorber section and 
isolation section. 
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contacts. A thick (1.7 μm) Au layer is also plated on top of the evaporated metal 
contacts of SOAs to reduce the contact resistance and guarantee good spreading of 
the injected current. The chip is cleaved perpendicular to the waveguides and no 
coating is applied on the facets. The chip is finally mounted on a copper chuck and 
contacted with probes. The temperature just beneath the chip is controlled by liquid 
cooling using a chiller. In order to prevent condensation of water on the chip when 
temperature is below 283 K, the setup is sealed in an enclosure with a nitrogen 
atmosphere.  

The schematic diagram of the low-temperature measurement setup is shown in 
Fig. 6-2(a). The chip to be measured and the copper chuck supporting the chip are 
fixed on a horizontal motorized stage with 50 mm travel range. The motorized 
stage can be controlled remotely to adjust the position of the chip with respect to 
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Fig. 6-2. (a) The schematic diagram of the low-temperature measurement setup. (b) A 
picture of the entire measurement setup. 
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the optical fiber. Another motorized stage with a 50 mm travel range is installed 
vertically to lift the probe holders which are used for current injection and reverse 
voltage biasing. The needle probing to the devices can thus be manipulated 
remotely. A lensed fiber is used to collect the ASE power from the SOA output 
waveguide with a coupling loss of about 4 dB. The fiber is supported by the 3-axis 
nanoblock with motorized actuators. The motorized actuators can be PC-controlled 
and have a travel range of 8 mm. The fine tuning of the fiber position is achieved 
piezo-mechanically with a resolution of 20 nm. The temperature underneath the 
chip is controlled by a Peltier cooler during the measurement. The chiller with 
circular liquid cooling is used to remove the heat from the Peltier cooler. The 
cooling liquid used for the chiller is H2O : Ethyleenglycol 1:1. This setup can go to 
a temperature of 250 K with the anti-freeze liquid as mentioned above. The lowest 
practical operational temperature beneath the chip was determined to be 268 K still 
due to water condensation. By improving the sealing of the enclosure the setup 
should be usable with a temperature below 268 K. The photograph of the entire 
setup is shown in Fig. 6-2(b). 

The ASE spectra have been obtained by injecting a current into the SOA 
sections and by collecting the ASE from the facet with a lensed fiber. The absorber 
sections are reverse-biased at -3 V to prevent optical feedback. The spectra have 
been recorded using a spectrometer (Yokogawa AQ6375) with 0.5 nm resolution 
over 400 nm wavelength band around 1.7 μm. 

Data from twelve out of the 26 devices are selected to be used in the fitting 
calculation (marked by gray arrows in Fig. 6-1(a)). The remaining SOAs could not 
be used due to a non-uniformity in the thickness of the electro-plated gold layer 
except for one where a defect in the waveguide was observed. In the chip layout 
(Fig. 6-1(a)) it can be seen that the relatively long SOA sections are alternated with 
relatively short SOA sections. Thus a short part of the longer SOAs lies in between 
un-plated absorber sections. It was clearly visible on the fabricated chip that the 
deposition of gold in these short parts of the SOAs was much thinner than in the 
other regions. Thus the current distribution in those relatively long SOAs is not 
optimal. It was observed that the ASE power for those relatively long SOAs with 
non-optimal plated gold was consistently too low compared to the selected devices. 
On the other hand the plating thickness of the selected SOAs was uniform. The 
details on this plating non-uniformity are described in Section 3.3.3 of Chapter 3. 
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6.3. Gain characterization results 

The net modal gain spectra of the single-layer QD-SOAs have been derived 
from the measurement results of continuous wave (CW) ASE spectra at a range of 
injection current densities (from 500 A/cm2 to 5000 A/cm2 with 500 A/cm2 
increments) and at four different chip temperatures (from 273 K to 303 K with 10 
K increment). As an example of the recorded data the ASE spectra obtained from a 
5.6 mm-long SOA section are given in Fig. 6-3(a) for a selection of different 
injection current densities and chip temperatures. It is obvious from the figure that 
the ASE power increases as the current density increases. A significant increase of 
ASE power is also observed as the temperature decreases. It indicates a strong 
temperature-dependent modal gain of the QD-SOAs. No clear spectral features 
from contributions of different states in the QD can be seen even at high current 
densities. This is analogous as reported in [5] for a five-layer InAs/InP QD system. 
There are spectral features at wavelengths beyond 1800 nm due to absorption of 
water vapor in the spectrometer. This is not clearly visible in Fig. 6-3(a) due to the 
scale of the axis but the effect can be clearly observed in the gain spectra. From the 
figure it can be clearly seen that both an increase in injection current density and a 
decrease of chip temperature can result in a blue shift of peak wavelength of the 
ASE spectra. The observed peak wavelengths as a function of injection current 
density (from 500 to 5000 A/cm2 with 500 A/cm2 increments) and chip temperature 
(273, 283, 293 and 303 K) are presented in Fig. 6-3(b). The blue shift of the peak 
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Fig. 6-3. (a) The measured ASE spectra of the 5.6 mm-long SOA section for a 
selection of different injection current densities ( 1000, 3000 and 5000 A/cm2) and 
four different chip temperatures (273, 283, 293 and 303 K). (b) The peak wavelengths 
of ASE spectra of the 5.6 mm-long SOA section under different injection current 
densities (from 500 to 5000 A/cm2 with a 500 A/cm2 increment) and four different 
chip temperatures (273, 283, 293 and 303 K). 
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wavelength can be as large as 120 nm for a current density variation of 500 A/cm2 
to 5000 A/cm2. The blue shift related to the temperature decrease from 303 K to 
273 K is approximately 30 nm. 

In order to verify the assumption of negligible feedback effects in the recorded 
ASE spectra, the round trip gain in the whole device (SOA and absorber) is 
evaluated by measuring the low level optical output from the absorber side and 
comparing it with the output from the SOA side. The most unfavorable condition 
for the assumption of negligible feedback is the device with the longest SOA 
section (5.81 mm) and the shortest absorber section (1.19 mm) at the highest 
current density (5000 A/cm2) that has been used. From the observed power level 
behind the absorber section the total round trip gain is calculated to be -18 dB at 
293 K and -14 dB at 283 K. This indicates that the contribution of back-reflected 
light to the total ASE power is less than 2 % at 293 K and less than 4% at 283 K. 
The optical feedback is thus sufficiently low to be negligible. The round trip gain at 
273 K could not be measured because the size of the sealed enclosure of the set-up 
is designed for fiber aligning only at one side. 

A nonlinear least square algorithm is used to fit the parameters in Eq. (6-1) to 
the measured ASE spectra [5]. A few examples of fitted results and the measured 
ASE data with the estimated 10 % error bars are presented in Fig. 6-4. This error 
value is the upper limit of the variation of the collected ASE power (e.g., due to 
fiber misalignment) as observed from repeated measurements. The algorithm has 
taken the 10 % error into account by assigning a weighting factor to each data 
point. Besides the 12 data points, a zero-length point is also used. The optical 
power at zero length is chosen as the background noise of the spectrometer. The 
modal gain spectra can be constructed by calculating the gain value for each 
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Fig. 6-4. The fitted ASE power, measured data and the 10 % error bars for (a) λ = 
1650 nm, I = 5000 A/cm2, T = 273 K and fitted G = 15.46 cm-1. (b) λ = 1650 nm, I = 
5000 A/cm2, T = 303 K and fitted G = 11.99 cm-1. (c) λ = 1750 nm, I = 1000 A/cm2, T 
= 303 K and fitted G = -1.16 cm-1. 
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wavelength at a certain injection current density and temperature. 
The net modal gain of the single-layer InAs/InP(100) QD-SOAs is first 

derived for different injection current densities at a fixed chip temperature, as 
shown in Fig. 6-5. The net modal gain spectra at 273 K are plotted for full range of 
injection current densities (from 500 to 5000 A/cm2 with a 500 A/cm2 increment) 
in Fig. 6-5(a). The net modal gain spectra with 68 % confidence bounds at 273 K 
are plotted for five selected injection current densities in Fig. 6-5(b). From the 
figures a blue shift of peak wavelengths of the gain spectra similar to the ASE 
spectra can be observed as the injection current density increases. The distortion of 
the gain spectra above 1750 nm is mainly due to the absorption by the water vapor 
in the air inside the spectrometer. The recorded optical power at wavelengths close 
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Fig. 6-5. (a) The measured net modal gain for the full range of injection current 
densities used (from 500 to 5000 A/cm2 with a 500 A/cm2 increment) at 273 K. (b) 
The measured net modal gain with 68 % confidence bounds at five injection current 
densities (1000, 2000, 3000, 4000 and 5000 A/cm2) at 273 K. 

1500 1550 1600 1650 1700 1750 1800 1850 1900

-5

0

5

10

15

20

1500 A/cm2

3000 A/cm2

 273 K
 283 K
 293 K
 303 K

ne
t m

od
al

 g
ai

n 
(c

m
-1

)

wavelength (nm)

5000 A/cm2

 

Fig. 6-6. The net modal gain spectra for different chip temperatures (from 273 K to 
303 K with 10 K increment) and three injection current densities (1500, 3000 and 
5000 A/cm2). 



 

  

High-gain quantum dot amplifiers at 1.7 µm wavelength region

121 

to the water absorption peaks is not accurate due to the relatively low resolution 
(0.5 nm) used in the measurement. 

The net modal gain spectra are also plotted for different chip temperatures. As 
can be seen in Fig. 6-6, the peak value of the gain increases significantly as the 
temperature drops. The temperature dependence of the peak gain is about 2 cm-1 
per 10 K at a current density of 5000 A/cm2. There is also a blue shift of the peak 
wavelength of the gain as the temperature drops. The lasing wavelength in the QD 
laser will be strongly dependent on the current injection density and slightly on the 
operation temperature. The mechanisms that are causing the current-density-
dependent and temperature-dependent blue shift will be discussed in Section 6.5 
using a RE model of the amplifiers. 

6.4. Improved rate equation model 

Several multi-level RE models have been proposed to understand the carrier 
dynamics and the mechanisms causing the blue shift of the gain spectra in the QD-
SOAs [5, 12, 126, 142]. The RE model in [5] has been successfully fitted to the 
gain spectra of the five-layer InAs/InP(100) QD-SOAs. This model was used to 
explain how two different mechanisms cause the blue shift of the peak wavelength 
in the gain spectra of five-layer QD-SOAs as a function of current density. 
However a good fit to the measured data could not be obtained using this model for 
the new single-layer InAs/InP(100) QD-SOAs presented here. An example of a 
result from a net modal gain calculation at 293 K is shown in Fig. 6-7. The shape 
of the measured gain spectra can be reproduced using this model. But the 
dependence of the gain on the current density as measured cannot be described 
properly. For instance, the difference in peak gain for the fitted gain spectra is 0.7 
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Fig. 6-7. The fitted gain curve using the RE model presented in [5] at 293 K and at 
five injection current densities (1000, 2000, 3000, 4000 and 5000 A/cm2). 
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cm-1 between 4000 and 5000 A/cm2 while the measured difference is 4 cm-1. The 
main reason of this difference is that the carrier population of the QD as a function 
of current density is overestimated. In reality the QDs start to be filled up and the 
population density becomes saturated at much higher injected carrier density 
values. 

In order to solve this mismatch between the RE model and the measured data, 
we have modified the RE model presented in [5, 6, 12]. The first of the 
improvements on the previous RE model is the introduction of the current injection 
efficiency. This concept of current injection efficiency has been previously applied 
to study the temperature-dependent carrier leakage out of QW in the InGaAsN QW 
lasers [143] and the efficiency-droop in the InGaN QW light emitting diodes 
(LEDs) [144]. Since the active layer of the single-layer QD-SOA is very thin (1 
monolayer (ML) of InAs QDs + 1.6 nm InAs QW [10]) compared to the active 
region in five-layer QD-SOA (200 nm in total [5]), and the layer stack of the active 
region is different, only a small portion of the injected carriers are collected by the 
active layer. Unlike the assumed 100 % carrier collection in [5], the improved 
model includes an additional carrier escape mechanism out of the QD amplifier 
[145, 146]. This carrier escape rate out of separate confinement heterostructure 
(SCH) layer of the QD amplifier is assumed to be temperature-dependent due to 
the thermal mechanism of the escape rate. This escape rate has numerically the 
same effect as a large carrier recombination rate in the SCH. However, physically 
the escape rate is much faster than the carrier recombination rate. 

Besides several parameters of which the temperature dependence is already 
defined in the RE model, we also discovered that a temperature dependence of 
parameters which were previously defined as constants is required. Thus the 
second improvement is the incorporation in the model for the temperature-
dependence of the homogeneous broadening of the QD and the escape rate out of 
SCH as mentioned above. This is explained in detail in the next section. In this 
work these parameters are adjusted for different temperatures in the simulation to 
fit the experimental data. 

In the model only the dynamics of electrons is considered since it is assumed 
that the dynamics of the holes immediately follows that of the electrons. The 
carrier time constants are thus the same for electrons and holes. The electron 
energy levels are equal to the transition energies, the energy levels of holes are 
equal and set to zero. Both homogeneous and inhomogeneous broadening of the 
QDs as well as the occupation-dependent carrier capture time and the temperature-
and-transition-energy-dependent carrier escape time constants are taken into 
account. Neither the Auger effect in the dots [147] nor direct carrier relaxation 
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from the wetting layer (WL) to the ground state (GS) [147] is included in the 
model. Since the QD-SOAs are operating below threshold, we assume that the 
portion of carriers in the GS and excited state (ES) that contribute to spontaneous 
emission does not influence the total number of carriers much. Thus the equations 
for photons are not included in the model. 

The energy bands and carrier dynamics in a QD for the improved RE model 
are depicted in Fig. 6-8. The model contains a SCH where the carriers are injected 
into and escape out of the QD. The WL acts as a common carrier reservoir. In order 
to express the effect of the inhomogeneous dot size distribution, the ES and GS of 
the QD are allocated into N sub-groups with each sub-group representing a certain 
average dot size (energy level). The carriers are injected into SCH with a constant 
rate I/e. They can relax to WL with a rate of 1/τs. Only part of the carriers is 
captured by the QD, the rest flow through the SCH layer with a rate of 1/τesc (this 
corresponds to the first improvement to the RE model). The carriers in the WL can 
be captured by the ES with a rate of 1/τc or escape back to the SCH with a rate of 
1/τqe. Carriers in the ES can relax to GS with a rate of 1/τd or escape back to WL 
with a rate of 1/τeES. In the GS, the carriers can escape back to ES with a rate of 
1/τeGS. In all energy states, the carriers will experience carrier loss processes 
(radiative and non-radiative) with rates of 1/τsr for SCH, 1/τqr for WL and 1/τr for 
ES and GS.  

tc tqr
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ES

GS

t s

td t eGS

teES
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tesc

t sr

t r
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Fig. 6-8. The schematic of the energy band diagram of the QD active region. The 
carrier dynamics are also indicated. The blue arrows indicate the carrier 
injection/collection, the green arrows the carrier escape and the red arrows the carrier 
losses. 

The resulting rate equations are as follows: 
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where Ns is the number of carriers in SCH, Nq the number of carriers in WL, NESn 
the number of carriers in the n-th sub-group of ES and NGSn the number of carriers 
in the n-th sub-group of GS. It can be clearly seen that the rate equations consist of 
one equation for SCH (Eq. (6-2)), one for WL (Eq. (6-3)), N for ES (Eq. (6-4)) and 
N for GS (Eq. (6-5)). The carrier escape times of ES τeES and GS τeGS are related 
with the carrier capture times τc0 and τd0 which are the average capture time for 
empty energy states. The τeES and τeGS are also dependent on the transition energy 
and temperature in the following way: 

 0 , 0,1,..., 1,
WL ESn

B

E E

TES D A
eESn c

WLeff WL

N V
e n N

V


 




    (6-6) 

 0 , 0,1,..., 1.
ESn GSn

B

E E

TGS
eGSn d

ES

e n N
 





    (6-7) 

where μES = 4 and μGS = 2 are the degeneracy of the ES and GS; EWL, EESn and 
EGSn the energy levels of the WL and the n-th sub-group of ES and GS; ND the dot 
density; ρWLeff the effective density of states in the WL, VA and VWL the volume of 
the QD active region and the WL.  

The coupled rate equations (Eq. (6-2) – Eq. (6-5)) have been solved in the time 
domain. They are integrated in time until a steady state has been reached [5]. From 
the solved parameters, the contribution of the gain from n-th sub-group of QD to 
the m-th wavelength can be determined by: 

 

2

(2 1) ( ) ( ),
ESw D

mnES ES g ESn n cv m ESn
act ESn

PN N
g C P G B T E E

H E



      (6-8) 

 

2

(2 1) ( ) ( ).
GSw D

mnGS GS g GSn n cv m GSn
act GSn

PN N
g C P G B T E E

H E



      (6-9) 



 

  

High-gain quantum dot amplifiers at 1.7 µm wavelength region

125 

where Cg is a constant, Nw the number of QD layers, ND the QD density, Hact the 
total active layer thickness, |Pσ

ES, GS|
2 the transition matrix elements of ES and GS 

recombinations [12], Gn the normalized fraction of n-th dot group, Bcv(T) the 
Lorentzian homogeneous broadening function [12] with a temperature-dependent 
full width half maximum (FWHM) of 2ħΓcv(T) and Em the energy of the m-th 
wavelength. The total net modal gain of the QD-SOA for each m-th wavelength 
can be calculated as: 

 ( ) , 0,1,..., 1.m mnES mnGS i
n

Gain g g m M        (6-10) 

where Γ is the confinement factor of the QD active layer and αi the internal modal 
loss.  

The temperature dependences of τeESn and τeGSn are already defined in the 
original model as can be seen in Eq. (6-6) and (6-7). As mentioned above the 
temperature dependences of τesc(T) and 2ħΓcv(T) were not included in the previous 
model but these are fitted at each temperature for the improved model. These 
parameters are explicitly indicated in Eq. (6-2) and Eq. (6-8) and (6-9) as a 
function of temperature. 

The current injection efficiency introduced in the improved model can be 
defined by the ratio of carriers captured by the QD to the escaped carriers, that is, 
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     (6-11) 

6.5. Simulation results and analysis 

All the values of parameters used in the model are summarized in Table 6-1. 
The FWHM of homogeneous and inhomogeneous broadenings are not known for 
the single-layer QD amplifiers. They are both varied to obtain the best fitting of the 
simulation to the experiment. The FWHM of the inhomogeneous broadening is 
determined as a fixed value since the dot size distribution is an intrinsic parameter. 
The FWHM of homogeneous broadening is dependent on the temperature [148-
150], and thus has been fitted separately for each temperature with the results as 
shown in Fig. 6-9(a). The homogeneous linewidth of the QD decreases as the 
temperature decreases. According to our simulation, the slope is about 0.8 meV/K. 
This slope value is about one order of magnitude higher than the value reported in 
literature [150]. This could be due to the fact that the investigated temperature 
range is limited (30 K). The accuracy of the temperature-dependent homogeneous 
linewidth can be improved by performing the measurements over a wider 
temperature range. The higher slope value could also be due to some other dynamic 
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processes in the QDs which are not considered in the current RE model. We set the 
recombination rate in the SCH (τsr) to be 4.5 ns which is comparable to other QD 
systems [5], [6]. The escape rate out of the SCH layer (τesc) is adjusted for each 

Table 6-1 Parameter values used in the improved RE model 

Simulation parameters Value Reference 

FWHM of inhomogeneous 
broadening 

Γ0 = 80 meV Fit 

FWHM of homogeneous 
broadening 

6 meV < 2ħΓcv < 30 meV 
Fit, temperature 
dependent 

Effective density of states in WL

ρWLeff = 2.26×10-11 cm-2 @ 
283 K, 
2.34×10-11 cm-2 @ 283 K,  
2.43×10-11 cm-2 @ 293 K,  
2.51×10-11 cm-2 @ 303 K 

[5] 

Degeneracy of GS μGS = 2  
Degeneracy of ES μES = 4  
Relaxation time from SCH to 
WL 

τs = 6.5 ns Fit 

Capture time from WL to ES τc0 = 1 ps [4] 
Capture time from ES to GS τd0 = 1 ps [4] 
Escape time from SCH out of 
QD 

45 ps < τesc < 56 ps 
Fit, temperature 
dependent 

Escape time from WL to SCH τqe = 3 ns [6] 
Recombination time in SCH τsr = 4.5 ns [6] 
Recombination time in WL τqr = 0.1 ns Fit 
Recombination time in ES and 
GS 

τr = 1 ns [4] 

QD density ND = 3.4×1010 cm-2 [10] 
Number of QD layer NW = 1  
Active layer thickness Hact = 4 nm  
Refractive Index nr = 3.261  
Optical confinement factor Γ = 0.0068  

Transition matrix elements 
|Pσ

ES, GS|
2 = 12·m0·EES,GS 

kg·eV 
fit, [12] 

Internal modal loss αi = 1 cm-1 calculated [14] 
Temperature T = 273, 283, 293, 303 K  
Number of QD sub-groups N = 501  
Number of wavelength group M = 501  
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temperature to obtain good fit of gain spectra. The result is shown in Fig. 6-9(b). 
An exponential function similar to Eq. (6-6) and (6-7) is also applied for the τesc 
values (gray dashed curve in Fig. 6-9(b)). The effective barrier height between the 
SCH layer and the InP material is determined to be 54 meV by matching the 
exponential function to the τesc values. The fast escape rate τesc represents a low 
injection efficiency which is calculated to be about 1.7 %. We attribute this low 
injection efficiency mainly due to the thin active layer. Compared to the simulation 
results of the unmodified model (Figure 6-7) the QD-SOAs will then have a lower 
fraction of the dots populated with carriers at the same current densities. This will 
result in larger differences of gain values between the gain spectra at different 
current densities. Since the single-layer QD amplifier has a different layer stack 
(InAs QDs on thin InAs QW) compared to previous five-layer QD amplifier (five 
layers of InAs QDs on GaAs interlayer), the gain contribution from an individual 
QD might be different for the two QD systems. Thus the transition matrix elements 
are also fitted during simulation. The fitted result shows a higher gain contribution 
(the transition matrix element is 4 times higher) from individual QD for the single-
layer QD amplifier compared to the previous five-layer QDs. The higher modal 
gain achieved for single-layer QD amplifiers is mainly due to this increase of gain 
contribution from individual QDs, even when the total density of QDs is much less 
(3.4×1010 cm-2) compared to the five-layer QDs (3.1×1010 cm-2 in each layer). 

The best fit is obtained when both a low injection efficiency and a high 
individual gain are used in the model. The carrier capture rate from SCH to WL (τs) 
and the recombination rate (τqr) in the WL are also fitted during simulation because 
the WL is different for the single-layer QD-SOAs compared to the five-layer QD-
SOAs. The rest of the parameters are obtained from literature [5, 6, 12] as indicated 
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Fig. 6-9. (a) FWHM of the homogeneous broadening of the QD versus temperature. 
(b) The carrier escape time out of SCH layer of QD versus temperature. The 
exponential fitting is also plotted as gray dashed curve. 
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in Table 6-1.  
Two major effects in the single-layer QD amplifiers have been demonstrated 

to contribute to the blue shift of the peak wavelength of gain spectra due to the 
increase of current density using a similar analyzing method presented in [5] for 
five-layer QDs. One effect is the contribution of optical transitions from the ES at 
higher current density. This effect has been observed in several QD systems [5, 
151, 152]. The carrier captured by a QD will relax to the lowest energy level which 
contains a free position. If the both two positions in the GS are occupied, the 
carrier will instead fill one of the four positions in the ES. At a low current density, 
the carriers can relax to GS which corresponds to the gain peak around GS 
wavelength. When the current density increases to an extent such that all the free 
positions in GS are fully occupied, the carriers will start to fill in ES. The ES 
wavelength will start to take over the peak wavelength at a certain current density. 
This effect of the sequential filling of the GS and ES can be demonstrated most 
clearly in the model by setting an artificially large energy gap between WL and ES 
to block the escape mechanism of the carriers. The carriers that have been captured 
by the dots in to ES and GS will have no chance to be re-excited to the WL. Thus 
the carriers will fill the dots equally for all sizes and contribute to the modal gain 
according to the occupation probability. In this simulation, the WL wavelength is 
fixed at 1110 nm (EWL = 1.117 eV), the ES wavelength at 1610 nm (EES = 0.770 
eV) and the GS wavelength at 1730 nm (EGS = 0.717 eV). Note that the WL energy 
is chosen just to illustrate and explain the effect. In reality, the energy of WL is 
lower. The optimized fittings using energies listed above and parameters in Table 
6-1 are shown in Fig. 6-10(a) and (b). The temperature used in the simulation is 
293 K. It can be seen from Fig. 6-10(a) that when current density increases, the 
gain contributed by ES start to rise more significantly than by GS. The Fig. 6-10(b) 
shows the total modal gain at different current densities. The blue shift is similar to 
the measured data, but the shape of the gain spectra cannot be optimized.  

The second effect is the dot-size dependent carrier escape rate from QD levels 
to WL. As can be seen from Eq. (6-6) and (6-7), the carrier escape rates in the ES 
and the GS are dependent on the energy gap EWL – EESn and EEsn – EGSn. Since the 
energy level of smaller dots is higher than the energy level in the larger dots, it will 
be closer to the energy level of WL. Thus the smaller dots will experience a faster 
escape rate than larger dots. The carrier capture rate from the WL to the QD levels 
is however not dot-size dependent. As a result, the larger dots with longer 
wavelengths will be more populated at first due to a slower escape rate. When the 
current density increases, the smaller dots start to be more populated. The gain 
spectra will then shift to shorter wavelengths. In order to demonstrate this effect in 
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the model, we have enhanced it by setting the wavelengths of WL, ES and GS to be 
1510 nm (EWL = 0.821 eV), 1610 nm (EES = 0.770 eV) and 1640 nm (EGS = 0.756 
eV). The wavelengths are set only to illustrate the effect. In reality the energy of 
WL will be higher, and the energy difference between ES and GS will be larger. In 
this simulation, the energy levels of WL, ES and GS are chosen to be close to each 
other in order to maximize the effect of the dot-size dependent escape rate and 
minimize the effects of the GS and ES energy difference. The simulated 
contribution of ES and GS and the total modal gain are shown in Fig. 6-10(c) and 
(d). As shown in Fig. 6-10(c), both ES and GS gain spectra experience a blue shift 
when current density increases. It is due to the shift from smaller dots to larger 
dots. The total calculated gain spectra still do not agree with the measured data. 
The simulated temperature is also 293 K. Both effects discussed above are similar 
for all temperatures. 

Good fitting could be obtained only when both effects are taken in to account 
in the RE model. The energy levels of the WL, ES and GS are chosen to enable 
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Fig. 6-10. Simulated net modal gain spectra for two different effects. (a) 
Contributions from ES and GS to the gain and (b) total modal gain for the effect of 
ES/GS transition. (c) Contributions from ES and GS to the gain and (d) total modal 
gain for the effect of dot-size dependent carrier escape rate. The simulated 
temperature is 293 K. 
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both effects. They are determined to be 1350 nm for WL (EWL = 0.919 eV), 1580 
nm for ES (EES = 0.785 eV) and 1730 nm for GS (EGS = 0.717 eV). The simulations 
are performed for separate contributions from the ES and GS as well as the total 
modal gain at four different temperatures (273, 283, 293 and 303 K), as shown in 
Fig. 6-11(a) – (h). The measured gain spectra are plotted together with the total 
simulated gain for easy comparison. As can be seen from Fig. 6-11(a, c, e, g), both 
effects that contribute to the blue shift can be observed. As the current density 
increases, the GS start to be fully occupied which result in saturation in the GS 
gain. The carriers start to fill in ES and the contribution of ES begins to dominate. 
The effect of dot-size dependent capture rate can also be seen. Both contributions 
from ES and GS show slight blue shift as the current density increases. The total 
simulated modal gain has a good match with the measured gain spectra (Fig. 6-
11(b, d, f, h)). A small deviation between simulation and measured data can be 
seen at low current densities (1000 and 2000 A/cm2) for all temperatures. It is 
probably due to an underestimation of the temperature dependence of the current 
injection efficiency. In this paper this parameter is adjusted to obtain the best fit for 
high current densities. In reality the actual temperature inside the QD-SOA is 
strongly dependent on the injection current density. The simulated modal gain 
spectra for 1000 and 2000 A/cm2 can be corrected by adjusting the τesc to fit with 
the measured data. After the adjustment, the correction of τesc corresponds to the 
injection efficiency ηinjec of about 2 % for 2000 A/cm2 and 2.3 % for 1000 A/cm2. It 
can also be seen in Fig. 6-11(b) that the curve for the current density of 4000 
A/cm2 at 273 K deviates considerably. This is also possibly due to an 
underestimation of the temperature dependence of injection efficiency in the 
model, or measurement error. 

[See next page for the figure] 

Fig. 6-11. Simulated modal gain of single-layer QD-SOA. (a, b) 273 K (c, d) 283 K 
(e, f) 293 K (g, h) 303 K. The contributions from ES and GS for each temperature are 
shown in the left column (a, c, e, g), the total simulated modal gain and the measured 
gain spectra are plotted in the right column (b, d, f, h). 
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The blue shift of the peak wavelength of the gain spectra due to temperature 
change is also analyzed. The blue shift with respect to the temperature change 
matches well with the measured data (1 nm/K at 5000 A/cm2). It is found that there 
are two mechanisms that contribute to the shift of the peak of the gain spectra. 

The first mechanism is due to an increased filling of carriers into smaller QDs 
as the temperature drops. The occupation probabilities of ES and GS of all the QD 
sub-groups are plotted for three current densities (1500, 3000 and 5000 A/cm2) and 
four temperatures (273, 283, 293 and 303 K) in the graphs in Fig. 6-12(a) and (b). 
It should be noticed that the smaller energy of ES or GS of a dot sub-group 
corresponds to a larger dot size and longer wavelength and the larger energy 
corresponds to a smaller dot size and shorter wavelength. The change of number of 
carriers in ES and GS in a certain sub-group is defined by Eq. (6-4) for ES and Eq. 
(6-5) for GS. As can be seen from the equations, the carrier capture rates from WL 
to ES ( 0(1 ) /q n ESn cN G P  ) and from ES to GS ( 0(1 ) /ESn GSn dN P  ) are dependent 

on the occupation probabilities of ES and GS of the certain sub-group. When 
carriers are injected into the amplifier, the larger dots will be more populated than 
the smaller dots, since the escape rate for larger dots is lower than that of the 
smaller dots. Thus the carrier capture rates will be lower for larger dots due to a 
higher occupation probability. As temperature drops, there will be more carriers 
captured into WL and those carriers will have a higher chance to be captured in 
smaller dots rather than larger dots since most of the larger dots are already 
occupied. As a result there are more carriers filling into smaller QDs as 
temperature drops while the number of carriers filled in larger QDs keeps almost 
the same as shown in Fig. 6-12(a) and (b). This will result in more contribution of 
gain from smaller QDs (shorter wavelengths) and the gain peak will shift towards 
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Fig. 6-12. The occupation probabilities of (a) ES and (b) GS of all the QD sub-groups 
for three current densities (1500, 3000 and 5000 A/cm2) and four temperatures (273, 
283, 293 and 303 K). 
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shorter wavelength. This mechanism exists for all range of current densities and 
temperatures, and for both ES and GS. 

The peak wavelength shift caused by the temperature dependence of the carrier 
escape rates from QD levels to the WL (see Eq. (6-6) and (6-7)) is also 
investigated. As can be seen from Fig. 6-8, τeES and τeGS determine the escape rates 
from ES and GS to the WL. The escape time τeES is plotted for all QD sub-groups 
and four temperatures in Fig. 6-13(a) and the τeGS is not sensitive to the dot size and 
is only plotted as a function of temperature in Fig. 6-13(b). It can be seen from Fig. 
6-13(a) that the larger dots will have a larger escape time (slower escape rate) from 
ES to WL than the smaller dots. As temperature drops, the escape rate for larger 
dots will decrease more than smaller dots. Thus there will be a higher contribution 
of gain from larger dots due to this lower escape rate. This will shift the peak of 
gain to a longer wavelength. Similarly, the temperature-dependent escape rate τeGS 
from GS to ES will result in more contribution of gain from GS since the rate will 
also decrease as temperature drops. This also results in a red shift of the peak of 
gain. 
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Fig. 6-13. (a) The escape time τeES for all QD sub-groups and four temperatures (273, 
283, 293 and 303 K). (b) The escape time τeGS as a function of temperature. 

The two mechanisms discussed above both contribute to the shift of the gain 
peak. But their contributions to the wavelength shift have opposite signs. Since 
both measurement and simulation show an overall blue shift, it can be concluded 
that the mechanism of carrier filling is more significant than that of carrier escape 
when the temperature changes. 

6.6. Conclusion 

In this paper we have presented the measured temperature-dependent gain 
spectra for single-layer InAs/InP(100) QD-SOAs in the 1.6 to 1.8 μm wavelength 
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range. The measurement is realized by analyzing the ASE spectra from QD-SOAs 
with different lengths at different current densities and chip temperatures. The 
measured QD-SOAs which are InAs dots grown on a thin InAs layer, show higher 
gain values than five-layer QD-SOAs with InAs dot on GaAs monolayer. The gain 
of these InAs QDs-on-QW amplifiers can be further improved by multiple stacking 
these active layers (similar to what has been done for previous five-layer InAs QDs 
on GaAs interlayer). However due to the large gain bandwidth that we are after, the 
gain values are expected to always be lower than those of spectrally more narrow 
gain QW materials. The blue shift of the peak gain with current density and 
temperature changes has been analyzed by an improved RE model. A temperature- 
dependent carrier escape rate from the SCH out of the amplifier is introduced to 
explain the low current injection efficiency (~ 1.7 %) for the single-layer QD 
amplifier. The FWHM of the homogeneous broadening of the transitions in the 
QDs also had to be made temperature dependent in the simulation. The simulations 
confirmed for the new material that the cause of the blue shift due to increasing 
current density is a combination of two effects: a transition from GS to ES gain, 
and dot-size dependent escape rates. The cause of the blue shift with decreasing 
temperature is also analyzed and found to be determined mainly by two 
mechanisms: One is the increased carrier filling into smaller dots as temperature 
drops. The other is the temperature- dependent escape rates from QD levels to WL. 
The former mechanism results in a blue shift while the latter results in a red shift. 
The overall blue shift of the gain peak indicates a more significant effect of the 
former mechanism over the latter one. A good match can be obtained for all 
temperatures when all effects are taken into account. This type of QD material is a 
good candidate for utilization in QD lasers or photodetectors for long-wavelength 
OCT and gas detection applications. 
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Chapter 7 
Outlook 

The results presented in this thesis represent significant progress towards a 
monolithically integrated SS-OCT system in the 1.7 μm wavelength region. A 
previously developed QD tunable laser was used in a free-space OCT setup for 
demonstrative OCT imaging experiments. Motivated by the issues discovered 
during the imaging experiments, further investigations were made into the 
development of photonics devices for SS-OCT system at 1.7 μm. The study of the 
QW tunable laser has proven the dominating influence of the optical gain in the 
gain material on the performance of the tunable laser. The extended tuning range 
capability of an improved QD tunable laser design has been demonstrated using a 
segmented ring laser model with an improved LR filter design. The experimental 
study on the QW laser and the improved QD laser design give a clear idea for the 
future laser development. QD waveguide photodetectors based on reverse-biased 
optical amplifiers were characterized and analyzed. Those photodetectors have 
shown superior performance compared to commercial photodetectors in 1.7 μm 
wavelength region in the area of dark current levels. These detectors can be 
monolithically integrated with the QD tunable laser on a single chip. Optical 
amplifiers using a new QD gain material were fabricated and characterized. The 
new QD amplifiers have shown much higher modal gain than the original QD 
materials used in previous QD lasers. Improvement on the laser performance can 
be expected using this high gain QD material in the amplifiers given the results 
obtained with the QW laser. 

The development of monolithically integrated photonic components for the 
SS-OCT system can be further investigated in the future.  
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First the output power, tuning range and sweeping repetition rate of the tunable 
laser can be further improved by introducing the new single-layer QDs as the gain 
material. An active-passive wafer based on the new QD material was not available. 
However such material can be used in the next generation laser. Even further 
improvement on the modal gain of the QD amplifiers can be expected from using 
multiple layers of the new single-layer QDs in a similar way to what has been done 
for the previous five-layer stacked QDs. Moreover, more work can be done in 
reducing the propagation loss of the passive waveguides in 1.7 μm wavelength 
region by optimizing the layerstack and waveguide structure. The waveguide width 
and the bending radius can be optimized for the 1.7 μm light to reduce the bending 
loss. The thickness of the top p-InP cladding can be optimized to achieve a better 
balance between the passive loss and electrical properties (e.g., resistance) of the 
amplifiers. The number of PHMs to be controlled simultaneously in the laser 
tuning can be reduced by using asymmetric Mach-Zehnder interferometer 
structures [153] instead of tunable AWGs. The reduction of number of PHMs can 
simplify the calibration procedure and the control electronics. 

The photodetector can be improved further as well. The new QD material can 
be used to realize a reduced device length. A single-layer new QD material can 
reduce the length by a factor of three (related to the three times higher modal gain) 
compared to the previous five-layer QD material. The application of multiple 
layers of the new QD material can reduce the length even more. The electrical 
bandwidth of the device can therefore be improved with the reduced device length. 
The metal contact of the detector can also be optimized by reducing its size to 
reduce the capacitance and increase the electrical bandwidth.  

More efforts can be focused on the system-on-chip integration. Thanks to the 
active-passive integration technology on InP in our group [5], the tunable laser and 
the photodetector can be together integrated with other passive components such as 
directional coupler, optical delay line, MMI loop mirror etc., to build up the 
complete OCT system. Especially the hand-held type OCT systems can benefit 
from the monolithic integration of all the photonic components in several aspects. 
The integrated photonic chip has the advantage of potentially low-cost and ease of 
assembly compared to the optical systems with discrete components. Moreover, the 
hand-held scanners with integrated photonic chips do not need any external light 
sources with relatively fragile optical fibers.  

One of the possible schemes for the monolithically integrated OCT system is 
presented in Fig. 7-1(a). The integrated OCT system is based on the butt-joint 
active-passive integration scheme on InP wafer with five-layer-stacked InAs QD 
on InAs thin QW active material (see Chapter 6) as the gain or detector section. 
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The improved laser design (see Section 4.4 in Chapter 4) is realized on this active-
passive wafer using the processing technology described in Chapter 3. The QD 
waveguide photodetector (see Chapter 5) is also realized on the same chip. The 
interferometer uses the same shallowly etched ridge waveguides as for the tunable 
laser and the photodetector. A lens is assembled along with the integrated chip to 
focus the output light into the tissue. The advantage of this scheme is that the 
design is completely based on the InP wafer. However the area occupation of the 
interferometer and the photodetectors will increase significantly due to the 
relatively large waveguide bending radius (500 μm) in the shallowly etched ridge 
waveguides when a complex interferometer configuration (e.g., two couplers with 
balanced detection [1]) is used. This will increase the size and cost of the integrated 
OCT chips. The deeply etched waveguide in the standard COBRA process allows 
for more compact size of the interferometer. However it does increase the 
complexity of the fabrication process. The integration scheme on an InP chip also 
requires the discrete lens to focus the light to the tissue. 

Another possible scheme consists of two different material systems (see Fig. 
7-1(b)). Two chips in different material systems (InP chip and polymer-on-Si chip) 
are packaged together with their optical waveguides butt-jointly coupled. The InP 
chip contains the active components such as tunable laser and the photodetectors. 
The polymer-on-Si chip contains the passive interferometer. The stripe waveguides 
based on SU8 polymer material [154] on top of thick silica buffer layer on the Si 
wafer have been intensively studied in the Centre for Optical and Electromagnetic 
Research (COER) at Zhejiang University in China. The SU8 polymer-on-Si 
waveguide platform has been demonstrated to be a good solution for passive 
photonic devices with the advantages of ease of fabrication and low cost. The SU8 
stripe waveguides have typical dimensions of 2 μm × 1.7 μm [154] which are 
similar to the dimensions of the shallowly etched InP waveguides. A propagation 
loss of 1.5 dB/cm at the wavelength of 1550 nm for such waveguides has been 
demonstrated [154], [155]. The bending radius of such waveguides is 75 μm with a 
90˚ bending loss of < 0.1 dB [154]. MMI couplers [155], micro-racetrack 
resonators [156], AWGs [157] and polarization beam splitters [158], [159] based 
on the SU8 stripe waveguides have been experimentally demonstrated. This SU8 
polymer-on-Si platform has the potential to realize complex interferometer 
structures with lower cost and more compactness as compared to shallowly etched 
InP waveguides. Moreover, the polymer material has the potential to realize an on-
chip lens that focuses the beam in two dimensions [160], [161] which makes the 
OCT system fully integrated. 
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The integrated isolator/circulator [162], [163] is so far not considered in the 
proposed schemes. At the Michelson interferometer, interfered light signal in one 
arm will be detected by the photodetector while the light in the other arm will 
propagate back into the laser cavity. In absence of the isolator/circulator, the laser 
operation may be disturbed if the light intensity back from the interferometer 
overwhelms the light intensity provided by the feedback scheme for unidirectional 
operation in the laser. 

[See next page for the figure] 

Fig. 7-1. The proposed schemes for realizing a monolithically integrated SS-OCT 
system based on (a) InP platform for both active and passive components (b) InP 
platform for active components and polymer-on-Si platform for passive components. 
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Summary 

Towards a monolithically integrated swept-
source optical coherence tomography system in 

the 1.7 μm wavelength region 
In this thesis the presented results concern the development of integrated 

photonic devices for swept-source optical coherence tomography (SS-OCT) in the 
1.6 to 1.8 μm wavelength region. The work aims at the wavelength region around 
1.7 μm since the Rayleigh scattering in biological tissue can be reduced compared 
to more commonly used regions at shorter wavelengths. Thus an improvement in 
the imaging depth is expected by using this long wavelength. The use of indium 
phosphide (InP)-based photonic integration technology, which is well developed in 
our COBRA Research Institute, opens up the way towards a monolithically 
integrated SS-OCT system in the 1.6 to 1.8 μm wavelength region. 

The relatively long wavelength requires the development and application of 
novel active material which offers light amplification and absorption around 
1.7 μm. In particular the swept-source type of OCT requires the tuning range for 
the tunable laser and spectral responsivity for the photodetector to be at least 
100 nm wide in order to achieve sufficient image resolution along the depth. The 
demand for real-time imaging drives up the requirement on the repetition rate of 
the laser wavelength sweep over its entire tuning range as well as the electrical 
bandwidth of the photodetector to support the laser. 

A tunable laser based on five-layer quantum dot (QD) gain material has been 
developed previously. In this thesis, this laser was used in a free-space OCT setup 
for demonstrative OCT imaging experiments on glass dish and Scotch® tape. 
Successful OCT images on a glass dish and Scotch® tape have been obtained. 
During the OCT imaging experiments a number of issues came up with the 
performance of the QD laser and the commercial photodetectors. With the laser 
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there were problems with the optical power, tuning range and tuning speed. 
Commercial photodetectors showed serious limitation in noise level, sensitivity and 
electrical bandwidth. These issues provided the direct motivation of the following 
work in this thesis. 

During these OCT imaging experiments several improvements on the 
calibration routine of the intra-cavity tunable filters in the laser have been proposed 
and experimentally demonstrated.  

The influence of using a different gain material with higher modal gain value 
in the laser has been studied. A tunable laser with amplifiers based on four-layer 
strained quantum well (QW) active material has been characterized and compared 
to the five-layer QD laser. The QW laser has a layout that is identical to that of the 
QD laser and was fabricated with a fully compatible layerstack. The measurement 
results have shown that the much higher modal gain (19 cm-1 at 1875 A/cm2) 
provided by the QW amplifiers could reduce the threshold current of the QW laser 
to 500 mA compared to 1500 mA in the QD laser with 6 cm-1 modal gain at 3000 
A/cm2. A tuning speed of 140 ns in the QW laser between two wavelengths has 
been demonstrated. The tuning speed for the five-layer QD laser was 500 ns. The 
measured tuning speed approached the limitation of the control electronics. On the 
other hand the tuning range of the QW laser was observed to be much narrower (9 
nm) due to the relatively narrow gain bandwidth in the QW amplifiers compared to 
the five-layer QD laser with 60 nm tuning range. This work has provided a clear 
idea of how the characteristics of the active material influence the performance of 
the tunable laser. 

An improved design of the QD tunable laser has been proposed, fabricated and 
characterized. The improvements focus on the laser layout to increase the output 
power, the optical feedback scheme to enhance unidirectional lasing and the new 
16-arms MMI-tree filter to extend the tuning range. The improved tuning range of 
the improved laser design has been analyzed using a segmented ring laser model. 
The MMI-tree filter passband with full-width-at-half-maximum (FWHM) of 11-
12.5 nm as well as the tuning of the passband over at least 60 nm spectral range has 
been experimentally demonstrated. The unsuccessful lasing of the improved laser 
chip was attributed to a low modal gain in the QD amplifiers and high passive loss 
in the passive waveguides which was attributed to the quality of the wafer growth. 

The next part of the thesis is the study of QD waveguide photodetectors for the 
OCT application. The photodetectors use the five-layer QD active material as has 
been used in the QD laser in Chapter 2. The QDs provide light absorption at 1.7 
μm wavelength region. The layerstack and waveguide structure of the 
photodetectors are fully compatible to the active-passive integration technology for 



 

  159 

the QD laser. Thus they can be integrated with the QD laser on a single chip. The 
characterization of the photodetectors has shown their low dark current (~15 nA), 
flat spectral response (> 0.5 A/W over 300 nm wavelength span) and sufficient 
electrical bandwidth (70 MHz) for a 280 μm-long device at -3 V bias voltage. A 
modified rate equation (RE) model has been used to simulate the performance of 
the QD photodetector and understand the mechanisms of light absorption in the 
QDs. An equivalent electrical circuit model has also been applied to analyze the 
limitation (metal pad capacitance) of the electrical bandwidth. 

Finally a high-gain single-layer InAs QD on InAs thin QW active material in 
the 1.6 to 1.8 μm wavelength range has been studied. The amplifiers using this new 
QD material have shown significantly higher modal gain (11 cm-1 at 3000 A/cm2) 
than the modal gain in the previous QD amplifiers (6 cm-1 at 3000 A/cm2). This 
type of QD material is demonstrated to be a good candidate for utilization in QD 
lasers or photodetectors for long-wavelength OCT applications. The blue shift of 
the peak gain with current density and temperature changes has been analyzed by 
an improved RE model. 

The overall work in this thesis has revealed the possibility of integrating 
tunable lasers, photodetectors and other passive components for the SS-OCT 
application in a single chip. The presented results show a significant progress 
towards a monolithically integrated SS-OCT system in the 1.7 μm wavelength 
region. 
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