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-ABSTRACT -

This thesis describes severa.l semiconductor injection la.ser diodes 

a.nd rela.ted optoelectronic devices tha.t can be used a.s light sou.Tees /or 

optica.l communica.tion systems, and develops the intrinsic electrical 

model of the la.ser diode. All the devices were !JTO'W71. from, the Ca.As-

CaA lAs ternary system using the liquid phase epitary· technique. The 

AlCa.As materials a.re very useful for the fabrication of both optica.l dev­

ices (sources and detectors) and conventional electronic components, 

due to their optical and electrical properties. 

The first device is the Translaser, a monolithically integrated 

heterostructure bipolar transistor with an injection la.ser. The ne:r:t two 

types o/ devices possess bistable electrical characteristics. One is a. 

la.ser-SCR switch. and the second type consists of multi-PN heterostruc­

ture devices. Ea.ch of the devices described. above performs an electronic 

function of modulating 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 systems. The first one is the Embedded. 

Stripe Laser, and the second one is a new version o/ the Buried-

Heterostructure la.ser, fabricated on semi-insulating substrates. 

An equivalent circuit of the laser diode is presented. in the la.st 

chapter. This model provides a better understanding of the operation of 

the laser diode, which is particularly important in applications which. 
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involve its high frequency· opera.tion with other electronic components 

a.net when a mod.ifica.tion of its frequency response is needed.. 



-vi-

Table of Contents 

1. Introduction t 
1.1. Optical Communication 1 
1.2. AlGaAs Heterostructure Lasers· 4 
1.3. Thesis Outline 7 
References for Chapter 1 9 

2. Integration and Combined Operation of Semiconductor 
Lasers and Bipolar Devices 12 
2.1. Introduction 12 
2.2. The Translaser: A Monolithic Integration of a Semiconductor 

Laser and a Bipolar Transistor 15 
2.2.1. Introduction 15 
2.2.2. Advantages of Heterostructure Transistors 16 
2.2.3. Description of the Translaser 21 
2.2.4. Fabrication Procedure 23 
2.2.5. Experimental Results 26 

2.2.5.1. The Transistor 26 
2.2.5.2. The Laser 31 
2.2.5.3. Combined Operation of the Translaser 34 

2.2.6. Further Applications 36 
2.3. Injection Laser-Semiconductor Controlled Rectifier Switch 39 

2.3.1. Introduction 39 
2.3.2. Principles of SCR Operation 39 
2.3.3. Description of the Injection Laser-SCH 45 
2.3.4. Fabrication Procedure 48 
2.3.5. Experimental Results 49 

References for Chapter 2 53 

3 • .Multi- PN .Junction Heterostructure Devices 59 
3.1. Introduction 59 
3.2. Electrical Properties of Multi-PN Heterostructure Devices 61 

3.2.1. The Modified Transistor Model 61 
3.2.2. Solution of the Diffusion Equation in the 'OFF' State 68 
3.2.3. Solution of the Diffusion Equation in the 'ON' State 73 

3.3. Optical Properties of Multi-PN Heterostructure Devices 81 
3.4. Experimental Results 85 

3.4.1. Fabrication Procedure 85 
3.4.2. Electrical Properties 86 
3.4.3. Optical Properties 90 

Appendix A: solution of the diffusion equation in a uniform region 95 
Appendix 8: numericill solution of two-dimensional waveguides 

using the finite-element-method 99 
References for Chapter 3 104 

4. Novel Structures of Low Threshold Single .Mode Lasers 106 
4 .1. Introduction 10 6 



-vii-

4.2. The Embedded Stripe Laser 107 
4.2.1. Principles of Selective Growth 107 
4.2.2. Description of the Embedded Stripe Laser 108 
4.2.3. Fabrication Procedure 110 
4.2.4. Experimental Results 115 

4.3. Buried Heterostructure Laser on a Semi-Insulating Substrate 121 
4.3.1. Principles of Operation 121 
4.3.2. Fabrication Procedure 122 
4.3.3. Experimental Results 127 

References for Chapter 4 129 

5. The Electrical Equivalent Circuit of the Laser Diode 132 
5.1. Introduction 132 
5.2. The Rate Equations and the Carrier-Density-Voltage Relation 133 
5.3. Current-Voltage Characteristics 136 
5.4. The Impedance function of the Laser Diode 138 
5.5. Numerical Examples 146 
5.6. Suggested Modification of the Impedance Function via 

Operation of the Laser as a part of a Transistor 149 
References for Chapter 5 154 



-1 -

1. INTRODUCTION 

1.1 Optical Com.muaication 

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 

0.85µ:m. 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 (i:=:t 5GHz-km). 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 1.3µm and 

1.55µ.m 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 

detectors, 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. Ca.As has been proposed by A. Yariv as a base for optoelectronic 

devices and circuits, since it can be employed in fabricating both elec­

tronic devices and optical devices [l]. 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 CaAs -Ga. 1_z.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, Ga.As 

has higher electron mobility, and is thus suitable for the fabrication of 

high frequency electronic devices. Finally, the existence of semi-

insulating GaAs crystals makes the monolithic integration of optical and 

electronic devices possible. It should be noted that other materials, and 

in particular the quarternary InP-lnGa.AsP 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 

the diffraction beam spread is R:S ~ (where X is the radiation wavelength 

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 conceivable 

to have systems operating in a regime where the dominant noise 

mechanism is not the thermal (KT) noise, but the quantum noise 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 AlGaAa Heterostructure Injection Lasen 

Since the first demonstration of their operation [4], [5], the perfor­

mance of semiconductor injection lasers has been greaUy improved. 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''· Part 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 [6], and 

demonstrated by Alferov et al. [7], Panish et al. [B] 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 GaAs lasers (1-

3kAcm - 2 vs. RI 50A:Acm-2). The laser is said to be a Single or Double 

Heterostructure device if the active region is bounded by one or two ol 

its sides, respectively, by the wider bandgap regions. 

Semiconductor injection laser diodes were fabricated from several 

atomic systems. Among these, the Ga.As-Ga 1_,;At,;As system is the most 

widely used and the most technologically developed. As z is increased 

from zero, the bandgap increases (4E1 ,. 1.25z eV) and the indez of 

refraction decreases (dnRI -0.62z). The system is virtually lattice 

matched for all values of x, which is very important for minimizing inter­

face defects which cause undesirable non-radiative recombination. 
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Fipre 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. EJec-

trons injected from the N-AlCaAs layer into the active region are 

confined by the P-AlGaAs otential barrier. and holes injected from the 

P-AlCa.As are confined by the N-AlCaAs 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 AlGa.As ~ayers (Figure 

1.2-2b.c). 
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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 diodes 

can be found in the books by Kressel and Butler { 1 O], Casey and Panish 

(11], and Thompson (12]. 
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1.3 Theais OuUine 

The main subject of this thesis is the development and characteriza­

tion of optoelectronic devices that can be applied as sources m optical 

communication systems. All the devices described here were fabricated 

of the AlGa.As ternary system, using conducting or semi-insulating GaAs 

crystals as substrates. This system is also suitable 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 operation 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 [16], 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 stable 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 COllBJNED OPERATION OF SDICONDUCfOR LASERS AND 

BIPOLAR DEVICES 

2.1 hitroduclion 

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 laser 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 outp~t of the laser. 

In most of the systems in use today, the laser and its driving circui-

try are fabricated on different substrates, or "chips". There are potential 
1 

advantages in combining all these functions monolithically on a common 

substrate. All ot~er 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 AlCa.As 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 processes are possible in it, and 

the char1e carriers have higher mobilities and shorter lifetimes 

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

Semiconductor-Field-E.trect-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 bipolar transistors is that they are more compatible 

wi.th 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 Transluer: A Monolithic Intell'ation of AlGa.As Bipolar Transistor and a 

Heterostructure Luer 

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 V8 is amplified by a factor fJ (p 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 +_Ga.As (100) 

oriented substrate, although with a minor modification the Translaser 

can be fabricated also on Cr-doped, Semi- Insulating Ga.As 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 [6]. 

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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Yi.pre 2.2- 1. laser diode and its driving circuit. The dashed box contains the 
componeqts inte1rated 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 Ad'Va.nta.ges of Heterostructure Tra.nsistors 

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, 



-17-

and operation of devices made of various materials have been demon­

strated [7],[9]-[14]. Because of the close lattice match between GaAs 

and AtCa.As, heterostructure transistors based on the ternary ALGaAs 

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 CaAs and 

AlAs is only 0.2%. 

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 [16]. 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 (p) is related to the common­

base current gain (a} by (l=a/(1- a). a itself is usually expressed as a 

product of the emitter injection efficiency and the base transport !actor 

[17]. The last factor is basically the same in both heterostructure and 

homostructure transistors. The first factor, the emitter injection 

efficiency (7) is defined as 
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A minority current injected. into the ba.se Jn. 
7 - tota.L current a.t the emitter- ba.se junction .- J.,., +JP 

(2.2-1) 

where Jn. is the electron current density injected from the emitter into 

the base, and J11 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 << L8 ), JP and Jn. are approxi-

mately given by 

77(0) 
J.,,, = gDs W 

J - D Pn.(O) 
p - q E 

LE 

(2.2-2a) 

(2.2-2b) 

where q is the electronic charge, D8 and DE are the diffusion 

coefficients of the minority carriers in the base and emitter regions. 

respectively, n,,(O) and p.,,,(O) are the excess minority carriers concen-

tration at the edges of the depletion regions of the base and emitter 

regions, respectively, W is the base width and LE is the diffusion length 

of minority carriers in the emitter. For low level injection conditions 

(which prevail in our case}, the expressions for 1'l.p (0) and Pn (0) are: 
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(2.2-3a) 

2 

(0) 
n;.E A Ys.r 

Pn = --e 
Nn 

(2.2-3b) 

where A ~-Jr (/( is Boltzmann's constant and T is the absolute tern-

perature), VsE is the voltage applied to the emitter-base junction, nts 

and na are the intrinsic carrier concentration of the materials of the 

base and emitter regions, respectively, and NA and Nn are the doping 

concentrations in the base and the emitter regions, respectively. From 

basic semiconductor theory we know that in a given material, 

(2.2-4) 

where Ne and Nv are the effective densities of states in the conduction 

and valence bands, respectively, and E9 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: 

(2.2-5) 

where llEg is the bandgap difference between the materials of the 

emitter and the base regions. In homostructure transistors ~E9 = 0, and 

thus, given W and LE, one would want to increase Nn and decrease NA 
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as much as possible in order to maximize the emitter injection 

efficiency. However, doing that increases the resistivity 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 

addit~onal degree of freedom at our disposal, i.e., the bandgap difference 

6.Eg between the materials of the emitter and the base. In an 

AlzGa. 1-zAs/GaAs junction at room temperature we have l:l.Eg/KTr:::. 50x. 

In regular devices x ~ 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 depletion 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 Trans laser 

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-µm-wide (and 

about 300-µm-long} region defined in a liquid-phase-epitaxy (LPE}­

grown n - AlGaAs/p - GaAs/n- AlGaAs double-heterostructure. 
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Fi.cure 2.2- 3. Schematic cross- section of the Tre.nslaser. 

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 lhe collector of the transistor and the base contact (termindl 4) is 

formed via the De-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 AlGaAs layer. 

Because of the small thickness of the base region (Ril 0.25 µm}, 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 ..__ GaAs substrate by liquid-phase-epitaxy (LPE), using the 

conventional single-slider graphite-boat apparatus [21]. The growth is 

done in H 2 atmosphere, with oxygen concentration of less than 0.5 ppm. 

The initial growth temperature is B00°C and the cooling rate is usually 

0.4°C/min. The typical layers thicknesses, aluminum contents (x) and 

doping are shown in Table 2.2-1. 

Following the growth, the upper Ga.As contact layer is removed by 

etching with 1:8:8 (H2S0 4:H202:H20) 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 J.. of SiO 2 film on the 
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TABLE 2.2- 1. Growth parameters of the layers of the Translaser 

Function of the Layer Type Thickness Al Contents Dopin1 

Laser Transistor [µm] (z) Dopant Cone.[ cm -SJ 

Lower Collector n 3.0 0.4 Sn 1x1017 

claddinlil'. 
Active Base p 0.25 0.0 Ce 1x1018 

reizion 
Upper Emitter n 1.0 0.4 Sn 1x1018 

cli1ddin2 
Emitter n 0.7 0.0 Sn ~1xl0 18 

contact 

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

photoresist (Shi"pley AZ-1350Z), in which stripes of width 6 µm are 

opened photolithographically. After etching the Si0 2 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 

3x 1015cm-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 CaAs active region {or 

base region). This is in accord with the results of Bar-Chaim et al [6] 

that the beryllium diffusion depth is st.rongly dependent on the alum.i-

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

self- terminating at the GaAs layer. Because of the use of the pho-
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toresist as an implanting mask above the Si0 2 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 structure 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 Z11As2 source (20 

minutes at 640°C in a sealed ampule evacuated to 10-e 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 Au.. This is 

followed by opening of 100 µ.m-width windows down to the top GaAs 

layer (by etching ~ 5 seconds in Cr-etchant ( 40 ml HCl +2 gr Hydrazine 

Dihyd.rochloride (H 2NNH 22HCl)] followed by ~ 10 seconds in Au-etchant 

[113 gr Kl + 65 gr/2 + 100 ml H 20]). An evaporation of Au.Ge and Au 

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-µm-width (using Au-etchant and 

Cr-etchant as described before). The individual Translaser units are 

then isolated from each other by etching another 10-µ.m-wide stripe in 

the wafer down to the lower AlGaAs layer. Thus each laser is isolated 

from the base and emitter of the neighboring transistors. The etchant 

used was 1:8:8 (H 2S04:H202:H20). The substrate is then lapped (down to 

thickness of '70 to 100 µ.m} and deposited with AuGe 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)µ.m.. 

2.2.5 E;r:p•rim.an.ta.l Results 

2. 2. 5. t TIL• Tra.nsistar 

A typical collector current. versu1 collector-emitter volt.aae 

curve is shown in Figure 2.2-4. 

Fipn 2.2· 4-. Typical collector current versus collector-emitter volta1e cune of 
a heterostructure bipolar transistor.(horizont.al scale: o.~ v /di-r, 
vertical scale: 10 m.A/div; base current: 20µ.A/step, with the lower 
curve correspondina to ls =OµA) 

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

tor current IC· 
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F"~e 2.2- 5. Typical common-emitter current gain versus collector current 
bias point curve. 

At low current levels (~ 100 Acm - 2) the value of PDC increases with 

current. As mentioned before, the reason that fJDC is not constant is the 

existence of recombination current at the emitter-base junction deple-
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tion region. In order to analyze this effect, we first define ID as the usual 

expression of the diode current, given by 

(2.2-6) 

and IR as the depletion region recombination current, given by 

(2.2-7) 

where VsE is the base-emitter voltage, NE is a constant, (usually 

1 ~ NE ~ 3), !Ro is a phenomenological recombination current con-

stant, and ls is the diffusion saturation current, given by 

(2.2-8) 

where nt is the intrinsic carrier concentration in CaAs and AE is the 

emitter area. In our case 11.t = 1.1x 107cm-3, Ds = 100cm2sec-1, 

AE=3xlo-4cm2 , NA=lx1018cm-3 and W=0.25µm, which gives 

ls = 2x 10-20A, or equivalently, J s ~ ~: =Bx 10-17A - cm-2. 

If we now define IcL as the value of the collector current at which 

the value of Pnc drops to one half of its high-current value (fj0), we can 

solve for /Ro [22]. A good approximation for high values of fJDc is 
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l I AV.u PDC = ....£. = ___ s_e ___ _ 
Is I AYu AVH 

se +!Ros N, 
fJo 

(2.2-9) 

fJo =--------- (2.2-10) 

At le = IcL we have 

(2.2-11) 

and 

1 I AYan.(--1)-
flo RO e N11 = 1 

ls 
(2.2-12) 

Combining Equations (2.2-11) and (2.2-12), we obtain 

(2.2-13) 

The value of NE can be found from the slope of the log(J vs. log/ c 

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

1- ;--
current regime fJDC«-Ic 8 • provided that fJDc >> 1. From the experi-

mental results we obtain NE,,. 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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NE = 2.2, /CL = 12mA and· f:lo = 910, we obtain /Ro = 1.2x 10-13A, or 

equivalently, JRo ~ ~: = 4x 10-10Acm.-2. It is interesting to note that 

/Ro is about 7 orders of magnitude larger than / 8 . For example.in Si 

homostructure transistors, Ii~o is typically only 3 orders of magnitude 

larger than Is. 

From simplified calculations it is found that the recombination 

current density constant JRo is given by [23). 

(2.2-14) 

where Wtl is the width of the depletion region at the emitter-base junc­

tion and 'REC is the lifetime of the carrierS'. At le = lcL W4 RI 600.1. 

which yields 'REC RI 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 JRo ·is very sensitive to changes in N6 . For example, a 

change of less than 5 percents in NE (from 2.2 to 2.3) results in more 

than 50 percent change in 'REC (from 13 ns to 6 ns). For currents above 

60 mA, the values of fJDc remains approximately constant. The value of 

PDc at the high collector current regime (/30) is about 900, which is in a 

good agreement with the theoretical value as limited by the base tran-

sport factor, i.e. 

Po= ( 2Ls )2 
w (2.2-15) 
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with Ls, the diffusion length of the minority carriers in the base, equals 

about 4 µ:m (24 ]. 

2.2.5.2 Th.e La.ser 

The laser section of the Translaser is a stripe geometry laser. 

The particular structure employed is a modified version of the first Be­

implanted laser [6]. In that laser, all the layers that were grown in the 

LPE process were of n-type, while in the Translaser, the center Ca.As 

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 1x101a cm -a. 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 tx 1018 , 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 m.4, with 60 mA 

being a typical value for a 250-µm cavity length devices. This value is 

comparable to the results obtained by Bar-Chaim et al [6], so it can be 

concluded that replacing then-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 can 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. 
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The near.lfield 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, 

respectively. · 

Fipre 2.2- 6. Near field radiation pattern of the laser. (horizontal scale is 2.7 
µ.m/div) 

Both exhibit single spatial mode behavior. The half width of the near 

field intensity pattern is about 5 µ:m. and the half width angle of the far-

field pattern is about 6°. On the basis of these results it can be con-

eluded 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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Fipre 2.2- 7. Far field radiation pattern of the laser. 

beam. Using the formulae given by Casey and Panish [26] we obtain 

that the magnitude of the real index difference is smaller than 5x 10-'. 

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(~ 4µm} stripes. 

The light versus current characteristics of the laser is linear up to 

10 mW output power. and no self-pulsations were observed after a few 

hundred hours of operation. The external differential quantum 

efficiency (71D) is defined for current levels above threshold as 

"ID= fl(ca.TTieTs injected, into the la.se-r) _ ~ 6.PL (
2

•2_ 16) 
fl (photons emitted. out o J the laser) - he flh 
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was measured to be above 40X. In Equation (2.2-18) A is the emission 

wavelength, h. is Planck's constant, c is the vacuum light velocity, Pr. ia 

the optical power emitted from one facet of the laser, and h is the 

current fl.owing through the device. 

2.2.5.3 Combined Opera.tion of th• Tra.nstcisw 

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-Photodiode {APO) and a pulse generator with a 1 ns 

rise-time. Taking into account the risetimes of the pulse generator and 

the APO, 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 AlGaAs heterostructure transistors have been demon­

strated [19], [20]). This value is limited by the parameters of the device, 

as discussed in the following paragraph .. The cutoff frequency (/r) of a 

transistor, which is defined as lhe frequency al which the short-circuit 

current gain (J in the common emitter configuration is unit~ is given by 

(19) 
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1 Cn + Crc -- = +RsCrc +Ts+ Tc 2rr/r Ale 
(2.2-17) 

where Cm<'and Crc are the transition capacitances of the collector-

base and the emitter-base junctions, respectively, R~ is the sum of the 

collector series resistance and the collector and emitter contact resis-

tances, Ts is the base transit time, and -re is the collector depletion 

region transit time. Equation (2.2-17) is derived from the hybrid-7' 

transistor model, which is reasonably accurate for frequencies up to 

about /r/3. In our case Cn:~ 36pF. Crc1'f4 16pF, Rs- 100, fc':f: 70m.A, 

Ts~ 10pS, and Tc~ 5pS, which yields /rr:1t1 820 MHz. 

Since in our case the limiting factor for /r is the RsCrc 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"' tx 10-4fl - cm2 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 fr· 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 results in 

increasing / r to about 8.4- GHz. 

Another important figure of merit of a transistor is the maximum 

frequP.ncy of oscillations,/ mu• at which the power gain of the transistor 

is unity. /mu is given by (3] 
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1 

[ IT ]i 
/mu= 8TTrsCrc 

r 8 is the base spread resistance, given by 

PSB H Ts=----
12 L 

(2.2-18) 

(2.2-19) 

where PsB is the base region sheet resistance, H is the emitter width 

and L is the emitter length. In our case r 8 ~ 350 , which yields f mas~ 

240 MHz. f max 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 tran'3istor 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 J mas of about 3 GHz. 

2.2. 6 Furthe-r 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) {c) 

Fisure 2.2· 8. Possible applications of the Translaser. a) Darlington-pair Trans­
laser. b) High-gain optical repeater. c) Opt.a-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-eJectronic "OR" gate. The laser emits light when an 

electrical input signal is applied lo 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 +-ca.As layer on the 

SI substrate. More details on devices grown on SI substrates are given in 

Section 4.3. 
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2.3 AlGaAs Injection X...er - Semiconductor - Controlled - Rectifier Switch 

2.3.1 Introcluctian 

An alternative method for driving injection lasers, which is partic­

ularly suitable 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-structure device. Several GaAs and AlCa.A.s p - n- p - n 

light-emitting devices have been reported recently [29]-[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 AlCaAs heterostructure injection laser with 

the electrical operation of an SCR, i.e., this is a three terminal device, 

where the switching is accomplished by applying a control signal to the 

gate electrode, in the usual mode of operation of conventional SCR dev­

ices. We can look on the combined device as a laser switch. 

2.3.2 Principle~ of SCR Operation 

A basic SCR structure and its basic current-voltage characteris­

tics are shown in 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 (J2} 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 



-40-

R 

Putse I 

Forming 
_J __ 
-,--

Network 
I 
I 

VG 

- -

F"ipre 2.3- 1. Laser driving circuit using semiconductor-controlled rectifier. 

slightly larger than a voltage drop across a forward-biased pn junction. 

Region "8" 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 le. The switching voltage with le = 0 is defined 

as the brekotJer voltage (Vs 0 ) of the SCR. The minimum current 

required to maintain the SCR in the "ON" state is defined as the 

holding current (IH) 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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Fiiure 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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Ficure 2.3- 3. Derivation of the two- transistor model for the SCR. a) SCR struc­
ture. b) conceptual decomposition of the SCR. c) two-transistor 
model. 

(2.3-1) 

(2.3-2) 

where a. is the common base current gain of the i-th transistor. and 

le°' is the collector to base reverse saturation current of the i-th 

transistor. Combining Equations (2.3-1) and (2.3-2) the following 
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expression for the anode current IA is obtained: 

(2.3-3) 

It is clearly seen that when a 1 + a2 = 1. IA 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 

(2.3-4) 

where M is the avalanche multiplication factor (assumed to be the same 

for electrons and holes, as is the case in Ga.As) and the subscripts p 

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

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

(2.3-5a) 

(2.3-5b) 
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Fipre 2.3- 4. Schema.tic structure of a generalized SCR device. 

and the relations I = l1r and I,. =I ""lei (In our case lc2=0, as can be 

seen from Figure 2.3-3 and 2.3~). Equations (2.3-4} and (2.3-5) can be 

combined to yield 

(2.3-6} 

where M is usually given by the empirical expression 
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(2.3-7) 

(VsD is the breakdown voltage of the junction and c is an empirical 

parameter, usually also a function of V 2 (38]). Equations (2.3-6) and 

(2.3-7) can be solved graphically, and the result is the I - V curve of the 

device [37]. 

2. 3. 3 Description and OpeTa.tion Principles of th.a lnjection-La.ser-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 AlGaAs 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 AlGaAs, and the depletion region 

recombination current, the current dependence on the voltage follows 

approximately an exp( 2~T} 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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Ficure 2.3- 5. a) Schematic cross- section of the Injection Laser- SCR. b) The 
symbol of the combined device. 

taken if the junction followed the conventional exp( k~) law. On the 

other hand, SCR devices fabricated from Ca.As are less sensitive to high 

temperatures because of their large bandgap, and they are inherently 

faster 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- laser- 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 claddiml emitter 

2. p- Ge active lower 
region base 

3. upper upper 
n-AlGaAs upper base 

4. Zn- cladding upper 
diffusion emitter 

5. upper contact 
n- Ga.As 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 Ga.As by a factor of 

- _b;!i 
e KT, where AEg 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.:1.4 Fa.lnjca.tion Proced:u.re 

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 •- CaAs 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) [µm] (z) Dopant Cone. [cm-3] 

1 n 3.0 0.4 Sn 5x 1018 

2 p 0.25 0.0 Ce txto18 

3 n 2.0 0.4 Sn 5x 1018 
I 

;c:, tx 1018 ' 4 n 0.7 0.0 Sn 
/ 

The contact layer is removed in the region where the Zn is to be di.trused. 

This makes it possible to achieve a larger degree of control of the subse­

quent diffusion process. After deposition of 2500 J.. of Si02 on the 

wafer, it is coated with photoresist in which stripes of width of 7 µ.m. are 

opened. After the etching of the SiO 2 in these openings and removing 
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the photoresist, Zn is diffused in vacuum at 640°C for 20 minutes, fol­

lowed by an annealing of the wafer at B00°C for 30 minutes. This results 

in diffusion of the Zn down to a distance of about 0.5µ.m above the active 

region, in agreement with the results of Lee et al [ 40]. The distance 

between the diffusion 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 10µ.m because of lateral diffusion and undercut below the Si0 2 

film. 

An evaporation of Cr-Au, etching the Si0 2 above the Ga.As 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 lOµm 

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 300µ.m-long individual devices are cleaved from the wafer. 

2.3.5 Erperi.mental 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= 1ts, where t8 is the base transport fac­

tor, is given by [ 1 ?] 



-50-

t A minority currant reaching th.. collector 
a - minority current injected. in.ta th.. ba.s• 

= [cosh( !a )J-1 (2.3-8) 

where Ls is the diffusion length of the minority carriers in the base 

region. The e:zpression for 7 is given by Equation (2.2-5). (For transis-

tors without very narrow bases. the factor W in that equation should be 

replaced by Latanh( L: )). 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 1 + a 2 > 1. 

Al low current levels the opposite condition (i.e., a 1 + aa < 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 2.3-6a, which depicts the anode 

current versus anode-cathode voltage (IA vs. Vu) curve, with the gate 

current le as a parameter. The breakover voltage (V80 ) of the device is 

-about 8V and the holding current (/H} is about 1 mA. Vao 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 le is increased, IA is increased. 

Since both a 1 and Clz are themselves monotonically increasing functions 

of IA at this region. for example due to avalanche multiplication in the 

depletion region of the middle j•.inction. it takes less voltage to satisfy 
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Fiiure 2.3- 8. a) Typical {A 1JS. V AK curve of an injection laser- SCR switch. (hor­
izontal scale: 1V/div; vertical scale: 1 m.4/div; gate-current scale: 
200µ4/step}.b) Switching voltage vs. le. 

the switching condition as I c 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 m.A, and their optical properties, 

including near-field and far-field patterns, are similar to those of the 
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Be~planted lasers, leading to the conclusion that they are gain­

guided. Operation in a single transverse mode was obtained up to about 

1.5xfth· 
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3. MULTI- PN .IUNCl'ION HETEROSTRUCTURB 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]. Recently the operation of Shockley-diodes which function also 

as AlGaAs 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 AlGa.As injection lasers with more than 

one active region [6). 

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 the experimental"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 Eleetrical Propertin of llulti.- PN Structurw 

3.2. f Mod:ifiecl T-ra:n.sistor Model for Multi-PH Stni.ctures 

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}m. 

I a 21'11 P 

I• 2nt•t -,.--) • ... , 

I• 2 

I• I 

p .. 

Yigure 3.2- 1. Schematic drawing and notations for a (PN)m. 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)a structure is shown in Figure 3.2-2. Generally, il 

takes a 2x(m-1) transistor network to describe a (PN)m. structure. 

Using the sign convention and notation of Figure 3.2-3, the 3x2x(m.-1} 

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

transistor) are: 

!Be +let =/Ee. i = 1, 2, ... , 2(m-l) (3.2-ta) 

Ice = a.ilge + IcCH.. i = 1, 2, .... 2(m-1) (3.2-1 b) 

let = ls.t-1 + IE.c-2 + Ic.t-1. i = 2, 4, 6, ... , 2(m-1) (3.2-lc) 

!Et = - la.c-s + lc.c-2 + Ic.c-1 • i = 3, 5, 7, ... , 2m -3 

I92 

Ig" 
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PNP NPN 

Fism'e 3.2- 3. Sign convention for the currents in the transistors [used in Equa­
tion (3.2- 1)]. 

i=2m.-2 
1&1 = IE.2m.-2- I; /Ci. 

i=1 

(3.2-ld) 

{3.2-le) 

where the transistors are assumed to be initially in the cutoff or active 

region (i.e .. the device is in the forward blocking state). lccx is the callee-

-tor to base reverse saturation current of the i-th transistor, tl( is the 

common-base current gain of the i-th transistor, and IC( 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 I= (drive (3.2-2) 



-64-

For example. the (PN)3 structure is described by the following matrix 

equation. A is given by 

1 0 0 0 0 0 0 
1 -1 -1 0 0 0 0 

-at 0 1 0 0 1 0 
0 -1 0 0 0 1 0 
0 0 0 1 -1 -1 0 
0 0 0 -a2 0 1 0 
0 0 -1 0 1 0 1 
0 0 0 0 0 0 1 
0 0 0 0 0 0 -a3 
0 0 0 -1 0 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 

and land I d.?'We are given by 

I= 

!Et 
IBt 
let 
IE2 
IB2 
lc2 
IE3 
IB3 
lc3 
IE, 
IB4 

lc4 

-~[°' 
0 

I cot 
lei 

0 

lt1.nv• = Ico2 
lc2 

0 
I cos 
lea 

0 
lco4 

0 0 -1 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 1 0 0 0 (3.2-3) 
-1 -1 0 0 0 
0 1 0 0 0 
-1 0 0 0 1 
0 0 1 -1 -1 
0 0 -a, 0 1 

Equation {3.2-2) can be solved for IA = lg 1 with fad as a set of 

parameters. The particular case where IA 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)m. structures, with m~ 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 (ad. at most, yields IA-+ co. 

The condition for switching changes, depending on the structure 

parameters. Some of the results are shown in Figure (3.2-4). It 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 1 =a2=, ... , ~a. 

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

1 a= 1--
m 

(3.2-4} 

For m=2 we get the well known result for the SCR (a1=a2=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-

port 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 h and (PN )2) 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 2 and J 4). The junction J 3 is, in principle, forward 
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Fiiure 3.2- 4. Common base current gain (a} for switching of a (PN)m device 
versus m. a) All the transistors are identical (CJ.t=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 2 

and J 4• 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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Fipre 3.2 5. Comparison between the generic characteristics of (PN )3 and 
(PN)2 devices. a) (PN)3 device. b) corresponding (PN)2 device. 
(regular Shockley diode). 

if it had the structure depicted in Figure 3.2-5b, which is a (PN}2 dev-

ice. In the forward conducting (''ON") state, all the internal regions in the 

(PN h device are in saturation, which is the same situation as in the 

(PN}a device. Of course, the quantitative analysis is different for the 

two cases, as can be seen from the next two subsections. 
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3.2.2 Solution of Diffusion Equation in the Forward. Blocking ('OFF') 

State 

In this section we will analyze the (PN)m structure in the forward 

blocking state. In this section and in the next one, the indices on the 

various parameters refer to either the junctions (e.g. voltages,depletion-

region recombination 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+l)-th layers. The 

minority carriers distribution in the forward blocking ("OFF") state is 

shown in Figure 3.2-6. 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 

i=l, 2, ... , (m-1) 

(3.2-5) 

M2i is the avalanche multiplication in the depletion region of the 

2i-th junction, which, for GaAs, is the same for both electrons and holes 

and can be approximated by the following empirical formula 

(3.2-6) 

where V BD 2-t is the breakdown voltage of the 2i-th PN junction and c is . ' 

an empirical constant. Jc.2-t is the current density generated in the 
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Fipre 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) 

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

_Jp. 2H 1(W) is the· hole diffusion current density entering the junction 

from the left and is given by 

(3.2-7) 

where A = -Jr and v, is the voltage across the i-th junction. 



-70-

(3.2-8) 

and J,.. 2i(O}, the electron diffusion current density entering the junction 

from the right. is given by 

(3.2-9) 

where 

J _ qDn. 2i '11po, 2i 
m.2i - JV' . 

L . h( p. 2i) n.2i sm L 
ft. 2i 

(3.2-10) 

'"'Pa• w,,, Dn, L.,., and Pn.o• W"', D,,, L11 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 

(3.2-11) 

where JRo and NE are empirical constants (see Section 2.2). In the fol-

lowing calculations we will assume that N E=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 

or 

w 
=J [(eAYa+1- t)cosh( "'- 2t+1 ) + 1] 

sp,2H1 L 
p. 2i+1 

+ Jsn.2i+2[(eAVzH1_ l)cosh( ;p.2i+2) + 1] 
n..2i+2 

AV:M+l --2 

AVec+1 

J = J$~2Hl (eAY2i+I_ 1) + J$.2'1.+1 + JR0.2t+1e 2 

(3.2-12) 

i=O, 1, 2, ... , (m-1) 

(3.2-13) 

where Jp. 2t+1(0) is the hole diffusion current density entering the junc­

tion from the right, Jn. 2t+2(W) is the electron diffusion current density 

entering the junction from the left, J SJJ and J m are as defined before in 

Equations (3.2-8) and (3.2-10), 
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(3.2-14) 

A ( Wn,2i+1) ( W'p.2H2 )( J6~2t+l = Jsp,2H1 cosh L + Jm..2i+2 cosh L 3.2-15) 
p. 2t+1 n, 2i+2 

and JRo. 21.+t is the recombination current constant of the (2i+1)-th 

junction. 

Note that for i=O, 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 AlCa.As layers with high Al contents, and 

thus their values of n,,0 and Pn.a are much lower than those of Ca.As, 

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 --2-. 

i = 1. 3, 5, ... , (m-1). Once a solution is obtained for all the odd num-

be red 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" stale is the breakover voltage 

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

device decreases. This is a negative resistance [ ~ < 0 J region and thus 

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 isolated between two 

reverse biased junctions at which the carriers concentration is virtually 

zero. (See Figure 3.2-6). Thus we see that by increasing m we can 

obtain devices with higher breakover voltages. 

3.2.3 Solution of the Dif!u.sion Equation in the Forward Conducting 

('ON') State 

In the forward conducting state all the junctions are forward 

biased, I Vt I>> KT i=1. 2, ... , (2m-1), i.e.. all the transistors that 
q, 

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= J (3.2-16) 



-74-

--------...--....--- - - -r---.----.... 
P n p n P n p n· 

·. 

0 

v, 

Fieure 3.2 7. Minority carriers distribution across a (PN).,,. device in the for· 
ward conducting ('ON') state. 

where 

U= 

AV1 l e -
AVa l e -

(3.2-17) 



W= 

J= 

e 

AY1 

e 2 - 1 
AV2 

e 2 
- 1 

AV2'n.-l ------
2 - 1 

1 
-1 

1 

The matrix B, given by 

Js:,_ 1 -Jsn.2 

-Jsn.1 Js\ 
B = 0 -Jsp2 

0 
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0 0 
-J 3 sp 0 

Js"s -Jsn4 

-Jsp,2m.-2 Js;_2m-l 

contains the diffusion contribution to the total current and 

0 

c = 

0 

(3.2-18) 

(3.2-19) 

(3.2-20) 

(3.2-21) 

contains the depletion-region recombination contribution to the total 

current. Jsp,i• Jsn..i• Js.•t and JR<x are given in Equations (3.2-8),(3.2-

10),(3.2-15) and (3.2-11), respectively. Also Js;,i = Jsp,,cosh( :n,i) and 
p,i 
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w. 
JJ&,.,, = Jm.,cosh( ...:.:.l:!-L ·' ). The derivation of Equations (3.2-16} to (3.2-21) 

"'" 
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-B and in Fig-

ure 3.2-9. 

TABLE 3.2- 1. Details of a (PN )7 structure. 

Layer Al Doping Width 
Number Type Contents Concentration [µm] 

(x) x 10 18 [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 p 0.0 3 0.2 
7 n 0.1 0.1 0.6 
8 p o.o 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)5 device is 

much more balanced than in the (PN h 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)5 structure. 

Layer Al Doping Width 
Number Type Contents Concentration [µm] 

{x) x 1010 [cm -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 
6 p 0.1 0.1 1.0 
7 n 0.0 3 0.25 
B p 0.1 0.1 1.0 
9 n 0.0 3 0.25 

10 p 0.4 1 1.5 
11 p+ 0.0 R:I 10 1.0 

I 

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 Ca.4s 

regions as possible. When designing a structure for a particular carrieri 

_ 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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Fiaure 3.2- 8. 'ON' state characteristics of the (PN )1 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 preceding section, so the value 

of J for which ~ = 0 is the holding current density (JH). This 

parameter can be found by solving Equation (3.2-16) numerically. Cal-

culaled dependence of Ja on several parameters is shown in Figure 

3.2-10. The device consists of (m-1) PN sections of Ca.As sandwiched 
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Figure 3.2- 9. 'ON' state ~haracteristics 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 AlCaAs. 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 

between 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 (J H) on 
the number of layers in the device. a) W"=Wp=0.5µm. b) 
w" = w p = 1 µm. 

It should be noted that the above analysis can be easily extended to 

any arbitrary structure, not necessarily one which consists of alternal-

ing P and N regions (e.g., PPNN · · · ). 
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3.S Optical Propertt• of llalU- PN Het.eroatruct.ure Dericem 

When multi-PN heterostructures are fabricated from the ternary 

AlCa.As system, it can result in a new type of large optical cavity (LOC) 

injection lasers. A conventional LOC structure [7] 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 Ga.As, which serve as 

the active regions of the coupled lasers, are surrounded by AlCaAs 

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 waveguides. The whole device is basically one waveguide struc­

ture. In particular. it is found that if we have q 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 

AlCa.As 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 [B] involves the solution of a compli-
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p- Ga As (active reoionl) 

(a) 

(b) 

n•-GaAt 
S\Gstratt 

---· 

--· 
Fi.pre 3.3-1. Example of implementation of a large optical cavity device with a 

(PN}m. structure. a) Device structure. b) Refraction index distri­
bution across lbe 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 of 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 approximation this is obtained by making 

the recombination currents in all the active regions as equal to each 

other as possible. Another consideration is to minimize the recombina-

tion currents in the AlGa.As layer;:;, 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 )5 device 

whose parameters are described in Table 3.2-2. The index of refraction 

(N) is the sum of its real part (Nr), shown in Figure 3.3-2a and its ima­

ginary part (N,), shown in Figure 3.3-2b. (i.e., N = N.,. + iN,). N, is 

related to the optical gain (g) by N,=~g. In this particular structure 
41T 

N, corresponds to a gain of about 40cm -t, but the mode is determined 

virtually only by the variations of Nr 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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Fi.pre 3.3- 2. Calculated optical properties of the (PN)s laser. a)real part of 
the index of refraction. b)imaginary part of the index of refrac­
tion. c)near field pattern. d)far field pattern. 
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3.4- Ezperi.mental Resulbr 

3. 4. f Fabrication ProceduT& 

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 B00°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 boal 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 Ce (p-type), 

Sn (n-type, for regions with ND~ 1 x 1018cm -3) and Te (n-type, for 

regions with ND~ 1 x 1O18cm -3). 

Devices that are tested only for electrical parameters are etched 

down to a 100x 100µm 2 mesas, while devices which operate also as injec­

tion lasers are etched down to a 1 OOµm mesa in one direction and 

cleaved to RS 300µm length in the perpendicular direction. 
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3.4.2 Electrical Properties 

The multi-PN structure is an alternative way of manufacturing 

switching devices. The inherently greater gai1;1s involved in such a device 

should 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 1-V curve of the structure on the Al 

contents (x) in the layers between the CaAs regions was investigated. 

Curves of devices with x=O.l, 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 device 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 1-V curve is 

that of a transistor in avalanche. The calculated carriers distribution in 

the device is shown in Figure 3.2-Ba for z= 0.1. As we see, the carrier" 

concentration is the highest in the upper Ga.As region, with fewer and 

fewer carriers in the subsequent regions. This result was verified in the 

following way. Instead of etching the devices into the tOOx 100,um.2 

mesas, they were etched only in one direction and cleaved in the other 

dimension (with lengths about 300µm.), thus forming injection lasers. 

Observing the near field radiation pattern of the laser, it was found that 

at, or slightly above the threshold (Ju..R:S 5.5kA -cm -2) only the upper 
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Fipre 3.~ l. Example of a fabricated (PN}? device. Typical parameters are 
!ihown 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 t.4x/1" 

did the ne:i:t active region lase. 

Devices of a second type were grown with the goal of equalizing the 
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Fisure 3.4- 2. Dependence of the 1-V curve of (PN)., devices on the Al con­
tents (z) in the waveguide layers. a) z = 0.1. b) z = 0.2. 
c) % = 0 .4 {No bistability). 
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carrier distribution in all the GaAs layers of the device. The (PN)5 

structure is shown in Figure 3.4-3, and the 1-V curve is sh,own in Figure 

3.4-4. 

II 
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Fisure 3.4- 3. Example of a fabricated (PN)5 device. Typical parameters are 
shown in Table 3.2- 2. 

From Figure 3.2-8b it is seen that most of the carriers {Rf 82") recom-

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

the different active regions is uniform to within 10~. The breakover vol-

tage (Vso) of the device is Rf 9V. Devices with breakover voltages of more 
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Fipre 3.4- 4. I -V curve of a (PN )& device. (horizontal scale: 1 V / dir. vertical 
scale:· 0.1 mA./ div). 

than 35V were also observed. The value of V80 in each particular device 

also depends on the amount of leaking due to imperfections. The hold­

ing current density (JH) is about l.5Acm-2. 

3.4.3 Optical Properties 

Lasers were made also ,from the (PN )& devices described in Figure 

3.4-3. The threshold current density is about 13.l::Acm-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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Fisure 3.4- 5. Light versus current curve of a (PN)5 laser. (the area of the dev­
ice is RI 300x 100µ.m 2) 

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 3.4-6 shows a photomicro-

graph of the near field pattern of the laser. Figure 3.4-7 shows the 
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Fi.pre 3 • .f.- 8. Photomicrograph of a near field pattern of a (PN)5 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 100µm to 

10µ.m 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 perpendicular to the junction plane is shown. The fact that the far 
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t ' t 
Figare 3..4-- 7. Near field pattern of a (PN}5 Laser. 

field pattern is broad~r 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. 



-.,, -·c: 
::t 
>­... 
0 ... -:s 
:ti -

-94-

F"isure 3.4- 8. Far field pattern of a (PN )5 laser. 
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Appendis A: DeriT&tioD of tbe derice equati.om iD tbe '0N9 state 

In the 'UN" 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 effect of the depletion I"egion recombination 

currents can be accommodated by an added term as in Equation (3.2-

11) at every junction. 

1. n-type I"egion: 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 

is 

-

... ~{91 
P(O) = Pna(e KT - 1) 

qV(Jr") 

P(W") = Pno(e -Ki- - 1) 

w -z 
... ... sinh( ~ ) 
p(z) = p(O) JJ 

sinh( ;" ) 
fl 

(A-1) 

(A-2) 

(A-3) 

where p denotes carrier concentI"ation in excess of the equilibrium 

concentration, p"° is the equilibrium minority carrier concentration 

in this region, and V(O) and V(W") are the junction voltages at the 

two ends of this region. ~ote that both p(O) and p(W") are much 

' 
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larger than Pn11. The hole diffusion currents at the two ends of the 

n-type region are 

(A-4) 

dp(x -W. ) ~(Ql ~~") W 
Jp(Wn} = -qDp d: " = J..,,[(e KT - 1)- (e KT - l)cosh( L; )] 

(A-5) 

where J• is ,given by Equation (3.2-8). 

2. p-type region.: 

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

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

we obtain 

(A-6) 

(A-7) 

where Jsn is given by Equation (3.2-10). 
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Fiiure 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 itself equal the total current density 

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

numbered junctions) we can write 

(A-8) 
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and for an NP junction (i.e., the even-numbered junctions) we can 

write 

(A-9) 

where the current components in Equations (A-6) and (A-9) 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 (3.2-16) to (3.2-21}. 
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Append.ix B: Numerical Solution of Two Dimensional Wa-.epides Usins 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 

a2E V 2E - µtot-2 = -V (E·V Int) - (V lnµ.)x(V xE) 
at 

(B-1) 

This equation is derived directly from Maxwell's equations without any 

simplifying assumptions. Under the assumptions of non-magnetic 

media (i.e., µ,=~). two dimensional structures [i.e., t=t(z,y )], and har-

monic time dependence, the field solutions are of the form 

t (x,y, z,t) = t (x, y )ei(wt -pa) 
(B-2) 

in which case Equation (B-1) is reduced to 

(8-3) 

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

scalar wave equations for the x, y and z components: 
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where le A r.J~ = ~. - c 

In calculations done for injection lasers, we are interested in the 

tangential components of the field, since they eventually carry the radi-

ated power. Thus we will solve Equations (B-4a) and (B-4b) for Ez and 

Ev· We start by multiplying Equation (B-4) by a function Wand integral-

ing it. ~ext we use Green's Theorem 

J a2 a2 f -J(~ + ~)ctzdy = /V g·nctl - Jv g·V gd:rdy 
A d:z <)y C A 

(E-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 (ry) 

plane, and all the functions under consideration are zero at infini.ty, the 

line integral in Equation (B-5) drops, leading to the following equation: 

/( aw aEz aw aEz) f 2 2 . --. + -- dzd.y - (k t: - {J )WE d:xd.y 
.t dz dz dy By A z 

(E-6) 

+ j[E olnt: + E aint: ] a W d.zd = 0 
A a 8% ., By dz y 
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Similarly we obtain from Equation (B-4b) 

(B-7) 

+ JT_E 8lnt; + E aint; ] aw d.zd = 0 
A : ax II oy By y 

In the Finite Element Method, the (xy} plane is divided into poligon-

shaped elements. usually triangles or quadrilaterals. In each element 

the properties of the medium (in this problem- r;) are assumed to be 

constant. Next we make an approximate expansion of E: and E11 in 

terms of a set of base functions fq;, l: 

(B-Sa) 

(B-Bb} 

The functions frp, I are localized: each rp, 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 = Ez. E11 in Equations (8-6) and (B-7}, using Equation 

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

J\j DJ§ 

Dij ~ 
(B-9) 
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where 

A~ A j( Brp, Brpl + Brp, Brpl ) <b:d -
v - A ox ox By By y 

(B-10a) 

A 11. ~ j( Brp, Brpi + Brp, BrpJ )dxd -
"' - A Bx Bx By By y 

(B-lOb) 

2J J Brp, Blnt: k 1:rp,rp;dxdy + -
8
-rp1-.:a-dxdy 

A A Y uy 

A f· a,,, a1n1: Df· !:! --rpi--dxdy 
~ - A oy OX 

(B-10c) 

D11. ~ f Brpt . Blnt: dxd 
'J - A OX f/Jj iJy y (B-10d) 

(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 (J need 

to be solved for. The solution can be done efficiently by an iterative 

method [ 11 ]. It should also be noted that since frp, J 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 conducting screen [13], are 

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

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 [l), 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 -i.e., 

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} GaAs 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 Luer 

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 [6]. The main results are summarized below. 

Since the growth is 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 (0 t'i') 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 ( 11 T) and the (l11} 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 tot.he (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. 

Cl Ii) 

(100) 

a .54•44' (011) 

P'icare 4.2· 1. Schematic structure of embedded growth 

If 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 La.sw 

It is widely appreciated that a prerequisite for a double hetero -

structure{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 epitaxial growth [2]. 

This growth is performed on a Ca.As substrate through openings in 

SiaN 4 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 µ,m) and hence high threshold currents (> 200 mA). 

In the growth method employed in the Embedded Stripe Laser, 

which is illustrated in Figure 4.2-2, the SisN 4 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 

CaAs active region is completely embedded in AlCa.As, 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 µm, the width of 
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FislJre 4.2- 2. Schematic cross section of the Embedded Stripe Laser 

the center layer is 1.4 µ.m, and its thickness in the center is about 0.3 

µm. 

4.2.3 Fa.brica.tion 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 SiafV 4 film on a (100) oriented, Te-doped n +-Ga.As sub­

strate. The thickness of the film is a few hundred J.., and the deposition 

temperature is 690 °C. Most ol the nitride area, except for two 5 µm 
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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 µ.m) 

stripes with a 5 µm spacing between them is etched away, using 

Buffered-HF solution for~ 2 minutes. This pattern is repeated every 250 

µm. Devices with different dimensions were also fabricated, and 5 µm 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 

[µ.m] {x) Dopant Cone. [cm -3 ] 

lower n 2.0 0.4 Sn tx 1017 

claddimr 
active n 0.3 0.0 RI 5x 1018 

reizion (undoped) 

upper p 2.0 0.4 Ge lxl017 

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 µ.m thickness in the center. 

A SiO 2 film (Thickness R:I 2500 J..) is deposited on the growth, and 

stripes are opened along the center of the laser mesas using regular 

photolithographic techniques. 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"?tu. is 
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evaporated as the p-type contact. The wafer is then lapped, and 

AuGe/Au is evaporated as then-type contact, followed by alloying at 360 

°C. The last step is cleaving the wafer to devices with lengths in the 125 

to 325 µ.m 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 large differences in height 

between the mesa and its surroundings. This makes it difficult to apply 

the p-eontact to the device. As mentioned before, the exact shape of the 

grown structure also depends 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 (011) 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. It was recently found that lasers 

with curved active layers give better results in terms of spatial mode sta­

bility [9]. 
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----- ---

Ficure 4.2-.\. SEM photographs of a)device grown with mesa perpendicular to 
(01!} orientation. .b)device arown with mesa perpendicular to 
(011} orientation. c)enlarged photograph of b). (the length mark 
is lµm) 
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4.2.4 E:z:perimenta.l Resulu 

· As ezplained in the introduction to this chapter, the main motiva-

tion ·in developing thi!I type of laser was to obtain a low-threshold 

single-mode source. Typical values of the room temperature pulsed 

threshold current of the laser (Ith) versus the laser length (L) are shown 

in Figure 4.2-5. Typical values of threshold currents are 15-20 mA for 

200 µ:m lasers and 25-30 m.4 for 300 µ.m lasers. These are very low 

values, comparable to the threshold currents of the BH lasers. CW thres-

hold currents are about 15,.; above the pulsed threshold values. 

The threshold current of the laser is a monotonically increasing 

function of the temperature. The exact theoretical calculation of this 

dependence is complicated [10], and for all practical purposes the fol-

lowing empirical formula is used: 

Ti- Ti 

lt11.(T 2} = lt11. (T 1)a --r;-

where To 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 To are de!ired. High values of T 0 were measured for the 

Embedded Stripe Laser. Typical results are T0 = 175° in the tempera-

ture range of 20°c < T < 9oe1c and in the 

20°C < T < 135°C. This means that when operating at 75°C, lt1a is 

increased by only 33'4: compared to its room temperature value. 

The linearity of the light versus current characteristic is another 
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FilUJ'e 4.2- 5. Dependence· of the lasers threshold current (/ tA) 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 /facet. This is true even for devices that do not operate in the 
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fundamental spatial mode. but rat.her in some higher order mode. The 

external di1ferential quantum efficiency (71D) of the laseri:- are about or 

above 45". Values of '1D quoted above are for 225 µm-long lasers. The 

dependence of 11D on the laser length is given iD the following theoretical 

expression: 

[ ~L ]-1 
'1D = 71i 1 - lnR (4.2-2) 

where 1'Ji is the internal quantum efficiency (basically a 

phenomenological-empirical factor representing all kinds of imperfec­

tions in the real lasers). Cle is the total internal optical losses in the laser 

(except mirror losses). L is the length of the laser and R is the mirrors 

refiectivity. 

Measurements of the near field and the far field patterns show that. 

lasers with narrow active regions (:S 0.3µ.m) tend to operate in the funda-

mental spatial mode in current levels up to more than three times the 

threshold current. A tYJ>ical far field pattern of such lasers in the direc-

tion parallel to the junction plane is shown in Figure 4.2-6. The half-

beam width of the mode is about 30°. Devices with thicker active 

regions (~ 0.4µ,m) develop higher order modes at. about. t.4xfth· 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 {=ts 1- 5) longitudinal 

modes. A considerable fraction of them operate in a single longitudinal 

mode. which is important for applications involving high data rate single 

mode optical fiber systems. A typical example of a spectrum of single 
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Fi.cure 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/tl•· Al the 

higher current region there is a small shift (i:1:1 +20.K) in the oscillation 

wavelength, which is due to thermal effects. 
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F~ 4.2- 7. Far field patterns of a laser operating in a 9- th order mode. 
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Ficure 4.2- 8. Spectrum of a single longitudinal mode laser. (The horizontal 
scale depicts wavelengths in K) 
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4.3 Buried. Heterostructure Al.GaAs Lasers on Semi- lnsulatiq Substrates 

4.3.1 Pri.n.ciples 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 operation, and second, it has to be grown on a substrate 

that is suitable for integration with other electronic devices. For devices 

made of the ternary AlGa.As system, Semi-Insulating (SI) GaAs crystals 

are the most suitable substrates for these purposes. 

Operation of several types of injection lasers grown on SI GaAs 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 AlGa.As 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. 
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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 GaAs 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 +-caAs layer serves not only as the cathode of the laser. but also as a 

buffer layer between the substrate and the double- 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 (zs:ts 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 repeaters. 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 CaJTIA.sP 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 

EH 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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Ficure 4-.3- t. 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) Ca.As substrate. The 

resistivity of the substrate material is more than tx 1070 -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 shown in Figure 4.3-2a. In some of the devices an additional layer was 
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TABLB 4.3- 1. Parameters of the first growth step of a BH laser on a SI substrate 

'Layer Type Thickness Al contents Doping 

[µm] (x) Dopant Conc[cm-3] 

buffer n• 4.0 0.0 Te 2x 1018 

layer 
lower n 1- 1.5 0.38 Sn lx 1017 

clad din a 
active n 0.2- 0.25 0.25 ~ 5x 1016 

re2ion fondooed) 
upper p 1- 1.5 0.38 Ge 5x 1017 

cladding 

grown between the buffer and the lower cladding layers. This layer is 

Sn-doped (ND~ 5x 1017cm-3), and its thickness is ~ 0.5µ.m. Its function 

is to prevent the growth defects that result when an AlCaAs layer is 

grown directly on a highly Te doped layer. After the growth, a mesa is 

etched down to the n •-ca.As layer, with the mesa direction parallel to 

the< llO> direction. The etchant used is 1:8:8 (H2S0 4 :H2D2:H20) solu-

tion, and the resulting cross-section of the mesa has the inverted tra-

pezoidal shape. The stripe at the active region is about 2µm. (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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(a) (b) 

( c ) (d) 

( e) (f) 

Fipre 4.3- 2. Steps in fabrication of BH laser on a Sl substrate. a) After the 
ftrst 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- oft'. 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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T~ 4-.3- 2. Parameters of the second growth step of a BH laser on a SI sub­
strate 

Layer Type Thickness Al contents Doping 

[µm] (x) Dopant Conc[cm-3] 

lower 
burying p R:I 0.3 0.38 Ce 1x1017 

laver 
upper 

1x1017 burying n R:I 2.5 , 0.38 Sn 
laver 

After the growth the wafer is covered with a Si02 film. Using 

conventional photolithographic techniques, stripes are opened in the 

Si0 2 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-Au 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 50µm from the laser mesa by etching down to then+_ 

GaAs layer (using the same etchant as before}. Using a lift-off tech-

nique, the n contact is formed by an evaporation of Cr71u 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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Fi.sure 4.3- 3. Typical far- field patterns of the buried- heterostructure laser 
(vertical scale ··arbitrary units) on a SI CaAs substrate. a) 2 µ.m 
stripe width. b) 3 µ,m stripe width 
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5. THE INTRINSIC ELECTRICAL.EQUIVALENT CIRCUIT OF A IASBR 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 through it and the voltage developed across its terminals 

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

The DC current-voltage characteristics and the elements of the 

laser equivalent circuit (i.e., its impedance function) are derived from 

the rate-equatio:ns [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 Volt.ap Relation 

The rate equations used in this section are taken from Kresse! and 

Butler [5]. Because of quasi-neutrality, a rate-equation for only one 

type of charge carriers, e.g., electrons, will be needed. The electron den-

sity N 8 obeys the following equation: 

d.Na I N". - = --A(N -N )N 11.- -
dt qa.d • om P Ts 

and a similar equation holds for the photon density Nph.: 

(5.2-1) 

(5.2-2) 

where I is the current fiowing through the diode, a. is the diode area, d 

is the thickness of the active region, q is the electronic charge, A is a 

proportionality constant, N 0 .,,,, is the minimum electron-density required 

to obtain positive gain, Ts is the spontaneous lifetime of the charge car-

riers, Tph. is the photons lifetime and {J is the fraction of the spontane-

ous emission that is coupled into the lasing mode. {J is usually a number 

of the order of 1x10-4= 1. The dependence of beta on the device 

parameters can be found in various references [6], [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 ~ontaneous emission. 

The assumptions implied in formulating Equations (5.2-1) and (5.2-

2) are that. the laser oscillates in a single mode, the inversion (gain) is 

homogeneous and the gain is linear in the difference between N. and 

Ntr111.. Although the above set of equations is a simplified representation 

of the behavior or the laser diode, they yield results which contain most 

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

ice. 

The junction volt.age V is introduced into the equations through its 

relation to the carrier density N •. Since the effective density of states in 

the conduction band (Ne) of CaAs is smaller than the carriers density at 

threshold (N•.t"'). Boltzmann's statistics are not accurate for this band. 

For the valence band Boltzmann's statistics are still a resonable approxi­

mation even at the threshold, since Nv is considerably larger than Ntl\· 

(Ne = 4.3x 1017cm-3, Nv = B.9x 10 18cm-3 , and N •. tA ==:. 1-2'1( !0 18cm-3). 

l:sing 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=-In-+~-
q 74 4¥G Ne 

(5.2-3) 

w~ere TI\ is the intrinsic carrier density in Ca.As. The error in Equation 

N 
(5.2-3) is about 2% at threshold for ;;h. ~ 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- Voltap Charact.eristie11 

·The DC current-voltage {/-V) characteristic is found from the 

ste'ady- state solution of the rate-equations. Seting :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)1 the following I-V rela-

tion is obtained: 

_ 2KT [ b - ~b 2 - c 1 Nam b - ~b2 - c ] 
V - Vam. + -q- ln 2(1 -p) + 4v2 Ne 2(1 -{J) (5.3-1) 

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

V: = 2.KT In(Nom.) 
am. g ~ 

io = 's I 
Nom.qa.d. 

(5.3-2) 

(5.3-3) 

(5.3-4) 

(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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(5.3-6) 

and at current levels above threshold the voltage is effectively clamped 

to a value of 

2KT( Nam. ) V = V om + -- In{ + i::-:( ) { 
q 8 v~ 1 1 - {1 N c 

(5.3-7) 

(where ( = 1 +[A TphNom.]- 1 - (J), 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 Luer Diode 

The laser model will be developed in three steps. Each step will 

introduce a new physical phenomenon that pertains to the operation of 

the laser. In the first step we assume p = 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 p = 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: 

(5.4-1 a} 

(5.4-lb} 

(5.4-lc} 

where N.0• N~h.· v0
• and· N8

1, NJ11.. V1 are the quiescent and the small sig­

nal values, respe
1

ctively, of N 8 , Nph. and V. By using Equation (5.4-1) in 

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

equations since :t is replaced by iGJ. It is also assumed that N 8
1<< N 8°, 

NJh << Npoh.• and V 1<< v0 . The above analysis results in the following 

impedance functon: 

. "' 
( ) ~~-___ .,,c __ _ 

z GJ = /("·) -
- - (jJ2 + i~ + _1_ 

RC LC 
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(5.4-2} 

V(c.1) and /(c.1) are the complex amplitudes of the small-signal junction 

voltage and current, respectively, and 

where 

R - R Ith 
- d 10 (5.4-3a) 

(5.4-3b) 

(5.4-3c} 

is the expression of the differential resistance of the diode, J0 is the 

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

(5.4-5} 

Id = 1° for ! 0< Ith., c•nd Id = ItA for J0> Ith.. In AlGa.As lasers, typical 

values of R are about or less than 10, of L- about 1pH, and of C - a few 
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nF. The impedance given in Equation {5.4-2) is that of a parallel RLC 

circuit {Figure 5.4-ta). For currents below threshold the model reduces 

to tlie usual diode model, i.e. a parallel RC circuit, with R = 2 Kr and 
qi 

. Ts 
C = R:· It should be noted that for currents greater than the threshold 

current, N.0 =Ne.th· 

R c L R c R c 

(a) ( b) ( c) 

Figure 5 • .(.- 1. Models of the laser diode. a) basic model - no spontaneous emis­
sion. b) including spontaneous emission. c) including spontaneous 
emission and saturable absorption. 

The problems with this basic model (which is similar lo 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 disturbing effect on the modulation frequency response, and the 

interplav,J>ehreen the spontaneous emission and the sell-pulsations. 

In the second step the interaction of the spontaneous 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 p = a. 

This analysis results in the following impeda.nce function: 

(5.4-8} 

The impedance function of Equation (5.4-6) is that of a parallel RLC 

circuit with a resistor Rn in series with the inductance (Figure 5.4-lb). 

The values of the components are: 

Rd. R=---
7tp°" + 1 

(5.4-7a) 

L = Rd..,.pll =::s Rd'P" 
('"'1°1' + p)(n.o- 1Lcm} n~h 

{5.4-7b) 

(5.4-?c) 
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(5.4-7d) 

whe·re n,Sa • .,,,_o and "'°"' are the normalized steady-state values of NA, 
"" N,0 and Nom, respectively. (~" =A -rsN11\, n.0 =A -r11"N,0, and 

nom =ATpANam). In order to see how this model reduces to the basic 

1° 0 
one, it should be noted that wb.en (l = 0, n~ = -

1 
- 1 if I > /'"' and 

th 

In the third step of developing the electrical 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]. 

d.N P1' = A (N - N )n .. + R N • - 11.ph. [ t + 
dt • om pn ,.., -rs 'P" ~v ] 

1+~ 
Ns 

(5.4-8) 

where c5 is a parameter denoting the strength of the non-linearity 

(c5 ~ 0.02 [10]} and Ns is the saturation density of the photons 

(Ns~ txl013-txt014cm--3 [10],[11]). Basically, c5 and Ns are 

phenomenological parameters, whose values are chosen so that the cal-

culations will conform to experimental results. Due to various degrada-

tion mechanisms of the laser diode, both d and N s 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 Rsp which is, in series with 

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

(5.4-9) 

1 
0 2 

(1 +~) 
ns 

where ns is the normalized photon saturation density (ns =A -rsNs ), 

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 simultaneously 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 R59 , 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 

I Z ("1) I and the magnitude of the normalized light response function 
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where L denotes the light output from the laser. Both functions have a 

resonance peak at a frequency cw,... which is basically determined by the 

optical properties of the laser material and the laser itself: 

(5.4-10) 

Far from "'nas, the impedance of the laser diode is very small in 

magnitude (i.e., almost perfect gain clamping), and the light response is 

fiat 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 

"'nis =------
-1- + AN 110,., 
Ts// 

(5.4-11) 
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(a) 

(b) 

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 

c.>~ ·a} of the laser diode at the vicinity of the threshold, as a function of 

current, for several values of (J and Ns. 

These graphs indicate large values of negative resistance near the 

threshold for small values of (J and N8 , and are in a good agreement 

with the experimental results reported recently by Anthoni et al (12]. In 

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 (J and Ns. 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 (J (R::I lx 10-3), do not have 

negative resistance and thus are less likely to exhibit self-pulsations. 

Lasers with large values of N s 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= l.5x10-6cm3- sec-1, Nam= 5x10 17cm-3 , d = 0.3 µm, a= 300x5µm 2, 

Tph. = 1 ps, and Ts = 3 ns. 
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Figure 5.5-1. DC resistance of a laser diode. a)(J = lx 10-5. 
b)Ns = 1x1014cm-3• c)Ns = tx1013cm-3. d)Ns = txto12cm-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 -

ponents in parallel with the laser diode, the condition 2KT
1
. >>Re (Re is 

- q~ 

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. 



-149 -

5.8 Modi1lcati.on of the Impedance Function na the Operation of the Laaer u a 

Part of a Transistor 

The resonance peak in the light versus current transfer function is 

undesirable, since it effects adversely the temporal response of the laser, 

for example by causing relaxation oscillations [5]. As can be seen from 

Equation (5.4-11), this resonance peak can be reduced by reducing the 

effective carriers lifetime, Tell. Several methods to achieve this goal 

have been proposed. The main idea 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 effect 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 lasez: 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 5.6-la. The basic device 
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structure is shown in Figure 5.6-lb. 

(a} 

Collector 

(b) 

AC 
Short 
Circuit 

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

1 

In this Translaser the function of the transistor is not to amplify 

input 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 Crequncies near the resonance. At DC the collector terminal is 

floating, and thus both the emitter 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 W) is shown in Figure 5.6-2a.. 

p p N 

P.o E .,_ __ __. 

P..o ~ ~o 
I l""----4 'C 

(a) 

(b) 

P.
I £-----· 

P.' 
I 

4--d •• 

(c) 

p 

Ficure 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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Nj (=P/ by quasineutrality) is constant. and the concentration across 

the ,~ase is also approximately constant (variations are of the order of 

only KT). We assume that. P8 Rt Pj = fJPj, where c5 is a fact.or det.er-q 

' mined by the Boltzmann statistics from the bandgap and doping 

- ~E, pO 
differences between the active region and the base. (c5 = e KT _!_ for 

Pj 
llE - _=i_ 

low level injection. and 6 = e 2KT 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: 

DC oPj 
JleaJ:a(/9 = q--W 

's 
(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 + o ! }. which is a 

small change if d<< 1 and W ~ d.. At low frequencies '•JI is equal to 's 

since the carrier con~entration at the active region is clamped and thus 

the AC component of the carriers concentration is virtually zero (Figure 

5.6-2b). Only when we approach the resonance frequency, an appreci-

able AC component of the carrier concentration can be maintained in 

the active region. At the emitter-base junction P,J = oPJ, but PJ = 0 

because of the imposed boundary conditions (Figure 5.6-2c). Thia 

causes a much larger leakage from the active region: 

JRES - qDs oPJ 
leaJ:a.ge - W 
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(5.6-2) 

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

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

Ts to 

where 

Ts 
'RES - ---------'ajf - TsD8 d 1 

1 + Wd __ T_b_+_T_c_ 
1+ . 

_1_ t\A qDsoPj _!L_ 
To= E W 2KT 

To 

where A8 is the area of the transistor emitter. 

(5.6-3) 

(5.6-4) 

From Equations (5.6-3} and (5.6-4) we see that the necessary - and 

the difficult to achieve - prerequisite for a significant lifetime reduction 

is T11<< (rc+To);S;.Rct. Realization of this requirement calls for the fabrica­

tion of layers with resistances of the order of at least lx 10-6 0 cm2. For 

a typical set of values (d=0.1, Pj=2x 1018cm-3, is=3nS, 

r 0 xAgR:S 5x 10-70 cm 2, W=O. lµm and d=0.2µm), the effective carriers life-

time is reduced to 0.07nS for T11 +rc=O. and to 0.55nS for 

(T11 +rc)xAg=5x 10-6 0 cm2• We thus conclude that significant reduction 

of the carriers lifetime is achievable within the limits of the available 

technology. 
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