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I. INTRODUCTION

SINCE the discovery of the spike structure of a radia-
tion pulse from a ruby laser,!'! much attention has
been directed toward theoretical and experimental in-
vestigations of the dynamic processes in various types
of laser. Various dynamic operating conditions were
discovered and investigated: ‘‘hard’’ excitation;!?’
spatial and time locking of a large number of various
oscillation modes;'®! pulsations of the radiation asso-
ciated with nonlinear absorption;!*? de-excitation of the
active medium in lasers, etc. Investigations of the dy-
namics of laser emission have made it possible to pro-
duce: single-mode lasers; lasers emitting light pulses
of 30—1 nsec duration and 1-100 GW power;'*~"! lasers
emitting light pulses of 100—1 nsec duration and of 10°-
10° GW power.!*®) Various dynamic conditions were
found in investigations of the amplification of short light
pulses in nonlinear amplifiers.t® 7!

Important results have also been obtained in investi-
gations of the dynamics of the emission from semicon-
ductor lasers. Again, ‘‘hard’’ excitation of a laser was
observed,!®! the locking of various oscillation modes
was achieved,!'®! and a complex spike structure of ra-
diation pulses was observed.!''s'?} Investigations were
made of the interaction effects in optically coupled semi-
conductor diodes, of spectral (selective) and total
quenching effects,! ™ '®! and of the time characteristics
of injection lasers.! ' 81 Regular ultrashort light
pulses were generated using a semiconductor laser ex-
cited nonuniformly across the p-n junction area,!'? '*!
and the locking of the spikes by modulation of the ex-
citing current was achieved, 2%

Although many papers have been published on the
theory of various dynamic conditions, a rigorous quan-
titative analysis of the problem, based on the solution of
strongly nonlinear equations with a large number of de-
grees of freedom, has not yet been carried out. Never-
theless, the solution of nonlinear equations with two de-
grees of freedom has made it possible to determine the
conditions of stability of these solutions, the existence
of limit cycles, etc.t* #*"®1 For a uniformly broadened
line the majority of the dynamic conditions may be de-
scribed by means of the rate equations.

Theoretical investigations have shown that the spec-
tral line emitted by semiconductors should be regarded
as uniformly broadened and that, in the case of heavily
doped gallium arsenide and other semiconductors, the
saturation of the absorption or amplification can be de-
scribed completely by a change in the position of the
quasi-Fermi level in the conduction band.t?> 21 This
approach is valid if the radiative recombination time of
electrons is longer than the electron—electron interac-
tion time, whose order of magnitude is 107**-

107" sec. 2]
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Investigations of the dynamics of the radiation from
semiconductor injection lasers are of considerable in-
terest, both from the point of view of understanding the
physical processes taking place in such lasers and from
the point of view of the possibility of constructing, from
semiconductor lasers, ultrafast logical elements for
optical computers.

The use of semiconductor lasers as fast elements
for computers ?! is promising because of the small
linear size of lasers (the high gain in semiconductors,
reaching a few thousand cm™, makes it possible to con-
struct semiconductor lasers of few microns in sizef®J),
the high efficiency of direct conversion of the electric
current energy into coherent radiation, and the fast re-
sponse (in the limit, the operating time of such ele-
ments is governed only by the transit time through the
active medium of the laser and may be as short as
10712-107" sec).

Because of the high frequency of optical oscillations
{~10" Hz), optical computers have a potentially wide
transmission band and, consequently, a potentially high
data processing rate. The development of extremely
fast electronic circuits meets with considerable diffi-
culties, associated with the presence of stray induc-
tances and capacitances, which are present in all elec-
tronic circuits. The level of interference, due to elec-
trical coupling, increases as the speed of operation
rises.!?3% The use of optical coupling between ele-
ments should avoid the difficulties encountered in elec-
tronic circuits. Using optical devices, one should be
able to process data in parallel and have a fairly high
fan-out coefficient at the output.

Logical elements for optical computers can be made
from optically coupled lasers. The operation of such
elements is based on the following effects: the switch-
ing-on and quenching of radiation in the interaction of
diodes, ‘“hard’’ self-excitation, generation of regular
optical spikes, etc. The achievement of good optical
coupling between elements in optical systems is diffi-
cult because the active region in semiconductor injec-
tion lasers is only a few microns thick,{3!~%!

In recent years, considerable success has been
achieved in the development of fast-response radiation
detectors (the photoresponse time may be shorter than
107" sec). Therefore, it is attractive to consider logi-
cal elements consisting of laser diodes and radiation
detectors coupled to laser diodes both optically and
electrically.t®! Such structures simplify considerably
the realization of optical coupling between elements be-
cause the receiving area of radiation detector is usual-
ly considerably larger than the area of the active region
in the semiconductor diode.

The present review is concerned with the results of
theoretical and experimental investigations of the radia-
tion dynamics of laser diodes and optically coupled
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double diodes. In the last chapter of the review, we
shall describe the circuits of some logical elements,
based on laser diodes as well as on lasers and photo-
diodes.

Il. PRINCIPLE OF OPERATION OF THE GALLIUM
ARSENIDE SEMICONDUCTOR INJECTION LASER

The method of excitation of semiconductor lasers by
the injection of minority carriers was first suggested
in 1%%1, The principle of the operation of a semiconduc-
tor diode, when used as coherent radiation sources, de-
pends on the recombination radiation generated after
the excitation of electrons and holes in a semiconductor
by the passage of a current through the p-n junction in
the forward direction. The passage of the current in
the forward direction injects minority carriers in the
region adjoining the p~n junction. Since the electron
mobility in gallium arsenide is higher than the hole mo-
bility, the excess electrons recombine with holes in a
layer—adjoining the p-type region—whose thickness is
governed by the diffusion length of electrons and
amounts to a few microns. If a degenerate material is
present at least on one side of the p-n junction, an in-
crease in the injection level produces eventually a pop-
ulation inversion of energy levels between which car-
riers recombine, giving rise to photons whose energy
is close to the forbidden band width.

The condition for population inversion for transi-
tions which produce photons of energy hw is given by
the inequality

Fn—‘Fp>h('Jy (1)

where Fp and Fp are, respectively, the quasi-Fermi
levels of electrons and holes in the region where the
laser radiation is generated. In order to generate co-
herent radiation we must achieve not only stimulated
radiation conditions but the gain associated with the
stimulated transitions must be greater than the total
losses.

The threshold condition for the generation of radia-
tion in a Fabry-Perot type resonator is:

VR Ryexp((g—=) L1=1, (2)

where R, and R, are the coefficients of reflection
from the resonator faces; g is the gain; « is the ab-
sorption coefficient; L is the resonator length.

The main losses in semiconductor lasers are those
due to reflection from the ends of the resonator, the
diffraction losses due to the thinness of the active re-
gion, and the losses associated with the absorption of
radiation by free carriers and defects.

Experimental and theoretical investigations have
demonstrated that radiative recombination is the result
of electron transitions from energy levels of donor im-
purities (density-of-states ¢‘tails’’) to levels in an ac-
ceptor band. In the population inversion case, the gain
is given by the following expression: %1 *

g@)ac X [fo(E)— fo (E— ho)] pc (E) po (E— ha); ®3)

*The expression for the gain was obtained in [*»2%] taking into ac-
count the saturation effect. It was shown that at high radiation inten-
sities the gain is inversely proportional to the radiation intensity.
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Here, f.(E) and fy(E) are the electron distribution func-
tions; pc(E) and py(E) are the energy densities of states
in the conduction and valence bands, respectively. The
summation is carried out over all energies which obey
the law of conservation of energy. Because of their
large effective mass, the holes are concentrated in a
narrow energy band and, therefore, the position of the
hole quasi-Fermi level may be assumed to be constant
so that the function f,(E) may be assumed to be con-
stant. It follows that the gain is governed by the density
of energy levels near the bottom of the conduction band
and by the population of these levels. The available ex-
perimental data (the current-voltage characteristics,
the shift of the spontaneous radiation maximum with in-
creasing current, the frequency dependence of the gain,
etc.) show that the density of states near the bottom of
the conduction band is given by

e (EY~ exp (=) - )

where the parameter E, depends on the concentration
of donor impurities.

It follows from Eq. (4) that, when the value of E, is
increased, the density-of-states function increases also,
but more slowly; therefore, in the temperature range
defined by kT < E, the quasi-Fermi level F, falls
slowly with increasing temperature and, consequently,
the threshold current density also increases slowly
with temperature. Experiments show that the param-
eter E, depends on the technique used to prepare the
p-n junction. For diffused diodes, this parameter is
E, = kT at T = 77°K and, therefore, the threshold cur-
rent density of such diodes increases (approximately as
T°/2 — T%) with increasing temperature.t*”? The value
of E, for diodes prepared by the epitaxial method is
considerably higher than the value for diffused di-
odes,'®® and, therefore, the threshold current density
increases more slowly with rising temperature. The
threshold current density epitaxial diodes at room tem-
perature is approximately a third of that for diffused
diodes; moreover, the threshold current of epitaxial di-
odes is independent of temperature in a wider tempera-
ture range than the threshold current of diffused di-
odes!®®1 (Fig. 1). The weak dependence of the threshold
current density of epitaxial diodes promises the possi~
bility of continuous laser emission at room tempera-
ture.
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FIG. 1. Temperature dependence of the threshold current density
for various types of injection laser: [*°] 1) a diode prepared by liquid
epitaxy and heat treatment; 2) diffused diode laser; Ng = 5 X 1018
-3
cm™>.
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Dyment and D’Asarof*!! reported continuous emis-
sion by a gallium arsenide semiconductor laser working
at 200°K.

It is known!*?! that the gain g increases linearly
with increase of the injection current density j;

(5)

g= 5]7
where 8 is the coefficient of proportionality.

It follows from Egs. (2) and (5) that ji, is of the
form

In (%Hz)

(6)

. x
7 th =T+

It is clear from the above expression that ji, is in-
versely proportional to L.[*>*1 It was reported in

[43] that the minimum value of jij, at 77°K was close to
300 A/cm? for resonators of the Fabry—Perot type. For
better samples, the values of x and 3 were:

x=10 cm ! p=3,2.102 cm/A™"
The coherent radiation output power of a semiconduc-
tor laser is given by!**?
A
P =gy 0w (Pa —Usl i ), (0
where Pg; is the electrical power supplied to the p—n
junction; hw is the photon energy; U, is the external
voltage across the p—n junction; ©® is the radiative
quantum yield; w is the fraction of the radiation emerg-
ing through the faces of the resonator; Iy, is the
threshold current; e is the electron charge.
The efficiency of a semiconductor laser, calculated
taking into account the electrical power loss in the re-
sistance Rg in series with the p—n junction, is given by

=Pt T, ®)

Investigations of the threshold and power character-
istics of gallium arsenide lasers have demonstrated
that the efficiency of conversion of the electrical power
into light is close to unity and that the main source of
losses is the absorption (or scattering) in the resonator
medium. The highest reported value of the differential
efficiency, dP/dPg;, is about 0.7,

Values of the p—n junction efficiency, P/Pel, of the
order of 0.5 have been reached; the corresponding laser
efficiency is 25%. It has been demonstrated that the
maximum laser efficiency can be 50—-60% for diodes
with resonators about 300 u long.t*!

IIl. TIME CHARACTERISTICS OF SEMICONDUCTOR
INJECTION LASERS

The conduction and valence bands, as well as impur-
ity levels, are distorted by the presence of a high con-
centration of impurities in the active region of a semi-
conductor laser. Nevertheless, calculations carried out
for ideal bands and impurities can describe quite satis-
factorily, in the quantitative sense, the optical transi-
tions taking place in a semiconductor laser. Assuming
‘‘band-band’’ and ‘‘conduction band—shallow accepter
levels’’ transitions, we can calculate the electron life-
time in the case of spontaneous radiative recombina-
tion.[**? Since the interband matrix element of the mo-
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mentum operator, which occurs in the expression for
the carrier lifetime, can be determined from the value
of the direct optical absorption or from the value of the
effective mass, we can calculate directly the spontane-
ous electron lifetime for optical transitions between the
conduction band and shallow acceptor levels, which, ac-
cording to '**!, is inversely proportional to the number
of uncompensated holes Py:

= TP T ©)
where 74, is the spontaneous electron lifetime; Py is
the concentration of zinc in the active region.

Under laser emission conditions, when the level pop-
ulation in a semiconductor is inverted, the radiative re-
combination time is expressed in terms of an effective
lifetime!**’

1t _ 11
Teff  Tsp | Tlas

(10)

where 7,4 is the electron lifetime for stimulated (la-
ser) transitions. This expression, which relates 7q¢¢
with 7g, and 7,5, means that the spontaneous and
stimula?ed transitions are statistically independent of
one another. Using Eq. (10) for 7gp and 7]ag and the
relationship between the spontaneous and stimulated
transitions, we can express the value of 7o as follows:

T ST T (1)
where c is the velocity of light; w is the frequency of
emitted photons; U(w) is the density of radiation of fre-
quency w. When the current injection level is increased,
the number of emitted photons increases, the value of
U(w) becomes larger and, as indicated by Eq. (11), the
effective lifetime becomes shorter.

On the basis of the value of the electron lifetime we
may expect the delay time between the beginning of flow
of the injection current and the laser signal to be of the
order of 107° sec or less. Measurements of this delay
time were carried out for gallium arsenide lasers oper-
ating at liquid-nitrogen temperature.! ! The minimum
measured delay time was 0.2 nsec and this value was
determined by the time resolution of the detection appa-
ratus. The nature of the dependence of the delay time on
the injection current level was used to determine the
spontaneous carrier lifetime, which was ~2 nsec. The
delay time was found to depend on the value of the spon-
taneous lifetime and it decreased when the injection
current was increased, in accordance with

sztspln[T_ITth—] R {12)
where 74 is the delay time between the current and
light pulses; 74, is the spontaneous carrier lifetime;

I is the amplitude of the injection current pulse; Ij, is
the threshold value of the current.

The carrier lifetime under the stimulated emission
conditions was determined from a change in the leading
edge of the light pulse relative to the leading edge of the
current pulse.!*®! The carrier recombination time was
1.5 x 107*° sec and it decreased to 5 x10~*! sec when the
current density was increased. The value of 74,, re-
ported in that paper, was a fraction of a nanosecond, due
to the high concentration of the zinc dopant (~ 10" cm™).



222

A method for investigating the time characteristics of
of semiconductor lasers was described in [ %71; the
measurements were made using a device with a time-
scanning image converter (the time resolution of the de-
vice is 3 x 107" sec).!*”] The delay time of the light
pulses was determined from the delay of the laser emis-
sion of a diode relative to a time mark, generated by
the leading edge of the voltage pulse, which was taken
from a resistor connected in series with the diode; the
voltage was applied by means of a calibrated cable to
the deflecting plates of the image converter. This meth-
od made it possible to determine directly the delay time
of the light pulses relative to the current pulses; its ac-
curacy was limited primarily by the time resolution of
the device, Various typical gallium arsenide diodes,
prepared by the diffusion method and operating at liquid-
nitrogen temperature, were investigated. The delay
time was measured using two different methods of exci-
tation of a diode: supplying a current pulse directly to
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FIG. 2. Dependence of the delay time of light on the ratio of the
injection and threshold currents. The dashed curves represent direct
excitation of the diode; curves 1-4 and 1'-4' represent diodes with p-n
junction areas of 0.45, 0.30, 0.20, and 0.12 mm?, respectively.

an unexcited diode or supplying a current pulse to a di-
ode which had been excited previously by a current
pulse from an auxiliary generator, in order to elimi-
nate the delay necessary to reach laser emission con-
ditions. In the first case, the delay time was longer
than that in the second and the difference between these
times was directly proportional to the p—n junction area
of the diode s.'*®1 The dependence of the value of the
delay time of the light pulses on the injection current
level and the p—n junction area is shown in Fig. 2. (The
dashed curves represent the first case of direct exci-
tation of a diode.) Figure 2 shows that the maximum
difference between the delay time 74 under the direct
excitation conditions and the delay time 74 in the case
of diodes which had suffered preliminary excitation was
exhibited for the same ratio of the injection and thresh-
old currents, by diodes with the largest area (curves 1
and 1’); that the smallest difference was found for diodes
with the smallest area (curves 4 and 4’). These experi-
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ments showed that the laser diode response depended on
the p-n junction area, the laser excitation conditions,
and the value of the injection current, The minimum de-
lay time was ~6 x 10" "sec for a current which was

17 times greater than the threshold value.

The results of measurements of the delay time be~
tween the current and light pulses, carried out using the
method described in ''"!, were reported in {**!, How-
ever, the nature of the obtained dependence of the delay
time on the injection current differed from the depend-
ence reported in [, The delay time near the laser
threshold was about 3 nsec.

The response of semiconductor lasers was deter-
mined in '*°! by the method of direct amplitude modu-
lation of the current. However, it is difficult to deduce
a quantitative dependence of the response of laser di-
odes on the injection current from the reported results.

A delay of about 150 nsec between the light and cur-
rent pulses was reported in [°!! for a semiconductor
laser operating at room temperature. This delay time
was associated with the presence of slow traps in the
diode.

IV. INVESTIGATIONS OF DYNAMIC PROCESSES IN
SEMICONDUCTOR INJECTION LASERS

In spite of a large number of theoretical and experi-
mental investigations of the dynamics of laser emission,
there is as yet no single theory capable of describing
the dynamic processes in lasers. Obviously, this is a
consequence of the complexity of the problem, which in-
volves the solution of partial differential equations
strongly nonlinear in time and space; the solution of
this problem even in the single- or two-mode represen-
tation is very difficult. Nevertheless, analogies with
simple oscillation problems allow us to provide a quali-
tative as well as a fairly satisfactory quantitative de-
scription of the processes taking place in lasers.

The dynamics of emission of radiation by a semicon-
ductor laser with a nonuniformly excited p—n junction
area is of great interest.* In such diodes, the average
gain for the light transmitted through both parts of the
laser may have a maximum in its dependence on the
power of the transmitted radiation. This is a conse-~
quence of the fact that an emission or absorption line
of a semiconductor may be regarded as uniformly
broadened, and of the fact that the gain is determined
completely by the position of the Fermi level in the con-
duction band.

A theoretical analysis of dynamic processes in non-
uniformly excited semiconductor lasers was carried
out in * *! using rate equations. The use of rate
equations is justified because the electron—electron col-
lision times are of the order of 10™" sec and, conse-
quently, right down to times of 10 ?-10~" sec, the
emission line may be regarded as uniformly broad-
ened.!™ The rate equations for a nonuniformly excited
semiconductor injection laser are

*The construction of a semiconductor laser witn nonuniform exci-
tation across the p-n junction area was described in [*%%%]. The laser
was a double diode, the two parts of which were electrically insulated
but had a commom resonator.
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=[V1 (g1+7v82) — Ti] S,

I

;ll_.]d —‘%*Sgu

d

(N

here, S is the density of photons in the resonator; 7,
represents the losses in the resonator; g; and g, are
the gains in parts 1 and 2 of the laser, respectively; V,
is the relative volume of part 1 (i.e., the volume of
part 1 divided by the total volume occupied by the field);
v = V1/Vz the variables n, and n, represent the elec-
tron densities in the two parts of the laser; j, and j.
are the injection current densities; d is the diffusion
length; 7 is the carrier recombination time.

If we assume that the density of states in the conduc-
tion band is p = p, exp (E/E,) and that the valence band
has a narrow impurity level which can be described by
the & function, we find that the gain in a semiconductor
is given by!*®!

=aevesp () [ o=y —2] =12 (19)
where A is a temperature-dependent constant; Fj is
the Fermi level of electrons in the conduction band; E
is the frequency of the emitted light (expressed in en-
ergy units). The number of electrons is related to the
Fermi level by the equation
Fi

n; = Bpgexp (_FF) , (15)
where the constant B is also temperature-dependent;
E, is the doping parameter.

For diffused GaAs diodes at liquid-nitrogen temper-
ature, we find that E, =~ kT and the Fermi level of elec-
trons is ~kT higher than the emission frequency. Con-
sequently, in a fairly wide range of nonuniform excita-
tion the gain of Eq. (14) can be represented in the form

fon ().

Since the emission frequency is governed by the posi-
tion of a maximum of the total gain, g, + Vg,, we find
that at this maximum

Fi—
g1~ Apo—

4T (16)

F{—E | Fy—E 1y 5T

YT T e TR

1

To determine the steady-state conditions, we must
know the emission frequency: we easily find from Egs.
(13) and (17) that

_ 4a
E=EIn (ApoVi'cr(iTy)) .

(18)

It must be mentioned that in the approximation repre-
sented by Eq. (16) the gain curve has only one maximum
and, therefore, there is only one emission frequency.
Using Eq. (17) we can find the conditions for the self-
excitation of a diode with two electrically insulated
parts. For S = 0, we obtain

y=Eoln ( “; )+ Fe=Eoln izt )

T don (19)

Substituting these expressions into the first equations
of the system (13) and bearing in mind that the gain
maximum lies at the frequency

e
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E= E,,

Ty T e

we find that the number of photons in the resonator

should rise when the following condition is satisfied
1

-H 4Bdae
]1 = Vit

__4Bdae (20)
Av (1+7)

where e is the base of natural logarithms.

When the self-excitation condition (20) is satisfied,
the photon flux is amplified in the resonator and the
emission amplitude rises. The Fermi level falls in the
amplifying part of the diode and rises in the absorbing
part; the total gain may increase with increasing field
intensity. Such an increase occurs when the rate of de-
crease of the absorption coefficient with increasing field
in one part of the diode is higher than the rate of de-
crease of the gain in the other part. In this case, we can
excite oscillations in the resonator even when the self-
excitation conditions are not initially satisfied. When a
certain number of photons is introduced from outside,
the total gain may increase so much that it exceeds the
losses and steady-state emission conditions are
achieved. We can thus have ‘‘hard’’ excitation condi-
tions, i.e., a bistable operation, since (at a given value
of the current) there are two stable steady-state condi-
tions.

The condition for the rise of the gain with increasing
field intensity

d
gy‘sﬂ (81 yg2) =0

can be obtained in the explicit form using the last two
equations of the system (13). Invoking the rules for the
differentiation of implicit functions, we find that

dg; . At Inl; .
TS o T T dBaViT, A1) T =12
where
JoodL G ___4Bdn _ loth
S T v r T

Consequently, the condition for the rise of the gain with
increasing field intensity is of the form

In Iy
I

T In/l, <0

2 (1)

From the last two equations of the system (13), which
describe the rate of change of the electron density, it
is clear that at a frequency E defined by Eq. (20) a
gain is obtained only if j; > j,. However, if j; < j,,
then (fj — E)/KT < 0 at the frequency E and {h1s part
of the diode absorbs radiation; consequently, the condi-
tion (21) demands that one of the diodes should be ab-
sorbing.

Figure 3 shows the dependence of the total relative
gain r (defined as the ratio of the gain to the loss level)
on the number of photons ® = A7S/4Ba for a diode with
y = 1. Here, the curves without a prime represent the
conditions for an injection current I, = 0.074 ILp; the
curves with a prime correspond to I, = 0.26 Itp; the cur-
rent I, is regarded as the parameter of these curves:
for curves 1 and 1’, the current exceeds the threshold
value by 10%; for curves 2 and 2’, the initial gain is
equal to the losses; and for curves 3 and 3’, the initial

ERET )
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FIG. 3. Saturation effect in a
nonuniformly excited semicon-
ductor laser. The abscissa represents
a quantity proportional to the den-
sity of photons in the resonator
. and the ordinate gives the ratio of
- the total gain to the loss level.

gain is 10% lower than the losses. It follows from Fig. 3
that, when r <1 (curves 3 and 3') and the condition (21)
is invalid, there are no steady states (curve 3’). When
the condition (21) is satisfied (curve 3), three steady .
states exist which correspond to & = 0, &,, and ®,.
The state with ¢ = 0 is stable when subjected to infi-
nitesimally small perturbations but when a certain num-
ber of photons is introduced from outside, emission be-
comes possible, i.e., the gain exceeds the losses. The
state ®, is always unstable since the gain increases
with increasing field. Therefore, the diode goes over to
the state ®,. When the initial gain is equal to the losses
(r = 1) and the condition (21) is satisfied, steady states
are not obtained (there is no emission). When the con-
dition (21) is satisfied, the point &, corresponds to a
steady state. The diode goes over from the & =0 to
the &, state under the influence of infinitesimally weak
excitations.

When the initial gain is greater than the losses
(curves 1 and 1°) there is only one steady state: either
@,, if the condition (21) is not satisfied, or @, if the
condition (21) is satisfied. The problem of the stability
of points &,, &, ®,, and ®; requires a special study,
such as that carried out in % [t is shown in that pa-
per that, under certain conditions, steady states of this
type may be unstable and pulsations of the radiation in-
tensity may be observed.

A study of the stability of the steady-state solution
yields relationships of the type

a i) d 1ga
81 ai: T1+Yg2§%72=—“%>0ﬂ (22)
T+ Ts dgy 1 dgs 1 .
OO (g ey S ] >0 (23)

here, 7i = 1 + (3gj/ony) &, G = 7/7y. Of these two con-
ditions only one gives rise to self-excitation. In fact,
Eq. (22) is identical, including the sign, with the deriva-
tive of the total gain with respect to the number of pho-
tons; if this derivative is negative, it simply represents
the trivial case of instability of the first steady state
under ‘‘hard’’ excitation conditions, i.e., an instability
of a point such as &, at which the gain increases with
increasing number of photons. The system goes over
from the point &, to a different steady state (the point
®,) at which the gain decreases with increasing field.
At the point &,, the condition (22) is always satisfied.
Violation of the condition (23) means that oscillations
of the radiation intensity appear in the system because
small deviations from the equilibrium positions in-
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crease in magnitude and undamped pulsations of the ra-
diation intensity are established in the system. Since
under steady-state conditions

1
gi-+vgz=m>0,

it follows that the instability condition is satisfied
when the gain is negative in the first (g, < 0) or the
second part of the diode, g, < 0 (3gj/on; > 0), i.e., to
establish spiking one part of the diode should absorb
and the other should amplify the radiation. An approx-
imate solution of the system of equations (13), corre-

sponding to the points of the &, type, was obtained in
C19l.

F\—E_ 14y I1—Jo
KT o ji—jo+v(2—ia) ' ]
FamE_ 14y jo—io
kT @ Ji—jo+v(fa—rg) ’
Vo, ., .
T=— L{ji—Jo+ v Ga—Jjo)—jo (1 + V)1 (24)

It is evident from Eq. (24) that when the density of the
injection current in one part is j,, that part of the diode
becomes transparent. The region of existence of the
solution of the system (24) is shown in Fig. 4. The so-
lution of the system (24) exists only in a region lying
above the threshold line 8’S” (the slope of 8'S” is
equal to v): on the line itself, the number of generated
photons is equal to zero. In region I, bounded by the
lines j,/j, = 1 and §’S”, part 1 of the diode absorbs
and part 2 amplifies the radiation; in region II, bounded
by the lines j,/j, = 1 and §'S”, part 1 amplifies and
part 2 absorbs the radiation; in region III, both parts of
the diode amplify the radiation.

An approximate instability condition, obtained in [9],
is of the form

Ji—Jo<K((ja—jo) (25)

where

Ki= —5 {2y + U+~ U+ VI T A 0.

The instability condition (25) defines the line P’'P”
(Fig. 4) passing through the point (1, 1). Points lying in
the region bounded by the lines P’P” and S’S” corre-
spond to an unstable steady-state solution (region A).
Region B is the spiking region, plotted experimentally.
When the ratio of the currents is such that the point
G1/io, i2/io) lies within the instability region, the laser
operates under conditions of radiation pulsation. The
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FIG. 4. Range of operation of a nonuniformly excited semicon-
ductor laser under spiking conditions. Region A is the theoretical range
and region B is the experimental range.
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situation is, in many respects, similar to the case of
solid-state lasers with saturable absorbers, but in the
case of solid-state lasers we must use a different
(easily saturable) substance for a nonlinear absorber,
whereas in the case of semiconductor lasers the role
of the nonlinear absorber is played by the absorbing
part, which is of the same material as the amplifying
part of the laser diode. In the case of an unstable steady
state, the dynamics of pulsations in semiconductor la-
sers with nonuniform excitation is, in many respects,
similar to the dynamics of emission of periodic pulses
by solid-state lasers with nonlinear absorbers.

V. INVESTIGATION OF THE SPIKING OPERATION
OF SEMICONDUCTOR LASERS

Investigations of the time dependence of the intensity
of radiation of semiconductor lasers, carried out using
fast-response radiation detectors, have established that,
at a certain value of the injection current, the intensity
of radiation of ordinary gallium arsenide injection la-
sers varies with time. It has been found that a radiation
pulse of 10™5-107°¢sec duration consists of pulses of
10-°-10-1° sec duration distributed randomly in time.t s
121 The results of an investigation of the operation of
diffused semiconductor lasers, carried out using a time-
scanned image converter with a time resolution of
20 nsec, are given in ', It was found that when the
injection level was increased, the period of these short
pulses (spikes) decreased. Some diodes emitted spikes
with a period of about 0.5 nsec when the injection cur-
rent was three times the threshold value. The emis-
sion of synchronous spikes from isolated luminous
areas of the active region was observed; moreover, di-
odes with widely separated luminous points also exhib-
ited nonsynchronous radiation with different spiking pe-
riods at different points. A theory of the amplitude
self-modulation of the radiation of optically pumped
lasers,[?2257] applied to semiconductor lasers in the
single-mode approximation, yielded dependences of the
duration and period of the spikes on their power. It was
assumed by these authors that, in order to compare the
calculated and experimental data, it would be necessary
to carry out spectral measurements which would give
information on the mode composition of the semiconduc-
tor laser radiation under spiking conditions.*

An investigation of the dependence of the parameters
of the spikes (their repetition frequency and duration)
on the injection current and the resonator length was
reported in ! 58!, Diodes with resonators 0.3—-1.6 mm
long were studied. A time-scanned image converter
was used as the detector of the semiconductor laser ra-
diation.

Figure 5 shows the dependence of the period of the
spikes on the ratio of the injection and threshold cur-
rents for diodes of various lengths (the experimental
dependences are shown by continuous curves). It fol-
lows from Fig. 5 that the dependence of the average
value of the pulsation period on the pumping current is
strongest for long diodes (L = 1.6 mm) and weak for
short diodes (L = 0.4 mm). When the pumping current

*Spiking is also observed in electron-bombarded or optically excited
semiconductor lasers [3%56].
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FIG. 5. Dependence of the period of light spikes T on the ratio of
the injection and threshold currents I/Ity, for single diodes with different
resonator lengths. The experimental dependences are represented by
continuous curves and the theoretical dependences are shown dashed.

FIG. 6. Oscillograms (a, b) of light
spikes emitted by single diodes, re-
corded from the screen of an image
converter for an increasing injection
current level; the duration of the scan
is ~10 nsec. Oscillogram ¢ shows the
structure of the light spikes: the per-
iod of the main spikes is ~1.8 nsec
and that of the ultrashort spikes is
~5 nsec.

is increased the period and duration of spikes in diodes
of different length tend to some limit. The scatter of
the values of the period and of the duration of the spikes
emitted by diodes with long and short resonators is
0.1-0.5 and 0.05-0.2 nsec, respectively. The duration
of the spikes represents, in most cases, 0.4-0.6 of the
spiking period and depends on the depth of modulation
of the radiation, which increases with increasing cur-
rent and, typically, may reach 80% when the ratio of the
injection and threshold currents is 1.5-2. The spiking
is observed also at relatively low values (a few percent)
of the ratio of the injection and threshold currents but,
in this case, the depth of modulation of the radiation is
shallow. The reduction in the period and duration of the
spikes with increasing injection current can be seen in
oscillograms of the radiation from diodes recorded by
photographing the screen of an image converter (Figs.
6a and 6b).

Figure 7 shows the dependence of the spike period on
the resonator length at various excitation levels. It fol-
tows from Fig. 7 that the dependence is strongest near
the threshold and becomes weak when the injection cur-
rent is 2-3 times higher than the threshold value.

Investigations of the time characteristics of the
spikes have established that, in the majority of cases,
they are trains of even shorter pulses, i.e., the laser
radiation is doubly modulated (Fig. 6c). The repetition
frequency of these ultrashort spikes is 10-16 GHz and
their duration is at the limit of resolution of the devices
used in such measurements and represents typically
0.3-0.5 of the value of the period. The period of these
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FIG. 7. Dependence of the period of light spikes, emitted by single
diodes, on the resonator length. Different curves represent different
values of the pumping current.

ultrashort spikes is, in most cases, practically inde-
pendent of the resonator length; the depth of modulation
of the radiation represented by the ultrashort spikes is
almost independent of the amplitude of the injection
current,

Spectral investigations of the radiation emitted by
semiconductor lasers working under spiking conditions
show that there is a definite correlation between the
emission spectrum and the nature of the spikes. The
working conditions under which fairly regular spikes
are observed correspond to a spectrum with a small
number of axial modes (two or three modes); a wide or
multimode spectrum corresponds to random spikes.

Rate equations, developed for semiconductor lasers
in the single-mode approximation, were used in %81 to
determine the dependence of the spiking period T on
the injection current It

TT[
T ‘/Wj M, (26)

where T is the carrier recombination time; 7, is the
photon lifetime in the resonator; I/l is the ratio of
the injection and threshold currents; M is some quan-
tity which depends weakly on 7, 7, and I/Itp. It fol-
lows from Eq. (26) that, when the resonator length is
constant, the spiking period is T [(I/Iyy) — 1] 7172,
which is in good agreement with the experimentally ob-
tained dependence. The curves plotted on the basis of
Eq. (26) are shown dashed in Fig. 5. Assuming that the
photon lifetime in the resonator is proportional to the
resonator length (7, L), it follows from Eq. (26) that,
when I/Ii, = const, the spiking period depends on the
resonator length: T <« +T.. This confirms qualitatively
the experimentally observed reduction of the spiking
period when the resonator length is reduced. Allow-
ance for nonlinear losses in the resonator, which give
rise to undamped pulses with a large modulation depth,
alters slightly the dependence of the period Y on the
injection level because the observed dependence of the
average spiking period on the current agrees quite well
with the dependence plotted on the basis of Eq. (26).
Investigations of the spiking of an ordinary semicon-
ductor laser confirm the suggestions put forward in
[12,9] that the main mechanism responsible for the ap-
pearance of spikes is the nonlinear absorption of radia-
tion in the active region of the laser. In fact, at low in-
jection levels, when absorbing regions exist in a diode

because of the spatial nonuniformity of excitation, the
random nature of spikes is less pronounced than at
higher injection levels (I/It > 1.5). This may be due
to the fact that, when the current is increased, the im-
portance of such absorbing regions decreases and the
role of the interaction of various oscillation modes be-
comes greater.

Nonlinear losses in the active region of a semicon-
ductor laser may also be due to the ‘‘spreading’’ of the
radiation along a direction transverse to the laser
axis.!59} It was predicted in %7 that such a mechanism
could cause undamped self-modulation of the radiation
emitted by a semiconductor laser excited by electron
bombardment. Calculations carried out in [} showed
that the ‘“spreading’’ of the field could explain the pul-
sating nature of the radiation emitted by injection la-
sers. The existence of a ‘‘waveguide’’ in the active re-
gion of a diode imposes definite conditions on the ap-
pearance of undamped spikes. It has been shown that
undamped pulses appear when

Bein < o : @7)
here, be;,, is the sudden change of the permittivity be-
tween the active region and the n-type part of the diode;
¢ is a constant representing the half-width of the per-
mittivity curve in the active region; k = w,/c, where w,
is the frequency of the emitted light. The physical inter-
pretation of this condition is based on the assumption
that, under spiking conditions, the field should be able
to ¢‘leak’’ out of the active region. Thus, on the basis
of this mechanism, undamped spikes should be ob-
served in diodes with a weak dielectric waveguide. The
influence of such nonlinear radiation losses on the ap-
pearance of spikes should be investigated experimen-
tally.

To obtain clear and regular spikes, investigations of
the locking of intrinsic random spikes, generated in an
ordinary semiconductor laser, were carried out in £29
using the current from a high-frequency standard-signal
generator. The amplitude of the high-frequency current
was a few percent of the amplitude of the injection cur-
rent. When a high-frequency current, whose period was
shorter than the separation between single intrinsic
pulses, was supplied to a diode operating under irregu-
lar spiking conditions, it was possible to lock the spikes
by the external current. When the frequency of the cur-
rent supplied by the signal generator was altered, the
spiking frequency changed as well and remained exactly
equal to the frequency of the generator current. This
spike locking was observed in the frequency range 400~
1000 MHz. The locking range depended on the amplitude
of the injection current; it shifted in the direction of
higher frequencies when the current was increased, and
amounted to a few hundred megahertz. Figure 8 shows
oscillograms of spikes: the upper oscillogram shows the
radiation of a diode with the high-frequency signal gen-
erator switched off, while the lower oscillogram shows
the operation of the diode supplied simultaneously with
the high-frequency and injection currents. It is evident
from Fig. 8 that, in the first case, the radiation is of the
irregular spike type while, in the second case, regular
spikes are observed with a repetition frequency equal
to the frequency of the current supplied by the signal
generator.
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FIG. 8. Locking of intrinsic irregular spikes of an ordinary diode by
a high-frequency current (680 MHz): a) no high-frequency current; b)
high-frequency switched on. In both cases, 1/It = 1.4. The ratio of the
amplitude of the high-frequency current to the amplitude of the injec-
tion current is Ipf/I = 0.05.

FIG. 9. Dependence on the injection current, of the repetition
frequency of the light pulses emitted by a diode with a nonuniform
injection density; jo is the threshold current density in the case of uni-
form excitation of the diode; j, is the injection current density in part |
of the diode, which is treated as the parameter of the curves.

It was reported in [%¥1 that a single light pulse of
~0.2 nsec duration was emitted when an injection diode
was excited with a current pulse of about 2 nsec dura-
tion. :
Two semiconductor lasers, enclosed in a single reso-
nator, generated regular light pulses with a repetition
frequency of the order of a few gigahertz and-a pulse
duration amounting to a fraction of a nanosecond.!2? In
this case, the frequency and duration of the light pulses
were practically constant throughout the injection cur-
rent pulse, whose duration was 10 usec, and the depth
of modulation of the radiation was close to 100%. Such
“‘regular spikes’’ were observed only when the excita-
tion of a diode was nonuniform across the p—n junction
area; for this purpose, one part of the diode was sup-
plied with a current whose density was several times
the current density in the other part of the diode. Ex-
periments showed that the frequency and duration of the
light pulses depended on the excitation levels in both
parts of the diode.

Further investigations of the regular pulsations of
the radiation emitted by a nonuniformly excited semi-
conductor laser were reported in [%®!, It was possible
to vary smoothly the amplification and the light losses
in the resonator by altering the pumping currents be-
cause the two independent parts of a diode were placed
in a single resonator. Clear spiking was observed when
the current density j, in the second part of the diode
was higher than the threshold density j, corresponding
to uniform excitation of the semiconductor laser, and
the current density j, in the first part of the diode was
lower than j,. This indicated that part 2 operated as an
amplifier while part 1 acted as an absorber. The de-
pendence of the spike repetition frequency f on the ra-
tio of the current density j, to the threshold density j,
is shown in Fig. 9. Here, the ratio of the current den-

-
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sities j,/i, is the parameter of the curves. The spike
duration, under the operating conditions corresponding
to curve 1, decreased from 1 to 0.5 nsec when j, /j, was
increased; the spike duration changed from 0.2 to

0.1 nsec under the operating conditions corresponding
to curve 3. The period and duration of the spikes de-
pended also on the resonator length and became shorter
when this length was reduced.t>®!

Figure 10 gives the dependences of the period T and
duration 7 of the regular spikes on the resonator length
of a diode, which were obtained using various injection
levels. The upper curves correspond to values of the
current at which pulsations are observed and the lower
curves correspond to currents above which the regular
spikes disappear. It follows from Fig. 10 that the range
of variation of the period and duration of spikes, consid-
ered as a function of the current, is greatest for diodes
with the longest resonators, while the shortest spikes
are observed for diodes with the shortest resonators.
Typical oscillograms of the light pulses emitted by di-
odes with resonators of different lengths are shown in
Fig. 11 for different injection currents.

Thus, using diodes with different resonator lengths
and varying the injection level, we can produce regular
light pulses (spikes) whose repetition frequency ranges
from 3 x10® to 10 cps, and whose duration is ~10-°
—-107 gec.

Region B in Fig. 4, representing the operation of a
laser under spiking conditions, is plotted for a diode
with the ratio of the volumes of its two parts given by
y =Y. The lower line, which is a boundary of region B
on the side of low values of j,, represents the appear-
ance of the regular spikes; the upper line, which is a
boundary of region B on the side of high values of j,,
represents the disappearance of the regular spikes. It
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FIG. 11

FIG. 10. Dependence of the period and duration of regular light
spikes on the laser resonator length at various injection levels. The upper
curves, denoted by T (continuous and dashed), correspond to currents
for which the pulsation conditions are first obtained; the lower curves,
denoted by 7, correspond to currents which represent the upper limit
for regular spiking.

FIG. 11. Oscillograms of light pulses emitted by a nonuniformly
excited diode. Oscillograms a and b represent the radiation emitted by a
diode with a resonator 1.5 mm long. Oscillograms ¢ and d represent the
radiation of a diode with a resonator 0.6 mm long. The injection current
increases from a to b and from ¢ to d, respectively. The duration of the
scan is ~10 nsec.

[ Y
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follows from Fig. 4 that the theoretically obtained range
of existence of the regular spikes (region A) is in fairly
good agreement with the experimental data.

The physical processes occurring in nonuniformly
excited semiconductor lasers operating under regular
spiking conditions are similar to those in a ruby laser
with a saturable absorbing filter. The absorbing part of
a diode acts as a nonlinear absorber. Some support for
this model is also given in [831,

The locking of the radiation pulses of double diodes
was reported in %!, It was found that when one part of
a diode was supplied with square current pulses and the
other part with a sinusoidal current, and the amplitudes
of the two currents were made approximately equal,
spikes were observed whose repetition frequency was
equal to the frequency of the alternating current
(500 MHz).

VL OPERATING CHARACTERISTICS OF NON-
UNIFORMLY EXCITED SEMICONDUCTOR LASERS

In the case of the nonuniform excitation of a double
diode (with different current densities in the two parts
of the diode), the same excitation level may correspond
to two stable optical states (bistable operation),t®,s2]
The simplest method for achieving bistable operation is
the injection of a current into one part of the diode only.
The current is selected so that the diode is close to the
laser threshold; the other part of the diode acts as an
absorber. In this case, we can have two stable states;
one state represents recombination radiation (self-
excitation conditions are not satisfied), while the other
state represents coherent emission. The coherent-
emission state is reached when an additional short pulse
of current (or light) is applied to either part of the di-
ode, but the intensity of this pulse must be sufficient to
saturate the absorption of light in the diode; this
switches the diode to the second stable state.!?3 Sucha
diode may be switched by a short negative current pulse
supplied to one of its parts. It was reported in {95} that
the application of a triggering current pulse of
~100 nsec duration to a diode operating at T = 80°K
switched on this diode, which then emitted coherent ra-
diation for 10 usec after the end of the triggering pulse;
the amplitude of the triggering pulse was less than 1%
of the injection current. The total radiation power, in-
tegrated over the whole spectrum, emitted in the
switched-on state was tens of times higher than the
power of the radiation emitted in the switched-off state
(Fig. 12). Some diodes operating under bistable condi-
tions produced coherent radiation of about 2 W power
from each emitting face. A diode was switched on by
the radiation of a second laser. The minimum power
of the triggering signal was approximately two orders
of magnitude lower than the radiation power of the di-
ode in the switched-on state; the wavelength of the trig-
gering light pulse was shorter than or equal to the wave-
length of the radiation emitted by the double diode in
the switched-on state. The application of a pulse of
light of longer wavelengths switched-off a diode which
was in the on state. The quenching efficiency, i.e., the
ratio of the reduction in the power of the radiation of
the bistable laser to the power of the switching-off sig-
nal, was about 10%. Such a low quenching efficiency was
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FIG. 12. Oscillogram of the bistable operation of a nonuniformly
excited laser. The upper trace represents the current signal (a small
switching-on peak can be seen); the lower trace represents the emission
of light in the switched-on state.

evidently due to the fact that the wavelengths of the
quenching and quenched lasers differed only slightly
(2-3 A), which resulted in a mutual overlap of the lines
and their amplification.

A feature of a nonuniformly excited double diode is
the strong dependence of the laser emission threshold
on the magnitude of the nonlinear losses in the resona-
tor. It follows from the condition (20) that the threshold
curve, i.e., the curve consisting of points at which the
self-excitation conditions are satisfied, is given by the
following expression for a diode with v =1

LL=1rp

7l (28)

where I, and L, are the currents in the two parts of the
diode and Ity is the total threshold current in the case
of uniform excitation of the diode. The experimental
threshold characteristics (dashed curves) and the the-
oretical dependence (continuous curve) for a semicon-
ductor laser consisting of two equal insulated parts in
a single resonator are shown in Fig. 13.
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FIG. 13. Experimental and theoretical threshold characteristics of
nonuniformly excited lasers for vy = 1. The dashed and chain curves
represent the experimental characteristics for two different diodes.

Figure 14 shows, by dashed lines, typical experimen-
tal watt—-ampere characteristics of a laser consisting
of two identical, electrically insulated, parts under vari-
ous operating conditions; the parameter of the curves is
the degree of nonuniformity of the injection current den-
sity in the two parts of the diode. (The experimental
curve 1 corresponds to uniform excitation of the laser.)
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In the case of nonuniform excitation, when the density
of the current in one part of the diode is higher than
that in the other (curves 2-5), the slope of the watt—
ampere characteristic depends nonlinearly on the cur-
rent and has its maximum value at the laser threshold;
when the injection current is increased, the slope ap-
proaches that observed in the case of uniform excita-
tion. When the nonuniformity of the injection current is
increased still further, the ‘‘hard’’ excitation conditions
are established and coherent emission is achieved in a
jump (curves 3-5 in Fig. 14). The slope of the watt—
ampere characteristic at the threshold can be calculated
using Egs. (13) and (16). For a small number of photons
in the resonator, A®, the solution of Eq. (13), obtained
using Eq. (186), yields

Fy—E _ IjInlg Fa—E£ _ Islnl,

ST T LEA TR T ThaAd

Substituting the values thus found in Eq. (17), we find
that

Iylnly
I+ AD

If L =1 + AL and I, = I? + AI, and if the point (I?, I?)
lies onthe threshold curve, i.e.,

I1n 1,
T3+ A®

=1-+y.

InR+yInli=y-+1,
it follows that

Al

av= (v ) (e ) (29)

The expression (29) defines the slope of the watt—am-
pere characteristic, i.e., the quantities (3S/3f,)|g_, and
(8S/91,) Ig= o on the threshold curve. The slope of the
watt—-ampere characteristic increases on approach to
the point at which the expression

changes its sign. At the point I$=1.67IL, I3 = 0.151,
(i.e., when the total current is 1.82 times larger than
the uniform excitation current), the slope becomes in-
finite and the ‘‘hard’ excitation conditions are estab-
lished. It has been found experimentally that the ‘‘hard”’
excitation conditions are obtained when the total injec-
tion current is twice the injection current in the uni-
form excitation case.

The continuous curves in Fig. 14 represent the the-
oretical watt—ampere characteristics which, as can be
seen in the figure, are in good agreement with the ex-
perimental curves.

Under some excitation conditions, a diode may have
stable states above the coherent emission threshold;
these states differ from one another by about 10 A in
their wavelength. When the diode is switched between
these coherent emission frequencies, the output power
remains practically constant. A theoretical investiga-
tion of the conditions for the appearance of two equiva-
lent states above the coherent emission threshold and
of their stability conditions is reported in 1%, In the
case of uniform excitation, the differential slope of the
watt—ampere characteristic of some diodes depends
nonlinearly on the current: this may be due to the fact
that, in such diodes, there are absorbing regions (due
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FIG. 14. Family of watt-ampere characteristics of the emission of a
nonuniformly excited diode (curve 1 represents the uniform excitation
case). The degree of nonuniformity of the excitation increases from curve
2 to curve 5. The continuous curves 2-4 represent theoretically calculated
characteristics.

to internal inhomogeneities) and these regions become
transparent when the injection current is increased.

When a sinusoidal voltage is applied to a diode whose
watt—ampere characteristic exhibits a sudden change in
the slope (AB) and which is in the off state (point A in
Fig. 15), such a laser diode generates square light
pulses with a repetition frequency equal to the frequency
of the sinusoidal signal; the radiation emitted by the di-
ode continuously switches from the on to the off state
and back again (a typical oscillogram of such light
pulses is shown in Fig. 16).1¢") When the amplitude of
the injection current is varied, we find we can smoothly
vary by a factor of 10, the duration and, consequently,
the off-duty factor of the light pulses at a fixed frequen-
cy. The rise and decay times of the light pulses are
practically independent of the frequency of the sinusoidal
signal between 100 kHz and 1 GHz but are governed by
the switching time of the diode, which is ~ 1071 gec.

A circuit for a high-frequency generator of light
pulses was described in !31: the generator consists of
a laser diode, a quantum light amplifier, and a photo-
resistor, connected parallel to the diode. The operation
of the generator is based on the control of the injection
current by means of the photoresistor, which is illumi-
nated by the laser.

The operation of a generator of optical and electrical
oscillations was investigated in [%8) ysing a system con-
sisting of a nonuniformly excited laser and a photodiode.
A pulse generator supplied the injection current to one
part of the diode, while the other part was connected in
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FIG. 15. Watt-ampere characteristics of a semiconductor laser: 1)
uniform excitation; 2)nonuniform excitation.
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FIG. 16. Oscillograms of square light pulses generated by a semi-
conductor laser under the “hard” excitation conditions when a small
sinusoidal triggering pulse is applied to the laser. I; <Iy for oscillograms
a and b, respectively.

the photodiode circuit. After switching on the double di-
ode, the photocurrent generated by the laser radiation
in the photodiode stopped the laser emission. Conse-
quently, the photocurrent ceased to flow and the laser
was switched on again. Figure 17 shows an oscillogram
of light pulses, photographed from the screen of an os-
cillograph. Electrical oscillations of the photocurrent,
whose period was identical with the period of the light
pulses, were generated simultaneously with the laser
radiation. Using photodiodes with a response amounting
to a fraction of a nanosecond, an opto-electronic oscil-
lator working in the centimeter range could be con-
structed. The frequency of this oscillator could be var-
ied in a wide range by altering the response of the neg-
ative feedback circuit.

Using positive feedback and a photocurrent amplifier,
a gain of ~ 10° waa obtained for the optical power in
such a system,[67]

VII. TIME STRUCTURE OF THE RADIATION OF
SEMICONDUCTOR LASERS WITH AN
EXTERNAL MIRROR

The time structure of the radiation of an injection
laser, coupled optically to an external mirror, was in-
vestigated in '%), The radiation of the laser diode, re-
flected back from the external mirror, was focused by
an optical system on the active region of the laser. The
laser emission threshold was reduced by 10-20% when
the reflection coefficient of the mirror was ~ 98%.

When the coherent emission threshold of the diode
was exceeded slightly, steady-state emission conditions
were obtained, i.e., the intensity of the laser radiation
did not vary with time. When the injection current was
increased further, the intensity of the radiation emitted
by the diode coupled to the external mirror began to
vary with time: it became a sequence of light pulses
whose rise times were much longer than their decay
times. The nature and shape of the light pulses de-
pended on the value of the injection current (Fig. 18).
When the pumping level was increased, the period and
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FIG. 17. Oscillogram of light pulses emitted by a laser under the
“hard” excitation conditions in the case of opto-electronic coupling with
a photodiode. The duration of the scan is ~20 usec.
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FIG. 18. Dependence of the period and duration of light pulses,
emitted by a semiconductor laser with an external mirror, on the in-
jection current level. The length of the common resonator is 35 cm.
Ith = 2.3 A. The laser threshold is exceeded by 8% in oscillogram a, by
10% in b, by 15% in c, and by 20% in d. The duration of the scan is
~800 nsec.

duration of the light pulses became shorter and at the
same time the depth of modulation of the radiation in-
creased. Continued increase of the current gave rise to
fairly regular spikes with a period proportional to the
resonator length. When the current became equal to the
threshold value which would apply without the external
mirror, the nature of the spikes changed: pulsations be-
came random in shape and intensity. The appearance of
these light pulses can be explained by assuming that the
steady-state emission by a semiconductor laser can be
unstable, i.e., the emission of a diode can be of the spike
type.t12219) The relaxation nature of the light pulses can
be understood on the basis of the following simple con-
siderations. When a diode stops emitting, the rate of -
decay of the field is governed by the transit time of
photons through the resonator formed by the faces of
the diode and the external mirror; this is why the decay
time of the pulses is short. Since the gain per unit
length of such a resonator is very small when the cur-
rent is only slightly higher than the threshold value,
emission starts only after many transits and this is

why the rise time of the light pulses is long.

The mode locking effect was observed for the first
time in a study of the dynamics of the radiation emitted
by a semiconductor laser.''®? The essence of this effect
is as follows: owing to the nonlinearity of the active
medium, a series of coherent oscillation modes, sep-

. arated by equal frequency intervals, is generated; be-

cause of the interference between these modes, the total
radiation is in the form of a sequence of pulses whose
period is 2Ln,/c and whose duration is 2Ln,/mc, where
L is the length of the resonator formed by the diode
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faces and the mirror, m is the number of locked modes,
and n, is the refractive index of the medium. This ef-
fect is well known for gas and other solid-state la-
sers.t3 87711 A gemiconductor laser, coupled optically
to an external mirror, makes it possible to increase
considerably the number of oscillation modes which can
exist in the resonator formed by the diode faces and the
mirror. The length of such a resonator was varied from
15 to 75 cm. Since it was known that inclusion of a non-
linear absorber in the resonator increased the number
of locked modes, investigations were carried out on
double diodes in which one of the parts absorbed radia-
tion nonlinearly. Figure 19 shows an oscillogram of the
radiation from a diode under mode-locking conditions.
Against a background of relaxation oscillations with a
period of 70 nsec, we can see oscillations of the inten-
sity with a period of 5 nsec, corresponding to the sepa-
ration between neighboring axial modes (the length of
the complete resonator was 75 cm). Similar results are
obtained also for other lengths of such a resonator. In
all the cases, the oscillation period is independent of
the ratio of the injection to the threshold current, and

FIG. 19. Oscillogram of the emission of a diode with an external
mirror under axial mode-locking conditions. The length of the common
resonator is 75 cm. The duration of the scan is ~200 nsec.

agrees quite well with the value 2L /c. Spectral meas-
urements of the radiation from a diode coupled to an
external mirror have established that the spectrum is
considerably broadened (its half-width is 15 &), com-
pared with the radiation spectrum of a semiconductor
laser without an external mirror. The wide spectrum
consists of a large number of modes generated simul-
taneously in the resonator when an external mirror is
used. The 15 A wide line consists of about 10% oscilla-
tion modes in the case of a resonator 75 cm long, and
the locking of even a small fraction of the total number
of modes should give rise to periodic pulsations of the
radiation.

When the majority of modes in a semiconductor laser
is locked, it is possible to generate ultrashort light
pulses of ~ 10722 gec duration with a repetition frequen-
cy between 108 and 10! Hz.

VIII. INTERACTION OF OPTICALLY COUPLED
LASERS

Investigations of the interaction of optically coupled
semiconductor lasers have yielded information on sev-
eral physical processes taking place in injection lasers
and have demonstrated, in principle, the possibility of
using semiconductor lasers for the construction of opti-
cal logical elements. The optical coupling between
semiconductor lasers has been investigated in two vari-
ants:
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FIG. 20. Various configurations of optically coupled lasers: a) “longi-
tudinal”; b)“longitudinal” in a double diode; ¢c)*“transverse”; d)‘‘trans-
verse” in a double diode.

1) “‘longitudinal,’’ when the direction of radiation
from one laser coincides with the direction of radiation
from the second laser! ¥, "2} (Figs. 20a and 20b);

2) ¢‘transverse,’’ when the directions of radiation
from the lasers are mutually perpendicular?3, 15!

(Figs. 20c and 20d).

In both cases, the diodes (in the shape of Fabry-
Perot resonators) are aligned in such a way that the
planes of their p—n junctions coincide.

In the ‘“‘longitudinal’’ position of the diodes, one can
investigate the effect of quenching the radiation of one
laser by the radiation of the second laser. This quench-
ing effect applies only to the short wavelengths of the
radiation from the first laser (the spectral or selective
quenching effect) while the long-wavelength radiation of
the first laser or of the double resonator, formed by the
two lasers, is not quenched and its direction is not af-
fected.

The spectral quenching effect has also been investi-
gated in double laser diodes.® 18 53,73775] \hen a cur-
rent is supplied to one part of the diode, the laser emits
a short-wavelength mode. When a current is supplied
to the second part of the diode, during emission from
the first part, the short-wavelength radiation is
quenched and a stronger long-wavelength mode is pro-
duced.

A theoretical analysis of the operation of a system of
“‘longitudinally’’ oriented diodes (Fig. 20a) is given in
76l If we assume that the long-wavelength radiation of
the quenching laser passes through the active region of
the quenched laser, the rate equations for the total num-
ber of photons in the quenched and quenching modes and
for the electron density are of the form

Si=[eE) -], \|
Seg . T 1
S=0 s [g (B — ] S ;
ned L Sh g (B G2 g (B } (30)

here, S,, g(E,), S;, g(E,) are the fields (S) and gains (g)
at the quenched (E,) and quenching (E,) frequencies, re-
spectively; n is the electron density; j is the injection
current density; d is the diffusion length of electrons;
7 is the recombination time of electrons; V is the vol-
ume of the resonator of the quenched diode; S,, is the
field in the resonator set up by the quenching laser; 7,
represents the radiation losses in the resonator (ab-
sorption and scattering, diffraction losses in reflection,
etc.). The steady-state solution of the system of equa-
tions (30) for the fields S, and S, is of the form



232

[ —
S=VIZr 88, Si=,

8 (£4)

=7 @y

where
1
—.

it E.

= b=fE
It follows from Eq. (31) that the total number of photons
in the quenched oscillation modes decreases with in-
creasing S,, i.e., the quenching effect is a linear func-
tion of the quenching power and the reduction in the out-
put power of the quenched laser is independent of the
injection current in that laser if the output power of the
quenching laser is constant. The quenching efficiency,
i.e., the ratio of the reduction in the output power of the
quenched laser to the power of the quenching radiation,
is governed by the power 8,; at which the laser emis-
sion stops, i.e., S, vanishes; the quenching efficiency is
equal to B8,/(1 —B,). The quantity 8, can be written ap-
proximately in the form

bom (14 4) o () > 1 (42)'

here, AE = E, — E,.

Consequently, the quenching efficiency is governed
by the ratio of the gains at the quenching and quenched
frequencies. When the difference between these fre-
quencies (E, and E,) is large, the gain at the quenching
frequency is small compared with g(E,), and the quench-
ing efficiency is low. The quenching efficiency is higher
when the frequencies E, and E, are close to one an-
other.

An analysis of the operation of a semiconductor la-
ser with a nonuniform injection density was carried out
in 178,771 agsuming that the Fermi levels in the two
parts of the diode differed strongly, because the spec-
tral quenching effect was observed experimentally only
in the case of nonuniform excitation of the diode. It was
found that the reduction in the number of photons at the
quenched frequency was governed by the quenching-
frequency field. The quenching efficiency increased
when the frequencies approached each other, and it then
tended to unity.

Since the direction of radiation from a diode does not
alter under spectral quenching conditions and the radia-
tion power integrated over the whole spectrum in-
creases, such a diode configuration is not very suitable
for logical elements since it would be necessary to use
narrow-band interference filters passing only the short-
wavelength radiation and absorbing long wavelengths.

The coherent radiation from the first laser in the
‘‘transverse’’ optical coupling configuration is reduced
in intensity or stopped altogether by the passage of the
radiation from the second laser through the active me-
dium of the first laser (Fig. 20c). In this case, the
quenching efficiency reaches only a few percent.!™!
The low quenching efficiency of this optical coupling
configuration is due to the high losses suffered by the
quenching radiation. The losses are caused by the dif-
ficulty of achieving exact alignment of the emission re-
gions of the interacting diodes because the thickness of
the active region of each semiconductor laser is only a
few microns.

The optical coupling between lasers is improved by
incorporating two mutually perpendicular lasers within
the structure of a single diodel ¥ 16,75, 78] (Fig. 20d).

gi{E)=

(32)
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FIG. 21. Total and spectral quenching of the radiation of laser 2 by
the radiation of laser 1. Curve 1 represents the emission spectrum of
laser 2 when laser 1 is switched off. Curve 2 represents the emission spec-
trum of the “quenching” laser 1. Curve 3 gives the spectrum of the
“quenched” laser 2 (the diode is shown schematically in Fig. 20d).

Thus, both parts of the diode can generate coherent ra-
diation along mutually perpendicular directions. When
a current I, is supplied to the second part, the diode
begins to emit radiation along the direction I, because
large losses in part 1 do not permit the operation of the
diode along direction II. When currents I, and I, are
supplied simultaneously, the intensity of the radiation
of the laser along direction I decreases but the signal
along direction II becomes stronger. Further increase
of the current I, quenches the radiation along direc-
tion I. Spectral measurements show that the short-
wavelength modes of the radiation I are quenched most
effectively by the longer wavelengths of the radiation II.
This is explained as follows: when the quenching radia-
tion II consists of longer wavelengths, the Fermi level
in the conduction band of the active region of laser 1
falls; this reduces effectively the population inversion
of the energy levels corresponding to shorter wave-
lengths.

Figure 21 shows the emission spectra of coupled la-
sers 1 and 2. Here, curve 1 represents the radiation
spectrum of laser 2 along direction I for a current
I,= 0. Curve 2 represents the spectrum of the quench-
ing radiation along direction II; this radiation quenches
the emission along direction I (curve 3). Quenching ef-
ficiencies of the order of 50-~70% have been reported
for lasers whose radiation spectra differ by about 20 A.
A theoretical analysis of the ‘‘transverse’’ optical cou-
pling of two semiconductor lasers (Fig. 20c¢) shows that
the quenching efficiency is given by the expression!7¢]
(33)

By
N~ —7"
1—7f- By

here, 7, is the lifetime of a photon in the resonator of
the quenched diode; 7, is the lifetime of a photon during
its transit between the lateral faces of the same
quenched diode. It follows from Eq. (33) that efficient
quenching is obtained when the values of 7, and 7, do
not differ greatly because, if 8, ~ 1, a low power level
is sufficient for quenching which is due to the regenera-
tive amplification of the external radiation.
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The quenching effect for two mutually perpendicular
lasers (Fig. 20d) is described quite satisfactorily by the
rate equations for the balance of carriers injected into
the two parts of the diode and the balance of the inter-
acting fields.t7®! The steady-state solutions of the sys-
tem of such rate equations for the fields S, and S, are

V Ij—ny

—_ Va g2(Ey)
AR S1,

8y =

(34)

where S; and S, are the fields at the quenching and
quenched frequencies; 7 is the carrier lifetime;

V =V, +V,, where V, and V, are the volumes of parts
1 and 2, respectively; j, and j, are the densities of the
injection currents in parts 1 and 2; n, and n, are the
electron densities and g,(E) and g,(E) are the gains in
the two parts of the diode. The gain is defined by

Eq. (16). It is assumed that E, < E, and I = j7/d,
where d is the diffusion length. It follows from the ex-
pression for S, that the reduction in the number of pho-
tons in the quenched oscillation modes is governed by
the number of photons in the quenching modes. The
quenching efficiency is given by

v ml+lntyn)

"=1_+_77 T (35)
When the frequencies of the interacting fields are equal
(1, = T2), the quenching efficiency is equal to the volume
ratio V,/(V, + V,). The experimentally obtained quench-
ing efficiencies, of the order of 50-70%, show that
strong optical coupling between lasers is achieved in the
interacting laser configuration where the two parts of
the diode have a common resonator.

The interaction time of two optically coupled lasers
was determined in '*’! using a time-scanned image con-
verter with a time resolution of ~3 xX10~! gec. The di-
ode axis was aligned parallel to the cathode of an image
converter onto which the radiation from laser 2 was
projected simultaneously with the radiation from laser1
(this was done by means of a rotating mirror). The in-
teraction time was determined from the delay time sep-
arating the moment of cut-off of the radiation from la-
ser 2 and the beginning of emission from the quenching
laser 1. At a fixed amplitude of the current I,, the in~-
teraction time increased when the current I, was in-
creased; when the amplitude of the current I, was kept
constant, the interaction time decreased when the cur-
rent I, was increased. The measured interaction time
ranged from 3 X 107° to 5 X 10~!! sec. The shortest in-
teraction time found in this way was limited by the res-
olution of the recording apparatus.

The results of measurements of the interaction time
of two mutually perpendicular lasers were also re-
ported in '8}, The measured time was ~ 0.4 nsec and
this value was limited by the time resolution threshold
of the recording apparatus.

IX. PRINCIPAL LOGICAL ELEMENTS BASED ON
SEMICONDUCTOR INJECTION LASERS

Already in the early papers on the subject, it was
pointed out that, because of the high gain in semicon-
ductors (reaching a few thousand cm™!), it should be
possible to build masers and lasers of very small di-
mensions, close to the emitted wavelength. The time
necessary for the establishment of oscillations in the
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resonators of such devices should be of the order of
107*2-10"*2 sec, which opens up the possibility of the
microwave-frequency control of oscillations of semi-
conductor lasers and of constructing ultrafast logical
laser elements for computers (cf., for example, £277).

The existence of two dynamic laser emission con-
ditions --spontaneous and coherent--makes it possible to
use lasers to construct optical logical elements of the
pulse amplitude type, in which the zero and unity in a
binary system are represented by the absence and
presence of a coherent signal. In such elements, the
information is carried by optical and not electrical sig-
nals. Optical logical elements, constructed from semi-~
conductor lasers, are controlled by the processes of
nonlinear interaction between the optical signals of dif-
ferent lasers, and between the optical radiation and the
easily saturable laser medium.

As pointed out already, the efficiency of this interac-
tion between optically coupled lasers depends strongly
on the coupling between them. The quenching efficiency
for diodes separated in space (Fig. 20c) is only a few
percent and the quantity which limits the efficiency of
the interaction is the diffraction divergence of the laser
beam along the direction perpendicular to the p-n junc-
tion plane. In order to eliminate the diffraction diverg-
ence and increase appreciably the quenching efficiency,
we must ensure that the distance between the interact-
ing lasers does not exceed d?/x, where d is the thick-
ness of the active region and X is the wavelength of the
radiation emitted by a semiconductor laser, In the case
of gallium arsenide semiconductor lasers, the thickness
of the active region is only a few microns and, there-
fore, the quantity d®/x is less than 10 y. Moreover, the
active regions must be in the same plane. All these
conditions present considerable difficulties in the con-
struction of logical schemes from spatially separated
lasers.!”™) Therefore, it is more promising to consider
the use of logical schemes based on lasers enclosed
within one structure,

The principal elements of any computer, which car-
ries out logical operations on discrete signals, are the
AND, OR, NOT, and nonequivalence (exclusive OR) ele-
ments, a dynamic trigger, and others. Using these logi-
cal elements, we can construct a functional logical sys-
tem of any complexity.

We shall consider the operation of some of the pos-
sible variants of these elements constructed from semi-
conductor lasers. Figure 22a shows the scheme of the
element AND, which produces a signal at the outpuf
side C only when the light pulses arrive simultaneous-
ly at the inputs A and B (code signal 1). Such an ele-
ment is constructed as a semiconductor laser with three
electrically insulated parts, enclosed in a common res-
onator. A constant injection current is supplied to the
middle part of the diode (the contact denoted by an as-
terisk * ) and this current produces subthreshold spon-
taneous radiation (code signal 0). The other two parts
of the diode act as nonlinear absorbers in the resonator,
because no current is injected into them. When optical
signals A and B are applied to such a diode, optical
pumping generates carriers which are injected into the
absorbing parts, so that they become more transparent
and the losses in the resonator decrease until the laser
emission threshold is reached. The diode is thus
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switched into the coherent radiation state, which repre-
sents the code signal 1. The injection current level is
such that when an optical signal is applied only to the
input A or only to the input B, the residual losses in the
resonator are sufficiently high to ensure self-excitation
conditions so that the device continues to emit spon-
taneous radiation. The element AND fuifills the logical
function of multiplication of the code information sig-
nals, because when one set of code signals is applied to
the input A and another set of signals is applied to the
input B, the resultant information at the output C con-
sists of signals each of which is the result of the logi-
cal operation AND on the corresponding pairs of code
information signals A and B. The logical element AND
can be used as a switch in the transmission channel of

FIG. 22. Logical element AND constructed from semiconductor
lasers: a) optical scheme; b) opto-electronic circuit.

binary information and either of the inputs can be used
as the control input.

The circuit of the element OR with two inputs is
shown in Fig. 23a. This element is constructed in the
form of a semiconductor laser diode consisting of two
insulated parts. Such a diode is excited by an injection
current to a level which is close to the coherent emis-
sion threshold and it produces the code signal 0. When
the code signals 1 are applied simultaneously or at dif-
ferent times to the inputs A and B, the absorbing part
becomes transparent and coherent radiation is emitted
along the direction C, which corresponds to the code
signal 1. In this way, the logical operation of the addi-
tion of the input signals A and B is carried out.

A single-input optical inverter, which carries out
the operation NOT, can be constructed from a semicon-
ductor diode by enclosing in the same resonator two
mutually perpendicular lasers (Fig. 24a).t15: 16 When
an injection current is applied to the diode, it emits co-
herent radiation along the direction C (code signal 1)
but no coherent radiation is emitted along the perpen-
dicular direction because of the presence of an absorb-
ing part (the code signal is 0 along the direction A).
When an optical signal is applied to the input A of the
diode, the passive region becomes transparent and co-
herent emission is obtained along the direction A (code
signal 1); simultaneously, the coherent emission along
the direction C is stopped (signal 0). Figure 24b shows
a different optical inverter scheme, consisting of one
passive and two active parts in the same resonator. The
advantage of such an inverter is the lower power of the
control signal needed to stop coherent emission along
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FIG. 23. Logical element OR: a) optical scheme; b) opto-electronic
circuit.
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FIG. 24. Inverter (NOT element): a), b) optical schemes; ¢), d) opto-
electronic circuits.

the direction C; this is due to the presence of an ampli-
fying region in the resonator. A diode with transparent
resonator faces along the direction A can also be used
as an optical inverter.[70]

The exclusion element, which represents the logical
operation NOT-IF-THEN (Fig. 25a), consists of two mu-
tually perpendicular semiconductor lasers which have
a common part to which the injection current is sup-
plied, as well as one passive part each; all parts are
electrically insulated from one another. The injection
current level is selected so that in the absence of sig-
nals 1 at the inputs A and B, the device emits spontane-
ous radiation along the direction C (signal 0). When the
code signal 1 is applied to the input A, the diode begins
to emit coherent radiation along the direction C (signal
1), i.e., the element transmits information from A to C
without any change. When the signal 1 is applied simul-~
taneously to the inputs B and A, the laser begins to op-
erate along a direction perpendicular to C because of
the larger active region in this resonator; therefore,
the coherent emission along the direction C is quenched
(signal 0). The input B is called the control input be-
cause the application of the control signal 1 to this in-
put stops the transmission of information from A to C
through the element.

The memory element. Information storage units in
computers can be divided into two types: internal or
operative memory and external memory. The response
of the internal (operative) memory should match the
speed of the processing (arithmetic) units. The external
memory units are much slower and their response is
not directly related to the speed of the fast units of a
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FIG. 25. Logical exclusion (NOT-IF-THEN) element: a) optical
scheme; b) opto-electronic circuit

computer. A high rate of information processing by
semiconductor computers based on semiconductor la-
sers would require a correspondingly fast internal
memory. A logical element, carrying out the memory
function, can be in the form of a semiconductor laser
with two stable states, one of which is the switched-off
state (the spontaneous emission conditions) and the
other is the switched-on state (coherent emission con-
ditions). The laser is switched from one state to the
other by a low intensity short external optical signal.
The time for which the information can be stored in
such an element is at present limited to 10 psec;t®7 it
is restricted by the thermal conditions of operation of a
semiconductor laser. Using bistable elements, working
under continuous emission conditions, we can store in-
formation for a long time.

An important technical characteristic of a memory
unit based on semiconductor lasers is its ability to re-
ceive and record information at a speed comparable
with the speed of the processing (computing) elements.
In the case of laser memory elements, the operation
time is limited by the switching time of a bistable diode
from one state to another. The measured switching
time of such a diode is ~ 1071 gec.!%81 A nonuniformly
excited semiconductor laser, working under regular
spiking conditions, or an ordinary diode synchronized
by an external high-frequency signal generator (Figs.
26a and b) can be used as a generator of light pulses,
which act as timing signals of all the logical elements
in a computing unit so that the elements operate in syn-
chronism. Using diodes of various lengths and by
changing the injection current level, the timing frequen-
cy of a light pulse generator can be varied from
3 X 108 to 10*° Hz and the power of the synchronizing
signal from the external generator need be only a few
percent of the laser output power.

The dynamic trigger (Fig. 27a) is an element for
storing a single code signal. The injection current in
laser 1 is selected so that in the absence of the code
signal 1 at the input A, spontaneous radiation is emit-
ted along the direction C (signal 0). The injection cur-
rent and nonlinear losses in laser 2 are selected so as
to ensure that its watt—ampere characteristic has two
stable states: spontaneous and coherent emission. When
the code signal 1 is applied to the input A, laser 2 is
switched on and its radiation makes the passive part of
the element transparent. The losses in laser 1 are se-
lected so as to ensure operation of this laser under the
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FIG. 26. Optical timing pulse generator: a), b) optical schemes; ¢)
opto-electronic circuit. SSG is a standard signal generator.

regular spiking conditions. Consequently, when a single
signal 1 is applied to the input A, laser 2 is switched on,
its radiation triggers laser 1 which then begins to oper-
ate under the regular spiking conditions so that a series
of signals 1 appears at the output C, i.e., the trigger be-
comes a generator of unities. Laser 1 continues to gen-
erate light pulses until a control signal 1 is applied to
the input B; then, laser 2 is switched off and this stops
the generation of pulses by laser 1 so that its output is
now equivalent to the code signal zero. Thus, the trig-
ger has two stable states corresponding to 1 and 0. The
input A of the trigger is the starting input and the input
B is the control input.

The binary half adder is a device for carrying out
elementary arithmetical operations on a single digit of
a number. The optical adder scheme is shown in
Fig. 28a. It is a complex structure, consisting of three
electrically insulated lasers, each of which has an ac-
tive and a passive region. The current injection level in
all three lasers is such that, in the absence of the code
signal 1 at the inputs A and B, the outputs S and C pro-
duce the signal 0. When the signal 1 is applied only to
the input A or to the input B, either laser 1 or laser 2
begins to operate and the signal 1 appears at the out-
put S, while the output C produces the signal 0 because
of the losses in the resonator of laser 3. When the op-
tical signal 1 is applied simultaneously to the inputs A
and B, the losses in the resonator of laser 3 decrease
and coherent radiation appears along the direction C
(signal 1), while the output S produces the signal 0 be-
cause the radiation from laser 3 quenches the radiation
from lasers 1 and 2. The wavelength emitted by laser 3
should be no longer than the wavelengths emitted by la-
sers 1 and 2 in order to ensure high quenching effi-
ciency.

The adder just described can also fulfill the function
of the nonequivalence (exclusive OR) element. In this
case, the processed information is taken from the out-
put S. When a set of code signals is applied to the input
A and another set to the input B, the output S produces
the result of the addition (modulo 2) of each pair of in-
put signals. The nonequivalence element can be used
also as an inverter of the input signals. When control
signals 1 are applied continuously to one of the inputs,
the inverter output S produces a code signal which is
the reverse of that applied to the other input of the ele-
ment. Thus, the input signal 1 can be altered to the sig-
nal 0 at the output and the converse operation can also
be performed.
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FIG. 27. Dynamic trigger: a) optical scheme; b) opto-electronic cir-
cuit.
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FIG. 28. Adder: a) optical scheme; b) opto-electronic circuit.

X. PRINCIPAL OPTO-ELECTRONIC ELEMENTS OF
AN OPTICAL COMPUTER

In ordinary electronic circuits used in computer
technology, the information is carried by electrons.
Since electronic devices have an internal feedback,
satisfactory electrical decoupling between the input and
output cannot be achieved, and, moreover, such devices
are sensitive to external stray signals and interference.

When opto-electronic elements are used and the vari-
ous parts of a unit are coupled optically, the deficien-
cies of electronic circuits, due to stray coupling, can be
reduced very appreciably. The strong decoupling ob-
tained in the case of optical coupling is due to the ab-
sence of electrical coupling between the input and out-
put of a unit. The equivalent resistance between the
source of light and a radiation detector in an opto-elec-
tronic element may reach 10! Q@ and the equivalent ca-
pacitance between them is ~ 10~ pF.[28]

The recent successes in the development and study
of the properties of gallium arsenide semiconductor la-
sers permit us to conclude that these lasers are the
most promising as optical radiation sources in opto-
electronic units. Radiation detectors available at pres-
ent have a response time representing a fraction of a
nanosecond, a high quantum yield (efficiency), and spec-
tral characteristics suitable for their use in the near
infrared and visible range of wavelengths, where most
semiconductor injection lasers are operating. Thus,
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using a gallium arsenide semiconductor laser and a
fast-response radiation detector, we can produce the
principal opto-electronic logical elements with a re-
sponse time in the fraction of a nanosecond range.

We shall now consider some possible coupling vari-
ants of ‘““laser + photodiode’’ units which can be used to
construct the principal logical elements of an opto-
electronic computer.* An investigation of the operation
of such opto-electronic logical elements was reported
in [81]'

Figure 22b shows the circuit of an opto-electronic
element which carries out the logical operation AND.
In this circuit there are photodiodes at the inputs A and
B; these photodiodes transform the optical input signals
into electrical signals and they are connected to the
passive part of the laser. A current, ensuring sub-
threshold excitation (the contact denoted by an asterisk),
is injected into the active part of the diode. In the ab-
sence of the signals 1 at the inputs A and B or in the
presence of the signal 1 at only one of the inputs, the
device operates under spontaneous emission conditions
(signal O at the output C). When the signals 1 are ap-
plied simultaneously to the inputs A and B, the diode
begins to emit laser radiation (signal 1) due to the in-
jection of photocurrents into the passive part of the di-
ode.

The circuit of the OR element is shown in Fig. 23b.
In this case, the diode is excited by an injection current
to a level close to the coherent emission threshold and,
in the absence of the signals 1 at the inputs A and B, it
produces the code signal 0 at the output C. When the
optical signals 1 are applied simultaneously or at dif-
ferent times to the inputs A and B, coherent emission
is observed along the direction C (signal 1).

An opto-electronic inverter circuit can be in the
form of the diode shown in Figs. 24c and 24d. The cur-
rent amplitudes in the separate parts of the diode are
such that the diode emits coherent radiation along the
direction C (signal 1). When the signal 1 is applied to
the input A, the photocurrent makes the passive part
of the diode transparent and coherent radiation is emit-
ted along the direction I, which quenches the laser
emission along the direction C (signal 0). The inverter
can be made from a diode with two or three insulated
parts; the variant with three parts is preferred because
the presence of a middle amplifying part increases the
efficiency of quenching of the radiation along the direc-
tion C.

Figure 25b shows the circuit of the exclusion ele~
ment. The level of the injection current in the active
part of a double diode ensures that the diode is oper-
ating under spontaneous emission conditions (signal 0).
When the optical signal 1 is applied to the input A, the
photocurrent from a radiation detector (placed in front
of the input) causes the laser to emit coherent radia-
tion: the code signal 1 appears at the output C. Informa-
tion passes from A to C without any change. When the
signal 1 (the control signal) is applied to the input B, a
negative photocurrent switches off laser 1 (the code sig-
nal 0 appears at the output C).

The opto-electronic multivibrator, shown in Fig. 26c,

*The principal logical elements can also be made from semicon-
ductor lasers coupled to photoresistors. [34].
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is described in '%8!, A semiconductor laser, consisting
of two insulated parts and having a ‘“‘hard’’ watt-am-
pere characteristic, is used as the light source. An in-
jection current stimulates the laser emission of the di-
ode. The laser radiation falls on a photodiode, is trans-
formed into the photocurrent, which is supplied to the
passive part of the laser with a polarity opposite to that
of the injection current. This stops the emission of co-
herent radiation and the final result is the generation,
at the output C, of light pulses whose repetition fre-
quency is governed by the switching time of the laser,
the photoresponse time of the photodiode, and the dis-
tance between the laser and the photodiode. Such a de-
vice can be used as an opto-electronic generator of tim-
ing pulses.

A laser with a ““hard’’ characteristic, together with
two photodiodes connected to the passive part of the la-
ser (one of them is connected to give a positive polarity
and the other a negative one), can be used as an opto-
electronic memory element. Its circuit is similar to
that shown in Fig. 25b. The injection current in the la-
ser ensures that it operates in the first stable state,
i.e., emitting spontaneous radiation. When the optical
signal 1 is applied from outside to the input A, the la-
ser is switched to the second optical state (coherent ra-
diation emission) and continues to operate in that state
until the arrival of a switching-off pulse at the input B
of the photodiode, so connected as to give the opposite
polarity. The response time of the memory element is
governed by the inertia of its components.

An optical dynamic trigger (Fig. 27b) is a combina-
tion of the logical memory element and the opto-elec-
tronic multivibrator. Currents producing subthreshold
emission from lasers (the code signal 0 at the outputs
C and D) are injected into the active parts of a double
diode. When a single signal 1 is applied to the starting
input A, a memory signal appears at the output D (os-
cillogram 3). The electrical memory signal from the
photodiode is injected into the passive part of laser 2
and switches on the diode (laser emission is produced);
at the same time, the diode connected as a multivibra-
tor produces a series of signals 1. The generation of
the unity signal at the output C (oscillogram 4) contin-
ues until the application of a control signal (1) to the
control input B; this interrupts the generation of a se-
quence of the unity signals.

An opto-electronic adder, shown in Fig. 28b, con-
sists of three electrically insulated lasers, each of
which has active and passive regions. The injection
current to all three lasers produces spontaneous radia-
tion along the directions § and C (signal 0). When the
signal 1 is applied to the input A or B, the correspond-
ing laser emits coherent radiation along the direction S.
The simultaneous application of light pulses to the in-
puts A and B produces coherent radiation along the di-
rection C (signal 1) but the laser emission along the di-
rection S stops.

Some semiconductor laser units, which can carry out
various logical operations, are described in [82, 881,
The elements are controlled by external electrical
pulses. However, as already mentioned, circuits using
electrical pulse control have the serious disadvantage
of a high electrical interference level. Therefore, the
most interesting logical elements are those with optical
control, [&2]
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XI. CONCLUSIONS

The problem of increasing appreciably the perform-
ance of computers may be solved either by constructing
computers based on new ultrafast elements or by in-
creasing the number of operations carried out in paral-
lel. A high-performance computer, capable of perform-
ing 10° operations per second, can be produced by join-
ing in parallel 1000 currently available computers capa-
ble of about 108 operations per second!®! but this meth-
od of increasing the performance of computers would
increase considerably the complexity of the construc-
tion of these machines, increase the bulk of the equip-
ment, and reduce its reliability.

As pointed out earlier, the speed of electronic ele-
ments is limited, to a considerable degree, by the prop-
erties of electric circuits. The use of optical elements
makes it possible to increase the speed of each element
separately and to carry out parallel processing of a
large amount of information at the same time.

The advantages of semiconductor injection lasers
over other optical devices (their speed, efficiency, size,
etc.) permit us to draw the immediate conclusion that
ultrafast logical elements can be developed using such
lasers. The best parameters are exhibited by the gal-
lium arsenide lasers. The currently available lasers
have a threshold current density of 10° A/cm? at liquid-
nitrogen temperature and their efficiency reaches 50%.
The first examples of lasers were capable of operating
continuously only at liquid-helium temperature but con-
tinuous operation has already been achieved at
T = 200°K and there are grounds for assuming that a
semiconductor laser can work also continuously at
room temperature. Improvements in the performance
of gallium arsenide lasers should follow advances in
the technique of their fabrication, in the preparation of
more perfect single crystals, and in the development
of new methods for making p—n junctions (gas and lig-
uid epitaxy).

The principal logical elements, based on semiconduc-
tor lasers and having speeds of the order of 1071° sec,
are already available but many technical problems have
to be solved first before a computer can be built from
these elements. These problems are associated with
the manufacture of separate elements in a matrix (for
example, the development of the printed circuit tech~
niques for laser diodes), which presents additional re-
quirements in respect of the perfection and uniformity
of the original material in large volume. Because of a
fairly strong divergence of the radiation emitted by di-
odes, separate elements must be placed at distances a
few microns apart or they must be coupled optically by
means of fibers, which presents a difficult technological
problem.

The difficulties encountered in purely optical compu-
ters would be eliminated, to a considerable degree, by
the use of opto-electronic logical elements. The use of
a structure consisting of a laser, coupled to a fast-re-
sponse radiation detector, simplifies considerably the
construction of the elements, and imposes less rigorous
requirements on the materials and technology, without
reducing appreciably the speed of response. However,
it does carry the penalty of reducing the possible pack-
ing density of the elements. The opportunity of being
able to make a preliminary selection of opto-electronic
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elements in accordance with their parameters and the
simpler construction of these elements (compared with
the optical elements) should make it possible to start
immediately the construction of one-off computers
based on these elements.

A comparison is made in [#1 of the current required
by one switching element in a silicon transistor (with a
switching time of ~ 1 nsec) and the current needed by an
optical inverter constructed from semiconductor la-
sers. The switching time of an inverter is assumed to
be ~ 1 nsec, which is equal to the spontaneous lifetime
of electrons. For this switching time, a laser inverter
requires a current (per one switching operation) which
is an order of magnitude higher than the current re-
quired by a silicon transistor. However, investigations
have established that the switching time of a semicon-
ductor-laser inverter is about 107° sec when the cur-
rent is twice as high as the threshold value. This
means that the current per single switching operation
is practically the same for both elements but the speed
of the laser inverter is one order of magnitude higher.
The various difficulties do not make it possible to pro-
duce, at present, an optical general-purpose computer
using injection lasers but construction of fairly simple
computers for special applications, exploiting all the
advantages of the optical logic (compared with electron-
ic circuits), can start now. In such computers, semi-
conductor lasers can be used to make an internal (oper-
ative) memory with a short turn-round time, to process
information rapidly in parallel, to construct information
input and output units, to produce pattern recognition
systems, etc.

Theoretical and experimental investigations of the
dynamic processes in semiconductor injection lasers
should make it possible to construct practically all the
principal logical elements for optical computers with a
speed of the order of 10710 sec.

It should be mentioned that so far only the prelimi-
nary results have been obtained for the dynamics of the
semiconductor laser radiation; they can be understood
on the basis of relatively simple representations. Re-
cording apparatus with a time resolution of the order of
10-32-10"13 gec is required for future studies of the dy-
namic processes in semiconductor lasers. These stud-
ies should include theoretical and experimental inves-
tigations of complex structures consisting of several
laser diodes, which would enable us to produce optical
logical elements, based on semiconductor lasers, with
a speed of the order of 10-2-10-12 sec.
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