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EDITORIAL

engineering community takes in the field of optical
communication is that this is the third special issue of
the Journal on Communications dealing with this topic in
the past three years. The bases of this attention are the
rapidly increasing Hungarian telecommunication network,
the scientific and some econommical successes achieved in
research and development institutions. These facts moti-
vated the organization of the first Hungarian Workshop
on Semiconductor Lasers (Budapest, 13-14 June 1994).
The topic of the Workshop was concentrated around the
physics and technology of new type semiconductor lasers
and laser applications, but oral and poster presentations
were given on the topics of femtosecond optics, integrated
optics, optical transmissions and measurements moreover
curricular questions of training in optoelectronics. The
seminar has been organized by the Department of Semi-
conductor Optics of the Research Institute for Technical
Physics and by the Department of Electron Devices of
the Technical University of Budapest. The participants
came from the following institutions: ALCATEL SEL AG
Research Centre Stuttgart, Philipps-University Marburg
(Germany), University of Bath, University of Lancaster
(UK), University of Szeged, and from several departments
of the Technical University of Budapest.
The papers of this issue are based on the lectures giv-
en at the Workshop, selected so that we could inform the

T he evidence of the great interest that the Hungarian

Istvan Habermajer graduated in electri-
cal engineering from the Technical Uni-
versity of Budapest in 1959. He re-
ceived the "dr.techn." degree in 1964, and
the Candidate of Technical Sciences de-
gree in 1989. From 1959 to 1963,
he worked at the Hungarian Television
Company. Since then he has been
at the Technical University of Budapest,
and became an Associate Professor at the

reader on the most up-to-date trends in semiconductor
laser technology.

One of these trends aims the extension the range of the
operating wavelength and/or the increase output power
so that semiconductor lasers would be applicable in the
infrared spectroscopy or as pump sources for fibre lasers
and amplifiers. The paper presented by WM. Yee and
K.A. Shore deals with the realization problems of far-
infrared lasers operating at 10—60 pm. FE Koltay and
others reported about a high power (120 mW) laser at
1.22pm.

The other very far-reaching branch of research aims to
find laser structures that are well integrable to the optical
telecommunications systems and may act as tuneable light
sources, optical wavelength converters, optical switches,
amplifiers, pulse regenerators. D. Baums and others in-
troduce a very versatile laser structure for the purposes
mentioned above. The inherent nonlinear effect of semi-
conductor lasers, the four-wave mixing, seems to be advan-
tageously applicable for the ultrafast optical information
technologies. W. Elsdsser gives an overview of the physics
and applications of nonlinear interactions in semiconduc-
tor lasers and amplifiers, while W.M. Yee and K.A. Shore
theoretically investigate the exploitation of nearly degen-
erate four-wave mixing in laser diodes to implement phase
conjugate mirrors and optical repeaters.

The guest editor hopes that these papers will be found
interesting and useful by the readers.

I. HABERMAJER

Department of Electron Devices. He is a technical advisor at
the Research Institute for Technical Physics, and directed several
R&D projects in the field of semiconductor device measurements.
His current education activities are related to electron devices,
semiconductor physics and optoelectronics. His main interests are
analysis and design of semiconductor lasers and photodetectors.
He is member of several technical committees.
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LASING THRESHOLD CALCULATIONS
FOR MID- AND FAR-INFRARED INTERSUBBAND
SEMICONDUCTOR LASERS

W.M. YEE and K. A. SHORE

UNIVERSITY OF BATH
SCHOOL OF ELECTRONIC AND ELECTRICAL ENGINEERING
BATH BA2 7AY, UK

We study theoretically the conditions for achieving lasing action at
mid-infrared and far-infrared wavelengths based on intersubband tran-
sitions in semiconductor quantum well structures. A carrier transport
model related to the achievement of intersubband population inver-
sion is presented, which takes into account resonant tunnelling and
intersubband absorption-emission processes. The incorporation of op-
tical loss analysis into the carrier transport model provides estimates
of the lasing threshold current density consistent with the optical
losses in the laser devices. It is shown that reasonably low threshold
current density in the range of 1-5 kA/cm? is achievable for room
temperature lasing at emission wavelength of 60 pm. Significantly
higher threshold current density of 40-50 kA/cm? is required for
lasing at 10 zm wavelength.

1. INTRODUCTION

The development of room-temperature semiconductor
lasers operating in the mid- to far-infrared wavelength
range has been pursued by various workers for over twenty
years. The effort required to overcome the difficulties in
achieving such laser action is expected to be repaid by
the wide range of applications envisaged for the devices.
Compact low-cost tuneable mid/far-infrared lasers would
find ready uses in remote sensing, pollution monitoring,
medicine, dentistry and free space telecommunications. In
recent years, following spectacular advances in semicon-
ductor material growth techniques, attention has been fo-
cussed on the use of quantum well (QW) semiconductor
structures for enhancing the performance of a variety of
semiconductor optoelectronic devices including semicon-
ductor lasers. Although the thrust of that work has been
in respect of near-infrared laser sources for optical fibre
communications systems, some effort has also been given
to the utilization of low-dimensional structures for the
achievement of lasing at longer wavelengths. The primary
target of those investigations has been the exploitation
of intersubband transitions in semiconductor QW’s. The
principal attraction of QW structures is that the quantised
bound-state energy levels in the wells are essentially deter-
mined by the thickness and depth of the QW’s. Crucially,
the well thickness and depth can be finely controlled during
the semiconductor growth process. In principle, therefore,
a semiconductor QW structure can be fabricated with pre-
scribed energy levels. The task that remains is to arrange
that population inversion and hence lasing action takes
place between the chosen energy levels which correspond
to a desired operating wavelength. Here is the essence of

the challenge to the device designer. It is found that for
operating wavelengths of order 60 um and greater, struc-
tures may be relatively easily identified for the achievement
of population inversion. However, at such wavelengths op-
tical losses make it very difficult to sustain laser oscillation.
On the other hand, at "shorter" wavelengths (between say
5 pm to 10 pm) optical losses become less daunting but it
is relatively more difficult to achieve population inversion.
In both cases the achievement of lasing action is more
readily facilitated at lower temperatures.

The difficulties inherent in simultaneously meeting the
challenges of achieving population inversion and overcom-
ing optical losses have impeded the development of mid-
and far-infrared semiconductor lasers. Consideration of
the basic quantum mechanics of the transition process
between quantum bound states by Henderson et al. [1]
suggested that inter-bound-state laser action would not be
possible. The core of that argument was that the ratio
of the lifetimes of the upper and lower energy states was
the opposite to that required for lasing. These findings
prompted the authors to advance the case for the utilisa-
tion of above-well quasi-bound state transitions to achieve
the required population inversion. On the other hand, a
sustained effort by Capasso and co-workers has developed
a detailed understanding of the requirements for achieving
light emission and lasing action via intersubband transitions
in coupled QW structures. Operation of electrolumines-
cent diodes [2] was achieved at an emission wavelength of
S pm at operating temperatures up to room temperature.
More spectacularly, lasing action at an operating wave-
length of 4.3 um was demonstrated at temperatures up to
about 125 °K [3].

The work of Capasso and co-workers has given new
impetus to efforts directed at achieving long wavelength
semiconductor lasers. From a fundamental viewpoint, it is
seen that a new class of semiconductor lasers has been ob-
tained which utilise only one kind of charge carrier. Such
devices may be termed unipolar semiconductor lasers. In
the present case electron intersubband transitions have
been utilised but semiconductor lasers utilising transitions
between hole intersubbands are also conceivable. The
considerable efforts made by these workers to achieve this
important milestone underlines the significance of their
work. It is clear that careful design of the structure was
complemented by extremely intricate and challenging semi-
conductor growth. The latter was required to obtain the
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multiple coupled well structure which permits the opera-
tion of the ‘quantum cascade’ semiconductor laser.

The demonstration of the quantum cascade laser should,
it is argued, be seen as providing an invaluable proof-of-
concept demonstration of intersubband lasing. It is ap-
parent, however, that much device development work is
required to both raise the operating temperature of the
intersubband lasers and to achieve lasing at longer wave-
lengths. The aim of the present paper is to quantify the
challenges which need to be met to reach the goal of op-
erating room-temperature mid- and far-infrared semicon-
ductor lasers.

The report by West et al. [4] of the first observation
of an extremely large dipole infrared transition between
QW subbands has revived significant interest in the original
proposal by Kazarinov and Suris [5] for the achievement
of intersubband infrared emission in coupled QW struc-
tures and superlattices. Infrared photodetectors based on
intersubband absorptions in QW structures have been ex-
tensively studied and successfully implemented recently for
wavelengths in the 4—12 pm range [6]. Spontaneous in-
tersubband radiative emission in GaAs-AlGaAs superlat-
tices was first observed and reported by Helm et al. [7].
However, in order to obtain coherent infrared lasing from
intersubband transitions, it is necessary to achieve a suf-
ficiently high degree of intersubband population inversion
at reasonably low pumping. This represents a major chal-
lenge because of the overwhelming contribution of nonra-
diative phonon emission which depopulates the upper las-
ing subband at a very fast rate. Many schemes have been
proposed to achieve intersubband population inversion,
most of which concentrate on current injection pumping
[8]-[12], while a few approaches focus on optical pumping
using a CO3 laser source [13], [14].

In early studies on current injection pumped infrared
semiconductor lasers based on intersubband transitions,
sequential resonant tunnelling has been used to populate
the excited state and depopulate the ground state of an
clectrically biased multiple QW structures. Although weak
spontaneous emission has been observed using the sequen-
tial resonant tunnelling QW structure [7], intersubband
population inversion has not been achieved. This is due
to the fact that sequential resonant tunnelling from the
ground state of one QW to the first excited state of the
adjacent QW represents carrier transport in an essentially
two-level system, and that population inversion cannot be
achieved using just two states. On the other hand, while
population inversion may be possible using sequential res-
onant tunnelling from the ground state to the second or
higher excited state of an adjacent QW, the subsequent
‘rain-down’ of electrons to the first excited state and the
ground state makes population inversion between these
two states very difficult.

In order to facilitate the selective injection of electrons
into the first excited state and the removal of electrons
from the ground state of an emission QW, resonant
tunnelling QW energy filters have been proposed and
shown to lead to intersubband population inversion [9]-

[11]. These studies, however, assumed a simple relation
between the intersubband population inversion and the
injection current density, without taking into account the
relevant physical mechanisms of resonant tunnelling and
intersubband emission-absorption processes in the electron
transport dynamics. The purpose of the present paper is
to review a theoretical model which has been developed
for the calculation of intersubband lasing conditions. The
relevance of the model has been highlighted by the recent
experimental activity on this topic and it is hoped that the
present contribution will form a basis for future detailed
device modelling of intersubband semiconductor lasers.

The main element of the model is a description of car-
rier transport in a generic coupled QW structure which has
been outlined in an earlier publication [15]. That work was
related to the achievement of intersubband population in-
version in triple QW structures but the general formalism
is applicable to, for example, the quantum cascade laser
configuration. The second significant challenge in the de-
sign of long wavelength intersubband lasers is to meet the
conditions necessary for achieving lasing action. The re-
quirement here is to incorporate optical loss analysis which
takes into account the semiconductor laser device configu-
ration. Such a description was provided in a recent publi-
cation [16]. Here we show how the complete formulation
provides estimates of lasing threshold current density con-
sistent with the optical losses in the laser devices for emis-
sion wavelengths of 10 um and 60 pm. In section 2, we
present the transport model which describes the electron
population dynamics in two prototype resonant tunnelling
QW structures where account is taken of intersubband
emission-absorption processes. The transparency current
density is calculated in section 3 taking into account the
dependence on electron transit time and intersubband re-
laxation time. In section 4, the issue of optical loss is ad-
dressed for different doping densities in the cladding layers.
The solution of the four-level carrier rate equations from
the transport model in conjunction with the balance of
gain and optical loss yields the threshold current density.
Finally, we summarize the results in section 5.

2. THEORETICAL MODEL -

2.1. Resonant Tunnelling Quantum Well Structures

In this section, two prototype coupled QW structures
are considered [15] for the achievement of intersubband
population inversion. The two structures have intersub-
band energy separations of 124 meV (corresponding to
an intersubband resonant wavelength A = 10 pm) and
21 meV (A = 60 um), respectively. The schematic con-
duction band profiles of the two structures are shown in
Figs. 1 (a) and 1(b), respectively. In order to facilitate the
selective injection of electrons into the upper subband and
the removal of electrons from the lower subband of the
emission QW, resonant tunnelling QW energy filters are
used [10], [11].
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Fig. 1. Schematic conduction band profiles of the resonant
tunnelling quantum well structures biased to the operating voltage
(not drawn in proportion) for (a) mid-infrared lasing at A = 10 pm
(structure I), and (b) far-infrared lasing at \ = 60 um
(structure II). Hatched regions represent n-doped conducting layers.
E; is the Fermi energy level.

As shown in Figs. 1(a) and 1(b), QW2 is the emission
well where intersubband transitions take place between the

(2)

first excited state with energy F,"’, and the ground state

with energy Egl) . The emission wavelength corresponding

to the intersubband energy separation E§2) - Eél) is
determined mainly by the choice of the emission well
thickness L. QW1 and QW3 act as resonant tunnelling
energy filters, which are designed to have only one quasi-
bound state each (with energy £y and F3, respectively).
Under zero bias, the well widths of the resonant tunnelling
energy filters are engineered such that Fy and F, are

in the middle of Efgl) and Egz) in the emission well.
When the structures are biased to the operating voltage
given by V}, = (Egz) — Eg”)/?, the energy states are
aligned as shown in Figs. 1(a) and 1(b). Electrons are
cfficiently injected into the first excited state of QW2
through filter well QW1, and are removed from the ground
state of QW2 through QW3, via resonant tunnelling. The
confined electrons in the emission well (QW2) undergo
intersubband transitions such as intersubband relaxation,
stimulated radiative emission and absorption. Because

QW3 has only one subband which is aligned with the
ground state of QW2, it not only efficiently depopulates
the ground state of QW2 via resonant tunnelling, but
also enhances the confinement of electrons in the first
excited state of QW2 by minimizing electron escape to the
collector. As the whole device structure relies on energy
filtering to selectively populate the respective subbands,
the influence of any non-resonant energy bands would
be small. In particular, the contribution of any other
subbands which may exist in QW2 can be neglected since
those states would not be resonant with the aligned states
in QW1 and QW3.

The resonant tunnelling QW structures are sandwiched
between n-doped regions of the cladding layers, which
are called the injector and the collector. The injector
and the collector serve not only to reduce space-charge
effects but also to provide optical confinement to the
active QW regions. This is because the refractive index
drops significantly in the n-doped cladding regions owing
to the higher electron density.

The GaAs—Al,Gay_,As (z = 0.45) material system
is employed in structure I (Fig. 1(a)). On the other hand,
because the intersubband energy separation of 21 meV
corresponding to the far-infrared frequency of 5 THz in
structure II is very small, rather wide emission well is re-
quired. As a result, the laser transition states in the emis-
sion well are situated very near to the bottom of the well.
In order to ensure that the energy filter wells of struc-
ture II have only one quasi-bound state each and that the
various energy states align properly under operating bias,
very deep filter wells are required. These requirements
are satisfied by using the In,Ga;_yAs — Al,Ga;_,As
(z = 0.45, y = 0.15) material system in the filter wells
and GaAs in the emission well for structure IT (Fig. 1(b)).

2.2. Electron Transport Dynamics

Since the intersubband transition and resonant tun-
nelling processes occur at a much faster rate than the
interband transitions, it is assumed that there is no carrier
source or sink in the coupled QW structures. The tempo-
ral variations of electron density in the respective subbands
are described by carrier rate equations of an essentially
four-level system [15]:

(2)

dm J Lz Ty ny
_—— _— - — il
dt €L1 + Ll 1z Tl-z7 ( )
dn$ _Lim  nf) @ _ ()
B e, el s () e Y s
dt L2 T12 T1o (n2 n2 ) ( ) (;)
dngl) 2) 1) L3 ns n(l)
2 - P ~— _ 2
dt (n2 Tl2 )X( ) + ASP + L2 Tys 23 3

(3)
o Elﬁ_gl_) _hs I (4)
dt L3 T3 T3 el3’

; i g ; b
where J is the external injection current density, nEl)

denotes the electron density in quantum well a (¢ =
= 1,2, 3) and subband b (since there is only one subband
in QW1 and QW3, the superscript b is omitted), e is
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the electronic charge, and X is the stimulated radiative
emission coefficient (inverse time) which is a function of
the photon density P.

The tunnelling times 75 and 733 between QW1 and
QW2, and QW2 and QW3, respectively, are given by
ma= (5)
AFE AFE'
where h is the Planck’s constant divided by 27, AFE
and AFE' are the energy level broadening resulting from
the coupling of QW1 and QW2, and QW2 and QW3,
respectively. The total intersubband relaxation rate A,
in QW2 (per-unit volume per-unit time), appropriate for a
two-dimensional system, is given by [17]

T = Tog =

(2 ;
Az = S{at?) — i) exp(ny )/7"02) —1
Agp = 2Ny Tty

(6)

(2 1 A
exp(n5?) /ney) — exp(ng!) /ney)

where 5 is the intersubband relaxation coefficient (inverse
time), Mg, = (m3kpT)/(xh*Ly) is the quasi-two-
dimensional degeneracy concentration, m; = 0.067myg
is the electron effective mass in GaAs, mg is the free
electron mass, kg is the Boltzmann constant and T is the
electron temperature. The above expression incorporates
energy dependence of the carriers using Fermi-Dirac
statistics as appropriate to semiconductor laser operation
[17].

Since the current injection is equal to the rate of
total charge passing through the resonant tunnelling QW
structure, J can be written as

£ L (D) (2) ,

J = T—T'[ML}. +(ny’ +mny " )La+n3ls), (7)
where 77 is the effective transit time of electrons through
the whole structure, which includes not only the transmis-
sion times through the barriers and the intersubband tran-
sition times, but also time delays caused by intrasubband
scattering and electron diffusion. The steady-state electron
densities in the various subbands can be obtained as a
function of the external injection current density by solv-
ing the electron rate equations subject to the constraint
imposed by Eq. (7).

The coupled QW structures utilizing resonant tunnelling
energy filters provide an efficient means of electron injec-
tion into the upper subband and electron removal from the
lower subband of the emission well. It should be noted that
without the energy filter QW’s the structure becomes cs-
sentially a two-level system, and in that case intersubband
population inversion cannot be obtained. To assess the
possibility of intersubband population inversion in the pro-
posed QW structures, the relevant physical mechanisms
of intersubband emission-absorption processes have to be
taken into account.

The principal intersubband transition processes include
stimulated emission of radiation, absorption and intersub-
band relaxation. For current injection pumping and be-
low lasing threshold operation of the coupled QW infrared
laser structures, the stimulated emission and absorption
rates are negligibly small compared to the intersubband re-
laxation rate. As a result, the term proportional to X (P)
in the electron rate equations can be neglected.

The intersubband relaxation coefficient S is given by
the inverse of the intersubband relaxation time 7. For
intersubband energy separation greater than the optical
phonon energy (= 36 meV in GaAs), optical phonon
scattering is the main intersubband relaxation process. The
reported intersubband relaxation times arising from optical
phonon scattering vary over more than one order of
magnitude. Relaxation times of the order of 10 ps at 300
°K for an intersubband energy separation of 120 meV in
GaAs QW were reported by Seilmeier and co-workers [18].
However, recent experimental measurements [19] and
theoretical calculations [20] reported subpicosecond to 1
ps relaxation times arising from optical phonon scattering.
In general, the optical phonon scattering time of InGaAs-
InAlAs QW’s is slightly longer than that of GaAs-AlGaAs
QW’s. This is attributed to the lower effective mass of
InGaAs as compared to GaAs.

Acoustic phonon scattering is expected to be the dom-
inant mechanism for intersubband relaxation if the inter-
subband energy separation is less than the optical phonon
energy. Oberli ef al. [21] reported intersubband relaxation
times of the order of several hundred picoseconds arising
from acoustic phonon scattering in wide GaAs-AlGaAs
MQW at low temperatures. Recent measurement [22]
reported intersubband relaxation times of (300 £ 100) ps,
corresponding to the emission of acoustic phonons. Table
1 shows the parameter values used in the calculation.

Table 1. Parameter values used in the calculation

Structurel Structure IT
A 10 60 pm
L, 40 70 A
Lo ]2 285 A
Lj 40 70 A
AFE 7 0.2 meV
AE' b 0.1 meV
) 10%2 e uWr-eye g

2.3. Intersubband Population Inversion

The carrier densities in all subbands increase as the ex-
ternal injection current density is increased. The depen-
dence of carrier density in the upper and the lower sub-
bands of QW2 on injection current density for structure II
is illustrated in Fig. 2. It is observed that the intersubband

g C oA (@) (1) 8
population inversion, An = ny ' —n, ’, becomes positive
when the external injection current density exceeds the
level Jy, which is termed the transparency current density.

Figs. 3(a) and 3(b) show the calculated intersubband
population inversion as a function of J at different
temperatures for structures I and II, respectively. It is
noted that significantly higher injection current density is
needed to achieve intersubband population inversion in
structure I as compared to structure II. This is because
the upper lasing state of structure I is depopulated at
a very fast rate by intersubband relaxation with the
emission of optical phonons, whereas a much slower
acoustic phonon scattering limits the downward transition
in structure II. It therefore appears that lasing action
based on intersubband transition may, at reasonable level
of injection current, be feasible only in the far-infrared

5
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wavelength range. However, the absorptive loss is greater
for longer wavelengths, and thus there is a trade-off to be
considered when designing such a laser.
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Fig 2. Dependence of electron density on injection current density
for QW structure II. Intersubband population inversion becomes
positive when J exceeds the transparency value, Jy.
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Fig. 3. Intersubband population inversion versus injection current
density at different temperatures for (a) structure I, T = 4.0 ps,
and (b) structure I, 7p = 1.5 ns.

It is also observed that higher injection current densities
are needed to obtain a given level of population inversion
as the temperature is increased. It has been assumed that
non-resonant tunnelling and thermionic induced carrier
leakage from the upper subband of QW2 to the collector
are negligibly small. In view of the uncertainties in the re-
ported experimental values of the intersubband relaxation
time, it is difficult to incorporate the temperature depen-
dence of the intersubband relaxation time in the analysis.
The temperature dependence of An arises mainly because
of the quasi-two-dimensional degeneracy density n., being
a function of temperature. In practice, the intersubband
relaxation rates increase with temperature and this may
affect the temperature dependence of An.

3. CALCULATION OF TRANSPARENCY CURRENT
DENSITY

In this section, the dependence of transparency current
density Jp on effective electron transit time 77, and
intersubband relaxation time Ty is calculated for the two
prototype resonant tunnelling QW structures.

3.1. Dependence of Transparency Current Density
on Electron Transit Time

Figs. 4(a) and 4(b) show the transparency current
density as a function of the effective electron transit time
7 for QW structure I (A = 10pm) and structure II
(A = 60 pm), respectively. The effective transit time
includes not only the tunnelling times 715 and 793, and
the intersubband relaxation time 7g, but also tunnelling
times through the outer barriers, electron dephasing times
in the various subbands, and electron diffusion time.
The electron dephasing time is governed by intrasubband
scattering processes which are believed to be dominated
by electron-electron scatterings. Any extra time delays
caused by these intrasubband processes will lead to higher
electron accumulation in the various quantum subbands
and further increase Jj.

It is noted from Figs. 4(a) and 4(b) that transparency
current densities of a few tens of kA/cm? are required to
obtain room-temperature intersubband population inver-
sion at A = 10 pm (structure I). On the other hand,
significantly lower transparency current densities in the
range of 0.1—0.3 kA/cm? are achievable at A = 60 ym
(structure II) for room-temperature operation. In both
cases, the achievement of intersubband population inver-
sion is more readily facilitated at lower temperatures. Fur-
thermore, the minimum transit times for the two coupled
QW structures can be obtained from Figs. 4(a) and 4(b),
respectively. The minimum transit time for structure I is
approximately 3.8 ps. The transit time dependence of Jy
for structure II is less sensitive; a large change in 77 (of
the order of nanoseconds) produces only a relatively small
change in Jy. This is possibly because the transit time
of structure II is much larger than the electron dephasing
time (of the order of subpicosecond). From Fig. 4(b), the
minimum 77 is approximately 1.2 ns for structure IL
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Fig. 4. Dependence of transparency current density on effective
electron transit time for (a) structure I and (b) structure I1.

3.2. Dependence of Transparency Current Density
on Intersubband Relaxation Time

As has been noted earlier, the reported experimental
values of intersubband relaxation time T arising from op-
tical phonon scattering for GaAs-AlGaAs quantum wells
differ by more than one order of magnitude. For intersub-
band energy separation less than the optical phonon en-
ergy, the intersubband relaxation rate is reduced by about
two orders of magnitude [22], being limited by the slower
acoustic phonon emission. In view of such uncertainties
in the values of the intersubband relaxation time, it is in-
structive to investigate the sensitivity of the dependence
of transparency current density on intersubband relaxation
time.

Figs. 5(a) and 5(b) show the transparency current
density as a function of the intersubband relaxation time
Tr for structure I and structure II, respectively. .Jg
increases by more than two orders of magnitude if 7 is
reduced from 1.0 ps to 0.1 ps for structure I. Similarly,
Jy increases by approximately one hundred times when
TR is reduced from 0.35 ns to 0.035 ns for structure I
The results suggest that intersubband population inversion
is highly dependent on Tg, and that in order to reduce
the transparency current density, it is crucial to reduce the
intersubband relaxation rate. Several ways may be used to
reduce the intersubband relaxation rate:

1) Phonon emission rate can be reduced considerably by
lowering the temperature of operation of the device, thus
enhancing the electron lifetime in the upper subband of
the emission well.

2) It is found that material with a lower effective mass
has a longer intersubband relaxation time. Hence material
such as InGaAs, with a lower effective mass and a longer
intersubband relaxation time than GaAs [19], may be used
to fabricate the emission QW.

1000 3~ | T | Poipe b g M) W Lo L
. i i
s 3
(&) . C
\ - -
- ] C
" - L
N~
— 10? ;

] —==T=77K % C
] — T=300K \[
1 T l T I T ] IT T I ¥ l T ] T [ T
01 02 03 04 05 06 07 08 09 10
Intersubband relaxation time, T4 ( ps )
10.0 lleJLlllll'Ill\lllltlllllllllljl)_LLLA_L—
1 ®) F
- i

[$] p =
. ] -
<
5.4 - L
A

0.3 =
- 3 " E
] —==T=77K ~ C
1l —— 7T = 300K N i
\\
0.01rrr e e Y
00 005 04 045 02 025 03 035 04

intersubband relaxation time, T ( ns )

Fig. 5. Dependence of transparency current density on intersubband
relaxation time for (a) structure I and (b) structure I1.

3) For intersubband energy separation larger than the
optical phonon energy, the intersubband relaxation rate
can be reduced by reducing the quantum well width
[18], [20]. This is because a larger intersubband energy
separation (corresponding to a smaller well width) re-
quires a larger wavevector for the intersubband transition,
whilst the density of final states decreases with increasing
wavevector. Therefore, intersubband population inversion
may be achieved at lower injection current densities for
emission wavelength A < 10 pm. This, together with
the fact that optical absorptive loss decreases for shorter
wavelengths, indicates that lasing action based on intersub-
band transitions may be easier to achieve for A < 10 um
compared to A = 10 pm. The above discussion suggests
that experimental investigation into intersubband popula-
tion inversion and lasing for wavelengths shorter than 10
pm could be of considerable interest with a view to de-

VOLUME XLVI. JANUARY 199.



signing mid-infrared lasers operating at the A = 3 — 5 um
atmospheric window [3].

4. CALCULATION OF THRESHOLD CURRENT DENSITY

Having shown that intersubband population inversion
can indeed be achieved at reasonable injection current
densities in the proposed resonant-tunnelling QW struc-
tures, this section is devoted to quantifying the lasing
threshold conditions which need to be met for the achieve-
ment of room-temperature mid- and far-infrared lasing. In
this respect, optical loss analysis is carried out [16] taking
into account the infrared QW laser geometry in a way
similar to Borenstain [10]. Threshold current density is
explicitly calculated as a function of free electron density
in the n-doped regions of the cladding layers of the two
proposed QW laser structures.

4.1. Calculation of Optical Absorption

The optical properties of III-V semiconductor materials
at energies smaller than the fundamental bandgap energy
are determined by two major physical processes, namely
lattice vibrations (photon-phonon interactions) and collec-
tive oscillation of free carriers (photon-plasmon interac-
tions). The refractive index 7 and the extinction coeffi-
cient k can be calculated through the complex dielectric
constant [10], 23] as given by

e(w) = (7 — ik)?

2 2 2
wp, —WwWr Yp }

oo 1 . - .
; * wi —w? +wypn w(w — iyp)
(8)

where €4, is the high frequency dielectric constant, wy,
wr and w, are the angular frequencies of the longitu-
dinal optical (LO) phonons, the transverse optical (TO)
phonons and the plasmons, respectively, y,n and v, are
the damping constants of the phonons and the plasmons,
respectively, Yp1 = /2T pem™, jie is the electron mobil-
ity, wf) = N.e?/m*e€o, € is the permittivity of free
space, and N, is the free electron density in the n-doped
cladding layers (the injector and the collector). The ab-
sorption coeflicient in the n-doped cladding layers is calcu-
lated from the extinction coeflicient in Eq. (8) using

4k
Qe = T (9)

The parameter values used in the calculation are: €, =
= 111,50, = 2915 o, wy = 2082 o™, g =
= 0.3 o™, andl . = BO00 e V=154,

Figs. 6(a) and 6(b) show the effects of varying the free
electron density on optical absorption and refractive in-
dex for wavelengths of 10 pum and 60 pm, respectively.
The effects of increasing the free electron density in the
n-doped region of the cladding layers are to increase the
optical absorptive loss, and to decrease the refractive in-
dex in the cladding layers. These effects are particularly
pronounced at the longer wavelength. It is noted that, for
N.=1-5x 107 cm™3, optical absorption of 10—40
cm™! is obtained at A = 10 um. However, at A = 60 m,
significantly higher absorption of 500—6000 cm™! results

over the same range of N.. Therefore, despite the lower
transparency current densities achievable at an operating
wavelength of 60 pum (as revealed in the previous section),
high optical losses may lead to high threshold current den-
sities for laser operation in this emission wavelength. How-
ever, at A = 10 pm, optical losses become less daunting,
but it is relatively more difficult to achieve population in-
version. Hence, it is concluded that the critical issue in
designing mid-infrared (1—30 pm) semiconductor lasers is
to reduce the intersubband relaxation rates so as to lower
the transparency current density. On the other hand, the
challenge to designing far-infrared (> 30 pm) semicon-
ductor lasers is to overcome optical absorptive losses so as
to lower the lasing threshold current density.
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Fig. 6. Effects of variation of free electron density
on optical absorption and refractive index at
(a) A = 10 um and (b) A = 60 um.

From Figs. 6(a) and 6(b), it appears that lower threshold
current density may be achieved by reducing the free
electron density in the n-doped region of the cladding
layers. However, it is also noted that reducing the electron
density leads to an increase in the refractive index of
the cladding layers. This gives rise to an anti-guiding
effect on the generated photons and thus reduces the
optical confinement. As a result, higher threshold current
density may be required to achieve laser action if the
doping density in the cladding region is low. There is,
therefore, a trade-off to be considered when designing an
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infrared semiconductor laser. The effect of varying N,
on refractive index is particularly pronounced at A =
60 pm; a significant drop of refractive index from 3 to
0.6 is obtained when N, is increased from 1.0 x 107
em™> to 5.0 x 107 ecm™3. This optical property of
the material is useful when consideration is given to
designing a waveguiding structure to improve the optical
confinement in a far-infrared semiconductor laser.

4.2. Lasing Threshold Condition

The optical gain, g (per unit length) in the emission
quantum well can be written as

(A) a 4 A (10)
= n
g AmerTe 1+ (w—wo)2TE ™ 7
where An = n(22) = ngl), €, is the relative permittivity of

GaAs, T, is the electron dephasing time in the quantum
subbands, wy is the angular frequency at resonance and
Te 18 the spontaneous radiative time given by

it (27?6,1"/262/m*€0/\26)fi]', (11)
where ¢ is the velocity of light in vacuum and f;;
is the oscillator strength of the transition from the ¢
level to the j level, which can be approximated by f;; =
= 64(i5)2/2(32 — §7)°.

To establish the lasing threshold condition, the device
structures as shown in Figs. 1(a) and 1(b) are considered.
It is assumed that free electrons are confined to just two
n-doped conducting layers (the injector and the collector)
with total thickness ¢.. The generated photons are
confined to an effective mode thickness of t,, = A/27.
Lasing action in the structures occurs when the optical
gain equals the total losses, i.c.,

L L 1 1

Z:thh = iaa + TeClc o ni¢; -+ L_cln (E) ’ (12>
where a,, o, and a; are the loss coefficients (per unit
length) in the active QW layer, the conducting layers and
the intrinsic region of the cladding layers, respectively, 7.
and 7; are the mode filling factors in the conducting and
the intrinsic cladding layers, respectively. The last term
accounts for mirror loss of the laser structures with cavity
length L. and facet reflectivity R.

The loss coefficient in the conducting layers «. is cal-
culated using Eqgs. (8) and (9). The loss coefficient in
the intrinsic regions «; is similarly calculated by putting
N, = 0. Absorption by plasmon interaction in the emis-
sion quantum well (active region) is negligible because ra-
diation emitted from intersubband transitions is polarized
perpendicular to the QW layers, whereas plasmon oscil-
lations can interact only with radiation polarized parallel
to the QW layers. Furthermore, because of the small
active layer thickness, absorption from photon—phonon
interaction in the emission well is negligibly small for wave-
lengths well above or below the reststrahlen region (at
wavelengths between ~ 34 and 37 pm). Hence it can be
assumed that a, =~ 0.

It is assumed that {. = 2 pum in both structures.
Since . > ty,, ~ 1.43 pm in structure I, the mode
filling factors are given by 1. = (¢, — L2)/tm and
n; = 0. In-structure M, ‘however, t. < i, and

in this case 9z = Lo/t atd Y = (b = fo)/tm:
The intersubband population inversion at lasing threshold
(An)sp is obtained by equating Eqgs. (10) and (12) for
w = wyp. The electron rate equations from the transport
model are then solved in steady-state for J;; consistent
with the obtained threshold population inversion. The
parameter values used in the calculation are: €, = 12.25,
Ty = 0.21.ps, B = 0.3, a1d L, = 1.0 mm,

Figs. 7(a) and 7(b) show the calculated threshold current
density as a function of free electron density in the
conducting layers for the two infrared laser structures
respectively. As N, is increased through doping, the
absorption arising from plasmon interaction increases, thus
increasing the threshold gain and Jyp. It is observed from
Fig. 7(b) that J;; remains relatively low at low N, but
increases sharply when IV, exceeds ~ 2.3 x 1017 cm™3 for
structure II. This is because for electron density above this
value, the plasma frequency w, in the conducting layers
becomes higher than the emission frequency (= 5 THz)
of structure II. Since the generated laser wave cannot
propagate through the free carrier plasmas at frequencies
below the plasma frequency, optical absorption through
photon —plasmon interaction increases rapidly. No such
rapid increase in Jy; is observed in Fig. 7(a) because
the plasma frequency is lower than the emission frequency
(~ 30 THz) of structure I over the range of IV, considered
here.
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It is also observed that increasing the electron mobility
reduces the threshold current density at a given N.. This
is because higher electron mobility means longer scattering
time (or lower scattering rate) of free electrons in the n-
doped cladding layers, which leads to lower plasmon damp-
ing and thus lower optical absorption. The dependence
of threshold current density on electron mobility is less
sensitive in the case of structure II. This is possibly due
to the very high absorption at the far-infrared wavelength
of 60 xm, and hence a change in electron mobility will not
affect the optical absorption significantly. It is also noted
that electron mobility is inversely related to temperature.
Thus, at high temperature electron mobility decreases and
higher threshold current density is required for lasing. This
is consistent with results shown in Figs. 7(a) and 7(b). As-
suming g = 0.5 m?V ~1s~1 at T = 300 °K, it is found
that reasonable threshold current densities of order 1—5
kA/cm? is achievable in structure II for room-temperature
far-infrared (A = 60 pm) lasing with N, in the range of
1 — 3 x 107 cm®. To achieve room-temperature mid-
infrared (A = 10 pm) lasing using structure 1, Jy;, around
40—50 kA/cm? is required over the same range of V..

The analysis of carrier transport and lasing threshold
operation presented here is based on the triple-coupled
resonant tunnelling QW structures. Further optimization
of these device structures may be required to lower the
threshold current density for practical device operation.
In this respect, the triple-coupled resonant tunnelling
QW structures may be periodically repeated to form
a superstructure. Such a superstructure, with graded-
gap spacer [3] between each unit block of triple-coupled
QW’s to ensure efficient electron injection and charge
screening, will effect a much higher multiplicative optical
gain as well as provide better optical confinement. In
addition, resonant optical waveguide structures may be
considered for enhancing the waveguiding properties of
the infrared laser devices. Optimization of the triple-
coupled resonant tunnelling QW structures based on the
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The Y-laser was originally invented for use as a tunable light source.
Since that time it has demonstrated its capabilities not only with
respect to wide and fast wavelength tuning. Additionally it has
been shown that this type of interferometric laser is well suited
for multiple photonic switching operations. These are wavelength
translation from one fibre optic transmission window to another,
wavelength conversion from one wavelength channel to another inside
one transmission window and space switching. Those switching
operations are likely to be used in future high capacity all-optical
fibre trans-switching systems. In this paper recent results obtained
with the technologically simple Y-laser structures are reviewed. We
address the topics of interest such as the achievable tuning range
of over 50 nm, the resulting conversion span and the conversion
speed up to 5 Gb/s with signal regeneration capabilities. The
transparency for 10 Gb/s signal and the packet switching capability
is presented. Further functions of the device demonstrated include
bistable wavelength and intensity operation for memory applications
and short pulse generation. The Y-laser is thus a multifunctional
device that can serve different photonic switching purposes with a
basic technologically simple structure.

1. INTRODUCTION

In future, fibre-optic communication systems will have
more complex system architectures than just point-to-
point links. The aim is an optically transparent network
which implies switching of data streams without conversion
between optical and electrical carrier [1].

Optoelectronic InP based components do follow this
trend and evolve from optoelectronic converters (laser-
diodes, light emitting diodes, PIN detectors, APD detec-
tors) to photonic switching and processing devices (ampli-
fiers, gates, filters, switches, splitters, combiners, multiplex-
ers, demultiplexers). The processing capabilities of the fu-
ture optoelectronic components will have to include time,
space, and wavelength dimensions [2]. For the time do-
main delay lines are being used because of a lack of optical
memories which are far from being practical in spite of
many optically bistable effects investigated. The realization
of a true optical memory is still an intense research object.

Much progress has been made in the area of space
switches based on LiNbOg3 and InP [3] and first products
are already available. The light experiences relatively high
losses in passive devices. Integration of amplifiers or use of
active devices helps to overcome this problem. The Y-laser
is inherently suited for lossless space switching because of
its Y-branch structure.

The extra dimension available for optical transmission
and processing is the wavelength domain. It adds more
bandwidth for the transmission when wavelength division
multiplexing (WDM) is used and reduces the need for opti- |
cal memory in switching systems [4]. The basic component
is a wavelength tunable light source. Monolithic and fast
tunable devices are preferred.

There have been different approaches to monolithic
wavelength tuning like interferometric lasers, multiseg-
ment DBR lasers [5] and transversal coupling devices like
TTG [6] and VCF [7] lasers. Interferometric lasers have
been investigated for a long time [8]. Two examples of this
type of lasers are the C3 laser [9] and the Y-laser [10]. De-
rived from the basic component, the tunable Y-laser, is the
monolithic wavelength converter Y-laser which changes
the wavelength of an incoming light data stream to another
one for the outgoing data stream. Simultaneous regener-
ation of pulses is desired for maintaining the signal quality
(without an electronic regenerator which makes optoelec-
tronic conversion necessary). Tunable multisegment DBR
[11] and Y-lasers [4] have been successfully employed for
wavelength conversion.

This article will give a comprehensive review of the work
performed in exploiting the Y-laser. Special emphasis will
be given on the tuning and wavelength conversion char-
acteristics. The Y-laser can advantageously be used for
the tuning and conversion as well as the space switching
task with only minor modifications (for space switching e.g.
an antireflection coating is appropriate). Furthermore the
Y-laser has shown capabilities of short pulse generation
and bistable operation giving the possibility of a wide use
of the same basic simple structure.

2. THE STRUCTURE OF THE Y-LASER

The Y-laser consists of two Fabry-Perot lasers coupled
together by a common part. The splitting of the light into
the two sub-resonators is done with a Y-shaped branch.
A schematic drawing is shown in Fig. 1. The device thus
has three ports and needs no gratings. The typical length
of the finished Y-laser devices is 1.5 mm. The structure
is devided into four electrically separated segments. Wave-
length selection is accomplished by the interferometric ef-
fect introduced by the optical path length difference in the
two parallel arms. This can be made by a geometrical
difference or by different driving conditions changing the
effective index of refraction via the bandfilling effect.
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Fig. 1. Schematic drawing of the Y-laser with three arms as treated
in the theoretical part (part 3)

3. THEORETICAL TREATMENT

The oscillation wavelength of the interferometric laser
must obey a self consistency condition. The amplitude and
phase of the wave must match after one roundtrip. In the
case of the Y-laser this reads

P} Ri(1/2(P{ Ry) + 1/2(P{R3)) = 1. (1)
R; are the facet reflection coefficients for the three ports
and P; are the propagation factors

P; = exp(L'gil;) x exp(2mjnili/\) (2)

in the laser arms between the branching point and the
corresponding facet according to Fig. 1. The extra
electrical segment for the branching point is contained in
the effect of the common segment P;. The [; are the
arm lengths, g; are gain coefficients and n; the indices
of refraction, L; = n;l; are the optical path lengths and
G; = exp(I'g;l;) the gain factors. Separation of the real
and imaginary part gives two equations which have to be
solved simultaneously [12]. This implies either the spacing
of the allowed modes of the combined Fabry-Perot (FP)
cavities

A)\Fp:/\Z/(QL1+L2+L3) (3)

and an interferometric modulation of the Mach-Zehnder
type

4A%(X) = 1/[G*Gy*cos® (21 /N)* (L — L3))] (4)
which has minima with a spacing of
Adprz = A2/(2(Lg — L3)). (5)

The combined filter curve is the superposition of the
Fabry-Perot resonance filter and the Mach-Zehnder (MZ)
filter together with the gain curve.

The emission wavelength will be the one in the mini-
mum of the combined filter loss curve (Fig. 2). The tuning
behaviour is determined by the dependencies of the gains
g; and indices of refraction n; on the currents ;. Addi-
tionally, the gain peak wavelength shifts with the current.
The dependencies have been modelled in [12] and yield
step tuning behaviour with small steps A\ g p in the order
of 0.2 nm induced by variation of the currents into the
parallel arms [ and I3 and with larger steps Az (e.g.
10 nm) caused by a change in the current into the common
segment .

log loss

o= Y
1530 1550

wavelength / nm

Fig. 2. Typical filter characteristic of the Y-laser. The curve shows
the combined loss of the MZ interferometer (broad structure)
multiplied with the FP filter characteristic (closely spaced lines) and
the gain curve of the material (parabolic curvature)

4. TECHNOLOGY OF THE Y-LASER STRUCTURE

The active layers of the Y-lasers consist of five quater-
nary quantum wells grown by LP MOVPE. The branched
waveguide mesa is defined by a combined dry and wet etch
step. Selective regrowth is done with iron-doped semiinsu-
lating InP in a second LP MOVPE step forming a semiin-
sulating buried heterostructure (SIBH). The segments are
defined by separating the metallization. The facets are
finally introduced by cleaving or dry etching [13]. The
final structure is depicted in Fig. 3. Only standard tech-
nological steps are needed to build up this interferometric
laser structure. Threshold currents are 4 * 20 mA typically
for 1.5 mm long devices. If three segments are prebiased
appropriately a small additional current of 5 mA into the
remaining one is sufficient to reach threshold.

vB

electrode’ no.
7

e 6 WS

I Lasing Output

Fig. 3. Y-laser with SIBH (semiisolating buried hetero-) structure
and four electrically separated segments

Wall Barrier

5. TUNING CHARACTERISTICS

As outlined in section 3, there are two different ways
of tuning with a single current. The first one shifts the
MZ resonances with respect to the FP resonances and the
second one shifts the gain maximum with respect to the
MZ resonances. Both methods give step tuning behaviour
with different step sizes.
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1560 u
] R
E . :
£ 1555 | ;:
bt A
"6., .
= n
Q n
© 1550 1 f :
S
> .
3 :
21545 I
=1
o
1540 — ; 4 ;
0 10 20 30 40 50
Current in shorter Y-branch [mA]
1560 7
E " .
£, 1555 | \ iy
= ; SN
= ] ' | |
o . %
E 1 ,- \
@ 1550 ¢ ; 5 ke
] ‘ . ‘.
H X \* ‘ LY
= , ' "
3 1545 | '
5 \ |
o
1540 - : = ;
0 10 20 30 40

50
Current in longer Y-branch [mA]

Fig. Sa. Tuning of a Y-laser by variation of the current injected into
one of the parallel arms. Points are experimental data with SMSR
> 20dB

tuning with shorter Y-branch

1560
E 1555 +
o
i)
[~
ks
g 1550 +
«
z
5
Q
5 1545 1
e}
1540 - ; ; -
0 10 20 30 40 50
Tuning current [mA]
tuning with longer Y-branch -
1560 - .
= ] %
s i ‘E % )
: . R
T O “ % R B
£ 1555 7 E % : ?.'. : g : '1
- -
= = & L% :
5 1550 I:" A : 1 :
2 il ; ; .
5 R 1
a .- ' :
g 1545 + S I . :
" '- 7 L% 1:
S T % %
1540 i t - '
0 10 20 30 40

50
Tuning current [mA]

Fig. 5b. Theoretical prediction of tuning with a single current into
one of the parallel arms of the Y-laser

In the first case the tuning range is limited by the MZ
spacing AAprz given by (5). By adjusting the optical
geometrical arm lengths this range can be changed in a
wide range (Fig. 4). When the MZ resonance closest
to the gain maximum shifts out of the maximum the
neighbouring MZ resonance shifts in and takes over the
minimum loss condition at a certain current. The same
tuning intervall is then covered once again with higher
currents. This behaviour has been observed multiple times
(Fig. Sa) and compares well with the theory (Fig. Sb).
Especially the reversal in tuning direction is seen for a
change in arm used for tuning. 20 nm single current tuning
has been achieved for Al = [y — [3 = 16 um recently
[14].
Tuning by MZ spacings with the current into the com-
mon segment (second method) is limited by the possible
shift in gain curve. A combined tuning (MZ and gain) can
address every FP mode inside the gain tuning intervall [12].
The MZ spacing is determined by the optical path length

difference AL = Lo — L3. Geometrical arm length
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differences Al from 0 pm (symmetrical Y) up to 200
fm have been realized and give the theoretically predicted
hyperbolical dependence (5) of AA sz versus Al [15]. In
the special case of the symmetric Y-laser (0 um) a tuning
range of 51 nm has been demonstrated (Fig. 6). Usually
all four currents have to be adjusted in this case.

For system applications the switching speed is of great
importance. Changing from one wavelength to another
by the first tuning method needs 2 to 0.5 ns (rise and
fall times) depending on the distance of the two switched
wavelengths [16]. An intermediate mode is suppressed by
at least an order of magnitude and is only visible in the
time during switching.
SPECTRUM Y-LASER

T

_ 17 NORM

o freden cfifdbidon

1578.0nm

1528 0nm

Fig. 6. 51 nm tuning span of a symmetrical Y-laser

6. WAVELENGTH TRANSLATION AND CONVERSION
WITH Y-LASERS

With a Y-laser tuned to a specific wavelength optical
signals can be transformed to this wavelength. In the
case of wavelength translation the Y-laser is biased below
threshold. An external short wavelength signal optically
pumps the Y-laser to reach threshold. In the on-state the
Y-laser emits the tuned wavelength. The absorption is not
polarisation or wavelength sensitive so that transformation
from e.g. 1310 nm multimode signal to 1561 nm single
mode (Fig. 7a) is possible and has been demonstrated
up to 155 Mb/s (Fig. 7b) [17]. A possible application is
the connection of a LAN to a long distance transmission
system.

In the case of wavelength conversion input and output
wavelengths both lie in the 1.5 pm fibre window. Then
the Y-laser emits at the tuned wavelength A,,; as long as
the optical input signal is off. When the input signal at
Ain is exceeding a power limit of approximately P;,
200 pW the Y-laser is forced to lock on the injected
wavelength A;,, [18]. There is a strong thresholding
behaviour accompanying this effect (Fig. 8) which can
be used for puise reshaping. The conversion range is
only limited by the tuning range and red and blue shift
are possible within these limits. Conversion over 45 nm
has ben demonstrated [19] at 2.5 Gb/s. Since the device
is optically triggered, device parasitics do not limit the
operation speed. Operation at 5 Gb/s has been shown
with BER down to 10710 [20]. The extinction ratio is
improved for small input extinction ratios. In Fig. 9 an
example is shown for improvement from 4 : 1 to 10 : 1
during wavelength conversion over 8 nm.

" SPECTRUM FP-1310/WTL

dB 3 !

-20 |-

-30

i REE.

1310.0nm 1335.0
5dB/ [ RES 11 ]

-40
1285.0
[SwP

Snm/ ] YS 1nm [ AVR

SPECTRUM FP-1310/WTL 20

REF

-35 |-

‘*l}l L i
1552.0 1562.0nm

[swp 5dB/ | RES

Fig. 7a. Wavelength transformation: 1310 nm Fabry-Perot spectrum
of the injecting laser (top), and single mode emission spectrum of the
Y-laser at 1561 nm (bottom). (Wavelengths/nm,)
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Fig. 7b. Dynamic wavelength transformation from X\;,, = 1310 nm
to Aoyt = 1561 nm. Upper trace is a 155 Mb/s data stream injected
into the Y-laser, lower trace is the transformed data stream emitted
by the Y-laser
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Fig. 8. Wavelength conversion: Power P, of output wavelength of
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Fig. 9. Extinction ratio generation from 4:1 (top) to 10:1 (bottom)
during wavelength conversion from 1566.8 nm (top) to 1558.8 nm
(bottom)

1. MODULE

For easier handling tunable Y-lasers have been built
into butterfly-type modules incorporating a thermoelectric
cooler and a thermistor. The coupling of the facet of
segment number 1 to a lensed fibre is done by laser welding
technique. The layout of the module is presented in
Fig. 10a together with the tuning ability. Six equidistant
channels with 4 nm separation are tuned (Fig. 10b). The
power in the fibre reaches up to —3 dBm [4].

[
-

".,_].,'I‘

|7

Fig. 10a. Layout of a single side coupled Y-laser module
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Fig. 10b. Tuning ability of a single side coupled Y-laser module

Even wavelength conversion can be performed with
such a single side coupled Y-laser module. Input and out-
put are coupled through a fibre splitter in a contradirec-
tional way and are extracted by filters. In all four chan-
nels BER values below 4 * 10710 have been measured
[21]. This type of module is employed for the wavelength
conversion in the multidimensional switching system [22].
Recently double side coupled modules have been realized
[14].

§. SPACE SWITCHING

The branch incorporated in the Y-laser can favourably
be used for space switching from one input port to two
output ports or as a combiner in the reverse direction.
The "laser" must then be driven below threshold like a
semiconductor amplifier. The segments in the parallel
arms of the Y serve as the gates when switched between
absorption and transparency or gain. The gain of the
common segments like the linear and the branching one
serve for compensating part of the losses originating from
coupling, reflection, absorption and splitting. The whole
device has a gain large enough to over-compensate for the
sum of the losses which is measured by the insertion loss.
We have thus achieved net gain while switching signals
through Y-structures. The switching contrast exceeds 30
to 40 dB with switching (gateing) currents of 30 mA [17].
Dynamic Operation is possible up to a speed of 1 Gb/s.

The light sent through the Y-laser can be a data stream
up to a bitrate of 10 Gb/s. The Y-structure switch is
transparent up to those bitrates. Gateing a data stream,
e.g. 5 Gb/s, with a slower current signal , e.g. 155 Mb/s,
performs the operation of packet switching which is shown
in Fig. 11. Switching times are 0.5 ns which requires 2 bits
as a guardband [23]. Integration of several Y-structures
has been done by cascading. Two cascades yield a 1x4
splitter which has been presented in [24].
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Time/ns

Fig. 11. Packet switching of a 5 Gb/s data stream with a rate of 155
Mb/s selecting one packet

9. BISTABLE OPERATION

For optical memory applications bistability is a prereq-
uisite. The Y-laser shows two different kinds of bistabil-
ity. The first one is the intensity bistability induced by a
saturable absorber segment. This absorber segment has
been added to the common segment on the Y-laser and
is voltage (reverse bias) controlled. The output intensity
of the Y-laser switches discontinuously either by internally
raising the photon density via the currents into the other
segments (Fig. 12) or by injecting external light. Up to
now there is only the possibility of electrical resetting.

3+

25 I:MV
—0.4V
=z 2 —105V
= — 055V
@
=z 151
o
a
1
05+ Currents |_3=
|_4=70 mA
0 t T T T T T T t —
0 5 10 15 20 25 30 35 L0 L5 50

Current 11 (mA)

Fig. 12. Bistable intensity switching by current injection into segment

number 1 of a Y-laser with an additional saturable absorber segment.

Opening of the hysteresis loop is controlled by the reverse voltage on
the saturable absorber segment

The other type of bistability is the wavelength bistability
reported in [25]. A bistable loop with a width of 5.5 nm
and 17 mA has been observed while changing the current
into the branching segment (Fig. 13). The effect turns out
to be of refractive origin. It is that fast that it can follow
a modulation of up to 565 Mb/s. This is a new type of
bistability offering the possibility of new types of switching

applications.
1568
g 1586 | preeeeeee ool
§ 1564 [ X
~<
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= .
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Fig. 13. Hysteresis loop of the emitted wavelength versus current into
segment number 2. The other currents are held constant at I, = 59
mA, I3 = 28 mA, 14 = 44 mA

10. SHORT PULSE GENERATION WITH Y-LASERS

Y-lasers have additionally been employed for short pulse
generation by mode-locking. In an external resonator
configuration the devices were antireflection coated on the
facet of the common segment. The residual reflectivity
was estimated to be 107%, the length of the external
resonator was 0.5 m corresponding to an inverse roundtrip
time of 300 MHz. One segment of the laser was driven
electrically with a signal from a comb generator or a
sinusoid at this frequency. The shortest pulses observed
were 18 ps for 1.3 pm devices and 23 ps for 1.5 um
devices (Fig. 14). The shortest time-bandwidth-product
achieved 0.97 at 27 ps pulsewidth [26]. This result leaves
a factor of three for improvement. There is a large
variety of configurations which could be very interesting to
investigate and might lead to the reductions in pulsewidth
or bandwidth necessary to reach the physical limit of the
time-bandwidth-limitation.

200 i :

23 ps

100 -

Intensity / arb. units

0 h_annAman A
0.000

0.333

0.167 0.500

Time/ns

Fig. 14. Short pulses generated by the Y-laser by mode-locking in an
external resonator at 1550 nm. The pulsdewidth is 23 ps

11. CONCLUSION

We have been reviewing the status of the capabil-
ities of the multifunctional Y-laser device. =~ We have
shown the abilities of the Y-laser concerning wide and
fast wavelength tuning and all-optical wavelength conver-
sion. Further functions of the Y structure being presented
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are wavelength translation, space and packet switching,
bistable operation and short pulse generation. All fea-
tures have been obtained with the same basic SIBH in-
terferometric waveguide structure. Only minor modifica-
tions are needed for modifications towards one of the pre-
sented applications. We are thus able to cover different re-
quired functions of future all-optical trans-switching fibre
systems with the same basic technologically simple device.
A widespread use of such a multifunctional device will lead
to cost reductions during implementation of future fibre
networks.
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NONLINEAR OPTICAL PHENOMENA
IN SEMICONDUCTOR LASERS AND AMPLIFIERS:
PHYSICS AND APPLICATIONS

W. ELSASSER

PHILIPPS-UNIVERSITAT MARBURG
FACHBEREICH PHYSIK UND WISSENSCHAFTLICHES ZENTRUM FUR MATERIALWISSENSCHAFTEN
RENTHOF 5, D-35032 MARBURG, GERMANY

Within the framework of nonlinear optics we present and discuss
data of intracavity four-wave mixing within the active volume of
semiconductor lasers and amplifiers and demonstrate both, their
importance for an understanding of the fundamental nonlinear and
ultrafast processes in semiconductor waveguide devices and their
potential for photonic applications.

1. INTRODUCTION

More than 30 years after the first realization of semicon-
ductor laser operation in 1962 the semiconductor laser has
developed to a high technological and sophisticated opto-
electronic device. The application oriented development
of laser technology has been accompagnied by the investi-
gation of many basic principles and physical problems.

The present article will discuss some selected problems
within the area of nonlinear optical phenomena in semi-
conductor lasers and amplifiers with particular emphasis
on photonic applications. We would like to review some of
the recent progress of Four-Wave Mixing (FWM) in active
and passive semiconductor waveguides, i.e. in semiconduc-
tor lasers and amplifiers. First we discuss three topics of
FWM in lasers, both with the aspects of applications as
well as fundamental physics. The first being the highly
efficient nonlinear optical process of the generation of new
frequencies for photonic applications which is considered
with respect to efficiency and microscopic origin including
the study of polarization dependence and the third or-
der susceptibility of low dimensional carrier systems. The
second topic will be the optical bistability and the nearly
degenerate four-wave mixing in a GaAlAs laser under in-
termodal injection. And third, noncollinear interaction in
broad area devices is illustrated and discussed with the po-
tential of beam steering and spatial switching, again with
the aspects of photonic potential.

Finally, highly degenerate FWM in amplifiers with
frequency detuning of the interacting fields in the THz
regime, are discussed to understand from the view point of
ultrafast intraband dynamics of semiconductors, both, the
physical processes involved in the modulation response and
FWM properties of semiconductor lasers and the cross talk
between multiplexed signals in semiconductor amplifiers.

2. NONLINEAR OPTICAL FOUR-WAVE MIXING
IN SEMICONDUCTOR LASERS AND AMPLIFIERS

2.1. Nearly degenerate cascade FWM mixing in lasers

Investigations in the field of nonlinear optics ran parallel
to the developments and progress in lasers. In particular
intracavity process represent a very elegant and effective
technique due to the combination of nonlinear and ampli-
fying medium at once. The basic description of nonlinear
optics relies on an expansion of the polarization P accord-
ing to powers of the electric field £

P=exVE + exPE? + cox3 E3. (1)

The relevant coefficients are the nonlinear susceptibilities
X(") of the order n.
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Fig. 1. Optical spectrum of a four-wave mixing process in a
semiconductor laser in a Fabry — Perot interferometer depiction

A very efficient intracavity nonlinear optical process is
four-wave mixing within the semiconductor laser cavity [1],
[2], [3]. Light from a second laser source (e.g. a dye
laser or another semiconductor laser) at frequency wy is
coupled into the active region of the semiconductor laser
laser which operates at frequency wy. These frequencies
interact and generate new frequency wy & (wy —wy ) which
can be spectroscopically detected. An experimental result
obtained by Fabry —Perot spectroscopy is shown in Fig. 1.
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Obviously, not only the primarily generated signals at
wy £ (w1 —wy) and wy + (wy — wy ) are resolved but also
new generated frequencies at multiple detunings, signals
denoted by PC3 and PC, which can be understood
as result of a so-called cascade FWM process by which
the new generated fields themselves interact with the
fundamental ones [4].

Systematic studies have been performed in order to
clarify the basic underlying mechanism of this high efficient
intracavity FWM process [5]. First, the dependence of the
third order susceptibility, derived from the experimental
data and applying Eq. (1), on the intensity of the injected
light I,(= Ip,,) has been investigated. This result is
shown in Fig. 2. Obviously, X(S) decreases with increasing
intensity (Ip,,). This observed behaviour reflects the
decreasing carrier concentration /N depopulated by the
increased stimulated emission and has been modelled by

the rate equations. Consequently, X(B) is a function of N
(and hw).
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Fig. 2. Measured dependence of the third order susceptibility x(®)
on the injected laser intensity

Second, the detuning frequency dependence has been
studied (Fig. 3). The observed spectra can be classified as
follows:

a) For detunings above 1 GHz, the FWM process oc-
curs, with generated sidebands determined by the detuning
frequency.

b) For detunings below 1 GHz, sidebands at a constant
separation, corresponding to the relaxation resonance
frequency appear, independent of the detuning.

These observations demonstrate that in both cases the
excitation is related to the inverted carrier system. The
system responds with its characteristic eigen frequency,
the relaxation resonance frequency for small detuning(c.f.
case b)) whereas the response occurs as externally driven
oscillations if the detuning is higher (case a)). These os-
cillations of the population (inversion) of a laser are well
known, in particular in multimode laser theory [6], but
have not yet been discussed in the connection with non-
linear optical interaction in a laser active medium. Semi-
conductor laser allow a very elegant access to these pop-
ulation pulzation due to the fact that fluctuations in the
inverted carrier system can be probed by analyzing the
injection current. By simulatenous performance of an op-
tical four-wave mixing process and the frequency asnalysis
of the injection current we have been able to demonstrate
directly that population pulzations excited with the detun-

ing frequency are the basic origin of FWM in a semicon-
ductor laser [7]. Directly related to this interpretation is
the question of the maximum possible detuning. If the
population pulzations in a semiconductor laser, in the con-
text as discussed above are due to an interband excitation
of the inverted bandstructure the maximum excitation fre-
quency is the relaxation resonance frequency and for fre-
quencies above, the response drops [8]. However, if intra-
band processes with their characteristic scattering time in
the fs regime contribute, a much more extended frequency
response should be possible [9] and thus efficient FWM
processes with detunings exceeding 10 GHz should be per-
formed. By simple increased detuning frequencies FWM
signals up to 21 GHz have successfully generated [5]. In
principle by even higher detuning more information on the
microscopic origin should be obtained. However, for lasers
efficient light coupling has not been able for higher detun-
ings due to the tiny function transmission characteristics
of the semiconductor laser-cavity. Therefore, to overcome
this problem, highly degenerate FWM (HDFWM) in an
orthogonal geometry in a BA laser over a frequency sep-
aration of one longitudinal mode spacing has been pro-
posed and performed (paragraph 2.2), whereas results for
intramodal FWM exceeding one-longitudinal mode spac-
ing will be discussed in paragraph 2.4. Finally, HDFWM
in amplifiers without any Fabry-Perot resonator restrictions
will be described in paragraph 3.
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Fig. 3. FWM spectra for different detunings Aw between
semiconductor laser field and injected laser field

2.2. FWM at high detuning (HDFWM)

As discussed in the previous chapter one of the impor-
tant questions related to nonlinear optical processes, be-
sides their importance for frequency generation, concerns
the microscopic origin. Two mechanisms have been pro-
posed and demonstrated to be responsible for NDFWM in
semiconductors. One is carrier density modulation caused
by interband photomixing of pump and probe fields. This
interband process generates gain and index gratings in the
active layer, leading to significant NDFWM signals at fre-
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quencies below a few GHz, corresponding to the spon-
taneous carrier lifetime. Additional ultrafast gain satu-
ration, referred to as the gain nonlinearity effect, is the
other mechanism. In this case the occupation probability
of carriers in each energy band, rather than the actual
carrier population, is modulated by the pump and probe
fields. This intraband relaxation process is much weaker
than the interband process at low frequencies, but, ow-
ing to its ultrafast dynamics, can dominate the HDFWM
process at frequencies well beyond the corner frequency
of the carrier density modulation. These frequency do-
main NDFWM experiments are equivalent to time-domain
pump-probe experiments.

The basic idea of our experiment [10] was the direct
demonstration of the appreciably cavity-enhanced modu-
lation response of the semiconductor laser at the longitu-
dinal mode spacing frequency {2 which is more than an
order of magnitude higher than the relaxation frequency
QRro as discussed by Lau [12]. We considered the broad
area (BA) laser as the medium in which the nonlinear
interaction takes place. The nonlinear interaction of the
longitudinal modes generates a population pulzation with
the characteristic beating frequency Avg, = 170 GHz.
As a probe for the modulation we injected in an orthog-
onal geometry (i.e. perpendicular to the laser resonator)
a single mode DFB laser. The light of a DFB laser which
interacts with these population pulzations consequently ex-
periencing sidebands at vppp + mAvpg,, which have
been detected and indeed they look very similar to the
cascade FWM spectra of paragraph 2.1. Finally we have
analyzed the process quantitatively. From the absolute
signal strength of the new generated FWM signals the re-
sponse as a function of frequency has been determined.
The result is shown in Fig. 4 including FWM response
values at 13 and 21 GHz. We find a 170 times enhance-
ment (45 dB above the 40 dB/decade roll-off) proving that
FWM with detunings much higher than the relaxation os-
cillation frequency is possible and at quite considerable
signal strength, which can be attributed to the resonator-
enhanced response in semiconductor lasers at the longi-
tudinal mode difference frequency {2, in accordance with
theoretical predictions [11].

"The next important question is how the cavity enhanced
peak height at 170 GHz in our case depends on frequency.
So if we are able to perform a FWM experiment at
multiples of the longitudinal mode frequency from their
frequency dependence it might be possible to deduce
the microscopic origin of HDFWM, carrier heating or
spectral hole burning, an answer equivalent to the question
discussed in the context of NDFWM (8], [9].

Finally our conclusions and interpretation concerning
the carrier density system responsible for FWM have been
supported by studies in QW lasers. For comparable
experimental conditions we find that X(S) mediating the
nonlinear optical process is enhanced by a factor of 3—5
as compared to bulk lasers. This can be understood if

we consider the different phase-space filling in the low-

dimensional carrier system of QW semiconductor lasers.
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Fig. 4. Summary of the experimental results for the response of a
semiconductor laser as deduced from the various FWM experiments

2.3. Polarization dependence of FWM

Next we addressed the polarization dependence of
FWM for detunings Aw ~ w,.; where population pulza-
tions are responsible for FWM supporting further evi-
dence for the carrier system as origin of FWM. So far,
FWM has mainly been studied in TE-configuration with
the master and slave laser having the same polarization.
Orthogonal polarization experiments have been only per-
formed in a travelling-wave amplifier by Grosskopf [12],
with the results of very small FWM-signals. We compared
the FWM behaviour for TE- and TM-light injection in a
bulk and a MQWe-laser as a slave laser. We find that in
a bulk laser a FWM-signal is observed for TM-injection,
opposite to a quantum well laser. This is attributed to the
interaction of the injected light with the residual TM-light
in the cavity of the slave laser [13]. In QW-lasers, the
FWM signal does not show up because the residual TM-
light is strongly suppressed, due to the larger gain differ-
ence between TE- and TM-mode.

2.4. Optical bistability and NDFWM
under intramodal injection

Finally we studied optical bistability and NDFWM un-
der intramodal injection [14]. Under intermodal injection,
where the injection occurs in the vicinity of a nonlasing
longitudinal side mode, the nonlinear optical behaviour
of the slave laser is dramatically different as compared
to intramodal FWM, where the master laser frequency
is close to the slave laser frequency and the slave laser
oscillates either in the injection locked regime or in the
NDFWM regime. We have observed that a single mode
GaAlAs laser could then oscillate in three regimes, de-
pending on the injected power P;,; and on the detuning
bw = wy — winj, where wy and w;,; are, respectively the
sidemode (denoted £) and the injected field (£;y;) fre-
quencies. The different regimes are qualitatively depicted
in Fig. 5.
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Fig. 5. Schematic representation of the different operation regimes of
a laser under intermodal injection

Domain I is the injection-locking domain, which has
been theoretically studied by Frey and Provost [15]. In
domain II, the free-running mode (Fy) remains the dom-
inant lasing mode. A surprising feature is the existence
of domain III, where the sidemode /7 becomes the dom-
inant lasing mode and, instead of the occurrence of injec-

tion locking, the coexisting fields £;,; give rise to strong
NDFWM processes at the beat frequency 0€). Unlike the
intramodal injection, NDFWM only appears for dw posi-
tive and below a critical value, which sometimes exhibits a
strong hysteresis with respect to increasing or decreasing
dw: for certain values of P;,; the jump from regime III
to regime II occurs for a detuning higher than the de-
tuning initiating the reverse jump. This bistable domain
borderline is obvious from Fig. 5. The bistable domain has
been observed for any sidemode of the slave laser. The
experimental borderline of the bistable domain, denoted
6Q111-11 are (Pipn;) and 6Q41-111(Pjn;) are depicted
in Fig. 6 (left part). Simulation results obtained by a two-
mode rate equation model are shown in Fig. 6 (right part)
reproducing very clearly the bistable behaviour [14]. These
findings may be promising for optical switching and optical
multiplexing applications, since, in the bistable domain, a
small (a few GHz) and only temporarily change of the in-
jected light frequency induces a large (up to S THz), rapid
and persistent change of the slave laser frequency.
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Fig. 6. Measured (left) and calculated values (right) for the bistable transition domain
2.5. Noncollinear FWM in lasers frequency dependence of the FWM process, spatially

Instead of using the collinear FWM geometry as de-
picted in Fig. 1, the two external fields can be injected
into the device using a phase conjugation geometry [16],

as shown in Fig. 7.
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Fig. 7. Schematic depiction of the noncollinear FWM geometry in a
BA laser

Using a broad-area device permits the excitation of
distinct cavity modes. The nonlinear mixing behaviour is
then studied in spectrally resolved far-field measurements.
From the results and the analysis of the spatial and

dependent carrier effects, including ambipolar diffusion
coefficients under highly excited resonator conditions can
be deduced, in addition to the effects as discussed for
collinear interaction geometry [17]. From the applications
point of view, all-optical modulation schemes, spatially
adressable device as well as the restoring properties of
phase conjugation seems very promising.

3. NONLINEAR HDFWM IN AMPLIFIERS

Finally, we review some of the recent work on ampli-
fiers, with particular emphasis on the key points we dis-
cussed in connection with nonlinear optics in semicon-
ductor lasers. Highly degenerate FWM in semiconductor
travelling wave amplifiers (TWAs) have been used as a
frequency domain technique to study ultrafast dynamics in
semiconductors. Until now even contradictory results and
interpretation of the relevance of the microscopic origin
have been given. Two leading candidate mechanisms have
been discussed that can cause a significant NDFWM ef-
fect. They are carrier heating and spectral hole burning
[18]-[24]. An early theoretical treatment of NDFWM in
semiconductors by Agrawal considered spectral hole burn-
ing [8], [9]. Recent measurements by Kikuchi [17] sup-
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port this mechanism. However, femtosecond pump-probe
measurements by Hall ez. al. [29] concluded that dynamic
carrier heating was the major source of nonlinear gain.
This was supported by an experiment by Tiemeijer [23].
By applying detunings up to the THz regime it should
be possible to separate the various contributions, as e.g.,
spectral hole burning and dynamic carrier heating. Very
recent results [18], [20], [24] ended up with the conclusion
that it seems that both mechanisms contribute, however
with a variation of the strength of these two mechanisms,
depending on laser structure, wavelength and structure.

4. SUMMARY AND CONCLUSION

We discussed FWM in semiconductor lasers and ampli-
fiers including very recent results with respect to a quali-
tative and quantitative description incorporating the basic
underlying mechanisms. The relevant contributions of the
carrier system to the nonlinear optical process, both in
lasers and amplifiers were attributed to carrier density or
occupation probability modulation, i.e. interband or intra-
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LASER DIODE PHASE CONJUGATE MIRRORS
AND OPTICAL REPEATERS
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The exploitation of nearly degenerate four-wave mixing in above-
threshold laser diodes to implement phase conjugate mirrors and
optical repeaters is investigated theoretically. It is shown that
conjugate reflectivity and four-wave mixing bandwidth are enhanced
in symmetric laser diodes with low reflectivity facets. It is shown in
particular that a 7 — 8 dB enhancement of conjugate reflectivity
can be obtained in an asymmetric laser diode, compared to a
symmetric laser, by reducing the input facet reflectivity. Longitudinal
variations of both the nonlinear wave-mixing interaction and the
gain distribution in the laser cavity are taken into account in the
model. Such variations are shown to be essential in describing four-
wave mixing in laser diodes with low or strongly asymmetric facet
reflectivities. The phase conjugate properties of twin-section laser
diodes have also been investigated. It is shown that, under appropriate
biasing conditions, such devices exhibit a uniform phase conjugate
reflectivity over a frequency detuning range of more than 10 GHz.

1. INTRODUCTION

The aim of this paper is to identify novel semiconduc-
tor laser structures capable of acting as versatile phase
conjugate optical repeaters and amplifiers (PCORA). The
proposed structures — due to their resonant cavity con-
figuration — generate a phase conjugate signal in both
transmission and reflection modes. The phase conjugate
transmission can be utilised to remove cross-talk arising
due to four-wave mixing in multichannel wavelength divi-
sion multiplexed (WDM) optical fibre communication sys-
tems. Reduction in co-channel interference by the use of
the PCORA will facilitate an increase of the transmission
capacity of WDM optical communication systems. Phase
conjugate reflection can, on the other hand, be utilised to
implement efficient phase conjugate mirrors (PCM) which,
used in conjunction with a laser diode, offer the opportu-
nity for achieving ultra-narrow linewidth single-mode laser
diodes.

Four wave mixing (FWM) has been identified for ef-
fecting a number of functions in ultra-high-speed optical
transmission and signal processing systems (see e.g., [1]).
Such processes as high-speed demultiplexing, chromatic
dispersion compensation via spectral inversion and clock
recovery have already been demonstrated at speeds up to
100 Gbit/s. Laser diode amplifiers, due to their size and
case of utilisation, are perceived as having advantages for
performing such high-speed functions. Complementary to
those efforts, considerable attention has also been given to
the development of stable narrow-linewidth semiconductor
lasers for a variety of applications in optical communica-
tions and optical signal processing. One approach to this
objective is the utilisation of external optical feedback to

control the phase fluctuations which give rise to the finite
laser linewidth in laser diodes. A particularly attractive ap-
proach is to utilise feedback from phase conjugate mirrors.
Such mirrors have the property of reversing the phase of
incident light and, in consequence, would be expected to
reduce phase fluctuations in the target laser. Although
linewidth narrowing in semiconductor lasers has been suc-
cessfully demonstrated using barium titante phase conju-
gate mirrors, the complexity of the arrangement effectively
precludes their utilisation in a general engineering context.
On the other hand, the generation of phase conjugate sig-
nals via multiwave mixing in semiconductor optoelectronic
devices does offer a practical means for laser linewidth
control.

The physics of multiwave mixing in laser diodes [2],
[3] and semiconductor optical amplifiers [4], [S] has also
attracted considerable attention in recent years. Optical
phase conjugation through nearly-degenerate four-wave
mixing (NDFWM) in semiconductor lasers is of particular
interest because very high conjugate reflectivities in the
order of 30-40 dB can be achieved owing to the amplifying
effect of the semiconductor gain medium and the cavity
enhancement of the mixing process [6]. Wave mixing also
represents one of the fundamental nonlinear optical pro-
cesses and has an important effect on the dynamical and
spectral behaviour of laser diodes. In multi-longitudinal
mode InGaAsP laser diodes, intrinsic multiwave mixing oc-
curring in the presence of nonlinear gain has been shown
to effect self-locked FM operation [7]-[9]. FWM may also
be used to extract basic information on gain saturation
[10]-[13] and to characterize many fundamental parame-
ters of semiconductor lasers [14], [15]. Furthermore, all-
optical frequency conversion using FWM has been pro-
posed and demonstrated [16] in optical coherent multicar-
rier systems.

In a seminar paper [17], Agrawal presented a theory
of nondegenerate FWM in semiconductor lasers and am-
plifiers with particular emphasis on the physical processes
that lead to population pulsations. Although the FWM
theory presented by Agrawal is based on a travelling-wave
formulation, most of the attention is devoted to the discus-
sion of FWM in semiconductor laser amplifiers, and Fabry-
Perot (FP) cavity effects were not included. Recently,
Mecozzi et al. [18] presented a detail theoretical analysis
of NDFWM in a distributed feedback (DFB) laser using
the travelling-wave formulation. By using the mean-field
approximation, they derived analytical expressions for the
probe and the conjugate wave outputs, and demonstrated
good agreement between theoretical and experimental re-
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sults. On the other hand, several theoretical treatments of
NDFWM in FP laser diodes biased above threshold have
emphasized the temporal field-matter interactions in the
FWM process [19], [20], without taking into account lon-
gitudinal variations of the wave-mixing interactions along
the laser cavity. Although the time-domain rate-equation
approach is adequate for the analysis of NDFWM in FP
laser diodes with symmetric and high facet reflectivities,
the coupled-mode travelling-wave formulation has to be
used in the description of NDFWM in laser diodes with
low and/or unequal (asymmetric) facet reflectivities and
in laser diodes with longitudinal structural variations. In
these latter cases, the longitudinal carrier and photon den-
sity distributions are highly nonuniform, and hence, the
mean-field approximation is no longer valid. Another im-
portant feature of the spatially-dependent coupled-mode
analysis of FWM is that it allows the comparison of optical
probe injection into either facet of a asymmetric FP laser
diode (or into either section of a twin-section laser diode),
whereas in a model which uses the mean-field approxima-
tion, this would not be possible.

In the present paper, a summary is given of our recent
theoretical work on cavity-enhanced NDFWM in above
threshold laser diodes with low and/or asymmetric facet
reflectivities. The work [21] represents a generalisation
of the theory of Agrawal [17] to take into account Fabry-
Perot cavity effects and, at the same time, incorporate the
longitudinal variations of both the nonlinear interactions
and the gain distribution in a theoretical description of
NDFWM in laser diodes. In this way it has been possible
to obtain a model that is widely applicable and that is, in
particular, capable of describing FWM properties in laser
diodes where the longitudinal field and gain distributions
are significantly nonuniform. The model has also been
applied to tailoring the phase conjugate response of two-
section asymmetric laser diodes [22]. Here the main
outcome has been the prescription of operating conditions
to obtain an enhanced phase conjugate response without
relying upon narrow resonances associated with either the
cavity structure or the relaxation resonances in the device.

2. THEORETICAL MODEL

In this section, we present a theoretical model of cavity-
enhanced NDFWM in above-threshold laser diodes based
on a theory proposed by Agrawal [17], generalized to
take into account resonant-cavity effects and longitudinal
variations of the nonlinear wave-mixing interaction and
internal gain distribution. The laser is assumed to oscillate
in a single transverse and longitudinal mode providing the
pump wave at frequency wp. A collinear probe wave at
frequency w; is injected into the pumped laser through the
front facet with power reflectivity R, at z = 0, where 2
is the distance along the longitudinal direction of the laser.
The nonlinear coupling of the intracavity waves modulates
the carrier density at the beat frequency {2 = wy —wy, and
generates a conjugate wave at frequency wy = wg — )
through NDFWM.

We assume that the laser structure supports only the
fundamental wave-guide TE mode, and that the field F
is normalized such that the optical intensity / (in units

of watts per square meter) is given by I = |E|%
Using the plane-wave expansion, we write the field £ and
the induced polarization P as the sum of the Fourier

components:
(z,y) ZE

(2,y) Y Pi(2) exp(—iw;t), (2)

J

E(z,y,2,t) z) exp(—iw;t), (1)

Ple,y,2,0) =T

where U(z,y) is the transverse distribution of the funda-
mental waveguide TE mode, and 7 = 0, 1,2 correspond
to the pump, the probe and the conjugate waves, respec-
tively. The one-dimnensional wave equation for the vari-
ous field components is written as

a?E; ., Tw?

d2+kE_—Tc7P]’, (3)
where €y is the vacuum permittivity, ¢ is the velocity of
light in vacuum, I' is the mode confinement factor, k; =
= Tw;/c = w;/vy are the wavenumbers, 7 is the group
refractive index pertaining to the waveguide mode, and v,
is the group velocity.

The dominant physical mechanism of NDFWM in semi-
conductor lasers was explained by Agrawal to be the mod-
ulation of the carrier density at the beat frequency 2 of
the pump and the probe waves. The carrier density mod-
ulation results in temporal refractive-index and gain mod-
ulation which act as index and gain gratings to the pump
and probe waves. Diffraction of the pump and the probe
waves from these dynamic gratings generates the conju-
gate wave. The static carrier density N at an injection cur-
rent density J, and the carrier density modulation A Ng
can be obtained by solving the carrier rate equation [17].
Because the pump-probe frequency detuning in the nearly
degenerate case is much smaller than the gain-spectrum
bandwidth, it can be assumed that all waves experience the
same gain given by

g(N) = a(N - No)(1 - €| E[*), (4)

where N is the carrier density, Ny is the carrier density
at transparency, a is the differential gain, and € is the
nonlinear gain compression factor.

The field-carrier interaction is governed by the relation

P = €0XE, (5)

where the susceptibility is defined as x(N) = —nc(f+
+1)g(N)/wo and [ is the linewidth enhancement factor
which accounts for the carrier-induced index change. The
induced polarization components P; are found [21] in the
form:

Po(z) =
Pl(Z) = €0AQ(N)[E1
Py(z) = oAg(N)[E,

where

GOAg(N)Eo, (6)
= AnQEO = 6NLEO], (7)
— AngEq — 6§ Eo),  (8)

A = —(nc/wo)(B + 1), 9)
—ANq  (EE\+ EoE3)/ P,
(N —No) (14 |Eo|*/P, —iQr,)’

A’IZQ =
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G(EgEl + E()E;)

ONL = A (11)
9(N) = a(N = No)(1 - €[ Eo*)
_ (ats/ed)d — aNy (12)

_ 2
1+ |Eo|2/ P, ( €| Eol®),

where P; = hwo/(T'ats) is the saturation intensity, A
is Planck’s constant divided by 27, T is the spontaneous
carrier lifetime, e is the electronic charge and d is the
active layer thickness. ‘The term épy is included to
account for the nonlinear gain saturation effects.

2.1. Fabry-Perot Cavity Effects

To incorporate the effect of resonant cavity into the
analysis, it is necessary to treat both the forward and the
reverse propagating waves. In this case, therefore, the
z-dependence of the fields is assumed to be

Ej(z) =

(13)
where Af(z) and Aj(z) are the normalized complex
slowly-varying fields of the forward and the reverse prop-
agating waves, respectively. Similarly, the induced polar-
ization at the corresponding frequency is expressed as the

sum of the forward and the reverse propagating compo-
nents:

Pla) == P;“(z) exp(ikoz) + P} (2) exp(—ikoz).
(14)
We substitute equations (13) and (14) into (3) and apply
the slowly varying envelope and the rotating wave approx-
imations to obtain

+ Ay = +——=P5", 15
dz g 4 2nceg/ Py 0 L15)
alAit 1mf) Qi iwlf

L A:*:iLAi = , (16
dz T8 j L 27LC€0\/ 1 (16)
dAE  mQ Cinp wo I’
d—;$“‘z‘A§ti 5 A e P27( 7)

2ncegn/ P,

where «;,; is the internal loss coefﬁment introduced
to take into account all losses (diffusion, free-carrier
absorption, scattering, etc.) other than mirror loss.

Substituting the induced polarization components from
equations (6)-(8) as the source terms into (15)-(17), we
obtain the coupled-wave equations which describe the
evolution of three sets of forward and reverse propagating
fields along the z direction:

dAZ

Qint =+
ke = oAy —’“Ao (18)
=4
djz MiwﬂA +ao[AE —(X+Y)QAF]F It 4%, (19)
+
%:ZF“—LQAi:tGO[Ai (X*+Y)Q*Ag:]q: OtiniAQ:t7
(20)
where
a(z)= =2 _(1-eP,Pr)(1-if), (21)
AEN " ’

\/E[A;r (2) exp(ikoz)+ A (2) exp(—ikoz)],

Pr(z) = |A§ (2)]” + |45 ()%, (22)
Q(2) = AJ(AF)" + Ag (A7)"+
+(AS)" AT + (A9)AT, (23)
X(z)=1/(1+4 Pr —iQ7s), (24)
Y(z) = ePs/(1 — €Ps Pr), (25)

and where Ang = X@Q, go = T'aNo(J/Jo — 1) is the
small signal gain and Jo = ed Ny /7, is the transparency
current density. The effect of nonlinear gain saturation
has been reported [18] to damp the FWM response around
the relaxation oscillation frequency of the pumped laser.
The cavity standing waves generated by counterpropagat-
ing wave coupling gives rise to additional damping of the
relaxation resonance peak of the FWM response through
the mechanism of spatial hole-burning. However, experi-
mental results showed that the effect on FWM spectra of
spatial hole-burning is negligibly small compared to that
arising from nonlinear gain saturation [18]. Consequently,
longitudinal cavity standing wave effects are neglected and
only copropagating wave coupling is taken into account in
the model. The 2z dependence of the normalized intracav-
ity pump intensity Pp is retained in the model. This is
of importance when consideration is given to lasers with
very low or unequal facet reflectivities where significant
nonuniformity in the field distribution is anticipated. We
consider the case where the probe signal injection is very
small so that the effect of probe-induced carrier depletion
in the pumped laser is negligible. The intracavity pump
signal can thus be assumed free-running. This assumption
is consistent with reported experimental investigations of
nearly degenerate FWM in laser diodes in which very small
probe signal injection power of about 0.02 pW was used
[18], [19].

The coupled-wave equations must satisfy the boundary
conditions at the two laser facets with power reflectivities
Ry and R,, respectively:

A¥(z=0)= /1 RiAin+VR14] (2 =0), (26)

AR’]‘Z \/l—RlA;(ZIO)-}- \/fz—lAm, (27)
A7 (z = L)exp(~ikoL) = v/ Ry AT (z = L) exp(ikoL),

28

A a7l ~ R2A+ (z = L) exp(ikoL), E?Q;

where A;, is the normalized incident probe signal am-
plitude which is zero for 7 = 0,2, L is the laser cavity
length, Ar; and A7 ; are the output fields from the front
(2 = 0) and the rear (z = L) facet, respectively, at the
corresponding frequency.

We define the probe (conjugate) reflectivity R, (R.)
as the ratio of the probe (conjugate) output power from
the front facet (2 = 0) to the incident probe power at
the same facet. Similarly, we define the probe (conjugate)
transmittivity 7', (7% ) as the ratio of the probe (conjugate)
output from the rear facet (z = L) to the incident probe
power at the front facet, ie.,

2
AR
Ain

2

Aral® (30

)

Ain

5 Tp:

By |
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2
>Tc:

A Apq|?
R2 .9 (31)
Ain Ain
Details of the numerical technique used to solve this
system of equations are given in reference [21].

3. RESULTS AND DISCUSSIONS

A small probe injection power of P;,, = 0.02 uW [18],
[19] is assumed to be incident at the laser front facet at
z = (. The following parameter values appropriate to
GaAs/AlGaAs laser diodes are used in the analysis (unless
stated otherwise): laser volume V' = (300 pm X 2.0
pm X 0.2 pum), reference wavelength Ag = 0.83 um,
F'=04,a=3x10"16 cm? Ny = 1.1 x 1018 cm™3,
B=3 mn=11m o=, and e = 285108
m?/W (which corresponds to 5.0 x 10718 cm?).

3.1. Symmetric Laser Diodes

To illustrate the longitudinal variations of the NDFWM
interactions, the amplitudes of the normalized carrier
density deviation Ang along the z axis are plotted in
Fig. 1. Significant longitudinal nonuniformity is observed
in the carrier density deviation distribution, especially
for lasers with highly asymmetric facet reflectivities. In
as much as it is the carrier density fluctuations which
drive the FWM process, it is to be expected that such
carrier variations will influence achievable phase conjugate
reflectivities in these devices. Furthermore, it is observed
that the carrier density deviation is the largest in the
device with low-reflective front facet and high-reflective
rear facet. It is therefore to be expected that the efficiency
of optical phase conjugation is enhanced in devices with
Ry < R, with the probe injection incident at the facet
with reflectivity R.

R =

5.5 b S ) ‘ 1 S S I heshiaidacd l 11 1 J_l j S l J W % S
: Pae
50 -
~ 45— ~~,~~~~‘~-R1 - 0-1 -
n 40 S e
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‘Q_ 35- “"~..~~~‘~ —
X 30+ o [
: 2.5 R =03
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C 20+ =
hal
154 =
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Fig. 1. Amplitudes of normalized carrier density deviation along the
longitudinal axis of the laser cavity for three laser devices with
different facet reflectivities. Ry X Ry = 0.09 in all three cases.

The evolution of the conjugate signal intensity along the
z direction of the laser is illustrated in Fig. 2, where the
laser facet reflectivities are Ry = Ry = 0.1. The solid
curves are obtained with the piecewise constant inversion
population (PCIP) model [21]. The dashed curves are

obtained with a spatially uniform gain model, in which case
we assume a z-independent normalized average intracavity
pump intensity P given by

_ i fE _
= Z/ A% () 4145 (2)Pdz = L1, (32)
0 gth
and
PR (33)
= Ujn 7l | =
it 2L " \RiR;
is the threshold gain of the laser diode. Significant

differences are observed between the propagation curves
of the conjugate intensity computed with the two models,
when the laser facet reflectivity is small. This is generally
true for Ry = Ry < 0.3 and for lasers with highly
asymmetric facet reflectivities. Similar differences are also
observed in the values of the probe intensity, although
the differences between the pump intensities from the
two models are less pronounced. Fig. 2 also shows
that the conjugate intensity along the z axis is highly
nonuniform and thus the mean-field approximation can
not be assumed in lasers with low facet reflectivities.
The above results demonstrate that longitudinal variations
of the internal gain should be taken into account in
discussions of NDFWM when consideration is given to
lasers with low or asymmetric facet reflectivities.

1 L 1 I 1 l L J 1 ] 1
Qo.zsj :
2 ] C
é 0.2 -
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= ] r
f—
2 o *
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0 50 100 150 200 250 300

Distance dong z axis ( pm )

Fig. 2. Evolution of normalized conjugate intensity along the
longitudinal direction of the laser cavity. Significant differences are
observed between results obtained with the PCIP model (solid
curves) and the uniform-gain model (dashed curves).

The probe and the conjugate output power at z = L as
a function of pump-probe frequency detuning are shown
in Fig. 3(a) and 3(b), respectively. The facet reflectivities
are By = Ry = 0.3. The solid and the dashed curves
correspond to § = 3 and 3 = 4, respectively. Probe and
conjugate output power peaks are observed at frequency
detuning approximately equal to

.
Op = (gthngT) ’

34
’ (34)
which corresponds to the relaxation oscillation frequency
of the pumped laser. It is also observed that the con-
jugate output power curve is symmetric with respect to

zero pump-probe frequency detuning, whereas the probe
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output power curve exhibits strong asymmetry with higher
probe output for negative frequency detuning. This agrees
very well with experimental results of Simpson and Liu [19]
and also observations in semiconductor optical amplifiers
[4], [S]. Such probe gain asymmetry was theoretically pre-
dicted by Bogatov et al. [23]. The physical origin of the
asymmetric nature of the probe gain is related to the fact
that a change in carrier density affects both the gain and
the refractive index of the active region in semiconductor
lasers [17], [24]. Hence, population pulsations create both
gain and index gratings simultaneously; the relative contri-
butions of the two gratings are governed by the linewidth
enhancement factor, §. Fig. 3 also shows that probe and
conjugate output power increase for larger value of the
linewidth enhancement factor, and confirms the significant
contribution of refractive-index grating in the FWM pro-
cess arising from the large [ value in semiconductor lasers.
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Fig. 3. (a) Probe and (b) conjugate output power versus frequency
detuning for 3 = 3 (solid curves) and 3 = 4 (dashed curves).
Ry = Ry =10.3. Poyi = T.T3mW.

The transmittivity of the probe 73, and the conjugate T,
waves as a function of frequency detuning are plotted in
Fig. 4(a) and 4(b), respectively, for different values of the
spontaneous carrier lifetime, 7,. 1), and 7% in the range of
30 — 40 dB can be obtained at frequency detunings near

the relaxation oscillation frequency, which agree well with
experimental observations [14].

Because the relaxation oscillation frequency Qg is in-
versely related to 7, as indicated in equation (34), we
see that the bandwidth for positive conjugate transmittiv-
ity increases for smaller 75. For frequency detunings well
above Q0 g, T}, and T, decrease rapidly with roll-off rates
of approximately —20 and —60 dB per-frequency decade,
respectively, in accordance with experimental results re-
ported in reference [14]. In this reference, Fabry-Perot
cavity effects are indicated as being responsible for the
observed roll-off rates. The cavity effect is indeed apparent
in Fig. 4, in which, for very large frequency detunings, the
transmittivities are seen to increase again because of the
effect of the adjacent Fabry-Perot resonance.
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Fig 4. (a) Probe and (b) conjugate transmittivity as a function of
frequency detuning for different values of spontaneous carrier
lifetime. Ry = Ry = 0.3.

3.2. Symmetric Low-Facet-Reflectivity Laser Diodes

The effects of varying the facet reflectivity R = Ry =
= R, on conjugate transmittivity at a constant injection
current density, chosen here to be J/Jy = 2.45, are
illustrated in Fig. 5. In symmetric facet reflectivity laser
diodes, R. = T,. For low facet reflectivity, the average
intracavity pump intensity is reduced because of high
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mirror losses. The relaxation oscillation frequency of the
laser is correspondingly reduced resulting in the shift of
the side transmittivity peaks to smaller frequency detuning.
Lower pump intensity also means that carrier depletion by
the pump wave is decreased thus enhancing the effective
gain experienced by the conjugate and the probe waves.
Also, at low facet reflectivity, the coupling efficiency of
the constant probe injection power into the laser cavity
is increased. Both of these effects contribute to higher
probe and conjugate transmittivities in laser diodes with
low reflectivity facets. This nontrivial result can only be
found using the present technique in which the coupled-
wave equations incorporating the resonant-cavity effects
and the z dependence of the nonlinear interaction are
numerically integrated subject to the boundary conditions
imposed at the laser facets.

L 1 1 41

Conjugate transmittivity ( dB )

T T

T
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—
4 6

Frequency detuning, (/27 ( GHz )

Fig. 5. Conjugate transmittivity versus frequency detuning for
symmetric laser diodes with different facet reflectivities.

It is also observed from Fig. 5 that the bandwidth
for positive conjugate transmittivity increases as the laser
facet reflectivity is reduced. This is purely a cavity-
effect resulting from the broadening of the Fabry-Perot
resonant transmission bandwidth at low facet reflectivities.
This explicit dependence of the conjugate transmission
bandwidth on laser facet reflectivity can be computed,
again, only by use of the present formalism.

The above results show that enhancement of both the
conjugate transmittivity and the conjugate transmission
bandwidth can be obtained in symmetric laser diodes with
low facet reflectivity. We have thus shown that the band-
width of NDFWM in laser diodes biased above threshold
is dependent not only on the spontaneous carrier lifetime
and the relaxation oscillation frequency as has previously
been reported [18], but also on the facet reflectivities of
the pumped laser. It is therefore suggested that exper-
imental investigation could be profitably undertaken on
NDFWM eflects in low facet reflectivity laser diodes with a
view to taking advantage of the enhancements of both the
conjugate transmittivity and the FWM bandwidth revealed
by the present analysis.

3.3. Asymmetric-Facet Laser Diodes

Fig. 6 shows the conjugate reflectivity versus frequency

detuning curves for three laser devices with different facet
reflectivities. Here we consider devices with a constant
product Ry Ry = 0.09, and thus with a constant threshold
gain g;p, assuming the same cavity length and internal loss
coeflicient. As shown in Fig. 6, a 7— 8 dB enhancement of
the phase conjugate reflectivity can be obtained, compared
to the case of a symmetric laser (R; = Ry, = 0.3),
by applying anti-reflection (AR) coating to the front facet
and applying high-reflection (HR) coating to the rear
facet (Ry 0.1, R, 0.9). The present work
shows that there exist opportunities for enhanced phase-
conjugate wave generation using highly asymmetric laser
diodes. Experimental investigations of such devices would
therefore be of some considerable interest.
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Fig. 6. Conjugate reflectivity versus frequency detuning for
asymmetric laser diodes. R1 Ry = 0.09.

3.4. Twin-Section Laser Diodes

Having established the role of longitudinal gain varia-
tions in the NDFWM process, it is of interest to consider
semiconductor laser structures where such variations can
be controlled by current injection. The simplest structure
which can be considered in this context is the twin-section
laser diode illustrated in Fig. 7.

Consideration is given, first of all, to a symmetric laser
diode where Ry = Ry = 0.3. Fig. 8 shows the conjugate
reflectivity versus frequency detuning curves for three
different current pumping conditions of a symmetric laser
diode. Curve (a) corresponds to homogeneous pumping
with J, = Jp = 2.20. Curves (b) and (c) correspond
to Jz = 2.25, Jg = 2.19 and Jz = 215, Jp = 2.21,
respectively. In all the cases the pump output power per-
facet is the same at P,,; = 7.73 mW.

It is observed from Fig. 8 that the conjugate reflectivity
versus frequency detuning curve is symmetrical with re-
spect to zero frequency detuning. When the two sections
are biased at different injection current levels (curves (b)
and (c)), the conjugate reflectivity decreases. Because of
the carrier-induced refractive index change, the nonuni-
form distribution of carrier density between the two sec-
tions resulting from inhomogeneous pumping induces dif-
ferent phase shifts when the intracavity fields propagate
through the device. The phase mismatch inhibits injection-
locking around zero frequency detuning for small probe
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injection power (which, in accordance with reference [18],
is assumed to be 0.02 W in the present analysis) when
the two sections are pumped differently.
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Fig. 7. Schematic diagram of nearly degenerate FWM in a
two-section single-cavity laser diode with facet reflectivities Ry
and Ry. J, and Jy are the injection current density into the
two-sections, respectively, which are normalized to the transparency
value, Jy. We consider devices with h = 0.2.
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Fig. 8. Conjugate reflectivity versus frequency detuning for three
different biasing conditions of a symmetric laser diode with
Ry = Rg =0.3.

It is also observed that the resonant peaks of the con-
jugate reflectivity near the relaxation oscillation frequency
is enhanced when the probe injection is incident at the
higher gain section (curve (b)) whereas the resonant peaks
are highly damped when the probe injection is incident
at the lower gain section (curve (c)). A uniform con-
jugate reflectivity response can thus be obtained using a
two-section laser diode with the probe injection incident at
the low-gain section. The uniform conjugate reflectivity
over a frequency detuning range of more than 10 GHz as
revealed by the present analysis is important for distortion-
less frequency conversion of wide-band signals. It should
however be pointed out that only slightly inhomogeneous
current pumping is considered in our analysis. When the
two sections are pumped with highly different currents, the
wavelength dependence of the gain in the two sections may
need to be taken into account.

Fig. 9 shows the conjugate reflectivity versus frequency
detuning curves with the same corresponding biasing con-
ditions for curves (a), (b) and (c) as in Fig. 8. However,
curve (a) is obtained for a symmetric laser with Ry =
Ry = 0.3 (as in Fig. 8), but curves (b) and (c) are ob-
tained for an asymmetric laser diode with By = 0.1 and
R, = 0.9. Note that the product Ry R», and hence the
threshold gain are the same in all three cases.
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Fig. 9. Conjugate reflectivity versus frequency detuning curves. Curve
(a) is for a symmetric laser diode, whereas curves (b) and (c) are
obtained for an asymmetric laesr diode with Ry = 0.1 and
Ry = 0.9. Biasing condition for each curve is the same as the
corresponding curve in Fig. 8.

By comparing curves (b) and (c) from Fig. 8 and Fig. 9,
it is found that conjugate reflectivity enhancements of
7 — 8 dB can be obtained using asymmetric-facet laser
diodes rather than symmetric laser diodes. In addition,
FWM bandwidth (defined as frequency range for positive
conjugate reflectivity) is also enhanced from 20 GHz in a
symmetric laser to 26 GHz in an asymmetric laser diode.
Higher FWM bandwidth is possible by biasing the laser
diodes with higher injection currents above threshold.

The present analysis demonstrated that a uniform con-
jugate reflectivity response could be obtained in a two-
section laser diode by injecting the probe signal at the
low-gain section. Enhancement of conjugate reflectivity
and FWM bandwidth can simultaneously be achieved by
applying anti-reflection (AR) coating to the input facet
at the low-gain section of an asymmetric two-section laser
diode. Utilizing the flat conjugate reflectivity response in
an inhomogeneously-pumped and asymmetric-facet laser
diode, highly efficient optical frequency conversion (with
approximately 30 dB amplification over the probe input
power) of wide-band (few Gbit/s) signals could be achieved
without pattern distortion which may otherwise arise be-
cause of the peak and trough in the conjugate reflectivity
response typical of single-electrode laser diodes. The ex-
perimental verification of these predictions would appear
to be a worthwhile tests.

4. CONCLUSION

We have theoretically investigated cavity-enhanced nearly
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degenerate FWM in above threshold laser diodes with low
and/or asymmetric facet reflectivities. It has been shown
that enhancement of both the conjugate output and the
FWM bandwidth can be obtained in symmetric laser diodes
with low facet reflectivities. It has further been shown
that a 7 — 8 dB enhancement of conjugate reflectivity can
be achieved in an asymmetric laser diode by applying AR-
coating to the input facet. The importance of incorporat-
ing the longitudinal variations of the nonlinear interaction
and the internal gain distribution in the model has been
established.

The model has also been applied to the study of FWM
processes in multisection laser diodes. There it has been
shown that enhanced uniform phase conjugation can be
obtained using appropriately configured asymmetric two-
section devices. It is noted additionally that the model
can be utilized to analyse FWM in laser diodes used for
all-optical frequency conversion. Finally, it is noted that
a possibility exists of obtaining a further enhancement of
the phase conjugate response of twin-section quantum well
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HIGH OPTICAL POWER

1.22 MICROMETER InP/InGaAsP BURIED

HETEROSTRUCTURE LASER DIODE

High power, 1.22 pm InP/InGaAsP buried heterostructure laser
with optimized parameters can play important role as a pump
source for upconversion fiber lasers. We report a single-step liquid
phase epitaxial growth and characterization of double-channelled
substrate InP/InGaAsP buried heterostructure laser diode for 1.22
42m wavelength. Optimum conditions for separate growth of InGaAsP
buried active layer on double-channelled InP substrate have been
obtained. Output power over 120 mW have been achieved by
determining the appropriate reflectivity of the mirror facets.

1. INTRODUCTION

Recently, S. G. Grubb et al. reported an efficient blue
upconversion fiber laser [1]. The pump source was a
Nd:YAG laser. We believe that high power 1.1-1.2 um
InP/InGaAsP semiconductor laser diodes with optimized
parameters can play important role as a pump source for
upconversion fiber lasers. Using selective growth of In-
GaAsP on a structured InP substrate a number of buried
heterostructure lasers for 1.3 and 1.55 pum have been de-
veloped so far [2]-[4]. The orientation dependent selective
growth of different composition InGaAsP layers on double
channelled InP at 630 °C has been described in our previ-
ous work [5]. We report here the single-step liquid phase
epitaxial growth and characterization of double-channelled
substrate InP/InGaAsP buried heterostructure laser diode
for 1.22 pum wavelength. Optimum conditions for sepa-
rate growth of InGaAsP buried active layer on double-
channelled InP substrate have been obtained. Output
power over 120 mW have been achieved by determining
the appropriate reflectivity of the mirror facets.

2. LPE GROWTH OF THE LASER STRUCTURE

Fig. 1. shows the schematic cross-section of the double
channelled substrate buried heterostructure InP/InGaAsP
laser diode. After channel etching on the substrate, seven-
layers were grown by one-step LPE technique. The soak
temperature is 640 °C and growth temperature for the
active layer is 590 °C. Cooling rate is 0.5 °C/min. The
layers were grown successively, as follows:

e n-InP buffer layer (Sn doped, 1x 10*8/cm?, d = 0.5
um, AT =13 °C);

InGaAsP active layer (undoped, Ay = 1.15 pm, d =
0.1 - 0.2 um, AT =5 — 10 °C);

p-InP clad layer (Zn doped, 0.5 — 1 x 10'8/em®3, d =
0.8 pm, AT = 12 °C);

n-InP current-blocking layer (undoped, d = 0.3 um,
from two-phase solution);

n-InP blocking layer (Sn, Te doped, 3 X 10'%/cm?, d =
0.5 — 0.8 pum, from two-phase solution);

p-InP embedding layer (Zn doped, 1 x 10'8/cm3, d =
3—4pum, AT =3 — 8 °C);

—

Product-Services

e p+-InGaAsP cap layer (Zn doped, 3 — 6 x 10'8/cm3,
d=05= 1.5 pm, AT =35 °C)
where
e d is the layer thickness;
e AT is the supersaturation of the melt.
Fig. 2 shows the SEM picture of the cleaved and etched
cross-section of the laser structure.

] Y
__InP_____InGaAsPactive InGaAsP contact

Fig. 1. Schematic cross-section of the 1.22 pm InP/InGaAsP -
DCS-BH laser diode

Fig. 2. SEM picture of the cleaved and etched cross-section of the
1.22 pm InP/InGaAsP DCS- BH laser diode
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Fig. 3. Threshold current of 1.22 wm InP/InGaAsP DCS-BH lasers,
as a function of the separation distances of quaternary active layer
regions on the mesa stripe and at the bottom of the channels
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In order to examine InGaAsP (A, = 1.22 pm)
growth property, the active layer of the laser structure was
grown from quaternary melts with various supersaturation
degree. Increasing the supersaturation of the quaternary
melt (AT = 10 °C), the differences of the growth rates
at the channel and mesa regions are reduced. Using short
growth time (5 sec) a relatively long separation distances
could be achieved. This is important because the threshold
currents of the DCS-BH lasers are strongly effected by the
separation distance between the buried active region on
the mesa stripe and at the bottom of the channels (Fig. 3).
To achieve fundamental transverse operation, the width
and the thickness of the active region were designed to be
2.0 and 0.18 pm, respectively.

3. HIGH POWER LASER DIODE WITH
ANTIREFLECTION COATING

To increase the laser performances a mirror coating
technology was applied. The nearly quarter wavelength
(A/4) antireflection (AR) coating reduces the reflectivity
of the facets of the laser chips. Therefore we get higher
light power from the front facet of the laser. For the
production of high quality AR coatings nonstochiometric
silicon nitride is used. The dielectric films are produced
by reactive sputtering from high purity silicon targets in
a commercial high vacuum sputtering equipment using
nitrogen gas. During the deposition the film thickness
was controlled by monitoring the decay of the lasing light
emitted from the rear facet of the laser. The remaining
reflectivity of the coated facet can be determined from
the ratio of light outputs from both facets. Using this
technique we prepared AR coatings in the reflectivity
range of 20 % —0.1 % reflectivity.

It was found earlier that the front facet reflectivity (R1)
has an optimum value for high external quantum efficiency
[6]. This result can be explained by the asymmetric field
distribution. In the case of an asymmetric mirror facet
structure the external quantum efficiency is:

1 1

L s
T Y
T Th(R1, Ry),
i + 30 g R,

(1)

Nd = i

where

L — cavity length,

7; — internal quantum efficiency,
Ry, Ry — facet reflectivities,

«; — internal loss.

The coeflicient 7, ( Ry, R) was calculated in [6] con-
sidering the spatial hole burning (SHB) effect.

The optimum value of R; can be found where the
increase of mirror loss is balanced by the decrease of
the coefficient 75 ( Ry, Ry). The output optical power
depends directly on the quantum efficiency of the front
facet 774 and can be written as

1-R; Ry 1
iy = 1_R2(EZ)§ Td
- 1-R) (Ry\L ¥
14+ =5 5 )t

We calculated the dependence of the 7¢ efficiency on
the front facet reflectivity using equations (1), (2) and the

(2)

plot of the Th( Ry, Ry) given in [6]. The parameters were
Ry =30 %, n; = 1, = 27 cm™L. Fig. 4. shows the
calculated curves together with our experimental results.
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Fig. 4. Dependence of the front facet external quantum efficiency on
the front facet reflectivity. Experimental results are compared with
calculations
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Fig 5. Measured output light power versus current characteristics of
an 1.22 pm DCS-BH laser The front facet reflectivity was optimized
102% (R, =2 %, Ry =30 %, L = 500 pum, T = 25°C)

In Fig. 5. we show the output light power versus current
characteristic of an 1.22 pm DCS-BH laser. Its front
facet reflectivity was optimized to 2 % and the rear facet
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was uncoated. Here we obtained 120 mW optical output
power at I = 310 mA under CW operation at room
temperature.

Finally it should be noted that reflecting coating on the
rear facet of a laser diode is an important technique for
obtaining a reduced threshold current and an increased
external differential quantum efficiency from the front
facet. To illustrate this two component materials were
chosen — SiNx and a-Si — because of the large difference
in their refractive indices. This large difference enables
one to obtain a quarter wavelength reflector with a high
reflectivity and a relatively wide wavelength range of
reflection. The SiNx and a-Si films were both deposited
using the sputtering technology in [V, and Ar gas.

A two-layer or four-layer structure provides reflectivity
of about 50 and 80 % respectively, significantly reducing
the threshold current of the laser diode. The transmission
electron microscope (TEM) picture of a four-layer reflec-
tor is depicted in Fig. 6.

4. CONCLUSIONS

We have experimentally defined the optimum conditions
for separate growth of InGaAsP buried active layer on the
double channelled InP substrate and have fabricated the
proper laser structure by one-step LPE technique. Using
an antireflection coating technology we have realized 1.22
pm InP/InGaAsP laser diodes with more than 120 mW
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EDUCATION OF PHOTONICS
AT THE TECHNICAL UNIVERSITY OF BUDAPEST

The academic staff of the T.U. Budapest has always
put great emphasis on keeping the curricula up to date.
The introduction in the education of the basic concepts,
methods and devices, related to the branch of technical
sciences that we summarize nowadays as photonics, started
nearly af the time of their appearance. At the Faculty of
Electrical Engineering a regular course of Optoelectronics
was introduced about ten years ago for the eighth semester
students on the special branch of Microclectronics. This
course has been given by the Department of Electron
Devices. However, other departments of the Faculty also
offered special courses and involved students in several
R&D projects on the field of photonics.

Since 1990 intensive work has been performed to de-
velop a new curricular structure of the University and of
the Faculty. The new structure allows a rather econom-
ical training in the basic subjects, assures more academic
freedom for students and offers a grater choice in special-
ization.

The reformed curricula gave a good opportunity to
unify the disperse educational enforcement on our special
field of interest and for the organization of the Photonics
module. The educational aim this group of technical
subjects is to give a high level theoretical and practical
background for the research, development and installation
work for optoelectronic equipment and systems. The
module starts at the seventh semester so that it can build
on the basic technical subjects as follows: Material science,
Network and Systems, Informatics, Electronics and Theory
of Electromagnetic fields.

The subjects of the module (Table 1) are delivered
by the following four departments: Dept. of Physics
(DP), Dept. of Electron Devices (DED), Dept. of
Electromagnetic Theory (DET), and by the Dept. of
Microwave Telecommunications (DMT).

Table 1. Subjects and semester hours

Subject Departments 7th  8th  9th
sem. sem. sem.

Coherent Optics DP 4

Photonic Devices ED, DET 4

Optical Communication DMT 4

Non-linear and

Integrated Optics DET, ED 4

Laboratory I DP. DET 2

Laboratory II DED, DMT 2

The main topics of subjects are the followings:

Coherent Optics

Wave Optics: The theory of interference and diffraction,
Fourier representation of optical fields. Wave propaga-
tion in dispersive and anisotropic media. Crystal optics,
Electro- and Acousto-optics. The physical background of

laser operation. Holographics: Image hologram, holo-
graphic optical elements, holographic interferometry. Op-
tical Computers.

Photonic Devices

Semiconductor materials for optoelectronics. Optical pro-
cesses in bulk solids and in fine structures. Optical waveg-
uides in practice, directional couplers, isolators, circula-
tors, and optical sensors. Devices for wavelength multi-

| plexing and demultiplexing. Photo detectors: the prob-

lems of the high speed and phase sensitive detection. Im-
age processing devices. Strucures, optical and modulation
properties of LED-s and Laser diodes. CD-ROM’s and
laser printers.

Optical Communications

Information theory of optical communications systems.
Systems with non-coherent intensity modulation. Coherent
transmission systems, modulation processes. Application
of optical amplifiers. Long haul links, optical T.V. systems,
computer links, LAN and MAN data networks. Design,
computer simulation and measurement of optical telecom-
munications systems.

Non-linear and Integrated Optics

Wave propagation in non-linear media and in non-linear
waveguide. Optical solitons, soliton lasers. Optical mix-
ing, generation of harmonics, parametric amplification. In-
duced processes. Optical bistability. Technologies of Inte-
grated Optics (IO). Waveguides, directional couplers, fil-
ters in IO. Wavelength multiplexing and demultiplexing in
IO. Integrated modulators and switching arrays. Integra-
tion of LD-s detectors and it’s electrical circuits. CAD of
1O components and systems.

The first part of laboratory exercises consists of mea-
surements on basic optical properties of optical materi-
als, characterization of optoelectronic components. The
second part is based on didactic prepared measurement
of former R&D projects, while the third part of exer-
cises gives an insight for the students in the currently run-
ning projects. These projects were significantly supported
by the National Found for Scientific Research (OTKA),
which is highly appreciated.

I think that the above listed topics do not need any
further comments and cover the fields of photonics that
may become in a practical use in Hungary. Similar
programmes of teaching and research has been introduced
in the last decade at numerous Electrical Faculties in the
world.

This new module started at the first semester of the
current academic year and it proved to be rather attractive
for the students. We also hope that this course will give
them a firm basis in this special field and will be of direct
benefit in their engineering practice.

I. HABERMAJER

JOURNAL, ON COMMUNICATIONS

)



JOURNAL ON COMMUNICATIONS 1995

In 1995 we are continuing the practice of publishing alternately English and
Hungarian issues. English issues will be devoted to topics in which activities and
events in Hungary may be of international interest. Hungarian issues will be surveying
important topics of telecommunications related to our domestic developments.

The topics of the planned issues are the followings:

English issues
e PHOTONICS
¢ NOISE
¢ BROADCASTING
¢ INTELLIGENT NETWORKS
e MOBILE COMMUNICATIONS (double issue)

Hungarian issues:
¢ SECURE COMMUNICATIONS
¢ FREQUENCY MANAGEMENT
¢ CDMA SYSTEMS
o COMPUTER NETWORKS
¢ TELECOMMUNICATIONS IN GERMANY (double issue)

1 year subscription rates:

6 English issues 72 USD
12 English and Hungarian issues 108 USD Single issues 20 USD

Subscription orders should be sent to the publisher:

Typotex Ltd.
Budapest, Retek u. 33-35. H-1024. Phone/Fax: (36-1)115-1759.

Information for authors

JOURNAL ON COMMUNICATIONS is published monthly, alternately in English and Hungarian. In each issue a significant
topic is covered by selected comprehensive papers.

Other contributions may be included in the following sections:

o INDIVIDUAL PAPERS for contributions outside the focus of the issue,

o PRODUCTS-SERVICES for papers on manufactured devices, equipments and software products,

o BUSINESS-RESEARCH-EDUCATION for contributions dealing with economic relations, research and development trends
and engineering education,

o NEWS-EVENTS for reports on events related to electronics and communications,

» VIEWS-OPINIONS for comments expressed by readers of the journal.

Manuscripts should be submitted in two copies to the Editor in chief (see inside front cover). Papers should have a length of up

to 30 double-spaced typewritten pages (counting each figure as one page). Each paper must include a 100—200 word abstract
at the head of the manuscript. Papers should be accompanied by brief biographies and clear, glossy photographs of the authors.

Contributions for the PRODUCTS-SERVICES and BUSINESS-RESEARCH-EDUCATION sections should be limited to 16
double-spaced typewritten pages.

Original illustrations should be submitted along the manuscript. All line drawings should be prepared on a white background in
black ink. Lettering on drawings should be large enough to be readily legible when the drawing is reduced to one- or two-column
width. On figures capxlal lettering should be used. Photographs should be used sparmgly All photographs must be glossy prints.
Figure captions should be typed on a separate sheet.




PASY:
GOING

Digital exchanges ¢ Microwave and optical transmission ¢ Digital mobile telephony ¢ Land
mobile radio-systems # Various network elements ¢ Turn-key projects ¢ Software products for
telecommunication ¢ Air-conditioning for telecommunication systems ¢ Power equipment for
telecommunication systems

Ericsson Kft.

Budapest XIV., Hungdria krt. 162.
Letters: H-1475 Budapest, P. O. Box 154

Tel.: +36 1 265 7100 A : ’ :
FAX: +36 1 262 7861 ERICSSON =



