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Active region of a functionally integrated laser —modulator

E.A. Ryndin, B.G. Konoplev

Abstract. A method for the functional integration of injection
lasers and modulators of generated light in a single heterostructure
with spatially displaced quantum wells in the conduction and
valence bands, formed by the second-type heterojunctions, is pro-
posed. The structures and energy band diagrams of the active
regions of functionally integrated lasers—modulators with ampli-
tude and frequency modulation are considered. A physical—topo-
logical model and a technique for numerical simulation of lasers—
modulators is proposed. It is shown that the maximum modulation
frequencies for the proposed heterostructures, in contrast to the
same frequencies implemented under pump current modulation, are
not limited by the duration of transients in the laser power supply
circuit and the carrier lifetime in the laser active region but are
determined by the photon lifetime in the cavity.

Keywords: functionally integrated injection laser—modulator, ampli-
tude and frequency modulation, heterostructure.

1. Introduction

The problem of key importance in the developments aimed at
increasing the degree of integration of modern ultralarge-
scale integrated (ULSI) circuits and, in particular, increasing
the number of cores on crystals is the insufficient efficiency of
the currently used core—core connections. The modern metal
core—core connections cease to satisfy the growing require-
ments to the operating speed, energy efficiency, and noise
immunity [1].

One of the ways to solve this problem is to replace metal
lines (elements of critical importance) with integrated optical
connections, which transfer amplitude-modulated laser radia-
tion with much higher energy efficiency and operating speed.

The functional possibilities of integrated optical switching
systems can be extended using not only amplitude but also
frequency modulation of laser radiation. For example,
organic materials with bistable photochromic molecules,
which change their properties under illumination at a certain
wavelength, are widely applied as a base for molecular elec-
tronics elements. Synthesis of new photochromic organic
materials opens ways to design integrated molecular electron-
ics devices with unique characteristics: ultrahigh packing den-
sity and operating speed, which cannot be implemented by
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means of modern silicon electronics [2—4]. However, these
devices cannot be designed without matching the main char-
acteristics of bistable organic molecules with the parameters
of frequency-modulated laser pulses, which control the state
of these molecules or molecular ensembles. This primarily
concerns the maximum value of laser beam modulation fre-
quency.

At the same time, we should note the following. As applied
to modern multicore ULSI circuits, the efficiency of inte-
grated optical connections is significantly reduced due to the
conversion of electrical signals into optical at the input and,
correspondingly, optical signals into electrical at the output.
As a result, a need arises in the development and implementa-
tion of integrated optical switching systems, whose gener-
alised block diagram is presented in Fig. 1. The main elements
of this commutation system, along with optical communica-
tion line, are integrated injection laser, light modulator, and
photodetector. Currently, the characteristics of optical modu-
lators and photodetectors limit to a great extent the efficiency
of the integrated optical connections under consideration [1].

The amplitude modulation of laser radiation in optical
switching systems is performed using different methods. In
particular, widespread modulation techniques are based on
the use of laser pump current and external modulators
(acousto-optic, electro-optic, etc.) [3, 6].

When modulating by the pump current, the maximum
modulation frequency is limited by the duration of transients
in the laser power supply circuit, which is determined by the
pump current and the carrier lifetime in the active region.

When using external modulators, the maximum modula-
tion frequency is limited by the duration of transients in mod-
ulators (on the order of 0.1—1 ns). However, additional prob-
lems of technological compatibility between the semiconduc-
tor lasers and materials used in external modulators may arise
in this case [7-14].

Our purpose was to develop a method of functional inte-
gration of an injection laser and an optical modulator in a
single heterostructure in order to increase the maximum laser
modulation frequency, extend the functional possibilities of
this system (implementation of both amplitude and frequency
modulation techniques), and provide its technological com-
patibility.

2. Structures of functionally integrated
lasers —modulators

The structures of the active regions of functionally integrated
injection lasers—modulators with amplitude and frequency
modulation of generated light are schematically shown in
Figs 2 and 3, respectively [15, 16].
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Figure 1. Generalised block diagram of the system for optical switching of ULSI cores.
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Figure 2. Structure of the active region of a laser—modulator with am-
plitude modulation: (/) silicon substrate; (2) gradient buffer layer
GaAs,_.P,; (3) heavily doped p*-GaAs layer of the control p—n junc-
tion; (4) p-GaAs layer of the control p—n junction; (5) p* region of
control contact /2; (6) n-GaAs layer of the control p—n junction; (7, §)
p"and n* power supply regions; (9, 10) power supply contacts; (71, 12)
control contacts; (/3) n-GaAs region of the control Schottky junction;
(14, 15) laser—modulator active region: second-type heterojunction
i-In,Ga,_,As/i-GaSb,As|_,; (16) laser beam [15].
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Figure 3. Structure of the active region of a laser—modulator with fre-
quency modulation: (/) silicon substrate; (2) gradient buffer layer
GaAs,_P,; (3) heavily doped p*-GaAs layer of the control p—n junc-
tion; (4) p-GaAs layer of the control p—n junction; (5) p+ region of
control contact 12; (6) n-GaAs layer of the control p—n junction; (7, &)
p* and n* power supply regions; (9, 10) power supply contacts; (71, 12)
control contacts; (/3) n-GaAs region of the control Schottky junction;
(14-16) laser—modulator active region: i-GaSb,As,_,/i-In,Ga,_,As/
i-GaSb,As, _, heterostructure; (/7) laser beam [16].

Each structure contains a p—n junction (regions 7 and &
with power supply contacts for lasers 9 and /0), oriented so
that the pump current flows along the y axis. The active
region of this p—n junction contains a heterostructure of
either amplitude (regions /4 and 75 in Fig. 2) or frequency
(regions /4—16 in Fig. 3) modulator with control contacts 11

and /2 and two control junctions: a Schottky junction
(between n-GaAs region /3 and contact //) and a p—n junc-
tion (regions 3—06).

Buffer gradient layer 2 (GaAs;_,P,), in correspondence
with the data of [17], makes it possible to grow a single-crystal
GaAs layer on a silicon substrate.

3. Principle of laser operation

The principle of operation of a laser—modulator with ampli-
tude modulation of generated light is illustrated by the energy
band diagrams of the integrated modulator and the spatial
distributions of electron and hole concentrations, which are
schematically shown in Fig. 4.
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Figure 4. Energy band diagrams (top) of an integrated amplitude mod-
ulator and spatial distributions of the electron concentration n(x) (solid
lines) and hole concentration p(x) (dashed lines) at (a) negative and (b)
positive directions of the control field and a constant pump current.

The element operates as follows. A steady-state pump cur-
rent is fed to the laser power supply circuit (contacts 9 and 70
in Fig. 2). This current (flowing along the y axis) exceeds the
threshold value; i.e., when the direction of the transverse (ori-
ented along the x axis) control field corresponds to that
shown in Fig.4a, the pump current provides fulfilment of las-
ing conditions and formation of a laser beam in the direction
of the z axis. The laser radiation is modulated at a constant
pump current by changing (to opposite) the direction of the
transverse field formed by control contacts // and 72 (Fig. 2),
which leads to spatial rearrangement (along the x axis) of the
carrier concentration peaks in spatially displaced quantum
wells (QWSs) 14 and 15 of the heterostructure in Fig. 2, which
are formed by the second-type heterojunction i-In,Ga;_,As/
i-GaSbbAsl,b.

At the control field direction corresponding to that in
Fig. 4a, the peaks of electron and hole concentrations are
aligned at the interface, due to which the lasing intensity



Active region of a functionally integrated laser—modulator

565

increases. A change in the control field direction, in corre-
spondence with Fig. 4b, causes spatial separation of electron
and hole concentration peaks in the modulator QWs, as a
result of which the laser beam intensity decreases, and thus
amplitude modulation is implemented.

The principle of operation of a laser—modulator with fre-
quency modulation is illustrated by the energy band diagram
and spatial distributions of electron and hole concentrations,
which are schematically presented in Fig. 5[18, 19].
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Figure 5. Energy band diagrams (top) of an integrated frequency mod-
ulator and spatial distributions of the electron concentration n(x) (solid
lines) and hole concentration p(x) (dashed lines) at (a) negative and (b)
positive directions of the control field and a constant pump current
[18, 19].

In this case, similar to the laser with amplitude modula-
tion, a steady-state pump current (which flows along the y
axis and exceeds the threshold value) is fed to the supply
circuit (contacts 9 and 70 in Fig. 3), while the direction of the
transverse control field changes along the x axis in corre-
spondence with a change in the voltage applied across con-
trol contacts /7 and 12 (Fig. 3). A change in the control field
direction leads to a spatial alignment of carrier concentra-
tion peaks in the QWs of the conduction and valence bands,
separated by a band gap E,; (Fig. 5a) or Ey, (Fig. 5b). As a
result, the wavelength of generated laser radiation changes
in correspondence with the change in the direction of trans-
verse control field, taking values 4; or 4,; i.e., frequency
modulation is provided.

The pump current and, correspondingly, the level of
electron and hole injection into the laser—modulator active
region are steady. Therefore, at a fast change in the direction
of the transverse control field, a spatial rearrangement of
carrier concentration peaks occurs at a practically constant
total number of carriers in the modulator QWs (regions
14—16 in Fig. 3). As a result, the maximum laser beam mod-
ulation frequency is determined by not the relatively inertial
transients in the laser power supply circuit and the carrier
lifetime in the active region but the time of transverse-field-
controlled rearrangement of electron and hole concentra-
tion peaks in the QWs of the conduction and valence bands,
which, according to the results of numerical simulation [20],
is less than 0.2 ps, depending on the QW and potential bar-
rier parameters; this time correspond to THz frequencies.
The estimate of the spatial rearrangement time of carrier
concentration peaks in QWs [20] was obtained by numerical

simulation disregarding the influence of the electrical capaci-
tance of device on the leading edge duration and the shape of
the control signal.

The presence of two peaks (at the wavelengths A, and 4,)
in the spectrum of frequency-modulated laser radiation
increases the efficiency of conversion and transfer of two-level
logic signals through optical channels. With allowance for the
presence of peaks at the wavelengths A, and 4, in the spectrum
of functionally integrated laser—modulator, the laser cavity
length should be simultaneously multiple of A,/2 and 4,/2.

Frequency modulation can also be implemented using
two injection lasers with integrated amplitude modulators,
one of which generates at the wavelength 4, and the other gen-
erates at the wavelength A,. The corresponding connection
scheme of lasers—modulators is shown in Fig. 6.
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Figure 6. Schematic of the connection of lasers VD1 and VD2 with in-
tegrated amplitude modulators for implementing laser beam frequency
modulation (the numbers of contacts correspond to Fig. 2):

Uiy, is the control voltage; I, and [, are the pump currents of lasers—
modulators VD1 and VD2, respectively; A; and 4, are the wavelengths
of VDI and VD2; and Q,,, is the frequency-modulated output optical
signal.

In this case, steady-state pump currents /,,; and /;, (exceed-
ing the threshold values) are fed into the power supply circuits
of lasers VD1 and VD2 (contacts 9 and /0 in Fig. 6); a modu-
lation voltage Uy, is supplied in antiphase to control contacts
11 and 12 of modulators of the first and second lasers; and the
laser beams with wavelengths A; and 4,, amplitude-modulated
in antiphase, are transmitted through an optical connector to
the output optical line to form a frequency-modulated optical
signal Q,, in this line.

4. Model

One of the main stages in the development of any device is its
simulation for theoretical justification of the suggestions
about the character of physical processes occurring in this
device. Kinetics equations are widely used to simulate the
transients in injection lasers; these equations are modified
with allowance for the specific features of laser structures
under study [21-24]. However, kinetics equations cannot be
used to simulate the active regions of functionally integrated
lasers—modulators considered here, because they are ordi-
nary differential equations, which do not take into account
the nonuniformity and difference in the spatial distributions
of electron and hole concentrations in the active region of the
structure and the influence of the periphery (primarily, the
control junctions) on the laser—modulator operation.
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To solve this problem, we constructed a system of partial
differential equations [25]

V(eVp) = fo(n—P—N), ()
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which satisfies the aforementioned requirements. It includes
the Poisson equation (1); continuity equations for electrons
(2) and holes (3) in the diffusion—drift approximation, sup-
plemented with a term describing the processes of spontane-
ous and stimulated radiative recombination; and the kinetics
equation for photons (4), which is generalised to the case of
nonuniform coordinate distributions of carriers and photons.
In this system of equations,

80

g(n,p,ny,) = m
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n and p are, respectively, the electron and hole concentra-
tions; nyy, is the photon density; #; is the intrinsic concentra-
tion; N is the effective impurity concentration; ¢ is the elec-
trostatic potential; ¢ is the temperature potential; V,, is the
heterostructural potential in the conduction band; V}, is the
heterostructural potential in the valence band; u,, is the elec-
tron mobility; u, is the hole mobility; ¢ is the semiconductor
permittivity; &, is the permittivity of free space; e is the ele-
mentary charge; g(n,p,n,) is the optical gain; 8 is the frac-
tion of spontaneous radiation in a laser mode; ¢ is time; 7, is
the spontaneous recombination time constant; 7, is the
photon lifetime in the laser—modulator cavity; v, is the pho-
ton velocity in the laser—modulator active region; ng is the
threshold carrier concentration; I'is the optical confinement
factor; ey is the factor determining the sum of the effects of
optical amplification reduction; g, is a proportionality fac-
tor; A and B are, respectively, the trapping and radiative
recombination coefficients; and C is the Auger recombina-
tion coefficient.

Dirichlet boundary conditions were imposed on the con-
trol contacts of laser—modulator for a given control voltage.
The boundary conditions on the supply contacts of laser—
modulator for a given pump current density had the form

, on_ OVi\_, (9P _ %)
@_““@z”%>MQ§p%
o Ut + Upp ’

n=%+\/(%)27+n?,p=—%+\/(%)27+n?s nph = 0. (6)

where j is the laser—modulator pump current density and £ is
the normal to the contact boundary. Neumann boundary
conditions were imposed on the boundaries free of contacts:
0

9P _ 0, on _ 0,

op _ Onpn
o = ==0 =0.

o 7 & )

Expression (5) for calculating the gain g(n,p,npy) in this
system of equations is based on the model proposed in [19].
This model was refined with allowance for the nonuniformity
of the spatial distributions of electron and hole concentra-
tions in the laser—modulator active region using as an argu-
ment the expressio Vnp — n? instead of the concentration of
electron—hole pairs, as in the terms y/np — ni /r, describing
the spontaneous radiative recombination rate in Eqns (2)-
(4). This expression is more correct, because it determines the
degree of deviation of electron and hole concentrations from
equilibrium with allowance for their nonuniform spatial dis-
tributions.

In the initial basis of variables {p,n,p,ny,}, the system of
equations (1)—(4) with boundary conditions (6) and (7) is
extremely difficult for numerical analysis. To solve this prob-
lem after normalisation with the use of the factors described
in [26], the right-hand sides of Eqns (1)—(4) were transferred
to a combined basis of variables {¢,n,p, @y, @y, nyy} and pre-
sented for two spatial measurements in the following dimen-
sionless form:

i(ea—(p) + i(sa—(p) = @, exp(p + 1)

—~ Dpexp(—p + V)~ N, ()

% = %[ﬂneXp@P + )

0d, ], 0 0P,
o ]+ ay[ﬂneXP(<P + V), ]
Vat Wy

—exp< 5

VB, = T~ vy, )

op _ 0D,
- X

0 0 a(pp]
ot a[upexp(—w ST @[ﬂpexp(—so g

—exp<Vn—£ VP)«qbnqbp— T — vggpn, (10)

anph _ Nph
ot Tph

i+ V
+ﬁexp< ; P

)\/d)n@p — 1 +vegnyn, (11)

D, =nexp(—p — Vo), P, =pexp(p —V}), (12)

where x and y are coordinates and @,, and @, are the expo-
nents of Fermi quasi-levels for electrons and holes. The initial
conditions were determined from numerical solution of the
time-independent version of the system of equations (8)—(11).

A numerical realisation of the model described by Eqns
(8)—(12) was performed within the finite-element method.
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5. Simulation and d

The time-independent problem was solved by the Newton

method, and the time-dependent problem was solved using

the explicit counterflow scheme described in [27].

The results of numerical simulation of the active region of

injection laser with a functionally integrated amplitude mod-
ulator, whose structure is shown in Fig. 2, are presented in

The adequacy of model (8)—(12) was estimated in [25] by

al simulation for a conven-
tional laser with a double heterostructure, which were

obtained using the proposed model and the kinetics equa-

comparing the results of numeric
tions.

Figs 7 and 8. The main parameters of the laser—modulator
active region that were applied in the simulation are listed

below.
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Figure 7. Spatial distributions of (a, b) electron, (c, d) hole, and (e, f) photon concentrations in the active region of laser—modulator at (a, c, e)

negative and (b, d, f) positive directions of the control field.
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Figure 8. Time dependences of the (a) control voltage Uj,(¢) and (b) linear photon density 7, (¢) in the laser—modulator cavity.

Active-region size (distance between

(regions 7and Sun Fig.2)/nm . . . ... ... ..... 200
Thickness of the i-In,Ga; ,As/nm . . . ... ........ 25
Thickness of the i-GaSb,As;_,/om. . . . . ... ... ... 25
Thickness of the n layer in the control

Schottky junction/nm . . . .. ... ... ... ..... 50
Donor concentration in the n layer

of the control Schottky junctionfem™ . . . . . . . ... 10"
Thickness of the n layer in the control

p-njunction/nm . . . ... ... ... ... 30
Thickness of the p layer in the control

p-njunction/nm . . . . ... ... 45
Donor concentration in the n layer

of the control p—n junctionfem™ . . . . .. ... ... 107
Acceptor concentration in the p layer

of the control p—n junctionfem™ . . . . .. ... ... 1017
Impurity concentration in the p+

and n+ power supply regions/em™. . . . ... ... .. 108
Photon lifetime in the cavity, rph/ps ............. 3

Spontaneous radiation fraction 8
inthelasermode . . . . ... .............. 1074

The spatial distributions of electron, hole, and photon
concentrations in the lasermodulator active region for a spec-
ified pump current density of 30 kA cm™ at opposite direc-
tions of the transverse control field (in correspondence with
Fig. 4) are presented in Fig. 7. Figure 8 shows the time depen-
dence of the photon linear density 7,y (¢) in the laser—modu-
lator cavity (Fig. 8b) at a pulsed change in the control voltage
U, (?) (Fig. 8a).

The changes in the spatial distributions of charge carrier
and photon concentrations, presented in Fig. 7, correspond to
a transient time of 0.12 ps. The linear photon density 7,,,.(7)
in the cavity was determined by integrating the photon vol-
ume density 7,,(x,y, ) over the cross-sectional area of laser—
modulator active region.

The results of numerical simulation show that, in contrast
to the maximum frequency for the pump current modulation,
the maximum frequency for the modulation by transverse-
field-controlled rearrangement of electron and hole concen-
tration peaks for the lasers—modulators under consideration
is not limited by the carrier lifetime in the active region but is
determined, as follows from Fig. 8, by the photon lifetime in
the cavity, which amounts to few picoseconds. As a result, the
maximum modulation frequency of generated light may reach
100—-300 GHz. The time of controlled rearrangement of car-

rier concentration peaks in the laser—modulator QWs is
0.12 ps; therefore, it cannot be considered as a factor limiting
the maximum light modulation frequency.

6. Conclusions

A method of functional integration of injection lasers and
light modulators in a single heterostructure was proposed in
order to increase the efficiency of integrated optical
core—core connections in modern ULSI circuits. This
method allows one to increase the maximum modulation
frequency and implement lasers with integrated modulators
(of both amplitude and frequency types) in a unified techno-
logical cycle.

The structures and energy band diagrams of active regions
and the principles of operation of functionally integrated
lasers—modulators with amplitude and frequency modula-
tion, based on spatially displaced QWs in the conduction and
valence bands (formed by second-type heterojunctions), were
considered. A possibility of implementing frequency modula-
tion using two lasers with integrated amplitude modulators
was shown.

A physical-topological model of the lasers—modulator
active regions was proposed. An analysis of the numerical
simulation results showed that the maximum modulation fre-
quencies for the lasers—modulators under study, in contrast
to the lasers with pump current modulation, are not limited
by the duration of transients in the laser power supply circuit
and the carrier lifetime in the laser active region but are deter-
mined by the photon lifetime in the cavity and may reach
100-300 GHz.

The results were obtained disregarding the structure and
main parameters of the laser waveguide. An analysis of func-
tionally integrated lasers—modulators taking into account the
characteristics of the optical elements of these devices will be
performed in subsequent studies.
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