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SEMICONDUCTOR OPTICAL AMPLIFIER
HAVING A NON-UNIFORM INJECTION
CURRENT DENSITY

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

RELATED APPLICATION

This application 1s related to, and claims priority from.,
U.S. Provisional Patent Application Ser. No. 60/649,307,

filed on Feb. 2, 2005, of the same title, the disclosure of which
1s 1ncorporated here by reference.

BACKGROUND

The present invention relates generally to semiconductor
optical amplifiers and, more particularly, to semiconductor
optical amplifiers having an injection current with a non-
uniform density across the device.

Technologies associated with the communication of infor-
mation have evolved rapidly over the last several decades.
Optical information communication technologies have
evolved as the technology of choice for backbone information
communication systems due to, among other things, their
ability to provide large bandwidth, fast transmission speeds
and high channel quality. Semiconductor lasers and optical
amplifiers are used in many aspects of optical communication
systems, for example to generate optical carriers 1n optical
transceivers and to generate optically amplified signals in
optical transmission systems. Among other things, optical
amplifiers are used to compensate for the attenuation of opti-
cal data signals transmitted over long distances.

There are several different types of optical amplifiers being
used 1n today’s optical communication systems. In erbium-
doped fiber amplifiers (EDFAs) and Raman amplifiers, the
optical fiber 1tself acts as a gain medium that transfers energy
from pump lasers to the optical data signal traveling there-
through. In semiconductor optical amplifiers (SOAs), an
clectrical current 1s used to pump the active region of a semi-
conductor device. The optical signal 1s input to the SOA from
the optical fiber where 1t experiences gain due to stimulated
emission as it passes through the active region of the SOA.

The electrical pumping current 1s typically injected via an
clectrode. Consider, for example, the ridge-waveguide type
SOA 28 structure 1llustrated in the cross-section of FIG. 1(a).
Therein a multi-layer active (gain) region 30 1s sandwiched
between the substrate layer 32 and the residual cladding layer
34. Those skilled 1n the art will appreciate that any gain
structure can be employed as active region 30, e.g., multiple
quantum well separate confinement heterostructures and/or
bulk materials can be used to fabricate gain section 30. Mul-
tiple quantum wells (not shown) may be provided 1in gain
section 30 using various matenals, e.g., InAlGaAs, InGaAsP
and InP, to create gain section 30 using well known tech-
niques. Separate conflnement waveguiding layers (not
shown) may be provided 1n gain section 30 using various
materials such as InGaAsP. The substrate layer 32 and
residual cladding layer 34 can be formed from, for example,
InP. An etch stop layer 36 1s disposed on top of the residual
cladding layer 34. The ridge 1s formed from another InP layer
38 capped by a different semiconductor layer 39, for example
InGaAs, and a current-confining dielectric layer 41. A contact
opening 1s etched 1n the dielectric layer 41 and a metal elec-
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2

trode layer 40 1s disposed on top of the dielectric layer 41 such
that 1t makes contact with the top semiconductor ridge layer
39. Current 1s 1njected via electrode 40 into the SOA 28, so
that gain 1s applied to an optical signal passing through the
active region 30. However, gain 1s only applied 1n the pumped
region 42 of the active region 30. Outside of the pumped
region 42, where there 1s no pumping current, the optical
signal suffers from energy absorption as 1t passes through the
SOA 28. The input optical power Pin injected into the SOA 28
1s amplified according to P, =G P, , where G 1s the single

QT IF1

pass gain over the length L of the SOA 28 such that G=e#"** *.
Thenetgaing, .1sgivenby g, =l'g—awherel’, g, and o are
the optical confinement factor, the material gain and the opti-
cal loss, respectively.

The 1injection electrode can be fabricated along the length
of the device as a metallization layer 40 contacting the top
semiconductor ridge layer 39 by first removing dielectric
material 41 prior to deposition of the metallization layer 40 as
seen 1 FIG. 1(b). Therein, the dielectric matenial 41 1s
removed between the two dotted lines below the metallization
layer to create the ““I-shaped” contact shown in cross-section
in FIG. 1(a). The injection electrode 1s connected to a current
source or similar device to provide the 1njection current to the
SOA 28. As can be seen from FIG. 1(b), conventional SOAs
employ 1njection electrodes that have a uniform surface area
across the waveguide, resulting in the injection current den-
sty being uniform across the length of the SOA 28. It should
be noted that although the injection current density 1s uniform
along the length of the SOA, the carrier concentration 1s not
necessarily uniform due to variation in optical intensity along
the length of the SOA. Also, the effects of the mjected current
are not uniform across the length of the device. For example,
on the mput side of the SOA 28, the effect of the 1njection
current density on the noise figure (NF) of the SOA 1s of
greater concern than the effect of the injection current density
on saturation power (P_ ) of the SOA. On the output side of
the SOA, by way of contrast, the effect of the 1njection current
density on the P___ of the device 1s more important.

Accordingly, Applicants have developed SOA devices and
methods which provide for control of the injection current
and 1njection current density to, among other things, provide
SOAs which have improved gain linearity, reduced crosstalk,
and better etficiency through optimized current utilization.

SUMMARY

Systems and methods according to the present invention
address this need and others by providing efficient SOA
devices and methods of operating such devices. According to
exemplary embodiments of the present invention, semicon-
ductor optical amplifiers have an i1njection current density
which 1s controlled to provide, among other things, both a low
noise figure at the mput stage of the device and a high satu-
ration power at the output stage of the device. According to
one exemplary embodiment, this can be accomplished by
varying the electrical resistance of the injection electrode
along the length of the device to achieve a non-uniform injec-
tion current density. More specifically, the injection current
density can be increased at the mput stage of the device and
increased at the output stage of the device as compared to the
center region of the device. According to an exemplary
embodiment, this can be accomplished by providing a pat-
terned opening of the dielectric layer below the metallization
layer which provides a varying resistance along the length of
the device.
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For example, according to one exemplary embodiment of
the present invention, a semiconductor optical amplifier
includes a substrate, a gain section, disposed on the substrate,
for providing gain to an optical signal, a current 1njection
clectrode for recerving current and providing the current to
the gain section, wherein a current density associated with the
current varies across a length of the gain section.

According to another exemplary embodiment of the
present invention, a method for amplifying an optical signal
includes the steps of providing a gain section on a substrate,
injecting a pumping current into the gain section and varying
a current density associated with the current across a length of
the gain section.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings 1llustrate exemplary embodi-
ments of the present invention, wherein:

FIG. 1(a) 1s a cross-section of a ridge-waveguide type SOA
in which exemplary embodiments of the present invention
may be implemented;

FIG. 1(b) 1s a top view of a conventional 1njection current
electrode with a current source attached thereto;:

FIG. 2(a) 1s a top view of an injection current electrode
according to an exemplary embodiment of the present mnven-
tion;

FIG. 2(b) 1llustrates a 3D perspective of a structure with
patterned contact vias according to an exemplary embodi-
ment of the present invention;

FIG. 3 1s a graph showing an exemplary relationship
between contact via spacing and series resistance ol the con-
tact electrode:

FI1G. 4 1s a graph showing exemplary relationships between
saturation power and gain for a number of different contact
via spacings;

FIG. 5 1s a graph depicting exemplary SOA gain as a
function of wavelength for different contact via spacings; and

FIG. 6 1s a top view ol an injection current electrode
according to another exemplary embodiment of the present
invention;

FIG. 7 1s a graph depicting exemplary SOA gain as a
function of output power for a device including the 1njection
current electrode illustrated in FIG. 6;

FIG. 8 1s a graph depicting exemplary SOA gain as a
function of wavelength for a device including the 1njection
current electrode illustrated 1n FIG. 6; and

FI1G. 91s atop view of aridge-waveguide type SOA accord-
ing to another exemplary embodiment of the present mven-
tion.

DETAILED DESCRIPTION

The following detailed description of the mvention refers
to the accompanying drawings. The same reference numbers
in different drawings 1dentify the same or similar elements.
Also, the following detailed description does not limit the
invention. Instead, the scope of the invention 1s defined by the
appended claims.

Devices and methods according to exemplary embodi-
ments of the present invention provide semiconductor optical
amplifiers whose overall efficiency of operation 1s improved.
One challenge posed by conventional SOAs 1s that the gain of
the device varies as a function of the power of the optical
signal. It will be appreciated that as the applications for SOAs
vary, so do the optical power levels. Accordingly, for system
design purposes, 1t would be preferable to provide SOAs
wherein the gain 1s relatively constant as a function of optical
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4

power levels. As mentioned earlier, the gain of an SOA can be
expressed as a function of the material gain coellicient g.
However, this gain coellficient varies as:

g=g./(1+P/Psat)

where P 1s the optical power 1n the SOA. Those skilled in the
art will appreciate that increasing the saturation power of
semiconductor optical amplifiers therefore has the resulting
benelit of reducing gain variations relative to optical power.
Accordingly, one of the objects of the present invention 1s to
provide SOAs and methods of making SOAs which have
increased saturation power relative to conventional devices.
According to exemplary embodiments of the present inven-
tion, this can be accomplished by varying the mjection cur-
rent density along the length of the device, 1.e., along the gain
region of the device.

Varying the injection current density along the length of the
gain region can be accomplished 1mn a number of different
ways. According to one exemplary embodiment of the
present invention, this 1s accomplished by varying the series
resistance in the injection electrode. By, for example, creating
a tailored pattern of openings in the dielectric layer 41, as
compared to the uniform rectangular opening depicted by the
hidden lines 1n FIG. 1(b), the series resistance experienced by
the 1njection current can be varied along the length of the
device, resulting 1n a non-uniform injection current density.
For example, as seen in FIG. 2(a), a plurality of contact
openings 50, 51 can be provided in the dielectric layer 41
below the metallization layer 40 to expose portions of the
semiconductor contact layer 39 therebelow. The metal elec-
trode layer 40 1s then deposited and only makes contact to the
underlying semiconductor layer through the openings 50, 51
in the dielectric layer. Opemings in dielectric layers through
which current flows are often referred to as ‘vias’, hence the
openings 50, 51 are called ‘contact vias’. In this example, the
openings are circular and have the same diameter, however
the spacing between the openings varies from the input side of
the device to the output side. More specifically, the spacing y
between the openings 50 on the input side 1s greater than the
spacing X between the openings 51 on the output side. A 3-D
perspective view 1llustrating a structure with patterned con-
tact vias according to an exemplary embodiment of the
present invention 1s shown 1n FIG. 2(b). Those skilled 1n the
art will appreciate that the contact vias can have an arbitrary
shape (e.g. circular, rectangular, oval, octagonal) and that the
s1ze of the contact via can also vary along the device.

In this example, the series resistance in the contact elec-
trode varies linearly as a function of the contact hole spacing
as shown by the graph of FIG. 3. These results were obtained
on 2 mm long ridge-waveguide laser devices fabricated with
2.5 micrometer (um) diameter contact vias with spacings that
were uniform along the length of the device. The series resis-
tance was measured for devices having contact vias with
center-to-center spacing of 4, 20 and 50 um as plotted in FIG.
3. Therein, ndge-waveguide type SOA were fabricated 2 mm
in length with contact via spacing that varied linearly from 4
um at the output side of the device to 20 and 50 um at the 1nput
side of the device. Tests were performed to determine the
impact of varying the resistance of the injection current elec-
trode along the length ofthe devices with respect to saturation
power. FI1G. 4 shows results of these tests as they relate to gain
and saturation power for a fixed injection current of 600 mA.
The upper plot 62 represents testing of a ridge-waveguide
type SOA having a conventional 1njection current electrode,
1.€., of the type 1llustrated 1n FIG. 1(b), with a uniform injec-
tion current electrode resistance along the length of the
device. From FIG. 4, 1t can be seen that the measured satura-
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tion power for this device was 15.5 dBm. Tests were also
performed on devices i accordance with the present inven-
tion which were structurally the same as the device used to
generate plot 62, with the exception that the resistance 1n the
current injection electrode was varied along the length of the
device. More specifically, plot 64 retlects the performance of
a device wherein the contact via spacing was varied from 4
uwm at the output side of the device to 20 um at the input side
of the device. This device was measured to have a saturation
power ol 17.8 dBm.

Plot 66 resulted from measurements taken from yet another
similar device wherein the contact via spacing varied from 4
uwm at the output side of the device to 50u at the input side of
the device. This device was measured to have a saturation
power of 19.0 dBm. Thus, 1t can be seen that the larger range
over which the contact via spacing 1s increased from the
output side of the device to the input side of the device, the
greater the resulting saturation power of the device for the
same value of mjection current. In this example the center-
to-center spacing between contact vias varied linearly along
the length of the device, however, those skilled in the art waill
appreciate that other distributions can be used such as an
exponential or parabolic varniation of the via spacings along
the length of the device.

However, Applicants have also realized that increasing the
saturation power of SOAs using this exemplary technique has
some tradeolils. More specifically, as seen 1n the graph of FIG.
5, 1t can be seen that the small-signal gain of SOA devices
according to the present invention 1s less than that of conven-
tional devices having a uniform current electrode resistance.
Therein, the curve 70 represents the small-signal gain for
conventional devices across the wavelength spectrum from
1500 nm to 1600 nm. It can be seen that curve 70 1s above both
curves 72 and 74, which represent the gain vs. wavelength
plots for devices having a contact hole spacing of 4-20
microns and 4-50 microns, respectively. Thus there 1s a
tradeoll between increasing the saturation power of SOAs in
the manner described above and reducing the small-signal
gain of such SOAs. One solution 1s to increase the length of
the device to offset the reduction 1n gain.

However, for some applications, the device length may be
constrained. Thus, another aspect of the present invention
involves, for example, selecting a contact hole spacing that
provides 1increased saturation power with an acceptable
small-signal gain while also decreasing the noise figure.
Accordingly, another exemplary embodiment will now be
described with respect to FIGS. 6-9. In this example, the
active region of the SOA includes a thin tensile strained bulk
region 1n a separate confinement hetero-structure (SCH). The
thickness of the active region is such that it will increase the
saturation power of the device, while the tensile strain was
adjusted to decrease the polarization dependent gain (PDG).
Since, this exemplary device does not have mode expanders at
the mput and output, the SCH thickness is selected to provide
high gain while keeping the ellipticity of the mode less than
two 1 order to reduce the coupling losses using aspheric
lenses. In this example, the SOA 1s 1.5 mm long and fabri-
cated using ridge-waveguide processing similar to FIG. 1(a).
The ndge width 1 this exemplary device 1s 3.2 um. The
waveguide 1s angled at six degrees relative to the facet to
reduce reflections, and the facets are anti-reflection coated.
As shown 1n FIG. 6, the continuous metal electrode contact
layer 100 of the device includes three sections. The first
section 1s a pre-amp section 102 which includes, 1n this exem-
plary embodiment, 4 um contact via spacing. A gain section
104 follows the pre-amp section 102 and has, 1n this exem-
plary embodiment, 20 um contact via spacing. Then, after the
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gain section 104, the contact layer 100 has a power amp
section 106 with the contact vias spaced 4 um apart from one
another. The length of the pre-amp, gain and power amp
sections 1n this purely 1llustrative exemplary embodiment are
265 um, 750-um and 485 um, respectively for a total device
length of 1.5 mm. In this exemplary embodiment, a separate
pre-amp section 1s used to reduce the SOA noise figure (NF)
since the overall NF of an amplifier 1s determined primarily
by the NF of the first stage. The NF of an SOA decreases
sharply with injection current as the bias increases beyond the
transparency current and becomes independent of injection
current when biased at approximately 4-5 times the transpar-
ency current. Hence, by increasing current density in the input
section of a device, the overall NF 1s reduced. The power-amp
section 106 1s provided 1n order to increase the saturation
power ol the device by 1injecting a larger amount of current
than 1n the gain section 104.

According to the purely 1llustrative example shown in FIG.
6, 1t 1s estimated that for a 500 mA drive current approxi-
mately 111 mA 1s mjected 1n the pre-amp section, 167 mA in
the gain section, and 222 mA 1n the power-amp section. This
non-uniform current distribution can be achieved using a
single contact electrode and current source. Devices having
the exemplary contact electrode layer 100 illustrated in FIG.
6 were evaluated for saturation power, gain, noise figure, and
polarization dependent gain at an operating current of 500
mA and an operating temperature of 25° C. The mput and
output coupling was estimated to be less than 2 dB. FIG. 7
shows an exemplary gain versus output power curve for an
SOA package including contact electrode layer 100. Therein,
it can be seen that measurements were performed for maxi-
mum and minimum gain at 1530 nm and 1350 nm. The
minimum saturation power of 14.6 dBm was measured at
1530 nm whereas the measured saturation power at 1550 nm
was higher (greater than 15 dBm). FIG. 7 also indicates an
increase 1n saturation power by approximately 0.5 dB per 20
nm 1ncrease in wavelength. The dependence of the saturation
power on current was also measured and was observed to be
linear with the operating current.

The noise figure for the exemplary SOA package was also
measured by injecting a known input power and measuring
the output optical signal to noise ratio close to the signal. The
noise figure for a purely exemplary SOA device builtin accor-
dance with the contact electrode layer 100 was measured to be
5.5dBat 1530 nm and 5.6 dB at 1550 nm. The dependence of
noise figure on current was also evaluated. The noise figure
dropped sharply with current around the transparency current
and then remained nearly constant after approximately five
times the transparency current.

FIG. 8 shows an exemplary gain versus wavelength curve
for the same SOA package that was tested to provide the
results shown in FI1G. 7. Polarization dependent gain (PDG) 1s
also plotted 1n the same figure. The PDG 1s less than 0.8 dB
over the C-band from 1530 nm to 1565 nm. A maximum gain
of 19 dB 1s achieved at 1530 nm. A gain flatness of 4 dB 1s
achieved over the C-band. It should be noted that, for this test,
the SOA was intentionally operated on the red side of the gain
peak wavelength 1in order to increase the minimum saturation
power and reduce the maximum noise figure 1n the C-band. IT
it 1s 1mportant to increase the gain flatness 1 a particular
application, the peak gain wavelength can be increased by
changing the composition of the bulk region.

According to another exemplary embodiment of the
present invention, the current injection electrode can be fab-
ricated as shown in FIG. 9. Therein, the mput side and the
output side of the device have contact pads 80 and 82, respec-
tively, created by forming rectangular openings 1n the dielec-
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tric layer 41. Between the contact pads 80 and 82, a series of
contact holes 84 can be provided. This exemplary embodi-
ment of the present invention, as compared to the exemplary
embodiment of FIG. 2, provides more injection current
(lower series resistance) to the mput section of the device.
This, 1n turn, may be beneficial for applications where main-
taining an acceptable noise figure (NF) of the SOA device 1s
considered to be important, because the NF of an SOA ben-
efits from having a relatively high injection current on the
input side. The contact holes 84 may have the same or differ-
ent sizes and may be equally spaced apart or have a spacing
which varies, e.g., exponentially, from the input side to the
output side of the device.

The above-described exemplary embodiments are
intended to be illustrative 1n all respects, rather than restric-
tive, of the present invention. Thus the present invention 1s
capable of many varnations in detailed implementation that
can be derived from the description contained herein by a
person skilled 1n the art. For example, the present invention 1s
not limited to patterning of only one contact electrode as a
technique for varying the injection current density along the
length of the device. More than one current injection elec-
trode can be provided. Additionally, or alternatively, variable
resistance can be introduced below the metallization layer by
ctching or otherwise varying the resistance of the top semi-
conductor contact layer. All such variations and modifications
are considered to be within the scope and spirit of the present
invention as defined by the following claims. No element, act,
or 1struction used 1n the description of the present applica-
tion should be construed as critical or essential to the imven-
tion unless explicitly described as such. Also, as used herein,
the article “a” 1s intended to include one or more 1tems.

What 1s claimed 1s:

1. A semiconductor optical amplifier comprising:

a substrate;

a gain section, disposed on said substrate, for providing
gain to an optical signal;

a current 1jection electrode for receiving current and pro-
viding said current to said gain section,

wherein a current density associated with said current var-
1es across a length of said gain section,

wherein said current density varies across said length of

said gain section as a result of a variable resistance
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associated with a layer beneath a metallization layer of 45

said current injection electrode and wherein said current
injection electrode includes said metallization layer and
a dielectric layer, said dielectric layer having a plurality

of openings formed therein wherein said plurality of

openings are disposed 1n a pattern which creates said

variable resistance to said current along said length of

said gain section,
wherein said plurality of openings are circular, each of said
plurality of openings having the same diameter,
wherein a spacing between each of said plurality of open-
ings increases from an output side of said semiconductor
optical amplifier to an mput side of said semiconductor
optical amplifier.

2. The semiconductor optical amplifier of claim 1, wherein
said spacing increases exponentially.

3. The semiconductor optical amplifier of claim 1, wherein
said diameter 1s 5 micrometers or less.

4. The semiconductor optical amplifier of claim 1, wherein
said plurality of opemings includes a first opening proximate
an input side of said gain section, a second opening proximate
an output side of said gain section and a plurality of third
openings between said first and second opening.
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5. A semiconductor optical amplifier comprising:

a substrate;

a gain section, disposed on said substrate, for providing

pain to an optical signal;

a current 1njection electrode for recerving current and pro-

viding said current to said gain section,

wherein a current density associated with said current var-

1es across a length of said gain section,

wherein said current density varies across said length of

said gain section as a result of a variable resistance
associated with a layer beneath a metallization layer of
said current injection electrode and wherein said current
injection electrode includes said metallization layer and
a dielectric layer, said dielectric layer having a plurality
of openings formed therein wherein said plurality of
openings are disposed in a pattern which creates said
variable resistance to said current along said length of
said gain section,

wherein said plurality of openings includes a first section

proximate an mput side of said gain section with one
plurality of openings spaced apart from one another by
at least one first distance, a second section proximate an
output side of said gain section with a second plurality of
openings spaced apart from one another by at least one
second distance and a plurality of third openings
between said first and second sections, said plurality of
third openings spaced apart from one another by at least
one third distance, said at least one third distance being
greater than said at least one first distance and greater
than said at least one second distance.

6. The semiconductor optical amplifier of claim 5, wherein
said current mjection electrode includes said metallization
layer and a semiconductor contact layer, said semiconductor
contact layer having a plurality of opemings formed therein.

7. The semiconductor optical amplifier of claim 3, includ-
ing only one current injection electrode.

8. A method for amplifying an optical signal comprising
the steps of:

injecting a pumping current into a gain section;

varying a current density associated with said current

across a length of said gain section by providing a vari-

able resistance associated with a layer beneath a metal-

lization layer on said substrate; and

wherein said metallization layer and a dielectric layer
are disposed above said gain section, wherein said
dielectric layer has a plurality of openings formed
therein, wherein said plurality of openings are dis-
posed 1n a pattern which creates said variable resis-
tance to said current along said length of said gain
section,

wherein a spacing between each of said plurality of open-

ings icreases from an output side of said semiconductor
optical amplifier to an mput side of said semiconductor
optical amplifier.

9. The method of claim 8, wherein said plurality of open-
ings are circular, each of said plurality of openings having the
same diameter.

10. The method of claim 8, wherein said spacing increases
exponentially.

11. The method of claim 9, wherein said diameter 1s 5
micrometers or less.

12. The method of claim 8, wherein said plurality of open-
ings includes a first opening proximate an mput side of said
gain section, a second opening proximate an output side of
said gain section and a plurality of third openings between
said first and second opening.
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13. A method for amplifying an optical signal comprising second plurality of openings spaced apart from one
the steps of: another by at least one second distance and a plurality
injecting a pumping current into a gain section; of third openings between said first and second sec-
varying a current density associated with said current tions, said plurality of third openings spaced apart
across a length of said pain section by providing a vari- 3 from one another by at least one third distance, said at

least one third distance being greater than said at least
one first distance and greater than said at least one

second distance.
14. The method of claim 13, further comprising the step of
10 providing said metallization layer and a semiconductor
contact layer above said gain section, wherein said semi-
conductor contact layer has a plurality of openings

formed therein.

15. The method of claim 13, wherein said step of injecting

able resistance associated with a layer beneath a metal-

lization layer on said substrate; and

wherein said metallization layer and a dielectric layer
are disposed above said gain section, wherein said
dielectric layer has a plurality of openings formed
therein, wherein said plurality of openings are dis-
posed 1n a pattern which creates said variable resis-
tance to said current along said length of said gain

SeCt_lfm: | | _ _ 15 apumping current into said gain section further comprises the
wherein said plurality of openings includes a first sec- step of

tion proximate an input side of said gain section with injecting said pumping current into said gain section via

one plurality of openings spaced apart from one only one electrode.

another by at least one first distance, a second section
proximate an output side of said gain section with a 0k k% ok
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