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Abstract—The main problems of providing a high-speed operation semiconductor lasers with a vertical
microcavity (so-called “vertical-cavity surface-emitting lasers”) under amplitude modulation and ways to
solve them have been considered. The influence of the internal properties of the radiating active region and
the electrical parasitic elements of the equivalent circuit of lasers are discussed. An overview of approaches
that lead to an increase of the cutoff parasitic frequency, an increase of the differential gain of the active
region, the possibility of the management of mode emission composition and the lifetime of photons in the
optical microcavities, and reduction of the influence of thermal effects have been presented. The achieved
level of modulation bandwidth of ∼30 GHz is close to the maximum achievable for the classical scheme of
the direct-current modulation, which makes it necessary to use a multilevel modulation format to further
increase the information capacity of optical channels constructed on the basis of vertical-cavity surface-emit-
ting lasers.
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1. INTRODUCTION

Recent years have seen active introduction of high-
speed (10–25 Gbit/s) optical data-transmission chan-
nels with relatively small lengths (150 m) in data cen-
ters and supercomputers. A wide use of multimode
optical fibers and surface-emitting semiconductor
lasers with vertical microcavities (so-called “vertical-
cavity surface-emitting lasers” (VCSELs)) in the near-
IR range is typical for these applications. The key
advantages of VCSELs over semiconductor lasers of
classical design with output of emission through the
end faces of a Fabry–Pérot resonator are a high-speed
operation in the mode of direct-current modulation, a
narrow symmetric diagram of the output emission,
increased temperature stability of the output power
and generation wavelength, group technology of man-
ufacture, and the possibility of testing devices on a
substrate prior to its separation into individual laser
crystals [1].

The idea of vertical-cavity surface-emitting lasers
was proposed in the late 1970s [2], but remarkable
progress and the implementation of lasers that are

suitable for practical use become possible only at the
end of the 1990s, with the development of modern
methods for epitaxial synthesis of complex multilayer
heterostructures [3]. A high-speed operation under
direct-current modulation is one of the key advantages
of VCSELs, since this method of modulation is much
easier in terms of technical implementation than are
high-speed transmitters based on lasers with distrib-
uted feedback (DFB lasers) and high-speed integrated
modulators. In comparison with lasers with Fabry–
Pérot and a diagram of direct-current modulation, in
this case, VCSELs provide a higher range of the limit
of the modulation frequencies with better stability of
characteristics and lower power consumption.

The amplitude-shift keying of the intensity of the
optical carrier (i.e., laser emission) using a linear two-
level code without a return to the level of the logical
zero—NRZ (nonreturn to zero)—is widely used in
ultrafast optical data-transmission channels based on
VCSELs. The first reports of overcoming of the
threshold of the data-transfer rate of 10 Gbit/s in the
amplitude-modulation mode appeared in 2001, with
IBM researchers obtaining a speed of 20 Gbit/s using
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a VCSEL based on GaAs quantum wells with a spec-
tral range of 850 nm and an oxide current-aperture of
8 μm as an active element in an optical transmitter [4].
The next increase in performance occurred in 2006,
when NEC researchers showed that a data-transfer
rate of 25 Gbit/s can be achieved using a VCSEL on
the basis of InGaAs quantum wells with a spectral
range of 1100 nm and an current-oxide aperture of
7 μm [5]. A year later, researchers from the same com-
pany reported the implementation of a 30-Gbit/s
data-transmission optical line on the basis of a VCSEL
with the spectral range of 1100 nm with a buried-tun-
nel junction [6]. Six months later, researchers from the
University of California set a new record, demonstrat-
ing optical data transmission via an optical fiber at a
speed of 35 Gbit/s using a VCSEL on the basis of
InGaAs quantum wells with a spectral range of 980 nm
and an current-oxide aperture of 3 μm [7]. Literally
three months later, NEC researchers set a new record
for the data-transmission rate in the direct modulation
mode—40 Gbit/s—using a VCSEL on the basis of
InGaAs quantum wells with a spectral range of
1100 nm and a current aperture of 6 μm [8]. It took
considerably more time to overcome the milestone of
35 Gbit/s in the case of VCSELs with a spectral range
of 850 nm: in 2008, the rate of 25 Gbit/s per channel
using a VCSEL on the basis of InGaAs quantum wells
with an current-oxide aperture of 9 μm was first
achieved [9], and then a rate of 30 Gbit/s was attained
for VCSELs on the basis of GaAs quantum wells with
an current-oxide aperture of 6 μm [10]. In 2009, data-
transfer rates of 32 [11] and 38 Gbit/s [12] for VCSELs
on the basis of InGaAs quantum wells with a spectral
range of 850 nm with an current-oxide aperture of
9 μm were consecutively demonstrated. Finally, the
milestone of 40 Gbit/s was overcome in 2011 using a
VCSEL on the basis of InGaAs quantum wells with a
spectral range of 850 nm and an current-oxide aper-
ture of 7 μm [13]. In the same year, a new data-trans-
mission-rate record of 44 Gbit/s was set with the use
of a VCSEL on the basis of InGaAs quantum wells
with a spectral range of 980 nm and an current-oxide
aperture of 6 μm [14]. However, this record was
already broken in 2013: data-transmission rates
of 47 [15] and 57 Gbit/s [16] were shown for VCSELs
on the basis of InGaAs quantum wells with a spectral
range of 850 nm and a current-oxide aperture of 7–
8 μm. At present, the data-transmission rate of
57 Gbit/s per channel is the absolute record for direct
modulation of VCSELs of the near-infrared range
with the use of the classical NRZ code.

The main problems of providing a high-speed
operation of a VCSEL during amplitude modulation
and ways to solve them are considered in this review.

2. VCSEL PERFORMANCE
UNDER DIRECT MODULATION

When a VCSEL is used in high-speed optical sys-
tems for data transmission, a digital optical signal gen-
erated by direct-current modulation should be trans-
mitted into the active area for electro-optical conver-
sion without significant losses or distortions. The
frequency characteristics for any injection laser in the
mode of direct-current modulation are determined by
both the internal properties of its radiating active
region (a so-called “ideal laser”) and electrical para-
sitic elements of the equivalent circuit of the device
(the capacitance, resistance, and inductance), which
form a low-pass RC filter. The parasitic elements can
be isolated from the ideal laser by determining the
directly light-emitting region, in which charge carriers
and photons interact via the processes of absorption,
spontaneous emission, and stimulated emission, as
the last one within the equivalent four-terminal net-
work model [17]. The structure of the RC filter
includes external parasitic elements connected with
contact pads, as well as internal parasitic elements,
which are associated with the regions of laser structure
between the metal contacts and the light-emitting
area, which, in the case of a VCSEL, is limited in the
lateral direction of the current aperture. In such a con-
text, the dynamic model of the ideal laser is based on
the systems of phenomenological velocity equations
[18], while the frequency properties of the RC filter are
determined by the parameters of the parasitic elements
of the equivalent electric circuit of the device.

The frequency response of a semiconductor laser—
the amplitude–frequency characteristic (AFC)—is
determined by multiplying transfer function  f of a
low-pass filter of the second order with a damping fac-
tor (the transfer function of an ideal laser) and func-
tions Hint(f) of the low-pass filter of the first order (the
transfer function of the RC filter) during harmonic
modulation of the pumping current with frequency I0
for a given constant operating current Hint(f) that
defines the so-called “current operating point” [18]:

(1)

where fR is the resonance frequency, γ is the damping
factor of the relaxation oscillations, and fp is the para-
sitic cutoff frequency. Frequency of the relaxation
oscillations of the ideal laser  fr, which characterizes
the dynamics of the interaction between the injected
charge carriers and generated photons, can be written
as

(2)
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where Np is the density of photons in the laser cavity;
τp is the lifetime of photons in the cavity; gN is the dif-
ferential gain of the active region of the laser; vg is the
group velocity of photons; χ = 1 + τs/τe is the transport
coefficient, which takes into account time of carrier
transportation to the active region through the
undoped part of the cavity τs and characteristic time of
the thermal carrier emission from the active region τe;
ηi is the internal quantum efficiency; Vp is the volume
of the considered optical mode of the cavity; q is the
elementary charge; and Ith is the threshold current of
the laser. The rate of the increase of the relaxation fre-
quency with current (the so-called “D factor”) deter-
mines how fast the ideal laser can be modulated. How-
ever, the notion of effective laser modulation of fre-
quency f–3dB by the level of AFC decay of –3 dB (the
so-called “modulation bandwidth”) at a given operat-
ing current and a current-modulation efficiency (the
so-called “MCEF factor”), which are associated by
relation (3), are used to describe the real laser-fre-
quency response:

(3)

It should be noted that the maximum data-transfer
rate F in the direct modulation mode is connected
with the modulation bandwidth frequency of the laser
by the empirical relation [19]

(4)

In the general case, the achievable laser-modula-
tion bandwidth is limited by three mechanisms: ther-
mal effects, damping of the relaxation oscillations,
and the parasitic cutoff frequency of the RC filter, each
of which has its own theoretical limit for the maximum
modulation bandwidth when the influence of other
mechanisms is neglected.

According to expression (2), the most direct way to
increase modulation bandwidth of the VCSEL is by
increasing the photon density in the cavity through
means of increasing the pumping current. However,
the self-heating of the laser with increasing current
leads to a decrease in the population inversion and
reduction of the gain of the active region. As a result,
the maximum achievable modulation bandwidth,
which is limited by thermal effects, is determined by
the expression

(5)

Note that this effect is also accompanied by a fur-
ther increase in the damping factor of the relaxation
oscillations due to the growing contribution of the gain
nonlinearity to the K factor. Not only must the ther-
mal resistance and power-dissipation level be reduced
to increase the laser-modulation bandwidth, but the
differential gain of the active region must be increased
and the mode volume reduced.
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The damping rate of the relaxation oscillations
increases quadratically with the growth of the reso-
nance frequency:

(6)

(7)

where τp is the lifetime of photons in the cavity, τg is
the component that is responsible for the nonlinearity
of the gain, Aint is the internal loss, Tm is the mirror
loss, Lc is the effective length of the microcavity, ε is
the coefficient of gain nonlinearity that describes the
drop in the gain of the active region with the increase
of the concentration of photons (the so-called “gain
compression”), and γ0 is the offset due to the contri-
bution of the spontaneous emission into the laser
mode. The maximum achievable modulation band-
width, which is limited by the damping of the relax-
ation oscillations, is determined by expression (8) in
the case of a dominant influence of the effect of the
damping of the relaxation oscillations at a high density
of photons (when it is possible to neglect the contribu-
tion of the spontaneous emission to the laser mode):

(8)

It follows from relations (6)–(8) that the lifetime of
photons in the resonator should be reduced, the differ-
ential gain of the active region should be increased,
and the coefficient of gain nonlinearity should be
reduced to improve the laser-modulation bandwidth.

In a real laser, the parasitic capacitance and resis-
tance form a low-pass RC filter, which shunts the
modulating current parallel to the active region at fre-
quencies that exceed the bandwidth of the RC filter. In
the case of a dominant influence of the RC filter, the
maximum achievable modulation bandwidth is deter-
mined by the expression

(9)

It is clear that improvement of the performance of
a laser is associated with a decrease in the parasitic
capacitance and resistance of the device.

As a result, in practice, a complex system of related
tasks has to be solved:

—increasing the differential gain of the active
medium;

—reducing the coefficient of gain nonlinearity;
—reducing the lifetime of photons;
—increasing the density of photons in the resona-

tor;
—reducing the mode volume;
—reducing the thermal resistance of the laser; and
—increasing the parasitic frequency of the RC fil-

ter.
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3. INCREASING THE PARASITIC CUTOFF 
FREQUENCY

The following main components can be distin-
guished in the equivalent circuit of a VCSEL in a gen-
eral case (Fig. 1): resistance Rshunt (usually a negligibly
small value), which is responsible for leakage currents,
which are determined by the insulating properties of
the material under the contact pads and condition of
the surface between the contacts; capacitance Cpad,
which depends on the topology of the contact pads
and characteristics of the used dielectrics; resis-
tance Rloss, which takes into account the losses in the
current f low through the contact pads at high fre-
quency; inductance Lbridge, which is formed between
the contact substrate and metallization of the laser of
one type of conductivity; resistances Rn and Rp, which
correspond to doped mirrors or intracavity contacts of
an appropriate conductivity type when a current f lows
through them; capacitance Cap, which is formed on
the oxide layers of AlGaO; resistance Rj, which
describes the resistance of the p–n junction of the
ideal laser; capacitance Cj, which is formed by a
directly shifted p–n junction of the ideal laser in the
area of the current aperture. Usually, inductance
Lbridge is small, and so such an equivalent circuit of the
laser corresponds to a circuit of two cascaded low-pass
filters of the first order. However, in practice, the con-

tribution of only one cascade with a lower cutoff fre-
quency is vital, and, therefore, the RC filter of the first
order is considered, as a rule, when VCSEL properties
are being modeled. Thus, the increase in the parasitic
cutoff frequency is due to the minimizing of the values
of the main parasitic components of the equivalent
circuit of the VCSEL. Herewith, the capacitances of
the contact pads and ideal laser make the greatest con-
tribution to the limiting of the modulation bandwidth.

A number of approaches have been proposed to
minimize capacitance of the contact pads Cpad: mini-
mization of the square of the signal contact pads [20],
growing of the VCSEL heterostructure on undoped
substrates [21], the removal of conductive layers under
contact pads [22], and the use of insulating materials
with low dielectric permeability under contact pads
[7]. According to [23], the use of benzocyclobutene
(BCB) or polyimide as an insulating material can
reduce the capacitance of the contact pads to the level
of a few tens of fF, while maintaining relatively low
values of resistance Rloss. As a result, the cutoff fre-
quency of the low-pass filter that is formed by the
capacitances and resistances of the contact pads may
be increased up to several tens of gigahertz, while the
second low-pass filter, which is formed by capaci-
tances and resistances of the inner regions of laser
structure, will make the main contribution to the lim-
itation of the modulation bandwidth.

A characteristic feature of VCSELs is a large num-
ber of heteroboundaries in the path of the injection of
charge carriers into the active area. The presence of
potential barriers at heteroboundaries (the most criti-
cal for holes) leads to a higher operating voltage and
VCSEL series resistance, which ultimately leads to
self-heating of the laser and a drop in the parasitic cut-
off frequency. Various schemes of the modification of
the band diagram of heteroboundaries in combination
with the optimization of doping profiles have been
proposed to reduce the series resistance of the laser
(resistances Rn and Rp in the equivalent circuit) while
maintaining a low level of optical losses: a step change
in composition [24, 25], parabolic profiles of a com-
position change [26], and uniparabolic profiles of a
change in the composition [27]. The “digital” gradi-
ents (digital alloy grading), which allow the forma-
tion of any effective profile of the composition
change, are widely used in the case of epitaxial grow-
ing of VCSEL heterostructures using molecular-
beam epitaxy [28, 29].

According to [30], the reduction of the thickness of
the undoped part of a laser cavity leads to a decrease in
p–n-junction capacitance Cj. However, the doping
profile of the layers must take into account the distri-
bution of the electromagnetic field of the standing
wave in an optical microcavity to prevent additional
optical losses at free carriers and the design of the

Fig. 1. The equivalent circuit of a VCSEL with conductive
DBRs and a selectively oxide-current aperture. DBR, dis-
tributed Bragg reflector; QW, quantum well. Rm = Rp + Rn,
Cm = Cap + Cj.
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active region and its location relative to the profile of

the electromagnetic field of the standing wave should

provide a high modal gain. In this regard, the only

effective way to reduce capacitance Cj is the decreasing

of the current aperture area and operating currents,

which is not always possible.

Relatively thin selectively oxidized current aper-

tures are usually formed to suppress the effect of light

scattering at the oxide–semiconductor boundary [31].

However, this is associated with high values of capaci-

tance Cap. Decreasing the area under the oxide layer by

reducing the size of the laser mesa solves the problem

only partially, because in practice the minimum diam-

eter of the VCSEL mesa with the doped mirrors is lim-

ited to a size of the order of 20 μm, and even larger

mesas are required for a VCSEL with intracavity con-

tacts. In [32, 33], it was shown that an increase in the

thickness of the oxide aperture leads to a proportional

reduction of capacitance Cap and the increasing of the

parasitic cutoff frequency. The application of multi-

layer oxide structures to increase the thickness of the

oxide effectively, while maintaining low values of

resistances Rn and Rp, seems to be a logical develop-

ment of the proposed approach due to the effect of the

depletion of the doped layers in the vicinity of the

oxide [34], [35]. The application of two quarter-wave

oxide apertures reduces capacitance Cap by 50% and

allows the cutoff frequency to be increased up to

18 GHz [36], and the use of four additional oxide lay-

ers (with a smaller length in comparison with an cur-

rent-oxide aperture) makes it possible to reduce the

capacitance by another 30–40% and increase the cut-

off frequency to 22 GHz [37].

An alternative approach to decreasing capacity Cap
is the use of proton implantation to increase the effec-
tive thickness of the nonconductive region above the
aperture, which can reduce total laser capacitance
Cm = Cap + Cj by three times and increase the cutoff

frequency from 19 to 36 GHz [38]. However, despite a
number of interesting results, this approach has not
found wide practical application in the creation of
a modulation bandwidth VCSEL [39].

4. DIFFERENTIAL GAIN 

OF THE ACTIVE REGION

The choice of a design for an active region is due to

a greater extent to the requirements for laser-emission

wavelength and the properties of the used materials.

However, from the point of view of improving VCSEL

frequency response, preference should be given to the

design of the active region, which will provide the larg-

est differential gain, which in turn will increase the

resonance frequency without a significant increase in

the operating current.

The most promising approach to increasing differ-

ential gain is the reduction in the density of the states

in the active region that need to be filled by the charge

carriers to obtain laser generation. According to [40],

the differential gain of quantum wells (QWs) of GaAs

in the spectral range of 850 nm (compared to InGaAs

QWs with a spectral range of 980 nm) is limited by the

high density of states in the valence band. In [41], it

was theoretically shown that the differential amplifica-

tion of highly strained quantum wells is three to four

times higher than the differential gain of the lattice-

matched quantum wells, which was later experimen-

tally confirmed in works [42, 43]. An increase in the

internal mechanical stresses (due to the increase in the

In concentration) in a quantum well leads to the

expulsion of a subband of light holes to the interior of

the valence band and a shift of the Fermi quasi-level

for holes to the edge of the band, providing a higher

differential gain for the highly strained InGaAs quan-

tum wells. The described approach showed its effec-

tiveness during the implementation of a VCSEL that

was based on highly strained InGaAs/GaAs quantum

wells in the spectral range of 950–1100 nm and

allowed the overcoming the data-transfer rate of

25 Gbit/s to be exceeded [5, 7, 44]. Recently, this con-

cept has been successfully applied to a VCSEL with a

spectral band of 850 nm [9]. According to the calcula-

tions described in [45], the addition of a small amount

of In into a GaAs QW leads to an increase in the cur-

vature of the valence band and splitting of the zones

for heavy and light holes, which, together with the

reduced thickness of the quantum well, reduces the

density of states in the valence band and provides a

twofold increase of differential gain. It should be noted

that the density of states in the valence band of a

strained InGaAs quantum well almost ceases to

change when the In content achieves ∼10%. In [46], it

was shown that the use of In0.07Ga0.93As/AlGaAs

quantum wells allows the modulation bandwidth of

the VCSEL with a spectral range of 850 nm to be

increased from 16.5 to 20 GHz. However, the low

(∼10 GHz) parasitic cutoff frequency of the imple-

mented devices limited the rate of error-free modula-

tion of data to a level of 32 Gbit/s [10].

It was suggested to use the approach described

above in conjunction with the methods of reducing

parasitic capacitance of the aperture Cap to further

increase the modulation bandwidth in the large signal

mode. The calculated intensity distribution of the

electromagnetic field and the refractive-index profile

in the structure of this type of VCSEL with a spectral

range of 850 nm with an active region based on

InGaAs QWs are shown in Fig. 2. The design used a

classical vertical microcavity with the upward out-

put emission consisting of a concealed contact

layer of n+ type, a lower distributed Bragg ref lector
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(DBR) of n type Al0.15Ga0.85As/Al0.9Ga0.1As, a 1λ-

AlGaAs microcavity with an active region, an upper

DBR of p type Al0.15Ga0.85As/Al0.9Ga0.1As, and a sur-

face contact layer of GaAs of p+ type. The design of the

optical microcavity with a separate restriction of carri-

ers and a gradient profile of the composition change

was used to provide fast capture of carriers into quan-

tum wells and their effective localization. Several

details should be taken into account when choosing

the design of the active region on the basis of InGaAs

QWs. On the one hand, the use of deeper quantum

wells (with a high content of In) makes it necessary to

reduce their thickness to retain the desired wavelength

of active-region emission while simultaneously

increasing the total number of wells and reducing the

thickness of barrier layers between them to provide a

high longitudinal factor of optical confinement and

the desired modal gain [46]. On the other hand, it is

necessary to take into account that the reduction of the

thickness of the barrier layers between the quantum

wells is associated not only with the probability of the

formation of bounded states, but also with the possible

formation of growth defects due to the accumulation

of structural stresses. In this case, the active region

contains five InGaAs QWs with an In content of 7–8%

and a thickness of 4 nm, which are surrounded by bar-

rier layers of Al0.37Ga0.63As with a thickness of 6 nm.

There are two aperture layers AlGaAs of p type with a

stepped profile of the composition for Al, which are

used to form the optical and current constraints in the

lateral direction by the selective oxidation method in

the vicinity of the microcavity from the side of the

DBR of p type. Along with the use of a double oxide

aperture, additional selectively oxidized AlGaAs lay-

ers, which were located in the DBR of p type and had

a shallower depth of oxidation in comparison with the

aperture layers (deep oxidation layer), were used to

reduce the Cap capacity.

The results of small-signal frequency analysis of

such a VCSEL with a spectral range of 850 nm with an

active region on the basis of InGaAs QWs and a dou-

ble-current-oxide aperture with a size of 9 μm are pre-

sented in Fig. 3. It follows from the presented data that

the modulation bandwidth exceeds the resonance fre-

quency in the entire range of the operating currents,

i.e., that the effect of damping of the relaxation

oscillations is weak. Moreover, the parasitic cutoff

frequency of the investigated lasers is in the range of

18–23 GHz and does not have a significant impact

on their high-frequency properties according to the

modeling of the frequency dependences of the

ref lection coefficient for the modulating microwave

signal. The approach that was used to solve the

problem of the parasitic RC filter improved the effi-

ciency of the laser modulation by a microwave signal

and implemented error-free data transfer at a speed of

38 Gbit/s [12].

According to theoretical studies [47, 48], the effec-

tive reduction of the density of states and the changing

of the position of the Fermi level for holes can be

achieved by the modulated doping of the active region

by the acceptor impurity. However, experiments

showed that, despite a significant (∼50%) fall of the

nonlinearity gain coefficient, there is only a relatively

weak (15%) increase in the differential gain of the

active region of the strained InGaAs quantum wells

[43]. The published experimental data do not allow an

unambiguous conclusion to be drawn regarding the

Fig. 2. The calculated electromagnetic-field distribution of
the standing wave and the refractive-index profile in the
structure of VCSEL with a spectral range of 850 nm with
an active region on the basis of InGaAs QWs. Inset, the
enlarged image of the central region of the optical micro-
cavity. OA, aperture layers; DOL, additional layers with a
smaller depth of oxidation in comparison with an oxide
aperture; DBR, distributed Bragg reflector.
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effect of doping on the differential gain of the active

region in the case of lattice-matched GaAs quantum

wells [49, 50]. It should be borne in mind that the

accompanying increase in the internal optical losses

due to the absorption on free carriers in conditions of

a low level of modal gain of the active region, which is

characteristic of lasers with vertical microcavities, lim-

its greatly the effectiveness of this approach for

VCSELs. At the present time, only investigation of the

influence of δ doping of strained InGaAs/GaAs quan-

tum wells on the speed response of the VCSEL with a

spectral range of 1060 nm [51] can be distinguished,

where the possibility of the increasing of the maxi-

mum bandwidth from 16.5 to 18.5 GHz by reducing

the gain compression by approximately three times

and the K factor by ∼50% was shown and an error-free

data transmission at a rate of up to 25 Gbit/s was

demonstrated. At the same time, the doping of the

active region with impurities of p type allows an effi-

cient increase in the temperature stability of the

dynamic characteristics of the VCSEL [52].

The modification of the kinetics of the emitting

recombination of the active region is an alternative

method of the increasing of the differential gain.

According to theoretical calculations, the so-called

“exciton mechanism” of recombination of carriers,

leading in particular to a significant (up to twofold)

increase of the differential gain, dominates in a semi-

conductor with centers of localization (e.g., quantum

dots) [53]. Despite notable successes in the improving

of the modulation bandwidth of end lasers on the basis

of classical quantum dots grown in the Stranski–

Krastanov growth mode [54], the implementation of

effective high-speed VCSELs on the basis of quantum

dots is limited by such problems as low material gain,

which is due to the small surface density of dots [55],

and a strong damping of the relaxation oscillations due

to a pronounced effect of gain compression [56].

According to theoretical calculations [57], increasing

the density of quantum dots to 1011 cm–2 and applica-

tion of the vertical allocation technology for series of

quantum dots (15–20 rows) potentially allow achiev-

ing a VCSEL bandwidth of ∼10 GHz. In practice,

however, the bandwidth of VCSELs based on

InAs/InGaAs quantum dots with a spectral range

of 1300 nm is limited to a bandwidth of ∼2.5 GHz

[58, 59].

The gain saturation and the drop of the differential

gain of Stranski−Krastanov quantum dots are mainly

related to their strong inhomogeneous broadening

[60] and the completion of the wetting layer states by

carriers [61], whereas the application of submonolayer

InGaAs points or submonolayer InAs insertions in a

GaAs quantum well potentially allows these draw-

backs to be partially overcome while maintaining the

exciton mechanism of recombination and suppression

of the lateral transport of carriers [62]. Thus, in work

[63], the possibility of operation of s VCSEL with a

spectral range of 980 nm on the basis of submonolayer

InGaAs quantum dots at s data-transfer rate of

20 Gbit/s and s laser temperature of up to 120° without

changing the parameters of direct modulation was

demonstrated. However, the use of highly strained

InGaAs/GaAsP quantum wells with a spectral range

of 980 nm allows better results to be achieved [64]. At

the same time, the use of submonolayer InAs inser-

tions as the active region of a VCSEL with a spectral

range of 850 nm did not show notable advantages in

comparison with GaAs quantum wells [65].

In contrast to classic Fabry–Pérot front-end lasers,

in the case of VCSELs, it is necessary to coordinate

spectrally the position of the maximum of the spec-

trum of the active region gain and the resonant wave-

length of microcavity at a desired operating tempera-

ture not only to enhance the temperature stability of

the threshold current and output power, but also to

improve the dynamic characteristics of the device [18].

The resonance wavelength shift into a longer-wave

region in comparison with the maximum of the spec-

trum of the active-region gain (so-called “negative

detuning”) can provide a higher differential gain at the

wavelength of VCSEL generation and increase the

bandwidth at an increased temperature [64, 66].

5. MANAGEMENT OF THE MODE 
COMPOSITION OF EMISSION

After solving the problem of low parasitic cutoff
frequency, the most obvious way to increase the
VCSEL resonance frequency is to increase the photon
density in the cavity (see Eq. (2)). However, increasing
of the photon density in the cavity by the raising of the
concentration of the injected carriers (the density of
the pumping current) leads to a significant growth
(proportional to the third degree) of the degradation
rate of the device [34, 67]. It should be taken into
account that, in the case of the multimode VCSEL
generation mode, it is necessary to consider sepa-
rately the density of photons per every optical mode
of the laser microcavity. For this reason, the growth
rate of the resonance frequency, which is caused by
the current increasing (the D factor), will be slower
for a multimode laser than in the case of a single-
mode laser [68]. Moreover, the competition for car-
riers between the individual modes can lead to a
nonclassical type (more than one resonance) of fre-
quency response of multimode lasers [69, 70].

The results of weak-signal frequency analysis of a
VCSEL with a spectral range of 850 nm with an active
region that is based on InGaAs QWs, which is imple-
mented in the design in Fig. 2, are presented in Fig. 4.
The main parameters that characterize the high-fre-
quency properties of devices were constructed
depending on the current-oxide-aperture size. The
reducing of the size of the current-oxide aperture not
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only decreases the number of modes in the spectrum
of the laser generation, but also reduces the modal vol-
ume, which leads to a substantial increase in the pho-
ton density for the potentially supported modes. As a
result, the D factor increases with the decrease in the
current aperture size (in the first approximation
inversely proportional to the size) [71, 72]. This allows
achieving higher resonant frequencies (Fig. 4a). How-
ever, a sharp increase in electrical and thermal resis-
tances at a decrease in the lateral size of the current
aperture leads to a strong self-heating of the lasers,
which, in combination with the high values of the
damping rate of relaxation oscillations, limits the
range of the operating currents at which a high modu-
lation bandwidth is achieved and limits the data-trans-
mission rate for single-mode lasers to a level of
25 Gbit/s [73, 74]. As a result, the optimum size of the
current aperture that provides a maximum the VCSEL
modulation bandwidth typically lies in the range of
4‒8 μm (Fig. 4b). At the same time, lasers with a cur-
rent aperture of 3—4 μm, in which the factor of the
suppression of higher-order modes (SMSRs) does not
exceed 10–20 dB (so-called “quasi-single-mode
lasers”), allow not only achieving high modulation
bandwidth at low pumping currents, but also the
reduction in the laser-generation spectrum width as
compared to that for typical multimode VCSELs [32].
This approach is widely used to improve the energy
efficiency of optical transmitters that are based on
VCSELs and the range of data transmission along
standard multimode fibers [75–77].

An alternative approach to increasing the photon
density per laser consists in control of mode composi-
tion (decrease in the number of modes) in an initially
multimode wide-aperture device by the incorporating

of selective optical losses and/or an additional optical
confinement. For example, the formation of the opti-
cal aperture with a high level of absorption on free car-
riers using the zinc local-diffusion technology allows
increasing the power of single-mode emission of the
VCSEL with a spectral range of 850 nm with an active
region that is based on GaAs QWs and a current-oxide
aperture. However, despite the growth of the D factor,
the resonance frequency for such devices quickly
becomes saturated with increasing current due to spa-
tial “hole burning” in the gain spectrum, which ulti-
mately limits the modulation bandwidth to a level of
12 GHz [78]. Optical-aperture creation by the cre-
ation of a spatially ordered array of etched holes in the
output mirror of the VCSEL with a spectral range of
850 nm with an active region that is based on GaAs
QWs and a current aperture that is obtained by ion
implantation allows the creation of single-mode lasers
with a modulation bandwidth of more than 18 GHz
and an error-free data-transmission rate of 25 Gbit/s
[79]. However, the low output optical power and rel-
atively high threshold current [80], together with
the technological complexity of creating such an
optical aperture, limit the practical use of this
approach. The creation of surface relief by local
etching of the output mirror to a depth that is a mul-
tiple of the thickness of a quarter-wave DBR layer is
the most promising way to control the VCSEL-
mode composition [81]. However, this approach is
not useful for providing a significant increase in the
VCSEL modulation bandwidth [82] and is primarily
used to increase the data-transmission range while
maintaining an acceptably high rate [83, 84].

6. MANAGING THE LIFETIME 
OF PHOTONS IN A CAVITY

According to expression (6), the increase of reso-
nance frequency fR leads at the same time to a higher

damping rate of the relaxation oscillations. It is neces-
sary to reduce the K factor to increase modulation
bandwidth f–3dB with growth of the resonance fre-

quency. Unfortunately, effective methods to control
nonlinearity coefficient of the active-region gain ε
have yet to be proposed and an increase in differential
gain of the active region gN, which provides an increase

in resonance frequency fR, can simultaneously lead to

a significant increase in gain compression [51]. The
most promising approach to mitigating the effect of
the damping of the relaxation oscillations is connected
with a decrease in lifetime of photons in the cavity τp,

which can be done by reducing the reflection coeffi-
cient of the output mirror by changing the number of
pairs of quarter-wave layers in the DBR or changing
the thickness of the near-surface layer of the DBR. As
an example, the evolution of the watt and volt–
ampere characteristics of the VCSEL with a spectral
range of 850 nm based on InGaAs QWs with a current-
oxide aperture of 5.5 μm in the design that is shown in

Fig. 4. VCSEL on the basis of InGaAs QWs with a spectral
range of 850 nm. (a) Dependences of maximum resonance
frequency fR and the D factor on the size of the oxide-cur-
rent aperture; (b) the dependences of maximum modula-
tion bandwidth f–3dB and the MCEF factor on the size of
the oxide-current aperture. The temperature of measure-
ments was 20°C.
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Fig. 2 is presented in Fig. 5. The last version allows the

controlling lifetime of photons in the cavity τp without

a noticeable deterioration of the current-voltage char-

acteristics of lasers and avoid an uncontrollable dis-

persion of the VCSEL characteristics, which is due to

the heterogeneity of the laser epitaxial structure or an

unevenness when performing postgrowth operations

to modify the number of pairs of quarter-wave layers

in the DBR. In [85], it was shown for the first time

that the decrease in lifetime τp from 6.4 to 3.3 ps for

the VCSEL with a spectral range of 850 nm with an

active area on the basis of InGaAs quantum wells

leads to a 50% drop in the K factor and a correspond-

ing increase in modulation bandwidth f–3dB from 15 to

23 GHz, which ultimately made it possible to achieve

an error-free data-transmission rate of 40 Gbit/s in

multimode VCSELs [86].

However, this approach has its limitations. On the

one hand, the reduction of the lifetime of photons in

the cavity allows increasing the maximum of the mod-

ulation bandwidth (Fig. 6b). On the other hand,

reduction of the reflection coefficient of the output

mirror is accompanied by an increased optical loss in

output emission Tm and a corresponding increase of

the threshold current (Fig. 6a), since a higher carrier

density in the active region will be required to achieve

the laser-generation conditions. In turn, an increase of

the threshold current leads to a decrease in differential

gain gN, decrease of resonance frequency fR (Fig. 6c),

and, at maximum losses in output emission Tm and

significant internal optical losses, to a decrease in

maximum modulation bandwidth  f–3dB. As a result,

there is an optimal lifetime of photons in the cavity τp,

at which the highest modulation bandwidth  f–3dB is

achieved, for each specific VCSEL design [13, 87]. It
should be noted that the value of the optimal lifetime
of photons in the cavity τp and magnitude of the

change of the modulation bandwidth also depend on
the current-aperture size [37].

The ratios of modulation bandwidth  f–3dB to reso-

nance frequency  fR depending on the pumping cur-

rent for the VCSEL with a spectral range of 850 nm on
the basis of InGaAs QWs in the design that is shown in
Fig. 2 are presented in Fig. 7a. It should be noted that
the parasitic cutoff frequency of the considered
devices is greater than 20 GHz and has no significant
effect on frequency response of the investigated lasers.
In wide-aperture lasers, the ratio of modulation
bandwidth  f–3dB to resonant frequency fR tends to the

theoretical limit of 1.55, which corresponds to the case
in which thermal effects are the limiting mechanism
(Fig. 7a). At the same time, there is a sharp drop of
ratio f–3dB/fR with an increasing in the pumping cur-

Fig. 5. VCSEL on the basis of InGaAs QWs with a spectral
range of 850 nm with a current-aperture diameter of
5.5 μm. (a) The dependence of the lifetime of photons in
the cavity on the depth of the etching of the near-surface
layer of a DBR, (b) volt and watt–ampere characteristics
of the laser at different lifetimes of photons in the cavity.
The temperature of measurements was 20°C.
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rent due to the high level of damping rate γ of the relax-
ation oscillations for lasers with relatively small size of
current aperture, which indicates the dominance of
the mechanism of damping of relaxation oscillations
(Fig. 7b). It should be noted that the increase in inter-
nal optical losses Aint, which are due to the light dif-

fraction at the edges of the oxide aperture [31], and the
simultaneous decline of internal quantum efficiency
ηi, which is due to the growth of carrier leakage at

increased current density [18], are observed when the
sizes of the current-oxide aperture are less than 5 μm,
which leads to an additional decrease in differential
gain of the active region gN. As a result, the contribu-

tion of gain nonlinearity τg in the value of the K factor

grows at small aperture sizes. In this case, a significant
increase in losses in output emission Tm leads to a sig-

nificant increase in the τg component, which com-

pensates the effect of the reduction of lifetime of
photons in the cavity τp (Fig. 8). In this way, the pos-

itive effect of the reduction of the lifetime of the pho-
tons in the cavity on the VCSEL modulation band-
width will be effective only for lasers with an interme-
diate size of the current aperture (3–7 μm), in which
relatively low internal losses remain and the modula-
tion bandwidth is limited by the damping of the relax-
ation oscillations (Fig. 9). The reduction of the life-
time of photons in the cavity allowed increasing the
modulation bandwidth to 24–25 GHz for the VCSEL
with a spectral range of 850 nm based on strained
InGaAs QWs with the specified dimensions of the cur-
rent aperture [87].

It should be noted that the increase in the modula-
tion bandwidth due to the reduction of the lifetime of

photons in the cavity does not necessarily lead to an

increase in the data-transmission rate from the point

of view of modulation in a large signal mode (for

example, during impulse modulation) [88]. On the

one hand, the increase in the K factor leads to growth

of the signal-rise time and a decreasing in the opti-

cal0signal amplitude, which affects the eye-diagram

quality negatively. On the other hand, the decrease in

the K factor leads to increased jitter (so-called “timing

jitter”) and an increase in the signal amplitude over-

shoot over the logic level “1” (overshoot) in the eye

diagram, which limits the digital data error-free trans-

Fig. 7. VCSEL on the basis of InGaAs QWs with a spectral
range of 850 nm with a current–aperture diameter of 1.5,
5.5, and 10 μm. (a) The dependences of the ratio of mod-
ulation bandwidth  f–3dB to resonance frequency  fR on the
pumping current, (b) the dependences of the attenuation
coefficient on the square of the resonance frequency. The
temperature of measurements is 20°C.
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mission rate, despite the high modulation bandwidth.

Therefore, it is necessary to optimize the value of the

damping rate to achieve simultaneously a high modu-

lation bandwidth and low jitter to obtain high-quality

eye diagrams (satisfying the standard masks) at the

desired data-transmission rate. In [16], it is shown that

the error-free data-transmission rate, when the value

of the K factor is ∼0.17 ns, can be increased up to

57 Gbit/s for a VCSEL with a maximum modulation

bandwidth of 23 GHz.

Further increase in the VCSEL high-speed perfor-

mance is associated with a reduction in heat emission

and/or improvement in heat removal, as well as

improvement of the electronic and optical constraints.

7. THERMAL EFFECTS

The effect of the internal temperature increasing

(the so-called “self-heating effect”) for any of the

injection lasers leads to a decrease in differential effi-

ciency due to the reduction in the inverse population

and an increase in threshold current due to additional

optical losses on free carriers, which in turn affects the

device high-speed performance negatively. The self-

heating effect is pronounced in the VCSEL with an

increasing of the pumping current due to the small size

of the active region, a large number of heteroboundar-

ies in the path of the charge carriers, and low thermal

conductivity of the AlGaAs layers in the DBR. In

addition, the VCSEL internal-temperature growth

accelerates the degradation of the laser. For example,

increasing the active-region temperature from 100 to

150° leads to an increase in the rate of degradation

by the order at a typical value of activation energy of
∼0.7 eV [89].

In Fig. 10 shows dependences calculated according
to [90] of the internal temperature on the pumping
current for the VCSEL on the basis of InGaAs QWs
with a spectral range of 850 nm with different sizes of
the current-oxide aperture. The internal laser tem-
perature depends not only on the pumping current,
but also on the current-oxide-aperture size. The
thermal resistance of the VCSEL is inversely propor-
tional to the lateral size of the current aperture in the
first approximation, whereas the series resistance is
inversely proportional to the current-aperture area
[18]. As a result, the emitted thermal power is pro-
portional to the current-aperture area at a fixed cur-
rent density, so the wide-aperture VCSELs have a
higher internal temperature at the same current den-
sity.

The increased internal temperature causes the sat-
uration of not only the output optical power, but also
the resonance frequency (Fig. 11), and the saturation
of the resonance frequency occurs at a smaller value of
the overheating of the active region than the saturation
of the output power. Since the wide-aperture VCSELs
overheat more strongly at a given current density,
the achievable resonant frequencies for them are
significantly lower than for the VCSEL with a small
size of the current aperture [74, 87]. At the same
time, lasers with a small size of the current aperture
exhibit a higher damping rate of the relaxation oscil-
lations (Fig. 7b), which limits their maximum modu-
lation bandwidth.

According to [91], the linear mechanisms of the
heat release depending on pumping current, which are
related to the leakage currents, thermalization of car-

Fig. 10. The dependences of the internal temperature on
the pumping current for the VCSEL on the basis of
InGaAs QWs with a spectral range of 850 nm with different
sizes of the oxide-current aperture. The temperature of
measurements is 20°C.
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riers, spontaneous recombination, and internal
optical losses, make a significantly greater contribu-
tion to the heating of the VCSEL compared to the
joule heating on the series resistance of the laser,
which depends on the current quadratic. It is neces-
sary not only to reduce the series resistance of the
laser, but also to lower the absorption level on free
carriers and minimize the thermal resistance of the
device design to improve the thermal characteristics
of the VCSEL. In addition, it is necessary to sup-
press the emission of carriers from the active region
at an elevated temperature (an additional contribu-
tion to the leakage current), which is possible due to
the use of heterostructures with a separate restric-
tion of carriers [46] and the introduction of addi-
tional potential barriers for electrons (carrier block-
ing layer) [92].

The method of the decreasing of the p-type serial
resistance of a DBR by diffusion of zinc can be noted
in addition to the basic ways to reduce the VCSEL
series resistance that were discussed above. This
method allows reducing the differential resistance of
the VCSEL with a spectral range of 850 nm by 30%
and increasing the modulation bandwidth, first, to 22
GHz for the VCSEL with an current-oxide-aperture
size of 4 μm [93] and, then, to 29 GHz for devices with
an current-oxide aperture of 3 μm [94].

A further reduction of the internal temperature of
the laser is associated with improved heat removal by
the reducing the thermal resistance of the VCSEL
design, which is primarily determined by the thermal
conductivity of the DBR. According to [95], the ther-
mal conductivity of the DBR is anisotropic, the longi-
tudinal component (in the plane of epitaxial layers) is
typically twice that of the transverse one, and the pres-
ence of graded interfaces in the RBO leads to a further
drop in the thermal conductivity in the longitudinal
direction. An increase in the thermal conductivity of
the DBR Al(Ga)As is possible only when using quar-
ter-wavelength layers based on arsenic binary com-
pounds, which have the greatest thermal-conductivity
coefficients. Thus, the use of the DBR AlAs/AlGaAs
allows reducing the internal temperature of the
VCSEL with a spectral range of 850 nm by 20–30% in
comparison with the corresponding value for the RBO
based on AlGaAs alternating layers at the same current
[86]. A similar approach is also applied to the VCSEL
with a spectral range of 980 nm [96]. The elimination
of gradient heterointerfaces in mirrors can be used to
increase their thermal conductivity, but requires a
more complex VCSEL design with intracavity con-
tacts [32, 97].

The most radical solution to the problem of the
thermal resistance of the VCSEL is connected to the
formation of an additional heat sink from materials
with high thermal conductivity. This, the dimensions
of a DBR mesa of p type can be reduced by 60% while
maintaining the required size of the current aperture

in the VCSEL design with light output through the
substrate, as compared to those for the laser design
with light output upward, and the mesa itself can be
additionally covered by a thick layer of electroplat-
ing gold, which can reduce the thermal resistance of
the laser by a factor of 2 and increase the maximum
output power by 60%, as well as improve current
spreading on the aperture area and reduce the
capacitance at the oxide aperture [98]. It should be
noted that this idea is applicable only in the region
of transparency of the substrate that is used for laser
emission. However, this approach was modified for
a VCSEL with light output upward: a ring copper
layer with a thickness of 2 μm (a so-called “copper
heat sink”) was deposited on the surface and side
walls of the DBR mesa of p type, which allowed not
only reducing the thermal resistance by 50% and
increasing the output power by 130%, but also
increasing of the modulation bandwidth by 40% to
10 GHz [99]. However, the parasitic capacitance,
which is formed on the thin dielectric layer between
the n contact and the copper heat sink, contributes
to the capacitance of the contact pads and limits the
parasitic cutoff frequency of the device, while the
topology optimization of the copper heat sink gives
only a slight increase in the modulation bandwidth,
despite the reduction in parasitic capacitance by a
factor of 2.5 [39].

8. ELECTRONIC AND OPTICAL
CONFINEMENT

The geometry of an optical microcavity with sepa-
rate carrier limitation [100] and an optical length of
1‒1.5 λ (the geometric distance between the boundar-
ies of the lower and upper DBRs is meant) is widely
used to provide effective electronic limitation in the
construction of high-speed VCSELs. However, the
decrease in the optical length of the microcavities to
0.5λ allows increasing the longitudinal factor of the
optical confinement (by 70%) and compensating
some growth in losses per emission output, thereby
maintaining a high level of the differential gain of the
active region [101]. A possible embodiment of the
VCSEL on the basis of InGaAs QWs with a spectral
range of 850 nm with a 0.5-λ microcavity is presented
in Fig. 12. The proposed approach also leads to the
reduction of the mode volume and decreasing of the
damping rate of the relaxation oscillations, as well as
improvement of carrier transport, which allowed the
increasing of the modulation bandwidth of the
VCSEL with a spectral range of 980 nm by more than
30% (from 14 to 20 GHz) and exhibiting error-free
data transmission at the rate of 40 Gbit/s up to 85°C
for the VCSEL with an aperture of 6 μm [64, 96]. The
further reduction of the dimension of the aperture to
4.5−5 μm and decrease in the lifetime of photons in
the microcavity by increasing the thickness of the
near-surface layer of the DBR led to the increasing of
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the modulation bandwidth to 24.7 GHz and imple-

mentation of the error-free data transmission at the

rate of 50 Gbit/s [102]. It should be noted that the

location of the current-oxide aperture in the micro-

cavity relative to the active region also has an impact

on the VCSEL modulation bandwidth. According to

[15], the decrease in the internal quantum efficiency

(to 65–70%) due to the lateral spreading of carriers

under the aperture is observed in the case of the loca-

tion of the current-oxide aperture in the second and

third pairs of the DBR relatively active region that

compensates the positive effect of the growth of the

longitudinal factor of the optical confineement (by

20%). However, the decrease of the transport coeffi-

cient due to the drop of the time of charge-carrier

transfer through the i region in the 0.5 λ microcavity

along with a low K factor (0.15–0.16 ns) allowed

increasing the modulation bandwidth of the VCSEL

with a spectral range of 850 nm to 27–28 GHz

and achieve an error-free data-transmission rate of

47 Gbit/s [15, 103].

The application of the design of a 0.5-λ microcav-

ity, which was symmetrically constrained by oxide lay-

ers, was the logical continuation of this approach,

which led not only to an increase in the longitudinal

factor of the optical confinement, but also to an

improvement of the transverse factor of the optical

confinement (especially at small sizes of the current

aperture), as well as increasing of the internal quan-

tum efficiency (up to 81–86%) [104]. A possible vari-

ant of a VCSEL based on InGaAs QWs with a spectral

range of 850 nm and a 0.5-λ microcavity and symmet-

rical arrangement of the aperture layers is presented in

Fig. 13. The reduction of the size of the current aper-

ture to 3.5 μm and minimization of the K factor

(∼0.13 ns) allowed the increasing of the modulation

bandwidth of the VCSEL to a record value of 30 GHz
in the mode of direct-current modulation [77].

At the same time, it is shown in [52] that a strong
optical confinement in a short microcavity can lead to
earlier saturation of the output optical power. At the
same time, the time of the hole transport through
the i region is significantly higher than the time of the
electron transfer due to the higher effective mass in a
long microcavity, which leads to growth of the trans-
port coefficient and a decrease in the modulation
bandwidth. However, the use of the asymmetric
microcavity design with an optical length of 1.5 λ, in
which the active region is moved closer to layers of p
type, allows reaching a compromise between the out-
put power and modulation bandwidth. This approach
increased the modulation bandwidth of a single-mode
VCSELs from 11 to 14 GHz and the saturation current
of the optical power from 8 to 10 mA.

The reduction of the penetration depth of the opti-
cal mode in distributed Bragg reflectors by applying
the design of a VCSEL with intracavity contacts and
an output dielectric mirror with a high refractive-
index contrast is an alternative way to increase the
optical confinement factor [97]. However, this
method is most effective from the point of view of
increasing the efficiency of a laser, but the maximum
error-free transmission rate for a VCSEL with a spec-
tral range of 1060 nm in this design does not exceed
25 Gbit/s [105].

9. CONCLUSION

It follows from the presented review that the pro-
posed methods for providing high-speed performance
of the VCSEL of the near-infrared range in the mode
of direct-current modulation can raise the modulation
bandwidth up to 30 GHz and increase the data-trans-
mission rate up to 55–57 Gbit/s at an amplitude mod-
ulation on the NRZ code. It appears that a significant

Fig. 12. The calculated electromagnetic-field distribution
of the standing wave and the profile of the refractive index
in the VCSEL on the basis of InGaAs QWs with a spectral
range of 850 nm with a 0.5-λ microcavity and an asymmet-
rical arrangement of the aperture layers. The inset shows
an enlarged image of the optical-microcavity design. The
designations are the same as in Fig. 2.
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Fig. 13. The calculated electromagnetic-field distribution
of the standing wave and the profile of the refractive index
in the VCSEL on the basis of InGaAs QWs with a spectral
range of 850 nm with a 0.5-λ microcavity and a symmetri-
cal arrangement of the aperture layers. The inset shows an
enlarged image of the optical-microcavity design. The des-
ignations are the same as in Fig. 2.
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improvement in the dynamic characteristics of the
VCSEL of near-infrared range in the mode of direct-
current modulation is very problematic. The use of
special schemes for optical-signal-form equalization
on both the transmitter and receiver allowed achiev-
ing a record-high data-transmission rate of 71 Gbit/s
[106]. The further increase in the data-transmission
rate along an optical channel is associated with the
use of multilevel modulation formats such as pulse-
amplitude modulation, discrete multitone modula-
tion, and carrierless amplitude/phase modulation
[107]. It should be noted that the data-modulation
methods require the use of more complex electronic
circuits with higher power consumption, despite the
possibility of using VCSEL direct-current modula-
tion in the transmitter and the use of the well-
developed p–i–n photodetectors in the receiver in
these approaches.
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