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SEMICONDUCTOR LASER WITH LOW RELATIVE INTENSITY NOISE OF
INDIVIDUAL LONGITUDINAL MODES AND OPTICAL TRANSMISSION SYSTEM
INCORPORATING THE LASER

REFERENCE TO RELATED APPLICATIONS

This application claims one or more inventions which were disclosed in
Provisional Application Number 61/119,414, filed December 3, 2008, entitled
"SEMICONDUCTOR LASER WITH LOW RELATIVE INTENSITY NOISE OF
INDIVIDUAL LONGITUDINAL MODES". The benefit under 35 USC §119(e) of the
United States provisional application is hereby claimed, and the aforementioned

application is hereby incorporated herein by reference.

BACKGROUND OF THE INVENTION

FIELD OF THE INVENTION

The present invention relates to semiconductor diode lasers and, more particularly,
to diode lasers that are capable of emitting a plurality of optical modes at different
wavelengths with low relative intensity noise and optical transmission systems utilizing

these lasers.

DESCRIPTION OF RELATED ART

The use of optical signals having different wavelengths results in greatly increased
information carrying capacity by employing dense wavelength-division-multiplexing
(DWDM). This technique requires an optical source which is capable of providing a
sufficiently large number of signals having different wavelengths (channels). It is
currently a common practice to build an optical source for a DWDM system using a
plurality of single-frequency distributed feedback lasers (DFBs) 901 generating the signals
at different precise stable wavelengths (Figure 1). Each signal is then modulated by the
modulators 902 and then transmitted to the couplers 903. The couplers 903 are used to
couple the output signals from the modulators to an AWG multiplexer 904 that combines
the signal from the individual DFB lasers. Then, the combined signal is outputted from the

AWG multiplexer 904 to a coupler 905 and then comes to an output optical fiber 906. The
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signals can be transmitted between different elements of the optical transmission system

(DFB lasers, modulators, couples, etc) by optical fibers 906.

The complexity of fabrication of a DFB laser 901 results in its high cost, which is
further multiplied by the number of lasers 901 to be integrated. Furthermore, an operation
wavelength should be independently determined for each single-frequency laser 901. This
makes it difficult to build an array of single-frequency lasers 901 with pre-selected
wavelength separation. In addition, each laser 901 requires its own system of wavelength
stabilization. Considering the possible integration of a multiwavelength laser source with
silicon optoelectronic components for future computing, an array of DFB lasers 901 has
the further disadvantage of a large footprint. As the number of required optical channels
increases and the wavelength separation between channels decreases, all the

aforementioned problems of a conventional optical source are enhanced.

SUMMARY OF THE INVENTION

A multimode edge-emitting semiconductor laser has low relative intensity noise
(RIN) of individual longitudinal modes. The active region of the laser is based on an
inhomogenecously broadened array of self-organized quantum dots (QDs). The laser
includes an active section and at least one integrated noise reducing section, where the
active section and the noise reducing sections are electrically isolated. The noise reducing

section provides mode coupling and synchronization.

The laser emits a plurality of optical modes such that the relative intensity noise of
cach optical mode is less than 0.2% in the 0.001 GHz to 10 GHz range. In one
embodiment, the average optical power per channel is more than 2 mW. The RIN of each

longitudinal mode is sufficient to obtain a low bit error rate at high modulation speeds.

In another embodiment, the total RIN is less than 0.1% for at least ten optical
modes. In yet another embodiment, the total RIN is less than 0.2% for at least 48 optical

modes, and their intensity distribution is very uniform and varies by 30% or less.

In a preferred embodiment, the longitudinal modes are used as independent

information channels in a multi-channel optical transmission system. An optical
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transmission system includes at least one laser that provides a plurality of low RIN optical
modes that serve as optical information signals, a transmitter that provides modulation to
cach optical signal independently and a receiver that provides detection to each optical

signal independently.

In a preferred embodiment of a method of the present invention, a quantum dot
laser operates with a very low relative intensity noise. The method includes the step of
emitting a plurality of optical modes from the laser such that a total relative intensity noise
of each optical mode is less than an error-free transmission limit in the 0.001 GHz to 10
GHz range. In a preferred embodiment, the relative intensity noise of each optical mode is
less than 0.2% in the 0.001 GHz to 10 GHz range. The method also preferably includes
the step of electrically isolating an active section and at least one noise reducing section of
the laser, where the active section and noise reducing section are monolithically integrated
into the laser. An active region of the laser includes at least one array of quantum dots.
The method also includes the step of injecting current at a first current density into the
active section. Another preferred embodiment of the method also includes the step of
injecting current at a second current density into the noise reducing section, where the first

current density is greater than the second current density.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows a schematic view of a DWDM source based on a plurality of single-

frequency DFB lasers.

Figure 2a shows an overall emission spectrum of a QD laser without a noise reducing

section.

Figure 2b shows a filtered intensity of a longitudinal mode for a laser without a noise

reducing section.

Figure 3 shows a spectrum of relative intensity noise of filtered modal intensity at 1265.2

nm for a laser without a noise reducing section.

Figure 4 shows a schematic diagram of a semiconductor laser according to a first

embodiment of the present invention.
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Figure 5 shows a schematic diagram of a semiconductor laser according to another

embodiment of the present invention.

Figure 6 shows a schematic diagram of a semiconductor laser according to another

embodiment of the present invention.

Figure 7 shows a schematic diagram of a semiconductor laser according to another

embodiment of the present invention.
Figure 8 schematically shows a setup used for intensity autocorrelation studies.

Figure 9 shows results of intensity autocorrelation studies at low RIN mode compared to a

standard amplitude modulation mode-locking mode.

Figure 10 schematically shows another setup used for intensity autocorrelation studies
where different values of anomalous chromatic dispersion are introduced by

varying a distance between a grating pair.

Figure 11 shows results of intensity autocorrelation studies after the effect of anomalous

chromatic dispersion.

Figure 12 shows a schematic diagram of a semiconductor laser according to another

embodiment of the present invention.

Figure 13 schematically illustrates restriction of the lasing spectrum by a distributed Bragg

reflector (DBR) in the laser shown in Figure 13.

Figure 14 shows a schematic diagram of a semiconductor laser according to another

embodiment of the present invention.

Figure 15 schematically illustrates a plurality of optical modes emitted by lasers according

to the embodiments shown in Figures 5, 6, 7, 8, 13 and 15.

Figure 16 shows the emission spectrum of a semiconductor laser according to a preferred

embodiment of the present invention.
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Figure 17 shows a spectrum of relative intensity noise of filtered modal intensity at 1323.2
nm of a semiconductor laser according to a preferred embodiment of the present

invention.

Figure 18 shows total RIN for modes numbered from 0 to 12 in Figure 17. Error free

transmission level is also shown.

Figure 19 compares a number of modes for which the RIN is less than 0.2% for the lasers
with a noise reducing section (empty bars) with lasers without a noise reducing

section (grey bars).

Figure 20 compares a number of modes for which the RIN is less than 0.1% for the lasers
with a noise reducing section (empty bars) with lasers without a noise reducing

section (grey bars).

Figure 21 shows the dependence of number of modes for which the RIN is less than 0.2%
on the length of the noise reduction section for a semiconductor laser according to

a preferred embodiment of the present invention.

Figure 22 shows the dependence of the number of modes for which the RIN is less than
0.1% on the length of the noise reduction section for a semiconductor laser

according to a preferred embodiment of the present invention.

Figure 23a shows the dependence of average RIN on reverse bias applied to a noise

reducing section with an injection current through the active section of 120 mA.

Figure 23b shows the dependence of average RIN on reverse bias applied to a noise

reducing section with an injection current through the active section of 160 mA.

Figure 24 shows the emission spectrum of a semiconductor laser according to a preferred
embodiment of the present invention as well as total RIN for modes numbered

from 0 to 47.

Figure 25 schematically shows an optical transmission system based on a single low RIN

laser according to a preferred embodiment of the present invention.
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Figure 26a schematically illustrates a spectrum of a plurality of CW (continuous wave)

optical signals 21, 22, and 23.

Figure 26b schematically illustrates a spectrum of a plurality of intensity modulated

optical signals 41, 42, and 43.

Figure 26¢ shows the intensity of the intensity modulated optical signals 41, 42, and 43

over time.

Figure 27 shows a schematic view of a DWDM source based on individual Fabry-Perot

modes of a broadband QD laser as independent optical channels.

Figure 28a shows an optical transmission system in an alternative embodiment of the

present invention.

Figure 28b shows another example of an optical transmission system including a

transceiver with microring resonator arrays.

Figure 29 shows a flowchart of a preferred method of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

A multimode edge-emitting semiconductor laser has low relative intensity noise
(RIN) of individual longitudinal modes. The device includes an active section and at least
one integrated noise reducing section where the active section and the noise reducing
sections are electrically isolated. The laser emits a plurality of optical modes such that a
total relative intensity noise of each individual mode is less than 0.2% in a 0.001 GHz to
10 GHz range. An optical transmission system incorporating the laser and a method of
operating a quantum dot laser with low relative intensity noise of each optical mode are

also disclosed.

The use of a noise reducing section significantly improves the operation of a low
RIN laser in several ways, including, but not limited to: (i) increasing the number of
longitudinal modes having low RIN; (ii) decreasing the RIN level of multiple longitudinal
modes; and (iii) increasing the range of injection current in which low RIN operation takes

place.
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In one embodiment, the average optical power per channel is more than 2 mW.
The RIN of each longitudinal mode is sufficient to obtain a low bit error rate at high
modulation speeds. The longitudinal modes can be used as independent information
channels in a multi-channel optical communication system. In one embodiment, total RIN
is less than 0.1% for at least ten optical modes. In another embodiment, total RIN is less
than 0.2% for at least 48 optical modes, and their intensity distribution is very uniform and

varies by 30% or less.

A very promising approach for developing a compact and cheap DWDM system is
the use of a single laser, capable of emitting a sufficient number of well separated optical
modes at different wavelengths, which serve as independent separated channels. An
attractive candidate for such a multi-wavelength emitter is a Fabry-Perot laser. This
approach reduces requirements for the precision of lasing wavelengths because a channel
separation is naturally pre-determined by only one parameter, which is the resonator
length. In this case, all channels are preferably stabilized and tracked simultancously.
Typical dimensions of diode lasers are suitable for providing the desired channel spacing.
For example, a 40GHz intermodal spacing requires a cavity length of about Imm

o/n

(A==~

).

A multi-wavelength laser for optical transmission systems should satisfy several
requirements. First, the lasing spectrum should be broad to provide a sufficient number of
optical channels. Second, the output power of each optical mode should be high enough to
be transmitted for the necessary distance and then to be detected. Third, for integration
with microelectronic devices, wavelengths of the modes should be suitable for optical
transmission through materials used in microelectronics, including, but not limited to, a
silica fiber, a silicon wafer, or a SiGe planar waveguide. For applications in
telecommunications, wavelengths of the modes should fall into the O-band (1260-1360
nm) or the C-band (1530-1565 nm) of telecommunication windows. Fourth, the intensity
noise of each longitudinal mode should be low enough to obtain a low bit error rate for
cach optical channel at high modulation speeds, such that it is acceptable for use in a

multi-channel optical communication system.
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A conventional laser, for example a semiconductor diode laser based on quantum
wells, is sometimes capable of providing a relatively broad optical spectrum. This is
referred to as multi-frequency laser operation, when the laser emits a number of
longitudinal modes of the resonator. However, in a conventional laser, there are at least
two limitations which prevent the use of its output in a WDM system. First, the spectral
bandwidth is typically only a few nanometers. Therefore, the number of optical channels is
limited. Second, temporal stability of a spectral distribution of the optical power is very
low or, in other words, the Relative Intensity Noise (RIN) of an individual longitudinal
mode is high. Therefore, a split longitudinal mode is very noisy and can not serve as an
individual optical channel for data transmission. The first limitation is due to the fact that
carrier capture and relaxation to the energy levels in the active region of a conventional
laser based on bulk material or quantum wells is very fast and density of states in the
active area is high. As a result, optical gain saturation is not very pronounced; carriers lase
via existing modes and it is difficult for additional longitudinal modes to emerge. Thus,
the width of a conventional quantum well lasing spectrum is typically only a few

nanometers.

The second limitation is due to the fact that the active medium is homogeneously
broadened. As a result, there is competition between different longitudinal modes for a
common gain that is called mode partition noise (Schimpe, R., “Theory of intensity noise
in semiconductor laser emission”, Z. Phys. B — Condensed Matter, 52, 289 (1983), herein

incorporated by reference).

U.S. Patent Publication No. 2004/0057485, published March 25, 2004, entitled
“SEMICONDUCTOR LASER DEVICE, SEMICONDUCTOR LASER MODULE, AND
OPTICAL FIBER AMPLIFIER?”, herein incorporated by reference, discloses a
semiconductor laser device with decreased relative intensity noise. This effect is achieved
using an integrated grating that limits the number of longitudinal modes. This publication
discusses reduction of the RIN of the total lasing spectrum only. The RIN of individual

modes is not measured or disclosed.

A multi-wavelength laser for optical transmission systems satisfying the four

conditions discussed above can be implemented, if the active region is based on an array
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of quantum dots (QD) with strong three-dimensional confinement of electrons and holes
and discrete energy levels, and if such array shows sufficient inhomogeneous broadening

for individual QD energy levels.

U.S. Patent No. 7,555,027, entitled “LASER SOURCE WITH BROADBAND
SPECTRUM EMISSION”, issued June 30, 2009, and herein incorporated by reference,
discloses a method for increasing the spectral bandwidth and the spectral power density of
a quantum dot diode laser. The application discloses a laser device capable of emitting a
broadband (preferably at least 15nm) spectrum at a high spectral power density (preferably
at least 7mW/nm). The laser operates on an inhomogeneous broadened ground-state
optical transition of quantum dots. The emission wavelength is in the 1200-1300 nm

spectral region. Thus, this device satisfies three of the four requirements listed above.

M. Krakowski et al. (“High power, very low noise, C.W. operation of 1.32um
quantum-dot Fabry-Perot laser diodes”, IEEE 20th International Semiconductor Laser
Conference, Sept. 17-21, 2006. Conference Digest, Pages: 39-40, herein incorporated by
reference) have demonstrated a low RIN of —159 dB/Hz + 2 dB/Hz in a wide frequency
range from 0.1 GHz to 10 GHz for a laser based on self-organized InAs quantum dots.
However, these measurements of the RIN were performed for the total intensity of the
laser emission which is the sum of intensities for a number of longitudinal modes. The
RIN of an individual longitudinal lasing mode is usually much higher than the RIN of the
total laser light (see, for example, R. Schimpe “Theory of intensity noise in semiconductor
laser emission”, Z. Phys. B — Condensed Matter, v. 52, pp. 289-294 (1983)). Therefore,
further development is required in order to achieve a low-noise operation of a multi-
frequency diode laser (for example, a Fabry-Perot laser) regarding a RIN level of

individual longitudinal modes.

U.S. Patent Application Serial No. 11/938,472, entitled “OPTICAL
TRANSMISSION SYSTEM?”, filed November 12, 2007, incorporated herein by reference,
discloses a laser capable of operating on an inhomogeneously broadened optical transition
of the active region of the laser with a spectral bandwidth of an output lasing spectrum of
the laser greater than Snm and a spectral power density of the laser greater than 2mW/nm

such that an optical power of the laser is greater than 10mW. The laser provides a plurality
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of optical signals at different wavelengths. In a preferred embodiment, the laser is a Fabry-
Perot laser operating in a continuous-wave regime and the plurality of optical signals
includes a plurality of longitudinal modes of the Fabry-Perot laser resonator. The relative
intensity noise (RIN) for each of the longitudinal modes preferably does not exceed -120
dB/Hz at 0.1GHz, -130 dB /Hz at 1.0GHz and -140 dB /Hz at 10GHz. Gubenko et al.,
“Error-free 10 Gbit/s transmission using individual Fabry-Perot modes of low-noise
quantum-dot laser”, Electronics Letters, December 2007, Vol. 43 (25), also incorporated
herein by reference, and referred to herein as “Gubenko et al.”, also discusses a

multiwavelength quantum-dot laser with low RIN.

The laser active region in one embodiment of U.S. Patent Application Serial No.
11/938,472 represents ten non-identical planes of self-organized quantum dots. Each
quantum dot plane was formed by epitaxial deposition of 0.8 nm-thick InAs insertions
covered with Ing 15GagssAs capping layers and embedded into a GaAs matrix. The laser
structure has a 0.44um-thick GaAs/Aly 35Gag 7sAs waveguide. The epitaxial wafer was
processed into 3-um-wide ridge structures. The cavity length is approximately 1 mm as
terminated by as-cleaved facets forming two laser mirrors. The laser was driven by a

forward CW current of 85mA, which is 5-times above the lasing threshold.

Figure 2a shows an overall emission spectrum of a quantum dot laser taken at a
CW current of 85 mA, which is 5-times above the threshold. An output power is 50 mW
per two facets. The spectrum includes a series of longitudinal FP modes separated by
0.22 nm. The 0"™-order mode, i.c. the mode of the maximum intensity, is centered at
1265.5 nm. The full width at half maximum of the whole lasing spectrum is about 2 nm.
An external FP etalon can be adjusted to transmit only one longitudinal mode while the
intensity of the other modes is significantly suppressed. Experiments were undertaken for
longitudinal modes that fall into a wavelength interval from 1263.3 to 1266.4 nm. These
modes are indicated in Figure 2a by an index ranging from -10" to +4"™. A separation
between neighboring longitudinal modes (neighboring optical channels) is 0.22nm. The
average spectral power density of the laser was ~25mW/nm, and an average optical power
per one channel was more than 2 mW. Figure 2b shows a filtered intensity of -10™
longitudinal mode. In this case, as well as for other filtered modes, a side mode

suppression ratio better than 19dB was achieved.
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A relative intensity noise spectrum for the spectrally filtered FP mode (modal RIN)
is shown in Figure 3. At low frequencies, the RIN spectrum is nearly flat at a level of -
105 dB/Hz. At higher frequencies, the modal RIN is approximately -120 dB/Hz at
0.1GHz, -133 dB/Hz at 1.0GHz and -145 dB/Hz at 10GHz. If a received power is
sufficiently high, the bit error rate (BER) is governed by the total RIN, i.e. an integral over
the relative intensity noise spectrum. Assuming a 100% modulation depth and a %
decision level, minimum BER (no photodetector noise) as a function of the total RIN can
be estimated as BER = (I/ 2)erfc[(2\/ﬁ )"'], where erfc is the complementary error
function. The calculation has shown that a total RIN of less than 0.4% would be
acceptable for error-free transmission (BER < 107"°). From the data of Figure 3, the total

RIN was calculated to be 0.21% over the full frequency range of analysis (0.001 GHz to
10 GHz).

The present invention preferably includes a multimode edge-emitting
semiconductor laser with individual longitudinal modes having low relative intensity
noise. The designs of the present invention provide better performance compared to the

characteristics of the lasers discussed above.

The active region of the laser is based on an array of quantum dots (QDs). A QD is
a coherent inclusion of a narrow gap material in a wide gap matrix in which electrons are
quantized in all three spatial directions. Thus, a single semiconductor QD has discrete
energy levels for electrons and holes. This results in a reduced carrier relaxation rate
within an individual QD (so called “phonon bottleneck’) described in Benisty, H.,
Sotomayor-Torres, C. M., Weisbuch, C., Phys. Rev. B, 44, 10945 (1991), herein
incorporated by reference. Radiative recombination time in InGaAs/GaAs QDs is in the

range of 0.5-1 ns, which is longer than in quantum wells.

To provide sufficiently wide gain spectra for multimode operation, the QD array
should be inhomogeneously broadened. Such broadening is caused by natural fluctuations
in QD sizes, shapes, and compositions. One example is an array of In(Ga)As/GaAs QDs
formed by self-organization phenomena in epitaxial growth. Its typical inhomogeneous
broadening is 10-60 meV. In preferred embodiments, the quantum dot arrays in the lasers

of the present invention are inhomogeneously broadened by at least 10 meV.
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In such an array, quantum dot electronic states of different energy within an
inhomogenecously broadened ground-state level belong to spatially separated quantum
dots. Therefore, in a quantum dot laser, only a certain portion of the available quantum
dots contributes to the lasing process, namely those quantum dots which have an optical
transition energy approximately equal to the lasing transition. Other quantum dots act as a
reservoir providing charge carriers to the lasing dots. However, if the carrier confinement
energy for electron and holes in the QD is sufficiently high, carrier lateral transport
between QDs is strongly suppressed because a charge carrier should be first thermally
excited from the first quantum dot to a matrix or a wetting layer, then travel across the
active region to a second dot, and finally be captured by the second dot. As a result, a
refilling process may be significantly slowed down in a quantum dot laser, and therefore,

broadening of the laser emission spectrum by side modes can be significantly enhanced.

Figure 4 schematically shows an isometric view of a laser diode 100 according to a
preferred embodiment of the present invention. The laser diode 100 is monolithically
integrated on an n+ doped substrate 111. The substrate 111 is preferably an n+ doped
GaAs (100) substrate. The laser diode 100 includes a Fabry-Perot optical resonator 110.

A layered structure of the laser 100 includes an n-doped first cladding layer 112, a
waveguiding layer 113, a p-doped second cladding layer 115, and a p+ doped contact layer
116. In one embodiment, the layers are an n-doped AlGaAs first cladding layer 112, an
(Al)GaAs waveguiding layer 113, a p-doped AlGaAs second cladding layer 115, and a p+
doped GaAs contact layer 116. The layered structure of the laser 100 is preferably

deposited on the substrate 111 by molecular beam epitaxy.

The waveguiding layer 113 is preferably a semiconductor matrix which includes an
active region 114. The active region 114 (also referred to as the quantum dot active region
herein) preferably includes several vertically stacked arrays of self-organized quantum
dots separated by spacer layers having a wider bandgap as compared to the QD material.
The quantum dots in each of the arrays in the active region 114 have fluctuations in at
least one parameter affecting the optical transition energy. These fluctuations may include
fluctuations in size, shape, chemical composition, strain, or any combination of these

parameters. These fluctuations result in an inhomogeneous broadening of quantum dot
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optical transitions including the ground-state optical transition. Due to inhomogeneous
broadening, each QD array preferably has a full width half maximum of the
electroluminescence spectra of at least 10 nm. The QD arrays can be grown using the
same growth parameters. In this case, their peak wavelengths are the same. Alternatively,
the arrays can be grown in such a way that their peak wavelengths are shifted with respect
to each other to necessary spectral intervals. In this case, the total gain spectrum is a
superposition of gain spectra of individual QD arrays. Thus, the total gain spectrum is
controllably broadened. In a preferred embodiment, the quantum dot layers are formed
such that maximal wavelengths of each quantum dot layer are shifted with respect to each

other for at least 3 nm.

The QDs have a sufficiently high confinement energy for electrons and holes with
respect to a continuum of electronic states (wide bandgap matrix or wetting layer). The
active region 114 is capable of providing an optical gain on an inhomogeneously
broadened optical transition under appropriate pumping. For the quantum dots used in the
present invention, the ground-state optical transition is preferably in the optical region
from 1.1um to 1.35um. This spectral range is useful for optical transmission through
many materials, including, but not limited to, a silica fiber, a silicon wafer, or a SiGe

planar waveguide.

In one embodiment, the quantum dots are In(Ga)As/GaAs quantum dots. Quantum
dots in other material systems, including, but not limited to, InAs/GaSb, InGaP/InGaAsP,
and InN/AlGaN, may be used in the laser 100, provided that the ground-state optical
transition is inhomogeneously broadened and the confinement energy for electrons and

holes is sufficiently high.

The second cladding layer 115 and the contact layer 116 are preferably processed
into a ridge structure 130 having a width of about 3-5 um.

In the first embodiment, the optical resonator 110 includes a first mirror 141, a
second mirror 142, an active section 143, and one integrated noise reducing section 145.
The active section 143 and noise reducing section 145 are preferably electrically isolated

from each other by a trench 144.
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An n-ohmic contact 151 is formed on the substrate and a p-ohmic contact 152 is
formed on the contact layer 116. The p-ohmic contact is preferably not formed on the
noise reducing section 145. The n-ohmic contact 151 is preferably made of materials
including, but not limited to, AuGe/Au and AuGe/Ni/Au. The p-ohmic contact 152 is
preferably made of materials including, but not limited to, AuZn/Au or Ti/Pt/Au.

If it is preferable from a fabrication viewpoint and to simplify post-growth
processing, the p-ohmic contact 152 can be deposited on the noise reducing section 145
but, in this case, the noise reducing section 145 should be electrically isolated from the
active section 143. The isolation is preferably formed at the p-contact side of the laser by a
trench 144 through the p-ohmic contact 152, the contact layer 116 and a top part of the
second cladding layer 115.

The length of the optical resonator 110 is preferably from 0.3 to 10 mm. The noise
reducing section 145 is preferably 5-30% of the total length of optical resonator.

In another embodiment shown in Figure 5, a laser 200 includes an optical resonator
110 with a first mirror 141, a second mirror 142, an active section 143, a first integrated
noise reducing section 145 on one side of the active section 143 and a second noise
reducing section 146 on the other side of the active section 143. The active section 143
and the noise reducing sections 145 and 146 are preferably electrically isolated by trenches
144 and 147, respectively. An n-ohmic contact 151 is formed on the substrate 111 and a p-
ohmic contact 152 is formed on the contact layer 116. The p-ohmic contact is preferably

not formed on the noise reducing sections 145 and 146.

If it is preferable from a fabrication viewpoint and to simplify post-growth
processing, the p-ohmic contact 152 can be deposited on the noise reducing sections 145
and 146 but, in this case, the noise reducing sections 145 and 146 should be electrically
isolated from the active section 143. The isolation is preferably formed at the p-contact
side of the laser 200. The active section 143 and noise reducing sections 145 and 146 may
be isolated from each other by trenches 144 and 147 through the p-ohmic contact 152, the
contact layer 116 and a top part of the second cladding layer 115.
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In the laser 200 shown in Figure 5, the total length of the optical resonator 110 is
preferably from 0.3 to 10 mm. The sum of the lengths of the noise reducing sections 145

and 146 is preferably about 5-30% of the total length of the optical resonator.

Figure 6 shows a laser 300 where the active section includes two parts 143 and 148
and the noise reducing section 145 is located between the two parts 143 and 148 of the
active section. The left part 148 of the active section and the right part 143 of the active
section are isolated from the noise reducing section 145 by trenches 144 and 147. The

current is injected (I) into both parts 143 and 148 of the active section.

In Figures 4 through 6, the first mirror 141 and the second mirror 142 of the laser
100, 200, 300 are preferably cleaved facets. The mirrors 141 and 142 may optionally
include a dielectric layered structure to modify the facet reflectivity. The reflectivity of the
first mirror 141 is preferably greater than 90% and the reflectivity of the second mirror

142 is preferably less than 70%.

The diode laser 100, 200, 300 is connected with electrical driving circuitry 120.
The active section is preferably driven by a forward bias to provide optical gain sufficient

for lasing. The noise reducing section is preferably not biased.

Figure 7 schematically illustrates a laser diode 400 in accordance with another
embodiment of the present invention. A difference between the laser diode 100 and the
laser diode 400 is that, in Figure 7, the contact layer 162 in the laser diode 400 is deposited
on top of the noise reducing section 145 and it is reverse biased by a voltage U. An n-
ohmic contact 161 is formed on the substrate. As shown below, a certain combination of
active section length, noise reducing section length, injection current and voltage U may
result in the improvement of RIN of the lasing modes. The laser 400 may be a useful tool

in studying the physics of low RIN lasers.

A forward bias can be applied to the noise reducing section 145 of the laser 400. In
other words, current can be injected into this section. The density of the current should be
less than the density of current injected into the active section. While experimental data

show that the performance of the laser diode 400 may be worse than the performance of
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laser diode 100, the laser diode 400 can still emit a plurality of optical modes, each with

low RIN.

Similarly reversed bias or injection current can also be applied to one or two noise
reducing sections in lasers 200 and 300 provided a top contact layer is deposited on the

noise reducing section.

As mentioned above, a prerequisite for the application of a multi-wavelength light
source in DWDM systems is low relative intensity noise of each longitudinal mode (modal
RIN). In single frequency lasers with a large side mode suppression ratio (SMSR> 40 dB),
the values of RIN are rather low and these lasers are suitable for telecommunication
applications. In the case of multi mode (multi frequency) lasers, the value of RIN rises
significantly (Henry, C.H., Henry, P.S., and Lax, M., “Partition fluctuations in nearly
single-longitudinal-mode lasers,” J. Lightwave Technol., LT- 2, 209 (1984), herein
incorporated by reference) and the lasers do not comply with telecommunication
applications requirements. The main reason that the relative intensity noise rises in
multimode lasers is mode partition noise which is connected with random redistribution of
mode intensity between longitudinal laser modes (Schimpe, R., “Theory of intensity noise
in semiconductor laser emission”, Z. Phys. B — Condensed Matter, 52, 289 (1983)). Thus,
spectral division into individual spectral lines in quantum well lasers is possible but it does
not allow the realization of error-free data transmission that currently prevents the use of
Fabry-Perot lasers in DWDM systems. The other situation is realized for a semiconductor
laser with nonlinear gain saturation or, in other words, where relaxation oscillations are
strongly dumped. Agrawal, G. P. (“Mode-partition noise and intensity correlation in a
two-mode semiconductor laser”, Phys. Rev. A, 37, 2488 (1988), herein incorporated by
reference) shows that the presence of nonlinear gain saturation leads to a decreased RIN
for the fundamental mode of a two-frequency laser. Computational modeling of
characteristics of twenty one longitudinal laser modes has shown that strong damping of
relaxation oscillations suppresses fluctuation of the photon density in the cavity and
considerably decreases the value of RIN (Nguyen, L. V. T., “Mode-partition noise in
semiconductor lasers”, Defense Science and Technology Organization (Australia) research
report DSTO-RR-0244 (2002), herein incorporated by reference). Relaxation oscillations

in QD lasers are strongly damped due to large values of the gain compression factor (€).
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The typical value for the gain compression factor in QD lasers is 5%107'° cm® (Su, H., and
Lester, L. F, “Dynamic properties of quantum dot distributed feedback lasers: high speed,
linewidth and chirp”, J. Phys. D: Appl. Phys. 38, 2112 (2005), Ghosh, S., Pradhan, S., and
Bhattacharya, P., “Dynamic characteristics of high-speed Ing 4Gay sAs/GaAs self-
organized quantum dot lasers at room temperature”, Appl. Phys. Lett., 81, 3055 (2002),
herein incorporated by reference). Thus, the gain compression factor for QD lasers is at

least one order of magnitude larger than that for quantum well lasers.

For applications in optical telecommunications, particularly for DWDM, it is
desirable to increase the number of longitudinal modes with low RIN, decrease the RIN

level for each individual mode, and increase the stability of a low RIN lasing regime.

In the present invention, the operation of a low RIN QD laser is improved by using
a noise reducing section that provides mode coupling and synchronization. Due to this
effect, the mode competition for gain is suppressed. In particular, the coupling of the
modes reduces the mode partition noise. Since the modes become coupled, the noise of

each mode tracks with the overall very low noise of the total laser output.

The devices of the present invention are not mode-locked lasers with amplitude
modulation. One example of a quantum dot mode-locked laser is described in U.S. Patent
Application Serial No. 11/100,970, filed April 7, 2005, entitled “MODE-LOCKED
QUANTUM DOT LASER WITH CONTROLLABLE GAIN PROPERTIES BY
MULTIPLE STACKING” and incorporated herein by reference. A mode-locked laser
emits short optical pulses. In contrast, the devices of the present invention operate in a

nearly continuous wave regime, and only very small intensity modulations are observed.

This is confirmed by autocorrelation studies. A setup for autocorrelation
measurements is shown in Figure 8. A low RIN laser 2 is mounted to a heatsink 1. The
laser beam is focused by a lens 3, collimated and properly optically isolated by an optical
isolator 4. An anamorphic prism pair 5 compensates for the strong beam ellipticity,
increases the diffraction gratings resolution and minimizes undesirable diffractive beam
divergence. A mirror 6 is movable. If the mirror 6 is removed, the laser beam is focused
by a lens 11 and then measured either by a power meter 7, by an optical spectrum analyzer

8, or by a high speed photodiode 10 with an amplifier 9. Alternatively, the mirror 6 can
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reflect light to a second mirror 12 which, in turn, directs the beam to a background-free

second harmonic generation autocorrelator 13.

The measured background-free autocorrelation traces for a low-RIN laser are
presented in Figure 9. The sample represents a single spatial mode Fabry-Perot 10-layer
QD laser with a cavity length of 690 um and a noise reducing section length of 100um.
The front mirror is as cleaved. The back mirror coating provides more than 99% reflection
level. In a low-RIN lasing regime, when the pumping current is higher than 150mA and
no reverse bias is applied to the noise reducing section, the autocorrelation function is flat-
like and the temporal intensity modulation of output power is below 30% (Figure 9, curve
1). Neither short pulses nor coherence spikes typical for amplitude mode-locking are
observed. Small oscillations of intensity autocorrelation function indicate that the phases
of the longitudinal modes are not random. Some kind of mode coupling takes place, but
the dependence of the initial phase on the mode number is definitely not linear, unlike the
case of amplitude modulation mode-locking. If the reverse bias exceeds 4 V and the gain
section pumping is less than 100 mA, the laser starts operating in a standard mode-locking
regime. Pulses with 4ps duration are observed in this case (Figure 9, curve 2). Ina
preferred embodiment, the intensity modulation between at least ten optical modes in the

laser of the present invention is less than 30%.

The devices of the present invention also differ from monolithic semiconductor
mode locked lasers in design. The design of a monolithic semiconductor mode locked
laser includes a reverse biased passive section to which a sufficiently high bias voltage is
applied. In contrast, a reverse bias is not applied to the noise reducing sections of the
lasers of the present invention and it is not necessary in all embodiments to deposit
electrical contacts on the noise reducing sections (lasers 100, 200, 300). In some cases, a
small bias can be optionally applied to the noise reducing sections (laser 400), but its value
should be smaller than the one required for amplitude mode locked operation. The noise

reducing sections are not ion implanted like in certain classes of mode locked lasers.

Phase correlation between longitudinal modes takes place quantum well devices
due to mode interaction via four-wave mixing (A. P. Bogatov, P. G. Eliseev, and B. N.

Sverdlov, “Anomalous interaction of spectral modes in a semiconductor laser,” IEEE J.
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Quantum Electron., vol. 11, no. 7, pp. 510-515, Jul. 1975, herein incorporated by
reference). Note that the device studied by Bogatov et. al. did not include a noise reducing
section and RIN was not measured. No studies similar to those as described in the paper
by Bogatov et. al. have been done for QD lasers. However, four-wave mixing should
occur in quantum-dot lasers as well and its strength should be even enhanced relative to
quantum well lasers. An increased gain compression factor caused by the photon
bottleneck effect and suppressed carrier lateral transport are responsible for enhanced
strength of four-wave mixing, which results in phase correlation between longitudinal
modes in QD lasers. This consideration is supported by the autocorrelation measurements
with anomalous chromatic dispersion. A schematic of an experimental setup used for these
studies is presented in Figure 10. The elements of the setup shown in Figure 10, which
correspond to the same elements of the setup shown in Figure 8, are indicated by the same
reference numerals and have the same function. The laser beam reflected from the mirror 6
falls on a first grating 15, then it falls on a second grating 16. After that, it is reflected back
at a small angle by a mirror 17. The grating pair 15, 16 operates as a medium with
anomalous chromatic dispersion (regulated by the distance between the grating that
preferably varies from 5 to 40 cm) and mixes the frequency and intensity modulation. The
double-pass scheme is applied for spatial dispersion elimination. The dispersion level can
be casily regulated by the distance between the gratings. For calibration, the setup shown
in Figure 10 was used. Mirrors 12, 14 are used to direct the beam to a background-free
second harmonic generation autocorrelator 13 that measures the intensity-correlation

profile.

The auto-correlation traces measured at 25°C are shown in Figure 11. The injection
current is 170 mA, and no voltage is applied to the noise reducing section. The
autocorrelation traces were measured at different distances between gratings 15 and 16.
Each distance corresponds to a certain value of anomalous dispersion. The auto-
correlation traces show a pronounced intensity modulation. The shortest pulses of about
Ips are demonstrated at 15 cm distance between the gratings (Figure 11, curve 1). The
pulse width is much shorter compared to the cavity round-trip time of 17ps. That means
that the regular linear frequency up-chirping predominates in the original laser radiation.
Correspondingly, at a two-times longer distance of 30 cm between the gratings (Figure 11,

curve 2), the amplitude modulation is small again.
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The parallel current injection into both sections as well as analogous experiments
with the single-section lasers demonstrate that mode coupling can take place even without
the noise reducing section and certain single-section QD lasers show low RIN of
individual FP modes as described in U.S. Patent Application Serial No. 11/938,472.
However, according to experimental data, the regime of mode-coupling is unstable; there
is considerable dispersion of the individual mode noise from sample to sample and a

strong dependence of the RIN level on the temperature and pumping current.

The use of a noise reducing section significantly improves the operation of a low
RIN laser in several ways, including, but not limited to: (i) the number of longitudinal
modes having low RIN is increased; (ii) their RIN level is decreased; and (iii) the range of

injection current in which low RIN operation takes place is increased.

Although the RIN of the lasers 100, 200, 300 and 400 in the embodiments shown
in Figures 4-7 is sufficiently low for error-free data transmission, alternative embodiments

further improve the laser RIN.

In another embodiment of the present invention, at least one mirror of the laser is
capable of restricting the laser emission spectrum to a pre-selected bandwidth, which is
narrower than an optical gain spectrum of the laser’s active region. Figure 12
schematically illustrates a laser diode 500 in accordance with this embodiment, where the
second mirror is capable of restricting the laser emission spectrum. Elements of the source
500, which correspond to the same elements of the source 100, are indicated by the same

reference numerals.

One difference between the source 100 and the source 500 is that the second mirror
242 of the laser 500 is capable of restricting the laser emission spectrum to a pre-selected
bandwidth being narrower than an optical gain spectrum of the laser’s active region. The
second mirror 242 is preferably a first-order distributed Bragg reflector (DBR) formed by
approximately periodic etching through the contact layer 116 and part of the second
cladding layer 115. The depth of the etching determines the optical contrast (effective
contrast of the refractive index Anegr) of the DBR. In other embodiments, the first mirror

1s the first-order DBR or both the first mirror and the second mirror are first-order DBRs.
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One or more mirrors acts as a spectral filter that restricts a width of the emission spectrum

to a desired number of optical channels.

The restriction of the lasing spectrum to a preselected bandwidth is illustrated in
Figure 13. The laser emits a plurality of optical modes 170 for which gain 1401 exceeds
optical losses 1402. A reflectivity spectrum of a DBR 1403 includes a nearly flat-topped
reflectivity maximum (known as a DBR’s stopband). A spectral position of the reflectivity
maximum, and an absolute reflectivity level of the reflectivity maximum are determined
by a length of the corresponding DBR, a period of the DBR, and an optical contrast of the
DBR. The second mirror 242 is preferably designed such that the spectral width of the
reflectivity maximum of the DBR is within the inhomogeneously broadened ground-state
optical transition of the quantum dot array. The spectral width of the reflectivity
maximum is preferably narrower than the inhomogeneous broadening of the ground-state
optical transition of the quantum dot array, and the absolute reflectivity level of the
reflectivity maximum is preferably about 90% or higher. In one embodiment, the second
mirror 242 is preferably approximately 500 micrometers long and a period of DBR etching
is preferably about 180 nanometers. The spectral width of the reflectivity maximum may
be about 2.2 nm, which is much narrower than the inhomogeneous broadening of the
ground-state optical transition of the quantum dot array. The spectral separation between
neighboring wavelengths is preferably about 0.2 nm, such that the laser 500 emits, for
example, eleven optical modes at nearly equidistant wavelengths. In one embodiment, the
contact layer is not deposited on the noise reducing section. In another embodiment, the

contact layer is deposited on the noise reducing section.

Operation of the laser 500 is similar to the operation of lasers 100, 200, 300, 400
such that the laser 500 is capable of providing a plurality of optical signals 170 at nearly
equidistant wavelengths, where a relative intensity noise of each of the optical signals is
sufficiently low to permit the use of each of the optical signals as an independent data
channel. Because the laser emission spectrum is restricted to the narrow bandwidth, the
relative intensity noise of longitudinal modes in the laser 500 may be further improved

compared to the RIN in the lasers 100, 200, 300, and 400.
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In another preferred embodiment of the present invention, at least one mirror of the
laser is a second order DBR mirror. Figure 14 schematically illustrates a laser diode 600 in
accordance with this embodiment, where the second mirror is a second order DBR mirror.
A difference between the laser 600 and the laser 100 is that the second mirror of the laser
600 represents a second order DBR mirror 243 instead of the facet second mirror 142. The
second-order distributed Bragg reflector is formed by approximately periodic etching
through the contact layer 116 and part of the second cladding layer 115. In one
embodiment, the second mirror 243 is preferably approximately 15 micrometers long and
a period of DBR etching is preferably about 360 nanometers. In other embodiments, the
first mirror 241 is a second order DBR mirror or both the first mirror 241 and the second

mirror 243 are second order DBR mirrors.

Another difference between the source 100 and the source 600 is that the source
600 further includes a focusing lens 220 monolithically integrated to the laser. The lens
220 is preferably located below the mirror 243 that is a second order DBR mirror. If there
are two second order DBR mirrors, there could be a lens below each second order DBR
mirror. The lens 220 is preferably formed by etching the substrate 111 material. In one
embodiment, the lens diameter is preferably about 30 micrometers and the lens height is

preferably about 10 micrometers.

While the optical signals 170 of the lasers 100, 200, 300, 400 and 500 are
outputted in a direction parallel to the cavity 110, the optical signals 170 of the source 600
are outputted in a direction perpendicular to the cavity 110. A second-order DBR is
capable of re-directing a portion of incoming light in the perpendicular direction.
Accordingly, a portion 170 of the laser emission is emitted through the second mirror 243
in a direction perpendicular to the cavity 110. This radiation is then focused when passing
through the lens 220. Thus, the optical signals outputted from the laser 600 can be casily

and effectively coupled to an external waveguide.

Note that the same epitaxial wafer can be used to fabricate any of the lasers 100,
200, 300, 400, 500, 600. In other words, an epitaxial wafer can be grown that contains
certain layers (for example layers 111 through 116, as shown in Figures 4-7, 12 and 14)
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and then be subject to post-growth processing to fabricate any of the lasers 100, 200, 300,
400, 500, 600.

The lasers 100, 200, 300, 400 shown in Figures 4-7 are capable of emitting a
plurality 170 of optical modes at different wavelengths (Figure 15). Only eleven modes -
A1o are shown but the number of modes can be much higher. In Figures 4-7, the spectral
positions of the modes are determined by the Fabry-Perot resonator 110 length. Intermodal

spacing is described by the well-known equation Af = Z/—Z, where L is the length of

optical resonator 110, c is the speed of light and n is the efficient refractive index. In lasers

¢/n

500 and 600, the intermodal spacing is described by the equation Af = , where

effective

Letfective= L1+Lppr . Here L; is the sum of the lengths of the active section 143 and the

c TDBR

noise reducing section 145, L, . = , where Anegreciive 18 effective contrast of the

neﬁ‘ective
.. . do .
refractive index of the DBR, and tpgr is DBR group delay, 7,,, = To" Here ¢ is phase of
w

reflected optical wave and o is the angular optical frequency.

It is preferable that the number of optical modes is larger than 10 and the
intensities of the modes differ from each other by less than a factor of 2. This property is
provided by a flat gain spectrum of quantum dots. It is preferred that the RIN of optical
modes is less than 0.2%, and more preferably less than 0.1%, making them suitable as
individual channels in an optical transmission system. A spectral bandwidth of an output
lasing spectrum of the laser diode is preferably greater than Snm and a spectral power

density of the lasers according to embodiment 100 is preferably greater than 2mW/nm.

More sophisticated designs including multiple active cavities, multiple noise
reducing sections, first order DBR gratings, second order DBR gratings, and lenses and
based on the embodiments of the lasers 100, 200, 300, 400, 500, 600 shown in the figures

are within the spirit of the present invention.

Examples
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In one example, the laser active region represents ten identical planes of self-
organized quantum dots. Each quantum dot plane was formed by epitaxial deposition of
0.8 nm-thick InAs insertions covered with Ing 15Gag ssAs capping layers and embedded
into a GaAs matrix. The laser structure has a 0.44um-thick GaAs/Aly,sGag7sAs
waveguide. The laser represents an edge-emitting Fabry-Perot laser in a pigtailed package.
A pigtailed package is a standard laser package having an optical fiber for outputting the
laser radiation. The epitaxial wafer was processed into ridge lasers. The active section
length was 690 um and the integrated noise reducing section length was varied within the
range of 50-150 um. The front mirror was as cleaved, and a high reflection coating (99%
reflectivity) was formed on the back mirror. An important difference between this device
and the device described in U.S. Patent Application Serial No. 11/938,472 and Gubenko et

al. is the noise reducing section.

The device was fabricated by optical lithography and reactive ion etching. The
stripe width was 3-5 um, The n-ohmic contact was AuGe/Ni/Au. The p-ohmic contact

was Ti/Pt/Au.

Figure 16 shows the emission spectrum of the laser in this example. Thirteen
optical modes having maximal intensities were numbered from 0 to 12. The spectral
interval between the longitudinal modes is 0.32 nm. When the performance of a low RIN
laser with a noise reducing section is compared with a laser disclosed in U.S. Patent
Application Serial No.11/938,472 and Gubenko et al., it is clear that the noise reducing
section improves the laser performance. The RIN of each of these modes was measured
in the frequency range of 1 MHz-10 GHz. An example of a RIN spectrum of a laser with a
noise reducing section is shown in Figure 17. In low frequencies, the RIN spectrum is
nearly flat at a level of —120 dB/Hz. At higher frequencies, the modal RIN is
approximately -125 dB/Hz at 0.1GHz, -137 dB/Hz at 1.0GHz and -150 dB/Hz at 10GHz.

These RIN values are better than what is shown in Figure 3.

Figure 18 shows the total RIN for all modes 0-12. The RIN of each mode is much
lower than the error-free transmission limit of 0.4%. Mode number 12 has a RIN of
0.06%, the highest RIN of all of the modes. This value is still significantly lower than the
value of 0.21% reported in Gubenko et al. and disclosed in U.S. Patent Application Serial
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No. 11/938,472. Some modes show noise as low as 0.01%. In addition, the number of
modes having low RIN is larger than in Gubenko et al. and U.S. Patent Application Serial
No. 11/938,472: 13 versus 10. These results show that the noise reducing section results in
a significant decrease in the RIN level of individual modes compared to devices without a
noise reducing section. In addition, the noise reducing section leads to an increase in the
number of modes having low RIN which may serve as individual channels for an optical

transmission system.

To study the effect of the noise reducing section, the performance of a laser with a
noise reducing section was compared to a laser without a noise reducing section (the
“reference laser”) fabricated from the same epitaxial wafer. The design of the reference
laser is similar to that described in U.S. Patent Application Serial No. 11/938,472 and
Gubenko et al. The laser with the noise reducing section had an active section length of
690 um and the integrated noise reducing section length was 75 um. The reference laser

has an active section with a length of 690 um, but is lacking a noise reducing section.

Figure 19 compares the number of modes having RIN less than 0.2% for a laser
with a noise reducing section (empty bars) with the reference laser (grey bars). If the
injection current is equal to 80 mA, the laser with a noise reducing section and the
reference laser both emit 10 modes having RIN<0.2% . The value for the reference laser
corresponds to the results from U.S. Patent Application Serial No. 11/938,472 and
Gubenko et al., which showed 10 modes with RIN<0.21%. For injection currents 120, 160
and 200 mA, a laser with a noise reducing section emits 13, 18 and 18 modes with
RIN<0.2%, respectively. In contrast, the reference laser under injection currents 120, 160
and 200 mA emits only 10, 11 and 11 modes with RIN<0.2%, respectively. Thus, if values
of the injection current applied to the active section are higher than 80 mA, the lasers of
the present invention always emit a larger number of modes with RIN<0.2% compared to
the reference lasers. Therefore, the use of a noise reducing section increases the number of

optical modes suitable as independent transmission channels.

Figure 20 compares the number of modes having RIN less than 0.1% for a laser
with a noise reducing section (empty bars) and the reference laser (grey bars). For an

injection current of 40 mA, the reference laser emits 2 modes with RIN<0.1%, while the
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laser with the noise reducing section emits 4 modes with RIN <0.1%. At an injection
current of 80 mA, the reference laser emits 4 modes with RIN< 0.1% and the laser with
the noise reducing section emits 9 modes with RIN<0.1%. For injection currents 120, 160
and 200 mA, the laser with a noise reducing section emits 12, 17 and 18 modes with
RIN<0.1%, respectively. In contrast, the reference laser under injection currents 120, 160
and 200 mA emits only 6, 7 and 7 modes with RIN<0.1%, respectively. At all injection
currents, the laser with the noise reducing section emits more than two times the number
of modes with RIN<0.1% than the reference laser. Thus, the advantage of using a noise
reducing section is especially important if a very low noise level of individual modes is

required.

A very important issue is optimization of the length of the noise reducing section.
Figure 21 shows the dependence of the number of modes having RIN less than 0.2% on
the active section length if injection current via the active section is 160 mA and active
section length is 690 um. If the noise reducing section length is equal to 50 um, there are
16 channels having RIN < 0.2%. With an increase in the noise reducing section length up
to 75 um, the number of channels with RIN < 0.2% increases up to 18. Then, it does not
change when the length of the noise reducing section further increases up to 100 um. For a
longer noise reducing section (150 um), the number of channels with RIN < 0.2%
decreases to 16. Thus, there is an optimal value for the length of the noise reducing section
that depends on active section length. In this example, the optimal noise reducing section

length is between 75 and 100 pm.

This trend is also confirmed by Figure 22. If the noise reducing section length is
50 um, the number of optical channels having RIN<0.1% is 16. For a noise reducing
section length of 75 um, the number of channels RIN<0.1% increases up to 18. When the
noise reducing section length increases to 100 um, the number of optical channels slightly
decreases to 17. For a noise reducing section length of 150 um, the number of channels
further decreases to 13. These results confirm that the optimal noise reducing section

length is between 75 and 100 pm.

Figure 23 shows the dependence of average RIN for 13 optical modes on reverse

bias voltage applied to a noise reducing section for devices with noise reducing section
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lengths 75 and 100 um. The average RIN was obtained by independent measurement of
RIN for each mode, summing them up and dividing by the number of modes. Devices with
noise reducing section lengths of 75 um (circles) or 100 um (squares) were studied.

Figure 23a shows the dependence of average RIN on voltage when injection current in the
active section is 120 mA. At zero bias voltage, the average RIN is 0.05% for a device with
a noise reducing section length of 75 um (circles) and 0.06% for a device with a noise
reducing section length of 100 um (squares). With an increase in reverse voltage to 1V,
the average RIN decreases down to 0.03% for both devices. However, with a further
increase in reverse bias voltage to 2V, the average RIN dramatically increases up to 0.17%
for a device with a noise reducing section length of 75 um (circles) and up to 0.56% for a
device with a noise reducing section length of 100 um (squares). At an injection current
of 160 mA, the dependence of average RIN on noise reducing section reverse bias shows a

similar trend, as shown in Figure 23b.

Although applying a small reverse bias may reduce modal RIN, the design of the
laser 400 is more complicated than that for lasers 100, 200, and 300. The decrease in
modal RIN is small. So, for practical applications, the laser designs 100, 200, and 300 are
preferable. However, for some special applications and in some specific cases, the laser

design 400 may be preferred.

It is emphasized that, in spite of applying reverse bias to the noise reducing
section, the devices of the present invention do not operate in an amplitude mode locked
regime. This is confirmed by measurements of autocorrelation traces at different absorber

biases. An example of these measurements is presented in Figure 8.

Another example shows a low RIN laser fabricated from a different epitaxial wafer
as compared to previous examples. In other words, layers 111 to 116 (see Figure 4) are

different compared to previous examples.

In this example, the laser active region 114 represents five identical planes of self-
organized quantum dots. Each quantum dot plane was formed by epitaxial deposition of
0.85 nm-thick InAs insertions covered with Ing ;6GagsaAs capping layers and embedded
into a GaAs matrix. A p-doped cladding layer and n-doped AlGaAs cladding layer have
80% Al composition and a thickness of 1.2 pm.
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Single mode ridge lasers were fabricated by optical lithography and reactive ion
etching. The stripe width was 3 um. The n-ohmic contact was AuGe/Ni/Au. The p-ohmic
contact was Ti/Pt/Au. Lasers with an active section length of 1.5 mm, a noise reducing
section length of 0.15 mm and as cleaved devices were tested. No dielectric coatings were
deposited on the laser facets. The lasers were measured at 25°C and the current through the
active section was 160 mA. A reverse bias of -2V was applied to the noise reducing
section. Figure 24 shows a typical lasing spectrum. The low RIN modes are numbered
from 0 to 47. Their intensity distribution is very uniform and varies by only 30%. The
spectral distance between the modes is 0.17 nm. The total RIN measured for each
individual mode is shown on the same graph. For all 48 modes, the RIN is less than 0.2%,

so each mode is suitable as an independent channel for data transmission.

It is possible to control characteristics of low RIN laser by varying parameters of
the active area and laser design. Some examples of parameters of the active area that may
be varied include, but are not limited to, the number of quantum dot layers, quantum dot
density, quantum dot size, and size dispersion. Some examples of design characteristics
that could be varied include, but are not limited to, the length of the active section, the

length of the noise reducing section, and mirror reflectivity.

Each individual Fabry-Perot mode of the lasers 100, 200, 300, 400, 500, and 600
shown in Figures 4, 5, 6, 7, 12, and 14, respectively, has total relative intensity noise
below an error free transmission limit (0.4 %). Therefore, individual Fabry-Perot modes

can be used as independent optical signals in an optical transmission system.

An optical transmission system 700 according to a preferred embodiment of the
present invention is schematically shown in Figure 25. The transmission system 700
includes a Fabry-Perot laser 18, for example any of the lasers 100, 200, 300, 400, 500 and
600 described in Figures 4-7, 12 and 14, a transmitter 60 and a receiver 90. The laser 18
emits a plurality of individual Fabry-Perot modes 20 at different wavelengths. Preferably,
cach optical signal in the optical transmission system represents a single longitudinal
mode. Alternatively, each optical signal may represent a group of a few neighboring

longitudinal modes.
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In Figure 25, only three different signals 21, 22, 23 are shown. However, it is

preferred that the laser emits more optical signals at different wavelengths.

The transmitter 60 may include waveguides, modulators including, but not limited
to, microring resonators, as well as lenses, prisms, arrayed waveguide gratings, and other
standard optical components. The waveguides, modulators, and other optical components
of the transmitter 60 are preferably embedded into a semiconductor chip. The
semiconductor chip is preferably based on a material including, but not limited to, silicon,

gallium arsenide, or indium phosphide.

The optical signals 20 enter the transmitter 60. The transmitter is capable of
providing modulation to each optical signal independently in response to a plurality of
control signals 51, 52, 53. As a result, the transmitter 60 outputs a plurality 40 of the
intensity modulated optical signals 41, 42, and 43 at different wavelengths. It is preferred
that the number of modulated optical signals 41, 42, and 43 corresponds to a number of

CW optical signals 21, 22, and 23, while their wavelengths remain unchanged.

The optical transmission system 700 may further include a transmission line 19
that is intended to guide the modulated optical signals 41, 42, and 43 at different
wavelengths outputted from the transmitter 60 to the receiver 90. The transmission line 19
may include optical fibers, planar waveguides, mirrors, lenses or other standard optical

components suitable for guiding the light.

The receiver 90 may include waveguides and detectors as well as lenses, prisms,
arrayed waveguide gratings, microring resonators, and other standard optical components.
The waveguides, detectors, and other optical components of the receiver 90 are preferably
embedded into a semiconductor chip. The semiconductor chip is preferably based on a

material including, but not limited to, silicon, gallium arsenide, or indium phosphide.

The plurality 40 of the intensity modulated optical signals enter the receiver 90.

The receiver 90 is capable of providing detection to each optical signal independently.

Figure 26a schematically illustrates a spectrum of a plurality of optical modes 21,
22, and 23 at different wavelengths A1, A2 and A3, emitted by a laser 100, 200, 300, 400,
500, 600. Figure 25 and Figure 26a illustrates only three different modes. However, the
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laser preferably emits more optical modes at different wavelengths. Each optical signal 21,
22, 23 has total RIN less than 0.2%. Examples of experimental laser spectra with low RIN
modes are presented in Figure 16 and Figure 24. Each mode can be used as an optical

signal.

Figures 26b and 26¢ schematically illustrate a spectrum of a plurality of intensity
modulated optical signals 41, 42, and 43 and temporal variation of their intensity. The set
of wavelengths A1, A2 and A3 remains unchanged while the intensities of the optical

signals 41, 42, and 43 are modulated in time in accordance with carrying information.

Figure 26¢ schematically shows that the intensity of an optical signal at certain
wavelengths (e.g. of optical signal 41 at wavelength A1) is encoded. There are different
schemes of encoding. For example, the high intensity of signal 41 may correspond to level
“1” of a binary sequence and the low intensity of signal 41 may correspond to level “0” of
a binary sequence. Thus, it is possible to carry certain information as a sequence of “0”
and “1” binary codes by changing the intensity of the optical signal 41. Because signal 42
at wavelength A2 can be modulated independently, signal 42 (and other signals at other
wavelengths) may carry another sequence of binary codes, thereby providing an additional

information bearing channel.

One example of an optical transmission system based on a Fabry-Perot laser 18
capable of emitting a sufficient number of well separated optical signals 20 at different
wavelengths, for example any of the lasers 100, 200, 300, 400, 500, 600 described in
Figures 4-7, 12 and 14, is shown in Figure 27. This is an example only, and other optical
transmission systems known in the art could utilize lasers including a noise reducing

section, as disclosed herein.

The optical signals 20 serve as information channels. A required number of
optical signals may be selected from the single source 18 by a bandpass filter 31, pass
through a coupler 32 and then be spectrally separated by a demultiplexer 33, ¢.g. an
arrayed waveguide (AWG). Electrical-to-optical signal transfer occurs in modulators 34.
Modulated channels are then jointed together by an AWG multiplexer 36. These
modulators 34 and wavelength-division-multiplexing (WDM) elements may be coupled to

cach other for example by means of planar waveguides 35. A coupler 37 extracts the
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signal and transfers it to an output fiber 38. At least a portion of the system components
are preferably located on a semiconductor chip 39. In one preferred embodiment, the chip
39 is made of silicon, gallium arsenide, indium phosphide, or gallium nitride. As one
example, shown in Figure 27, the coupler 32, demultiplexer 33, modulators 34,
waveguides 35, multiplexer 36, coupler, 37 and output fiber 38 are all located on the

semiconductor chip 39.

There are other examples and methods for WDM transmitters, most following the
functionality outlined in Figure 27, which utilize a laser with a noise reducing section in
preferred embodiments of the present invention. An alternative preferred embodiment of
an optical transmission system 800 which can use the lasers disclosed herein is shown in
Figures 28a and 28b. This type of optical transmission system is disclosed in Q. Xu et al.,
Opt. Express, 14, 20, 2006, pp. 9430-9435 and Q. Xu et al., Opt. Express, 15,2, 2007, pp.
430-436, both herein incorporated by reference. There are no single light sources available
in the prior art to be used in this type of optical transmission system. Instead, complicated
laser arrays like the one shown in Figure 1 were needed to provide a light source to this

type of system.

In contrast, the present invention uses a single multi-wavelength laser 802 with a
noise reducing section (for example, any of the lasers 100, 200, 300, 400, 500, 600 shown
in Figures 4-7, 12, and 14) as the source. In this embodiment, the optical transmission
system 800 includes an in-line microring resonator array 801. This couples the laser,
which is a suitable multi-wavelength source 802, to a bus waveguide 803 on a photonics
chip 804. While the photonics chip is preferably made of silicon, any other known
materials for photonics chips could alternatively be used. Multiple ring resonators 805,
one for each wavelength (channel), are disposed along the bus waveguide 803. Each ring
805 in the array 801 is tuned and driven through a p-i-n junction and provides selective
wavelength modulation functionality without the need for de-multiplexing and
multiplexing. Any number of rings 805 may be used, depending on the system application.
As shown in Figure 28D, the transmitter 806 and the receiver 807 both preferably include
microring resonator arrays 805. Alternatively, the transmitter 806 includes ring resonators

805, while the receiver includes other elements known in the art. While not preferred, in
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other embodiments, the receiver includes ring resonators 805 while the transmitter

includes other elements known in the art.

As one example, 10 micro rings, spaced 50 um apart, may be used. In this
example, the array 801 would only occupy 0.5 mm on the chip 804. This creates an
extremely compact, inexpensive chip 804. Since the laser 802 is also compact and
inexpensive, the entire system is significantly more cost effective and useful than what
was available in the prior art. This embodiment is attractive because of its integration and

scaling potential.

The optical transmission systems shown in Figures 25, 27 and 28 have several
advantages compared to optical transmission systems of the prior art, for example the
system shown in Figure 1. First, only one inexpensive low RIN laser is used instead of
many costly and sophisticated DFB lasers, where each DFB laser in Figure 1 requires its
own electronic system for wavelength tracking and stabilization. The optical transmission
systems of the present invention or, at least a major part of them, can be integrated
together on one chip, for example a Si photonic chip. All optical channels being the modes
of the same Fabry-perot laser are stabilized and tracked simultaneously. Thus, such a
system is very compact and inexpensive since the cost of most silicon photonic devices

can be relatively low, like that of silicon electronics.

The present invention also includes methods of operating a quantum dot laser to
limit relative intensity noise. The method includes the step of emitting a plurality of
optical modes from the laser such that a total relative intensity noise of each optical mode
is less than an error-free transmission limit in the 0.001 GHz to 10 GHz range. In a
preferred embodiment of the method, the laser emits a plurality of optical modes such that
the relative intensity noise of each optical mode is less than 0.2% in the 0.001 GHz to 10
GHz range. The methods preferably also include electrically isolating an active section
and at least one noise reducing section of a laser, each of which is monolithically
integrated into the laser. An active region of the laser includes a plurality of quantum
dots. The methods also preferably include the steps of injecting current at a first current

density into the active section. Preferred embodiments of the methods also include the step
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of injecting current at a second current density into the noise reducing section, where the

first current density is greater than the second current density.

In the methods, a relative intensity noise of each individual mode is preferably less
than 0.2% and more preferably less than 0.1%. In another preferred embodiment, the
plurality of optical modes comprises at least ten optical modes, each optical mode having a
relative intensity noise less than 0.2% in the 0.001 GHz to 10 GHz range. The intensity
modulation between the optical modes is preferably less than 30%. In other preferred
embodiments, the spectral power density of laser emission over a spectral band that

includes the plurality of optical modes is greater than 2mW/nm.

A flowchart showing an example of the steps of a preferred method is shown in
Figure 29. Figure 29 illustrates a method 180 of generating a plurality of optical modes,
according to an embodiment of the invention. For ease of description, the method 180 is
described in terms of a quantum dot laser substantially similar to laser 100 in Figure 4.
However, the method could alternatively be used with any of the lasers 18, 100, 200, 300,
400, 500 and 600 and optical transmission systems 700 described herein. In step 181, a
semiconductor laser is formed with a monolithically integrated active section 143 and at
least one noise reducing section 145. An active region 114 of a waveguiding layer 113
includes one or more arrays of self-organized quantum dots as described previously
herein. In step 182, the active section 143 and the noise reducing section 145 are
electrically isolated, for example, by the formation of one or more trenches therebetween.
In step 183, a current is injected into the active section 143. In step 184, the laser 100
emits a plurality of optical modes, such that the total relative intensity noise of each
individual mode emitted is less than 0.2% in the 0.001-10 GHz range. In one
embodiment, 10 or more optical modes are emitted by the laser 100 in step 184. In
another embodiment, step 183 includes biasing the noise reducing section 145 of the laser
with a bias voltage, where the bias voltage is lower than a voltage value required for
amplitude modulation mode locked operation of the laser 100. In yet another
embodiment, step 183 includes injecting current into the noise-reducing section 145 at a
current density lower than the current density of the current injected into the active section

143.
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All of the references discussed herein are herein incorporated by reference.

Accordingly, it is to be understood that the embodiments of the invention herein
described are merely illustrative of the application of the principles of the invention.
Reference herein to details of the illustrated embodiments is not intended to limit the
scope of the claims, which themselves recite those features regarded as essential to the

invention.
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What is claimed is:
1. A semiconductor laser comprising:
1) an optical resonator comprising:
a) a first mirror;
b) a second mirror;
¢) an active section; and
d) at least one noise reducing section; and
11) a quantum dot active region comprising at least one quantum dot array;

wherein the active section and the noise reducing section are located
between the first mirror and the second mirror and are fabricated as

a monolithically integrated structure;

wherein the active section and the noise reducing section are electrically

isolated from each other;

wherein the laser is configured to produce an output lasing spectrum using
an inhomogeneously broadened ground state transition of the

quantum dot array; and

wherein the laser emits a plurality of optical modes such that a total relative
intensity noise of each optical mode is less than 0.2% in the 0.001

GHz to 10 GHz range.

2. The laser of claim 1, wherein the laser emits greater than ten optical modes such that the
total relative intensity noise of each optical mode is less than 0.2% in the 0.001-10

GHz range.
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3. The laser of claim 1, wherein the quantum dot array comprises a plurality of quantum
dots configured with a distribution of at least one physical parameter that affects an
optical transition energy of the quantum dots such that optical transition energies

of the quantum dot active region are inhomogeneously broadened.

4. The laser of claim 3, wherein the physical parameter is selected from the group
consisting of: a) quantum dot size; b) quantum dot shape; ¢) quantum dot chemical

composition; d) quantum dot material strain; and ¢) any combination of a) through

d).

5. The laser of claim 1, wherein a spectral power density of laser emission is greater than

2mW/nm.

6. The laser of claim 1, wherein the intensity modulation between at least ten optical

modes of the output lasing spectrum is less than 30%.

7. The laser of claim 1, wherein the laser is made of a material selected from the group
consisting of: a) InGaAs/AlGaAs; b) InGaAs/GaAsP; ¢) InGaP/AlGalnP; d)
InGaN/AlGaN; and ¢) any combination of a) through d).

8. The laser of claim 1, wherein the quantum dot array comprises a plurality of quantum
dot layers formed under the same process parameters such that maximal

wavelengths of each quantum dot layer are the same.

9. The laser of claim 1, wherein the quantum dot array comprises a plurality of quantum
dot layers formed such that maximal wavelengths of each quantum dot layer are

shifted with respect to each other for at least 3 nm.

10. The laser of claim 1, wherein the quantum dots comprise In(Ga)As/AlGaAs quantum
dots formed by self-organization during molecular beam epitaxy or metal organic

chemical vapor deposition.

11. The laser of claim 1, wherein the active section and the noise reducing section are

electrically isolated by at least one trench etched in a top contact layer of the laser.
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The laser of claim 1, wherein the laser is configured to inject current into the noise
reducing section at a first current density and inject current into the active section
at a second current density, wherein the second current density has a value greater

than a value of the first current density.

The laser of claim 1, wherein the noise reducing section is reverse biased with a
voltage that is lower than a voltage required for amplitude modulation mode

locked operation of the laser.

The laser of claim 1, wherein the optical resonator is a Fabry-Perot resonator and the

optical modes are Fabry-Perot modes.

The laser of claim 14, wherein the first mirror and the second mirror are cleaved

facets.

The laser of claim 14, wherein at least one of the first mirror and the second mirror

comprises dielectric coatings.
The laser of claim 14, wherein a total length of the optical resonator is 0.3-10 mm.

The laser of claim 17, wherein a total length of the noise reducing section is in a range

of 5-30% of the total length of the optical resonator.

The laser of claim 18, wherein the laser is configured in ridge geometry such that the

laser operates in a single spatial mode regime.

The laser of claim 1, further comprising a p-type contact formed only on the active

section and absent from the noise reducing section.

The laser of claim 1, further comprising a p-type contact formed on the active section
and the noise reducing section, wherein current is injected only in the active

section, and no bias is applied to the noise reducing section.

. The laser of claim 21, wherein the active section and the noise reducing section are
electrically isolated by a trench etched in the p-type contact, a contact layer of the

laser and a portion of a cladding layer of the laser.
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The laser of claim 1, further comprising a spectral filter that restricts a width of

emission spectrum to a desired number of optical channels.

The laser of claim 1, wherein at least one of the first mirror or the second mirror has a
substantially flat-topped reflectivity maximum such that a lasing spectrum is

limited to a desired number of optical modes.

The laser of claim 24, wherein the reflectivity maximum is within the
inhomogencously broadened ground state optical transition of the quantum dot

array.

The laser of claim 1, wherein at least one of the first mirror or the second mirror is a
first-order distributed Bragg reflector configured to restrict the output lasing

spectrum.

The laser of claim 1, wherein at least one of the first mirror or the second mirror is a
second-order distributed Bragg reflector configured to direct at least a portion of
laser emission along an optical path that is substantially perpendicular lengthwise

to the optical resonator.

The laser of claim 27 further comprising a monolithically integrated lens that directs

the portion of the laser emission perpendicular to the optical resonator.

The laser of claim 1, wherein at least one of the first mirror or the second mirror is a

chirped Bragg reflector.

The laser of claim 1, wherein a length of the noise reducing section is in a range of

5% to 30% of a total length of the optical resonator.

The laser of claim 1, wherein the noise reducing section comprises a first noise

reducing section and a second noise reducing section.

The laser of claim 31, wherein a combined length of the first noise reducing section
and the second noise reducing section is in a range of 5% to 30% of a total length

of the optical resonator.
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. The laser of claim 1, wherein the laser operates in a continuous wave regime.

. The laser of claim 1, wherein the laser emits a plurality of optical modes such that a
total relative intensity noise of each individual mode is less than 0.1% in the 0.001

GHz to 10 GHz range.

. The laser of claim 1, wherein a length of the noise reducing section is between 75 and

100 um.

. The laser of claim 1, wherein the laser is not a mode-locked laser with amplitude

modulation.
. A method of operating a quantum dot laser comprising the step of:

a) emitting a plurality of optical modes such that a total relative intensity
noise of each individual mode is less than 0.2% in the 0.001 GHz to
10 GHz range.

. The method of claim 37, further comprising the step of:

b) operating the quantum dot laser on a ground state transition of a quantum

dot array having inhomogeneous broadening greater than 10 nm.

. The method of claim 37, wherein the plurality of optical modes comprises at least ten
optical modes, each optical mode having a total relative intensity noise of less than

0.2% in the 0.001-10 GHz range.

. The method of claim 37, wherein the laser emits a plurality of optical modes such that
a total relative intensity noise of each individual mode is less than 0.1% in the

0.001 GHz to 10 GHz range.

. The method of claim 37, wherein a spectral power density of laser emission is greater

than 2mW/nm.

. The method of claim 37, wherein the plurality of optical modes comprises at least ten
optical modes, and wherein the intensity modulation between the optical modes is

less than 30%.
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43. The method of claim 37, further comprising the step of coupling between longitudinal

modes;

wherein a noise reducing section of the laser enhances strength of mode

coupling; and
wherein emission shows periodic intensity modulations of less than 30%.
44. The method of claim 37, further comprising, before step a), the steps of:

b) electrically isolating an active section and at least one noise reducing
section of an optical resonator of the laser, wherein a quantum dot
active region of the laser comprises an array of quantum dots, and
wherein the active section and the noise reducing section are each

monolithically integrated into the laser; and
¢) injecting current at a first current density into the active section.

45. The method of claim 44, further comprising the step of injecting current at a second

current density into the noise reducing section.

46. The method of 45, wherein the first current density is greater than the second current

density.

47. The method of claim 44, wherein step a) comprises the substep of etching a trench in a

top contact layer of the laser.

48. The method of claim 44, further comprising the step of biasing the noise reducing
section of the laser with a bias voltage, wherein the reverse bias voltage is lower

than a voltage value required for amplitude modulation mode locked operation.

49. The method of claim 44, further comprising the step of disposing the active section
and the noise reducing section between a first mirror and a second mirror and

applying a dielectric coating to at least one of the first mirror or the second mirror.
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The method of claim 44, further comprising the step of fabricating the laser in ridge
geometry, and wherein step a) comprises the substep of operating the laser in

single spatial mode regime.

The method of claim 44, wherein step ¢) comprises the substep of injecting current

using a p-type contact formed only on the active section.

The method of claim 44, wherein step ¢) comprises the substep of injecting current
using a p-type contact formed on the active section and the noise reducing section,

wherein current is injected only in the active section.

The method of claim 44, wherein step a) comprises the substeps of emitting an output
lasing spectrum and restricting a width of the emission spectrum to a desired

number of optical modes.

The method of claim 53, wherein at least one mirror that has a substantially flat-topped
reflectivity maximum and is disposed adjacent the active section restricts the width

of the emission spectrum to a desired number of optical modes.

The method of claim 53, wherein at least one first mirror or second mirror of the laser
is a first-order distributed Bragg reflector that restricts the width of the laser

emission spectrum.

The method of claim 44, wherein a length of the noise reducing section of the laser is

in a range of 5% to 30% of a total length of the optical resonator.

The method of claim 44, wherein the noise reduction of the laser comprises a first
noise reducing section and a second noise reducing section and a total length of the
first noise reducing section and the second noise reducing section is in a range of

5% to 30% of a total length of the optical resonator.

The method of claim 44, wherein a length of the optical resonator of the laser is 0.3-

10mm.

The method claim 44, wherein a length of the noise reducing section is between 75 and

100 um.
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60. The method of claim 37, wherein step a) comprises the substep of emitting at least a

portion of laser emission in a direction perpendicular to the optical resonator.

61. The method of claim 60, wherein a structure that directs the laser emission in a
direction perpendicular to the optical resonator is selected from the group
consisting of: a) at least one second-order distributed Bragg reflector; b) at least

one monolithically integrated lens; and ¢) any combination of a) and b).
62. An optical transmission system comprising;:
a) a semiconductor laser comprising:
1) an optical resonator comprising:
A) a first mirror;
B) a second mirror;
C) an active section; and
D) at least one noise reducing section; and
i1) a quantum dot active region comprising a quantum dot array;

wherein the active section and the noise reducing section are disposed
between the first mirror and the second mirror and are fabricated as

a monolithically integrated structure;

wherein the active section and the noise reducing section are electrically

isolated from each other;

wherein the laser is configured to produce an output lasing spectrum using
an inhomogeneously broadened ground state transition of the

quantum dot array;

wherein the laser emits a plurality of optical modes such that a total relative
intensity noise of each optical mode is less than 0.2% in the 0.001

GHz to 10 GHz range; and
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wherein the plurality of optical modes serve as a plurality of optical

information signals;

b) a transmitter that provides modulation to each optical signal

independently; and
¢) a receiver that provides detection to each optical signal independently.

63. The optical transmission system of claim 62, wherein the transmitter comprises at least
one waveguide and at least one modulator embedded into a first semiconductor
chip and the receiver comprises at least one waveguide and at least one detector

embedded into a second semiconductor chip.

64. The optical transmission system of claim 63, wherein the modulator is a microring

resonator.

65. The optical transmission system of claim 62, further comprising a transmission line to

guide the optical signals from the transmitter to the receiver.

66. The optical transmission system of claim 62, wherein the semiconductor chip
comprises a material selected from the group consisting of: a) silicon; b) gallium

arsenide; ¢) indium phosphide; and d) any combination of a) through c).

67. The optical transmission system of claim 62, wherein the receiver comprise a

microring array.
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