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Abstract

This thesis describes seven different subjects relevant to semiconductor laser
diodes which fall in the following three categories: Bistability and pulsations,

high speed modulation and noise.

Bistable semiconductor lasers based on inhomogeneous current injection,
achieved with a split contact scheme, were proposed around 20 years ago. How-
ever, actual devices showed no or only a small hysteresis and they were in addi-
tion beset by pulsations for reasons not well understood at the time. In this
thesis we show that lasers with an optimized design can display bistability with a
giant hysteresis. Crucial to the understanding of the bistable laser is a negative
differential resistance across the absorber section, reminiscent' of a tunnel
diode characteristic. Depending on the electrical biasing circuit this negative
differential resistance leads to bistability or light-jumps and self-pulsations. A
simple model based on the conventional rate equations explains the observed
behavior. Investigation of the switching dynamics of this optoelectronic device
reveals a delay time which is critically dependent on the trigger pulse amplitude
and which is typically in the order of a few nanoseconds at a power-delay pro-
duct of 100pJ. We also investigate the characteristic of this laser coupled to an
external optical cavity and we demonstrate that this bistable laser can be used
as a self-coupled stylus for optical disk readout. Under a different biasing condi-
tion this laser coupled to an external optical cavity can be used to generate
ultrashort optical pulses through passive mode locking. Unlike previous mode
locking techniques, the method presented here does not rely on absorption

introduced by damaging the crystal and is consequently much more reliable.

The high speed modulation behavior of semiconductor lasers is investigated



theoretically and experimentally. In this thesis we derive the fundamental limits
of injection lasers for pulse modulation and small signal modulation. We place
emphasis on developing laser structures optimized for high frequency modula-
tion and experiments on such structures show that they can be modulated at
frequencies up to BGHz. At these frequencies the parasitic elements can no

longer be neglected and they are included in the analysis.

The noise equivalent circuit of a semiconductor laser diode is derived from
the rate equations including Langevin noise sources. This equivalent circuit
allows a straightforward calculation of the noise and frequency modulation
characteristics of a laser diode combined with electronic components. The field
spectrum of injection lasers is observed also experimentally. It is a unique
feature of injection lasers that their linewidth is increased through a strong
amplitude phase coupling by the factor (1+c®) where a is the linewidth enhance-
ment factor. A model is developed which shows that the same factor a enters in
the small signal modulation characteristics and a careful measurement of the
small signal amplitude and phase modulation at high frequencies enables us to

obtain this important factor o for the first time by a direct measurement.
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Chapter 1

Introduction

1.1 Semiconductor laser diodes

Stimulated coherent emission from semiconductor GaAsP and GaAs p-n junc-
tions was observed in 1962 by four groups [1].[2].[3].[4]. Six years later, lasing
action had been obtained in a wide variety of semiconductor materials covering
the wavelength range between 0.5um to 20um. With the introduction of the
heterojunction concept to confine injected carriers and stimulated emission to a
thin layer, pumping current densities necessary to initiate lasing could be
reduced drastically. Continous wave (cw) lasing of GaAlAs diodes was obtained at
room temperatures in 1970. Since then activities focused on how to make use of
the tremendous commercial potential of semiconductor lasers as highly
efficient, compact and cheap light sources which’ can be modulated directly at
very high frequencies. The basic concept of the double heterostructure laser
diode has not changed rnuch in recent years. Research and development has
been directed towards improving reliability, power capability, optical beam qual-
ity and the spectral characteristic. Two material systems dominate nowadays
the injection laser diode activities; the GaAs/GaAlAs system because of its
mature technology and short lasing wavelength { 0.7um to 0.9um ) and the
InP/InGaAsP system because of its lasing wavelength range ( 1.1um to 1.7um )
which coincides with the low loss window and dispersion minimum in optical

fibers.
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The state of the art is quite impressive. Degradation rates of 107 h™! at 100°C
temperature and extrapolated lifetimes in excess of 10” h at room temperature
for GaAlAs lasers have been obtained [5]. Lasers which operate cw emitting the
optical power stably into one single longitudinal and transverse mode at output
powers up to 40mW are commercially available [8] and arrays of phase locked
lasers with output powers up to 2.6W have been reported [7]. Differential power
efficiencies (the conversion efficiency from electrical input power to optical out-
put power) of 80% have been measured and threshold currents as low as 2.5 mA
(corresponding to a power dissipation of 5 mW) have been demonstrated [B].
Amplitude and phase fluctuations of the best laser structures have been shown
to be at the quantum mechanical limit. Nevertheless, there is still room to
improve some of the characteristics of the lasers and research and development
efforts are now directed towards tailoring semiconductor lasers for specific
applications such as lightwave communication (long wavelength, stable spec-
trum), laser printers (high power, good beam quality), audio disks (insensitivity
to reflections, cheap mass production) and microwave links (high speed modula-

tion, low power dissipation), to name a few.

Throughout this thesis a familiarity with semiconductor lasers is assumed.
Comprehensive treatments of semiconductor laser diodes can be found in the

books by Casey and Panish [9], Kressel and Butler [10], and Thompson [11].

Traditionally, data transmission over long distances has been done either
through coaxial cables or microwave links. With the development of low loss opt-
ical fibers lightwave transmission has become a very attractive alternative [12].
Single mode optical silica fibers have attenuation as low as 3dB/km at
A = 0.Bum and 0.2dB/km at A = 1.55um [13] and the optical dispersion can be
made to vanish at any wavelength between 1.3 um and 1.6 um [14] by balancing

waveguide and material dispersion, thus allowing for high data rates over long
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distances. Optical power levels in fiber systems are rather low, typically 1ImW or
even less, which limits analog transfnission to special applications. Systems
requiring a large signal to noise ratio such as lightwave data transmission use
nearly exclusively a digital format. InGaAs laser diodes between 1.3 um and 1.55
um are used as light emitters, at a wavelength of minimum fiber loss and disper-
sion, and transmission of 2Gbit/s without repeater over a 51km long fiber have
already been demonstrated [15]. These long wavelength lasers still have two
problems: a strong dependence of the threshold current on temperature and a
spectral broadening under high speed modulation. The threshold current is
kept constant by temperature stabilizing the laser and the spectral width is
maintained narrow by either using distributed Bragg reflector (DBR) structures,

a three mirror cavity or injection locking the laser [16] to a single mode laser.

Optical disks are already being used as high density storage media [17]. The
information is encoded in the reflectivity of the optical disk and is read out by a
laser as shown in Fig. 1.1. At the time there are three different systems: audio
disks with the at 44 kHz sampled signal stored digitally, video disks with the sig-
nal encoded in an fm format, and disks for binary mass storage with a capacity
in excess of 10 Gbit/disk. In the first two applications the signal is only read
(which can be done with a laser power of 1mW) but the mass storage system
operates in a write/read mode which requires a high power (around 40mW) laser
with a very good beam quality. Since the pixel size on the optical disk is given by
the diffraction limited spot it is desirable to use a laser with a short wavelength.

The current standard is 780nm.

Semiconductor lasers are also being used in laser printers with an IR sensi-

tized CdS photoconductor drum [18].

An exciting future application is the transmission of microwave signals over
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short distances through optical fibers. Microwave links consist normally of bulky
waveguides or lossy coaxial cables. Optical fibers could be used if the microwave
signal is modulated on an optical carrier, i.e. by directly intensity modulating a
semiconductor laser diode with the microwave signal. Since microwave
integrated circuits are fabricated on GaAs substrate (because of the high speed
electronic components obtainable on GaAs such as MESFET, HEMT and hetero-
junction bipolar transistor) it is tempting to integrate high speed electrical cir-
cuitry and semiconductor lasers monolithically. Such an integrated optoelec-
tronic circuit I0EC, proposed some ten years ago by Yariv [19], shows a superior
performance compared to its hybrid counterpart in high speed behavior, relia-
bility and complexity. Although the two technologies for electronic and optical
devices have developed independently it has been shown that they are compati-
ble. Similarly, high speed digital data buses (at several Gbit/s) connecting logic
circuits have problems of power dissipation, crosstalk, electromagnetic interfer-
ence and speed. Replacing the electrical bus by an optical bus would improve
the performance appreciably. In Fig. 1.1.2 a view of a possible digital IOEC is

shown.

1.2 Outline of the thesis

In this thesis seven topics relevant to injection lasers will be presented. Most
of the experimental and modeling work has been done with GaAlAs lasers, but
the results are in general also applicable to other diode lasers i.e. InGaAsP

lasers.

In chapter two the electrical equivalent circuit of a semiconductor laser diode
is derived. Semiconductor laser diodes are opto-electronic devices with optical
as well as electrical characteristics. Many applications of injection lasers, in

particular those which involve high frequency modulation, require an accurate
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representation of the electrical impedance characteristic of the laser diode. This
electrical representation is derived from the rate equations [20]. This electrical
equivalent circuit is used extensively in chapter three to evaluate different

electrical driving circuits.

In chapter three the high frequency modulation behavior is investigated,
theoretically and experimentally. There exists a great deal of interest in directly
modulating injection lasers at very high frequencies, 10 GHz to 20 GHz. In this
chapter we derive the fundamental modulation limits of injection lasers for
pulse modulation [21] and small signal modulation [22], [23], [R4]. Emphasis of
previous experimental and theoretical work was placed merely on investigating
modulation characteristics of existing laser structures and not on developing
laser structures optimized for high frequency modulation. This chapter places
emphasis on the latter and a systematic analysis on how various device parame-
ters affect high frequency response yields general guide lines for constructing a
laser geared towards high speed modulation. At very high frequencies parasitic
elements can no longer be neglected and they are included in the analysis.
Experiments with optimized lasers showed that they can be modulated up to 8
GHz [23] at room temperatures and it is expecﬁed that this can still be further
improved by cooling the laser. The longitudinal mode behavior under modula-

tion is also investigated experimentally.

In chapter four fabrication, measurement and analysis of bistable lasers are
presented [25], [26], [27]. [2B]. [29]. Bistable semiconductor lasers based on
inhomogeneous current injection (with a split contact scheme) were proposed
around 20 years ago. However actual devices showed no or only a small hys-
teresis and they were in addition beset by pulsations for reasons not well under-
stood. We demonstrated that with an optimized design bistable lasers with a

large hysteresis and no pulsation can be obtained. Crucial to the understanding
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of the bistable laser was the discovery of a negative differential resistance
across the absorber section, reminiscént of a tunnel diode. This chapter has two
interesting aspects: first the static and dynamic properties of a bistable laser
such as critical slowing down and instabilities are studied extensively and
second, sglf pulsations which are still encountered in aged injection lasers can
be understood as a direct consequence of inhomogeneous pumping conditions

and remedies are recommended to eliminate them.

In chapter five we present a novel method to passively mode lock a semicon-
ductor laser. We present experimental results of GaAlAs buried heterostructure
semiconductor lasers with a split contact coupled to an external cavity [30]. The
split contact structure is used to introduce a controllable amount of saturable
absorption, which is necessary to initiate passive mode locking. Unlike previous
mode locking techniques, the method presented does not rely on absorpiion
introduced by damaging the crystal and is consequently much more reliable. We
have obtained pulses with a full width at half-maximum of 35ps and shorter
pulses should result by improving the coupling between laser diode and external

optical cavity and by using a modified laser structure.

In chapter six a theoretical analysis of amplitude noise in injection lasers is
presented. The noise equivalent circuit of a semiconductor laser diode is derived
from the rate equations including Langevin noise sources [31]. This equivalent
circuit allows a straightforward calculation of the noise and modulation charac-
teristics of a laser diode combined with electronic components, and the interac-

tions between electrical circuit and laser diode can be analyzed easily.

In chapter seven the field spectrum of semiconductor lasers is investigated.
The fine structure of the fieldspectrum as predicted by Vahala and Yariv [32],

[33] is experimentally observed. It is a unique feature of injection lasers that
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their linewidth is increased through a strong amplitude phase coupling by the
factor (1+a®) where a is the linewidth enhancement factor. A model is developed
which shows that the same factor a enters in the small signal modulation
characteristics [34]. A careful measurement of the small signal amplitude and
phase modulation at high frequencies enables us to obtain this important factor

a for the first time by a direct measurement.

In chapter eight advantages of IOEC’s are discussed and fabrication and
measurements of a simple integrated repeater are presented [35]. The repeater
consists of a heterojunction bipolar phototransistor and a high quality buried

heterostucture laser.

The work described in the thesis was the subject, in part, of the folle
lished articles, [0 - 31], [33 - 36]. In addition the following invited

presented which were based on this work [37], [38].
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Chapter 2

Electrical equivalent circuit

of an injection laser diode

2.1 Introduction

The many applications of laser diodes, in particular those which involve high
frequency modulation or combined operation with electronic components and
circuits, require an accurate representation of the electrical characteristic of a
laser diode. An injection laser is an opto-electronic element whose electrical
characteristics are as important as its optical ones. These electrical charac-
teristics are derived in this chapter from the standard rate equations [1] which
describe the interaction between photons and electrons. They are augmented
by an equation for the carrier density as a function of the applied junction vol-
tage. A small signal analysis of these equations produces the electrical

equivalent circuit [2], [3], [4].

2.2 Rate equations

The rate equations of an injection laser for the electron density n and photon

density p are [1], [5], [6]. [7]. [B].

dn _ _i

at - aver ~Im) —Vge(n)p (2.2.1)
%% = Vgrg(n)pr - '_;L + ﬁI‘r(n) (2_2.2)

p

Under normal operating conditions the input variable is the pump current i. In
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the equation above, Vol is the volume of the active region (the region which has
an inverted population) and e the electronic charge. The carriers recombine at a

rate r(n), v, is the group velocity of the light in the mode, g(n) is the power gain

Vol
Volgp

in em™ and T is the optical confinement factor given by I'= where Vol is

the volume of the optical field. The photon lifetime 7, includes all the losses,
1
1 1
V(o T In( R Y)

m

T where o is the distributed loss, L is the length of the optical

cavity and R is the mirror reflectivity. The last term in equation (2.2.2) is equal
to the amount of spontaneous emission which is added to the radiation field and

B is the spontaneous emission factor.,

In writing the rate equations in this particular form several assumptions have
been made implicitly. First we have assumed that the active volume is pumped
homogeneously. Deliberate inhomogeneous pumping can lead to very interest-
ing effects such as bistability and self-pulsations and we investigate this situa-
tion extensively in chapter four. In the rate equations above the carrier density
and photon density have been averaged spatially and we will discuss briefly how
reasonable this is along the three coordinates separately. Since the active
region is very thin, typically 0.1um, the optical field and the carrier density are
essentially constant in this dimension [7] and averaging is a good approxima-
tion. To analyze the effects of averaging along the cavity length, Moreno [8]
compared the results of traveling wave equations and the spatially averaged
equations, and he found reasonable agreement as long as the mirror reflectivity
is larger than R=0.2. For usual lasers, which have a reflectivity of R=0.3, the
spatially averaged rate equations are therefore a good approximation. Reducing
the mirror reflectivity by an anti-refiection coating below R=0.2 leads to super-

luminescent damping of the relaxation resonance which has been analyzed and
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verified experimentally [9]. The density variations in the transverse direction
can be taken into account by introducing local rate equations which incorporate
diffusion terms of the carriers [11]. The main effect of this diffusion term is to
damp the relaxation resonance, by an amount which depends heavily on the
laser structure [11]. We have also assumed that electrons and photons are con-
tinous variables. This is not true since, roughly speaking, photons can only be
added or extracted from the mode in integer units and the same holds for the
electrons in the total system. This constraint on stimulated and spontaneous
emission rates causes shot noise, that is amplitude fluctuations. This quantum
mechanical noise can be included by adding Langevin noise sources to the rate
equations. McCumber [12] has shown that an expression for these Langevin
noise sources can be obtained from a simple shot noise model. We use his
analysis in chapter six to derive these noise sources and obtain a noise

equivalent circuit.

The spontaneous emission factor # is equal to the relative amount of spon-
taneous power which is fed into the lasing mode. The spontaneous emission fac-
tor varies among different structures and directly influences the strength of the
relaxation resonance. The numerical value of 8 has been calculated classically
(an approach which still must be justified since the calculation of g is a quan-
tum mechanical problem [13]) by Suematsu [14] and Petermann [15] as the
amount of power which a dipole radiator couples into the lasing mode. We will

develop here a simple derivation of 8.

We start with a basic result of quantum mechanies which states that the
power fed into one mode from an inverted population is proportional to the

number of photons in this mode P, plus 1.
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power gain = (P;+1) (2.2.3)

In semiconductor lasers an inversion factor ng, must be included, ng; is equal to
the ratio of total stimulated emission to net stimulated emission [16]. In injec-
tion lasers this factor ng,, which is often also called spontaneous emission fac-
tor, depends weakly on the carrier density n and has been measured to be
NN 2.7 [18] in a buried heterostructure laser. Equation (2.2.3) is only valid if
P, is equal to the number of photons in one quantum mechanical mode [13].
Very often the rate equation (2.2.2) describes actually the photon density in K
quantum mechanical modes, i.e. in multimode lasers or in gain guided struc-
tures K=V1+y? [13], where ¥ is the astigmatism factor {15]. Including ng, and X,

equation (2.2.8) reads now:

power gain  ( +1) (R.2.4)

P
Kngp
where P is the total number of photons in the modes which are included in the

rate equation (2.2.2). By equating the ratio of spontaneous to stimulated emis-

sion as obtained from the equations (2.2.2) and (2.2.4) we find:

Ver & (n)

k= Volg, r(n) = % (22:5)

If the laser is operated well above threshold, gain and spontaneous emission are

clamped to values given by the rate equations, and we can rewrite equation

(2.2.5).

1
=S . .
B~ 7 Kom (2.2.6)

For 7,=1.5ps, i;y,=10mA and K=1 we obtain B~ 3x107° note that § is just
inversely proportional to the photon lifetime and the threshold current, two

easily measurable parameters. We can simplify equation (2.2.5) also by using

the relation between stimulated and spontaneous emission [16].
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g = -I%I—K (2.2.7)

Brnif

N= = Volep Av

N is the number of quantum mechanical modes which fit into the volume Vol,,
and under the spontaneous linewidth Av. This equation (2.2.7) simply states
that the spontaneous emission is equally distributed into all different modes.
Please note that in the analysis above we moved the lineshape function pretty
freely in and out of the integral which has to be taken over the energy. The
numerical value of 8 obtained from a lengthy classical calculation [15] differs

from the quantum mechanical value by a numerical factor which is close to one.

- c® 1
4m®n,nng1# VolopAv

B K (2.2.8)

where n, is the index of refraction of the material in the active region and n is

the effective index of refraction of the mode.

2.3 Equivalent circuit

The rate equations (2.2.1) and (2.2.2) appear highly nonlinear, but a numeri-
cal solution shows that at pump levels which are larger than a threshold current
iyp, the carrier density n is clamped to ny [17]. Each additional injected carrier
recombines immediately through stimulated emission and contributes with a
constant efficiency to the radiation field. Because of this mechanism, the emit-
ted light depends linearily on the current above threshold [17], and it is actually
a very good approximation to linearize the rate equations under all operating
conditions as long as the carrier density is clamped and we will do this now to

derive the equivalent circuit. We restate the rate equations:
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%—?— = Z%’Sl_ - r(n) - v,g(n)p (2.3.1)
%% = Vgrg(n)pl' — f— + B'r(n) (2.3.2)
P

A small signal analysis around the bias point ig is performed and we let:

i=ig+1i; (2.3.3)
n=ng+n (2.3.4)
P=po+P: (2.3.5)

The spontaneous recombination rate r(n) and the gain g(n) are expanded

around the bias point.
n;
r(ng + n,) =r(ng) + - (2.3.8)

vgrg(ng + n;) = G(ng) + An, (2.3.7)

Depending on linear or bimolecular recombination rate r(n), T is given by

linear: r(n) = f—- S T= T, (2.3.8)

1
ZBIIQ

bimolecular: r{n) =Bn® » 7= (2.3.9)

A is the differential gain coefficient , 7, is the spontaneous carrier life time and B
is the recombination coefficient. Proceeding with the small signal analysis we

obtain the static equations for the biasing points:

0= - r(ng) — G(ng)po (2.3.10)

1g
eVol
0 = G(ng)pol” - -’;-"— + BTr(ng) (2.3.11)
P

These equations can be solved to find the carrier density ng and the photon den-

sity pe at the bias point given by the pump current iy, The small signal equa-



-18-

tions are:
dn; _ i 1
dp; _ g r(np)
a - (Apo + T)Fnl I'g - P1 (2.3.13)

The carrier density of the electrons is given as a function of the quasi-Fermi

level of the electrons Ep,.

Ep, — E¢
kT

n= Nc F%(

) (2.3.14)

where N¢ is the effective density of states of the conduction band, Fy is the
Fermi integral, Ep, — E¢ is the difference between the quasi-Fermi level of the
electrons and the conduction band edge and kT is the thermal energy. A similar
equation holds for the holes. It is a unique feature of semiconductor lasers that
the quasi-Fermi levels can be accessed directly since the externally applied vol-
tage v is equal to the difference of the quasi-Fermi levels, v = (Epn — Efn). It is
this feature that puts injection lasers in a different class than other laser sys-
tems, and we will show in the following chapters that many interesting effects
encountered in injection lasers are a direct consequence of this fact. For the

small signal analysis we let:
v=vg + vy (2.3.15)

An approximation of the Fermi-integral [1B] gives the following relation between

small signal voltage v, and carrier fluctuations n;.

n
v; = mVy 'rT:T (2.3.16)

no _L+ .-1—
2'\/2 NV Nc

m=2+

where Vg = _1%[‘_ is the thermal voltage.
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Now consider the separate problem of the electrical circuit shown in Fig.

2.3.1. The equation for the voltage v, and the current iy can be obtained by

inspection:
dvl 1 il iL
T e e - — 2.3.17
dt RC C C ( )
dlL - vy Rae .
TR I ip (2.3.18)

By comparing the small signal rate equations (2.3.12) and (2.3.18) with the cir-
cuit equation (2.3.17) and (2.3.1B) and using (2.3.16) we find the values of the

different elements of the equivalent circuit:

engVol

= (2.3.19)

0" Apg + =

mVr 1 1
L= 2.3.21
en,Vol I'G(np) Apo + B8 ( )

LA

Re. = f mVy r(ne) 1 (2.3.22)

engVol poG(ng) Ap, + g_

The bias points ng and pg are the solution of the static equation, they are an
explicit function of the drive current ig. We find also that the current through

the inductor i, is directly proportional to the optical signal p;.
i;, = eG(ng)Vol p, (2.3.23)
Typical values of the:elements are shown in Fig. 2.3.3 for a laser with the follow-

ing parameters: Vol=300x5x0.2um?, r(n)==:jl— with  7,=3ns, Tp=Rps,
8

vgg(n)=A(n-n,) with A=0.5x10"%cm3 ™' and ny=5x10"em™. The threshold

current is defined as iy= _ei.’/:_o_l__(xi_.__ + ny) =24mA. As an application the input
s P
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te -
[ I . hv
¢ i =eG Vol p — /=
L%
Vv, C=  Rg
l:2se ;I
y
® <

Figure 2.3.1. Equivalent circuit of an injection laser diode.
The electrical input variables are i, and v, and the output
variable is the optical signal p; which is directly propor-
tional to the current ij through the inductor. The modu-
lated optical output power is Py = -é——pl Bt Vgr ln(-l—) (see

R
equation 2.3.28).
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impedance Z(s) is calculated and shown in Fig. 2.3.3 for different bias points.

s -1_'- + Es_e_
7(s) = C__IC (2.3.24)

2 1 Ree 1, Ree
s +s(RC+ L)+LC‘1+ R)

7(s) = —NG)

w
s?+s5—+ w?
qr

or = \/ i% (1+ E—l_:;—-:;
As can be seen from Fig. 2.3.3, for most low frequency applications, the laser
diode has an extremely low impedance, but at high frequencies (around the
relaxation resonance w,) the impedance becomes appreciably large and can no
longer be neglected. The injection laser is a second order system with a relaxa-
tion resonance w; and a quality factor g, which is typically fairly large. We will
encounter this relaxation resonance many more times and its value is obtained
from equation (2.3.24) to be approximately (for a small R, that is, for a small

B).
1 _« /APo
o N = _1',, (2.3.25)

.
A typical value for -2—7-Tr— is 1GHz to 3GHz. The optical power emitted from one

mirror facet as a function of the photon density p inside the cavity is given by
_ 1 1
Pout = 5 p E”Vgrln( 'R—) Amode (2.3.26)

where hw is the energy of one photon, Ay 4. is the cross section of the mode and
Peut = Pouto + Pout1. We define the transfer characteristic of the laser diode T(s)
as the small signal response of the light output Py, generated by the injected

current i) and we find by inspection of the equivalent circuit.
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Figure 2.3.2. Numerical values of the elements of the

equivalent circuit as function of the bias point ig.
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Figure 2.3.3. Input impedance of the intrinsic laser diode as
function of the frequency for different bias currents ig.
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T(s) = P"i“‘(';gs) = :f (2.3.27)
' s?+s—+ wf
Gr
1, .1
Kn L B0 APo L)
g e 7 Ll
o+ Lln(R)

This transfer characteristic has the form of a second order lowpass and the
modulation efficiency drops drastically above w,. For most applications the use-
ful small signal modulation bandwidth is therefore limited to frequencies below
wr, the relaxation frequency. In the next chapter we will discuss methods to
push w, through clever device design towards higher frequencies and we will try
to outline fundamental limits. It will turn out that parasitic elements such as
the contact resistance, bondwire inductance and capacitance play an important
role in the overall modulation response and we will make extensive use of the
equivalent circuit augmented with the parasitic elements to evaluate different

driving circuits.
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Chapter 3

High speed modulation

3.1. Introduction .

The ability to modulate GaAlAs laser diodes directly by modulating the pump
current at frequencies up to a few GHz opens up important applications such as
transmission of microwave signals through optical fibers [1]. From the analysis
of the previous chapter it is clear that the useful small signal modulation fre-
quency range is limited to that below the relaxation resonance, which is typi-
cally around two to three GHz. In this chapter we will investigate at first how
one can try to get around this limitation by using nonlinear transient effects ,
i.e. by injecting huge current pulses into the laser diode. The simple rate equa-
tions suggest that arbitrarily short light pulses can be generated by injecting
extremely short and intense current pulses into the laser diode. We will show
experimentally that this is not true and that the shortest pulses which can be
generated have a width on the order of 10ps. Clearly the simple rate equations
are no longer valid on such a time scale.. Such pulse modulation schemes are
also not very suitable for high bit rate communication systems since they have
serious pattern effect (intersymbol interference) problems, which can only be
overcome through a complex driving circuitry. However, the pulse modulation
scheme is extremely useful to generate a train of short pulses (as short as 20

picoseconds), which can be used as a clocking signal to synchronize large sys-

tems.
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The small signal modulation scheme does not suffer from these pattern
eflects and we will therefore concentrate in the second part of this chapter on
this small signal modulation. The following questions will be addressed: How can
one push the relaxation resonance towards higher frequencies, what are the
practical limits, how should one design an optimized laser and what is the effect
of parasitic elements such as the bondwire inductance, mount capacitance and

contact resistance on the high speed performance.

3.2 Pulse modulation

In an attempt to overcome the basic limitations of the maximum bit rate of
semiconductor lasers as predicted by the small signal analysis, nonlinear tran-
sient effects are considered as potentionally useful. In the small signal modula-
tion scheme great care is taken to choose a modulation depth which is small
enough to avoid nonlinear transients. The opposite is true for pulse modulation,
i.e. the laser is initially biased well below threshold and a current pulse is
injected to switch the laser on. Pulses in the picosecond range (15ps to 30ps)
have been obtained by microwave current injection [2] and by pumping the laser
with short, intense electrical pulses [3]. We do not attempt to present here an
analysis of this pulse generation scheme since this has already been done [4],
[5] but we will try to give an intuitive explanation to how these pulses are gen-
erated. We will show how short optical pulses generated by injecting current
pulses to a laser diode can be used to calibrate our photodiodes for the following

measurements.

A common feature in all these pulse generation schemes is that the laser is
initially biased below the threshold current. The optical pulse is generated by
abruptly injecting a huge current pulse into the diode. The carrier density rises

and the round trip gain for the light in the laser cavity increases rapidly to a
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value well above one. The lasing field builds up exponentially starting out from
spontaneous emission and it takes a delay time (corresponding to a few round
trips) for the stimulated emission to reach a rate large enough to deplete the
gain. The condition for short optical pulses is essentially that the electrical
pulse is shorter than the delay time of the laser, i.e. when the stimulated transi-
tions deplete the gain, the pumping process has already been terminated. The
stimulated emission depletes the inversion in a few round trip times and the
light pulse can therefore be very short. Since these optical pulses are too short
to be measured with a photodiode the pulsewidth must be obtained by other
techniques. The width can be estimated from an autocorrelation measurement
which is done in a standard way employing phase matched second harmonic
generation in a LilOg crystal [6]. This measurement system, built in our labora-
tory is shown in chapter five, Fig. 5.2.1. Short optical pulses are generated in
this experiment with a Mitsubis;li TJS laser which is biased below threshold. A
train of current pulses at a repetition rate of 100MHz generated with a step
recovery diode {comb-generator HP 33002A) is superimposed through a
microwave bias network (HP 33150A). The current pulses have a FWHM of
around 120ps; bias current and pulse amplitude are adjusted to obtain light
pulses as short as possible. Fig. 3.2.1 shows a typical SHG trace which consists
of a broad peak with a FWHM of around 50ps with a periodic substucture with a
period of 5.5ps, corresponding to a multiple echo spaced by the round trip time
in the laser cavity of 190 um length, or, in the frequency space, due to beating of
the different longitudinal modes which are spaced by 182 GHz. Assuming
exponential shape this second harmonic trace corresponds to a pulse width of

- 50ps _
T=5 35ps [6].



- 29 -

INTENSITY

SECOND HARMONIC
|

0 1 | i
-100 -50 0] 50 100

DELAY TIME [ps]

Figure 3.2.1. Autocorrelation trace of a TJS laser driven by
current pulses. The FWHM of this pulse is 7 = 35ps.
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It is relatively easy to generate short pulses by this method and one is

tempted to extrapolate communication systems based on this principle with a
bit rate of _1‘_—‘% 30Gbits. This is impossible for three reasons. First, thereis a

finite time delay between the onset of the current pulse and the turn on of the
laser. This time delay could be made shorter by increasing the current pulse
amplitude which is a problem since such sources are not readily available.
Second, the laser returns slowly back to its initial condition after each pulse,
typically within the spontaneous lifetime of the carriers, which is in the order of
one nanosecond. Placing the pulses closer together than the spontaneous life-
time causes the amplitude of one pulse to depend on the amplitude of the previ-
ous pulse. Since the information is encoded in the amplitude of the pulses this
pattern effect causes intersymbol interference. Several methods have been dev-
ised to overcom.e this limitation; Danielson [4] suggested that it is possible by
carefully adjusting the modulating current pulse to make the conditions at the
end of the pulse equal to the prepulse level; a method which requires extremely
fine control of the current pulse. This requirement can be eased in the bipolar
pulsing scheme [5] where each current pulse is followed by a negative going
swing which forces the laser back to its initial condition. Third, pulsed lasers
operate in a transient regime and their optical spectrum is very wide; the light is
emitted into several longitudinal modes and due to chromatic dispersion in
fibers this modulation scheme cannot be used for long distance communication.
However, a train of optical pulses can be extremely useful as an optical clock to

synchronize a system.

One would like to know if the light pulses generated by this scheme can be
made much shorter by pumping the laser with shorter and more intense

current pulses. This has not been investigated since such current sources are
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not readily available and the problem cannot be easily analyzed since it is not
clear if the rate equations still hold on a time scale of a few round trips. To
investigate this problem we fabricated a buried heterostructure laser with a
transparent contact as shown in Fig. 3.2.2 and pumped the active region opti-
cally with sub picosecond pulses. The experiments and an analysis have been
published by Koch, Chiu, Harder and Yariv [7], and we state here only the results
and the conclusions. The laser used in this experiment is BOum long and
pumped optically within a picosecond from no bias to an estimated carrier den-
sity of ~ 10'%m™. The laser emitts a light pulse with a wide spectrum. The out-
put at short wavelengths (A~ 700nm ) is shown in Fig. 3.2.3, the pulse has a
FWHM of 1.2ps. The output at long wavelengths is shown in Fig. 3.2.4, it consists
of a primary peak with a FWHM of around 20ps followed by a secondary peak.
This secondary peak is probably due to intervalley scattering of the carriers [7].
We conclude from these experiments that optical pulses generated by an
ultrashort pumping pulse injection scheme cannot be made arbitrarily short.
The ultimate pulse performance is limited by intervalley scattering and electron
heating effects to around 10ps to 20ps and other methods, such as passive or

active mode locking have to be used to generate shorter pulses.

3.3 Photodiode calibration

A photodiode is an efficient and simple quadratic detector of the optical field
[8], its output is a photocurrent which is proportional to the flux of photons
which fall on the detector area. In avalanche photodiodes the carriers gen-
erated by the internal photoeffect are multiplied in a high field region in the
diode through impact ionization and these avalanche photodiodes have there-
fore a much higher sensitivity. The gain-bandwidth product of this avalanche

amplification process can be very large, the silicon avalanche photodiode we use
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Figure 3.2.2. Geometry