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—ABSTRACT -

This thesis describes several semiconductor injection laser diodes
and related optoelectronic devices that can be used as light sources for
optical communication systems, and develops the intrinsic elecirical
model of the laser diode. All the devices were grown from the Gads—
GaAlAs ternary system using the liquid phase epilazy technique. The
AlGaAs materials are very useful for the fabrication of both optical dev—
ices (sources and detectors) and conventional electronic components,

due fo their optical and elecirical properties.

The first device is the Translaser, a monolithically integrated
heterostructure bipolar iransistor with an injection laser. The next two
types of devices possess bistable electrical characteristics. One is a
laser—SCR swilch, and the second type consists of multi—PN heterostruc—
ture devices. Each of the devices described above performs an electronic

Junction of modulatiny the light output of the laser associated with it.

Finally, two types of low—threshold single—mode laser diodes are
presented. Their properties make them attractive candidates for sources
in optical fiber communication systemns. The first one is the Embedded
Stripe Laser, and the second one is a new version of the Buried-—

Heterostructure laser, fabricated on semi—insulating substrates.

An equivalent circuit of the laser diode is presented in the last
chapter. This model provides a betier understanding of the operation of

the laser diode, which is particularly important in applications which
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involve ifs high frequency: operation with other electronic components

~ and when a modification of its frequency response is needed.
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1. INTRODUCTION
1.1 Optical Commaunication

The challenges involved in the storage, processing and distribution of
ever increasing amounts of information at high rates are among the
more important technological aspects of our era, and their importance
is expected to increase even further in the future. Owing to their
shorter wavelengths, electromagnetic waves in the spectral range of the
optical and the near infra-red region have inherent advantages over
microwaves which make them attractive to be used as carriers of infor—

mation in communication systems.

The main media used today for transmitting optical waves are the
various types of optical fibers. State of the art silica fibers are superior
to metal cables and transmission lines used in the radio frequency and
the microwave bands. They are smaller in size (several micrometers of
diameter for single-mode fibers), light—weight, cheap, rugged and dur-
able, immune to electromagnetic interference, difficult to tap, and they
provide electrical isolation (since they carry fields, not charges). In the
0.85um region, where AlGaAs lasers and LEDs operate, optical fibers
have low losses (attenuation coefficients of less than 3 db/km can be
obtained) and large bandwidth-range product (® 5GHz+%m). This makes
it possible to have communication links with large spacings between
repeaters. It should be noted that attenuation and
bandwidth/dispersion parameters are even better in the 1.3um and

1.55um regions.
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It is clear that other devices are needed if one is to realize efficient
optical communication systems. These devices include light sources and
deteétors, repeaters, and all the electronic circuitry needed for the
conversion of electronic signals into optical waves (at the source termi-
nal) and vice versa (at the detector terminal). Semiconductor injection
laser diodes are very attractive light sources because of their small size,
ruggedness and reliability efficiency, and the ability to modulate them
directly (by modulating the current that flows through them) at high

rates, up to the gigahertz region.

From the point of view of the overall relibility, cost and speed of the
of the system, it is desirable that as many functions as possible, both
optical and electronic, are combined monolithically on a common sub-
strate. Gads has been proposed by A. Yariv as a base for optoelectronic
devices and circuits, since it can be employed in fabricating both elec—
tromic devices and optical devices [1]. It is a direct bandgap semicon-
ductor, and thus efficient light sources (injection lasers and LEDs) can be
fabricated from it, as well as efficient light detectors. Usually the lattice
matched ternary Gads -Ga;_,Al .As system is used for the device fabri—
cation, as will be discussed in the next section. Furthermore, compared
to silicon, which is the backbone of the electronic industry today, Gads
has higher electron mobility, and is thus suitable for the fabrication of
high frequency electronic devices. Finally, the existence of semi-
insulating Gads crystals makes the monolithic integration of optical and
electronic devices pdssible. It should be noted that other materials, and

in particular the quarternary InP -InGaAdAsP system, can also be used for
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the same applications at longer wavelengths. A recent comprehensive

review on the subject of devices for optical fiber communication is refer—

ence [2].

Before closing this section, it is worth mentioning that using optical

waves has advantages also in free—space communication systems. Since

A

5 (where A is the radiation wavelength

the diffraction beam spread is »

and D is the diameter of the transmitting antenna), very narrow beam
patterns can be obtained, thus resulting in larger communication
ranges. Furthermore, unlike in the microwave regime, it is conceivabie
to have systems operating in a regime where the dominant noise
mechanism is not the thermal (KT) noise, but the quantum ncise of the
radiation (i.e., photon "shot noise"”). In this case, communication sys—

tems have higher capacities and are thus more efficient [3].
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1.2 AlGaAs Heterostructure Injection Lasers

Since the first demonstration of their operation [4], [5], the perfor~-
mance of semiconductor injection lasers has been greatly im#roved. The
basic principle of the operation of these devices is by stimulated emis—
sion through recombination of injected carriers, which takes place in a
region near the PN junction ("active region"). Paﬂ: of the resulting radia~
tion is coupled out of the laser via the two cleaved mirrors (Figure 1.2—

1). The use of heterostructures, first suggested by Kroemer [8], and
demonstrated by Alferov et al. [7], Panish et al. [8] and Kressel et al. [9],
greatly improves the laser performance. In these structures the recom-
bination active region is bounded by wider bandgap materials with lower
index of refraction (Figure 1.2-1). These regions provide both carrier
confinement and optical waveguiding, thus reducing the current density
needed to obtain lasing (threshold current density) by more than one
order of magnitude, as compared with homojunction Gads lasers (1-
3kAcm ™2 vs. ®50kA¢m™2). The laser is said to be a Single or Double
Heterostructure device if the active region is bounded by one or two of

its sides, respectively, by the wider bandgap regions.

Semiconductor injection laser diodes were fabricated from several
atomic systems. Among these, the GaAs-Ga_,Al.As system is the most
widely used and the most technologically developed. As z is increased
from zero, the bandgap increases (AE‘, R 1.25z eV) and the index of
refraction decreases (An? -~0.62z). The system is virtually lattice
matchgd for all values of z, which is very important for minimizing inter-

face defects which cause undesirable non-radiative recombination.
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Figure 1.2- 1. Schematic drawing of an AlGaAs Double- Heterostructure injec-
tion laser.

The principle of operation of Double-Heterostructure injection
lasers is depicted in Figure 1.2-2. Figure 1.2-2a shows the schematic
band structure of the laser diode under forward bias conditions. E_lec-
‘trons injected from the N-AlGads layer into the active region are
confined by the P-AlGads otential barrier, and holes injected from the
P-AlCaAs are confined by the N-AlGaAs barrier. As a result, the carriers
are trapped in a region which is much narrower than the carrier
diffusion length, where the stimulated recombination takes place. Thus
the threshold current.. being proportional to the volume of the active

region is reduced. A further reduction results from the better coupling
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between the optical mode and the active region, which is due to the
waveguiding mechanism of the low refractive index AlGaAs layers (Figure

1.2-2b.c).

N P
Ga,.x AIxAs GaAs Go,_xAlx.As

refractive
index

(b)

optical mode
intensity

(c)

Figure 1.2- 2. Schematic drawing of: a) band diagram under forward bias condi-
tions, b) index of refraction profile, and c) optical mode of a
double- heterostructure injection laser diode

Comprehensive treatment of semiconductor injection laser diocdes
can be found in the books by Kressel and Butler [10], Casey and Panish

[11], and Thompson [12].



1.3 Thesis Outline

The main subject of this thesis is the development and characteriza—
tion of optoelectronic devices that can be applied as source§ in' optical
communication systems. All the devices described here were fabricated
of the AlGaAs ternary system, using conducting or semi-insulating Gads
crystals as substrates. This system is also suit'able for fabrication of
electronic devices, and thus makes it possible to fabricate integrated

optoelectronic devices and circuits.

Chapter 2 describes two devices which, in addition to operating as
injection lasers, also perform electronic functions which modulate their
light output. The first one, named the Translaser, is a monolithically
integrated device which consists of a heterostructure bipolar transistor
and an injection laser [13]. The collector current of the transistor
directly modulates the laser current, and thus its light output. The
second device combines within itself the optical operation of a laser with
the electrical operatién of a semiconductor controlled rectifier, thus

presenting an alternative mode of modulation of laser diodes [14].

In Chapter 3 an investigation of the properties of multi—-PN junction
heterostructure devices is carried out. This type of device presents an
alternative approach for the realization of large optical cavity lasers. An
interesting property is that they possess bistable electrical characteris—

tics similar to those of “simple" Shockley~diodes [15].

Two novel structures of laser diodes that can be used as sources for

single~mode optical fiber communication are described in Chapter 4.
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The first device, the Embedded Stripe Laser [18], involves the application
of selective growth techniques. Its structure incorporates two-
dimensional waveguiding and carrier confinement in the active region,
thus achieving low threshold currents and stai:le and well defined optical
parameters. The second device is a new version of the Buried-
Heterostructure laser — with properties similar to the Embedded Stripe
Laser—- so it can be grown on semi- insulating substrates, thus making it

possible to incorporate it in optoelectronic integrated circuits [17].

In the last chapter (Chapter 5), the intrinsic electrical equivalent
circuit of the laser diode is developed [18], The model which is
presented provides a better understanding of the operation of the laser
diode, which is particularly important in applications which involve its
high frequency operation with other electronic components and when a

modification of its frequency response is desired.
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2. INTEGRATION AND COMBINED OPERATION OF SEMICONDUCTOR LASERS AND

BIPOLAR DEVICES

2.1 Introduction

In virtually all the applications envisaged for the semiconductor
injection laser, its light output is to be modulated. One of the main
advantages of the semiconductor injection lasel; is that its light output
can be modulated - under certain limitations to be discussed in Chapter
5 = directly, by modulating the current passing through it. This
current modulation is usually accomplished by connecting the laser to
some electronic circuitry, to which the input modulation signal is
applied. In many cases, the modulation source is a low power level one,
and thus some amplification is needed so that the output signal will be
compatible with the current levels required for a significant modulation

of the light output of the laser.

In most of the systems in use today, the laser and its driving circui-
try are fabricated on ﬁiﬁerent substrates, or ‘chips". There are potential
advantages in cc;mbining all these functions monolithically on a common
substrate. All other things being equal, the monolithically integrated dev-
ice will be more simple to fabricate, will have higher reliability, higher
speed, and ultimately lower cost compared to the same circuit made of

discrete devices.

Fortunately, the AlGaAs ternary system has properties which makes
it a suitable candidate for fabricating both electronic and optical dev—

ices. Compared to silicon, the backbone of the electronic industry today,
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GaAs is a direct bandgap material (silicon is an indirect bandgap
" material) so efficient light generating .processea are possible in it, and

the charge carriers have higher mobilities and shorter lifetimes

A
Pioneering work in the area of integration of lasers with Metal-

Semiconductor-Field—Effect-Transistors (MESFETs) was performed by
Yariv and co-workers [1]-[2]. Unlike the various types of FETs. which
are majority—-type carrier devices, bipolar device operation is usually
dominated by diffusion-driven transport mechanism of minority-type
charge carriers. FETs are thus potentially faster devices, but it is also
possible to fabricate bipolar transistors which have cutoff frequency well
within the GHz regime [3]. In addition, the ultimate limit on the fre—
quency response of the combined circuit is likely to be imposed by the
laser diode itself (due to an intrinsic resonance in the 1-3 GHz region),
and not necessarily by the driving circuitry. Another practical argument
in favor of using bipolgr transistors is that they are more compatible
with conventional digital electronic circuitry (e.g. TTL logic gates), and
thus a need for additional electronic circuitry (e.g., level shifters) is
eliminated. Integration of semiconductor lasers with bipolar devices is

described in this chapter.

Integration of a semiconductor laser and a bipolar transistor is
described in Section 2.2. The combined device is named the Translaser
[4]. In Section 2.3 another integrated device is described: Injection Laser
with a Semiconductor-Controlled-Rectifier [5]. The Translaser belongs
to the class of integrated devices, since it involves the combined opera-

tion of two distinct devices. The Injection~Laser-SCR, however, is
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basically one bipolar device, which combines the electrical operation of
an SCR switch with the optical operation of the injection laser. In both
cases we have — on a common substrate — a device which performs some

electrical function in addition to its optical function.
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2.2 The Translaser: A Monolithic Integration of AlGaAs Bipolar Transistor and a

Heterostructure Laser

2.2.1 Introduction

One of the common circuits used for driving laser diodes is shown
in Figure 2.2-1. The transistor base current generated by the modula-
tion voltage source V, is amplified by a factor 8 (8 is the common-
emitter current gain of the transistor) and the changes in the collector
current — which is also the laser current, since they are connected in
series — are translated into changes in the light output of the laser. This
generic type of a circuit can be used to apply either small-signal or
large—signal, digital and analog modulation. The Translaser combines, on
a common substrate, both the transistor and the laser - the com-
ponents that appear inside the dashed box in Figure 2.2-1. The sub-
strate used for this particular device is a Te-doped, n*~- Cads (100)
oriented substrate, although with a minor modification the Translaser
can be fabricated also on Cr—doped, Semi- Insulating Gads substrate.
The laser structure employed is a stripe geometry laser formed by a Be-
implantation process, as described in detail in the work of Bar-Chaim et

al [8].

One of the advantages of the Translaser is that the process used to
form the lasers is compatible with the fabrication of heterostructure
transistors. This is important for two reasons. First, compatibility usu—
ally implies simpler fabricating processes and thus higher devices yields.

Secondly, heterostructure transistors having a wide bandgap emitter
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Figure 2.2- 1. Laser diode and its driving circuit. The dashed box contains the
components integrated in the Translaser

and a narrower bandgap base materials are known to have large

common-emitter current gains [7]). The last point will be further elab-

orated in the next subsection.
2.2.2 Advantages of Heterostruclure T'ransistors

Since the introduction of the idea of the heterostructure transis—
tor [8)], and in particular one in which the emitter material has a wider

bandgap than the base material, its importance has been recognized,
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and operation of devices made of various materials have been demon-—
strated [7],[9]-[14]. Because of the close lattice match between Gads
and AlGads, heterostructure transistors based on the ternary AlGads
system are particularly attractive because the metallurgical interface at
the emitter-base junction does not contain a large density of surface
states, and thus does not cause a considerable degradation of the
transistor operation. At 300°C, the lattice mismatch between Gads and

AlAs is only 0.27%.

A typical band structure diagram of a heterostructure laser at ther—-
mal electronic equilibrium is shown in Figure 2.2-2a. It is assumed that
the spike in the conduction band that should exist at the junction
according to the Anderson theory on heterojunctions [15], is actually not
there, probably because the junction is not abrupt, as explained by
Cheung et al [18]. The advantage of using this type of transistors -

compared to homostructure transistors - can be understood from Fig—
ure 2.2-2b. This figure depicts the minority carrier concentration distri-
bution across the emitter and base regions of a heterostructure transis-
tor in the active mode of operation under the condition of low-level

injection.

The common—-emitter current gain (g) is related to the common-
- base current gain (a) by 8=a/(1- a). a itself is usually expressed as a
product of the emitter injection efficiency and the base transport factor
(17]. The last factor is basically the same in both heterostructure and
homostructure transistors. The first factor, the emitter injection

efficiency () is defined as
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Figure 2.2- 2. Heterostructure transistor. a) band structure diagram. b) minor-
ity carrier distribution in the emitter and base regions for a
transistor operating in the active mode.
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A minority current injected into the base = In
T = %otal current at the emitter — base junclion . Jp +J,

(2.2-1)

where J, is the electron current density injected from the emitter into
the base, and Jp is the hole current density injected from the base into
the emitter. Using the notations of Figure 2.2-2b, and assuming that
the transistors have narrow bases (i.e., W <<Lpg),Jp, and J, are approxi-

mately given by

0

J, = qugl‘-’Tf,—) (2.2-2a)
0

Jp = qDg L '["i ) (2.2-2b)

where g is the electronic charge, Dg and Dy are the diffusion
coefficients of the minority carriers in the base and emitter regions,
respectively, n,(0) and p,(0) are the excess minority carriers concen—
tration at the edges of the depletion regions of the base and emitter
regions, respectively, # is the base width and Ly is the diffusion length
-of minority carriers in the emitter. For low level injection conditions

(which prevail in our case), the expressions for n, (0) and p,(0) are:
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2
_ TWp AV,
np(O)—E—e L (2.2-33)
ni%‘ AY;
P (0) = —E gAVer (2.2-3b)

where A & 7(%; (K is Boltzmann's constant and T is the absolute tem-—

perature), Vgz is the voltage applied to the emitter—base junction, ng
and 'n.,_E are the intrinsic carrier concentration of the materials of the
base and emitter regions, respectively, and Ny and Np are the doping
concentrations in the base and the emitter regions, respectively. From
basic semiconductor theory we know that in a given material,

El_
11.,;2 = Nche KT

(R.2-4)
where No and Ny are the effective densities of states in the conduction
and valence bands, respectively, and £, is the energy bandgap in the
material. From Equations (2.2-1) to (2.2-4) we obtain the following

expression for the emitter injection efficiency:

AE
Dy Ny w Ngg Nyp e"};r"']'l

=}1+ 2.2-5
7 [ Dg Np Lg Ncg Nyg ( )

where AE, is the bandgap difference between the materials of the
emitter and the base regions. In homostructure transistors AE, = 0, and

thus, given W and Lg, one would want to increase Np and decrease Ny
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as much as possible in order to maximize the emitter injection
efficiency. However, doing that increases the resistivitj of the base
region, a fact that can have adverse effects on the transistor operation
in terms of increased base resistance and emitter crowding, reduced fre-
quency response and even enhancing the possibility of punch-through
phenomenon [18]. However, in heterostructure transistors we have an
additional degree of freedom at our disposal, i.e., the bandgap difference
AE; between the materials of the emitter and the base. In an
Al,Ga,_,As/GaAs junction at room temperature we have AE /KT 50z.
In regular devices z ® 0.3- 0.4, so the base doping can be increased,
thus improving the overall transistor performance without decreasing
the emitter injection efficiency which virtually stays close to its ideal

value of unity.

It should be noted that the preceding discussion is inaccurate at low
current levels, where the deple{ibn region recombination current must
be taken into account. This effect is usually larger in heterostructure
transistors than in homostructure transistors because of the larger
concentration of recombination centers at the heterointerface. More

details will be given in the subsection on the experimental results.
2.2.3 Description of the Translaser

The cross—section of the Translaser is shown schematically in Fig—
ure 2.2-3. The basic building block of the device is a 250 -um-wide (and
about 300—um—long) region defined in a liquid-phase—epitaxy (LPE)-—

grown n— AlCaAs/p— GaAs/n— AlGaAs double—heterostructure.
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Figure 2.2- 3. Schematic cross- section of the Translaser.

The compatibility between the laser and the transistor manifests
itself by the fact that each unit can operate independently as either an
injection laser or as a bipolar transistor. In the first case, terminal 1 is
the anode terminal of a Be—implanted laser and terminal 2 (the common
substrate) is the laser cathode (terminal numbers refer to Figure 2.2-1).
In the second case, terminal 3 is the emitter of the transistor, terminal 2
is the collector of the transistor and the base contact (terminal 4) is

formed via the Je—-implanted region. It is important to note that the
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laser is structurally a bipolar transistor operated with the base as the
-positive terminal, while the emitter terminal is left floating. The usual
assignment of the terminals is shown in Figure 2.2-1. Another point
worth noting is that in some of the previous works [14], [19], the base of
the transistor was contacted directly after etching the top AiGads layer.
Because of the small thickness of the base region (ﬂv 0.25 um), the subse—~
quent alloying of the collector contact can damage the collector-base
junction and increase the leakage current. In the translaser this prob-
lem is solved by implementing the contact to the base by means of a Be-
implantation, the same implantation that defines the stripe in a Trans—
laser unit that is to be operated as a laser. In a later work by Ankri et al

(20] the base contact was achieved by a diffusion process.
2.2.4 Fabrication Procedure

The fabrication of the device starts with the growth of four layers
on an n*- Cads substrate by liquid-phase—epitaxy (LPE), using the
conventional single-slider graphite—boat apparatus [21]. The growth is
done in H, atmosphere, with oxygen concentration of less than 0.5 ppm.
The initial growth temperature is 800°C and the cooling rate is usually
0.4°C/min. The typical layers thicknesses, aluminum contents (z) and

doping are shown in Table 2.2~1.

Following the growth, the upper Gads contact layer is removed by
etching with 1:.8:8 (H,S04H205:H,0) solution in the region to be
implanted, in order to assure diffusion of the Be~implanted stripe down

to the active region. After deposition of 2500 & of Si0, film on the
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TABLE 2.2- 1. Growth parameters of the layers of the Transiaser

Function of the Layer | Type | Thickness | Al Contents Doping
Laser Transistor [um] (z) Dopant | Conc.[em™3)
Lower Collector n 3.0 0.4 Sn 1x IOIT
cladding
Active Base p 0.25 0.0 Ce 1x1018
iregion
Upper Emitter n 1.0 0.4 Sn 1x 1018
claddin
Emitter n 0.7 0.0 Sn 2> 1x1018
contact

wafer (the depoéition temperature is 370°C), it is coated with a layer of

photoresist (Shipley AZ-1350Z), in which stripes of width 6 um are

opened photolithographically. After etching the Si0; in these openings

(~ 25 seconds in Buffer—-HF solution, made by Transene Co., Inc.), a 100

KeV Be-implantation is performed at room temperature with a dose of

3x105cm 2.

After removal of the photoresist mask, the wafer is

annealed for 40 minutes at 800°C. This results in diffusion of the Be—

implanted stripe down to, but not beyond the GaAs active region (or

base region). This is in accord with the results of Bar—Chaim et al (8]

that the beryllium diffusion depth is strongly dependent on the alumi-

num content of the material, so that the diffusion process is virtually

self- terminating at the Gads layer. Because of the use of the pho-
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toresist as an implanting mask above the Si0; layer, the Be—-implanted
region has a minimal lateral diffusion, which is a desirable feature for
obtaining lasers with low threshold currents. (For a laser\str-ucture with
a given threshold current density, the threshold current is

proportional — with some limitations - to the stripe width of the laser).

As the next step, a shallow Zn diffusion from a Zndsz source (20
minutes at 640°C in a sealed ampule evacuated to 1078 torr) is per—
formed in the Be-implanted region which makes for a good ohmic con-
tact to the base and active regions. After this diffusion, the ohmic con—
tact to these regions is achieved by evaporation of Cr and Aw. This is
followed by opening of 100 um-width windows down toc the top Gads
layer (by etching =~ 5 seconds in Cr—etchant [40 m{ HCl +2 gr Hydrazine
Dihydrochloride (HaNNH ;2HCL)] followed by ®~ 10 seconds in Au—etchant
[113 gr KT + 85 grIp + 100 ml H;0]). An evaporation of AuCe and Auw
is then performed to form _the emitter contact of the transistor. The
emitter contact is separated from the base contact by etching the
metals between them in a stripe of 10-um~width (using Au—~etchant and
Cr-etchant as described before). The individual Translaser units are
then isolated from each other by etching another 10-um-wide stripe in
the wafer down to the lower AlGads layer. Thus each laser is isolated
" from the base and emitter of the neighboring transistors. The etchant
used was 1:8:8 (H ,S04:Hz02:H30). The substrate is then lapped (down to
thickness of 70 to 100 um) and deposited with AuCe alloy (88% Au, 12%
Ge) and Au, followed by alloying at 380°C. Finally the wafer is cleaved

into individual columns, each containing several Translaser units with
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length of about (250 £ 50)um.
2.2.5 Ezperimental Resulls

2.2.5.1 The Transistor

A typical collector current versus collector—emitter voltage

curve is shown in Figure 2.2-4.

Figare 2.2- 4. Typical collector current versus collector-emitter voitage curve of
a heterostructure bipolar transistor.(horizontal scale: 0.5 V/diwv;

vertical scale: 10 mA/div; base current: 20uA/step, with the lower
curve corresponding to /g =0uA)

The transistor was tested at current levels up to 200 mA. Figure 2.2-5
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shows the typical dependence of the DC current gain fpe on the collec—-

tor current /.
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Figure 2.2-5. Typical common-emitter current gain versus collector current
bias point curve,

At low current levels {< 100 Acm™2) the value of fpc increases with
current. As mentioned before, the reason that Bpc is not constant is the

existence of recombination current at the emitter~base junction deple—



-28 -
tion region. In order to analyze this effect, we first define I as the usual

expression of the diode current, given by

ID = Is(GAVBE" 1) R IseAVBx (22_6)

and Iy as the depletion region recombination current, given by

AVpgp

Ig =Igge "* (2.2-7)

where Vgpr is the base—emitter voltage, Ny is a constant, (usually
1< Ng £ 3), Inp is a phenomenological recombination current con-
stant, and Is is the diffusion saturation current, given by

_ 9n’DpAs

Is Ny W

(2.2~8)

where n, is the intrinsic carrier concentration in Gads and Ay is the
emitter area. In our case ny=1.1x107cm™3, Dy = 100cm?2sec™!,
Ap = 3x107%em?, N, = 1x10%%m™= and W =0.25um, which gives

I
Is = 2x107%%, or equivalently, Jg & =5 =8x10"17"4-cm2.
E

If we now define /¢y as the value of the collector current at which
the value of Bpc drops to one half of its high—current value (f;), we can

solve tor Jgp [22]. A good approximation for high values of fp¢ is
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AV,
IC' Ise B
e _ 2.2-9
Boc Is | Avar AVex ( )
S + IRoe Nr
Bo
= Bo — (2.2-10)
AVppr (=1
1+ BO—IRD e Ne
Is
At Ip = I, we have
AV,
I & Ise™ % (2.2-11)
and
Iro AVhﬂij%--l)'
Bo-——e z =1 (2.2"12)
Is
Combining Equations (2.2-11) and (2.2-12), we obtain
b
IRO = —]CL E ]s' (22—13)

The value of Ny can be found from the slope of the logf vs. log/c

curve at low current levels. From Equation (2.2-9) we see that in this

- A

current regime BpcxIy %, provided that 8p¢ >> 1. From the experi-
mental results we obtain Ny~ 2.2, which is a reasonable value. Values

ranging from 1.1 to 2.5 are reported by Konagi et al [7], [14]. For
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Ng =22, Iz =12mA and By =910, we obtain Igpp = 1.2x107'34, or

Iro

equivalently, Jgo & ikl 1071%cm =2, It is interesting to note that
E

Igp is about 7 orders of magnitude larger than Ig. For example,in Si
homostructure transistors, Izg is typically only 3 orders of magnitude

larger than /.

From simplified calculations it is found that the recombination

current density constant Jgzg is given by [23].

Tro = g¥any
2TrEC

(2.2-14)
where Wy is the width of the depletion region at the emitter—base junc-
tion and Trgc is the lifetime of the carriers. At Ip =1g Wy ® 6004,
which yields Tpgc ® 13 ns. This is a reasonably accurate result, taking
into account the fact that first, it is only a simplified model, and second,
that the value of Jgp 'is very sensitive to changes in Ngy. For example, a
change of less than 5 percents in Ng (from 2.2 to 2.3) results in more
than 50 percent change in Tggc (from 13 ns to 8 ns). For currents above
80 mA, the values of fpc remains approximately constant. The value of
Bpc at the high collector current regime (gp) is about 900, which is in a
good agreement with the theoretical value as limited by the base tran-—

sport factor, i.e.

Bo = (E—],;,—E—)"’ (2.2-15)
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with Lg, the diffusion length of the minority carriers in the base, equals

about 4 um [24].
2.2.5.2 The Laser

The laser section of the Translaser is a stripe geometry laser.
The particular structure employed is a modified version of the first Be—
implaﬁted laser [8]. In that laser, all the layers that were grown in the
LPE process were of n—type, while in the Translaser, the center Gads
layer is of p—-type, since it has to serve also as a base of an NPN transis—
tor. In order to optimize the operation of the transistor, the base doping
was increased to 1x101® em~3. However,even this high doping level is not
high enough to cause a substantial increase in the free—carrier optical
absorption at the active region of the laser [25]. This is due to the fact
that under lasing conditions, the carrier concentration in the active
region exceeds 1x10!9, and furthermore, more absorption is caused by

electrons which have smaller effective mass as compared to holes.

Threshold currents of the lasers were as low as 55 m4, with 60 m4
being a typical value for a 250-um cavity length devices. This value is
_ comparable to the results obtained by Bar-Chaim et al [8], so it can be
concluded that replacing the n—type active region by a p-type one does
not cause any significant degradation in the performance of the laser,
although the increased base doping caﬁ slightly increase the carrier
loss outside of the stripe region. As will be discussed in Chapter 5, car—
rier loss mechanisms can improve the laser frequency response func—

tion.



The near-field and the far—field radiation patterns in the direction
parallel to the ‘junction plane are shown in Figures 2.2-6 and 2.2-7,

resp_ective'ly.l ‘

Figare 2.2- 8. Near field radiation pattern of the laser. (horizontal scale is 2.7
pm/div)

»Both exhibit single .spatial mode behavior. The half width of the near
field intensity pattern is about 5 um, and the half width angle of the far-
field pattern is about 8°. On the basis of these results it can be con-
cluded that the laser is mainly gain~guided. Lasers with the same physi-
cal dimensions but with real index guiding, usually have a wider far field
pattern, and they often oscillate in a higher order spatial mode. Furth-

ermore, only lasers with gain guiding have astigmatism in their radiation
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Intensity (Arbitrary units)

Figure 2.2- 7. Far field radiation pattern of the laser.

beam. Using the formulae given by Casey and Panish {28] we obtain
that the magnitude of the real index difference is smaller than 5x107¢,
and probably less. The lasers operate in a small number of longitudinal

modes. Single longitudinal mode operation of this type of lasers was

achieved for devices with narrower (g 4um) stripes.

The light versus current characteristics of the laser is linear up to
10 m¥W output power, and no self-pulsations were observed after a few
hundred hours of operation. The external differential quantum
efficiency (np) is defined for current levels above threshold as

= _A(carriers injected into the laser) _ 2gA AP (2.2-16)
o A(photons emitted out of the laser) hc Alp -
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was measured to be above 40%. In Equation (2.2-18) A is the emission
wavelength, A is Planck’s constant, ¢ is the vacuum light velocity, P, is
the optical power emitted from one facet of the laser, and /; is the

current flowing through the device.
2.2.5.3 Combined Operation of the Translaser

The Translaser was operated as one unit both in pulsed and CW
modes of operation. In the later case, it was mounted with Indium on a
Copper block heat-sink with the substrate side down. CW threshold
currents were found to be about 20% higher than the pulsed threshold

currents, in agreement with [27].

The temporal response of the Translaser was tested using an RCA
C30902E Avalanche-Photodicde (APD) and a pulse generator with a 1 ns
rise-time. Taking into account the risetimes of the pulse generator and
the APD, the intrinsic rise—time of the Translaser under these conditions
is 1.1 ns, corresponding to modulation rates of about 300 MHz. (Opera-
- tion of faster AlGadAs heterostructure transistors have been demon-—
strated [18], [20]). This value is limited by the parameters of the device,
as discussed in the following paragraph. The cutoff frequency (f7) of a
transistor, which is defined as the frequency at which the short—circuit

current gain f# in the common emitter configuration is unity is given by

[19]
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1 _Cmx+Crc
2nfr Alg

+RsCrc + 1 + 7¢ (2.2-17)

where Crg~and Crp are the transition capacitances of the collector-
base and the emitter-base junctions, respectively, Rg is the sum of the
collectdr series resistance and the collector and emitter contact resis-
tances, 7 is the base transit time, and v is the collector depletion
region transit time. Equation (2.2-17) is derived from the hybrid-n
transistor model, which is reasonably accurate for frequencies up to
about fr/3. In our case Crx™~ 38pF, Crc™ 18pF, Rs= 100, Ic= 70mA4,

T~ 10pS, and 7o= 5pS, which yields fr& 820 MHz.

Since in our case the limiting factor for fy is the RsCr¢ term in
Equation (2.2-17), the time response can be improved by fabricating
transistors with smaller areas (and thus reducing the capacitance), and
by using improved contacting techniques, which can reduce the contact
resistances from ~ 1x107%0) - cm? by more than one order of magnitude
(and thus reducing the total series resistance). At that point, the other
terms in Equation (2.2-17) begin to limit fp. However, this limit occurs
at frequencies of several gigahertz. For example, reduction of the area

by a factor of 4 and the series resistance by a factor of 10 resuits in

increasing fy to about 8.4 GHz.

Another important figure of merit of a transistor is the maximum
frequency of oscillations, f ., at which the power gain of the transistor

is unity. fmax i8 given by [3]
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1
_ fr 2
fw - [ BﬂTHCTC ] (2.2 18)
rg is the base spread resistance, given by
=Ps8 H -
TR = o (2.2-19)

where pgg is the base region sheet resistance, A is the emitter width
and L is the emitter length. In our case rz~ 352, which yields f.x™
240 MHz. foa.ex can be improved by using a base electrode structure
more suitable for high frequency applications, in which the H/L ratio is
much smaller. For example, a transistor with an interdigital electrode
structure with a 5 times smaller H/L ratio (in addition to all the other

improved parameters as described above) will have f,,, of about 3 GHz.
2.2.6 Further Applications of the Translaser

Because of the inherent versatility of the Translaser, various dev—-
ices can be made by using more than several Translaser units on the
"same column. Some of the possible applications are shown in Figure
2.2-8. By connecting two transistors in a Darlington—pair configuration,
much higher current gains are achieved, and the laser can be driven
even from a low-level modulation sources (Figure 2.2-9a). Of course,

there is the usual trade—off between gain and speed of response.

If an additional fabrication step is employed, so that the base con-

tact of the first transistor in the darlington pair is removed, the result—
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(a) (b) (e)

Figure 2.2- 8. Possible applications of the Translaser. a) Darlington-pair Trans-
laser. b) High-gain optical repeater. ¢) Opto-electronic 'OR' gate.

ing device will operate as a monolithically integrated optical repeater
(figure 2.2-9b). Monolithically integrated optical repeater, based on
MESFET detector and amplifier, has recently been reported by Yust et al

[28].

Another configuration is shown in Figure 2.2-9c. This device
operates as an opto-electronic "OR" gate. The laser emits light when an
electrical input signal is applied to at least one of the base terminals. In

this case no additional internal connections are needed, since the
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collectors of all the transistors are part of the common substrate.

As a final remark, it should be noted that with a minor modification
the Translaser can be fabricated also on Semi~Insulating (SI) substrates.
Since the collector terminal is usually not needed for external contact-
ing, this requires only the growth of an additional n*-Gads layer on the
SI substrate. More details on devices grown on Sl substrates are given in

Section 4.3.
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2.3 AlGaAs Injection Laser - Semiconductor - Controlled - Rectifier Switch

2.3.1 Introduc tion

An alternative method for driving injection lasers, which is partic-
ularly suitéble for medium speed pulsed applications, is by using an SCR
as a switch, as depicted in Figure 2.3-1. The SCR is basically a
p-n-p- n-—strﬁcture device. Several GaAs and AlGads p-n—-p-n

light-emitting devices have been reported recently [28]-[35]. However,
all these are electrically two-terminal devices: they are either optically
activated, or they switch when the voltage imposed upon them exceeds
their breakover voltage value. The device described in this section com—
bines the operation of an AlGads heterostructure injection laser with
the electrical operation of an SCR, i.e., this is a three terminal device,
where the switcﬁing is accomplished by applying a control signal to the
gate electrode, fn the usual mode of operation of conventional SCR dev—

ices. We can look on the combined device as a laser switch.
2.3.2 Principles of SCR Operation

A basic SCR structure and its basic current-voltage characteris—
tics are shown iﬁ Figure 2.3~2. Under forward bias condition the device
has two stable states, and thus it can operate as a switch. Referring to
Figure 2.3-2, in region "A" the SCR is in the forward-blocking, or "OFF"
state. The middle (NP) junction (JR) is reverse~biased, and virtually all
the applied voltage develops across it. In region ‘C” the device is in the
second stable state~the forward conducting, or "ON" state. All the junc—

tions are forward-biased, so the voltage drop across the device is only
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Figure 2.3- 1. lLaser driving circuit using semiconductor-controlled rectifier.

slightly larger than a voltage drop across a forward-biased pn junction.
Region 'B” is an unstable state of the SCR, in which it switches between
the two stable states, and thus possesses negative differential resistance.
The switching point between the two stable states depends on the magni-
tude of the gate current /. The switching voltage with I; =0 is defined
as the brekover voltage (Vggp) of the SCR. The minimum current
required to maintain the SCR in the 'ON" state is defined as the
holding current (Iz) of the SCR. In the reverse—biased direction,
regions ‘D" and ‘E" are the reverse~ blocking and the reverse breakdown

regions, respectively, and they usually bear little importance to the nor-

mal mode of operation of the SCR.

The fact that the SCR posseses two stable states can be shown by

using the two-transistor model representation for the device {36]. From
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Figure 2.3- 2. a) Schematic structure of an SCR. b) Current—Voltage curve of an

SCR.

Figure 2.3-3 we can clearly see how this model is derived.

Following the signs convention and the current definitions in Figure

2.3-3c, the circuit equations for the model are
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Figure 2.3- 3. Derivation of the two- transistor model for the SCR a) SCR struc-
ture. b) conceptual decomposition of the SCR. ¢) two—transistor

model.
Ieg =aylpy +Icor 1 =1,2 (2.3~1)
Igy*1lgy=1Ica Icy=lgy Iy=Igy, Ix=1Iy; (2.3-2)

where o is the common base current gain of the i-th transistor, and

Icpy is the collector to base reverse saturation current of the i-th

transistor. Combining Equations (2.3—-1) and (2.3-2) the following



—43 -
expression for the anode current /, is obtained:
_ gy + Igpz + (1-ag)lgy

Iy = e (2.3-3)

It is clearly seen that when a; + ap = 1, I, approaches infinity, which

indicates the bistability of the device.

An actual solution of the SCR characteristics must take into
account the physical phenomena which are essential to the SCR opera~
tion: the dependence of a on the current, and the avalanche multiplica—
tion in the depletion region of the center junction. A more accurate
description employs the graphical analysis method by Gibbons [37].
Referring to the notations in Figure 2.3-4, the current I through the

device is
I= M[]p(zl) + In(IZ)] (2'3_4)
where M is the avalanche multiplication factor (assumed to be the same

for electrons and holes, as is the case in Gads) and the subscripts p

and n refer to the hole and electron currents, respectively.

Using the transistors equations [Equation (2.3-1)],

Ip(zy) = ay(Ig)ly + Icoy (2.3-5a)

In(z2) = ap(Ig )y + Icpe (2.3-5b)
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T

Figure 2.3- 4. Schematic structure of a generalized SCR device.

and the relations / =y and I, =1 + Iz, (In our case /;3=0, as can be
seen from Figure 2.3-3 and 2.3-6), Equations (2.3-4) and (2.3-5) can be

combined to yield

Icoy1+poa—oy (I +Ig )y
I §

= ay(I +lgy) + ax(I) + (2.3-86)

1
M(V2)

& f(Llcy)

where M is usually given by the empirical expression
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M(Vy) = [1-( )]'1 (2.3-7)

(Vgp is the breakdown voltage of the junction and c¢ is an empirical
parameter, usually also a function of ¥V, [38]). Equations (2.3-8) and
(2.3-7) can be solved graphiéally, and the result is the /- V curve of the

device [37].
2.3.3 Description and Operation Principles of the Injection-Laser-SCR

A schematic cross—section of the structure of the combined device
is shown in Figure 2.3-5a, and the schematic symbol of the device is
shown in Figure 2.3-5b. The functions of the various layers in the opera-—
tion of the laser and the SCR are described in Table 2.3-1. The upper
emitter-base junction of the device is a homojunction, formed by Zinc
diffusion in the upper AlGads cladding layer. The lower emitter~base
junction is a heterojunction at the interface of the active region and the

lower cladding layer.

'

In the forward-blocking ('OFF") state, the current flowing in the
device is the reverse bias leakage current of the heterojunction between
the active region and the upper cladding layer. Due to the low intrinsic
carrier concentration in GaAs and AlGads, and the depletion region

recombination current, the current dependence on the voltage follows

approximately an exP(_ng_(F) law up to quite high injection levels. This

lowers the overall sensitivity of the device, since it takes more current to

‘obtain the "ON" voltage on the junction than the current it would have
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Figure 2.3- 5. a) Schematic cross- section of the Injection Laser- SCR. b) The
symbol of the combined device.

taken if the Junctmn followed the conventional exp(—q——) law. On the

other hand, SCR devices fabricated from GaAds are less sensitive to high
temperatures because of their large bandgap, and they are inherently

tfaster than Si SCRs because the carrier lifetime is shorter.

In the forward—conducting {"ON") state, all the junctions of the dev—

ice are forward-biased. Electrons are injected into the active region
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TABLE 2.3- 1. Functional table of the regions of the injection- lagser- SCR. The
indexing of the various regions refers to Figure 2.3- 5a.

Region Function of the Region
Laser SCR
1. lower lower lower
n—AlGaAs | cladding emitter
2. p-Ge active lower
region base
3. upper upper
n— AlGads upper base
4, Zn- cladding upper
diffusion emitter
5. upper contact
n—- Gads layer

across the heterojunction at the lower emitter, and holes are injected
from the upper emitter and flow through the upper cladding layer to the
active region. This is basically a remote—junction structure, similar to a
" structure which was discussed recently by Kobayashi et al [39]. Loss of
carriers in the upper cladding layer is negligible because the minority
carrier concentration in that layer is lower than in Gads by a factor of

_ LBy

e T, where AE, is the difference in energy bandgaps of the materials
of the upper cladding layer and the active region. This results in an
insignificant increase in the threshold current of the laser. The laser

structure itself is basically that of the common oxide-stripe laser with
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zinc diffusion.
2.3.4 Fabrication Procedure

Some of the processing steps are common to the fabrication of the
Laser-SCR and the Translaser. Missing details can be found in the sub—

section describing the fabrication procedure of the Translaser.

The fabrication of the Laser-SCR starts with the growth of four
layers on an n*-— Gads substrate by liquid—phase—-epitaxy. Typical layer

thicknesses, aluminum contents and doping are given in Table 2.3-2.

TABLE 2.3- 2. Growth parameters of the layers of the injection laser SCR

Layer number | Type | Thickness | Al contents Doping
(Fig. 2.3- 5a) (e} (z) Dopant | Cone. [cm ™3]
1 n 3.0 0.4 Sn 5x10'8
2 p 0.25 0.0 Ce 1x10!8
3 n 2.0 0.4 Sn 5x 1018
4 n 0.7 0.0 Sn 2 1x1018
-

The contact layer is removed in the region where the Zn is to be diffused.
This makes it possible to achieve a larger degree of control of the subse—
quent diffusion process. After deposition of 2500 & of Si0; on the
wafer, it is coated with photoresist in which stripes of width of 7 um are

opened. After the etching of the Si0; in these openings and removing
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the photoresist, Zn is diffused in vacuum at 840°C for 20 minutes, fol—
lowed by an annealing of the wafer at 800°C for 30 minutes. This results
in diffusion of the Zn down to a distance of about 0.5um above the active
region, in agreement with the results of Lee et al [40]; The distance
between the diﬁﬁsion front and the active region is chosen to be as small
as possible in order to minimize carriers loss in the upper base region,
while still maintaining the fabrication process under control. If the
diffusion front reaches the active region, the device will still operate as a
laser [41],[42], but the electrical mode of operation is then that of a
diode and not an SCR. During the Zn-diffusion the stripes widen up to
about 10um because of lateral diffusion and undercut below the Si0,

film.

An evaporation of Cr~ Au, etching the Si0,; above the Gads contact
layer, and an evaporation of AuGe/Au, form the anode and gate con—
tacts, respectively, of the SCR. The gate contact is separated from the
anode contact by etching the metal contact between them in a 10um
stripe. The substrate is consequently lapped, and the substrate side of
the wafer is deposited with AuGe and Au, followed by alloying at 380°C.

Finally 300um~long individual devices are cleaved from the wafer.
2.3.5 Ezperimental Results

First we calculate the common-base current gain a« of the two
transistors which model the SCR, in order to see if it can possess two
stable states. a is given by a = yfg, where {5 is the base transport fac—

tor, is given by [17]
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j minority current reaching the collector
=~ minority current injected into the base

= [cosh(%)]" (2.3-8)

where Lg is the diffusion length of the minority carriers in the base
region. The expression for 7y is given by Equation (2.2-5). (For transis—

tors without very narrow bases, the factor ¥ in that equation should be

replaced by Latanh(%)). From Equations (2.3-8) and (2.2-5) we

obtain a =0.998 for the lower transistor and a« = 0.98 for the upper
transistor. So we see that At moderately high current levels a; + a5 > 1.
At low current levels the opposite condition (i.e., &; + az < 1) holds, of
course, because of the depletion region recombination current, so we
can conclude that the device will demonstrate a bistable behavior. This
behavior can be clearly seen in Figure 2.3-8a, which depicts the anode
current versus anode—cathode voltage (/; vs. V x) curve, with the gate
current Iz as a parameter. The breakover voltage (Vgg) of the device is
-about 8V and the holding current (/g) is about 1 m4. Vzg can change
from one device to another because the differences in the amount of
leakage currents. As the magnitude of the gate current pulse is
increased, the device switches at lower voltages. This can be understood
with the aid of Equation (2.3-3): as I is increased, /, is increased.
Since both a; and az are themselves monotonically inereasing functions
of /, at this region, for example due to avalanche multiplication in the

depletion region of the middle junction, it takes less voltage to satisfy
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Figure 2.3- 8. a) Typical I, vs. Vyx curve of an injection laser- SCR switch. (hor-
izontal scale: 1V/div; vertical scale: 1 A /div; gate—current scale:
200uA /step).b) Switching voltage vs. I;.

the switching condition as /g is increased. A typical switching voltage

versus gate current is shown in Figure 2.3-6b.

The laser has similar properties to other oxide stripe lasers. Thres—
hold currents are typically about 100 mA, and their optical properties,

including near-field and far—-field patterns, are similar to those of the
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Be-4mplanted lasers, leading to the conclusion that they are gain-—
guided. Operation in a single transverse mode was obtained up to about

1.5X[¢h.
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3. MULTI- PN JUNCTION HETEROSTRUCTURE DEVICES
3.1 Introduction

Since their introduction, the Shockley—diode [1] and other related
devices have found many applications in switching and regulating cir—
cuits [2]. Receﬁtly the operation of Shockley—diodes which function also
as AlCa.As injection lasers has been demonstrated [3], [4]. The basic
description of the operation of PNPN devices can also be found in Sec—
tion 2.3, where a combination of an injection laser with a semiconductor
controlled rectifier is described. Operation of a homostructure multi-
PN GaAs device as an injection laser has also been reported [5], but no

analysis of the electrical or optical properties of the device was given.

This chapter analyzes the electrical and optical properties of sem—
iconductor devices consisting of many layers of alternating P and N type.
It is found that such devices provide an alternative for realizing bistable
switching devices. Since the electrical "gain” is distributed among all the
regions of the structure, different switching conditions are obtained.
Mainly we find that it takes more ‘gain" to perform the switching, which
~ results in an increase in the breakover voltages and in the holding
currents. The electrical gain referred to in the last sentence is the
common-base current gain of the transistors that represent these dev—
ices, as will be explained later in this chapter. This type of device can
also find application in making AlGads injection lasers with more than

one active region [8].

The outline of the chapter is as follows. In Sections 3.2 and 3.3, the
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electrical and optical properties, respectively, of the multi~PN devices
are analyzed.‘ Finally, Section 3.4 describes the fabrication procedure
and thev eiperimental'results of several types of such devices, and com—
pares the experimental results with the theoretical calculations. Appen—
dix A reviews the solution of the diffusion equation in a uniform. region
with general boundry conditions, and Appendix B presents a numerical
method, based on the finite—element-method, for solving general two

dimensional waveguide problems.
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3.2 Electrical Propertiea of Multi- PN Structures
3.2.1 Modified Transistor Model for Multi-PN Structures

Consider a structure consisting of 2m layers of alternating P and
N type. This structure, as shown schematically in Figure 3.2-1, is

denoted by (PN ),,.

1s2m P
i*2m-l & ‘zm-1
[ ]
:
.’_
-
)
[ ]
)
in2 "2
———) v
KX n t

Figure 3.2- 1. Schematic drawing and notations for a (PN),, structure.

By a direct extension of the two-transistor model for the SCR, one
can analyze the structure using a more complicated transistor network.
An example of a (PN)3 structure is shown in Figure 3.2~2. Generally, it
takes a 2x(m ~1) transistor network to describe a (PN),, structure.
Using the sign convention and notation of Figure 3.2-3, the 3x2x(m-1)

equations needed to describe the network (three equations for each
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Figure 3.2- 2. Transistor model of a (PN )3 device. a) Schematic structure of
the device. b) Decomposition of the device into individual transis-
tors. c) Equivalent circuit of the device.

transistor) are:
Ige + fcq = [3‘ ' 1=12 ... ,Z(m—l) (3.2_13)
It = oylgg + Icog s i=12,... ,2(17!.-1) (3.2—1b)

Icg=Igq-y +Ig42+Ice-;, 1=2,4,6...,2(m-1) (3.2-1c)

!Ei = - IBJ‘l + IC".g + ]c.‘-l . 1=3458"17...,2m-3
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Figure 3.2- 3. Sign convention for the currents in the transistors [used in Equa-
tion (3.2- 1)].

(3.2-14d)
i=2m -2
Igy = Ig,2m-2~ izl Iey (3.2-1e€)

where the transistors are assumed to be initially in the cutoff or active
region (i.e., the device is in the forward blocking state). I¢g; is the collec~
tor to base revefse- saturation current of the i-th transistor, a; is the
common-base current gain of the i~th transistor, and /g is the current
generated at the i-th gate of the device.The set of equations (Equation

3.2-1) can be cast in a matrix form

A T'_‘ T(.lrive (3.2-2)



For example, the (PN)g structure is described by the following matrix

equation. A is given by

1 0 0 0 0 0 0 0 0 -1 0 0
1 -1 -1 0 0 0 0 0 0] 0 0 0
-0y 0 1 0 0 1 0 0 0 o 0 0
0 -1 0 0 0 1 0 0 0 0 0 0
0 -0 0] 1 -1 -1 0 0 4] 0 4] 0
0 0 0 -ag 0 1 0] 0 0 0 0 0
0 0 -1 0 1 0 1 0 1 c 0 o (3.2-3)"
0 0 0 0 0 0 1 -1 =1 0 0 0
o 0 o0 0 0 0 =-a3 0 1 0 0 O
0 0 0 -1 0 0 0 -1 0 0 0 1
0 0 0 0 0 0 0 0 0 1 -1 -1
0 4] 0 0 0 0 0 0 0 -y 0 1
and 7 and E,.m are given by
Ipy N [
Icy Icoy
Ipz Igy
_ Igz — 0
I= oy Tarive = | Igoz
Ipg Iga
153 ' 0
Ics Iros
Igs Ics
Ig, 0
Icy Icos

Equation (3.2-2) can be solved for I; =Iz; with joy] as a set of
parameters. The particular case where I, approaches infinity (i.e., the
determinant of A equals zero) indicates the switching condition. Inspec—

tion of the matrix A in Equation (3.2-2) shows the following:

(PN),, structures, with m 2 2, can not possess more than two stable

states. This is deduced from the fact that for a given structure,
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only one set of {oy}, at most, yields I, - =.

The condition for switching changes, depending on the structure
parameters. Some of the results are shown in Figure (3.2-4). [t is
clearly seen that as m increases, the device must have more gain in
order to possess two stable states. Structures without enough gain
remain in the forward blocking state, and when the applied voltage
is increased they eventually undergo either avalanche or zener
breakdown. One simple explicit expression is obtained for the case
where all the transistors have the same gain, i.e., a;=az=, . . ., 2a.

In this case switching occurs in a (PN ),, structure when

=1-— 3.2—
a — (3.2-4)

For m =2 we get the well known result for the SCR (a;=az=0.5).

As a final remark, it is interesting to note that the above analysis
can be also carried out for multi—-PN structures in which the first layer
and the last layer are of the same type (e.g., a PNPNP structure). In this
case it is found that the device behvior does not show bistability, and
thus it is similar to a transistor. It seems that all generic types of one-
Eport low-freqency low-field semiconductor devices are described by one

of the following structures: P (or N), PN, PNP (or NPN) and PNPN.

Figure 3.2-5 helps to explain this fact. In particular, it describes
why both (PN); and (PN); devices have the same basic characteristics.
Figure 3.2-5a depicts the device in the forward blocking ("OFF") state.
The cross—hatched areas represent the depletion regions of the reverse

biased junctions (J; and J4). The junction J4 is, in principle, forward
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Figure 3.2- 4. Common base current gain (a) for switching of a (PN),, device
versus . a) All the transistors are identical (o;=a). b) All the odd
(or all the even) numbered transistors in the model have a=0.95.
Shown is a needed from the other transistors for switching. c)
Same as in b), but with a given a of 0.99.

biased. However, since the current that flows through the device is very
small, there is also a very small voltage drop in the region between J»
and J4. Since a region with virtually no current and voltage has a little

effect on the device, to the external world the device appears basically as
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Figure 3.2 5. Comparison between the generic characteristics of (PN)g and
(PN )2 devices. a) (PN )3 device. b) corresponding (PN ) device.
(regular Shockley diode).

if it had the structure depicted in Figure 3.2-5b, which is a (PN); dev—
ice. In the forward éonducting ("ON") state, all the internal regions in the
(PN); device are in saturation, which is the same situation as in the
(PN)z device. Of course, the quantitative analysis is different for the

two cases, as can be seen from the next two subsections.



3.2.2 Solution of Diffusion Equation in the Forward Blocking ("OFF")

State

In this section we will analyze the (PN),, structure in the forward
blocking state. In this section and in the next one, the indices on the
various parametérs refer to either the junctions (e.g. voltages,depletion—
region fecombination currents) or to the layers between the junctions
(e.g. diffusion lengths,widths of the layers). As can be seen from Figure
3.2-1, the i~th junction separates the i~th and the (i+1)—th layers. The
minority carriers distribution in the forward blocking ("OFF") state is
shown in Figure 3.2-8. All the even-numbered junctions are reverse-—
biased so that the minority carriers concentration at them is effectively
zero. The equation for the current density through the reverse—biased

junctions is

J =da =Ma[Jp o +dpaie1(W) +Jp2:(0)], 1i=1,2,...,(m-1)

(3.2~5)

Mg is the avalanche multiplication in the depletion region of the
2i—th junction, which, for Gads, is the same for both electrons and holes

and can be approximated by the following empirical formula

Mai(Va) = [1" ( V;,;;;')c]-l (3.2-86)

where Vgp o, is the breakdown volitage of the 2i—th PN junction and ¢ is

an empirical constant. Jg i is the current density generated in the
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Figure 3.2- 8. Minority carrier distribution across a (PN ),, device in the for-
ward blocking ('OFF") state.

depletion region of the 2i-th junction (e.g. thermal or light generation)

T

which can ~ to the first order - be approximated as a constant.

Jp, 20+1(W) is the hole diffusion current density entering the junction

from the left and is given by

Jp21et(W) =Jgp 2¢+1[(BA - 1) + cosh(—-224 L"’:::‘ )] (3.2-7)

where A = -1—(,‘17-; and V; is the voltage across the i-th junction,
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gD
9p. 241 Pn;;; 2¢+1 (3.2-8)
n, 2i+1
Lp. 2i+1

Jsp.zﬂ;l =

and J, 2;(0), the electron diffusion current density entering the junction

from the right, is given by

4
Jn 2i(0) = Jen, 21[(9AV“"- 1) + cosh( Lp':: )] (3.2-9)
n,
where
D
Jsnzi = $n2 Tlp;;zi _ (3.2-10)
Lp, 2 sinh('--z'-&-)
Ly, 24

Tper Wp, Dp, Ly and ppg, W,, Dy, Ly are the equilibrium concentration
of the minority carriers, the width, the diffusion coefficient and the
diffusion length of the minority carriers in the appropriate P and N

regions, respectively.

The odd numbered junctions are slightly forward biased, so we have
to include the effect of the depletion region recombination currents.

These currents can be approximated by the following formula
Jg = Jgoe ™"
R =4JRrot€ (3.2-1 1)

where Jgp and Nz are empirical constants (see Section 2.2). In the fol-

lowing calculations we will assume that Ng=2, which is a good
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approximation for practical devices.

Since the current is the same throughout the device, we can equate
the current densities through the even and odd numbered junctions, so

the current density is given by

J = o4t = Jp,2041(0) + Jp 2042(W) + Jp 2141

V.
= Jop zen(e""*"'~ Deosh(722L) + 1] (3.2-12)
P

W, o4
+ Jen 244 ehV#41_ 1)cosh( 222 4 4
sn, 2i42
L ziv2

AVans

+ JRro,2i+1€

or

' AVaiey
AV -z )
J =Jd (e ¥=1) +Jspia +Jpoziee 2 . i=0,1,2,...,(m-1)

(3.2-13)

where Jp, 244+1(0) is the hole diffusion current density entering the junc-
tion from the right, J, z¢+2(¥) is the electron diffusion current density
entering the junction from the left, J,, and J,, are as defined before in

Equations (3.2-8) and (3.2-10),
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Js, 2041 & Tsp 2ter + Jen 2i42 (3.2-14)

W, o¢ W,
J2us1 8 Jop20e1 cosh( 2200 4 T oy i cosh( 222 ) (3 2-15)
Lp 2141 Lp 2142

and Jpp a1+ is the recombination current constant of the (2i+1)—th

junction.

Note that for i=0, JP(O) =0, and for i=m-1, Jn(WP) = 0, since we
can assume that the diffusion currents in the two extreme layers are
negligble, e.g., these layers are 4/Gads layers with high Al contents, and
thus their values of n,, and p,, are much lower than those of Gads,

because of the differences in the bandgap energies.

Using Equations (3.2-5) to (3.2-13), we can obtain a closed form

expression for the J-V curve of the device in the following way. For a

AV,

given value of J, Equation (3.2-13) is a quadratic in e_“-.
1=1,305,...,(m-1). Once a solution is obtained for all the odd num-
bered  junctions, Equation (3.2-6) can be solved for
-V, i=2,4, ..., (m-2), using Equations (3.2-5) and (3.2-7) to (3.2-10).

The sum of all the junction voltages thus obtained is the total voltage V
across the device, corresponding to the assumed value of J. The particu—
lar form of the resulting expressions is quite complicated, but the calcu-
lations are straightforward, as described above. The important
parameter of the J- V curve in the "OFF"” state is the breakover voltage

(Vgo), which is defined in the same way as for the Shockley diode. At this
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point %JY- = 0. As the current is further increased, the voltage across the

av

7 < 0 ] region and thus

device decreases. This is a negative resistance |

unstable, leading to the "ON" state. In this new situation the assumption
about the junction voltages are no longer valid, and new calculations

have to be done.

The breakover voltage of the (PN),, device is the same as the vol—-
tage across (m—1) Shockley diodes operating in series. This is because
the structure consists of distinct sections, -each isclated between two
reverse biased junctions at which the carriers concentration is virtually
zero. (See Figure 3.2-8). Thus we see that by increasing m we can

obtain devices with higher breakover voltages.

3.2.3 Solution of the Diffusion Equation in the Forward Conducting

('ON’) State

In the forward conducting state all the junctions are forward

biased, |V¢|>>£q7;i=1.2.....(2m—1). ie., all the transistors that

’

model the device are in saturation. This is similar to the behavior of the
" common Shockley diode in the "ON" state. The distribution of the minor—
ity carriers concentration in this state is shown in Figure 3.2-7. (Note
the change of sign in the notation for the even-numbered junction vol—
tages; now all the junctions are forward biased). The resulting diffusion

equations of the entire structure can be written in the form:

Bu+Cw=1J (3.2-16)
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Figure 3.2 7. Minority carriers distribution across a (PN ),, device in the for-
ward conducting ("ON’) state.

where

u= . (3.2-17)



-75 =
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AV,
S € -1
w= . (3.2-18)
AVom-1
e 2 -1
1
_ =1
J=|- (3.2-19)
1
The matrix B, given by
(3.2-20)
Jsn1 ~Jsn2 0 j 0
“Ysni JsZ —Jsps a *
B = 0 TJsp2 Js‘a “Vsn4
0 ’ “Vep, 2m-2 Js;. 2m-1
contains the diffusion contribution to the total current and
(3.2-21)
JROI 0 * 0
C = . 0 JROS 0
0 : JRO, 2m -1

contains the depletion-region recombination contribution to the total

current. Jogq, Jeni Jsi  and Jppy are given in Equations (3.2-8),(3.2-

Wp.i
Lp'i

10),(3.2~15) and (3.2-11), respectively. Also /3, = Jsp,‘cosh( ) and
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V.
Jshi = Jm¢cosh(24°—'i-). The derivation of Equations (3.2-16) to (3.2-21)
ni

is outlined in Appendix A. Several calculated results for the devices
described Tables 3.2~1 and 3.2-2 are shown in Figure 3.2—-8 and in Fig-

ure 3.2-9.

TABLE 3.2- 1. Details of a (PN ), structure.

Layer Al Doping Width
Number | Type | Contents | Concentration | [um]
(z) x 1018 [cm 3]
1 n 0.4 0.1 1.5
2 P 0.0 3 0.2
3 n 0.1 0.1 0.8
4 P 0.0 3 0.2
5 n 0.1 0.1 0.8
6 D 0.0 3 0.2
7 n 0.1 0.1 0.8
8 P 0.0 3 0.2
9 n 0.1 0.1 0.8
10 P 0.0 3 0.2
11 n 0.1 0.1 0.8
12 P 0.0 3 0.2
13 n 0.1 0.1 0.8
14 P 0.4 1 1.5
15 p* 0.0 ~ 10 1.0

Part a of these figures shows the distribution of the excess minority car—
riers across the devices. The distribution across the (PN)s device is
much more balanced than in the (PN ), device. This fact is also clearly

demonstrated in part b of the figures, which shows the distribution of
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TABLE 3.2- 2. Details of (PN )s structure.

Layer Al Doping Width
Number | Type | Contents | Concentration | [um]
() x10!8 [ern 3]
1 n 0.4 0.1 1.5
2 P 0.0 3 0.25
3 n 0.1 0.1 0.5
4 P 0.1 0.1 0.5
5 n 0.0 -3 0.25
8 P 0.1 0.1 1.0
7 n 0.0 3 0.25
8 P 0.1 0.1 1.0
9 n 0.0 3 0.25
10 P 0.4 1 1.5
11 pt 0.0 = 10 1.0

the recombination current across the device. As will be discussed in Sec-
tion 3.4, it is desirable to have as uniform distribution in the Gads
regions as possible. When designing a structure for a particular carriers
_profile, the parameters at our disposal are the number of the
layers,their types and widths and the doping concentration. All these
parameters appear in the solution of the diffusion equation, and thus

can affect the performance of the device. |

The holding current of the device (i.e., the minimum forward
current which is required to sustain the "ON” state) can be estimated in
the following way. We know that if the current is reduced below the hold-

ing value, the device exhibits negative resistance and is unstable. This
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Figure 3.2- 8. ‘ON’ state characteristics of the (PN ), device described in Table

3.2- 1. a) Excess minority carriers. b) Recombination current dis-
tribution in the various regions.

leads to the 'OFF" state described in the p'receding section, so the value

of J for which % =0 is the holding current density (Jy). This

parameter can be found by solving Equation (3.2-18) numerically. Cal-
culated dependence of Jy on several parameters is shown in Figure

3.2-10. The device consists of (m~1) PN sections of Gads sandwiched
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Figure 3.2- 9. 'ON' state characteristics of the (PN )5 device described in Table

3.2- 2. a) Excess minority carriers. b) Recombination current dis-
tribution in the various regions.

between two layers of high Al contents AlGaAs. As expected, the holding
current density increases with increasing the number of the PN sections
of the device, with increasing the widths of the layers and with increasing
the doping levels. The basic cause for this increase is the need to replen—

ish recombined carriers in more and more regions while still maintaining
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all the layers in saturation. Because of the basic exponential dependence
b;etween the current and the voltage in PN devices, the increase in the
holding current with increasing the number of sections in the device is

larger than the corresponding increase in the breakover voltages.
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Figure 3.2- 10. Calculated dependence of the holding current density (Jz) on
the number of layers in the device. a) W,=W,=0.5um. b)
Wn=Wp=1p.m.

It should be noted that the above analysis can be easily extended to
any arbitrary structure, not necessarily one which consists of alternat—

ing P and N regions (e.g., PPNN - - - ).
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3.3 Optical Properties of Multi- PN Heterostructure Devices

When multi-PN heterostructures are fabricated from the ternary
AlGaAs system, it can result in a new type of large optical cavity (LOC)
injection lasers. A conventional LOC structure {?] consists of one active
region. A large optical cavity structure which is made in a multi-PN
structure, contains more than one active region. An example is shown in
Figure 3.3-1. In this mode of operation, layers of Gads, which serve as
the active regions of the coupled lasers, are surrounded by AiGads
regions of lower refractive index, which together constitute the large
optical cavity. Splitting the active region volume into several separated
layers may give more degrees of freedom in designing the optical and

electrical properties of the device.

The optical properties of such structures can be analyzed using the
theory of periodic waveguides [B] or a similar theory of general mul-
tilayer waveguideﬁ. The whole device is basically one waveguide struc-
ture. Inv particular, it 'is found that if we have ¢ active regions,every fun—
damental mode of the single waveguide structure splits into q submodes.
Out of these, the submode that has the maximum overlap with the gain

profile of the structure will lase.

Since the individual waveguides (i.e., the active regions) are close to
each other, and the refractive index differences between them and the
AlGaAs layers between them are not large, perturbation methods are
inadequate for the solution of the problem. Solving for the waveguide

modes by the method of Yeh et al [8] involves the solution of a compli—
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Figure 3.3- 1. Exaniple of implementation of a large optical cavity device with a
(PN),, structure. a) Device structure. b) Refraction index distri-
bution across the device.

cated nonlinear characteristic eigenvalue equation. There are problems
(in terms of the computational effort required) in solving this equation,
particularly when the eigenvalues are complex. This is the case, for
example, when the gain in the active regions is taken into account. An
alternative method of numerical solution, based on the Finite Element
Method [9], is used in this work. The general computing method,
described in Appendix B of this chapter, is capable qf solving also two
dimensional waveguides. It was used here for solving one dimensional

structures.
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In designing multi—-PN structures for use as LOC injection lasers,
one must take into account the need to establish nearly equal gain in all
the active regions. As a first approxirnation this is obtainéd by making
the recombination currents in all the active regions as equal to each
other as possible. Ancther consideration is to minimize the recombina-
tion currents in the AlGaAs layers, since they do not contribute to the
optical gain of the laser. An example of such a design is shown in Figure

3.2-9b.

Figure 3.3-2 shows the calculated optical mode of the (PN)s device
whose parameters are described in Table 3.2-2. The index of refraction
(N) is the sum of its real part (¥,), shown in Figure 3.3~2a and its ima-
ginary part (N¢), shown in Figure 3.3-2b. (i.e., N =N, +1iN;). N; is
related to the optical gain (g) by N‘=£r_g' In this particular structure
N; corresponds to a gain of about 40c¢m ™}, but the mode is determined

virtually only by the variations of N, across the device. In Figure 3.3-2c

and 3.3-2d the near-field and far—field intensity patterns, respectively,

are shown.
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tion. c)near field pattern. d)far field pattern.
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3.4 Experimental Results

3.4.1 Fabrication Procedure

Some of the processing steps are common to the fabrication of the
multi~PN heterostructures and the Translaser. Missing details on these
steps can be found in the subsection describing the fabrication pro-

cedure of the Translaser. (Section 2.2-4).

The layered structure is grown by liquid phase epitaxy at 800°C.
Parameters of two typical device structures (e.g., layers types, widths,
doping) are described in Tables 3.2—1 and 3.2-2. Since the number of
the solution chambers in the graphite boat is smaller than the required
number of layers in the structure, the periodic parts of the structure
are grown by moving the slide—bar of the boat in both directions
between the solutions. In that case, two "dummy’ wafers are used, one
on each side of the actual growth wafer. The function of these "dummy"
wafers is to reduce the supersaturation of each solution before it comes
in contact with the actual wafer [10]. The dopants used are Ge (p—type),
Sn (n-type, for regions with Npg1x108cm™2) and Te (n-type, for

regions with Np2 1x108cm3),

Devices that are tested only for electrical parameters are etched
down to a 100x100um?® mesas, while devices which operate also as injec—
tion lasers are etched down to a 100um mesa in one direction and

cleaved to ® 300um length in the perpendicular direction.



3.4.2 Electrical Properties

'The multi-PN structure is an alternative way of manufacturing
switching devices. The inherently greater gains involved in such a device
shoﬁld yield in principle higher breakover voltages and higher holding
currents. This is due to the modification in the switching condition as
compared to a simple SCR. Several types of devices have been fabricated

in order to find the electrical characteristics of multi-PN structures.

A device of the first type is shown in Figure 3.4~1 This is a (PN ),
device. The dependence of the 7-V curve of the structure on the Al
contents (z) in the layers between the GCads regions was investigated.
Curves of devices with z=0.1, 0.2, and 0.4 are shown in Figure 3.4-2.
When the Al contents is too high, the current gain of the PNP transis-
tors in the device model (these are the transistors which have the
n-AlCaAs layers as their base regions) becomes too small to maintain
the devi;e in the "ON" state. For z=0.4 even reduction in the number of
layers, e.g., (PN), is not enough. In this case the obtained I -V curve is
that of a transistor in avalanche. The calculated carriers distribution in
the device is shown in Figure 3.2-8a for x= 0.1. As we see, the carriers
concentration is the highest in the upper Gads region, with fewer and
fewer carriers in the subsequent regions. This result was verified in the
4followi.ng way. Instead of etching the devices into the 100x 100um?
mesas, they were etched only in one direction and cleaved in the other
dimension (with lengths about 300um), thus forming injection lasers.
Observing the near field radiation pattern of the laser, it was found that

at, or slightly above the threshold (Jy,®5.5kA-cm™2) only the upper
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Figure 3.4- 1. Example of a fabricated (PN)y device. Typical parameters are
shown in Table 3.2 -1.

active region is lasing, while all the other active regions emitted only

spontaneous emission. Only when the current was raised to about 1.4x/y,

did the next active region lase.

Devices of a second type were grown with the goal of equalizing the



-88-~

zmA Yy v v 17T vy e

3 -

o <4

o =
imAF -

r -

P Y § — l i . 1

5V [0,
(a)

o'zmA T 1.7V J v r v v

O.ImAl .

{0}V 20V

(b)
ZmA_TT AR S
[ ]
lmA: ,
[ ]

et
25v S0V
(c)

Figure 3.4- 2. Dependence of the / -V curve of (PN )y devices on the Al con-

tents (z) in the waveguide layers. a)z =0.1. b)z =0.2.
c} z = 0.4 (No bistability).



-89 -

carrier distribution in all the GaAs layers of the device. The (PN)s

‘structure is shown in Figure 3.4-3, and the -V curve is shown in Figure

3.4-4.

N

hHiiIIm

z AN AU

\\\ \\\

GaAs
D AlGaAs

Figure 3.4- 3. Example of a fabricated (PN)s device. Typical parameters are
shown in Table 3.2- 2.

From Figure 3.2-8b it is seen that most of the carriers (% 82%) recom—

bine in the active regions, and the the level of recombination currents in

the diflerent active regions is uniform to within 10%. The breakover vol-

tage (Vgg) of the device is & 9V. Devices with breakover voltages of more



-80 -

Figure 3.4- 4. I~V curve of a (PN )s device. (horizontal scale: 1 V/div; vertical
scale: 0.1 4 /div).

than 35V were also observed. The value of Vgg in each particular device
also depends on the amount of leaking due to imperfections. The hold-

ing current density (/i) is about 1.54cm ™2,

3.4.3 Optical Properties
Lasers were made also from the (PN )y devices described in Figure

3.4-3. The threshold current density is about 13kAcm ™2, comparable to

conventional large optical cavity lasers of the same dimensions. The
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light versus current curve of a typical laser is shown in Figure 3.4-5.
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Figure 3.4- 5. Light versus current curve of a (PN )s laser. (the area of the dev-
ice is ® 300x 100um?)

The differential quantum efficiency is about 40% for both facets. At
threshold the near field showed the pattern expected from the calcula-
tion of the carrier concentration. Figure 3.4-8 shows a photomicro-

graph of the near fleld pattern of the laser. Figure 3.4-7 shows the
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Figure 3.4- 8. Photomicrograph of a near field pattern of a (PN )s device.

measured near field intensity pattern of the laser in the direction per-
pendicular to the junction plane. The inability to fully resolve the two
extreme weak side lobes of the mode is due to the nonuniform and
filamentary lasing in the direction of the junction plane. It is expected
that reducing the transverse width of the active region from 100um to
10um or less will enable the device to oscillate in a single transverse
mode, in the same way it is done in conventional stripe geometry injec—
tion lasers. In Figure 3.4-8 the far field pattern of the laser in a direc-

tion pe'rpendicular to the junction plane is shown. The fact that the far
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Figure 3.4- 7. Near field pattern of a (PN )g laser.

field pattern is broader than the calculated value is probably due to
spontaneous emission. Generally there is a good agreement between cal-
culated and measured results, as can be seen by comparing these results

to these of the preceding section.
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Appendix A: Derivation of the device equations in the 'ON’ state

In the "ON" state, all the junctions are forward biased. As a result of this
condition, all the layers can be analyzed as bases of a transistor in
saturation".\We will analyze separately the n and p regions, solving the
diffusion equation. The eflect of the depletion region recombination
currents can be accommodated by an added term as in Equation (3.2-

11) at every junction.

1. n-type region: The minority carriers distribution is shown in Figure
A.la. The steady- state solution to the diffusion equation in this

region subject to the boundry conditions

- qv(0)
P(0) = ppa(e X7 - 1) (A-1)
- V(M)
p(wn)=Pm(e kT - 1) (A—Z)
is
. sion(2F) sinh(Z-)
p(z) = p(0) e+ 5(”")—_7»"— (A-3)
sinh(—L—'—'-) sinh(——’-‘-)
P Lp

where p denotes carrier concentration in excess of the equilibrium
concentration, p,, is the equilibrium minority carrier concentration
in this region, and V(0) and V(W,) are the junction voltages at the

two ends of this region. Note that both 1;(0) and ﬁ(Wn) are much
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larger than p,,. The hole diffusion currents at the two ends of the

n—type region are

‘:(gl qv('n)

Jp(0) = —qD, EP—(E-“—OI =J [(e -l)cosh(———-) (e T KT -1)]

(a-4)
(o) LU
Jp(Wp) = —qD ﬂ%}-&—) =Jplle ¥ ~1)-(e *7 - 1)cosh(———)]
(A-5)

where Jop is given by Equation (3.2-8).
. p~type region:

The minority carriers distribution is shown in Figure 3.2-15b.

Repeating the same analysis, but replacing the holes with electrons,

1

we obtain
vim,) av(0)
In(0) = Jen[(e TE -1)-(e X7 -1)cosh(—P—)] (A-6)
qv(Wp) v@)
In(Wp) = Jen[(e T -1)eosh(—’-’—) (e ¥ -] (-7

where J,, is given by Equation (3.2-10).
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Figure A- 1. Parameters of a) n- type region, and region in saturation. b) p-
type

At each junction the sum of the two diffusion currents entering
the junction from both sides, plus the recombination current in the
depletion region of the junction itseif equal the total current density

| J through the device. Thus for a PN junction (i.e., the odd-

numbered junctions) we can write

J =Ja(Wp) +J,(0) + Jp (A-8)
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and for an NP junction (i.e., the even—numbered junctions) we can

write

J = Jo(Wp) + Jn(0)+Jg (A-9)

where the current components in Equations (A-8) and (A-8) are
given by Equations (A~4) to (A-7) and (3.2-11). Of course, the partic—
ular indexing of the voltages depends upon the location of the
specific junctions in the device. Also note that at the two extreme
junctions the only diffusion current is due to minority carriers in the
inner layers, as explained in the text. When Equations (A-4) to (A-9)
and (3.2-11) are grouped together with appropriate indexing,the

result is given by Equations (3.2-18) to (3.2-21).
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Appendix B: Numerical Solution of Two Dimensional Waveguides Using the Fin-

_ite Element Method

In this Appendix a method for solving two dimensional waveguides is

described. We start from the general wave equation for the electric field

E

V2 - pzos-';itzz— = -V (£-V Ing) - (V Inu)x(V x£) (B~1)

This equation is derived directly from Maxwell's equations without any
simplifying assumptions. Under the assumptions of non-magnetic
media (i.e., u=wp), two dimensional structures [i.e., e=£(z,y )], and har—

monic time dependence, the field solutions are of the form

B(zy.zt) = B (zy)elt -0

(B-2)
in which case Equation (B~-1) is reduced to
2 2
g—;g- + -g—f';— - (B2 - uegea®)E = -V (£-V In¢) (B-3)

Writing Equation (B-3) explicitly results in a set of three differential

scalar wave equations for the z, ¥y and z components:
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a°E, &%k 2 a2 amz dlne

az; + —= + (k% - A)E; + —[E, +E, el 0(B-4a)
2 2

3“F aaEi! + (kzt - BZ)E + —[E, alnz Blnc] qB 4b)
5 Yy

8%, = 3°E, 2 2 alnc | dlney _

o + (k% - gOF, - ip[E, 225 + E, 5 ] =0 (B-4c)

where k é wV gy = %

In calculations done for injection lasers, we are interested in the
tangential components of the fleld, since they eventually carry the radi-
ated power. Thus we will solve Equations (B~4a) and (B-4b) for £, and
E,. We start by muitiplying Equation (B~4) by a function ¥ and integrat—

ing it. Next we use Green's Theorem

v izﬂ_ ﬁiq_d = V o ndl - . _=
'[f(azz+ay2) zdy {f g-ndl _[Vngd:cdy (B-5)

(C is the contour around the region A) and the rules of partial integra-
tion. Since in our case the integration is carried over the whole (zy)
plane, and all the functions under consideration are zero at infinity, the
line integral in Equation (B-5) drops, leading to the following equation:

az az ay dy

)dzdy - [(k% - B2)WE,dzdy (B-6)
A

+ f[E, Blnz E,-——-—a;;']%dzdy =0



-101 -

Similarly we obtain from Equation (B-4b)

f(_az_a? ay )dzdy f (k2 - G2)WE, dzdy (B-7)
dlne alne aw
_/'[ £,22 ] dzdy =0

In the Finite Element Method, the (zy) plane is divided into poligon-
shaped elements, usually triangles or quadrilaterals. In each element
the properties of the medium (in this problem- &) are assumed to be
constant. Next we make an approximate expansion of E; and E, in

terms of a set of base functions {g,i:

E; = ?CZj-I’Pj (B-8a)
E'y R 2021¢j (B"Bb)
2

The functions {g,;} are localized: each p; has a value of unity at the
i-th node, and it is non—-zero only over the elements which border this

node.

Putting W = E,, £, in Equations (B-6) and (B-7), using Equation

(B-8), yields the following matrix equation:

AZ DY | |E, B ol B
7 sg2| =9 (B-9)
Dj AY Eu 0 By Ev



where
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6% dp; . 8¢y B9
P 14 I Vdzdy -
-A dz 4z dy 0oy ) dy
89¢  dlne
2
+ ————— o —
k {emw,d:tdy -[6:: ?j 3z dzdy
6% 8p; _ Oy; Op
y A I+ 722 7% Viedy -
'_'{ 3z oz = Oy By) W
d¢:  dlne
2
. + [ d:
. '[ #4942y { ay ¥ ay dzdy

(B-10a)

(B-10b)

(B-10c¢)

(B-104)

(B-10e)

‘Equation (B~9) is a generalized eigenvalue problem. Since we are usually

interested in the lowest order modes, only the highest values of § need

to be solved for.

method [11].

The solution can be done efficiently by an iterative

It should also be noted that since [p;} are localized, the

matrices in Equations (B-9) can, after rearrangement, be bounded, a
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fact that helps in terms of computer storage space and computing time

needed for the solution.

The far-field pattern is found by taking the Fourier Transform of
the mode pattern times an obliquity factor [12]. For angles less than 45°
relative to the forward direction, the equation for the far-field
diffraction from an opening in an infinite condu.cting screen [13], are

accurate enough for our application.
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4. NOVEL STRUCTURES OF LOW THRESHOLD SINGLE MODE INJECTION LASERS

‘4.1 Introduction

Of the many parameters characterizing the laser diode, the thres-
hold current is probably the single most important one. This importance
stems from two main reasons. First, all the power invested in the laser
below its threshold is wasted. This is undesirable in multi-device net-
works and in other systems where low power consumption is of great
importance. Second, all the power wasted below threshold is dissipated
in the laser, thus raising its temperature. Since the lifetime of injection
laser degrades drastically with increasing temperature [1}, lasers with

high threshold currents are inherently less reliable.

The second property often required from lasers used in optical com-
munication systems is that they have a stable radiation pattern -ie,,

single spatial mode lasers —preferably the fundamental mode.

Two types of lasers having these two desirable properties are
described in this chapter. A laser structure fabricated by a novel tech—-
nique of selective growth, the Embedded Stripe Laser (ESL) [2], is
described in Section 4.2. In Section 4.3 we describe a modified version of
the Buried Heterostructure (BH) laser [3], which in this case [4] is fabri-
cated on a Semi Insulating (SI) Cads substrate, thus making it more suit-
able for integration with other electronic devices, using planar technol—

ogy.
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4.2 The Embedded Stripe Laser
4.2.1 Principles of Selective Growth

In the usual methods of devices fabrication, the epitaxial layers
~ are grown uniformly over all the substrate area, and their different spa—
tial features are subsequently defined by photolithographic steps. A
basic alternative approach, used in fabricating the Embedded Stripe
Laser, is to use selective growth. In this method we define spatial
features on the substrate itself, so the epilayers do not grow uniformly
over it. Several methods for fabricating different devices using this
approach have been demonstrated [4]~[7]. In particular, Lee, Samid,
Gover and Yariv {4]-[5] fabricated lasers by growing through stripe
openings defined on the substrate by different techniques. The details of
the crystallographic features of the selective growth are described in

detail in [8]. The main results are summarized below.

Since the growth ?.S restricted only to certain parts of the substrate,
it has three dimensional features. In all the cases described, the growth
is in the (100) plane of the substrate. When the stripes are parallel to
the cleavage planes of the crystal (i.e., the (011) or the (011) planes), the
basic form of the resulting growth is shown in Figure 4.2-1. The struc-
ture has a trapezoidal cross section. The side walls of the trapezoid
structure are the (111) and the (111) planes, which grow at an angle of
55°44' with respect to the (100) substrate surface. The selective growth
starts on the (100) surfaces, and proceeds to the {111) surfaces, where it

continues at a much smaller rate. The case described above is the most
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useful one, since the crystal cleavage planes serve as the laser mirrors.

Figure 4.2- 1. Schematic structure of embedded growth

[f the stripes are oriented in 45° with respect to the cleavage
planes, the side walls of the grown structure are perpendicular to the

substrate. This result was used by Bellavance and Campbell [7] to fabri-

cate lasers with grown mirrors.
4.2.2 Description of the Embedded Stripe Laser

It is widely appreciated that a prerequisite for a double hetera ~
siructure (DH) laser with low threshold current and a well behaved optical
mode, is the existence of a built-in optical waveguide and carrier
confinement in the plane of the active layer as well as at right angles to

it, as explained by Saito and Ito [8]. The buried heterostructure (BH)
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laser [3] is probably the best known example of such a laser structure.
Unlike the BH laser, the Embedded Stripe Laser, described in this
chapter, is fabricated by a one step liquid phase epitaxi;l growth [2].
This growth is performed on a Gads substrate through openings in
SiaN, masks. The main disadvantage of earlier works in selective
growth (which were described .in the previous section), is that in these
cases the substrate area was covered completely by a mask (oxide or
nitride), except for the relatively narrow stripes where the laser mesa
was grown. Since the area available, in this case, to the excess solute is
limited, large and poorly controlled growth rates result, even at slow
cooling rates. This leads to devices with large dimensions (stripe widths

~ 25 um) and hence high threshold currents (> 200 m4).

In the growth method employed in the Embedded Stripe Laser,
which is illustrated in Figure 4.2-2, the Si3N, mask, which delineates
the area of the selective growth, is deposited as two narrow stripes —one
on each side of what is later on to become the laser mesa. Large
"dummy” areas of the substrate adjacent to the stripe are thus available
to receive most of the solute and thus moderate the growth rate. This
results in embedded lasers with active regions whose width as well as
height can be controlled within the submicron range. The fact that the
GaAs active region is completely embedded in AlGads, provides the

necessary optical guiding and electrical confinement, as discussed above.

An example of the small structure dimensions that can be obtained
reproducibly under normal growth conditions is shown in Figure 4.2-3.

It should be noted that the total height of the mesa is 2 um, the width of
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Figure 4.2- 2. Schematic cross section of the Embedded Stripe Laser

the center layer is 1.4 wm, and its thickness in the center is about 0.3

um.

4.2.3 Fabrication Procedure

Some of the processing steps are common to the fabrication of the
Embedded Stripe Laser and the Translaser. Missing details on these steps
can be found in the subsection describing the fabrication procedure of
the Translaser (Section 2.2-3). Fabrication of the device starts with the
deposition of SigN, film on a (100) oriented, Te~doped n*-CaAds sub—-
strate. The thickness of thev film is a few hundred £, and the deposition

temperature is 690 °C. Most of the nitride area, except for two & um
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Figure 4.2- 3. Example of 'small structure dimensions obtainable with the new
growth technique. (The length bar is 0.1 um)

stripes with a 5 um spacing between them is etched away, using
Buffered-HF solution for ~ 2 minutes. This pattern is repeated every 250
um. Devices with different dimensions were also fabricated, and 5 um is

a typical value.

The typical parameters of the layers grown in the liquid phase epi-
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taxy process are given in Table 4.2-1.

TABLE 4.2- 1. Growth Parameters of Embedded Stripe Lasers

Layer Type Thickness | Al contents Doping
[pm] (z) D.opant Conc. [em ™3]

lower n 2.0 0.4 Sn 1x 1047
cladding :

active n 0.3 0.0 R 5% 1018

region | (undoped) _

upper P 2.0 0.4 Ge 1x 1017
cladding

The cooling rate employed during the growth process was the normal 0.4
°C/min. There is no need for slower cooling rate for achieving controlled
and reproducible results. The particular shape of the active region
depends on the exact details of the growth process (e.g., the time that
this layer was grown, the thickness of the lower cladding layer, the orien—
tation of the substrate crystal). A typical active region is crescent

shaped, with about 0.3 um thickness in the center.

A Si0, film (Thickness = 2500 &) is deposited on the growth, and
stripes are opened along the center of the laser mesas using regular
photolithographic fechniques. Because the thickness of the photoresist
around the laser mesa is larger than in other places, the accuracy of the

stripe registration in this photolithographic step is not critical. Cr#du is
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evaporated as the p-4ype contact. The wafer is then lapped, and
.AuGe/Au is evaporated as the n4ype contact, followed by alloying at 360
°C. The last step is cleaving the wafer to devices with lengths in the 125

to 325 pum range.

During the growth, the facets of the layers at the stripe edges
(which are the (111) surfaces) grow at an angle of about 55° with
respect to the (100) substrate surface, as described in Section 4.2-1.
The laser mesa grows at the nominal rate until the triangle shape is com-
pleted. After that, the growth rate on the mesa is much smaller, while at
the other parts of the wafer it is unchanged. This confirms the fact that
the growth takes place first on the (100) surfaces, and only later, and at
a much slower rates, on the (111) surfaces. If the growth is continued
under these conditions, we get intolerably larée differences in height
between the mesa and its surroundings. This makes it difficult to apply
the p-contact to the device. As mentioned before, the exact shape of the
grown structure also ciepends on the orientation of the stripes. It was
found, in agreement with the results of Lee [6], that if the stripes are
perpendicular to the (011) cleavage plane, the growth rate is higher than
in the case where the stripes are perpendicular to the (01_1-) cleavage
plane. This causes the lasers grown using the first orientation to have

somewhat thicker active regions.

SEM photographs of cross sections of typical devices grown in both
orientations are shown in Figure 4.2-4. [t was recently found that lasers
with curved active layers give better results in terms of spatial mode sta—

bility [9].
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Figure 4.2- 4.
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4.2.4 Ezxperimental Results

- As explained in the introduction to this chapter, the main motiva-
tiop'in developing this type of laser was to obtain a low-threshold
single-—moab source. Typical values of the room temperature pulsed
threshold current of the laser {/;,) versus the laser length (L) are shown
in Figure 4.2-5. Typical values of threshold currents are 15-20 mA for
200 wm lasers and 25-30 mA4 for 300 um lasers. These are very low
values, comparable to the thresheold currents of the BH lasers. CW thres—-

hold currents are about 1537% above the pulsed threshold values.

The threshold current of the laser is a monoctonically increasing
function of the temperature. The exact theoretical calculation of this
dependence is complicated [10], and for all practical purpcses the fol-

lowing empirical formula is used:

Ta-Ty
In(T2) =Ip(Te T

where Ty is usually called the characteristic temperature of the laser.
This relation holds for a temperature region of a few tens of degrees
about room temperature. Because of reliability considerations, high
values of Ty are desired. High values of Ty were measured for the
Embedded Stripe Laser. Typical results are Ty = 175° in the tempera-
ture range of 20°C < T < 90°C and Ty=160°C in the
20°C < T < 135°C. This means that when operating at 75°C, [, is

increased by only 33% compared to its room temperature value.

The linearity of the light versus current characteristic is another
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Figure 4.2- 5. Dependence of the lasers threshold current (/) on the laser
length (L)

important parameter of a laser diode. Nonlinearities, or 'kinks”, are very
undesirable since they are usually accompanied by mode instabilities
and thus impose severe limitation on the operation of the device in many
applications [11]. The light versus current curve of a typical Embedded
Stripe Laser is linear and kink-free up to power levels of about 12

mW/face.t. This is true even for devices that do not operate in the
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fundamental spatial mode, but rather in some higher order mode. The
external differential quantum efficiency (np) of the lasers are about or
above 45%. Values of np quoted above are for 225 um-long lasers. The
depéndence of np on the laser length is given in fhe following theoretical

expression:

Np = m[l - --—-].l (4.2-2)

where 7y is the internal quantum efficiency (basically a
phenomenoclogical ~empirical factor representing all kinds of imperfec-
tions in the real lasers), a; is the total internal optical losses in the laser
(except mirror losses), L is the length of the laser and R is the mirrors

reflectivity.

Measurements of the near field and the far field patterns show that
lasers with narrow active regions (< 0.3um) tend to operate in the funda-
mental spatial mode in current levels up to more than three times the
threshold current. A typical far field pattern of such lasers in the direc—
tion parallel to the junction plane is shown in Figure 4.2-8. The half-
beam width of the mode is about 30°. Devices with thicker active
regions (3 0.4um) develop higher order modes at about 1.4xJ,,. Lasers
with wider active regions can operate stably in some higher order mode.
An example of such modes is shown in Figure 4.2-7. The Embedded
Stripe Lasers tend to operate in a low number (%~ 1-5) longitudinal
modes. A considerable fraction of them operate in a single longitudinal
mode, which is important fof applications involving high data rate single

mode .oétical fiber systems. A typical example of a spectrum of single
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Figure 4.2- 8. Typical far field pattern of a laser operating at the fundamental
spatial mode

longitudinal mode laser is shown in Figure 4.2-8. The device maintained
this single mode behavior up to current levels of more than 4x/;,. At the
higher current region there is a small shift (¥ +204) in the oscillation

wavelength, which is due to thermal effects.
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Figure 4.2- 7. Far field patterns of a laser operating in a 9- th order mode.
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4.3 Buried Heterostructure AlGaAs Lasers on Semi- Insulating Substrates
4.3.1 Principles of Operation

There are two basic prerequisites for lasers to be effectively used
as. a component of an optoelectronic integrated circuit. First, the laser
should possess good properties, such as low threshold current and single
spatial mode cperation, and second, it has to bé grown on a substrate
that is suitable for integration with other electronic devices. For devices
made of the ternary 4lCads system, Semi-Insulating (SI) Gads crystals

are the most suitable substrates for these purposes.

Operation of several types of injection lasers grown on SI Gads sub—-
strates have recently been demonstrated. Among these are the Crowding
Effect Laser [12], the T-Laser [13], the Transverse Junction Stripe (TJS)
laser [14], and the Beryllium Stripe Laser [QQaq]. Integration of these

lasers with several electronic components has also been achieved [13],

[15]-[17].

One type of laser that is an attractive candidate for this type of
applications is the Buried—Heterostructure (BH) laser [3]. In a manner
similar to the Embedded Stripe Laser described in the preceding section
of this chapter, the BH laser also has an active region which is com—-
pletely embedded in AlGCaAds material with a wider bandgap and a smaller
index of refraction, thus providing a two—dimensional waveguiding and
carriers confinement. The attractive features of this laser include low
threshold current, stable spatial mode operation, flat frequency

response and linear light-current characteristics.



-122 -

However, so far this type of laser has been fabricated on conductive
.substrates only. The BH laser described in this section is fabricated on a
SI Gads substrate [1B]. The cross—section of the device is shown in Fig—
ure 4.3-1. Several things are worth noting about this structure. The
n*—Cads layer serves not only as the cathode of the laser, but also as a
buffer layer between the substrate and the doﬁble-— heterostructure.
The introduction of a buffer layer reduces the anmount of defects in the
active region of the laser due to defects in the substrate, thus increasing
the lifetime of the device [19]. Growing the active region with a small
aluminum contents (z~ 0.05) was also found to increase the device life—

time [1].

The main advantage of fabricating the laser on a semi-insulating
substrate is that other parts (of the substrate) can be utilized for the
fabrication of electronic devices such as photodetectors or field-effect-
transistors, which are necessary for opoelectronic circuits like
transmitters and repedters. The realization of the Buried Optical Guide
laser [8] can be similarly achieved, thus leading to devices that emit
higher optical powers without a considerable increase in the threshold
current. The operation of a Ga/ndsP BH laser on a SI /nP substrate has

also been demonstrated recently [20].
4.3.2 Fabrication Procedure

Some of the processing steps are common to the fabrication of the
BH laser on a SI substrate and the Translaser. Missing details on these

steps can be found in the subsection describing the fabrication pro-
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Figure 4.3- 1. Schematic cross- section of a BH laser grown on a SI substrate

cedure of the Translaser. (Section 2.2~4).

As is the case with the regular BH laser, the device described here is
also fabricated by a two—step liquid phase epitaxy. The substrate used is
a (100)—oriented: Cr-doped Semi-Insulating (SI) Cads substrate. The
resistivity of the substrate material is more than 1x107Q —cm. This high
value of resistivity is due to a reduction of the carrier lifetime by the Cr

dopant.

The details of the structure grown in the first step are given in Table
4.3-1. A schematic cross—section of the structure after the first growth

is showﬁ in Figure 4.3-2a. In some of the devices an additional layer was
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TABLE 4.3- 1. Parameters of the first growth step of a BH laser on a S] substrate

‘Layer Type Thickness | Al contents Doping
[um] (z) Dopant | Conc[cm ™3]

buffer n* 4.0 0.0 Te 2x 1018

layer

lower n 1-1.5 0.38 Sn tx 1017
cladding

active n 0.2- 0.25 0.25 ~ 5% 1018

region | (undoped)

upper p 1- 15 0.38 Ge 5x 1017
cladding

grown between the buffer and the lower cladding layers. This layer is
Sn~-doped (Npm5x10'7cm=3), and its thickness is  0.5um. Its function
is to prevent the growth defects that result when an AlCaAds layer is
grown directly on a highly Te doped layer. After the growth, a mesa is
etched down to the n*—Cads layer, with the mesa direction parallel to
the < 110> direction. The etchant used is 1:8:8 (H2S0 4:H3045:H30) solu-
tion, and the resulting cross—section of the mesa has the inverted tra-

pezoidal shape. The stripe at the active region is about 2um. (See Fig-

ure 4,3-2b).

Then the second step of the growth is performed. The parameters
of the layers grown in the second step are given in Table 4.3-2. The

cross—section of the laser after this growth step is shown in Figure 4.3-
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Figure 4.3- 2. Steps in fabrication of BH laser on a Sl substrate. a) After the
first growth step. b) After the etching of the laser mesa. c) After

the second growth step. d) After applying the p contact. e) After
etching the second mesa, before the lift- ofl. f) The final device.

2c. The order of the layers forms an inverted n-p junction in parallel

with the p—»n junction in the laser mesa, thus reducing the current leak-

ing.
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TAHLE 4.3- 2. Parameters of the second growth step of a BH laser on a SI sub-

strate

Layer Type | Thickness | Al contents Doping
[um] (z) Dopant Concfcm™?]

lower
burying | p R 0.3 0.38 Ce 1x 1017
layer
upper .
burying n R 25 . 0.38 Sn 1x10
layer

After the growth the wafer is covered with a Si0p film. Using
conventional photolithographic techniques, stripes are opened in the
Si0, film above the laser mesa, and a shallow Zn diffusion is performed
in order to obtain a better contact to the laser anode. This is followed
by an evaporation of Cr-Aw to form the p contact. A cross—section of

the device at this stage is shown in Figure 4.3-2d.

In order to apply the cathode contact, a second mesa is formed at a
distance of about 50um from the laser mesa by etching down to the n*-
Gads layer (using the same etchant as before). Using a lift—off tech-
hique. the n contact is formed by an evaporation of Cr-Au and Au, fol-
lowed by alloying. Figures 2.4-2e and 2.4—2f depicts the structure of the
device before and after this final lift—-off process, respectively. Since

both the p and the n contacts are on the upper side of the device, the
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lasers are mounted with the junction up on a copper heat—sink.

4.3.3 Ezperimental Results

The threshold current is approximately 8 mA/um stripe width for
devices with 300um cavity length. These results are in agreement with
the results reported on BH lasers on conductive substrates [8]. The typi-
cal series resistance of the devices was 150, compared to 100 for verti-
cal BH lasers (i.e., BH lasers on conductive substrates). However, due to
the low operating currents (~ 20—30 mA), this gives rise only to a small

increase (® 10%) in heat dissipation.

The light versus current characteristics are linear up to average
power levels of 10mW, with differential quantum efficiencies of 35%. A
stable fundamental transverse mode is found in the lasers with stripe
width of 2um. This value is somewhat better than that predicted by
theory [8], and might be due to the asymmetry in the current injection.
The far field patterns of two devices are shown in Figure 4.3-3. Figures
4.3-3a and 4.3-3b show typical patterns of devices operating in the fun—-
damental and the first order modes, respectively. No significant asym-

metry was observed in the light intensity patterns.
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Figure 4.3- 3. Typical far- field patterns of the buried- heterostructure laser
(vertical scale - arbitrary units) on a SI Cads substrate. a) 2 um
stripe width. b) 3 um stripe width
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5. THE INTRINSIC ELECTRICAL EQUIVALENT CIRCUIT OF A LASER DIODE
5.1 Introduction

In this chapter an electrical model of the laser diode is developed [1].
This model provides better understanding of the electrical behavior of
the laser diode. The common method of characterizing the temporal
response of the laser diode is by its light versus current frequency
transfer function. However, many applications, and in particular those
which involve high- frequency modulation or combined operation with
other electronic components and circuits (i.e., devices such as the laser—
MESFET combination [2], the repeater [3] or the Translaser [4]), require
an accurate representation of the electrical impedance characteristics
of the laser. It should be always kept in mind that besides the fact that
it emits light, the laser diode is also an electronic device, and the
current flowing fhrough it and the voltage developed across its terminals

must be calculated as a part of the design of the whole circuit.

The DC cur'rent-voltage characteristics and the elements of the
laser equivalent circuit (i.e., its impedance function) are derived from
the rate—equations [5], which describe the interplay between the optical
intensity (or, equivalently, the photon density) and the charge carriers.
These equations are augmented by the voltage~carrier—density relation

of the injection junction.
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5.2 The Rate Equations and the Carrier- Density Voltage Relation

'I:he rate equations used in this section are taken from Kressel and
Butler [5]. Because of quasi-neutrality, a rate—equation for only one
tyi:e’ of charge carriers, e.g., electrons, will be needed. The electron den-

sity N, obeys the following equation:

dN, _ I N,
_Ez_-qa,d A(N, Nm)Nph s (5.2-1)

and a similar equation holds for the photon density Np:

dN N N
Tph. Ts

where I is the current fiowing through the diode, a is the diode area, d
is the thickness of the active region, ¢ is the electronic charge, 4 is a
proportionality constant, N, is the minimum electron-density required
to obtain positive gain; Ts is the spontaneous lifetime of the charge car—
riers, Tp, is the photons lifetime and # is the fraction of the spontane-
ous emission that is coupled into the lasing mode. # is usually a number
of the order of 1x107**! The dependence of beta on the device

parameters can be found in various references [8], [7].

The first term on the right-hand side of Equation (5.2-1) accounts
for carriers injected into the active region. The second and the third
terms account for charge carriers lost in stimulated and spontaneous

recombination, respectively. Similarly, in Equation (5.2-2) the first term
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on the right-hand side represents photons generated by stimulated
recombination  of carriers, the second - photons lost (i.e., by absorp—-
tion. or mirror loss), and the third — photons added to the lasing mode

from the _g\pontaneous emission.

The assumptions implied in formulating Equgtions (5.2-1) and (5.2-
2) are that the laser oscillates in a single mode, the inversion (gain} is
homogeneocus and the gain lis linear in the difference between N, and
N,m- Although the above set of equations is a simplified representation
of the behavior of the laser diode, they yield results which contain most

of the basic important phenomena relevant to the operation of the dev-

ice.

The junction voltage V is introduced into the equations through its
relation to the carrier density N,. Since the effective density of states in
the conducticn band (N¢) of Gads is smaller than the carriers density at
threshold (N, ;). Boltzmann's statistics are not accurate for this band.
For the 'éalence band Boltzmann's statistics are still a resonable approxi-
mation even at the threshold, since Ny is considerably larger than Ny,.
(N¢ = 4.3x107em™3, Ny =8.9x10¥8cm=3, and N, ~ 1-2x10'8cm™9).
Using the inverted expansion of the Fermi-Dirac integral developed by
Joyce and Dixon [8], keeping only the first correction term, and assum-
ing an undoped active region (or more realistically, high level injection
conditions), the following relation is obtained between the carriers den-

sity and the junction voltage:
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_2KT. N, 1 N,
V= . (mm t 5 Nc)

(5.2-3)
where ny is the intrinsic carrier density in Gads. The error in Equation

Non
c

(5.2-3) is about 2% at throshold for 3. This is accurate enough

for all practical calculations based on the independent— particle
parabolic~band approximation. Higher order terms of the expansion

can be included if a better accuracy is needed.
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5.3 Current- Voltage Characteristics

‘The DC current-voltage (/-V) characteristic is found from the

ste’ady— state solution of the rate—equations. Seti.ng -f—t =0 in Equa- |

tions (5.2-1) and (5.2-2), eliminating the photon density from the
resulting equations and using Equation (5.2-3),'the following /-V rela—

tion is obtained:

V=Vem

(5.3-1)

+2KT[lnb—\/b"‘ec +‘ 1 Nmb—\/bz-c]
q 2(1 - 8) 4v2 No 2(1-8)

where all the parameters in Equation (5.3~1) are defined as follows:

_ 2KT, Nem -
b =1+[ATpaNem] ™ +i%~ 4 (5.3-3)
¢ =4i°(1 + [A T Nm ] ) (1~ B) (5.3-4)
20 .. .__T_'S___ -
0= quad, (5.3~5)

At current levels below threshold, and assuming Boltzmann's statistics,

Equation {5.3-1) reduces to the usual diode equation, i.e.
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I
- ZKTln Ts

v q . ‘niqad"

(5.3-8)

and at current levels above threshold the voltage is effectively clamped

toa valué of

V=V, + —zqﬂ(mq + (5.3-7)

Nom )
8 VB(1 - B)N ¢

(where ¢=1+[A 'rthm]" - f), a fact that represents the laser gain
clamping associated with the lasing threshold . In the next section it will

be shown that the voltage clamping does not exist at high frequencies.
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5.4 The Impedance Function of the Laser Diode

The laser model will be developed in three steps. Each step will
intrt;duce a new physical phenomenon that pertains to the operation of
the iaser. In the first step we assume # = 0 in Equation (5.2-2), i.e., the
laser is modeled as a classical oscillator above threshold, and as a regu-—
lar diode below threshold. We will solve for the impedance function
above threshold, since below threshold Nph = 0 when f=0. Next, a
small-signal analysis is performed on Equations (5.2-1) to (5.2-3). The

parameters in the equations are expanded in the following fashion:

Ng® N + Nt

(5.4-1a)
Npp ® N + Ngpetet (5.4-1b)
Ve V04 Vigiet (5.4-1c)

where N2, N;h, V0, and N/}, Npl , V! are the quiescent and the small sig-
nal values, respectively, of N,, Npn and V. By using Equation (5.4-1) in

Equations (5.2—1) to (5.2-3), the differential equations become algebraic

equations since dit is replaced by iw. It is also assumed that NJ<< N2,

Ngh<<Ng, and V1<<V° The above analysis results in the following

impedance functon:

.
‘L—-

RC LC
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(5.4-2)

V(w) and 7(w) are the complex amplitudes of the small-signal junction

voltage and current, respectively, and

I
R =R¢—I{’;— (5.4-3a)
_ 1
L ‘RdTphT (5.4-3b)
RS
I
=S -
C = R, (5.4-3c)
where
2KT(, . 1 N2\
R, = 1+ —_— 54-4
d q ( s VR No ' 1 ( )

is the expression of the differential resistance of the diode, I° is the

bias current of the laser diode, and /4 is a normalized current given by

NO
Ig = —2-aqd (5.4-5)
Ts

I4=1°% for I%<Iy, and Ig =1y for I%I,. In AlGads lasers, typical

values of R are about or less than 1Q1, of L— about 1pH, and of C - a few



-140 -
nF. The impedance given in Equation (5.4-2) is that of a parallel RLC

circuit (Figure 5.4—-1a). For currents below threshold the model reduces

‘to the usual diode model, ie. a parallel RC circuit, with R = 2 II{OT and

q

ST
C= —R’i It should be noted that for currents greater than the threshold

current, N2 = Netn-

L
L S

R C L R$ ©T . R3 C Re3l>0)
P

S Rep$ (<O)

(a) (b) (c)

Figure 5.4- 1. Models of the laser diode. a) basic model - no spontaneous emis-
sion. b) including spontaneous emission. ¢) including spontaneous
emission and saturable absorption.

The problems with this basic model (which is similar to the one
developed recently by Morishita et al [9]) is that it does not take into

account the physical phenomena of spontaneous emission into the laser
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mode and of saturable absorption (or, equivalently, non-linear gain),
~and consequently fails to predict the occurrence of self-pulsations and
its éisturbi.ng effect on the modulation frequency responsé. and the

interplay between the spontaneous emission and ti1e self-pulsations.

In the second step the interaction of the spontanecus emission with
the laser mode is taken into account. Again a small signal analysis is
performed on Equations (5.2-1) to (5.2-3), but now without the assump-

tion that g = 0.

This analysis results in the following impedance function:

. Q) Rs-
12 4 s
Z(w) = ¢__LC (5.4-8)
—uz+iw(1 +R“)+ 1(1-’-}?“)
RC L LC R

The impedance function of Equation (5.4-8) is that of a parallel RLC
circuit with a resistor Ry, in series with the inductance (Figure 5.4-1b).

The values of the components are:

R
R = ;a—%.—l— (54"'73)
h
_ Rd-rph ‘ Rd'rp,,
L = e pyimie n 24 (5.4-7b)
Mph B)(ng Nam) Mph

=15 5 4-
C= Rq (5.4-7c)
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R n | R n (5 )
= AR ] _ 4-7d
el ey vy, R N

where 153.. n.° and n,, are the normalized steady—-state values of N,?,.,
N2 and N,,. respectively. (nd =471sN&, nl=Am,N0 and

Nom =ATP,,,Nm). In order to see how this model reduces to the basic

0
one, it should be noted that when g =0, n,?,‘ = 71—— 1 if 1951y, and
th

711,0;‘ =0 if /% ITen.

In the third step of developing the electfical model of the laser
diode, phenomena that cause self-pulsations are also included. These
phenomena can be accommodated in the model by including a saturable

absorption term in the rate equation for the photons [10].

dN N
ENen _ - e _ Tph 6 -
T2 = ANy~ Nom)pn + 2= 7 [1+ ] a-9

where 6 is a parameter denoting the strength of the non-linearity
(6= 0.02 [10]) and Ng is the saturation density of the photons
(Ns = 1x10'3- 1x10ecm=3 [10],[11]). Basically, 6§ and Ng are
phenomenological parameters, whose values are chosen so that the cal-
culations will coanform to experimental results. Due to various degrada-

tion mechanisms of the laser diode, both § and Ng can change as the

laser ages.

Performing small-signal analysis on Equations (5.2-1), (5.2-3) and
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(5.4—-8), we find that the effect of saturable absorption is to introduce in
the equivalent circuit a negative resistance Ry, which is‘in series with

the inductance (Figure 5.4—1c). The value of this resistance is:

(/] n;?n
R = Ra T+ n3 ms ), + B)(nd= o) (5.4-9)

é 1
ey
s

N - Ry

where ng is the normalized photon saturation density (ng =4 TsNs).
and it is connected in series with the resistor describing the spontaneous
emission. It has been recently found by Anthony et al [12] that self-
pulsations are accompanied by negative resistance of the laser. Also, in
an earlier work by D’Asaro et al [13], it was found that oscillations in the

light output from the laser occur simultaneocusly with oscillations in the

current.

It is interesting to note that phenomena that are optical in nature
(self-pulsations, spontaneous emission) are responsible for elements in
the 'optical” branch in the equivalent circuit (i.e., in series with the
inductance). Also the effect of the spontaneous emission, modeled as a
._positive resistance R,,, is to reduce the causes of self-pulsations, which

are modeled by a negative resistance Rsp.

Figure 5.4-2 depicts the magnitude of a typical impedance function

|Z(w)| and the magnitude of the normalized light response function
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noh (@)1 (0)
Tph (01 ()

A

lL (w)
L (0)

where L denotes the light output from the laser. Both functions have a
resonance peak at a frequency w,es which is basically determined by the
optical properties of the laser material and the laser itself:

1
2

NO
Grgs ™ [A—TJ%-] (5.4-10)
P

Far from wps, the impedance of the laser diode is very small in
magnitude (i.e., almost perfect gain clamping), and the light response is

flat and equal to its DC value. The magnitude of the resonance peak of

the light transfer function (as compared to the low—frequency value) is

[}
= = (5.4-11)
—— +ANS,

Ters

L (“res')
L(0)-
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| Z(w)|

L( w) (a) Yo ¢

1

(b) Uo W

Figure 5.4- 2. a) Magnitude of the impedance function of a laser diode. b} Light
versus current transfer function of a laser diode.
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5.5 Numerical Calculations

Figure 5.5-1 shows some calculated results of the DC (or low-—
frequency) resistance (i.e., the real part of the impedance function at
m-*_.O) of the laser diode at the vicinity of the threshold, as a function of

current, for several values of § and Ng.

These graphs indicate large values of negative resistance near the
threshold for small values of § and Ng, and are in a good agreement
with the experimental results reported recently by Anthoni et al {12]. [n
this case there is also a superlinear behavior in the light versus current
curve of the laser in a narrow region near the threshold. For larger
values of § and Ng, the absolute value of the DC resistance near thres—
hold is small, and its sign depends on the particular values of the
parameters. In general, lasers with large g (~ 1x107%), do not have
negative resistance and thus are less likely to exhibit self-pulsations.
Lasers with large values of Ng tend to have negative resistance with a
small absolute value, and thus are less influenced by external electronic
circuits. Since the values of the components in the model depend on the
operating point, the resistance can be negative for some values of the
bias current and positive for others. It should be noted that if the DC
resistance of the laser diode is negative at a certain bias point, then the
‘real part of its impedance will be negative at all frequencies at that bias
point. Values taken for the calculations are 6 =0.02,
A = 1.5x1078cm3~ sec™!, Npm =5x107cm ™3, d = 0.3 um, a = 300x5um?,

Ton = 1 ps, and 75 = 3 ns.
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Figure 5.5- 1. DC  resistance of a laser diode. a)f = 1x1075,
b)Ns = 1x10Mcm ™3 c)Ng = 1x10Bcm 3. d)Ng = 1x10%2cm =3,

It is very important to note that parasitic electronic components,
which are not intrinsic to the laser operation but are nevertheless
always present, tend to reduce the effects of electrical components con-

nected in parallel with it. Among these components are the parasitic
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capacitance of the diode, and mainly the parasitic series resistance. In

order to exercise a significant control by connecting external com-

2KT

ol >>R. (R is

ponents in parallel with the laser diode, the condition

the contact resistance of the diode) must be fulfilled. This condition is
difficult to realize presently, but there is no reason why in future low

threshold improved lasers this condition can not be met.
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5.6 Modification of the Impedance Function via the Operation of the Laser as a

Part of a Transistor

The resonance peak in the light versus current transf\er function is
undéshable, since it effects adversely the temporal response of the laser,
for example by causing relaxation oscmations [5]. As can be seen from
Equation (5.4-11), this resonance peak can be reduced by reducing the
effective carriers lifetime, 7,7,. Several methods to achieve this goal
have been proposed. The main ide§ behind all the schemes is to connect
some kind of impedance in parallel with the laser. For frequencies far
from resonance, this impedance has a little eﬁect since the intrinsic
impedance of the laser is small. Only near the resonance, when the laser
impedance increases, the externally connected impedance may manifest
itself by drawing current from the laser, thus reducing the resonance
peak. It is clear that because of the low values of all the impedances
involved, this external current drawing mechanism must be connected in
parallel with the laser in an AC fashion. In some types of lasers this

mechanism is built into their structure [14].

Various methods for reducing the resonance peak in the laser
response have been suggested, and some of these have also been imple—-
mented [15]-[17]. In the following we analyze an alternative method of
damping relaxation oscillations. The analysis will use charge control cal-
.culations which are sufficient to discuss the basic ideas. This method
utilizes a proposed new type of device, where the laser itself operates as
a part of a heterostructure transistor, with the active region as a part of

the transistor emitter, as shown in Figure 5.8-1a. The basic device
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structure is shown in Figure 5.86-1b.

A4 AC

=— Short
Circuit

(a)

Emitter{ = P-Ga, Al?‘ As
=—p-Ga As (Active Region)
Bose -
- Go._, Al, As

-]

Collector [=—p-Ga,_, Al As

(b)

Figure 5.8- 1. a)Proposed device for reducing the laser resonance peak.
b)Schematic structure of the device.

In this Translaser the function of the transistor is not to amplify
i_nput signals, but to control the carrier lifetime in the laser. The laser
has two different carier lifetimes: one for DC and low frequencies, and
one for frequncies near the resonance. At DC the collector terminal is
floating, and thus both the émitter and the collector junctions are for-—

ward biased. The excess hole concentration in the active region (width
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d), and the base (width ¥) is shown in Figure 5.6-2a.

*%
%

(a)

!
PC =0

+-—— e \N—n

(c)

Figure 5.8- 2. Excess carrier - concentration profile in the active region and in
the base of the transistor. a)DC. b)low frequencies. c)frequencies

near resonance.

As a first approximation, the active region excess carrier concentration
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N;Q (=P;9 by quasineutrality) is constant, and the concentration across

the base is also approximately constant (variations are of the order of

only -%T—) We assume that P¢ » P2 = 6PJ, where 3 is a lactor deter—

mined b; the Boltzmann statistics from the bandgap and doping

AE

: : ' -7 P2
differences between the active region and the base. (6=¢ FE for
a
Z A%

low level injection, and § = e T

for high level injection). As far as the
laser operation is considered, the amount of current wasted in the DC
operation is lost only by recombination in the base:

6P
Jtegkm =q

~ W (5.8-1)

By analyzing the rate equation for the carriers we see that the

effective DC lifetime is reduced by a factor of only (1+ 6%), which is a

small change if 6<< 1 land F < d. At low frequencies Tery is equal to 7s
since the carrier concentration at the active region is clamped and thus
the AC component of the carriers concentration is virtually zero (Figure
5.8-2b). Only when we approach the resonance frequency, an appreci-
able AC component of the carrier concentration can be maintained in
ihe active region. At the emitter-base junction Pg = 6P4, but Pd =0
because of the imposed boundary conditions (Figure 5.8-2c). fhin

causes a much larger leakage from the active region:

leakage W
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(5.6-2)

If we now take into account the finite resistances in the base (r,) and

collector (r.) regions, we find that the carriers lifetime is reduced from

TS to
TS
ES — -
oty 75056 1 (5.6-3)
b+ Wd Ty +T
1 +—2—C
To
where
0
14, 9080P8 g _
e SAE Ty kT (5.6-4)

where Ay is the area of the transistor emitter.

From Equations (5.6-3) and (5.8-4) we see that the necessary - and
the difficult to achieve — prerequisite for a significant lifetime reduction
is rp<< (7, +70)S Ra. Realization of this requirement calls for the fabrica—
tion of layers with resistances of the order of at least 1x10~8% Q crn? For
a typical set of values (d=0.1, PP=2x108m3, +5=3nS,
ToXApR DX 10770 cm?, W=0.1um and d=0.2um), the effective carriers life—
‘time is reduced to 0.07nS for 7,+7r.=0, and to 0.55nS for
(ry -l--r,,)xAI;:leO"8 Qcm?® We thus conclude that significant reduction
of the carriers lifetime is achievable within the limits of the available

technology.
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