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ABSTRACT

The light sources for optical communications in the 1.3-1.5 um range are the
quaternary InGaAsP/InP lasers which emit in this low loss region of optical
fibers. The structure and properties of some lasers fabricated in this material
system as well as their integration into optoelectronics are treated in this

thesis.

Lasers exhibiting low threshold, high power and stable far field are extremely
desirable in communication systems. Selective epitaxial growth offers an elegant
yet powerful technique of fabricating laser structures with these properties. Its
application to, as well as properties of, the resulting laser structures are

presented. In particular, a laser with high output power is demonstrated.

To further extend the operating power of index guided laser diodes in a stable
fundamental mode, gain stabilization is proposed as an effective means of
discriminating against higher order transverse mode operation. The optimal
design for gain stabilized fundamental mode operation is formulated theoreti-

cally and verified experimentally.

Precipitous increase of threshold current with temperature has been
observed in some InGaAsP/InP lasers. Electron leakage over the heterobarrier
has been identified as the cause of this abnormality. The origin as well as the

control of these leaked carriers is studied.

Advances in optoelectronic integration consisting of diffraction coupled
arrays and the demonstration of Laser-MISFET devices and the technique of

microcleaved mirrors are described in detail.

The microcleavage technique is applied to the fabrication of very short cavity

lasers. The advantages of short cavities are presented.
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Chapter 1

Introduction

1.1 Introduction

Semiconductor materials such as AlyGa; _xAs on GaAs and In,Ga,; 4As P, y on
InP are chosen in high data-rate optical communication systems because their
direct bandgap and good quality heterojunctions permit the fabrication of high
speed optical and microwave devices. Communication systems based on these
semiconductor components can thus interface purely electronic media with
analog microwave systems. Monolithic designs in which electrical and optical
devices are integrated fall under the general classification of integrated

s integration was first suggested by Yariv [1].

o=

block diagram (figure 1.1) of an 10EC shows three sections: a detector section,
an electronic processing section, and a transmission section. This I0EC has
been first demonstrated in the GaAlAs-GaAs material system due to the early
recognition of GaAs for lasers and devices fabrication. However, InP devices
such as fleld effect transistors (FETs) are also potentially important in the
ruicrowave region because InP has a peak electron velocity which is higher than
that of GaAs [2]. Moreover, since present GeOp doped silica fibers have low loss
(figure 1.2) in the 1.2-1.6 wm range [3-8], quaternary lasers (1.0-1.7 wm) have
become prime candidates in optical communication systems. Compared with
the well developed AlGaAs/GaAs system, the quaternary system is less affected
by oxygen during growth and the laser facets are more resistant to oxidation.
Current data also suggest that the life-expectancy of quaternary lasers is
expected to be longer than that of GaAs lasers. For these reasons, extensive
efforts have begun to focus on the technological advancement of devices based

on the InGaAsP-InP material system.
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Fig. 1.2 Loss spectrum of a graded index fiber. The thick solid

line (1980) shows an almost horizontal spectrum around 1.2-1.8 um.



1.2 Outline of the thesis

Throughout this thesis, a familiarity with both semiconductor devices and

double heterostructure lasers is assumed.

Five subjects in the fleld of quaternary InGaAsP/InP lasers will be presented.
Chapter 2 begins with the discussion of selective epitaxy and its advantages in
laser fabrication and optoelectronic integration. These advantages include the
simplicity of fabrication steps as well as the use of heteroepitaxy to achieve
lateral carrier and modal confinement. Three laser étructures -- the Embedded
Laser, the Groove Laser and the Ter'raée lLaser -- fabricated with this method are
described. The Embedded Lasers are fabricated on n-InP while the ‘other two
lasers are fabricated on semi-insulating InP substrates. The fabricaﬁion and the

performance of each of these devices are described.

Chapter 3 coﬁsists of an analysis of ihe' bﬁried waveguide with lateral p-n
junction. Mode stabilization of this WaVegmdé is:s}tudied bo'th‘experimentally
and theoretically. The theory predicts an optimal design for gain stabilized fun-
damental mode operation and this is compared experimentally in both the
Groove Transverse Junction Stripe (TJS) Lasers and Terrace Transverse Junction
Stripe lasers. Of particular interest is the relatively simple computational
scheme for incorporating the injection current profiles, the waveguide shapes

and the boundary conditions in the solution of the rate equation.

Chapter 4 is concerned with curfent leakage across InGaAsP—InP hetero-
junction. An experiment is devised to measure directly the electron and hole
leakage in a laser using a novel lasing-bipolar-transistor Vstructure, A model
incorporating current continuity equations, transport equations and the hetero-
junction injection is described. The nature of the field enhanced leakage is stu-

died theoretically and verified experimentally. The study suggests adding a low
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p-doped bufier layer in a conventional laser structure to decrease the tempera-

ture sensitivity. This is verified experiméntally,

Chapter 5 is concerned with opto-electronic integration in the InGaAsP/InP
system. The first InP laser-MISFET integrated circuits and the first InGaAsP/InP
micro-cleaved laser are described. The useful features of micro-cleavage in opto-
electronic integration are discussed. The first integrated InGaAsP laser phased

array is presented.

In chapter 6, the microcleavage technique is applied to obtain short cavity
lasers. The advantages of stable single longitudinal mode operation and high

frequency capability of the resulting short cavity lasers are analysed and noted.
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Chapter 2
Low threshold InGaAsP/InP Lasers fabricated using Selective Epitaxy

2.1 Introduction

In the design of low threshold semiconductor lasers, an essential considera-
tion is the confinement of both the injected carriers and the optical modes. For
a given laser structure operating at a certain injection level, the condition of
carrier confinement requires that carrier injection occur mainly in the active
region with negligible leakage into the surrounding regions. A fraction of the
injected carriers recombine radiatively in pairs (electrons with holes) during the
stimulated emission process providing the optical gain. The condition of optical
mode éonﬁnement demands that guided modes of the laser d§ not spread exfen-
sively into regions where no gain exists since that poftion of the mode outside
the gain region does not enjoy amphﬁcation. By optimizing both carrier and

optical mode confinement, lasers with good performance can be obtained.

The condition of optical confinement can be easily met in laser cavities where
the active region is surrounded by dielectrics with smaller refractive indices.
The degree of optical confinement for a given optical mode, usually represented
by the factor I {defined as the fraction of energy of the optical mode within the
active region), is a function of the dielectric constant difference between the
active and the surrounding region and of the active region thickness., An
increase in the refractive index difference and/or the thickness leads to better
confinement and thus larger I [1]. Thicker active layers, however, require more
current to achieve the transparency condition [2] and thus threshold. There-
fore an optimal thickness giving the lowest threshold current exists. For the

InGaAsP/InP system, this thickness has been found to be around 0.1-0.2 um.
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The condition of electrical confinement is more complicated. In practice,
good electical confinement has been achieved with a double heterostructure
(DH) in which the active region is sandwiched between materials with larger
energy bandgaps. It is generally believed [2,3] that potential barriers formed at
the heterointerfaces will prevent leakage of injected carriers from the active
region. In the quaternary systern, this is accomplished by the cladding layers of
InP which have a larger bandgap (see figure 2.1) than InGaAsP. In spite of this,
we have found evidence of a considerable amount of leakage current over the

InGaAsP-InP heterobarrier. This is the subject of discussion in chapter 4.

Among the various designs of semiconductor lasers, the buried heterostruc-
ture (BH) stands out for its ability to achieve both optical‘ and carrier
conﬁnément [4]. Among the several ways to achieve buried waveguide structure,
the most straightforward way is to émploy two-step liquid pﬁase epitaxial
growths (see figure 2.2) where the particular shape of the active region can be
formed by etching after the first epitaxial step. The sides of the active region are
‘buried” in larger bandgap materials during the second epitaxy. However, such
processing introduces complications. As grown layers undergo prolonged
periods of high temperature treatment, undesirable circumstan;:es such as
dopant diffusion and substrate thermal damage will emerge. Also, the compli-
cated processing leads to a low yield of these lasers. Selective epitaxy offers an
elegant yet powerful alternative to the above growth processes of BH lasers.

Similar growth techniques can also be applied to other laser designs.
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2.2 Selective epitaxy

Selective epitaxy, as its name suggesfs, is a technique whereby the growth of
epitaxial layers is restricted exclusively to certain portions of the wafer. An
important advantage of this growth technique is that confined active regions
can be formed automatically as a result of the growth. This advantage is
exploited in the structures to be described in sections 2.3, 2.4 and 2.5. An
equally significant advantage of this technique is that, for some laser structures,
the usual two step LPE growth process can be accomplished by a single epitaxial

step.

The method is usually first effected with the deposition of a layer of dielectric,
such as silicon dioxide or silicon nitride, over the entire wafer [‘5,6]. Subse-
quently the dielectric is patterned by phot01itlrmg:raph}’,7 to form a growth mask
on the wafer. Over the part where the layér of the dielectric remains, no growth
can take place during the liquid phase epitaxy. However, on the unmasked por-
tions, growth can proceed in various ways depending on the boundary orienta-
tion. If, for instance, stripe openings are made in the [011] direction on a (100)
InP substrate, the layers are grown as shown in figure 2.3a (cross section view).
If, instead, the stripes are made in the orthogonal [011] direction, the layers are

grown as shown in figure 2.3b.

Selective epitaxy will, furthermore, ease the achievement of the monolithic
integration of lasers with other electronic devices. By selectively growing InP
and quaternary layers on the semi-insulating InP, we can obtain spatially and
electrically isolated devices on the same wafer. This feature is further exploited
in the monolithic integration of a laser and metal-insulator semiconductor field

effect transistor [7] to be presented in detail in chapter 5.
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2.3 Embedded Laser on n-InP
2.3a Fabrication

We first applied the technique of selective epitaxy in the fabrication of a low
threshold laser on conductive n-InP substrate -- the Embedded Laser [8]. The
processing of the lasers is described as follows (figure 2.4 summarizes the fabri-
cation steps). First, the substrate is immersed in acetone to dissolve any
organic compounds, such as wax, left from the polishing of the wafer. Then, a
layer of silicon nitride is deposited on the wafer using chemical vapor deposition
(CVD). With conventional photolithogréphy, a pattern of silicon nitride double
stripes, each 5-7 um wide and with a 5-7 um separation is left on the wafer. The
substrate is then cleaned again before being loaded for epitaxy. All the layers
are grown from two phase solutions. Two-phase means there always exists some
excess, undissolved InP floating on the solution during the growth. With the
usual cooling rate of ~0.7° C/min, the deposition rate can be very high, espe-
cially on narrow stripe openings. Two methods are devised to slow down the
growth rate so that the thickness of each layer can be controlled. One methed is
to make use of the redundant growth on the wide openings next to the silicon
nitride double stripes (figure 2.4). Such growth will reduce the deposition rate
in the central opening. The other method is to slow down the cooling rate to 0.1-
0.2 °C/min so that there is little supersaturation inside the solution. The first
method is used in the fabrication of the present laser while a combination of

both methods is used in the growth of the Groove Laser (section 2.4).

The wafer is then loaded into the graphite boat. The boat is placed within a
quartz tube which is flushed with palladium purified hydrogen gas. During the
solution soaking time which usually lasts one hour, the furnace is heated up to

875 °C. Thus, in order to prevent the thermal decomposition of the InP wafer, a
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cover wafer is used to cover the substrate to supply sufficient phosporus over-
pressure [9]. Three epitaxial layers are grown: n-InP (2x10'%em™3),
InGaAsP(undoped), and p-InP (~1x10¥cm™). The p-InP layer is intentionally
heavily doped so that good ohmic contact can easily be made on top of the
mesa. Cross section views of the grown layers with stripe openings made along
the [011] and [011] directions are shown in figures 2.3a and 2.3b respectively.
We note that structures with stripes made in the [011] direction do not have the
sides of quaternary layer embedded in the InP. Low threshold lasers are

obtained for layers grown on [011] stripes.

After epitaxy, a layer of CVD silicon dioxide is deposited over the entire wafer
and contact stripes are opened over the top of the laser mesa. A shallow Zn
diffusion can be performed on the exposed surface to eliminate electrical short.
AuZn/Au is evaporated on the top side and alloyed at 420 °C for 30 sec to 1 min.
The wafer is lapped down to about 6C-70 tum on the substrate side. Subse-
quently AuGe/Au is evaporated on the substrate side and alloyed at 280 °C. The

wafer is then cleaved into bars of lasers for measurements.

2.3b Characteristics

For lasers with an active layer 3-6 um wide, 0.2 n thick and 250 wum long,
the pulsed threshold current ranges between 50-70 mA with the lowest one being
45 mA. Typical light versus current characteristics are shown in figure 2.5 and a
spectrum of the laser is shown in figure 2.6. When compared to oxide stripe
lasers of similar width [10], this laser possesses lower threshold current and
higher external quantum efficiency (~ 30-40 %). This is due to the superior car-
rier and modal confinement of this laser. A threshold current versus ambient

temperature measurement (figure 2.7) of the laser shows the threshold current
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goes like ~ exp(T/Tp) with Ty approximately 65°K.

2.4 Groove Laser on semi-insulating InP

For the purpose of optoelectronic integration, we are interested in developing
simple, low threshold lasers on serni-insulating substrates. As is the case with
lasers on conductive substrates, lasers with good electrical and optical
confinement can be obtained with buried heterostructure (BH) on semi-
insulating InP. We have developed the Groove Laser on semi-insulating InP [11]
to minimize lateral current leakage, and to simplify the fabrication procedure.
A schematic diagram of the laser is shown in figure 2.8. Instead of the n-p-n
current blocking layers in conventional BH lasers (figure 2.2), we employ semi-
insulating InP to provide tﬁe lateral current confinement. Due to the high
specific resistivity(107 Q-cm) of the semi-insulating InP, carrier injection can
only appear across the p-InP/quaternary and thé n-InP/quaternary hetercjunc-
tions and no sideway leakage flows via the semi-insulating InP. In comparison
with BH lasers, this laser is simpler to fabricate since it requires only a one-step
epitaxial growth. The active region is crescent shaped and it will be shown in
section 2.4c¢ that these crescent shaped waveguides provide good optical
confinement. As a result, low threshold operation is obtained with this laser.
Furthermore, the semi-insulating InP reduces the stray capacitance of the laser

structure and this is important for high speed modulation [12].

2.4a Fabrication

The fabrication of the laser begins with the deposition of a CVD SigN4 layer on
semi-insulating InP. Subsequently, dovetail shaped groove channels are etched

through CVD SigN,; stripe openings. The stripes are made in the [011] direction
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and are 3.5 um wide. The etchant, 10% aqueous solution of iodic acid, produces
groove channels with smooth surfaces, an imporlant feature required for good
crystal growths. The etching rate is slow but reproducible (~ 12004 /min at
22 °C). As some compounds such as iodine and indium iodate are formed during
etching, it is necessary to rinse the wafer with dilute nitric acids and methanol

to remove them.

As mentioned in section 2.2, the shape of the etched channels is direction
dependent. For stripe openings made in [011] direction dovetail shape channels
are obtained, while for those in the [011] direction, V-groove channels are
formed. We note that growth can proceed quite differently for different channel
shapes (and thus wall orientations). Within the V shape channels, sometimes
planar layers are grown, while at the other times growth only appears near fhe
bottom of the channel with no growth on channel walls. Growth in the {011]
channels is therefore not as controllable as that in the [011] channels, which

are thus preferred for the present laser.

After the etching of the dovetail shape groove channel, the SigN, is selectively
removed from one side of the groove channel. The remaining SigN4 on the other
side acts as a growth mask. The wafer is further cleaned with oxygen plasma
and is finally immersed in a solution of HzS0,4, Hz0p, and Hg0 (3:1:1) for several
minutes before being loaded for growth. Growth can take place within the chan-
nels as well as on the surface where the silicon nitride has been removed. This
bare surface serves two different purposes: firstly, it slows down the channel
growth rates, especially the quaternary growth rate; secondly, it can be used for
the fabrication of other devices such as FET's. Three LPE layers are grown on
the wafer: p-InP (2—4x10'"em™ Zn doped), InGaAsP (undoped), and n-InP
(2x10'%cm™ Sn doped). An SEM cross-section of layers grown inside a dovetail

channel is shown in figure 2.10. The first layer is grown from a solution with 5 °C



Fig. 2.10 An SEM view of a Groove Laser after LPF growth. The scale is 1 um.
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supersaturation which promotes the growth. The active layer and the third
layer are grown from two-phase solutions. The quaternary layer is grown at
835 °C. The cooling rate is 0.1—0.2 °C/min throughout the growth of the first two
layers and is rapidly increased to 1 °C/min during the last layer growth. The
first layer growth is critical since it determines the width and the curvature of
the active layer (and thus its height above the bottom of the etch channel); both
are important parameters for optimizing the optical confinement of the result-

ing waveguide.

There are two methods to make p-contact to the p-InP layer within the groove
which is still surrounded by semi-insulating InP. The first method employs a
lateral Zn diffusion to touch the p-InP. Following the LPE, a new SizN4 layer is
deposited and wide stripes are opened (see figure 2.8). The exposed InPlis etched
with a 0.5% solution of Br; (in methanol), until one channel wall is about 3-4 um
from the p-InP. Subsequently Zn is diffused laterally to reach the p-InP. The p-
contact is completed with AuZn/Au evaporated and photolithographically
defined on the wide, etched channel. In the second method, a new SigN, layer is
again deposited after LPE, and stripes are opened and etched until one side of
the p-InP inside the groove is exposed laterally [13] (figure 2.9). AuZn/Au is
directly evaporated onto this part to form a p-contact. The other contact on
the n-InP is made by an AuGe/Au evaporation and this contact is sepérated

from the p-contact by employing the standard lift-off technique.

2.4b Characteristics

For lasers with an active layer 3.5 wm wide and 0.3 wm thick (at the center of
the crescent), threshold current ranges from 20 to 40 mA with the lowest pulsed

threshold being 17 mA. Typical light current characteristics of the laser are
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shown in figures 2.11,2.12. The characteristics for pulsed operation are linear up
to five times the threshold current. CW operation is achieved with lasers
mounted with substrate side down on gold plated copper block and threshold
current is typically about 20% higher than that for pulsed operation. The exter-
nal differential quantum efficiency for both facets is 40%. Single longitudinal
mode is observed at up to 1.3 threshold current and multi-modes appear at
higher currents. The emission wavelength of the lasersis 1.2 or 1.3 um depend-
ing on the active layer composition. The threshold current versus temperature
characteristics of a laser shows a Tg (see figure 2.13) of ~72°C around room
temperature. The external differential efficiency of the same laser {figure 2.14)
drops as the ambient temperature is increased and this is related to the carrier

leakage over the heterobarrier (details to be discussed in chapter 4).

2.4c Waveguiding in the Groove Laser

In Appendix 2.1, a perturbative effective index method is described te treat
the waveguides with slow lateral index variation. We apply the results to a
Groove Laser with an active region width w and approximate the active region

thickness t(y) by a parabola :

Hy) = (1 — 20 WR Y< WR (1)

w2

where t, is the thickness at center (y=0) of the waveguide. Equation 1 gives,
according to equation A-17 (Appendix 2-1), the following effective lateral index

profile :

Rer(y) = ner(0) = B(ngf —n(O) sy (2)

This index proefile indicates increasing negative index values outside the

active region, while the actual effective index should be constant for |y| = w/2
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(where only the index of InP contributes) and nearly parabolic for |y| < w/2.
For modes which are tightly confined within the central part of the active region
(i.e. near y=0), the index at large y has negligible effect on the resultant mode
shape and the analytical solution is applicable. With this index profile, we obtain

the modal (equation A-6 in Appendix 2-1) profile G, (y) :

1oL kB
Guuly) = H(k®*P,%*)e 2 (3)

and the corresponding propagation constant :
ﬁp..vz = ﬂp,,vz(o) - (27/ + 1)k'\/l_j; (4)

to

efl i

where P, = B(ngz—-neﬁ,f(yg))t , H)s are Hermite polynomials, v is the

lateral mode index and w is transverse mode index. In this case, the fundamen-

tal lateral mode has a Gaussian profile with a near field spot size (FWHP), S, :

1
_ |4log? |?
=) ©

and the far fleld intensity profile, 1{®), for the fundamental and first order

mode are ;
_X%sin@
I,(0) ® cos?@ e ?P (8)
_kPsing
I,{(®) ~ 5in’20 e *P (7)

kP,
where b = 5 £. With a 5 um wide crescent waveguide which is 0.5 um thick in

the middle, and values of npp = 3.62 and npga.asp = 3.61 (for active layer with
emission wavelength at 1.1B um), we obtain nes, (0) = 3.56 and teio = 1.16 pm.
From these values, we obtain a far field beam divergence (FWHP) for the funda-
mental mode of 18.8 © and the peak to peak separation of the first order mode

as 16.4 °. These agree with the experimental results for the Groove Laser, where
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a far field beam divergence of 18+ 2 ° is observed for the fundamental mode. At
higher injection level, the first order appears and the peak to peak separation is

measured to be 15+ 2 °,

2.5 Terrace Laser

The Groove Lasers possess many desirable characteristics. However, they are
limited in optical output due to the small volume of the active waveguide. Our
next design is a structure which allows the optical modes to spread out to a
volume larger than that defined by injection. This structure -- the Terrace Laser
on semi-insulating InP -- is fabricated with layers grown on the side of an etched
terrace [14]. This laser and the Groove Laser have similar waveguiding mechan-
isms but slightly different lateral current confinement. The Terrace Lasers
operate in a stable single transverse mode even when the injection current is
more than five times the threshold current. A schematic of the lasers is shown
in figure 2.16. The quaternary region is crescent shaped and is terminated on
one side by the terrace wall while the other side narrows towards a uniformly

thin cross section. An SEM photograph of the laser is shown in figure 2.16.

2.5a Fabrication

The fabrication of the lasers is summarized as follows. A 4-5 um high terrace
is etched into a semi-insulating InP with SigN; as etching mask and is then
loaded for epitaxy. With SigN, as growth mask, growth can only take place within
the terrace and the resulting layers, two InP cladding and one quaternary layer,
are grown as shown in figure 2.15. The typical doping concentration and thick-
ness of these layers are : p-InP current confinement layer (Zn-doped,

R-5x10'"em™®; 0.5 um thick), InGaAsP layer (undoped; 0.2-0.3 um thick at the
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Fig. 2.16 An SEM photograph of a Terrace Laser after 1LPE.
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thickest part), n*-InP cladding layer (Sn-doped, 2x10*8cm™3; 2-3 um thick). The
growth time of the p-InP is minimized such that InP only grows near the terrace
corner. p-contact to the p-InP layer is done with a lateral Zn diffusion similar to
that made on the groove lasers, and with the diffusion front almost touching the
middle of the crescent. Since the low doped p~~InP has high electrical resis-
tance, the hole injection mainly occurs from Zn diffused region (lower resis-
tance) into the closeby quarternary region thus minimizing the current spread-
ing and reducing the effective injection stripe width. This is responsible for the

low laser threshold currents.

2.5b Characteristics

The laéers are tested with 50 ns pulses, The threshold current ranges from
35-50 mA. Typical light versus current 'characteristics are shown in figure 2.17.
The external differential quantum efficiency is about 45 % for both facets. Single
fundamental mode operation is maintained up to high injection current level.
High optical power output (~ 170 mW/facet at pulsed operation) is obtained
with this laser as the optical mode can spread out to a large waveguiding region.

A typical far field pattern is shown in figure 2.18.

2.5¢c Large optical cavity Terrace Lasers

We have furthermore exploited the high power output characteristics of this
laser by enlarging the optical cavily to increase the volurme for guided modes
[15]. In the large optical cavity (LOC) structures, the lasing mode acquires gain
from a thin (0.05-0.2 wum) active layer, before spreading into a thicker (0.5-1.5
um) guiding layer. The mode is still confined within these layers due to the

dielectric index step between these layers and the cladding layers. The mode
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spreading leads to a narrowing of the output beam divergence, thus easing the
laser coupling to optical fibers. The peak power output is limited by mirror
heating and can increase correspondingly, as the lateral area for light emission

is increased by a factor of 2 to 4.

The layers are grown as shown in figure 2.19. For this terrace structure, the
extra quaternary guiding layer leads to an increase in both the thickness and
the effective width of the waveguide. The thickness and composition of the
active (corresponds to 1.27 um emission) and the waveguiding (corresponds to
1.16 yum) layers are optimized such that energy gap difference (0.17 €V) between
the two layers is adequate for active layer carrier confinement, while the small
refractive index difference allows the optical mode to spread out into the guid-
ing layer. With a 0.1 um thick active layer and a 0.5-0.7 um thick guiding layer,
the threshold current ranges from 50 to 70 mA and the maximum pulsed output
power (at 50 ns pulsewidth) is 300 mW per facet (at 2.2 A injection current). The
differential quantum efficiency is about 50 % for both facets (at 10 mW power
output). Typical light versus current characteristics are shown in figure 2.20
and are linear up to 5 times threshold current. The far field pattern, as shown in
figure 221, is very smooth and regular indicating stable fundamental mode
operation even up to five times threshold current. The laser beam divergence,
which is 20 © parallel and 30 ° perpendicular to junction plane, is considerably

smaller than the width of the Terrace Lasers with no guiding layer.

2.6 Conclusion

In conclusion, single-step LPE InGaAsP lasers on both conductive and serni-
insulating InP have been fabricated with selective epitaxy. Low threshold CW

operation is obtained using novel semi-insulating structure for current
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confinement in the Groove Lasers. High output power is obtained with the large

optical cavity Terrace Lasers.
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Appendix 2-1 : Perturbative effective index method in waveguide analysis

In optical waveguide analysis, the effective index method [186,17] is a powerful
technique for solving the wave equation. It is particularly useful for waveguides
where strong optical guiding occurs in one transverse (normal to direction of
propagation) direction (namely in the x direction) while weak optical guiding
obtained along the other perpendicular direction (say, the y direction). The
method involves the calculation of the lateral waveguide effective-index distribu-
tion which can then be employed to evaluate the lateral field variation and thus
the modal propagation constants. For waveguides with weak lateral index varia-
tion, the optical modes can usually be divided into pseude TE and pseudo TM
modes. TE modes have a vanishing electric field component in the propagating
direction, while pseudo TE modes have a small vbut nonvanishing component.
Similarly, pseudo TM modes have dominanf transverse mé.gpetic field com-
ponents. In what follows, we coﬁsider only pseudé TE modes as they usually
dominate over pseudo TM meodes in laser oscillation due to their larger mode

mirror reflectivities.
Consider the wave equation for the electric field E(r,t) [18]:

g(x,y) O°F

c® 7t (a-1)

v2E+V(E-V:) =

in which £(x,y) is the complex permitivity of the medium. If & varies slowly in a
wavelength, the second term on the left hand side can be dropped. Further-
more, consider a mode propagating in the z direction with transverse electric

field component polarized in the y direction:
Ey(r,t) = Egy(x.y)e iet-62 (A-2)

Now, with assumed step x and slow y variations of £(x,y), the modes are more

strongly guided in the x direction than in the y direction, thus Eg; can take the



-37-

form :
Eoy(x.y) = F(x.y) G(y) (A-3)
With these assumptions, the wave equation in (1) becomes :

+ KA(xy)—AAFG + GEL 1 288 4G _ 5y

6L+ 7 R

3y2

where n®(xy)=#(x,y) and k=w/c. The last two terms are usually taken to be

small and are dropped, thus we have the following equations :

&FF (2.2 2 -
_2+(k n (X'Y) = Bxo (Y))F =0 (A'5)

3 yg + (Bxo (¥)—B.7)G = 0 (A-6)
Equation A-5 is solved first for F{x,y) and Bx.*(y). It is a one dimensional equa-
tion with appropriate boundary conditions fof" the TE modes. With calculated
Bxo™(¥). equatioh 6 can be solved to get the modal propagation constant f,. In
general, §, is complex accounting for real index waveguiding as well as gain guid-

ing in the medium. In cases where the last two terms in equation A-4 are small

but not negligible, we can use the perturbation to calculate their contribution to

2
Bo. We can first include the term %;I;G as a perturbation in equation A-b :

+ KEnR(x,y)F +

ayg = ﬁXZF (A_?)

where

xz(Y) = ﬁxog(Y) + ABXZ(Y) (A"B)
with B, the eigenvalue of equation A-5 and the AB.*(y) approximated by first

order perturbation theory
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2
f F'—;—zdx
ABE(Y) = —— (A-9)

where F* is the complex conjugate of F. Assuming the modes considered are

guided modes with the boundary condition F(£ «)=0, equation A-9 becomes :

flaF|d

ABE(Y) = — (A-10)
lelde

Therefore, this correction can account for waveguides with abrupt index
change in the lateral direction, provided the abrupt change of index takes place

in a distance which is a fraction of a wavelength.

Similarly, dFf dG_ — gives rise to a small correction to By.*(y) :
dy dy
e
— ___________C_l__ 1
f F'Fdx

Since this expression involves G(y), it has to be solved self-consistently with
equation A—6 to obtain the lateral index profile. For waveguides having vertical

symmetry, that is e(x,y)=¢{(-x,y) about the y-axis, this correction term is zero.

In some laser waveguide designs, il is desirable to obtain explicit expressions
relating the waveguide parameters and the resulting index profile and thus
waveguiding characteristics. Although the effective index method discussed
above can be applied point by point to obtain the lateral index profile, it is also
possible to extend the method to express the modes explicitly. This extended
method has the further advantage of efficiency while giving an index profile

closely approximating the actual one. As shown below, this method employs
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first order perturbation theory. For simplicity, consider a three layer slab
waveguide with the index in each layer slowly varying in the y direction (figure

2.RR):
nf(y) = nf®(y.) + An*(y) (A-12)

where i=1,2,3 corresponding to the three layers and y, is an appropriate origin

for the generally complex n/®s. First of all, the effective index method is used to

Bxol¥o)

solve the effective index n.g at y, neﬂ(yo)z—k—] and the corresponding

F(x,y,). This is done by solving equation A-5 for a waveguide shown in figure 2.23.
Next, the first order perturbation theory is used to calculate ne(y) for y#y,.

with An?(y) as the perturbation in equation A-5 :

NerP(Y) = Ner® (Vo) + Anes®(y) : (A-13)
where
4
S (xyo)An?(x.y)F(x.y,)dx
Anes®(y) = ———= (A-14)

JF (xy0)F(x.y,)dx

This method is justified if the correction term Ang*(y) is much smaller than
the unperturbed value of neg at y,, which is usually the case for waveguides with

slow lateral index variation. With this An.*(y), we have a new equation for G(y) :

LI+ ieana(y)ly) = 200 (a-15)

where
ﬁz = 502 - kgneﬁz(YO>

and f, is defined in equation 2 to be the modal propagation constant. As seen

from equation A-15, the general shape of the eigenfunction G(y) is determined
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.

nf (y) = nf(yo) + An? (y)

naly) = na(y,)+Ana(y)

ni(y)= n3ly,) +An3(y)

Fig. 2.22 A three layer slab waveguide with slow lateral

index variation.

n? (yq)

ng(yo)

ng( Yo)

Fig. 2.23 A three layer slab waveguide with constant index in each layer.
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by the relative lateral index difference and not by the absolute index value at
each lateral position. Equation A-15 has analytic solutions for some explicit

2

forms of Anes?(y). For complex n 's, this perturbative approach provides a

means for analyzing gain guiding as well as real index guiding,

This method can also be applied to waveguides in which the active region
varies in thickness. For instance, the waveguide structure shown in figure 2.24
has a middle layer thickness variation &(y) which can be related to index varia-
tion by :

Ang®(y) = ng® — n,? 0< x < &y) (A-18)
=0 elsewhere

For simplicity, the y, is chosen to correspond where the middle layer (to) is

thickest. Then from equation A-14, it is found that for TE modes :

AneP(y) = 2(ng? — ngg?(yo)) — X (17)
teﬁ(Yo)

where t.n, the effective modal thickness in the x direction, is :

tea(yo) = t{yo) + k1o + kgo™?

with ki, =k(nes*(y,) — njz)é—. j=1.3. As can be seen from equation A-17, for struc-
tures with tapering lateral thickness (i.e 6(y)<0), this An?(y) profile provides
either guiding or anti-guiding depending on whether n, is greater or less than
Nen(Vo). Similarly, for waveguides with n, greater than neg(y,), 8(y) > 0 give anti-

guiding. Since Angs®(y) is proportional to the thickness variation, the guiding or

antiguiding effect is more prominent where the thickness variation (%}%L) is

greater.,
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Fig. 2.24 A cross section of a three layer waveguide

showing the thickness (t) variation of the middle layer.
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Chapter 3
Mode Stabilization Mechanism of Buried-waveguide Lasers

with Lateral Diffused Junctions.

3.1 Introduction

Application of semiconductor lasers, such as long distance fiber-optics com-
munications, video-disk recording and readout, laser printing, etc., require high
power operation of injection lasers combined with a stable single mode. Hence, it
is important to understand the mechanisms which affect the transverse modal

behavior, especially under high power operation.

For dielectric waveguides that support multiple transverse modes where
injection is vertical (that is, the p-n junction is parallel to the wide dimension of
the waveguide), such as in bﬁried heterostructure {(BH) Iasers,r'it is very difficult
to obtain fundamental trénsverse mode operation when the effective waveguide
width is larger than the carrier diffusion length [1]. At higher powers, spatial
hole burning [2] due to strong local stimulated emission would eventually give
rise to a dip in the gain profile at the center of the waveguide, which leads to
preferred lasing at higher order transverse modes. In contrast to this, an
increasing stabilizing effect can take place (especially when the injection level is
raised) in transverse junction injection lasers with real index guiding. In the
next section, it will be shown how the gain profile favors lasing in the fundamen-
tal mode for a wide buried waveguide with a transverse p-n junction located near
the middle of the guide. It will become clear that as the optical power increases,
the gain profile becomes progressively narrower due to the decreased stimulated
lifetime and thus the effective carrier diffusion length thereby offsets the spatial
hole burning effect. For simplicity, the analysis is carried out on buried rec-

tangular waveguide with a lateral diffused junction. Since the lateral mode sta-
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bilization depends mainly on the lateral diffusion of injected carriers, the results

of the analysis can be applied to waveguides of other shapes.

3.2 Lasers with lateral diffused junction—Theory

In this analysis [3], we study in detail the gain stabilizing mechanism for a
laser with a dielectric slab waveguide structure and with a lateral p-n junction
as shown in figure 3.1. The waveguide width is 2W, and the junction is located at
x=a, where —-W=a<W. Since ‘guiding is due to a real index profile, we take the
optical transverse mode intensity profile S(x) as independent of the injection

level (see appendix 3-2 for validity):

S(x) = Sgsin® ﬂ'(m+12)éx +b) x|=b (1)
S(x) = 0 x|=b
b=W-¢ EAN << 1 (2)

where Sgb is the total optical power in the mode, and m=0,1,2,3,... is the mode
order. ¢ is a width parameter accounting for the real geometrical shapes of
some non-rectangular waveguides. In particular, for the crescent waveguide
which has a thick central region, this approximation works very well. The steady
state lateral distribution of the photon density and the excess carrier densities

inside the active region are described by the following equations :

Def:%é = %fl + A(B(X) ~ Nom)S(x) —Wex=W ®)
+W

fS(x) dx sy

:LTph— = [AB0) - nom)S(x) dx ()

where A(x) denotes the excess carrier densities, A, on the n side, and Ap on the

p side. In equations 3 and 4, Dea(x) is diffusion coefficient, ngy, is the minimal
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Fig. 3.1 A schematic diagram of the active waveguide with a lateral

diffused junction at x=a.



_4_8_

carrier density to achieve positive gain, A is the optical gain constant, 7}, is the
photon lifetime, and 73 is the spontaneous carrier lifetime. For simplicity, we

neglect the contribution of spontanecus emission in equation 4.

With a given photon distribution S(x), we can solve for the carrier density
profile A(x) from equations 3 and 4 and from this A(x) we can calculate the

injection current density near the p-n junction at x=a,

Ip(a,) = - aDen(a) SREL (5)
Tn(a) = + aDe() SBEL

J = 3p{as) + n(a) (6)

where J; is the injected hole current density on the n side, Jp is the injected

electron current density on the p side, and J is the total current density.

3.2a Boundary conditions

The boundary condition is considered at x=W and at x=-W. Since the active
wavegulde is completely surrcunded by higher bandgap material, the minority
leakage current across these lateral heterobarriers is assumed to be negligible

when compared to the injection current, thus:
IL(+W)=0 7 (7a)
Jn( - W) =0 ‘ (?b)

Assuming thermal equilibrium is maintained throughout the waveguide, the
Fletcher boundary condition [4] can be applied at the junction x=a, to relate the

carrier densities on both sides:
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v
Dn +8n _ Do - ®)
np+4, np

\4
Pp*+8 _ Pp i (9)
Pr + &n Pn

In equations B and 9 n,, pp are the majority carrier densities, with p,, n, the
corresponding minority carrier densities, on the n side and p side respectively.
Ap is the excess carrier density on the n side, and A is that on the p side. Vis

the applied forward bias voltage.

Two injection cases are examined. In the first case, a p-n junction is located
at x=a with high level injection into both p and n side. From equations 8 and 9,

we have, at x=a,

An(as) = Aplas) (10a)
Also, due to the high level injection, Deg in equation 1 is equal to the arﬁbipolar‘
diffusion coefficient D, on both sides where on the n side :

— (nn +Pn t An)DnDp
(nn + An)Dn + (pn + An)Dp

N 2D, (11a)

and D, >> Dy, Ap > n, > > p, are assumed. Similarly on the p side :

_ (pp + np + A,)DpDy, N ,
" (np + A)Dy + (pp + Ap)D, Dy (11b)

In the second case, a p*-n junction at x=a produces high level hole injection
into the n side, and low level electron injection inte the p side. At x=a, from

equations 8 and 9 we have:
[An(a)]? = ppAp<a—) : (10b)

In this case, Deg represents the ambipolar diffusion coefficient (& 2D,) on then

side, and D¢g equals the diffusion ceefficient of the n type carriers on the p side.
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In Appendix 3-1, a self-consistent method is outlined to solve equations 3 and
4 for the carrier density profiles, with assumed photon profiles (such as that
given in equation 1), subjected to the boundary conditions of equations 7a and

7b, and the junction boundary condition given in equations 8 or 9.

3.2b Analytical solution to the buried waveguide with lateral junction

We study a special case of the above waveguide. The lasers are assumed to
operate predominantly in the fundamental mode (m=0) which has an inverted

parabolic intensity mode profile:

2e
S(x) = Se(1 — TZ;;E) Ix|<W (1)

S(x) =0 |X|>W
where Bw/~V37 is the total optical power in the mode and 2VBw/r is the width
(FWHM) of the mode. The case of a lateral p-n junction located at the middle of
the waveguide (x=0) is considered. The steady state distribution of excess car-
riers A(x) on either side of the junction, in the presence of the fundamental

S
mode is governed by the diffusion equation with point injection at x=0:

2
Dur = 2L + 2809500 e )
8

where we have neglected the transparent term ny and the contribution of spon-

taneous emission. Equation (3') is solved in the region |x|< W with the boundary

condition %(X=j: W)=0 and 3A—X(x=0)=1. where 1 is the normalized pump

current densily injected across the transverse junction at x=0. These boundary
conditions hold if the waveguide width (2W) is at least two diffusion lengths wide.
Anticipating that the carriers are almost entirely concentrated near the center

of the waveguide under high optical powers, solution range can be extended to
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|x|< = and thus the solution to (3') with the optical intensity distribution (1) is

given by the Parabolic Cylinder Functions U(x.y) ;

A(x) =K U(a, bx) x>0
where
1
3 =W
= —(1+ATS
2 = (g5p)” L HATSY)
_ ASo gomaE
b‘(aDeﬁ) ()

where K is a normalization constant determined from the gain (see equation 12
below). Assuming W=27l3/VIZ2 where l4 is the carrier diffusion length, we obtain
the carrier distributions shown in figure 3.2 for different optical power 1evels S
Figure 3.2 shows that the width(FWHM) of the carrier profile decreases as the
injectionvcurrent increases. It is this localization of the carrier profile (and thus
of the gain profile) at the center which discriminates against higher order
transverse modes. The gain stabilization effect is enhanced at higher optical
powers. More accurate results including the effects of the transparent term

(nyp,) and the higher order mode gains will be discussed below.

3.2¢ Results and discussion

We consider the following two cases :

Case 1. Figure 3.3 shows the calculated carrier profile for a p-n junction (i.e
low doping levels on both sides), with high level injection into both sides, assum-
ing that lasing takes place predominantly in the fundamental mode (m=0). The
carrier density profiles are shown for different injection current densities, The
Sg 's given in figure 3.3 are in units of 1/(A 7y which takes the value of

1.3x10*cem™. The value of ng, is taken as 1.2x10%em™. 7, and 7, are taken as
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OPTICAL
INTENSITY
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PHOTON CONCENTRATION
(relative units)

So= 18

CARRIER CONCENTRATION (5.2 x10'"cm™3)

| | | 1 | 1 | 1 |
~-20 ~-l6 -l.2 -8 -4 0O .4 .8 2 16 20

x (normalized distance)

Fig. 3.2 Calculated carrier concentration for three values

of optical power S,. The fundamental mode intensity profile

is shown in the upper part of the figure.
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6 ns. and 2 ps. respectively. The width of the waveguide is twice the ambipolar
diffusion length {~ 2.6 um), and ¢ is taken to be W/5. Figure 3.3 shows how the
width (FWHM) of the carrier profile decreases as the injection current increases.
An increase in the injection current causes an increase in the optical power,
which results in a decrease in the stimulated lifetime and hence a decrease in
the effective carrier diffusion length. As a result, the injected carrier profile
narrows. To study the effect of the location of the junction on the threshold
current density, the carrier density profiles with the junction located at x=-
3W/4 are shown in figure 3.4. At a given injection level, the overlap of the car-
rier distribution with the fundamental mode profile decreases as the junction is
shifted away from the center. This results in a reduction in mode gain and thus
an increase in the threshold current density. Also the p side portion decreases
as the junction approaches the x=-W waveguide boundary. The injected elec-
trons on the same side become more laterally confined leading to lower Inlas)
and thus the current is mainly due to hole injection, The converse happens on
the n side : Jp(a;) decreases as the junction moves toward x=W. In figure 3.5,
threshold current density is plotted, for the fundamental mode (m=0) and the
first three higher order modes, as a function of the junction location. I is seen
that, provided that the junction is placed near the center of the waveguide
(x=0), the fundamental mode has the lowest threshold current density and is
thus favored. On the other hand, if the junction is located near the ends of the
waveguide, higher order modes will be preferred. As the waveguide width is
increased, a higher thresheld current density results, due to decreased lateral
carrier confinement. The carrier profile tends to be more sharply peaked, as
the width of the waveguide increases. In figure 3.6, we plot the threshold
current density of a laser with the junction located in the middle of the

waveguide, versus the width of the waveguide, The laser is assumed to operate
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Fig. 3.6 Calculated threshold current density for the fundamental mode, in

the case of a p-n junction at x=0, as a function of the width.
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predominantly in the fundamental mode.

The relative degree to which various lateral modes are preferred or discrim-
inated against can be quantitatively expressed by the modal gain yp,:

+W

JAAMR)Sm(x) dx
T = —x g (12)
me(x) dx
=W

where c/yp is the group velocity of the region, A(x) is the excess carrier density
profile, and S(x) is the intensity profile of the m*™ mode. In principle, A(x) can
be obtained, from equations 3 and 4, only when the lasing amplitudes of all the
transverse modes are known. As a first order approximation, with the diffused
junction located at the center of the waveguide, we can assume that lasing
occurs predominantly in the fundamental mode and proceed to solve for A(x)
from equations 3 and‘4. The resulting carrier distribution A(x) can then be used
in equation 12 to calculate the gain vy, of the higher order modes. The values of
the v, thus obtained will be an indication of the stability of the lasing in the
fundamental mode. The results are shown in figure 3.7, in which the modal gain
7m 18 plotted as a function of the injection current density J for different modes.
From the figure, it is observed that the first order mode(m=1) and the third
order mode(m=3) are discriminated against as J increases while the second
order mode(m=2) is not much affected. This results in the increasing tendency
of the fundamental mode to operate as the injection current is increased. This
behavior has not been observed in the other laser structures. In some struc-
tures, such as the channeled substrate laser [5], gains of higher order modes

approach that of the fundamental mode as the injection level is raised.

Case 2. In case of a p*-n junction, the same parameters are used as in Case
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Fig. 3.7 Calculated modal gains for the first four modes, as a function of

current density.
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1 above, except that the ratio of the diffusion coefficient on the p side to that on
the n side is taken to be 2.25. The acceptor concentration N takes the value of
1x10%m™. Again, assuming lasing in the fundamental mode (m=0), the car-
rier density profiles shown in figure 3.8 are for different injection current densi-
ties. Since the diffusion length is longer on the p side in this case compared to
that in the case of a p-n junction, the electron is more confined on the p side in
this case. This results in threshold current density reduction, as mentioned in
Case 1. Intuitively, an increase in diffusion length is equivalent to a decrease in
the effective waveguide width. Furthermore, the modal behavior in the present
case can be understood from the reduction of effective waveguide width on the
p-side. Thus, when the junction is on the negative x side, the situation is closer
to that shown in figure 3.4; and when the junctiori is on the postive x side, the
situation is like that of a p-n junction (ﬁgure 8,85, with hthe width of the
waveguide on the p side replaced by the effective width. Therefore, at equal dis-
tance from the middle, the threshold will be higher when the junction is on the
negative X side than when it is on the positive x side. Other features, such as the
threshold current density as a function of the waveguide width, the mode
discriminating behavior, and the mode stabilization behavior, are similar to that
in case 1 above. This is expected, because as the injection level increases, these

two cases become increasingly similar.

The above analysis indicates that a substantial improvement in mode stabili-
zation can be achieved in lasers with lateral injections. This is demonstrated by
the fabrication of a new laser structure - the Groove Transverse Junction Stripe

(TIS) Laser [8,7].



-81 -

‘0=X je uopaun( u- +m e J0j sajgodd £)1suap JoTided SSa0Xa paje[nared g'e 'S

(M 40 SLINN NI) X
o S'0 0 G'0-

_ , T 1

/1]

.0 oD
T o000

_ el

(2Y) 0 | (,uoys)r

S WO YW p L=

—

8't

(Q_LUD 410Ixt 40 SLINN NI)
(X)V ALISN3Id ¥H3IHYVYO SS3H0XH



-82 -

3.3 Lasers with lateral diffused junctions—Experiment I
3.3a Groove TJS Lasers

The Groove TJS Laser consists of a three epitaxial n-type layers (double
heterostructure) grown inside a groove channel on a semi-insulating substrate,
and a lateral Zn diffused region, as shown in figure 3.9. The current flows
laterally from the p-type region across the junction to the n-type region above
the groove. As the quaternary layer has a narrower bandgap than the InP,
current leakage through the InP-InP homojunction is small, thus the carriers
injection occurs predominantly in the quaternary layer. Current leakage
through the SI material is very small due to the high specific resistivity of the 5]
substrate. Optical confinement is obtained by the geometrical structure of the
crescent shaped quaternary waveguide (see Chapter 2). As a result, a low thres-

hold current can be obtained.

The substrate preparation for this laser before epitaxy is the same as thaf
described in section 2.4. Instead of growing vertical junction type layers (p-InP,
guaternary, and n-InP are layers) inside the dovetail shaped groove channels,
three n-type LPE DH layers are grown during epitaxy. The layers are: undoped
InP (n type, 4-9x10'%m™3), undoped quaternary InGaAsP (0.1-0.3 um} and n*-
InP (2x10'®cm™3, Sn doped), respectively. After epitaxy, a Zn diffusion is per-
formed at 640 °C for 20-30 minutes. The Zn diffuses laterally for a distance of 4-
6 um in the S1 InP and penetrates laterally the groove quaternary layer to form
a p-n junction. Figure 3.10 shows a photograph of a laser with the Zn diffusion

front.

It is interesting to note that two diffusion fronts are observed in the semi-
insulating substrate while only one front is observed in the n-layers. The shallow

front corresponds to carrier density of 10'7—10'8cm ™3, while the deep front
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Flg 3.9 A schematic diagram of a Groove TJS Laser with Zn diffusion
touching the active region.

Fig. 3.10 A photomicrograph of a Groove TJS Laser showing the diffusion

fronts.
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corresponds to carrier density of 10'°cm™ or below. As a result, two fronts are
observed in the Sl InP which has very low carrier concentration and only one
front is observed in the n-layers which are doped above 10'%cm™. Depending on
the position of the diffusion front inside the upper n*-InP layer, different laser
threshold currents are obtained. For diffusion front just touching the active
region (see figures 3.9,3.10), the lowest threshold current obtained per unit
active region width is 5 mA/um for lasers with cavity length of 300 um and
active region thickness of ~0.2 pum. When the diffusion front is in the middle of
the active region inside the groove (see figure 3.11), the lowest threshold current
obtained per unit width is 10 mA/um for lasers with the same cavity length and
active layer thickness. Noting that when the diffusion front just touches the
acltive region, the area of the high doping InP homojunctio’n is small and when
the diffusion front is in the middle of the active ’regi::arl. a large area p-InP/n*-
InP junction above the active region results (see figure 3.11), the increase in the
laser threshold current may be explained by thé carrier leakage across the InP

homeoejunction.

The light output versus current characteristics of one of the lasers is shown
in figure 3.12. The laser threshold current is 13 mA, with a cavity length of 300
um. The lowest threshold current eobtained is 12 mA. Room temperature CW
operation of the lasers is obtained with threshold current as low as 15 mA. A
2000 hours lifetime test has been carried out on this laser and no output degra-
dation has been observed. The lasers emits at 1.3 um in wavelength. The exter-
nal differential quantum efficiency of these lasers is about 30-40% for both

facets.
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Fig. 3.11 A schematic diagram of a Groove TJS Laser with the diffused

junction near the center of the waveguide.
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3.3b Comparision with theory

Depending on diffusion depth, the resulting lateral junction will be a p-n junc-
tion or a p*-n junction. The active region width is 3-5 um and the thickness is
~0.5—lum at the center of the active region. The lasers are tested with 50 ns
current pulses having a repetition rate of 1 kHz. Stable lateral mode operation
is achieved up to 45 times threshold current, when the Zn diffusion front is
placed somewhere near the middle of the active region, with a maximum power
of 245 mW/facet. Figures 3.13 shows a far field pattern of a laser with diffusion
front in the middle. The lasers are operated with current pulses having a width
of 50 ns and a repetition rate of 1 kHz. The fact that the spatial mode profile
does not change significantly as the power output is increased is a proof of the
stabilization effect at all power levels. Most of the lésers with junction at the
middle of the waveguide, operate in a single longitudinal mode up to to 1.2-1.4
times threshold current. However, some of the lasers operate in a single longitu-
dinal mode to 2-3 times threshold current. Figure 3.14 shows the spectra of the
laser whose far field is shown in figure 3.13. Single longitudinal mode operation
is maintained up to twice the threshold current. When the diffusion front is
near the active region edge, higher order transverse modes are observed; figure
3.15 shows a typical multi-mode far field pattern of such a laser. It is also
observed that an increase in active region width results in a slight increase in
the threshold current density, in qualitative agreement with the numerical

results described in section 3.2c.

3.4 Lasers with lateral diffused junction—Experiment II
3.4a Terrace TJS Lasers

Like the Groove Lasers, the Terrace TJS Lasers [8] are grown on semi-
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insulating InP to optimize current confinement while retaining some of the origi-
nal SI surface for fabricaling other devices. The fabrication of the Terrace TJS
Lasers is similar to that of the Terrace Laser with vertical junction (section 2.5).
A schematic diagram of the laser is shown in figure 3.16. The DH layers are
identical to that of the groove lateral junction lasers, and with similar layer dop-
ing levels. The typical layer thicknesses are : (n-InP) 0.5 um, (InGaAsP) 0.2-0.3
pum at the thickest part, (n*-InP) 2-3 um. Again, after epitaxy, a Zn-diffusion is
performed laterally with the diffusion front penetrating the active region to
form a lateral p-n junction. The current flows laterally from the contacts to the
junction plane where carrier injection occurs. The carrier injection in this case
occurs predominantly across the lower bandgap InGaAsP homojunction. For
this particular structure, the forward bias leakage of carriers across the InP-InP
junction is minimized, as part of the wall of the terrace is still semi-insulating
and the thin InP layers reduce the InP-InP homojunction area resulting in good
current confinement. As mentioned in section 2.5, the active layer thickness
variaticn leads to a lateral effective refractive index tapering, which provides
the necessary index-guiding for optical mode confinement. Lasers with the
transverse junction placed 1-1.5 um away from the edge of the active layer and
with 250 wm cavity length have threshold current in the 50-80 mA range. The
light output increases linearly with the injection current at up to four times
threshold current. External differential quantum efficiency is about 38 % for
both facets. Fundamental mode operation of the lasers is achieved with the
diffused junction located near the thickest part of the waveguide, as predicted
above. A far field pattern of the laser is shown in figure 3.17, where the laser
threshold current is about 80 mA. Stable fundamental mode operation is seen
to be maintained up to very high injection(~ 10 times threshold current). The

laser is capable of delivering moderately high output power, a peak optical out-
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put power versus injection characteristics is shown in figure 3.18, with the

specified testing condition.

3.5 Conclusion

In conclusion, we have studied the gain stabilizing behavior of waveguides
with lateral carrier injection. The finite width of the real index guided
waveguide, as compared to the carrier diffusion length, together with the boun-
dary conditions, results in the lateral carrier confinement within a small region
about the quaternary p-n junction. As the current injection increases, the opti-
cal power increases, the gain profile becomes progressively narrower due to the
decrease of the stimulated lifetime. Stabilization for the fundamental mode is
obtained 'When the transverse junction is placed near .the middle of’ the
waveguide. These results are in good agreement with experimental observations

in which the Groove and Terrace InGaAsP/InP lasers with a lateral junction show

a remarkable persistence in the fundamental lateral mode operation.
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Appendix 3-1 : Computational scheme solving steady state rate

equations with known mode profiles

We divide the waveguide into h regions, with the width wy in the k* region,
where k=1,...,h. Next, taking S(x) as given by equation 1, as a constant in each
region, we can solve equations 3,4 for the excess carrier density. Thus, in the k"
region:

S b

M%) = Age * + Bre'® +Cy 0= x3,=< Wy (A-1)
where

L
Ly = ——/————
k V1 + SpAT

_ AnomSilE

C
k Deﬁ

L is the diffusion length in that region, and 1 is the effective diffusion length in

the presence of the photon intensity profile,

The coefficients Ay, By are determined by matching boundary conditions at

X=Wi
'S
Ly Ly Ly
Ay = S—(A (1 = =) + B (1 + =) + Cyy — Gy (A-2)
~ Ly Liess
Wi
I L Ly
By = So—(Apr1(1 + =) + By (1 = =) + Cjs; = Cie
2 Lics1 Lie+r
—-2w1,l
Ay = Bpe @ (A-4)
Al = Bl (A-5>

Defining By=K;, B;=Kp, using the recurrence relations (A-2) and (A-3),

coeflicients Ap,Ap-1.Bp-1,... can be calculated a linear function of K;. Similarly
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A; A3 Bs can be calculated as a linear function of K;. By matching the junction
boundary condition at x=a, which for the case of a p-n junction, (as given by

equation 10) gives,

Ke = ¢;K; + ¢¢ (A-6)
and for the case of a p*-n junction, (as given by equation 11) results in,

Kp = dzK¥ + d,K; +dg (A-7)

where ¢;,cp.dg,d;.dp are determined from computation. Once K; is known, all the
A's and B's can be determined. To find K;, we go back to equation 4, which now
takes the form:

Wy Wy

. 'S Sk

S Sl = G+ nom) = 3 SL(A(l e ) + By - 1)) (aB)
k=0 Amy ‘ k=0 ‘

The left side of equation A-8 is éonstavnt'once Sk is given, the right side is a

linear function of K; if equation A-6 is used, or a gquadratic function of K, if

equation A-7 is used. In both cases K, can be found and thus the carrier density

profiles can be cormputed.
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Appendix 3-2 : Validity of the real-index guiding assumption

The validity of the analysis in section 3.2 rests on the assumption that the
spatial mode is index-guided and is independent of the injection level. Under
high level injection, however, the localization of carriers near the junction pro-
vides a gain-guiding mechanism so that a combination of index and gain guiding
can take place. Gain guiding may thus become increasingly dominant at very
high-level injection and in the case of a very wide waveguide. The analysis is
valid when the width of the optical mode guided by the gain profile is much
wider than that guided by the real-index waveguide, which is approximately
equal to half of the width of the waveguide. For a rough estimate of the width of
the gain-guided mode, the exact shape of the gain profile is not important and
one can use the result for the approximate fundamgntal width %, in the case of
a gaussian gain profile [9]:

2

X

g(x) = goe ¥ (A-9)
AL\ 7, &oAn , —+
=2(z () (A-10)

where A is the free space wavelength, L is the diffusion length, g(x) and gg are in
em™!, and n is the effective refractive index of the medium. One can use the
values of the peak gain and half width of the gain profile obtained in the above
section in equation A-10 and determine x,,,. The results described in the preced-
ing sections cease to be valid when x, < W/2. If one limits the widths of the
waveguide to less than 5 um and assuming diffusion length is 2 um, one can esti-
mate from equation A-10 that index-guiding is the dominant mechanism for a
peak gain as high as 1000 cm™, which corresponds to a pump current J density
of about 90 KA cm™. This sets an upper limit on the range of validity of the

analysis in section 3.2.
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In the analysis, we have also, for simplicity, neglected the effect of evanescent
waves outside the guide. This is justified since the inclusion of evanescent waves
will result in an even smaller gain for the higher order modes and therefore will

only improve further the stabilization of the fundamental mode.
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Chapter 4
Carrier Leakage and Temperature Dependence of InGaAsP

Laser threshold current

4.1 Introduction

A problem of quaternary InGaAsP/InP light-emitting diodes (LEDs) and lasers
is the severe output power saturation of the LEDs and the high temperature sen-
sitivity of the laser threshold current in contrast with GaAlAs/GaAs lasers.
Threshold current of quaternary lasers, empirically found to vary with tempera-
ture T as Iy~ eT/F°, is characterized by T, ~ 70—90°K for quaternary lasers
which is lower than that of GaAlAs /GaAs‘lasers (Te ~ 120 °K). This is generally
accepted to be caused by the material properties of the InGaASP/inP system
such as non-radiative Auger reco\mbination. However, this fact alone cannot
account for the abnormally low T, (40—60 °K) observed in some lasers [1], and it
cannot fully explain the cutput power saturation in LEDs. Carrier leakage over
the hetero-barrier has been suspected to be responsible for these behaviors.
Experimental studies have shown the existence of significant carrier leakage
over the hetero-barrier in 1.3 and 1.5 um LEDs [2-4] whereas leakage can only be
inferred indirectly for lasers [5,6]. A direct measurement of the electron and
hole leakage current in InGaAsP/InP lasers is extremely desirable as it enables
the investigation of the origin of the leaked carriers that may lead to ways

whereby higher T, can be achieved.
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4 2 Experimental measurement of the carrier leakage
4.2a The laser-bipolar-transistor structure for leakage measurement

A schematic representation of the laser-bipolar-transistor used in this work
[7] is shown in figure 4.1, The composition and the thickness of the four epitax-
ial layers are: n*-InP collector layer (Sn doped, n=2x10%®¥cm™, 3-4 um thick),
p-InP confining layer (Zn doped, p= 2x10'7cm ™3, 1.5 um thick), InGaAsP active
layer (n= 4-9 x 10'%m™3, 0.2 um thick) and n*-InP confining layer (Sn doped,
n=2x10%em™, 4 um thick). The last three layers constitute a typical DH
InGaAsP/InP laser [B8,9]. The emitter-base junction (see figure 4.1) works as in
an ordinary laser dicde. The collector-base junction is reverse biased, as in a
bipolar transistor, to collect the leakage current. The n* layer is used to collect
electron leakage current. After growth, selective etchi;ig was performed on the
top n*-InP layer with the resulting mesa étructﬁre formed as éhown in the left
part of figure 4.1. In order to achieve low‘threshold current, the quaternary
layer was undercut with a selective etchant to reduce the width. Part of the
wafer was etched down to the bottom n*-InP to facilitate the fabrication of the
collector contact as shown in the rigﬁt part of figure 4.1. Finally, three electrical
contacts were made respectively for the emitter, base and collector of the n-p-n

bipolar transistor.

This particular DH structure has very good lateral current confinement as
the active layer of the laser is bounded on the sides by serni-insulating InP and
air respectively; the current leakage due to carrier bypassing the active region
through the burying layer, as is the case in some conventional heterostructure
lasers, is completely eliminated. This enables us to measure directly the current

leakage over the hetero-barrier.

Under forward bias, the emitter-base junction acts as a laser diode. The elec-
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trons are injected from the n*-InP (emitter) to the quaternary region. In this
structure, those electrons, which have surmounted the hetero-barrier at (A)
(see figure 4.1) and arrived at the base-collector junction (B), will be swept out
by the electric field in the reverse biased junction. As the p~ layer thickness is
smaller than one electron diffusion length (~3-4 um), most of the leakage

minority carriers will be collected, thus giving rise to I¢.

The turn-on voltage of the laser junction is about 0.7 V and the reverse break-
down voltage of the collector junction is about 8-9 V (defined at 0.5 mA reverse
current, somewhat arbitrary). The threshold current of the laser (for an active
layer width of ~ 2 wm and a cavity length of 250 um) ranges from 15-30 mA with

the lowest one being 12 mA

4.2b Electron leakage measurement

A block diagram depicting the measurement circuit is shown in figure 4.2a.
The base current (1), the reverse bias voltage of the collector junction (V.), the
leakage current (I.) and the light output were simultaneously monitored and
measured. The emitter current (I.) is the total injection current to the laser, I,
is the recombination current that is mos.tly in the low bandgap p type active
layer, and I is the leakage current. A phototrace of these currents is shown in
figure 4.28b. The general behavior of the collector current versus the collector
voltage is shown in figure 4.3. As the reverse bias voltage increases, the collector
current also increases and eventually saturates. This saturation occurs when
the junction is reverse biased and all the electrons which have overcome the
hetero-barrier are collected. Hence, this saturated collector current is just the
electron leakage current (assuming negligible carrier loss in the p~InP layer by

recombination process or other processes). It has been found that under low
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Fig. 4.2a A block diagram of the measurement circuit; ry, is due

to the distributed resistance at the base-collector junction.

Fig. 4.2b A photograph of the measured signals.
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Fig. 4.3 General behavior of the collector current and collector voltage.
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injection condition, the electron leakage is very small. However, it increases
rapidly with increasing injection. For lasers emitting at 1.2 um [7] and 1.3 um
[10], the leakage current is about 10-30 percent of the total injection current
when the latter is about 20 mA (corresponding to a current density of ~ 4
kA/cm?®, which is near the threshold current density of the lasers). A typical
leakage current versus the total injection current (I.) characteristics is shown in
figure 4.4. It is noliced that the leakage current increases with injection current
and that no saturation ccecurs even above threshold; this is discussed in detail in

seclion 4.3.

The leakage current was also measured with a transistor curve tracer. Figure
4.5. shows typical characteristics of the transistor in the common-emitter
configuration. As can be seen from figure 4.5, the collector current, which
corresponds to the leakage current, increases sﬁperhnearly wiﬁh the base

current.

To ensure that this leakage does not result from lateral current leakage
flowing through the parasitic junction near the tip of the active layer (figure
4.1), the quaternary layer of some of the lasers were etched away completely.
The resulting device was then measured as described above. The results indicate

negligible current leakage through this parasitic junction.

4.2c¢ Temperature behavior of electron leakage

Electron leakage current has been measured in the temperature range of 10-
32 °C and is found to be highly temperature sensitive. The electron leakage
current increases by a factor of 1.4 from 10 °C to 32 °C, when the total injection
current is held at 20 mA (see figure 4.6). Direct measurement of the leakage

current is used to probe its effect on the temperature sensitivity of the thresh-
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Tig. 4.5 A transistor curve trace of the collector current
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Fig. 4.6 Electron leakage current as a function of total injection

current at different temperatures.
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old current. Temperature characteristics of an ideal 'leakage-free” laser can be
obtained by subtracting, at each temperature, the leakage current from the
measured threshold current. The results for a laser with a threshold current of
17 mA (at 23 °C) are presented in figure 4.7. From the threshold current meas-
ured at different temperatures, a Tg of 56 °K is obtained, with the corresponding
"leakage free” characteristic temperature Ty equal to 89 °K. This demonstrates
for the first time the effect of leakage current on the temperature sensitivity of

guaternary lasers.
4.2d Hole leakage measurement

By changing dopant types on the structure of figure 4.1, we have also success-
fully fabricated a similar device for measuring the hole leakage A schematic
drawing of the structure is shown in figure 4.8, The composition and thickness
of the four epitaxial layers are: p-InP collector (Zn doped, ~ 4um), n*-Inp base
(Sn doped,~0.5—-1um), undoped InGaAsP active layer (~0.2um), and p-InP
emitter (Zn doped.~ 4um). In contrast to the electron leakage result, no hole
leakage current (to within 1% of the total injection current) was detected at the
collector junction-- even when the injection current density is over 10 kA/cm®.
We are thus led to the conclusion that hole leakage over the heterobarrier in

InGaAsP lasers is negligible.

The null result of the experiment is not surprising, since holes have larger
effective mass and the ratio of the mobilities (up/4) is about 0.05, the hole leak-

age is expected to be at least 400 times less than that of electron leakage.

4.3 Carrier Leakage in Heterojunction—Theory

Hitherto leakage over the heterobarrier was explained by a model postulating

thermal excitation followed by diffusion [11]. According to this model, the leak-
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age current depends on the carrier concentration at the heterojunction. As a
consequernce, since carrier concentration is clamped above threshold, one would
expect the leakage current to saturate above threshold. The apparent
discrepancy between theory and experimental results can be resolved if the
electric field drift component of the minority carriers (electrons), which has
been neglected so far, is invoked. We will show that in the high injection regime
where lasers normally operate, the electron leakage current J, will be propor-
tional to the injected hole current, J,% where a is a positive number between 2
and 3. This would result in an "unclamped” leakage current described in sect 4.2.
A model [12] is devised in the next section to describe the electron leakage over
the heterobarrier which includes the influence of both the electric field and car-

rier heating eflect.

4.3a Field enhanced electron leakage

Under high injection conditions in double heterostructure InGaAsP LEDs and
lasers, if the doping level in the p-InP cladding layer is low, it can be shown that
there exists a substantial electric field across the InP layer. In such a case, the

hole current can be written as

Ip = QupNAE (1)
where ¢ is the electric charge, 4, the hole mobility, Ny the doping level in the p-
InP layer, and E the electric field strength. For simplicity, only the component
tranverse to the junction will be considered. the ratio of the drift and diffusion

components of the electron leakage current across the p-InGaAsP--p-InP hetero-

junction is then given approximately by

Jarirt (L
Jaifr tp " QDN
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where L is the thickness of the cladding layer, and is assumed to be small com-
pared to the diffusion length of the electrons in the P cladding layer, uy the elec-
tron mobility, and Dy the electron diffusion constant. Taking p,=3000 cm?/V-
sec, 4,=150 cm®/v-sec, L=1.5 um, Dy=77 cm®/sec (at 300 °K), and Ny=10'7em™3,
it is verified that the drift current is larger than the diffusion current when J;
exceeds ~ 420 A/cm® Since normal lasers operate at much higher current den-
sities, it is expected that the drift rather than diffusion current will dominate.
Since the drift (leakage) current increases with the field E, and E increases with

J, (see equation 1), it follows that the leakage current continues to grow with

P
current past threshold.

Figure 4.9 shows a band structure at the p-InGaAsP--p-InF heiero-interface at
thermal equilibrium. «, the fraction of the diffusion potential (Vp) on the wide-

gap side, is given by [13] :

1
K ————— 3
1+82NA2 (3)

£1Na;

where ¢ is the dielectric constant and the subscripts 1 and 2 denote the low and
high gap materials respectively. The hole current under a forward bias V

(=V) + Vg, Vo=V, V,=(1- )V) is then given by (see Appendix 5-1)

av
JP = Jps(ekT - 1) (4>
with
A -
Jps = qNAZVTZ—'———e Kt € kT (5)
(1+ 22
Vdz

where
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which are exact analogues of the thermionic-diffusion model of a Schottky bar-
rier [14,15]. In the above, mgy is the hole effective mass and AE;, is the discon-
tinuity in the valence band. v, is the thermal velocity of holes in region 2, and
Vaz is the effective diffusion velocity associated with the hole transport across
the band bending region. The electron concentration at x, (figure 4.9) is given

approximately by :

Np(xe) = (=22

s Tagly 8B % g
)2njel ¢ e Kl K (pkl _ 1) (7)

le

where n; is the electron density in material 1 (InGaAsP), A/'s are constants
which account for the degeneracy [13], and N¢; and Nes are the conduction band

eflfective density of states.

In most cases, it can be verified that vgz > > vz and the conduction mechan-
ism is thermoionic emission dominated. Also, though equation 4 indicates a rec-
tifying characteristic, the large J,s value (exceeds 1000 A/cm? in most cases)

renders the junction more '"ohmic" than rectifying in nature.

Solving the steady state carrier transport and continuity equations for elec-

trons,

Ng — 8N; 8*N,

—_ = +
Tn2 HnE ox Dn ax?

Je = quNNzE + gDyV Ny

the electron leakage current is given by
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un, Jp qDy 1 % %, 1 "%ty
Jo(X) = (—) =—Na(xg) — —Na(x)[ =2 1 4 = 71 72 B
09 = (e = TPNe(ea)] - - ] (8)
where
X _ 1 X L
A=e¥® Y1 _ o N1 e
£ Leg + VI0ed® + 4L7°
Yie = ) (9)
Loq = (£ JeTRe.
#p " qNaz
and
Lez'—'DN‘FNz

with 7xe the electron lifetime in the InP cladding layer. In arriving at the above
solution, we have assumed the boundafy condition Ng(L)=0. However, when the
leakage is drift dominated, the boundary condition Ng(L) is not important as is

apparent from (8).
The total injected current density Jyo is simply
Jtot = Jp + Je = J1"ec + Jleak (lD)

Since J. is just the leakage current Jjex it follows that the recombination

current Jrec=Jp. Up to lasing threshold, J, can be expressed as

J
(:10 = Bni(n; + Ngyp) + Ceneenn12%(n; + Nay) + Congnli(ng + Npp)* 14 (11)

where d is the active layer thickness, B is the radiative recombination constant,
Cehee and Cepgp are the Auger coefficients for the CHCC and CHSH processes [18].
B is estimated from spontaneous lifetime data and Cgpe. abd Cepgn are calculated

as described in [16] (see figure 4.10).

The discontinuities in the conduction (AE;) and valence band (AE,) play an
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important role (see equations 7,8) in determining the magnitude of the leakage
current. Unfortunately, the discontinuity in the quaternary system is not known
accurately. However, there are experimental [17,18] indications that a substan-
tial fraction of the discontinuity lies in the valence band. We have used AE.=
E;/3 as measured in references 17 and 18. If the interface is graded, then the
potential spike which is resistive to hole injection would decrease, resulting in
less leakage. In this work, an abrupt interface is assumed. However, the ratio

C

AE,

as well as the doping level Ny are varied to provide a quantitative trend

and estimate of the leakage current and its effects.

4. 3b Hot carrier induced leakage

For quaternary lasers and LEDs, the injected electrons in the activev region
have been found [19] to have a temﬁérature different from the surrounding lat-
tice. Thus, we have to include this effect in the leakage calculation. The results
of T, at 300 °K from reference 19 have been used and the electron temperatures

at various lattice temperatures (Ty) are estimated from the expression :

Cch cc( TL)

Cenoc(300) (12)

Te(Tr) = Te(300)

where it is implicitly assumed that the hot carriers are generated by the Auger
process, With AE.=E,/3, and with Ny = 4.6x 107cm™, Np= 1.4x 107cm™3, the
calculated leakage has the same order of magnitude as the observed results in
section 4.2. Figure 4.11 shows the calculated effect of doping and discontinuity
on the magnitude of leakage current in a 1.2 um laser with d=0.2 um and L=1.5
prm, It is observed from these results that in order to minimize leakage, the
cladding layer could be doped heavily or a graded junction be grown to smear

the spike at the interface. There is a slight discontinuity in slope of Jy,. How-
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Fig. 4.10 Schematics of the conventional CHCC and CHSH Auger processes.
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ever, for large leakage currents, this change in slope is small and insignificant.
Figure 4.12 depicts the effect of leakage current on the T, of the laser. In the

next section we describe experimental results which confirm these predictions.

4.4 P-doping effect on leakage— Experimental studies

Experimental investigations of the effects of p-layer doping level on the T, of
InGaAsP lasers emitting at 1.2 and 1.3 um were performed under various condi-
tions [R0] and the results are summarized in Table 4.1. The schematic cross

section of the Terrace Laser for these experiments is shown in figure 4.13.

4.4a Experiment 1

In this experiment, two separate LPE growths of the laser structure shown in
figure 4.13 were performed Where the atomic fractions of zinc in the p layer
growth melt were ~ 107° (low doping) and ~ 107 ‘(high doping) respectivelj For
lasers grown with low zinc concentration, the T, was found to be 43 + 5 °K, with
average threshold current density around 5.2 kA/cm® and with the external
quantum efficiency about 50-80 % for both facets. The lasers grown with higher
zinc concentration, on the other hand, had values of T, ~B5+ 5 °K(with highest

being 90 °K) but with higher threshold current densities averaging around 8.4

kA/cm?,

It is noted from the above results that, by increasing the doping level in the
growth melt, T, can be increased significantly. In doing so, however, we paid the
penalty in higher threshold current density and lower quantum efficiency (~ 30%
for both facets). This increase in threshold current density is attributed to the
Zn outdiffusion from the cladding into the active layer during the growth of the

P layer [R1].



Wavelength (um)
1.2
1.2
1.3
1.3

1.3
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Condition

Wafer heated at 675 °C
Wafer not heated

Low doping level

High doping level

Modified structure

41 +

60
43
85

83

Table 4.1 Summary of the experimental observation of T,

and threshold current density under various conditions.

(°K)

+
+

2
JJCh (kA/cm”™)

~ o5

5.2
8.4

u‘O
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Fig. 4.13 A schematic diagram of a Terrace Laser.
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Fig. 4.14 A schematic diagram of a Terrace Laser with an extra

p -InP layer.
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4.4b Experiment II

In the second experiment, a grown wafer with moderate p-doping in the clad-
ding layer was cleaved into two pieces, one of which was put into the LPE system
and heated to 875 °C in P~H; étmosphere for about an hour. The T, of the lasers
from the unheated wafer was 60+ 7 °K, whereas that of the heated one was
41+ 7 °K. Again, the decrease in T, in the heated wafer is attributed to the Zn

outdiffusion from the cladding into the active layer during the heating.

4.4c Application to high T sub o lasers

Having identified the cause of the abnormally low T,, we proceeded to modify
the laser structure to impede Zn diffusion into the active region. The schematic
of a four layer structure is shown in figure 4.14. A thin (0.3-0.5 um) p~-InP layer
was first grown adjacent to the active layer, following by a p*-InP layer. This thin
layer acts as a buffer to absorb the Zn diffused from the p* layer to provide the
desirable highly doped cladding layer, and at the same time acts as a diffusion

stop layer to reduce the Zn diffusion into the active layer.

The resulting lasers have a T, of B3 °K with threshold current densities
around 4 kA/cm?®. The lowest Iy, was 11 mA for a cavity volume of 250x 0.2x1.6
pm®. The external quantum efficiency is around 70% for both facets at 1=31;,.
This extra layer has served to improve the temperature sensitivity of the thresh-

old current density without raising its room ternmperature value.

4.5 Conclusion

In conclusion, the electron and hole leakage in a InGaAsP laser emitting at 1.2
and 1.3 um have been measured directly in the temperature range of 10-32 °C,

using a laser-bipolar-transistor structure. No hole leakage has been observed.
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On the other hand, electron leakage is found to be substantial. The leakage
current is found to be a sensitive function of temperature. Experimental data
obtained show that lasers with the leakage current eliminated have the highest
To 's. Theoretical study of carrier injection across the heterojunction including
the electric field and hot carrier effects at high level injection also predicts these
results. Furthermore, the study suggests adding a p™InP layer in the conven-
tional 3 layer DH structure to optimize the threshold current and light output

characteristics. This is verified experimentally.
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Appendix 4-1 Hole injection across a heterobarrier

For simplicity, we consider a metal-semiconductor (p-type) Schottky barrier
as shown in figure 4.15. The applied voltage V between the metal and the semi-
conductor bulk gives rise to a flow of holes into the metal. Throughtout the

region between xp, and W (see figure 4.15), the hole current is expressed as :

to = —qupp () ) (a-1)

where u, is the hole mobility, ¢,(x) is the quasi-fermi level for holes at x, and

P(x) is the hole density :

L {opx) ~ ¥(x))

P(x) = Npe (A-R)

with ¥(x) denoting the potential of the valence band. Thermionic emission for
holes occurs in the region between x=0 and x=x,, and the hole current there is

expressed in terms of the thermal velocity v, (equation 6b):
JP = q(P(Xm) - P0>Vr (A'B)

where P(x.,) is the hole density at x,, when the current is flowing and P, is the
hole density at x,;, without current flow (the Fermi-level of the metal is taken as

the zero reference) :

_ay¥gp
Po = NAe kT (A‘4)

Substituting equation A-2 into equation A-1 and then intergrating the result-

ing expression from x, to W, we get :

9¢(x ) Qv Yoogpx)
e KT —ekl = ———_ fe ¥ gy A5
/'LPNAkT;}{; (4-8)
ge X!

Next solve equations A-3,A-4 for e ¥T and substitute it into equation A-5 ;
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Fig. 4.15 A band diagram representation of a Schottky Barrier.
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v, LA

Jp = qNa —V(ek’F -1) (A-6)

14 —

Vd

where
W’Bp + 'W(X))
1. _49g TR®T -

MPkT (A7)

and ¥pp=Y¥(Xm) is the barrier height. We consider the case where the charge den-

sity between the metal surface (x~0) and x=W is essentially that of the ionized
acceptor Na, thus the valence band is parabolic near the interface and in the
limit x, » 0

qNa

¥x) = The-wy (a-6)

With this ¥(x) into equation A-7, we have

1 _ q¥sp
-1 = 1 emkT 7 qvery "7 _
Vg4 M_PKT( 2N, YR erf(™N/ T e (A-9)

For p-InP--InGaAsP heterojunction, the active region (InGaAsP) takes the place

of the metal and if we identify Vpp as «Vp and V=V, + V; and so on, equalions A-6,

and A-9 become equations 5 and 8 respectively.
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Chapter 6

Optoelectronic Integration in InGaAsP/InP system

5.1 Introduction

Integrated optoelectronics (IOE) involves the integration of optical and elec-
tronic devices of compatible performance on the same chip. Research [1-5] in
the last decade has demonstrated the feasibilty and potential of I0Es based on
GaAs/GaAlAs material system. Since InGaAsP/InP devices enjoy similar charac-
teristics as their GaAs/GaAlAs counterparts, IOE is a natural step in the techno-
logical evolution [6]. Apart from its spectral range which makes it the preferred
material system for high frequency long distance communication, InP and its
quaternary compounds have, compared to GaAs.r highér peak electron velocity
and thus greater poténtial for-higher speed operation. Moreover, InP metal-
insulator-semiconductor field-effect transistors (MISFETs) caﬁ be designed for
both enhancement and depletion mode operaﬁon, a feature not available in

GaAs field effect devices.

An important step in achieving I0ECs is the fabrication of devices on non-
conductive substrates to achieve optimal electrical isolation between devices. A
further consideration is the power dissipation in micro circuits which can lead
to a rise in operating temperature and exponentially change device perfor-
mance. Therefore, the power dissipated by both lasers and other devices should
be kept to a minimum (e.g. by low threshold lasers). This is especially important
for IOECs where devices are made on substrates with poor heat conductivity.
The low threshold lasers on semi-insulating Fe-doped InP such as the Groove

Laser in chapters R and 3 are therefore ideal for such purposes.
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5.2 Integration of a Groove Laser with InP MISFET

InP FETs formed with a Schottky diode gate (MESFETSs) are not practical as
the metal-InP junction is usually leaky and unstable. An alternative to the MES-
FET is the MISFET with either a native oxide or a dielectric, such as Si0g or SigN,
deposited on InP as the gate insulator. The MISFET can be operated in the
depletion mode to modulate the drain to source current (Ips). As electron
mobility is higher than hole mobility in InP, n-channel FETs are preferred. Also,
for high speed operation, the gate capacitance must be minimized. This can be

achieved with gate contact pads directly bonded on semi-insulating substrates.

The n-channel InP FETs are usually made with ion-implantation on semi-
insulating InP substrates which are then annealed at high temperature (~
700 °C) to thermally activate the irnplantsv. FETs with u.niform channéls can be
made in this way. However, this process technique is undesirable in the Laser-
FET integration because high temperature treatment causes excessive dopant
diffusion from the p-InP layer into the nearby quaternary layer and degrades
laser performance. We have consequently opted for the FET channel layer grown

by LPE.

5.2a Fabrication

Both lasers and FETs are fabricated on semi-insulating InP with all the device
layers grown in a single LPE step [7]. The Groove TJS Laser is chosen as its low
CW threshold current enables direct light output modulation by the MISFET

drain-source current without additional biasing.

The FET fabrication proceeds after the groove TJS laser fabrication (as
described in section 3.3). After the Zn-diffusion step, Au/Zn and Au/Ge are eva-

porated on the p and n sides respectively. A layer of CVD Si0, is deposited over
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the whole waler and the gate windows are opened by photolithography. The
Au/Ge layer under the gate windows, as well as the top two LPE layers under-
neath are completely etched away. The last (undoped) InP layer is etched with
107% iodic acid until a desirable thickness is reached. After etching, the wafer is
cleaned with methanol and dilute nitric acid. A recess structure is thus formed.
Gate insulating layer is obtained by treating the substrate in Op plasma for 15
minutes and by depositing ~ 6004 CVD SiO, on the gate recess. The gate elec-
trode is made of an evaporated Cr/Au layer defined with a conventional lift-off
technique. The recessed channel is about 6 wm wide while the Cr/Au gate elec-
trode is 1.5-2 um long. The wafer is thinned and cleaved into 300-400 um (cavity
length) chips. These chips are then bonded substrate side down to copper heat
sinks. A schematic cross section of the resulting 'integrated device is shown in

figure 5.1.

5.2b Characteristics

The performances of the laser and the electronic (MISFET) device are first
examined separately. Figure 5.2 shows light versus current characteristics of a
groove TJS laser at pulsed operation. This laser has a pulsed threshold current
of 17 mA and a cavity length of 350 um. Figure 5.3 shows the curve tracer
characteristics of a InP MISFET. The FET has a transconductance of about 5-10
mmbho. The drain-source current at zero gate voltage (Ipsg) is controlled by the
channel thickness and can be typically 15-40 mA at 3 volts drain-source voltage.
The Ips current does not always saturate completely at zero gate voltage but fre-

quently saturates or shows negative resistance at Vg < 0.

To demonstrate laser light modulation by the FET the test circuits shown in

figure 5.4 is used. The laser is modulated by introducing 1.5 usec pulses
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Fig. 5.2 L-1 characteristics of the integrated laser.
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Fig. 5.3 I-V characteristics of the integrated depletion mode InP MISFET.
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Fig. 5.5 A phototrace showing the laser output modulation with gate voltage.
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through a high impedance to the FET gate terminal. The Ipg current response
and the laser light output is shown in figure 5.5 with Vg = -4 volts and Vgg = -5.5
volts. The laser light oulput is modulated-on-off by the FET. At pinch-off, that
is, before and after the pulse, the current is less than 10 mA which is well below
the laser threshold current. During the pulse the FET conducts and Ipg values of
about 2 Ity are obtained. The light pulse rise time shown in figure 5.5 is limited

by the Ge photodiode response time (100 nsec) that is used here.

In effect, we have demonstrated for the first time Laser-FET integration in the

InGaAsP/InP system. These IOECs can be used in high speed signal modulation.

5.3 Microcleaved mirrors for integration

The conventional method to fabricate a ;cwo-mirror sémiconductor laser cav-
ity is to cleave the substrate twice along parallel cleavage planes. This tec':hmque‘
produces high quality vertical mirfors with irregularities in the mirror surface
much smaller than a quarter of a wavelength of the laser light. However, for IOE
applications,‘ this cleaving technique would impose severe restriction on the
geometry and dimension (limited by the cavity length) of the chip. Several
methods have been devised to fabricate laser mirrors without having to cleave
the entire substrate, The outstanding ones are etched mirrors [8], distributed
Bragg reflectors [9] and microcleavage mirrors [10,11]. Ho-wever, the first two
methods have only resulted in lasers with higher threshold current density and

lower quantum efliciency than the conventionally cleaved lasers.

The microcleavage technique achieves high quality mirrors. This was demon-
strated first at Caltech in the fabrication of short cavity GaAs/GaAlAs lasers
[10]. This technique (figures 5.8,5.7) relies critically on a selective etching

underneath the double-heterostructure to form a cantilever structure, However,
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Fig. 5.6 A schematic diagram of a cantilever prior to microcleavage (Ref. 10).

Micro-cleaved Mirror

T
N

Fig. 5.7 A laser with a micro-cleaved mirror (Ref. 10).
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such selective etching cannot be adopted in the quaternary system for lack of a
suitable selective etchant (for differently composed (1.1-1.7 wum) quaternary
layers). We have therefore devised a different approach [11] to achieve micro-

cleavage in the InGaAsP/InP system.

5.3a Fabrication

Etching profiles with preferential etchants depend on stripe orientations
(section 2.2). For stripe openings made in the [011] direction on a (100) sub-
strate, the shape of the etched side wall is shown in figure 5.8. For stripe open-
ings made in the orthogonal direction [011], the etched side wall is shown in
figure 5.9. Thus with the wafer masked as shown in figure 5.10, the etching
proceeds from both sides of the masked central stripes resulting in a suspended
bridge of triangular cross section. The etching valorilg the edges of the masked
stripes in [011] direction defines stop-etch planes. Microcleavage of the bridges

along these stop-etch planes is then accomplished with ultrasonic vibrations.

A schematic cross section of a Groove Laser is shown in figure 5.11. The etch-
ings on the left hand side of the laser channel preceding Zn diffusion (shown on
the left in figure 5.11) are continuous and uninterrupted through the longitudi-
nal laser axis. The mirrors of this laser can be formed with either the usual
cleaving or the microcleavage technique. For microcleavage, a preferential etch-
ing is then performed on the right hand side of the laser channel with SigNy as
etching mask thus forming ~ 15 um wide mesa miniature bridges. 10 % iodic
acid is employed as the etchant. Since the etching is done in the original semi-
insulating InP substrate and does not intersect any grown layers inside the
groove, very sharp and well defined dovetail shaped etched walls are obtained on

both sides of the SigN, stripes. The exposed squares defining the suspended
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Fig. 5.9 A diagram showing the etching with a masked stripe made
in the [011] direction.
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Fig. 5.10b The cross section of the suspended bridge for microcleavage.
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bridges are then microcleaved. The resulting structure after microcleavage is
shown in figure 5.12. The resulting lasers possess differential quantum
efficiencies of 35-45 % for both facets, similar to those lasers of the same type

which are conventionally cleaved,

This method therefore allows the designers of IOECs the freedom to integrate
arbitrary numbers of high quality lasers with electronic components, and paves

the way to JOECs of high complexity.

5.4 Integrated phase-locked laser array

The phased array consists usually of a number of spatially separated
coherent sources which are phase coﬁpled by some means ('e.g. external cavity
[1R] evanescent waves [13], overlapping modes [14], and coupling stripes [15]).
These devices can produce laser beams with very narrow angular divergence as
well as high output power. In addition, the laser beam can be directed by electr-
ically varying the relative phase and amplitude between individual lasers. In
optical communication, these phased array injection lasers are therefore desir-
able in coupling light sources to fibers. The InGaAsP/InP laser array is espe-
cially favorable since it can emit in the optimal fiber wavelength range. We
described here the first integrated InGaAsP/InP phase locked laser array [16]
where a diffraction coupling mechanism [17] is used to phase lock individual

stripe lasers on the same chip.

A schematic representation of the integrated phased array is shown in figure
©.13. The structure consists of three sections. The ten modified stripe lasers
with equal lateral spacing occupy the central section of the device. The two end
sections allow the individual beams to diffract and "mix". The length of the cen-

tral section Ly is ~ 100 um, and the end sections L;, 1g are 50-100 um long.
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Each individual laser stripe is ~ 3 um wide with 2 pm separation between adja-
cent stripes. A cross-section of the laser stripes is also shown on right side of

figure 5.13.

5.4a Fabrication

The fabrication of the integrated phased array starts with the LPE growths of
four layers on n*-InP substrate with liquid phase epitaxy. The composition and
thickness of these layers are: n*~InP confining layer, 3 um; undoped InGaAsP
active layer, 0.2 um; p™-InP layer ~ 2 um; and p*—InP 0.2 um. After growth,
SigN, is deposited on the wafer and 10 stripe openings are made in the [011]
direction. On the central section, the p*—InP and p™—InP layers are etched with
iodic acid through the stripe openings .producmg V-shaped grooves which are ~
0.7 um deep. After etching, the nitride is removed, a layer of SiO; is deposited
on which ~ 50um wide stripes are opened over the sections containing the stripe
lasers (figure 5.13). AuZn/Au and AuGe/Au contacts are then evaporated on the

top and bottom sides of the wafer respectively.

5.4b Diffraction coupling in phased array

As the metal semiconductor contact resistance is higher for the p™=InP than
for the p*—InP, most of the current is injected through the top stripes rather
than through the V-grooves. This periodic injection profile in the central section
gives rise to maximum gain in the active layer beneath the stripes. Upon leaving
the central section, the beams from the individual stripes spread out
diffractively and, upon reflection from the end mirrors, couple with each other
in the central section. In Appendix 5-1 it is shown that the phase between a

laser field and the field coupled to it from the adjace'nt lasers is
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- ﬂ-éneﬂ g_z_
£ = —— (1)

where a is the center to center spacing between two adjacent lasers, A is the
free space wavelength, L is the length of the diffraction section of the

resonator,ngg is the laser mode effective index and ¢ is given by :

_ 1
(=147 = { n ()

1+ =1+ ——
l BL? | 412 + a® |

where z, is the confocal parameter of the resonator, whose values lie between 1
(for z,>>Lg) and 2 (for z,<<L). If cos{(A®) > 0, then the lasers iﬁ the array
operate in phase, and the resulting far field pattern will be single lobed. If
cos{A®) < 0, the adjacent lasers operate out of phase and the double-lobed far
field pattern will result. Thus the far field pattefn can be changed by changing
L It is noted from équation 1 that the coupling bet;veen laser stripes is affected

by nes thus the coupling can bé tuned by changing the injection level

Considering the emission wavelength of the present laser (1.2 um) and the
beam divergence in the 50-100 um diffraction section, a substantial overall cou-
pling between the 10 individual lasers is expected. In most other arrays with
wide separation between individual lasers, the coupling takes place only between
adjacent stripes. For the present array having 3 wm wide stripes with 2 um
separation, the modal overlap between the adjacent laser stripes in the central

section, provides further direct coupling.

5.4¢ Characteristics

Threshold currents of the integrated phase-locked laser array are ~ 300 mA,
with the lowest being 200 mA. An output power of 210 mW (limited by the pulse

generater) is obtained with 100 ns pulses. The lasers show single-lobe far field
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patterns; beam divergence (FWHM) as narrow as 3-5 ° has been obtained (figure
5.14) up to 40% above threshold. However, the layer nonuniformity from liquid
phase epitaxial growth results in differing stripe operating levels above thresh-
old current. This leads to near field spots with nonuniform spot size (figure
5.15) giving rise to a far field divergence which is slightly wider than that

expected from a 50 um array.

With further optimization of growth and processing parameters, this struc-
ture should prove to be a valuable source of high power laser radiation in the

long wavelength range suitable for optical communications.
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Fig. 5.14 Far field patterns of an integrated phase-array.

Fig. 5,15 Near field pattern of an integrated phase-array.
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Appendix 5-1 : Diffraction coupling in laser array

For simplicity, we consider the configuration shown in figure 5.16, in which
the individual laser stripe S;i_;, S;, Sis; etc. are coupled through diffraction. The
mirror (at MM' plane) is replaced by an imaginary line, thus the diffracted
beams appear to propagate continuously to the laser stripe on the opposite side.
The phase change of individual beam upon reflection at MM’ is neglected. The

phase of the propagating Gaussian beam is given by [18] :

$(2y) = fz = n(2) + Fos (A1)
where
rf =z + y?
n{z) = tan™! -ZZ—] ' (A-2)
2
R(z)=zl+[;zo—]}

Z, is the confocal parameter of the beam, w, is minimum spot size and 8 is the

propagation constant.

Approximating the average phase of the beam arriving at a stripe by the
phase value at the middle of the stripe, the phase of the beam which couples

laser stripe 5, to itself is :

B = &(z=2Ly=0) = 26L - tan_l[%] (A-3)

o}

Similarly the phase of the beam which couples stripe S; to S;_; or Sj,; is :
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by = ‘I>(z=\7m,y=a)
Consider the phase difference
AP = d—dg

For constructive interference, A®=2mmy,

(A-4)

(A-5)

where m, is an integer. For

Ad=2m{2m,+1), destructive interference between neighboring beams occurs

thus the array will not lase in this mode. Consider the case where L> > a (see

figure 5.16), then equation A-5 becomes :

2
n B2
A% 4L
where
1
=1+
; 1e 2 ][1 P
BLZJl 412 + a?

' z
Note that 1< ¢< 2 and for [—O < <1, we have

2L

Zo

5L > > 1, we have :

and for

27 Ne
A

Substituting =

(A-6)

L into equation A-6, we get equation 1. In addition to the

phase matching condition A®=2nm,, the oscillation condition of each laser

2L1Heﬁ

must also be satisfied (i.e. x

length of the laser).

=mgy, mp is an integer and I; is the total
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Chapter 6
Short Cavily InGaAsP/InP lLasers

6.1 Introduction

For some applications of semiconductor laser dicdes, it is desirable to have
lasers operate in a single longitudinal mode. However, for most laser structures
with the usual cavity length (200-300 um), it is observed that single longitudinal
mode operation is difficult to achieve, and can be maintained only over a limited

temperature and injection current range.

A promising scheme to achieve single mode operation is to make use of the
fact that the cavity mode spacing depends inversely on the cavity length. By
micro-cleaving the lasers into short-length cavities, spacing between neighboring

longitudinal modes is widened thus reducing the number of modes which can

oscillate within a given gain profile.

6.2 Longitudinal mode selection

As Fabry-Perot cavity modes are considered, we have the resonance condition
[1]:

_ Blnes(M) ‘ (1)

Am o

where L is the cavity length, m is the mode number, n.e is the effective refrac-

tive index for the guided mode within the laser resonator. The mode separation

is found from equation 1 :

A A .
SA = = (2)
2Lln
ZL( Nefr d ) g

)\ d)\ neﬂ

where n, is the group index of the cavity modes. From equations 2 it is
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observed that as the cavity length is reduced, the mode spacing between the
central mode and its adjacent modes increases leading to an increasing gain
difference between them. This results in mode selection and is verified in micro-
cleaved short cavity lasers [2]. Figures 6.1, 6.2 show the spectra of two quater-
nary Groove lasers differing only in cavity length. For 85 um cavity length laser,
predominant single longitudinal mode is observed at low current injection
(J=1.81Jry). As the injection level increases, mode hopping can occur. At J=Jrg,
the modes adjacent to the central one also lase, and lasing wavelength is right-
shifted 20 4. At still higher injection (J=2.7Jry) more longitudinal modes occur.
However, with 33 pm cavity length laser, single longitudinal mode operation can
be maintained at the same wavelength up to high current injection levels, as
illustrated in figure 6.2 The mode spacing for the B5 um length léser is about 20
&, while it is about 50 & for the 33 pum length laser, in agreement with calculated

values (equation 2).

6.3 High frequency designs

These short cavity length lasers can be modulated with frequency higher than
that achievable with conventionally cleaved (200-300 wm cavity length) lasers. It
has been demonstrated [3] that GaAs short cavity lasers (100-120 um) can be
modulated up to 6-8 Ghz. This high frequency behavicr is examined here. The

electron and photon density are described by the following wave equations:

dn _ J . _n
dsS _ _ _ S
a TA(n — nem)S r (4)

where n,S denote electron and photon density respectively, q is a unit electron

charge, d is the active layer thickness, J is the pumping current, A is the gain
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coeflicient, T" is the optical mode confinement factor, 7,7, are the electron and
photon lifetimes respectively. In equation 3, for simplicity, electrical pumping is
assumed to be homogeneous across the laser stripe and the effect of lateral car-
rier diffusion is neglected. Similarly, spontaneous emission is neglected in equa-

tion 4.

The photon lifetime 7, can be expressed as:

1 _ ¢ 1 1.
= e in() (5)

where o is the total internal loss per unit cavity length. L is the cavity length.

R = VR R; with R;, R, the end mirror reflectivities.

Performing a small signal analysis of equations 3,4 (see Appendix 6-1) with n,
S varies harmonically about their steady state values n,, S, the following
expression is obtained which describes the relaxation oscillation {or corner) fre-

quency [4] of the system:

fo = 2r{( 2+ Thngm) (- — 1) - )7 (6)
° Tp em Ts JT,h

where
¢= 585, + ) (7)

fc represents the maximum modulation frequency of the lasers and {(see equa-
tion 6) it increases with 1/7p I'JAw. As Iy, or 1/7; also increases, the rate of
change of the carrier density about the n, increases. Similarly, a larger I’
enhances the small-signal rate of change of the photon density about its steady

state value.

It is expected that by increasing Iy, f. can be increased. However, J cannot

be too high as electrical heating can lead to a rise of device temperature (espe-
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cially during CW operation) which can degrade the iaser performance. The total

thermal power dissipated Pyg in a laser diode can be expressed as:
hv .oy, hv . .
Paiss = (_ + 1Rs)1 - _77(1 - 1th) (8)
q q
with 7 the external differential quantum efficiency expressed as

1.1
s (g

. (9)

1 1
&+ ZLln(R)

where in equation B, i is the laser current, iy is the threshold current, i®R; is

the ohmic power dissipated by the laser diode equivalent resistance R, k:l—y

denotes the total thermal power from recombination processes in the active
layer (hvis the photon énergy). The iast term in équation B denotes the exclu-
sion of the stimulated opticai output power frém the vtotal power. For simpli-
city, the small optical power due to spontaneous emission is neglected. large I
values lead to higher frequency operation. Also, by decreasing L, the photon life-
time shortens and could lead to a higher f,. However, this lifetime shortening

would also lead to an increase in Jy, where (see Appendix 6-1)

RS PO WA (12)

Ts A

Thus these two have opposite effects on f.. Figure 6.3 shows the calculated f,
for the Groove Laser as a function of cavity length 1, at different injection levels
(JAy). In the calculation, ng, takes the value of 1.2x10%¥%cm™3, « is taken as 15
em™), 74 is 6 nsec, I' is 1.7 and A is 3.5x107%m®sec™!. The active region is
assumed to be 0.2 wm thick and has an effective width of 15 um and a mirror
reflectivity of 0.3. The resistance of a 300 um cavity length laser is taken to be &
(?. The curves of constant Pgg per unit cross sectional area are also plotted in

this figure.
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Fig. 6.3 Calculated maximum modulation frequency of a Groove Laser.
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6.4 Short cavity lasers with coated mirrors

The threshold current density can be reduced, as shown in equation 12, by
increasing the mirror reflectivity. Thus very low threshold current is possible
with short lasers, if the mirror reflectivity can be adjusted to compensate length
reduction effect on the threshold current density. In figure 6.4, the threshold
current density based on equation 13 is plotted against the cavity length for R
ranged from 0.2 to 0.95. It is seen that as R approaches 1, a wider cavity length
range exists for low Jy. This is experimentally verified with the micro-cleaved
Groove Lasers having end mirrors coated with alternating amorphous 8i0; and
Si layers. These layers are a quarter wavelength thick except the last one which
is one eighth of a wavelength thick. The Si0y is deposited from a fused silica
source and Si is evaporated from a high purity crystalline silicon source. 6-layer
coating has a reflectivity of 80 % for 1.3 um wavelength light While' '8-1ayer coat-
ing has a reflectivity greater than 90 %. For a 38 ,ufn long laser with 80 %
reflectivity front mirror and high reflectivity (> 90%) rear mirror, the threshold
current is 3.8 mA (figure 6.5) while the threshold of the same laser without
dielectric coating is 22 mA. The lowest threshold current achieved is 2.9 mA
with a laser coated with 10 layers at the front mirror and 14 layers at the rear
mirror. The emission spectra of a 37 um cavily length groove laser with coated
mirrors is shown in figure 6.6. Single longitudinal mode operation is maintained

up te 6 times threshold current without any noticeable secondary modes.

6.5 Conclusion

Microcleaved short cavity lasers can be easily operated in a stable longitudi-
nal mede and are capable of high frequency. By ceating the mirrors, low thresh-

old current can be obained.
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Fig. 6.4 Calculated threshold current density versus laser

cavity length at different mirror reflectivities.



-142-

T T T T T T
CAVITY LENGTH

16} 38 pum A
COATED MIRRORS
Iip = 3.8ma

14} .

N
|

o
T

INTENSITY (Relative units)
s

1 1 1
2 4 6 8 10 12 4

CURRENT (ma)

J 1 1

Fig. 8.5 L-I characteristics of a 38 um long laser with

coated mirrors. The same laser with uncoated mirror has a

threshold current of 22 mA.
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Fig. 6.6 Spectral behavior of a 37 um cavity length

laser with coated mirrors.
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Appendix 6-1 : Small signal analysis of rate equations

The rate equations describing the electron and photon density are:

dn _ J _am - _n
das _ _ _ S
on _ 0S _ - _T
For steady state, FTa 0, thus n=n and S=S5, the steady state values. As

gain is clamped over threshold, fi= ny after threshold is reached. Therefore, for

5= 0, equation 4 becomes :

PAngy = — + TAng, (A-1)
Tp

this is substituted in the steady state version of equation 3 to give the thresh-

old condition

gi( 1 +

Ts FTpA nom) (A-Z)

Jin =

which is equation 12.

For modulation purpose, we perform a small signal harmonic perturbation of

n and S about their steady state values, then equations 3,4 give:

0An AR

5t = ~AADS - A(A — nem)AS — . (A-3)
OAS _ = -
Fr ['AANnS (A-4)

To determine the natural oscillation frequency (thus relaxation frequency) of

this coupled system, we let
An~ An e

AS~ AS et
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then we obtain

& = —¢£ IVAR(H — o) ST'— & (A-5)

where ¢ is given in equation 7. The real part of o gives the natural damping

while the imaginary part determines the relaxation oscillation frequency :

(\)I-—a

fo = 2n(CA%(m ~ Nom)S — &) (A-6)

then equation 8 results (upon substituting equation A-2 into the steady state

version of equation 3 to solve for A(n— nem,)S).
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