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Abstract

Although gain-switching is a simple, well-established technique for obtaining ultrashort optical
pulses generated with laser diodes, the optical energy in a pulse achievable from commercial
structures using this technique is no more than moderate and the ‘spiking’ behaviour seen at turn-
on is likely to evolve into trailing oscillations.

This thesis investigates, develops and improves laser diodes in order to offer experimentally
verified solutions for maximizing the optical energy so as to achieve a peak power of several watts
in a single optical pulse of picosecond-range duration in the gain-switching operation regime, and
for suppressing the energy located in any trailing pulses to a negligible level relative to the total
optical pulse energy. This was addressed by means of either (i) an ultrashort pump current pulse
with an amplitude range ~(1–10) A or (ii) custom laser diode structures, both options being
capable of operating uncooled at room temperature (23±3°C).

For the first solution a unique superfast gallium arsenide (GaAs) avalanche transistor was
utilized as a switch in order to achieve an injection current pulse with a duration of < 1 ns, which
is short enough to generate only a first optical ‘spike’ when pumping a commercial laser diode.
The most promising structure with regard to the second solution was an edge-emitting
semiconductor laser having a strongly asymmetric broadened double heterostructure with a
relatively thick active layer. Laser pulses with full width at half maximum (FWHM) of ~100 ps
and an optical energy of >3 nJ but with some trailing oscillations were achieved in experiments
employing injection current pulses in the nanosecond range with an amplitude of ≤17 A, generated
using inexpensive silicon (Si) electronics. The performance was improved by introducing a
saturable absorber (SA) into the laser cavity, which suppressed the formation of trailing
oscillations, resulting in a single optical pulse.

Keywords: gain-switching, high peak-power single optical pulse, laser pulse
characterization, passive Q-switching, picosecond phenomena, pulsed laser, pulsed
time-of-flight, saturable absorber, semiconductor laser, trailing oscillations
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Tiivistelmä

”Gain switching” (vahvistuskytkentä) on tunnettu tekniikka lyhyiden (<100 ps) optisten pulssi-
en generoimiseen laserdiodeilla. Kaupallisia laserdiodirakenteita käyttäen optinen energia rajoit-
tuu kuitenkin 10…100 pJ:n tasolle. Tällöinkin, erityisesti suurilla energiatasoilla, optisessa puls-
sissa ilmenee voimakkaita jälkioskillaatioita.

Tässä väitöskirjassa tutkittiin ja kehitettiin kokeellisesti varmennettuja laserdiodilähetinra-
kenteita tavoitteena saavuttaa >1 nJ:n optisen pulssin energia ja ~100 ps:n pulssinpituus gain-
switching -toimintamoodissa. Tavoitteena oli myös minimoida jälkipulssien energia. Tutkimuk-
sen pääsisältönä on kaksi toimintaperiaatetta: Toisessa tekniikassa päähuomio kohdistuu laseri-
diodin virta-ajuriin, johon kehitettiin elektroniikka, joka kykenee tuottamaan nopeita virtapulsse-
ja laajalla pulssivirta-alueella. Virtapulssin nopeuden kasvattamisen (<1 ns) osoitettiin edistävän
gain switching -ilmiötä. Toisena tekniikkana tutkittiin räätälöityä laserdiodirakennetta, joka
sisäisen toimintansa perusteella tuottaa dynaamisessa ohjaustilanteessa tehokkaan ja nopean
laserpulssin. Kummankin periaatteen osoitettiin toimivan huonelämpötilassa (23±3°C) ilman
erillistä jäähdytystä.

Ensimmäisessä ratkaisussa käytettiin nopeaa gallium-arsenidi (GaAs) -avalanchetransistoria
virtakytkimenä, jolla saavutettiin <1 ns FWHM injektiovirtapulssi 10 A:n virtatasolla. Tällainen
virtapulssi on riittävän lyhyt virittämään ”gain switching” -ilmiön nJ-energiatasolla. Lupaavin
rakenne toiseksi ratkaisuksi oli reunaemittoiva puolijohdelaseri, jossa epäsymmetrinen aaltoput-
ki ja aktiivinen alue ovat sijoitettu normaalista laserdiodirakenteesta poiketen rinnakkain. Tällä
rakenteella voitiin tuottaa ~100 ps levyisiä (FWHM) ja >3 nJ optisen kokonaisenergian omavia
laserpulsseja edullisella pii-pohjaisella (Si) elektroniikalla luoduilla 1.5–2 ns:n (FWHM) ≤17 A
injektiovirtapulsseilla. Suorituskykyä saatiin edelleen parannettua istuttamalla saturoiva absor-
baattori (SA) laserin optiseen onteloon. Tämän osoitettiin vähentävän jälkioskillaatioiden muo-
dostumista.

Asiasanat: gain-switching, jälkioskillaatiot, laserdiodin karakterisointi, passiivinen Q-
kytkentä, pikosekunti-ilmiöt, pulssin kulkuaika, pulssitettu laser, puolijohdelaser,
saturoiva absorbaattori
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Abbreviations and symbols  

Abbreviations  

3-D  three-dimensional  

AL  active layer  

AlGaAs  aluminium gallium arsenide  

asym.  asymmetric  

BJT  bipolar junction transistor  

C  capacitor  

CB  conduction band  

CCD  charged coupled device  

CMNT  Center of Microscopy and Nanotechnology  

CMOS  complimentary metal oxide semiconductor  

Corp.  corporation  

C–V  capacitance–voltage  

CW  continuous wave  

D  diode  

DBR  distributed Bragg reflector  

DC  direct current  

DFB  distributed feedback  

DH  double heterostructure  

DH QW  double heterostructure quantum well  

e.g.  exempli gratia  

etc.  et cetera  

FAGC  field-assisted gain control  

FBH  Ferdinand-Braun-Institut  

FIB  focused ion beam  

Fig.  figure  

FWHM  full width at half maximum  

Ga  gallium  

GaAs  gallium arsenide  

Inc.  incorporation  

InGaAs  indium gallium arsenide  

InP  indium phosphide  

IS  imaging spectrograph  



12 

I–T  current–temperature  

I–V  current–voltage  

LASER  light amplification by stimulated emission of radiation  

LCR  inductance (L), capacitance (C) and resistance (R)  

LD  laser diode  

L–I  light–current or power–current  

LPE  liquid phase epitaxy  

Ltd.  limited  

MBE  molecular beam epitaxy  

MCP  microchannel plate  

MOCVD  metal organic chemical vapour deposition  

MOPA  master oscillator power amplifier  

MOSFET  metal oxide semiconductor field effect transistor  

N/A  not available  

OCL  optical confinement layer  

ORC  Optoelectronics Research Centre (Tampere, Finland)  

PBC  photonic band crystal  

PIN  undoped intrinsic semiconductor region enclosed by a p-type and n-

type semiconductor: p-type/intrinsic/n-type  

PP  passive probe  

QW  quantum well  

RLD  reciprocal linear dispersion (nm/mm)  

RW  ridge waveguide  

SA  saturable absorber  

SEM  scanning electron microscopy  

SH  single heterostructure  

Si  silicon  

SPAD  single photon avalanche diode  

SPSL  short period superlattice  

TOF  time-of-flight  

UDT  United Detector Technology  

VB  valence band  

VCSEL  vertical cavity surface emitting laser  

vs.  versus  
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Symbols  

αin  optical absorption and scattering out of the mode  

αout  optical absorption and scattering at the output coupling mirror  

βsp  spontaneous emission factor  

B  bimolecular recombination coefficient  

Bsp  bimolecular recombination coefficient, low carrier density  

c0  speed of light in a vacuum (2.99792458*108 ms-1)  

da  active layer width  

dOCL  optical confinement layer width  

ε  gain compression coefficient  

e  elementary electric charge (1.602189*10-19 As or C)  

Ec  conduction band energy  

ΔEc  difference in conduction band energy  

Ev  valence band energy  

η  input efficiency  

ηd  differential quantum efficiency  

ηi  internal quantum efficiency: the fraction of a terminal current that 

generates carriers in the active region (Coldren & Corzine 1995)  

f  focal distance  

g  gain  

g0  material gain or gain coefficient  

Γa, Γ  optical confinement factor  

h  Planck constant (6.626070040*10−34 Js = 4.135667662*10-15 eVs)  

i, I  current  

imax  maximum current amplitude  

ith, Ith  threshold current  

jth  threshold current density (A/cm2)  

k  Boltzmann constant (1.380662*10-23 JK-1 = 8.62*10-5 eVK-1)  

kT  value of kT at room temperature (0.0259 eV)  

L  laser cavity length  

lSA  saturable absorber length  

λ  wavelength (a λ of 1 µm corresponds to a photon energy of 1.24 eV)  

n  active layer carrier (electron or hole) density  

n  electron or donor  

n+  donor doping  

Δn  difference in refractive indices  
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N  photon density  

Np  number of photons in the laser  

ntr  transparency carrier density  

ν  frequency  

p  hole or acceptor  

pn  p-type/n-type  

p+  acceptor doping  

P0, Popt  output power  

π  pi (3.14159265359)  

Qcrit  critical charge  

R  distance  

Rb  reflectance of the back mirror  

Rdamp  damping resistor  

Rl  carrier leakage rate  

Rnr  non-radiative recombination rate  

Rsp  spontaneous recombination rate  

Rst  stimulated recombination rate  

Rt  reflectance of the transmission mirror  

Tcritical  critical temperature (K)  

t, T  time  

τn  carrier lifetime, (carrier recombination time)  

τph  cavity lifetime, (photon recombination time)  

ϴ  full transverse input angle  

ϴ| |  lateral angle (slow axis)  

ϴ┴  transverse angle (fast axis)  

V  volume of the active region  

VF  forward voltage  

vg  group velocity of light  

VHV  supply voltage or high voltage  

VR  reverse voltage  

w  oxide stripe width  
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Units  

A  ampere  

°C  degree Celsius  

eV  electron volt (1 eV = 1.6*10-19 J)  

g/mm  grooves per mm  

Hz  hertz  

J  joule  

m  metre  

Ω  ohm  

s  second  

V  volt  

W  watt  

Prefixes  

giga-,  G-  = 109  

mega-,  M-  = 106  

kilo-,  k-  = 103  

centi-,  c-  = 10-2  

milli-,  m-  = 10-3  

micro-,  µ-  = 10-6  

nano-,  n-  = 10-9  

pico-,  p-  = 10-12  
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1 Introduction  

It was the successful development of the GaAs semiconductor laser diode (LD) in 

1962 that ignited the laser revolution. Robert Hall and his group at the General 

Electric Research Laboratory are credited with being the first to report coherent 

light emission from GaAs junctions (Hall et al. 1962).  

Alongside the advancement of scientific research, also the technological 

development of production techniques has to be credited. Liquid phase epitaxy 

(LPE) was invented in the early 1960s and the first laser diode was evolved based 

on a p-n homojunction. The potential of LPE for growing heterojunction 

interfaces was recognized, resulting in a single heterostructure (SH) laser diode, 

although its threshold current density, jth, of about 10.000 A/cm2 at 300 Kelvin did 

not allow for continuous wave (CW) operation.  

Fig. 1. Evolution of the threshold current density of semiconductor lasers.  

Alferov stated that one standpoint from which to observe the history of GaAs–

AlGaAs semiconductor lasers is the endeavour to lower the threshold current, as 

depicted graphically in Fig. 1 (redrawn after Alferov 2000). The introduction of 

the concept of a double heterostructure (DH) initiated significant changes 

regarding that undertaking, and the demonstration of electrically pumped devices 

capable of operating in CW at room temperature (Hayashi et al. 1970, Alferov et 

al. 1971) added to the practicality of lasers. The possibility of fabricating them in 
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a miniature, cost-effective format showed great promise for mass production and 

had a considerable impact on the emerging field of optoelectronics.  

The requirements for optical pulse characteristics from semiconductor lasers 

have been largely application driven, so that the telecommunications sector 

focused its interest on ultrafast pulse duration and high repetition rates for high bit 

rate optical communication networks rather than on high peak-power optical 

pulses. However, since high-precision laser radar systems based on nanosecond-

range laser pulses are penetrating into present-day applications such as 

automotive safety systems, increases in the optical pulse energy have also become 

more important (Schwarz 2010).  

Depending on the area of utilization, current applications are promoting 

research into methods of creating either high-energy laser pulses or pulses of 

ultrashort duration, or both.  

1.1 Motivation  

High-energy short optical pulse sources facilitate numerous scientific and 

industrial applications, and this is at present a lively research area in solid-state 

laser science and technology. The optical sources that are able to provide such 

pulses are nevertheless often costly, difficult to operate, and need extensive 

maintenance, and are therefore not very attractive, e.g. solid-state lasers using a 

crystalline or glass rod which is doped with ions to provide the required energy 

states.  

Interest in semiconductor laser diodes capable of generating moderately short 

(~10–100 picoseconds), high-energy (~≥1 nanojoule; 1–100 watt peak power), 

single, trail-free optical pulses in a fundamental transverse mode with a wide 

range of repetition frequencies (from sub-Mbit/s to Gbit/s) depending on the 

application has grown considerably. Features such as small size, cost-effective 

manufacturing, and reliable performance at room temperature and in rugged 

environments are also attractive when they are to be used in a large number of 

applications ranging from optical and microwave uses to radio communications, 

metrology and non-linear light manipulation.  

General interest in short laser pulses with high peak-power has emerged in a 

range of markets such as measurement and instrumentation, medical, space and 

defence and research, and in this respect mode-locked laser diodes (Keller & 

Tropper 2006) are common sources, as they can provide ultrashort pulses over a 

wide range of repetition rates, but their pulse energy is severely limited and their 
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pulse quality is not always high. Research groups such as that at the Ferdinand-

Braun-Institut (FBH) are developing compact picosecond light sources, e.g. for 

material analysis and as seed sources for material processing. Those 

configurations (Wenzel et al. 2012a, Wenzel et al. 2012b) use the master 

oscillator power amplifier (MOPA) concept, in the first stage (MO) of which 

ultrashort light pulses are generated. In order to reach higher peak powers of 

several tens of watts, however, the pulses have to be amplified in a second stage 

(PA), thus increasing the intricacy of the system.  

Our specific interest is in laser radars with a simple configuration and yet 

high positional accuracy, especially based on the detection of single photons by 

means of a single photon avalanche diode (SPAD) detector. Practical applications 

typically call for an accuracy of a few centimetres, and we know from simple 

calculations that it takes light about 33 ps to travel 1 cm in distance, or about 67 

ps when considering the distance back and forth. Thus it is crucial to employ a 

short optical pulse of sub-nanosecond range (e.g. 100 ps) without trailing 

oscillations, as it makes single photon detection possible due to the good match 

between the time resolution of a SPAD (50 ps) and the FWHM of the laser pulse. 

High optical pulse energy is desired, since it increases the backscattering laser 

echo and thus the maximum measuring distance.  

The following paragraph will dwell briefly on the pulsed time-of-flight (TOF) 

principle used in laser range-finding systems, which has been one of the main 

research areas at the Electronics Laboratory of the University of Oulu for over 

three decades (Ahola 1979).  

Fig. 2. Schematic diagram of a pulsed TOF laser range finder.  

In the schematic diagram of a TOF laser rangefinder shown in Fig. 2 the basic 

building blocks include a laser transmitter with laser diode, a receiver with 
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detector, and a time interval measurement unit to calculate the time difference 

between the start and stop pulses. The TOF technique is based on measuring the 

time-of-flight of a laser pulse from the measurement device to a target and back 

again. The distance to the target is calculated from the measured transit time and 

the known velocity of light. This technique is advantageous compared with 

microwave radars, for example, since it has good spatial accuracy and potentially 

low-cost. The spatial accuracy arises from the fact that at optical frequencies the 

transmitted beam can be easily collimated with optical lenses. Thus the accuracy 

is good not only in the direction of the optical axis but also in the transverse 

direction. It has been shown elsewhere that pulsed TOF methods can give high 

accuracy at a millimetre level (Kostamovaara et al. 1992) over a wide 

measurement range. They have found applications in proximity sensors, in the 

measurement of levels in silos and containers, in the positioning of tools and 

vehicles and in the measurement of the geometrical sizes and shapes of objects, 

for example (Carmer & Peterson 1996, Xuesong et al. 2012).  

As explained above, with a short (100 ps) and energetic laser pulse source, 

single photon detection techniques can be used to detect echoes from a target. As 

a SPAD can be realized straightforwardly with complementary metal-oxide 

semiconductor (CMOS) techniques, this would simplify the laser radar electronics 

markedly. For example, a separate low-noise analogue receiver would not be 

needed since the SPAD can itself produce a logic-level timing pulse for the time 

interval measurement (Kostamovaara et al. 2015).  

The main dynamic operation regimes capable of providing the above-

mentioned pulse characteristics are gain-switching, active and passive Q-

switching and mode-locking. Gain-switching (Bimberg et al. 1986, Lau 1988) is a 

well-established technique which allows the generation of short optical pulses, 

but unfortunately commercial sources operated in gain-switched mode typically 

suffer from significantly lower optical power than is required in laser radars, with 

a noticeable part of the energy located in the trailing edge of the optical pulse. 

Several methods, structure modifications and device designs for generating 

picosecond-range pulses, overcoming the power limitation (>1 nJ) and 

suppressing trailing oscillations have been suggested in the literature, and we will 

now discuss a few examples of how these pulses are generated in general, bearing 

in mind that the developments in material growth accuracy, processing techniques 

and characterization methods continue to play a contributing role.  

Considering only injection semiconductor lasers, an increase in peak power 

was achieved, for example, by forming a saturable absorber inside a SH laser 
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cavity by deep implantation of heavy ions (Portnoi et al. 1997), spectral filtering 

of the emission from a SH laser (Vainshtein & Kostamovaara 1998, Vainshtein et 

al. 1998) or a laser structure with field-assisted gain control (FAGC) by 

introducing an extra potential barrier between the junction and the active layer 

(Vainshtein et al. 2002a). Unfortunately SH gain-switched lasers require high 

current pulses to pump, have shown difficulties in reproducibility, e.g. the 

implantation of heavy ions has to be adjusted for each type of laser diode, and if 

spectral filtering is used to cancel quasi-steady-state modes which show as 

relaxation oscillations, they are laborious to adjust. In short, these lasers and 

methods are not satisfactory, since we neither wanted to adjust nor cool them but 

we needed a laser diode which inherently gives pulses of that kind.  

When laser diode research at the Electronics Laboratory of the University of 

Oulu started in 1995 (Vainshtein et al. 1995) the ambition was to use a 

customized semiconductor laser in a new generation of radars based on the TOF 

range-finding technique, with the aim of improving their time resolution 

(Vainshtein et al. 1997). Various laser designs have been investigated and 

developed (Vainshtein et al. 2002b) and correlations between structure parameters 

and the achievement of high peak-power picosecond lasing have been studied in a 

drive towards reproducible and efficient edge-emitting GaAs–AlGaAs laser diode 

structures with a strongly asymmetric waveguide including a bulk (Ryvkin et al. 

2009), or quantum well (QW) active layer (Ryvkin et al. 2011a). Vertical cavity 

surface emitting lasers (VCSELs) have been analysed using both numerical 

simulations and a generic, fully analytical model of gain-switching in 

semiconductor lasers, predicting the possibility of generating a picosecond-range 

single optical pulse with high energy (Ryvkin et al. 2011b).  

The goal of the present work was to achieve a reproducible laser diode structure 

generating high peak-power single optical pulses of picosecond-range without 

trailing edge oscillations. Further requirements to be met were a fundamental 

transverse mode and uncooled operation at room temperature (23±3°C). The 

laser’s threshold current should be located below a certain level in order to allow 

the use of inexpensive Si electronics to generate injection current pulses with 

desirable values such as an amplitude of ~10 A and duration of ~(1.1–2.5) ns. It 

should be noted that existing Si bipolar junction transistors (BJT) operating in 

avalanche mode cannot generate sub-nanosecond current pulses, whereas GaAs 

avalanche BJT switches are faster, but are not commercially available (Duan 

2013).  
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1.2 Contribution of this thesis  

The emphasis in this work was on characterization of laser diode structures and 

their behaviour. The various approaches and related solutions were investigated 

experimentally without cooling, by employing a large assortment of methods to 

carefully characterize their physical, structural and device performance, the 

optical and electrical pulses and the optical beam. Laser pulse and beam 

diagnostics play a key role in the evolution of laser diodes, as they can help us to 

meet the challenges arising on account of the scope of the applications involved.  

Optical pulse characteristics such as peak power, pulse length, pulse shape 

quality and to some extent wavelength can be influenced via the injection pulse 

(its length, amplitude and shape) and the physical design of the laser diode with 

regard to parameters such as the physical dimensions of the laser diode structure 

(cavity length and stripe width), the composition and spatial position of the layers 

(thickness, material, doping), and physical modification of the structure 

(implementation of a saturable absorber, for example).  

Two main dynamic regimes are investigated in this thesis, namely gain-

switching and Q-switching: (i) standard gain-switching in a commercial double 

heterostructure quantum well (DH QW) laser diode (Publication I), (ii) enhanced 

gain-switching in a strongly asymmetric custom double heterostructure 

waveguide laser diode (Publications V – VII), and (iii) “internal Q-switching” in 

some types of SH laser diode (Publications II – IV).  

In the gain-switching operation regime two options for achieving high peak-

power picosecond-range single optical pulses were investigated. Solution one 

addressed high-speed switching by means of a unique GaAs avalanche transistor 

able to generate ultrashort injection current pulses (<1 ns). Solution two dealt with 

custom-grown semiconductor laser diode structures with a very high ratio of 

active layer thickness to the optical confinement factor, and subsequently this 

solution improved by introducing modifications such as the implementation of a 

saturable absorber in the laser cavity by simply reducing the p-type electrode 

length. Single trail-free optical pulses of ~80 ps FWHM and ~35 W peak power 

were achieved in this way. This strongly asymmetric bulk laser diode was 

designed specifically to operate with an electrical current source providing pulses 

of a few nanoseconds ~(1.1–2.5) ns in duration with a reasonably symmetric 

pulse shape and an amplitude of the order of ~10 A achievable with commercial 

components. This laser design appeared to be most successful, especially since it 

relieves the performance requirements for the laser diode driver.  



27 

1.3 Outline of this thesis  

This thesis is structured as follows. Chapter 1 briefly reviews the history of laser 

diodes, lists the structures that subsequently emerged during the hunt for a 

reduction in the threshold current density, and traces past research interests which 

affected the direction in which semiconductor lasers developed. Some examples 

from the literature shed light on how ultrashort optical pulses are generated in 

general, while the part describing the motivation and objective for this thesis 

points out the general interest and our specific interest in picosecond lasers, and is 

followed by details of its contribution to the research field in question. Chapter 2 

briefly sheds light on what a laser diode is. The types of laser diode that are most 

relevant to this thesis, such as bulk and quantum well-based structures, are briefly 

introduced and the major parameters mentioned in Publications I – VII are 

explained. Chapter 3 describes the measurement environment. A number of 

methods that are used to widely characterize the physical, structural and device 

performance, optical and electrical pulses and optical beam of a laser diode are 

described. Chapter 4 is devoted to a selection of the main dynamic operation 

regimes which are gain-switching and partly also Q-switching, as these are 

capable of providing high peak-power picosecond-range optical pulses. Physical 

descriptions of the simple rate equations and a few words on the oscillatory 

behaviour seen in the transient response are also given. Chapter 5 briefly 

summarizes the original Publications, while Chapter 6 concentrates on the most 

successful methods for generating high-energy picosecond-range single optical 

pulses that were investigated within the framework of this thesis. Two options 

regarding gain-switching are addressed, in which the first solution proposes high-

speed switching of a unique GaAs avalanche transistor to produce an ultrashort 

current pulse which can be utilized to pump a commercial laser diode (Publication 

I), and the second investigates a custom laser diode structure with a relatively 

large active layer width and a small optical confinement factor, which is the more 

successful as it does not place so many requirements on the current pulser. 

Section 6.2.1 describes a method for improving this second solution in order to 

obtain a clean, single optical pulse by attenuating the low energy wings present at 

the trailing edge of the pulse (Publication V). Chapter 7 discusses the main results 

of this thesis, and compares them with data available elsewhere in industry and 

academia. Finally, Chapter 8 gives a short summary and concludes the thesis with 

a short discussion of future prospects.  
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2 Laser diodes  

In this chapter we will briefly answer the question “what is a semiconductor 

laser?”, introduce the various laser structures relevant to the work presented in 

this thesis, and then explain the meaning and importance of the parameters which 

were typically characterized and referred to throughout Publications I – VII.  

Semiconductor lasers are lasers based on semiconductor gain media. 

Common materials for semiconductor lasers are compound semiconductors with a 

direct bandgap, such as gallium arsenide (GaAs), aluminium gallium arsenide 

(AlGaAs), indium phosphide (InP) and indium gallium arsenide (InGaAs), to list 

only a few. The alloying of multiple semiconductor materials to form three-

element (ternary) or four-element (quaternary) compounds, for instance, allows 

them to be tuned with respect to their lattice constant or bandgap.  

Optical gain is achieved by stimulated emission within the active layer, a 

layer of GaAs, for example. The travelling wave is restricted in its propagation on 

both sides of the active medium and it therefore travels back and forth, forming a 

standing wave that possesses a discrete spectrum of permitted cavity modes, 

called longitudinal modes. The output spectrum (relative intensity vs. 

wavelength) is determined by the overlap in the permitted oscillations and the 

lineshape of the optical gain as a function of the injected carrier concentration. 

Thus, the three essential elements of a laser diode, as illustrated in Fig. 3, are the 

gain medium, optical feedback by a laser resonator to sustain laser action, and the 

pump source to give sufficient population inversion for the round trip gain in the 

cavity to be greater than the roundtrip loss. Detailed explanations of the basic 

principles of lasers can be found in the literature (see, for example, Coldren & 

Corzine 1995, Casey & Panish 1978).  

Fig. 3. Essential components of a laser diode: gain medium, resonant cavity, and 

pump.  
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2.1 Laser diode structures  

Compared to homojunction structures which are made of one semiconductor 

material, heterojunction structures utilize layers of different semiconductor 

materials. Heterostructures in general allow carrier and optical confinement, due 

to the energy gap difference between semiconductor materials and a more distinct 

refractive index change than occurs in a homojunction laser, respectively. There 

are two options: confinement from one side, called single heterostructure, or from 

two sides, termed double heterostructure, both sketched in Fig. 4 (a), and Fig. 4 

(b), respectively. The confinement region of carriers is defined by the thickness of 

the grown active layer (AL). In the DH laser, the AL is (150–200) nm thick 

(Sands 2005), also called bulk which refers to a bulk piece of (doped) material 

used as gain medium. With a narrow AL of no more than 15 or so nm thickness 

(Sands 2005), and often much less, quantum effects occur, and the structure is 

called quantum well laser, sketched in Fig. 4 (c). QW structures reduce the 

dimensionality of the system from three to two dimensions, as they perform 

quantization in the direction normal to the layer surface. The potential well allows 

only discrete energy levels and has therefore a reduced density of states.  

Fig. 4. Comparison of a single heterostructure (a), double heterostructure (b), and 

quantum well structure (c). Modified from Panish & Hayashi (1971).  

A more detailed schematic of a double heterostructure, indicating the electron 

confinement and optical confinement, is shown in Fig. 5 (a–d) with some 

explanation in the figure caption. In a basic double heterostructure, holes, electrons, 

and light are confined within two heterojunctions. Electrons reflect at the p-p 

heterojunction due to the potential barrier in the conduction band (CB). Holes 

reflect at the p-n heterojunction due to the potential barrier in the valence band 

(VB) (Panish & Hayashi 1971). The carriers are therefore confined in the layer of 

low bandgap material, the AL. A larger difference in refractive index, between 

GaAs and AlGaAs, for example, results in better confinement of the optical field. 

The region which confines the light is therefore called optical confinement layer 
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(OCL). The fraction of light intensity confined to the active region, defined as the 

ratio of the light intensity within the active layer to the total light intensity, is 

called optical confinement factor, Γa.  

Fig. 5. The basic principle of operation of a double heterostructure laser. (a) A double 

heterostructure diode has two junctions which are located between two different 

bandgap semiconductors (GaAs and AlGaAs). (b) A simplified energy band diagram in 

the presence of a large forward bias. Lasing recombination takes place in the p-GaAs 

layer, the active layer. (c) Higher bandgap materials have a lower refractive index. (d) 

Photon concentration across the device. The AlGaAs layers provide lateral optical 

confinement to restrict the photons to the active region of the optical cavity. Redrawn 

after Kasap (2013).  
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Laser diode structures are grown by depositing epitaxial layers on a crystalline 

substrate using methods such as liquid phase epitaxy (LPE), which is now 

outdated, metal organic chemical vapour deposition (MOCVD), or molecular 

beam epitaxy (MBE). In the latter two the growth of the active material can be 

dimensionally controlled on a nanometric scale.  

2.2 Laser diode parameters  

From the point of view of this research, major parameters to characterize a laser 

diode are measured either in pulsed mode, applying a short, ~(1.1–2.5) ns, 

injection current pulse, or in a quasi-steady-state mode by pumping the laser with 

a much longer, ~(25–30) ns, injection current pulse, both operating at a ~1 kHz 

pulse repetition rate.  

The optical response of a laser diode to an initial perturbation is termed its 

time response, and it serves to describe the change in the intensity of the optical 

output as a function of time. We distinguish the terms transient response and 

steady-state response. The response during the settling period is called the 

transient response, while that after the transient is called the steady-state response 

if it shows linear and time invariant behaviour, i.e. if the shape of the optical pulse 

reflects that of the injection current pulse.  

The transient time response provides the time-resolved optical pulse intensity 

and allows us to determine the turn-on delay, which describes the delay in the 

lasing response with respect to the front edge of the current pulse. A delay in the 

start of the optical pulse was desirable in this work, as it allows a high excess 

carrier density to accumulate above the threshold, to be subsequently emitted as a 

short, high-energy optical pulse. In addition, the probability of initiating trailing 

oscillations is reduced when the optical pulse is located at the trailing edge of the 

current pulse.  

The term “full width at half maximum”, or FWHM, is used to describe the 

width of a curve, representing the distance between two points on the curve at 

half of its maximum intensity value.  

In addition to the temporal behaviour of the output from a laser diode, a 

description of its spectral behaviour also offers valuable information about the 

laser structure. A spectrum is a plot of light intensity as a function of wavelength 

or energy. The peak wavelength and optical linewidth (FWHM of its optical 

spectrum) can be readily extracted from such a plot, whereupon the approximate 

bandgap of the active layer material can be determined. Again, a difference can be 
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distinguished between transient and steady-state measurements, but it is mostly 

the transient spectral response that is being investigated in this work. A time-

resolved spectrum analysis system allows transient spectrum measurements to be 

made by recording the wavelength distribution of short-lived excited states as a 

function of time. High or low-energy tails can be identified providing information 

that can prove useful in conjunction with other measurements such as near-field 

imaging, as will be described later in this section.  

A laser diode can be operated in quasi-steady-state mode in order to 

determine the static threshold current, i.e. the amplitude of a ~30 ns current pulse 

is sequentially changed and the corresponding output intensity (average power) is 

recorded. The kink in the light–current curve marks the transition between 

spontaneous and stimulated emission, and thus the static threshold current can be 

determined. It is the stimulated emission that dominates above threshold, and the 

linewidth of the optical emission is narrowed significantly relative to that below 

the threshold, whereas the spontaneous emission is clamped at its threshold value. 

In order to reach the threshold current, the optical gain has to balance the losses. 

One important parameter which affects the threshold current is the optical 

confinement factor, in that a higher optical confinement factor results in a lower 

threshold current. To achieve high power, the location of the laser diode operating 

point should lie well above the threshold current, with the proviso that in very 

close proximity to the threshold, small perturbations can bring about significant 

changes in the output power. Quantum well structures exhibit a decreased 

threshold current relative to bulk structures, mainly due to their thinner active 

region. One reason for the efforts made to reduce the threshold current is that 

simple circuitry with low voltage components can be used to generate the 

injection current pulses.  

The parameters measured in pulsed and quasi-steady-state modes provide 

useful information for developing an analytical theory and for performing a 

numerical simulation to describe the experimentally observed lasing behaviour. 

The resulting models can be used to find starting points for further possible 

improvements in lasing performance.  

The quality of the optical beam can be investigated when the laser diode is 

pumped with short injection current pulses, as this resembles the operation mode 

used in applications and therefore corresponds to the quality of the actual laser 

beam. The field emitted from the laser waveguide as measured very close to the 

output facet is referred to as the near-field; whereas the diffracted field as 

measured some distance away is called the far-field. Planar wavefronts at the 
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emitting facet remain approximately planar in the near-field but show noticeable 

curvature during the transition to the far-field (Coldren & Corzine 1995).  

A schematic diagram of the structure of a laser diode with details of the 

emitting facet showing the near-field pattern and the typical elliptical cross-

section of the far-field radiation pattern of a laser diode is presented in Fig. 6.  

Fig. 6. Schematic diagram of a laser diode chip, showing details of the emitting facet 

and far-field radiation pattern.  

The near-field represents the size and shape of the optical beam, and the pattern 

closely resembles the distribution of light (its typical modal intensity distribution) 

within the waveguide. This information is important for applications where the 

light output is captured, e.g. in a fibre or optical lens. When near-field images are 

recorded by means of narrow bandpass filters, the specific bandpass transmission 

profile as recorded orthogonally to the p-n junction can be used to determine the 

spatial position of the lasing and the location of the barrier in some laser 

structures, but this method is limited by the optical resolution of the light 

microscope.  

In the far-field the spatial intensity distribution measures the way in which 

power is distributed across the laser beam. This depends on the mode or 

combination of modes present in the laser cavity and on perturbing influences 

(imperfect optical surfaces) when the beam exits the cavity. The far-field allows 
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the mode quality to be determined, and thereby the beam quality, by taking the 

profiles normal to (fast axis) and parallel to the junction (slow axis). The marker 

for this is the full transverse aperture angle, which contains 95% of the laser 

output.  
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3 Laser diode characterization  

The development and application of various materials and device characterization 

techniques has contributed greatly to the continuing advances in semiconductor 

technology. The criteria on which the selection of any specific technique for the 

characterization of semiconductors is based are: (a) the type of information that is 

obtainable; (b) the sensitivity; (c) the quantifiability of the analysis; (d) the depth 

of the analysis (surface, subsurface or bulk analysis); (e) the spatial and depth 

resolution; (f) data acquisition and analysis time; (g) whether the analytical 

method is destructive or non-destructive; (h) whether the method is contactless or 

requires processing (e.g., metallization); and (i) the cost (Yacobi 2003).  

This chapter outlines the wide range of techniques employed here to 

characterize semiconductor laser diode structures and to assess their performance 

later with respect to preliminary simulation results whenever reasonable or 

available.  

In this mainly experimental work, qualitative ideas on the physical 

mechanisms responsible for high peak-power picosecond-range lasing were 

checked and modified by performing technological experiments, followed by a 

series of complex experimental investigations of samples and qualitative and 

numerical analyses (see Ryvkin et al. 2009), with feedback for modification of 

the structure design in the next iteration. The emphasis was placed on very 

detailed experimental investigations to provide clear enough evidence of the 

operating mechanism and quantitative assessments of the quality, performance 

and characteristics of the laser diodes.  

A selection of specific characterization techniques and non-destructive 

analytical methods such as electrical, optical, microscopic, structural and surface 

techniques, as discussed in this chapter, provided information related to the 

physical, structural, device, optical pulse and optical beam properties of the 

materials. The electrical, optical, spectral, spatial and dynamic (temporal) 

characteristics of gain-switched edge-emitting laser diodes emitting at a 

wavelength corresponding to the GaAs energy bandgap were measured. 

Resolution (spatial, temporal and spectral) and sensitivity are crucial factors 

which determine the usefulness of each technique.  

The stripe-geometry laser diode chips were either pre-fabricated on a 

submount as supplied by the manufacturer, or else they had to be mounted and 

wire-bonded onto gold-plated ceramic substrates. Each laser diode package was 
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attached to the circuit either by soldering or with a conductive adhesive prior to 

experimental characterization.  

Regarding the experimental conditions, the laser diode was pumped using a 

standard switching circuit based on a silicon (Si) avalanche transistor (except in 

Publication I, where the driver was based on a GaAs avalanche transistor) 

discharging the capacitor through a load resistor operated at room temperature. In 

gain-switching, the laser gain was rapidly modulated via the pump current power, 

and optical pulses were generated by injecting approximately Gaussian-shaped 

current pulses of ~(1.1–2.5) ns FWHM. The maximum peak value of the current 

pulse, which amounts to several amperes, can be increased or decreased by the 

choice of capacitor value, keeping the applied collector voltage at the maximum 

value. Subsequent reduction of the maximum collector voltage at a chosen 

capacitance will give a decrease in the current pulse amplitude, but it will also 

bring about a broadening of the current pulse FWHM. Proper selection of the load 

resistor will allow shaping of the trailing edge of the current pulse and the 

suppression of current oscillations. The load resistor also serves to determine the 

current pulse. The pulse repetition frequency was adjusted to 1 kHz. Some laser 

characterization measurements were performed in quasi-CW, by applying a ~30 

ns current pulse and using a different current pulser setup that included a 

commercial pulse generator.  

The experimental investigations aimed at extracting a set of performance 

curves included following characterization techniques, as categorized and 

explained in Sections 3.1–3.3. Lower-case Roman numerals are used throughout 

the text to refer to the characterization techniques listed here: (i) current–voltage 

(I–V) characteristics measured with a curve tracer, (ii) capacitance versus bias 

voltage (C–V) profiling done with a LCR meter (Agilent 4285A), where the 

abbreviations stand for inductance (L), capacitance (C) and resistance (R), (iii) a 

light–current (L–I) curve recorded in quasi-steady-state mode. An oscilloscope 

with a bandwidth of up to 30 GHz (WM830Zi-A, LeCroy) was used in 

conjunction with some of these techniques. Scanning electron microscopy (SEM) 

images of the laser facet (iv) gave a preliminary image of the layer thicknesses 

grown by MOCVD. The time-resolved transient lasing behaviour (v) was 

measured with a 25-GHz broadband InGaAs PIN-type photodetector (1434, New 

FocusTM). Time-resolved spectra (vi) were recorded with a streak-camera 

(Hamamatsu C5680) which was used in conjunction with a spectrograph 

(Chromex 250IS) and its supporting software (HPD-TA) for data extraction, 

optical average power (vii) was determined with a silicon photodiode (PIN 10DF, 
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UDT Sensors, Inc.), and current-on-time measurements (viii) were made with a 

passive probe (PP066, LeCroy). Monochromatic near-field images and profiles in 

the static (time averaged) mode were recorded using a CCD camera (HITACHI 

KP-F2A) with a series of objectives (Mitutoyo infinity-corrected long working 

distance objectives, M PLAN APO) and through specially designed optical 

narrow bandpass filters (Chroma Technology Corp.) with fairly steep 

characteristics, and neutral density filters (ix), while dynamic near-field images 

were recorded using a high-speed image intensifier with a time resolution of ~50 

ps (PicoStar HR 16, LaVision Ltd.) (x). Far-field measurements were made of the 

fast and slow axes (xi). The supportive software for processing and analysing the 

results (xii) included Origin from OriginLab, Matlab from Mathworks, and 

Mathcad from PTC, and to some extent the Atlas device simulator from Silvaco.  

3.1 Physical, structural and device performance characterization  

I–V measurements to describe the electrical operating characteristics of the 

device (i)  

Fig. 7. Semi-logarithmic and linear plot of the forward I–V curve of a commercial DH 

QW laser diode as measured with a curve tracer.  

The current–voltage characteristic curve describing the electrical operating 

characteristics of the device represents a relationship between the electric current 

through the sample and the corresponding voltage across it, as measured with a 
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curve tracer. This method allows determination of the forward threshold voltage, 

the series resistance, the reverse breakdown voltage and the leakage current.  

The measured I–V characteristic of a laser diode operating in the forward 

region (Fig. 7) served as quality check for the dielectric layer adjacent to the mesa 

on the p-contact side (in SH lasers), as used to track down the possible formation 

of a Schottky contact by determining the built-in voltage drop and comparing it 

with its material-specific “should-be” value. The steep but finite slope allows the 

series resistance to be determined. The reverse region allowed measurement of 

the leakage current, giving some kind of measure of the quality of the layers that 

had been grown, and the breakdown voltage of the sample, indicating the 

approximate net doping around the p-n junction.  

 

C–V measurements to determine the doping profile (ii)  

An explanation of the capacitance–voltage measurement method is available in 

the relevant textbooks, e.g. Sze (1969). Here the C–V characteristics were 

measured in order to extract the net doping profile of a SH laser diode in close 

proximity to the p-n junction, which in general reveals information related to the 

manufacturing process and the operation of the device. Thus a LCR meter was 

used to measure the capacitance of the samples when operating in a steady-state 

under forward and reverse bias.  

This meant that some additional correlations could be obtained between 

structural parameters and the achievement of picosecond-range lasing behaviour 

by comparing the doping concentration and doping profiles of different laser 

structures (Publication II, IV) which exhibit nanosecond or picosecond behaviour 

at different power levels. Semi-logarithmic plots showing doping profile curves 

corresponding to a selection of MOCVD-manufactured structures with an abrupt, 

steep doping gradients or shallow doping gradients and two LPE-grown but 

different structures are presented in Fig. 8. This plot is related to Publication IV. 

The layer thicknesses of the respective laser structures are sketched along the x-

axis, whereas the doping concentration is plotted on a logarithmic scale along the 

y-axis. The two bold blue dotted curves on the graph display the net doping 

concentration for the LPE-grown SH structures that was possible to retrieve from 

the C–V measurements, but only in close proximity to the p-n junction. Therefore 

both curves are extended by linear extrapolation away from the p-n junction and 

towards higher doping concentrations. The inset in Fig. 8 is a scaled-up 

representation of the measured data points resulting from LPE structures operated 

under forward voltage (VF) and reverse voltage (VR), structures which exhibit 
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picosecond lasing behaviour. The reverse (forward) voltage was thus gradually 

increased and the gradual decrease (increase) in capacitance was measured. This 

allowed us to calculate the depletion width with the corresponding net doping 

concentration.  

Fig. 8. C–V measurements confirming a doping-compensated transition layer around 

the p-n junction (blue dotted curve) down to a concentration of ~1017 cm-3 for a layer of 

at least a few hundred nanometres in thickness for heavily doped layers grown by 

LPE. Manufactured structures with abrupt, steep doping gradients and shallow doping 

gradient profiles grown by MOCVD are added for comparison (red curves). The 

thicknesses of layers such as GaAs–p and AlGaAs–p in the LPE-grown structures are 

approximated values.  

The doping profile gradients enclosed within the light blue shaded area are likely 

to exhibit picosecond-range lasing. The technological specified doping profile of 
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the MOCVD-grown structure with a shallow gradient lies within that area and is 

illustrated in Fig. 8. The MOCVD shallow gradient structure exhibits picosecond 

lasing.  

In our investigations, into high peak-power picosecond-range lasing 

(Publications II – IV), we refer to that discovered in LPE-manufactured laser 

diode structures having heavily doped layers. More precisely, we concentrate on 

structures with adjacent heavily doped p+ and n+ regions forming a highly doping-

compensated transition layer at their interface, as evidenced by C–V 

measurements. The dominant role of a doping-compensated transition layer 

around the p-n junction is emphasized in Fig. 8 and its caption.  

 

The L-I curve for determining the steady-state threshold current and 

differential quantum efficiency (iii)  

The light–current curve of an edge-emitting laser diode was recorded in quasi-

steady-state mode when applying current pulses of ~(25–30) ns duration and 

sequentially changing the amplitude. The result is a plot of applied drive current 

versus the output light intensity (average optical power) of the laser diode, as 

measured with a silicon photodiode.  

Fig. 9. L–I curve of a SH laser diode with a shallow doping gradient. The average 

optical power was measured for a 30 ns current pulse at a pulse repetition rate of 1 

kHz.  

The graph in Fig. 9 shows the current that needs to be applied to obtain a certain 

amount of power. The measured L–I curve was used to determine the steady-state 

threshold current, Ith, (Publication III) and the differential quantum efficiency, ηd, 

above the threshold (I > Ith), which is defined as the number of photons out per 

electron in (Coldren & Corzine 1995):  
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SEM images for identifying the layer thicknesses of a grown structure (iv)  

Microscopy techniques provided a means of microcharacterization for deriving 

information on the structural and compositional properties of the material, 

scanning electron microscope images being used as an aid in assessing the 

thicknesses of layers grown by MOCVD technique (Publications II – IV) and 

allowing comparisons to be made between the laser structures specified for 

growth and those actually fabricated. The manufacturer of the MOCVD-grown 

SH structures produced SEM images such as that seen in Fig. 10, which is 

correlated with the laser structure as described in Publication III.  

 

Fig. 10. Scanning electron micrograph image of a SH laser diode with shallow graded 

doping. The layers and their thicknesses are indicated.  

3.2 Optical and electrical pulse characterization  

This section stresses how the optical time domain, optical spectrum and optical 

power can be visualized. The transient time response of the optical pulse was 
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measured either with help of a fast PIN diode or with a streak-camera by 

extracting the optical intensity profile from a time-resolved spectral image by 

spectral integration.  

 

Use of a PIN-type photodetector to measure time-resolved optical pulses (v)  

Time-resolved measurements were made of the change in intensity versus the 

time behaviour of the optical emission in response to injection current pulses of 

sequentially changed amplitude and width. The laser diode was operated in pulsed 

mode, applying ~(1.1–2.5) ns FWHM current pulses, for example, at a repetition 

frequency of 1 kHz. The dynamic time behaviour and pulse duration (FWHM), as 

reported in Fig. 6 of Publication V, for example, was measured with a 25-GHz 

broadband InGaAs PIN-type photodetector module connected to a high-speed 

oscilloscope. The PIN photodetector, with a 21 μm opening diameter, was 

positioned at twice the focal distance (2f) of a collimating lens and 4f from the 

laser facet. Due to the fact that the detector opening in the above-mentioned 

example was about a sixth of the width of the laser stripe, only a small part of the 

emission located close to the lateral intensity peak was able to enter the PIN 

detector. Thus the limited detector diameter must act as a kind of spatial filter 

which may directly influence the observed width of the optical pulse. 

Accordingly, when spatial inhomogeneities are filtered out, the optical pulse is 

shorter than when measured with the streak-camera, where the output from the 

entire stripe is integrated.  

 

A streak-camera equipped with a spectrograph for measuring a time-resolved 

spectrum (vi)  

The system performs simultaneous measurements of the light intensity on both 

the temporal and spectral axes. The streak-camera allows ultrafast light emission 

phenomena to be measured with high temporal resolution, and the ultra-high-

speed detector was used here in conjunction with a spectrograph assembled in the 

front of the streak-camera in order to extract intensity vs. time vs. wavelength 

information in what is known as a time-resolved spectrum.  

The operating principle of the streak-camera is shown in Fig. 11 and described 

below.  
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Fig. 11. Operating principle of the streak tube, redrawn from Hamamatsu (2015), but 

applied here to laser diode emission having a long trailing tail.  

The light, or rather the optical intensity, which varies in terms of both time and 

wavelength, leaves the spectrograph, passes through an entrance slit and is 

formed by the optics into a slit image on the photocathode of the streak tube. (The 

slit width at the entrance to the streak-camera was adjusted within the range 

specified by the manufacturer for high time resolution measurements.) The 

incident light on the photocathode is converted into a number of electrons 

proportional to its intensity, so that the emission is converted sequentially into 

electrons. These then pass through a pair of sweep electrodes, where they are 

accelerated. The sweep unit is used for sweeping the electron beam across the 

inside of the streak camera, thus allowing for detailed time resolution, and in this 

setup forming an image of the behaviour in time as a function of wavelength. 

Thus high voltage is applied to the sweep electrodes with a timing that is 

synchronized with the incident light. This initiates a high-speed sweep in which 

the electrons are swept from top to bottom, arriving at slightly different times and 

being deflected in the vertical direction at slightly different angles as they enter 

the MCP (microchannel plate). As the electrons pass the MCP they are multiplied 

several thousands of times, after which they impact against the phosphor screen, 

where they are once more converted into light. The vertical direction on the 

phosphor screen serves as the time axis, with the light emissions which were the 

earliest to arrive uppermost. Also, the brightness of the phosphor images is 

proportional to the intensity of the incident optical pulse. The position in the 

horizontal direction on the phosphor image corresponds here to the spectral 

distribution of the separated and measured wavelengths which are present in the 

incident light (Hamamatsu 2015).  
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The imaging spectrograph (IS) used in our setup has a blaze grating with a groove 

density of 150 grooves per mm (g/mm) and a blaze wavelength of 800 nm, 

selected according to the required spectral resolution and the wavelength range of 

interest. The approximate lower and upper limits of the recommended operating 

range are defined by the blaze wavelength x 0.67 and x 1.5, respectively. Since 

resolution is inversely proportional to the spectrograph slit width, a decrease in 

slit width will increase the wavelength resolution. For example, the nominal 

reciprocal linear dispersion (RLD) which gives the wavelength dispersion in 

nm/mm is 20 nm/mm according to the datasheet for a blaze grating with 150 

g/mm, and thus the resolution is 3 nm when the spectrograph entrance slit is set to 

150 µm.  

Time-resolved spectra of the optical responses to short injection current 

pulses with sequentially changed amplitudes were recorded (Publications I – VII). 

An example of a streak-camera image is seen in Fig. 12.  

Fig. 12. Example of a streak-camera image: the time-resolved spectrum of an optical 

pulse, displayed with 100 contour levels. Temporal and spectral intensity profiles are 

added.  

In order to obtain time-intensity, and wavelength-intensity distributions, the 

relative intensity values were integrated over the optical energy axis and time 

axis, respectively. Temporal intensity profiles allow the extraction of optical pulse 

FWHM data as well as time-delay data with respect to the current pulse, while the 

centre frequency and spectral linewidth can be obtained from the spectral 
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intensity profiles. Any increase in the amplitude of the injection current pulse will 

move the peak wavelength in the shorter direction (higher energies) and broaden 

the spectral response curve (see Fig. 4 in Publication V).  

Especially when determining the FWHM of short optical pulses 

(picoseconds-range) or when generating images of laser pulses averaged over 

time it is important to bear in mind the problem of timing jitter (Hallman & 

Kostamovaara 2014).  

 

A PIN photodiode for determining the average optical power (vii)  

A silicon photodiode with an active area of 1 cm2 was used to determine the 

average optical power required to extract the pulse energy within a single optical 

pulse. The detector was placed in close proximity to the front facet of the laser 

diode, and the peak power was calculated from the lasing pulse time-intensity 

profile gained from (v) or (vi) and the average optical power, taking into account 

the 1 kHz pulse repetition rate.  

 

Ultrafast oscilloscope for deducing the current pulse (viii)  

Current-on-time measurements were performed to obtain information about the 

current pulse shape, including its amplitude, FWHM and slew rate. The 

measurements also allowed for reliable temporal matching of the optical pulse 

with the current pulse in order to determine their temporal difference, or more 

precisely the turn-on delay in lasing. Current pulses were deduced from the 

voltage drop measured across the damping resistor, Rdamp, with a passive probe 

connected to a high-speed oscilloscope. A schematic diagram and photograph of 

the laser diode driver are shown in Fig. 13. For a description of the operation of 

the circuit, see Hallman et al. (2010).  
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Fig. 13. The laser diode pulser: a schematic diagram and photograph of the Si 

avalanche transistor-based current driver circuit board as used in Publications V – VII.  

The values of the components (in Publications V – VII) were selected so that the 

resulting injection current pulses had a FWHM in a range ~(1.1–2.5) ns and an 

amplitude in the range ~(4–24) A. The supply voltage, VHV, was used to control 

the current pulse amplitude, but it was found that this also has an effect on the 

width of the current pulse. In order to minimize that width and to maximize the 

amplitude of the pulse, the total parasitic inductance should be minimized, which 

can be achieved by keeping the lengths of the connections between the 

components (the laser diode, resistor, capacitor and transistor) as short as 

possible. The stray inductance of Rdamp (approximately 0.75 nH in Publication V), 

was taken into account when calculating the current pulse.  
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3.3 Optical beam characterization  

Near-field measurements to determine the optical mode profile (ix)  

Static (time-averaged) monochromatic near-field images measured in close 

proximity to the emission facet of the laser diode were used to show the spatial 

position of light emission (Fig. 14).  

Fig. 14. Intensity profiles taken from time-integrated near-field images (black images 

on the right) of an arbitrary SH laser diode. The profiles 1 (green and yellow lines) 

mark the p-n junction (low-current biasing), profile 2 (blue line) the position of the 

AlGaAs/GaAs heterojunction (high-current pulsed operation with high-photon-energy 

bandpass filter), and profile 3 (red line) lasing (high-current pulsed operation with a 

neutral density filter).  

Fig. 14 shows static near-field images for CW and pulsed operation on the right-

hand side, together with cutoff lines (1–green, 1–yellow, 2–blue, and 3–red) 

drawn in the transverse laser direction corresponding to the intensity profiles, on 

the left-hand side. The intensity profiles were recorded perpendicular to the p-n 

junction (Publication II) in order to obtain spatial information on spontaneous 

emission and the lasing modes. Possible inhomogeneities in the emission seen 

from the laser surface along the stripe width become visible in this way. Markers 

which identify distinct spatial positions in the grown structure are determined by 

means of differences in operation and with the use of optical filters: profile 1 

shows spontaneous emission measured by low-current biasing (CW) and marks 
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the p-n junction, while profile 2 was obtained by high-current pulsed operation in 

combination with a high-photon-energy narrow (10 nm) spectral bandpass filter to 

suppress lasing, in order to visualize spontaneous emission. This shows carrier 

accumulation near the potential barrier and marks the spatial position of the 

heterojunction. The emission from high-current pulsed operation corresponds to 

lasing (profile 3) and the location of the lasing mode can be determined by 

reference to the p-n junction and barrier markers. The intensity of the static 

monochromatic near-field images was regulated via the pulse repetition rate and 

by using neutral density filters. Time-integrated emission profiles were recorded 

for pumping current pulses of different amplitude to see whether this parameter 

affects the spatial position of lasing. One limitation is placed on the measurement 

setup by the optical resolution, which is around >100 nm for a light microscope. 

The spatial information on light emission which is gained when using different 

narrow spectral bandpass filters to filter parts of the lasing mode spectrum, can be 

correlated with the time-resolved spectral images to determine the location of 

picosecond lasing.  

 

Measurement of the spatial lasing position at several time instants within the 

optical pulse by means of an ultrafast gated camera (x)  

An ultrafast gated camera with a time gating resolution of <50 ps was used to 

measure the spatio-temporal evolution of carrier accumulation and lasing 

development in a SH laser diode of similar structure to that used in Fig. 14.  

A set of time-gated near-field images were recorded along the evolving 

optical pulse and analysed by recording spatial intensity profiles perpendicular to 

the p-n junction, as seen in Fig. 15 (a, b), corresponding to Fig. 6 (a, b) in 

Publication II. Each profile thus represents a near-field image taken at a time 

instant within the optical pulse transient time response. The spatio-temporal 

emission dynamics of lasing oscillatory behaviour can be observed. These 

intensity profiles enable visualization of the dynamic behaviour of carrier 

accumulation, the development of lasing and the decline in lasing to be resolved 

in the transverse laser direction, labelled here as “X (µm)”. Interpretations for the 

ten profiles seen in Fig. 15 are given in the figure caption. This measurement 

technique makes it possible to extract spectral information either by using the 

setup in conjunction with narrow spectral bandpass filters or by linking the spatio-

temporal information to spectro-temporal plots obtained from a time-resolved 

spectral image (vi).  
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The difference between this technique and the previously mentioned near-field 

characterization technique is that method (ix) gives static time-averaged near-field 

images/profiles while (x) provides time-gated near-field images/profiles.  

Fig. 15. Time-gated near-field profiles of a SH laser diode with shallow graded doping, 

measured with a fast image intensifier (LaVision Ltd.). (a) Profile 1: initial carrier 

injection, profile 2: carrier accumulation near the barrier, profiles 3–5: 

superluminescence at the n+ layer interface and transition layer interface. The factor in 

squared brackets, e.g. [×20], shows that the intensity has been multiplied by 20, (b) 

profiles 6–9 show the development of lasing positioned around the transition layer, 

and profile 10 marks the start of the decline in lasing. Reprinted from Publication II by 

permission of OSA.  
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Far-field measurements for calculating the input efficiency (xi)  

Measurement and analysis of the laser beam characteristics is essential for 

achieving optimum laser system performance, which requires information on 

process-specific beam parameters such as the focus spot size or beam uniformity 

for proper alignment, and involves characterizing the optical beam profile and 

analysing spatial characteristics of the beam such as its size, shape, position, 

propagation and mode structure properties. The characteristics and parameters of 

the optical beam were determined from far-field measurements recorded on the 

waveguide axis at a distance R (50 cm) from the facet. In the far-field setup used 

here (Publication V), the laser diode was fixed while rotating the large area (1 

cm2) photodetector for direct coupling of the angular average power of the axis 

perpendicular (fast axis) and parallel (slow axis) to the p-n junction (see also Fig. 

6) for measuring spatial-energy density distribution of the beam in order to 

determine the beam profile. The fast axis emission profile depends on the 

transverse waveguide structure, and the half-power beamwidth angle can be 

determined from that profile. The same profile was also used to extract a curve 

which shows the input efficiency versus the full transverse input angle, and to 

obtain the full transverse aperture angle containing 95% of the laser output (Fig. 5 

in Publication V). A laser diode operating in a single transverse mode is required 

in order to obtain good far-field parameters and a short optical pulse duration. The 

number of lateral modes is influenced by the stripe width. Broad-stripe lasers 

have a tendency to form filaments in the lateral direction, emitting light that is not 

totally simultaneous and therefore causes an increase in the duration of the optical 

pulse. For the sake of completeness with regard to the possible modes, the laser 

oscillates in several longitudinal modes. The longitudinal-mode separation is less 

than the gain linewidth, whereas the number of modes is determined by the 

enclosing gain line.  
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4 Operation regimes and techniques  

Direct current modulation of laser diodes generally produces optical pulses of 

about the same width as the current pulse width applied. The shortest pulse length 

achievable by this method is therefore determined by the maximum possible 

modulation frequency. Even though laser diodes can be modulated up to several 

gigahertz, resulting in picosecond-range pulses, the resulting optical pulse energy 

not only remains rather low, but frequency modulation restrictions far below 

gigahertz rates may apply from the driver side due to heat dissipation problems.  

To overcome the natural tendency of an oscillator to operate in a continuous 

sinusoidal manner, the laser must be operated with a short current pulse at a 

certain frequency in order to obtain a pulsating output. The approach is to simply 

switch rapidly either gain or losses. One technique for generating ultrashort light 

pulses is to switch the laser diode resonator quality or losses, a procedure known 

as Q-switching, while another simple technique for achieving the same thing with 

an optical pulse width considerably shorter than the width of the applied electrical 

pulse is gain-switching, the basic idea of which involves excitation of the first 

spike of relaxation oscillation and termination of the driving current before the 

onset of the following spikes (Lau 1988, Vasil’ev 1995).  

This chapter addresses Q-switching and gain-switching, and also relaxation 

oscillations. In order to understand transient, or temporal, laser behaviour, rate 

equations have been formulated for carriers and photons, and the simulation 

results (in Mathcad) illustrate the importance of certain device parameters for 

achieving short, trail-free high-energy laser pulses.  

4.1 Rate equations  

The purpose of this section is to discuss the dynamic characteristics of laser 

diodes and their dependence on various device parameters. A unified approach is 

given by rate equations, which were first formulated for lasers in 1960 (Statz & 

de Mars 1960) and, after proper generalization, have been used for semiconductor 

lasers to describe the interplay between charge carriers and photons. Carriers are 

supplied by injection, while photons are supplied by stimulated emission. Carrier 

and photon rate equations are two coupled equations that can be solved for both 

steady-state and transient responses. Here, the temporal behaviour of laser diode 

operation is one of the most important aspects, as it shows how the laser reacts to 

a certain shape of electrical current pulse and whether the light output follows the 
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drive current pulse or not. Simulations help to achieve a better understanding of 

the optimal conditions for obtaining ultrashort high-energy gain-switched optical 

pulses and to describe the results observed in the experiments. The numerical 

model (Ryvkin et al. 2009) is based on time-domain single-mode rate equations 

for carrier concentration and photon density in semiconductor lasers under 

conditions of current pulse pumping. The rate equation formulae mentioned 

below can be found in the literature (Bhattacharya 1997, Coldren & Corzine 

1995, Agrawal & Dutta 2000, and Casey & Panish 1978, among others).  

The carrier rate equation describes the net rate of change in the electron 

population of the active region with time:  
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where n is the active layer electron and hole density. The first term on the 

right-hand side is the carrier production term, since there are /i i eη  electrons per 

second being injected into the active region, where aV d Lw=  is the volume of the 

active region, da, L, and w being the active layer thickness, cavity length and 

stripe width respectively, ηi is the internal quantum efficiency, i the injected 

current; e the elementary electric charge and vg the group velocity of light. The 

second term represents carrier losses via spontaneous emission. The natural decay 

process is described by the carrier lifetime (carrier recombination time), τn. In 

rewritten form this term represents the sum of the spontaneous recombination 

rate, Rsp, the non-radiative recombination rate, Rnr, and the carrier leakage rate, Rl, 

in which Rsp ~ BN2 (spontaneous recombination) and Rnr + Rl ~ AN (defect 

recombination) + CN3 (Auger recombination), respectively. The coefficient B is 

called the bimolecular recombination coefficient, the value of which depends on 

the alloy of interest, with B ~ 1 × 10-10 cm3/s for AlGaAs. The third term describes 

how carriers recombine due to stimulated emission, Rst. The variables in Equation 

2 that have not been mentioned above will be defined below.  

The photon rate equation used here describes the total number of photons 

(rather than the photon density) inside the laser (Ryvkin et al. 2014) in order to 

show the importance of a small optical confinement factor Γa:  
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where Np is the number of photons inside the laser. The first term on the right-

hand side represents the photon-stimulated net electron-hole recombination, Rst. 

Γa is the optical confinement factor, as defined in Section 2.1, and g0 stands for 

the material gain in the active area, which depends on Np because of the gain 

saturation effect. The gain, which increases with increasing carrier density but 

decreases or is compressed with increasing photon density, can be approximated 

by ( ) 0, ( /1 )ln( / )p p trg n N g N n nε= + , where ε is a constant known as the gain 

compression coefficient and ntr is the transparency carrier density. The second 

term includes the cavity lifetime (photon recombination time), τph, characterizing 

the net photon loss which occurs within the cavity due to optical absorption and 

scattering out of the mode, αin, and at the output coupling mirror, αout, with αout =
(1/ 2 ) ln(1/ )b tL R R⋅ ⋅ , where Rb and Rt stand for the reflectance of the back mirror 

and transmission mirror, respectively. In the absence of generation terms, the 

photons decay exponentially with a decay constant of τph. The third term includes 

the spontaneous emission factor, βsp, which is the percentage of the total 

spontaneous emission coupled to the lasing mode.  

Fig. 16. In Mathcad simulated transient behaviour of the carrier density (blue line) and 

static threshold carrier density (grey dashed line) in the active region, the injection 

current pulse profile (red line) and the corresponding optical response (black line), 

showing the simulated output power from a bulk GaAs laser diode with a stripe width 

of 128 µm, and cavity length of 1400 µm.  
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Fig. 16 was obtained by means of simulations (in Mathcad) using the laser rate 

equations and applying the same chip measures as for a custom bulk GaAs laser 

diode with a strongly asymmetric waveguide structure (Publication V), having a 

stripe width of 128 µm, a cavity length of 1400 µm and a ~3.45 A steady-state 

threshold current. The figure shows the simulated temporal profile of the carrier 

density and static threshold carrier density in the active region, the injection 

current pulse and the corresponding optical response.  

The values of the parameters used in the simulations (Fig. 16) are presented 

in Table 1.  

Table 1. Main laser parameters, similar to those in Ryvkin et al. (2009).  

Notation  Meaning Value Units 

L laser length 1400 µm 

w stripe width 128 µm 

da active layer width 80 nm 

dOCL optical confinement layer width 1.8 µm 

Γ optical confinement factor (da/dOCL) 0.044  

Rb rear mirror reflectivity 0.94  

Rt front mirror reflectivity 0.06  

αin internal (dissipative) loss 0.5 cm-1 

ntr transparency carrier density (bulk GaAs) 1.85x1018 cm-3 

g0 gain coefficient (bulk GaAs) 1.8x103 cm-1 

ε gain compression coefficient 3.0x10-17 cm3 

βsp spontaneous emission factor 1x10-3  

Bsp bimolecular recombination coefficient, low carrier densities 1.5x10-10 cm3s-1 

The laser diode (Ryvkin et al. 2009) is operated in an enhanced (see later) gain-

switching regime and has the simulated transient behaviour shown in Fig. 16. The 

pump power is modulated by current pulse injection, which increases the carrier 

density in the active layer and consequently the gain within the laser cavity. The 

optical gain is changed from a low value to a high value, so that the 

semiconductor laser, which is turned on from below the threshold, finds itself 

well above the threshold. After an initial turn-on delay, the optical field builds up 

rapidly during its first relaxation oscillation cycle and drives the laser below the 

threshold through the process of stimulated recombination (Agrawal & Dutta 

2000). As can be seen in Fig. 16, the duration of the current pulse allows the 

formation of a second relaxation oscillation. If the current pulse length can be 

chosen such that it is turned off before the formation of the subsequent relaxation 
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oscillations, the output will consist of a single trail-free short optical pulse. In 

other words, in order to isolate the optical pulse, the current pulse needs to be 

shortened. Here the requirements for the current pulse are a fast rise time and high 

amplitude. The temporal profile of the injection current pulse used in the 

simulations (Fig. 16, Fig. 17) can be described approximately by one period (0 < t 

< T) of raised-cosine dependence i(t) = (imax/2) ×  [1-cos(t/T)] with T = π ns, 

corresponding to the pulse duration (full width at half maximum) of T/2 ≈  1.57 

ns, as mentioned by Ryvkin et al. (2011a).  

A few words should be added on oscillatory behaviour. One feature of the 

transient response is that both the electron and photon populations oscillate before 

settling down at their steady-state value. Relaxation oscillations refer to damped 

oscillations of the output power, and are due to an intrinsic resonance in the non-

linear laser system. In semiconductor lasers the frequency of the relaxation 

oscillations typically falls into the GHz region (Träger 2007). Spiking (referring 

to the first optical pulse of relatively large amplitude and narrow width that 

typically occurs during the turn-on of many lasers) and relaxation oscillations 

(damped subsequent pulses of smaller amplitude) are characteristic of most solid-

state lasers, semiconductor lasers and certain other laser systems in which the 

recovery time of the population inversion is substantially longer than the laser 

cavity decay time (Vyas 2015).  

Enhanced gain-switching  

This section emphasizes the importance of the optical confinement factor for 

enhancing gain-switching. The crucial parameter is the ratio of the active layer 

width to the optical confinement factor, da/Γa. A large da/Γa ratio was used by 

Hallman et al. (2010), being realized by a laser diode with a strongly asymmetric 

waveguide design in which the optical mode is moved away from the lossy p-

cladding. This asymmetric waveguide supports only a single transverse mode 

regardless of the laser stripe width, and it also enables low leakage of electrons 

from the waveguide layer into the p-cladding (due to the high barrier encountered 

by the electrons) and low optical losses (due to the small penetration of the mode 

intensity into the lossy p-cladding).  

A qualitative explanation therefore is that the smaller the Γa is, the more excess 

carrier density above threshold is needed for stimulated recombination to begin, 

resulting in a single high-energy optical pulse. More detailed, quantitative 
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theoretical analyses can be found in Rafailov & Avrutin (2013), Ryvkin et al. 

(2009), Ryvkin et al. (2011a) and Ryvkin et al. (2011b).  

The simulated transient behaviour of a laser for five values of the da/Γa ratio 

ranging from 0.6 µm to 4.4 µm is shown in Fig. 17. The difference in the optical 

pulses arises from the da/Γa ratio, which was the only parameter altered. Hence, 

the overlap between the AL and the optical mode has to be controlled and 

optimized to generate a short, high-energy optical pulse, while a too small Γa will 

reduce the optical energy, as depicted in Fig. 17.  

Fig. 17. Simulated transient behaviour of a DH GaAs–AlGaAs bulk laser diode for five 

values of the da/Γa ratio ranging from 0.6 to 4.4, with da = 80 nm, L = 1.4 mm, w = 128 

µm.  

Improved optical pulse characteristics – single optical pulses  

The above-mentioned asymmetric waveguide structure (Ryvkin et al. 2009) was 

designed to operate in the enhanced gain-switching mode and was subsequently 

tested (Hallman et al. 2010, Hallman et al. 2012). Laser pulses with an energy of 

more than 3 nJ in the single transverse mode, corresponding to a peak power level 

of approximately 30 W and a pulse length of about 100 ps, but with some trailing 



59 

edge oscillations were obtained under uncooled conditions with injection current 

pulses having a duration of ~1.5 ns and an amplitude of up to ~17 A.  

In the present case single optical pulses were achieved in experiments that 

made use of a similar semiconductor laser structure operated in the saturable 

absorber-assisted enhanced gain-switching mode (Publication V). Several groups 

have previously demonstrated single optical pulse generation by gain-switching 

of a laser diode with a SA (e.g. see Ohya et al. 1991, Venus et al. 2000), and 

Ohya et al. (1991) have shown that laser diodes with a longer intracavity SA can 

produce optical pulses with higher peak power and narrower pulse width, 

although there exists an optimum length of the SA for a given current pulse. Their 

laser diode was gain-switched by electrical pulses of 400 ps duration and 20 V 

amplitude (at 50 Ω load) on a DC bias and at a 10 MHz repetition rate. A 

maximum optical peak power of 1.23 W with a 34.1 ps FWHM was obtained for 

a bias current of 100 mA, but the optical pulse waveform demonstrated trailing 

oscillations. Venus et al. (2000) used an ultrafast intracavity SA created by high-

energy heavy ion implantation in the form of separate sections within the laser 

cavity. The laser was pumped by current pulses with a FWHM of 3 ns. The 

optical pulse width for a laser with 20 absorber sections was (30–35) ps with a 

pulse power of (3–5) W. We also wanted to study an unbiased SA, but our 

investigations were based on a very simple structure, as only part of the electrical 

contact was removed. The investigations showed that the implementation of an 

unbiased saturable absorber section of an experimentally determined optimal 

length in the cavity of a laser with a very large da/Γa ratio efficiently attenuates 

the low energy wings located at the trailing edge of the optical pulse. A clean 

single optical pulse of ~80 ps/~35 W (about 4 nJ) with a current pulse duration of 

1.3 ns and amplitude of ~17 A was achieved. The pulse repetition rate in the 

experiments was limited to 1 kHz on account of the driver circuit components and 

possible heating of the laser diode. This approach was not as effective as the 

methods used by other research groups, but it was simple.  

A few words on Q-switching with the SA  

The introduction of an unbiased saturable absorber section led here to a laser 

operating in a combined gain/Q-switching regime. In contrast to gain-switching, 

in which the gain is modulated, it is the resonator losses that are modulated in Q-

switching.  
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A few words should be added regarding the principle of operation. In the first 

phase, the gain medium is pumped while light generation is prevented. This 

means that during the population inversion build-up the switch is held in the “off” 

or high-loss state, ensuring a low Q. Then, when the carrier density in the laser 

reaches its peak, the cavity is suddenly switched (Vasil’ev 1995). This causes an 

increase in the Q-value of the cavity (a decrease in resonator losses), so that the 

laser is in an above-threshold state. In the switching state, see Fig. 18, the 

intracavity power rises exponentially, normally starting from weak fluorescence 

light from the gain medium. As the gain is then substantially higher than the 

resonator losses, the energy stored in the laser medium will be released suddenly, 

until the gain is saturated and the power decays again. The light pulse generated 

in this way can extract a large percentage of the energy that was originally stored 

in the gain medium. For high pulse energy, the gain medium must have a high-

energy storage capability (Paschotta 2008), that is, a long upper-state lifetime (the 

delay time required to build up the carrier density necessary for induced emission 

to begin, which is of the order of the injection current pulse length), a not too-

high carrier confinement, and a high density of excess carriers above the 

threshold.  

Fig. 18. Sketch of the gain and loss dynamics of a passively Q-switched laser 

(Paschotta 2008).  

The “switching” from “off state” to “on state” can be performed actively, by 

moving the external resonator mirrors in situ, or passively, by introducing a 

saturable absorber into the resonator (Kärtner 2005).  

We will only look briefly at passive Q-switching, in which the intracavity loss is 

modulated by a saturable absorber. As discussed earlier, relaxation oscillations 

are due to a periodic exchange of energy stored in the laser medium by the 
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inversion and the light field. The SA introduces large losses for low intensities of 

light and small losses for high intensities (Kärtner 2005). In this way, the wings 

(or secondary oscillations) of the laser pulse are cut away – the leading edge 

always and the trailing edge provided that the absorber has time to recover – and 

the optical pulse becomes shorter. This principle, visualized in Fig. 19, was used 

in Publication V.  

Fig. 19. Visualization of the action of a saturable absorber. The wings/tails of the 

optical pulse with low intensity are cut away. Redrawn after Haken (1985).  

Generally speaking, a Q-switch – which can be a saturable absorber – is 

employed as a special mode of operation of a continuous wave laser, in order to 

generate trains of optical pulses, but here (in Publication V) the SA was used in 

connection with gain-switching to improve the optical pulse characteristics.  

The saturable absorber physics occurring in this device, is based on an optical 

mechanism of absorption saturation known as the dynamic Burstein-Moss effect. 

The Burstein-Moss effect describes how the effective bandgap of highly doped 

semiconductors increases. This is expressed in optical spectroscopy as a shift of 

the absorption edge towards higher energies as a function of the carrier density.  

The experiments of Casey et al. (1975) showed that at energies greater than 

the energy gap, the absorption coefficient decreases with the concentration of 

equilibrium carriers: the "equilibrium Burstein-Moss effect". One of the main 

reasons for this is the increase in band filling at higher concentrations. In the case 

of equilibrium carriers there is only one type of carrier: either electrons in n-

doped materials or holes in p-doped materials, so that as the carrier densities 

increase, states close to the conduction band fill up and transitions to them are 

impeded. As a result, the Fermi level (which now lies in the conduction band) 

moves up as the concentration increases: the Burstein-Moss shift (short-

wavelength shift).  
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The devices used in this work, however, exhibit non-equilibrium conditions: the 

"non-equilibrium Burstein-Moss effect", so that state filling entails a competition 

between stimulated emission and absorption.  

The essence of the dynamic Burstein-Moss effect is as follows. In the 

fundamental range the absorption of light in semiconductors increases the density 

of electrons in the conduction band and of holes in the valence band. An increase 

in the total density of non-equilibrium carriers in both bands will reduce the 

number of vacant states in the conduction band where optical transitions 

terminate and will also reduce the number of electron-occupied states in the 

valence band where optical transitions begin. The further the states are involved 

in optical transitions from the bottoms of the relevant bands, the greater the 

number of non-equilibrium carriers necessary to fill them. Therefore, absorption 

saturation by means of the dynamic Burstein-Moss effect is strongest if the 

photon energy of the incident light is slightly above the unrenormalized bandgap 

of the semiconductor (Ryvkin 1985).  
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5 Overview of the original publications  

This chapter provides an overview of the seven original publications included in 

this thesis, describing here only the content of those publications, whereas the key 

results are explained in the following chapters. The publications describe the 

experimental work carried out with respect to the generating of picosecond-range 

single trail-free optical pulses with high peak power, showing the structures of the 

laser diodes concerned, their operation behaviour, and the characterization results. 

Brief accounts are given of the different approaches.  

Publication I (2006), High power gain-switched laser diode using a 
superfast GaAs avalanche transistor for pumping  

Publication I, published in AIP Applied Physics Letters, used the standard gain-

switching approach and generated multiwatt single picosecond optical pulses. This 

required current pulses of high amplitude and short duration (<1 ns), and 

therefore a high-speed driver was needed. This was only possible with a GaAs-

based component, a compact picosecond-range electrical switch providing pump 

current pulses of (1–10) A amplitude to generate only a first optical spike. A 

recently developed (although not commercially available) superfast GaAs 

avalanche bipolar junction transistor was therefore used as the switch. The paper 

directs the attention to the influence of ultrashort injection current pulses on the 

lasing characteristics of commercial DH QW laser diode structures, and at the 

same time it addresses the lack of compact, low-cost and reliable commercial 

laser diodes which can achieve single trail-free optical pulses in the picosecond-

range (~20–100 ps) with drastically increased power density (1–100 W) when 

operated with standard (Si) switching components, since the existing commercial 

laser diodes did not generate single optical pulses when used with silicon-based 

switching components, which produce longer injection current pulses than the 

GaAs current driver does. The paper includes experimental and simulation results 

in the context of a hypothesis that a dramatic enhancement of the output power of 

a laser diode in gain-switching mode can be achieved by means of changes in its 

OCL.  

 

The content of Publications II – IV can be summarized as representing a single-

heterostructure approach to the enhancement of gain-switching. The origin of this 

work goes back to the observation by Vainshtein et al. (1995) of peaking/spiking 
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behaviour in commercial SH lasers and the ideas subsequently put forward to 

explain and enhance that behaviour.  

Publication II (2009) Doping profile effect on picosecond lasing of an 
internally Q-switched, high-power laser diode  

Publication II, originally presented at the SPIE-OSA-IEEE Asia Communications 

and Photonics Conference (ACP) in Shanghai, China, in 2009, reviews the way to 

proceed towards high peak-power picosecond-range laser pulses without 

relaxation oscillations by comparing the performance of developed SH structures 

that are distinct from each other in their layer thicknesses and doping profiles 

across the structure. Some success was achieved after a long experimental 

production run of MOCVD manufactured SH laser diodes, resulting in 

picosecond lasing (5–7 W/30–50 ps) from a 20 µm wide stripe under room 

temperature conditions. The work was devoted to a systematic investigation of the 

effect of acceptor and donor profiles across the structure on the switching delay, 

the spatial lasing position and the transient behaviour of the lasing mode. Factors 

which limit the utilization of these laser structures in practical applications are 

their need for a rather high injection current pulse amplitude, and certain 

reproducibility issues. The current pulses which were needed to pump them can 

nevertheless be generated by a driver circuit containing an ordinary commercial 

Si avalanche transistor as the switch.  

Publication III (2012), Single-heterostructure laser diode producing a        
6 W/40 ps optical pulse from a 20 μm stripe width  

Publication III, published in SPIE Optical Engineering Letters, is related to 

Publication II. It represents, within the scope of the SH structures investigated 

here, most successful, simple, and reproducible laser diode that can be operated 

under room temperature conditions. A full characterization is provided, including 

temporal, spectral and near-field lasing behaviour. The MOCVD-grown laser 

diode possesses a shallow, linearly graded doping profile extending from the p+ 

and n+ sides towards the p-n junction for 3.5 µm in each case, with an overlap of 

0.5 µm. It demonstrates moderate peak-power, picosecond-range single spike 

trail-free lasing (6 W/40 ps) from a 20 µm wide stripe upon the application of 

nanosecond-range pump current pulses achievable with a commercially available 
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silicon avalanche transistor as the electrical switch, but the efficiency of this laser 

is very low.  

Publication IV (2013), Picosecond internal Q-switching mode correlates 
with laser diode breakdown voltage  

Publication IV, published in Springer Semiconductors, continues the discussion in 

Publication II concerning the breakdown voltage in SH lasers. It presents an 

important experimentally discovered correlation in SH laser diodes between the 

achievement of picosecond-range high peak-power lasing and an elevated 

breakdown voltage of ~(5–11) V by means of acceptor-donor compensation. This 

finding – a high breakdown voltage and the observation of picosecond lasing – is 

valid for structures produced by various growth technologies such as LPE, and 

MOCVD (as well as various manufacturers), and can be achieved by the exact 

compensation of shallow donors by shallow acceptors, or by doping profile 

gradients.  

Publication V (2013), Performance improvement by a saturable absorber 
in gain-switched asymmetric waveguide laser diodes  

Publication V, published in the OSA journal Optics Express, describes 

investigations carried out with an enhanced gain-switched, strongly asymmetric 

double heterostructure laser diode having a high da/Γa ratio together with the 

implementation of a saturable absorber to achieve single optical pulses. The SA 

improved the lasing characteristics, so that this publication describes the most 

promising gain-switched laser diode considered in this thesis. The very large 

equivalent spot size, da/Γa, was due to the construction of the laser, which had a 

relatively thick bulk (da =~80 nm) active layer and a small optical confinement 

factor Γa. The goal of suppressing optical pulse trailing oscillations was achieved 

by introducing a saturable absorber of the simplest form – an unpumped section – 

into the cavity of the semiconductor laser. An additional effect was a decrease in 

the optical pulse width relative to the absorber-free structure. As a result, the laser 

operated in the fundamental transverse mode, generating single trail-free optical 

pulses (~80 ps/~35 W) and having a narrow far-field (13 degrees FWHM in the 

transverse direction). This structure was designed to operate with pumping 

current pulses (~1.3–1.5 ns/10–17 A) generated by drivers that use inexpensive 

silicon electronics.  
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Publication VI (2014), Current pulse investigation toward optimal pumping 
of a gain-switched asymmetric waveguide laser diode  

Publication VI, originally presented at the SPIE Laser Technology for Defense 

and Security X Conference (DSS) in Baltimore, USA, in 2014, discusses the 

effects of driver variation on the optical response. It reports on experimental 

investigations into the lasing characteristics of next-generation strongly 

asymmetric waveguide bulk lasers – a structure reproduced by a different 

manufacturer. Optical transient responses to a variety of injecting current pulses, 

modified in length and amplitude, are recorded in an effort to achieve optimal 

structure-specific pumping of an enhanced gain-switched laser diode. A 

distinctive parameter, called critical charge, Qcrit, which scales with the laser diode 

oxide stripe width (90 μm) and cavity length (1.5 mm), is described. It defines the 

charge injected by the current pulse which accumulates up to the effective lasing 

threshold instant and marks the temporal position of the lasing pulse. A trail-free 

single optical pulse of ~130 ps FWHM/~2.48 nJ, corresponding to a peak power 

of ~13 W, was generated by a pump current pulse with an amplitude of ~6.9 A 

and a FWHM of ~1.26 ns. The current driver used a commercially available Si 

avalanche transistor as the switch and was operated at room temperature with a 

repetition rate of 1 kHz.  

Publication VII (2014), Strongly asymmetric waveguide semiconductor 
lasers for picosecond pulse generation by gain- and Q-switching  

Publication VII was published in the IEEE proceedings of the 16th International 

Conference on Transparent Optical Networks (ICTON) in Graz, Austria, in 2014. 

It presents theoretical and experimental investigations aimed at generating 

picosecond-range, high-energy, trail-free pulses in a single transverse mode with 

high electric-to-optical power conversion efficiency. Single and double-section 

high-power semiconductor lasers with strongly asymmetric waveguide structures 

and a very large active layer thickness to optical confinement factor ratio were 

studied. Bulk and QW-based active layers were fabricated and experimentally 

assessed. Laser performance under gain-switching and combined gain/Q-

switching operating regimes was analysed and compared. It was concluded that 

the double-section laser operated in the latter regime fulfilled the objective best.  
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6 High-energy ultrashort single optical pulse 
generation  

This chapter highlights the main results of the research carried out within the 

framework of this thesis with the objective of generating high peak-power 

ultrashort single optical pulses without trailing oscillations. It describes the laser 

diode structures applied, developed and improved on in the course of this work, 

their operation regimes, and selected characterization results.  

Two options for the gain-switching regime to achieve this goal were 

investigated: one involving high-speed switching and short current pulses 

(Publication I), as described in Section 6.1, and the other relying on the laser 

diode structure itself, as outlined in Section 6.2. The latter structure proved most 

successful here and fulfilled the requirements regarding the current pulser by 

means of commercially available components. The suppression of trailing 

oscillations is an important aspect for intended fields of application such as laser 

ranging, and therefore improvements to the second solution with regard to trailing 

oscillations and optical pulse width were addressed and achieved by introducing a 

saturable absorber (Section 6.2.1) into the cavity of the laser diode structure 

(Publication V). All the laser diodes were operated uncooled in a room 

temperature environment and reproducibility was verified.  

6.1 Use of a commercial QW laser with a high-speed current pulse  

The standard gain-switching operation mode of laser diodes is known to generate 

optical pulses that are shorter than the injection current pulses, but the first optical 

spike is often followed by trailing oscillations. Standard gain-switching can be 

achieved provided that the switching pulse length is short and the rise time is fast 

(of less than 500 ps), with the reservation that the optimal current pulse length 

should be specific to the laser diode structure. Gain-switched short optical pulses 

can be achieved with high-speed current pulses in the traditional way, but this is 

complicated when commercially available standard laser diode structures have to 

be used to generate high peak-power short optical pulses. This requires ultrashort 

current pulses of high amplitude to pump the laser diode, which cannot be 

achieved with commercial components (Si avalanche transistors), but a special 

switch (a GaAs avalanche transistor) is needed. GaAs avalanche BJT switches are 

faster, but their technology has not been properly established as yet and they are 

not available commercially. The technology of Si BJTs is reliable, but Si 
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avalanche BJTs cannot compete with GaAs if pulses shorter than ~2 ns are 

required, in addition to which existing Si avalanche transistors cannot generate 

sub-nanosecond pulses at all (Duan 2013). Incidentally, current-status Si-based, 

CMOS electrical pumping pulse sources can generate current pulses with 

durations as short as ∼1 ns and amplitudes up to ∼10 A at repetition frequencies 

of up to about 1 MHz (Hallman et al. 2014). The current pulse amplitude, length 

and slew rate are the critical parameters for generating high peak-power short 

trail-free optical pulses, as the current pulse applied to the laser affects the 

dynamics of the carrier density and therefore modulates the gain. The idea here 

was to have a short electrical pulse switching time.  

Earlier work by various authors had provided detailed analyses of the factors 

responsible for the onset time of lasing (Bimberg et al. 1986, Lau 1988) and 

reductions in the optical pulse length (Helkey & Arakawa 1995, Arakawa et al. 

1987), but increases in the peak power of lasing had not been addressed due to the 

lack of commercially available switches operating in the picosecond-range and 

providing high-current (1–10) A injection pulses, which restricted the generation 

of single picosecond-range pulses in the milliwatt range. The issue is addressed in 

Publication I, where the advantages of using a superfast GaAs switch for pumping 

gain-switched commercial laser diodes are demonstrated.  

Measured and simulated optical responses and time-resolved spectra were 

compared using a Matlab-based simulation code adapted from a numerical model 

(Simin et al. 1998) based on time-domain multimode rate equations for carrier 

concentrations and photon density in semiconductor lasers subjected to pulse 

pumping. A time-dependent spectral gain was used to describe the spectral and 

transient features. In Simin’s approach, a quasi-uniform carrier distribution is 

assumed in the active area, and thus spatially averaged rate equations are used 

(Agrawal & Dutta 2000, Casey & Panish 1978).  

A commercial QW broad stripe (75 μm) laser diode with a cavity length of 

600 µm was used in conjunction with a novel high-current avalanche switch 

based on a GaAs bipolar junction transistor structure (Vainshtein et al. 2004, 

Vainshtein et al. 2005a, Vainshtein et al. 2005b) with a switch-on time <200 ps, 

producing (1–10) A current pulses. Exploitation of the laser’s transient lasing 

behaviour allowed peak-power in the watt range to be obtained, and the available 

energy was concentrated in a single, short optical pulse. The dynamic behaviour 

of the electrically pumped gain-switched GaAs laser diode was extracted from 

time-resolved spectra.  
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Fig. 20 is an important graph, as it shows an example of two current pulses 

together with their laser emission. The higher the current pulse amplitude, the 

shorter the time delay between the start of the current pulse and optical pulse, thus 

allowing the formation of a long optical trailing tail, mimicking the shape of the 

current pulse, following an initial optical “spike” emission. As the injection 

current pulse amplitude is reduced, as seen in Fig. 20 (b), optical pulse isolation 

takes place, but the optical peak power is decreases as well. This shows why gain-

switching is so difficult when attempting to achieve high-energy picosecond-

range single optical pulses.  

Fig. 20. Pump current, (a) 3 A, (b) 1.1 A, and corresponding measured and simulated 

optical responses from a laser diode (CVD 90, Laser Diode Inc., stripe width 75 µm, 

length 600 µm and threshold current ~0.5 A). Reprinted from Publication I by 

permission of AIP.  
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The measured and simulated optical responses (Fig. 20 (a)) and time-resolved 

spectra (Fig. 21) were in good quantitative agreement when lasing occurred 

before the trailing edge of the current pulse.  

Fig. 21. Measured and simulated time-resolved spectra corresponding to the optical 

responses shown in Fig. 20 (a). Reprinted from Publication I by permission of AIP.  

To summarize the results, broad-stripe laser diodes operated in a gain-switching 

regime generated multiwatt picosecond-range optical pulses when used with a 

superfast avalanche switch based on a GaAs bipolar junction transistor. This 

allowed 5 W/40 ps optical pulses to be achieved in response to sub-nanosecond 

(FWHM ~250 ps) electric injection pulses with a sharp trailing edge and an 

amplitude of ~2 A. This peak power is comparable to the quasi-steady-state power 

of 5 W specified by the manufacturer, while the injection current amplitude 

required in the gain-switching mode is lower by a factor of approximately three 

than that needed in the quasi-steady-state mode (7 A).  

The usability of this method is nevertheless restricted, as switches generating 

current pulses in the picosecond-range are not available commercially.  
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6.2 A strongly asymmetric custom DH laser with a bulk active layer  

The most promising gain-switched laser diode structure investigated in the 

framework of this thesis is that presented in this section. The goal of this structure 

was to maximize the single-pulse energy while fulfilling conditions such as (a) 

the energy located in trailing pulses should be negligible, (b) the necessary 

injection current pulse parameters (amplitude and FWHM) should be within a 

range in which inexpensive Si electronics can be used, and (c) the electrical-to-

optical power conversion efficiency should be high.  

The structure that was decided upon employs an asymmetric waveguide, 

having a much smaller refractive index step between the optical confinement 

layer and the n-cladding than at the OCL p-cladding interface. This structure 

combines a relatively large active layer width, da, with a small optical 

confinement factor, Γa, thus ensuring a very large equivalent spot size, da/Γa, 

(Ryvkin et al. 2009). This is found to be a crucial parameter when aiming to 

generate high-energy, trail-free single optical pulses, as described in Section 4.1. 

Detailed quantitative theoretical analyses can be found in Ryvkin et al. (2009), 

Ryvkin et al. (2011a) and Ryvkin et al. (2011b).  

The simplest qualitative explanation for the main advantage that this structure 

has is that the start of the optical pulse is delayed relative to that in a more 

traditional construction, because of the slower growth of the laser emission from 

the spontaneous seed. This allows for the accumulation of a high excess carrier 

density above the threshold, which is then emitted in the form of a short, high-

energy optical pulse. Other advantages are that this asymmetric waveguide can 

support only a single transverse mode regardless of the width of the laser stripe, 

that it enables low leakage of electrons from the waveguide into the p-cladding 

(due to the high barrier perceived by the electrons) and that it entails low optical 

losses (due to the small penetration of the mode intensity into the lossy p-

cladding).  

This structure is also the most successful one in terms of its injection current 

pulse requirements, as the laser diode can be pulsed using a standard simple 

avalanche pulsing configuration, or even MOS-switch-based pulsing electronics if 

a driving pulse with a peak current of less than 10 A is needed.  

The laser diode structure (similar to that shown in Fig. 22) was grown on an 

n+ GaAs substrate by MBE. The broadened strongly asymmetric waveguide 

incorporates an 80 nm thick bulk n-GaAs active layer surrounded by n-AlGaAs 

optical confinement layers of thickness 20 nm on the p-side and 1.8 µm on the n-
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side. The cavity length in this example (Publication V) was 1.4 mm with a 128 

µm wide oxide stripe, but many other variations were also tested.  

Fig. 22. Typical waveguide structure of the laser and the corresponding modal 

intensity distribution. Reprinted from Publication V by permission of OSA.  

Laser pulses with an energy of more than 3 nJ in the single transverse mode 

corresponding to a peak-power level of approximately 30 W and a pulse length of 

about 100 ps but with some trailing edge oscillations were obtained at room 

temperature with pump current pulses having a FWHM of ~1.5 ns and an 

amplitude of up to ~17 A (Publication V). The driver circuit used here, as 

described in Hallman et al. (2010), is ~1 cm2 in size and has as its electrical 

switch a commercial silicon avalanche transistor, which fulfils the criteria of 

compactness and ease of use.  

6.2.1 Saturable absorber implementation  

Portnoi et al. (1997), for example, who used commercial (standard) SH laser 

diodes, reportedly achieved improved lasing by means of a saturable absorber 

introduced inside the laser cavity by the deep implantation of heavy ions, thereby 

connecting the SA to the Q-switched laser diodes. They also stated that stable Q-

switching in a laser diode requires a highly effective, ultrafast saturable absorber, 
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which was made possible by applying this special technique. It allows a high 

depth of absorption modulation to be achieved in the Q-switching regime. Other 

methods for implementing a SA inside a laser diode structure can be found in the 

literature (see, for example, Ohya et al. 1991).  

In relation to our goal of generating trail-free optical pulses with high peak 

power using lasers operating in fundamental mode, we introduced a SA section 

into the gain-switched operating laser diode in order to attenuate its trailing 

oscillations and to reduce its optical pulse width.  

Fig. 23. 3-D schematic diagram of the 1.4 mm long laser diode with a 128 µm wide 

oxide stripe (left), and a SEM graph of a 30 µm long saturable absorber area 

implemented close to the front facet of the laser diode by means of the focused ion 

beam technique (inset, right). Reprinted from Publication V by permission of OSA.  

The idea of the SA is described in Section 4.1, and the principle is sketched out in 

Fig. 19. This involved the simplest form of a SA, – an unpumped section –, 

introduced into the Fabry-Perot semiconductor laser structure described in 

Section 6.2. In effect, the focused ion beam (FIB) technique was used to remove a 

part of the p-type electrode in close proximity to the front facet of the laser diode 

(Fig. 23), thus forming a current non-injection region. The amount of saturable 

absorption introduced was adjusted by varying the length of this electrically 

isolated region, lSA.  

 

A short excursion into the FIB technique (FEI Helios DualBeam) is necessary at 

this point. The technique is based on a gallium (Ga) ion beam in which Ga+ ions 

are accelerated to very high velocities, resulting in very high kinetic energy. This 
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allows the removal of atoms from the surface of the material by controlled 

sputtering with an accuracy of a few nanometres. Ablation of the metal layer is 

controlled by imaging the surface with a SEM which is integrated within the FIB 

device.  

 

A selection of the characterization results from Publication V which show the 

improvement in the shape of the enhanced gain-switched pulse achieved by 

implementing the SA are described below.  

Time-resolved optical output power profiles in which optical pulse 

characteristics such as pulse shape, pulse width and peak power (in watts) are 

compared between the initial structure and that after SA implementation are 

presented on a nanosecond time scale in Fig. 24 (b, c). The corresponding laser 

diode injection current pulses at a 1 kHz pulse repetition rate are given in Fig. 24 

(a).  

The optimal length of the SA was determined experimentally to be 30 µm for 

this 1.4 mm long laser cavity and a current pulse of 17 A/1.3 ns. The trailing part 

of the optical pulse is almost completely suppressed, leading to a short, intense 

single optical pulse (~80 ps) with an energy of ~3.9 nJ. We recorded a moderate 

sacrifice in the pulse peak power and energy upon SA implementation, the optical 

pulse width decreasing by 20 ps compared with the emission from the initial 

structure. 
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Fig. 24. Pump current pulses of different amplitudes (a) and the corresponding optical 

responses from a laser diode with saturable absorbers of length 20 μm (b) and 30 μm 

(c) (filled curves). Optical pulses from the structure before SA implementation (lSA = 0) 

are shown as solid lines in (b) and (c). The pulse shapes were measured with a streak-

camera. Reprinted from Publication V by permission of OSA.  

A plot of the optical pulse energy versus current pulse amplitudes for laser diode 

structures with saturable absorber lengths of 0, 20 µm and 30 µm is given in Fig. 

25. The use of a short, unpumped saturable absorber section allows the range of 

trail-free operation to be extended to higher pump currents.  
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In this context one might rather speak of a combined gain/Q-switching operation 

regime in which Q-switching is related to the saturable absorber section 

(Publication VII).  

Fig. 25. Optical pulse energy versus current pulse amplitudes for laser diode 

structures with saturable absorber lengths of 0, 20 µm and 30 µm. The total energy 

and that of the trailing part are shown. Reprinted from Publication V by permission of 

OSA.  

Particularly noteworthy here are the excellent transverse far-field properties of the 

structure, ensured by the broad transverse modal distribution sketched out in Fig. 

22. the Measurement results for a laser with a SA of length 30 µm in a plane 

normal to the junction at an injection current pulse amplitude of 17 A are shown 

in Fig. 26. The FWHM of the fast axis radiation distribution is just 13 degrees and 

the full transverse aperture angle containing 95% of the laser output is about 28 

degrees.  
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Fig. 26.  Far-field emission profile (fast axis) of a laser diode (a) and its input 

efficiency, showing the 95% input efficiency angle (b). Reprinted from Publication V by 

permission of OSA.  

The laser package described here is intended for laser ranging and other 

optoelectronic measurement applications, especially for single photon 

measurements.  

6.3 A custom SH laser with gradient doping profile  

This section recounts briefly the history of single heterostructure laser diodes 

operating in the internal Q-switching region; for a more thorough discussion, see 

Publication II. One effect observed in SH lasers is a delay which occupies the full 

length of the injection current pulse, so that stimulated emission occurs only after 

the end of the pulse (Ripper & Dyment 1968). This is caused by a reduction in the 

laser losses at the end of the current pulse, known as “internal Q-switching” 

(Dyment et al. 1969, Ripper & Rossi 1974). This effect is known to increase 

spiking, and SH lasers naturally show this behaviour.  

As depicted in Fig. 27, fairly sophisticated boundaries can be seen between 

“normal” (delayed) lasing (I), the Q-switching region (II) and spontaneous 

emission (III) in the current–temperature (I–T) plane (Ripper & Dyment 1968). In 

region II picosecond-range lasing occurs near the termination of the injection 

current pulse, and this happens at a relatively high temperature (exceeding the 

critical value, Tcritical) and at a relatively high current amplitude.  
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Fig. 27. The region of internal Q-switching, presented in the I–T plane. The Q-

switching region II corresponds to picosecond lasing, which appears at the current 

pulse fall. Reprinted from Publication II by permission of SPIE.  

Several theories have been put forward for interpreting this long lasing delay and 

the internal Q-switching phenomenon, e.g. the model of Nunes et al. (1977), 

whose approach was based on waveguide destruction at a high carrier density and 

waveguide recovery near the end of the current pulse. There have also been other 

similar approaches (Volpe et al. 1994), – but they deal with SH waveguide 

theories, which do not describe our experimental situation, partly because in 

addition to what is said in earlier publications, other researchers, including 

ourselves, regarding our best results, have seen other forms of behaviour in which 

the optical pulse was positioned within the pumping current pulse rather than at 

the end of it.  

Also, unlike the interpretation prevalent in the 1960s, in which internal Q-

switching was attributed to a low doping concentration (Nunes et al. 1977), we 

assume that the phenomenon is an intrinsic behaviour of heavily doped structures, 

as the high peak-power, short pulsing mode does not manifest itself in SH diodes 

with a low-doped active layer (Vainshtein & Kostamovaara 2000).  

It was the interest in high-energy picosecond-range optical pulses achievable 

with commercial SH laser diodes grown by the “old” LPE method which 

triggered the initiation of SH laser diode research (Vainshtein et al. 1995) in the 

Electronics Laboratory at the University of Oulu.  
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Our SH laser structure has been shown to yield short, high-energy optical pulses 

comparable to those obtainable from the LPE-grown structure used by Volpe et al. 

(1994). We think that what we did is in agreement with the work of Volpe’s 

group, and we also observed spiking. Volpe et al. (1994) reported very high 

optical peak power values by comparison with our results to be described below, 

but their optical pulse had a large trailing edge which accounted for roughly 30% 

of the total energy, whereas less than 10% is regarded as desirable for most 

applications.  

The following describes roughly the course of our SH laser investigations, 

dwelling only on the most successfully manufactured and reproducible SH laser. 

A detailed description can be found in Publication II.  

Commercial SH lasers grown by the LPE method showed picosecond-range 

optical pulses in our experiments. Since the old-fashioned liquid-phase epitaxy 

does not precisely control all the parameters of the diode structure and therefore 

evidently does not allow the proper optimization of picosecond lasing, we 

preferred the well-controllable state-of-the-art MOCVD process. The idea was to 

enhance the effect seen in the “old” SH lasers through an approach that involved 

investigating and modifying the qualitative (physical) ideas regarding the physical 

mechanisms responsible for high peak-power picosecond lasing by performing 

technological experiments, complex experimental investigations of samples and 

qualitative analyses of the results with feedback for modification of the structure 

design in the next iteration.  

We tried to mimic the structure, but as it represented a different technology, 

we did not see picosecond lasing behaviour. Nevertheless, with time the 

experiments with those LPE-grown structures revealed a relatively high 

breakdown voltage of ~(5–11) V, indicating a transition layer of moderate doping, 

although this was claimed to be a heavily doped active layer. Additional C–V 

measurements confirmed the existence of such a layer around the p-n junction. 

This should mean that high peak-power picosecond lasing is caused by the 

presence of a transition layer with net doping below ~1017 cm-3 and a thickness of 

at least a few hundred nanometres (Fig. 8) situated between the p+ “active layer” 

and the n+ electron injector in a SH laser diode. Picosecond lasing was not 

achieved in structures grown by the MOCVD method in which an undoped layer 

was used as the transition layer. Another important fact is that the Q-switching 

phenomenon does not occur in laser diodes with low breakdown voltages of (2–3) 

V. Unfortunately, the MOCVD method does not form such an exact doping-

compensated layer that it can be achieved reproducibly when growing abrupt 
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junctions as is the case with LPE growth. We therefore conducted further 

experiments to introduce a doping profile based on the use of a gradual reduction 

in the acceptor and donor densities towards the p-n junction, which led to 

picosecond lasing (Fig. 28).  

Fig. 28. A laser diode with a low doping gradient towards the p-n junction (see 

structure in Fig. 29). The pump current pulse is seen with its corresponding optical 

response, a ~6 W/~40 ps optical pulse generated at room temperature. Reprinted from 

Publication II by permission of SPIE.  

Our best SH structure was grown by the MOCVD technique and had a stripe 

width of 20 µm and a chip length of 420 µm. In the course of our long series of 

experiments, the specifics of this structure which led to picosecond behaviour, see 

Fig. 29, were linear doping gradients of about 1.1 × 1022 cm-4 within ~3.5 µm 

starting from the p+ and n+ sides and extending towards the composite junction. 

More detailed information on the structural parameters can be found in 

Publication III.  
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Fig. 29. Schematic representation of a SH laser diode (grown by the MOCVD method 

and cleaved to a length of 420 μm), including the doping profile with its concentration 

values. Reprinted from Publication III by permission of SPIE.  

In the search for explanations for the phenomena which lead to picosecond lasing 

behaviour, the SH laser structure was investigated by a selection of specific 

characterization techniques, as explained in Chapter 3. Some outstanding findings 

are described in the following.  

Time-integrated near-field profiles (Fig. 30) were taken in order to determine 

the spatial position of picosecond lasing. Profile 3 shows the optical field of the 

picosecond lasing mode, located close to the p-n junction.  

Another distinct observation made when measuring the electrical operating 

characteristics of the device was that a typical current–voltage (I–V) characteristic 

of a SH laser diode structure with this gradient profile exhibits a relatively high 

breakdown voltage (≥5 V). When comparing heavily doped SH-structure laser 

diodes grown by different technologies (Publication IV), one can observe the 

same correlation (high breakdown voltage – picosecond lasing) for those which 

exhibit picosecond lasing. This speaks in favour of the compensated layer around 

the p-n junction being responsible for internal Q-switching.  

As a result, the structure successfully demonstrates single-spike trail-free 

lasing pulses with a peak power of ~6 W and a FWHM of ~40 ps under room 

temperature conditions in response to nanosecond-range injection current pulses 

of fairly high amplitude (15 A) and a FWHM of ~2.5 ns. The uncomplicated pump 

requirements can be met by using a commercially available silicon avalanche 

transistor as the switch.  
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Fig. 30. Time-integrated near-field profiles showing the distribution of light intensity over a 

linear distance at the diode facet perpendicular to the p-n junction. Profile 1 marks the 

position of the p-n junction (low-current spontaneous emission), profile 2 shows the 

position of the AlGaAs–GaAs interface (carrier accumulation near the potential barrier, 

seen through a high-photon-energy narrow bandpass filter), and profile 3 marks the lasing 

position. Reprinted from Publication III by permission of SPIE.  

We found that picosecond lasing is intrinsic to SH laser diodes with a heavily 

doped AL. Most of the knowledge obtained so far is empirical, and unfortunately 

no clear understanding of the physical principle of SH lasers has yet been found 

(i.e. concerning which parameters of the structure are responsible for the 

phenomenon occurring).  

One likely additional reason for the observed good pulse quality is that the 

waveguide layer structure (which included a thick p-GaAs layer, Volpe et al. 

1994), in our laser was composed of a material identical in composition to the 

active layer material. This means that its effective bandgap is very close to that of 

the active layer. For this reason, a certain amount of saturable absorption is 

present in the p-GaAs layer of the laser structure, which is known to sharpen 

gain-switched laser pulses (Ohya et al. 1991).  

One possible explanation for the difference in optical energy achievable with the 

SH structures and asymmetric waveguide structures described here may lie in the 

absorption coefficient (loss), which is much higher in SH structures and therefore 

results in lower output power. The small efficiency at large internal optical loss 
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(due to absorption in the wide active layer) results in the need for a high injection 

current, which is the main problem encountered in these lasers. This internal loss 

cannot be avoided in SH structures, because of the injected carriers, even in cases 

where the initial doping of the active layer is low. At large compensation of the 

active layer, initial absorption will take place due to optical transitions from 

impurity centres.  
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7 Discussion  

The focus of this thesis is on the generation of high peak-power, ultrashort single 

optical pulses without trailing oscillations by means of laser diode structures 

mainly operated in the gain-switching regime. The key performance objectives 

for the optical pulse were a FWHM of ~100 ps, pulse energy ≥1 nJ and 

suppression of trailing oscillations using a simple operating regime. Other criteria 

were reproducibility of the laser structures, operation at room temperature and 

factors such as compactness, low cost and ease of use. The laser diodes described 

in this thesis were not cooled, and room temperature is taken throughout to denote 

a range of 23±3°C. The emphasis was on experimental characterization, in order 

to develop and/or improve the lasing performance of laser diode structures.  

Based on the whole set of experiments, the key to achieving single 

picosecond-range optical pulses of high-energy by means of enhanced gain-

switching lies in a specialized laser diode structure with a strongly asymmetric 

waveguide having a large ratio da/Γa (Section 6.2), and this solution relieves the 

pulser so that inexpensive Si electronics can be used to generate the injection 

current pulses. This optical source, together with a SA to suppress trailing 

oscillations, is mainly operated in the gain-switching regime and meets pre-set 

conditions such as (a) negligible energy in the trail substructures as compared 

with that in the preceding main pulse, (b) laser diode structures that are able to 

work at low/moderate injection current pulse amplitudes, and (c) high electrical to 

optical power conversion efficiency. These basic conditions are set by intended 

fields of application such as advanced pulsed TOF measurement systems (e.g. 

those including a SPAD detector on the receiver side), with the objective of 

achieving cm-level single-shot precision measurement performance.  

The main results achieved are discussed briefly in Section 7.1, and a 

qualitative summary of the lasers characterized here by comparison with other 

configurations is given in Section 7.2.  

7.1 Main results  

Solutions for generating high peak-power, ultrashort single optical pulses without 

trailing oscillations by means of gain-switched laser diode structures were found 

by adopting two approaches, both to be investigated experimentally. One option 

was to match the current pulse with a commercial laser diode structure. This was 

possible by using the recently developed GaAs transistor (Vainshtein et al. 2005b) 
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as a switch in order to produce high-speed current pulses of several amperes in 

amplitude with a sub-nanosecond rise time. The other option was to develop a 

new laser diode which did not require sub-nanosecond current pulses, but worked 

with nanosecond-range injection current pulses by virtue of its customized 

structure.  

The most promising solution reached within this thesis is that based on a 

structure involving a strongly asymmetric waveguide with a much smaller 

refractive index step between the OCL and the n-cladding than at the OCL p-

cladding interface, allowing operation in the fundamental transverse optical 

mode. The crucial parameter for generating high-energy single optical pulses is a 

very large ratio of the active layer thickness to the optical confinement factor 

(da/Γa). Secondary pulses were suppressed and the optical pulse duration was 

improved by implementing a SA in the laser cavity in the form of a short 

unpumped section, as was demonstrated in Publication V. This allowed the range 

of trailing-free operation to be extended to higher pumping current pulses. A 

single trail-free lasing pulse with a peak power of 35 W and optical pulse width of 

81 ps was achieved, in response to a drive current pulse with an amplitude of 17 A 

and FWHM of 1.3 ns and having a frequency of 1 kHz. The laser had an oxide 

stripe 128 µm wide and a cavity 1.4 mm long. Simple pulsing conditions were 

achieved by using a standard avalanche pulsing configuration with inexpensive Si 

electronics. Possible causes of trailing pulses are mentioned in Publication VII, 

where it is suggested that the secondary pulses are likely to reflect the multiple 

lateral mode operation of broad-area lasers. Furthermore, Publication VII 

provides the first preliminary results for the same asymmetric structure, but along 

with an active layer of five QWs instead of a bulk AL. The threshold current is 

temperature-dependent in both types of structure, bulk and QW, but the difference 

is that QW structures can be operated far further above the threshold current than 

bulk structures, so that they show greater stability when exposed to temperature 

variations. The QW structure had a stripe width of 30 µm and a cavity length of 

1.5 mm. The current pulses are produced by means of inexpensive Si electronics, 

and optical pulses of 6 W/~70 ps were generated at a repetition rate of ~1 MHz in 

response to a current pulse of ~3 A/~1.1 ns.  

Regarding the optimal pumping of gain-switched laser diodes, the situation a 

few years ago was that there were no suitable drivers for producing sufficiently 

short high-amplitude current pulses that would excite only the first optical spike 

when pumping commercially available laser diode structures, as Si electronics 

permitted only a FWHM > ~1.5 ns, resulting in trailing oscillations following the 
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shape of the current pulse. In the meantime this issue has been addressed by 

designing new laser diode structures, including that described in Publication V 

which is suitable for generating clean optical pulses with amplitudes of ~(10–17) 

A and a FWHM of ~(1.3–1.5) ns from current drivers by means of inexpensive Si 

electronics. Even so, if the laser structure is overpumped, so that the applied 

current pulse amplitude is too high and/or the FWHM is too wide, laser pulses 

with pronounced trailing oscillations will be generated, leading us back to the 

initial situation in which the FWHM of the current pulse was too wide for the 

commercially available laser structures. Our experimental investigations aimed at 

the optimal pumping of an enhanced gain-switched asymmetric waveguide laser 

diode are described in Publication VI.  

All the laser structures mentioned in this work were operated at room 

temperature, and details of their physical dimensions can be reviewed and 

compared by consulting Table 2 in Section 7.2.  

Applications that benefit from the most successful optical emitter presented 

here include pulsed TOF laser rangefinding, 3-D scanning, optical tomography, 

Raman spectroscopy, time-fluorescence studies, etc. Those lasers work especially 

well with a SPAD detector due to the good match between the CMOS SPAD 

resolution (50 ps) and the width of the optical pulse.  

7.2 Comparisons with other approaches  

Selected examples of the structures investigated here, listing their main 

parameters such as current pulse amplitude and length, repetition rate, optical 

pulse peak power (energy) and optical pulse length, facet reflectivity, cavity 

length, stripe width and emission wavelength, are presented in Table 2.  

There are nevertheless other techniques for generating high peak-power 

ultrashort optical pulses besides the structures and operation techniques described 

in this work, and a qualitative summary of some such configurations can be 

gained from Table 3 and Table 4, which includes another established approach, 

the master oscillator power amplifier (MOPA). This concept, consisting of a 

pulsed seed laser diode and one or more amplification stages, is discussed briefly 

in the next paragraph, but it is not regarded as suitable for our applications 

considered here.  
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Table 2. Qualitative summary of our characterized lasers.  

Reference Lanz et al. 2006 

Publication I 

Lanz et al. 2012 

Publication III 

Lanz et al. 2013 

Publication V 

Lanz et al. 2014 

Publication VI 

Configuration Gain-switched  

DH QW 

structure 

Internal  

Q-switched  

SH structure 

Gain-switched 

strongly asym.  

bulk DH structure 

with SA 

Gain-switched 

strongly asym.  

bulk DH structure, 

reproduced 

Growth technology MOCVD MOCVD MBE MBE 

Current pulse amplitude [A] 1.5 15 17 6.9 

Current pulse FWHM [ns] 0.3 2.8 1.3 1.26 

Repetition rate [Hz] 1K 1K 1K 1K 

Optical pulse peak power [W] 5 6 35 13 

Optical pulse energy [nJ] N/A 0.322 3.9 2.5 

Optical pulse FWHM [ps] 40 40 81 130 

Facet coating:     

rear/front mirror reflectivity [%] N/A 0.3/0.3 (cleaved) 0.94/0.06 0.95/0.05 

Cavity length [µm] 600 420 1400 1500 

Stripe width [µm] 75 20 128 90 

Emission wavelength [nm] 856 883 843 865 

N/A = not available 

MOPA laser systems can generate energetic high beam quality sub-nanosecond 

laser pulses and address the needs of applications such as high precision ranging 

and imaging. The configuration consists of a master laser and an optical amplifier, 

as sketched in Fig. 31. The master laser can be a solid-state bulk laser, tunable 

external-cavity diode laser, etc., and the optical amplifier a bulk amplifier, 

semiconductor optical amplifier, etc. The MOPA approach supports power scaling 

of the laser, and the advantages of the configuration are that the geometry, shape 

and principle of operation remain untouched. The master oscillator produces a 

coherent beam and is combined with a highly efficient amplifying stage, the 

power amplifier, in order to raise the power of the beam. Thus the performance 

aspects are decoupled from the generation of high power, and consequently there 

are no stringent requirements regarding the power or efficiency of the master 

oscillator as the efficiency is mainly determined by the power amplifier. 

Multiwatt-level output powers can be achieved while preserving the spatial and 

temporal characteristics of the laser used as the master oscillator. One 

disadvantage is the complexity of the MOPA configuration as compared with a 

laser, which produces the required output power directly.  



89 

Fig. 31. Schematic diagram of a master oscillator power amplifier (MOPA).  

Comparable results achieved by other researchers, including some using the 

MOPA configuration, are summarized briefly in Tables 3 and 4, but the peak 

power is lower and/or the systems are more complicated in terms of the 

structures, the setup and its dimensions. The paragraph that follows contains a 

rough qualitative comparison of the parameters achieved by those authors with 

those of our gain-switched laser diode (Publication V), extracted from Table 2.  

Table 3. Qualitative summary of other configurations.  

Reference Riecke et al. 

2010 

Riecke et al. 

2011 

Klehr et al. 

2011 

Adamiec et al.  

2012 

Configuration Gain-switched 

photonic band 

crystal (PBC) 

laser (seed 

source for 

optical PA) 

Gain-switched 

distributed 

feedback (DFB) 

ridge waveguide 

(RW) laser 

Gain-switched 

DFB RW laser 

Gain-switched  

DFB (MO) and 

tapered PA 

Current pulse amplitude [A] 3 0.47 4.2 MO: 30m; PA: 4 

Current pulse FWHM [ns] N/A 0.61 ~4 sinusoidal  

RF signal 

Repetition rate [Hz] ≤80M 10M 250K 1G 

Optical pulse peak power [W] 10.7 1.05±0.05 2.6 2.7 

Optical pulse energy [nJ] N/A N/A N/A N/A 

Optical pulse FWHM [ps] 98 68±3 4000 100 

Facet coating:     

rear/front mirror reflectivity [%] 0.95/0.05 high/zero 0.95/10-4 N/A 

Cavity length [µm] 2640 1500 1000 2500 (total length) 

Stripe width [µm] 5 (ridge width) 2.2 (ridge width) 5 (ridge width) 250 

Emission wavelength [nm] 980 ~1065 1064 1547 

N/A = not available 
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Table 4. Qualitative summary of other configurations.  

Reference Wenzel et al. 

2012b 

Klehr et al.  

2013 

Schwertfeger et al. 

2013 

Klehr et al.  

2014 

Configuration Q-switched  

three-section 

distributed Bragg 

reflector (DBR) 

laser (MO);  
a with amplification 

Gain-switched 

DFB-RW 

laser 

Gain-switched  

three section DBR 

(MO) and two 

section tapered PA;  
a with amplification 

Gain-switched 

DBR laser (MO) 

and RW PA 

Current pulse amplitude [A] several amperes 2.5 MO: 2 MO: 70m; PA: 9 

Current pulse FWHM [ns] <1 50  

(rectangular 

shaped) 

MO: 1–2.5 PA: 5 

(rectangular 

shaped) 

Repetition rate [Hz] N/A 200K 1M 200K 

Optical pulse peak-power [W] 3.8; 35a 1.1 4; 65a 4.1 

Optical pulse energy [nJ] N/A N/A 0.33; 3.8a N/A 

Optical pulse FWHM [ps] 66; 80a 50 ns, with 

instabilities 

65; 35a ~5 ns 

Facet coating:     

rear/front mirror reflectivity[%] N/A 0.95/10-4 MO: 0.95/<0.01 

PA: 3×10-4/3×10-4 

MO: <10-3/0.30 

Cavity length [µm] 4000 (total length) 1500 MO: 4000 MO: 4000 

Stripe width [µm] several microns 

RW 

3 (ridge width) 5 (ridge width) 4 (ridge width) 

Emission wavelength [nm] 1064 1064 1063 973.5 
a with amplification, N/A = not available  

This paragraph briefly compares some of the parameters of the configurations 

listed in Table 3–4 with the best-performing laser diode identified in this thesis, 

namely the saturable absorber structure. The values describing the SA 

configuration are 35 W (3.9 nJ)/81 ps generated by 17 A/1.3 ns injection current 

pulses. The configurations are discussed with regard to the optical peak power 

(pulse energy) achieved, the approximate percentage of the total energy that is 

located in the trailing edge, and the optical pulse width, relating these results to 

injection current pulse parameters such as amplitude and FWHM whenever it is 

reasonable to do so.  

The structures are evaluated according to the limiting factors dictated by our 

field of application: (i) some of the MOPA configurations (Adamiec et al. 2012, 

Schwertfeger et al. 2013, Klehr et al. 2014, and Wenzel et al. 2012b) generate 

high-energy, short lasing pulses, with those of Wenzel et al. (2012b) and 
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Schwertfeger et al. (2013) achieving 35 W/80 ps and 65 W/35 ps, respectively, 

after the amplification stage, but both configurations have complex setup and 

current pulse requirements; (ii) the current pulse duration applied by Riecke et al. 

(2011) is in the picosecond-range (610 ps), so that a special pulser is needed to 

generate such short pulses; (iii) the optical pulse energy in the trailing edge 

exceeds 10% of the total pulse energy and in some cases is very much higher 

(Klehr et al. 2011, Adamiec et al. 2012, and Riecke et al. 2010) which is 

unacceptable for our applications, although Riecke et al. 2010 achieved 10.7 

W/98 ps optical pulses with a 3 A injection current pulse of ns-range; (iv) Riecke 

et al. (2011), report that the pulse shape of the Fabry-Perot modes is sensitive to 

temperature, implying that the optical pulse tail at 290 K contains about 50% of 

the total pulse energy, while the FP modes at 310 K are restricted to the first 

relaxation oscillation; (v) the optical output of the configuration described by 

Schwertfeger et al. (2013) is sensitive to the length of the injected current pulse, 

so that a clean optical pulse is generated with a current injection <1 ns, but at 2.5 

ns a distinct pedestal is seen around the central peak; (vi) Klehr et al. (2011), 

Klehr et al. (2013), and Klehr et al. (2014) could not achieve single isolated 

optical pulses of picosecond-range duration.  
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8 Summary  

The objective of this thesis was to end up with a laser diode which emits single 

picosecond-range high peak-power optical pulses suitable for a high-accuracy 

TOF measurement system with regard to its output characteristics, operation 

regime, physical aspects and operational conditions (repetition frequency, room 

temperature (23±3°C)).  

An experimental characterization approach was adopted in which various 

laser diode structures were developed, investigated and improved.  

Two solutions were found to achieve the stated goal when the laser diodes 

were operated in the gain-switching regime. One of these involved high-speed 

switching to generate ultrashort (<1 ns) current pulses to pump a commercial DH 

QW structure operating in the standard gain-switching regime, while the other, 

more successful, solution was a custom-built laser diode structure in which the 

requirements with respect to the current pulser were met using inexpensive 

commercial Si components. A strongly asymmetric structure with a very large 

ratio of the active layer thickness to the optical confinement factor, thus ensuring 

a very large equivalent spot size (da/Γa), seemed to be the key to achieving the 

desired performance. Successful suppression of trailing oscillations in order to 

achieve single optical pulses was addressed in this enhanced gain-switched 

structure by implementing a saturable absorber section in the laser diode cavity. 

The optimal length of this SA section was determined experimentally to be 30 µm 

for a 1.4 mm laser cavity when applying a current pulse of amplitude 17 A and 

duration 1.3 ns. We now have a structure which generates single trail-free optical 

pulses of about 3.9 nJ (corresponding to a peak power of about 35 W) with a 

pulse duration of 81 ps. Moreover this is possible with a single small laser chip 

and uncomplicated electronics to drive it. Similar values can be achieved with 

MOPA configurations but their structure and driving scheme is much more 

complicated.  

Continuation and future work  

This work is being continued by investigating the most successful strongly 

asymmetric waveguide structure described above, but with a quantum well-based 

active (gain) medium, performing detailed experimental characterizations of the 

laser behaviour (Huikari et al. 2015). Similarly, laser diodes of reduced stripe 

width (30 µm), to match the diameter of the 30 µm SPAD detector, have been 
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studied. The pulse repetition rate of the pulser circuit operated in a room 

temperature environment has so far been limited by the BJT to around 1 kHz due 

to heating effects. To overcome this limitation the use of a MOSFET has been 

suggested (Hallman et al. 2014), which allows repetition frequencies up to about 1 

MHz. However, the current pulse amplitude which can be generated with a 

MOSFET (Nissinen & Kostamovaara 2013) is much lower (<10 A/FWHM <1.5 

ns) than that achievable with a BJT. For that reason the laser diode structure 

should have a low threshold current, and thus the QW structure is suitable.  

In summary, application-tailored improvements in the light emission 

characteristics of laser diodes have been started to some degree, and will be 

continued by detailed characterizations of gain-switched quantum well structures 

(with different parameters such as cavity length, stripe width, number of quantum 

wells, etc.) and their lasing in response to a variety of injection current pulses, 

modified in length and amplitude, as generated by a MOSFET-based current 

driver.  

It is also possible that in the future vertical cavity surface emitting laser 

(VCSEL) structures might be used (in connection with a SPAD receiver) for 

generating high-energy picosecond-range optical pulses by gain-switching, as 

analysed by Ryvkin et al. (2011b) using numerical simulations and a fully 

analytical model.  
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