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Abstract: The design concept of semiconductor optical amplifier (SOA) and gain chip
used in wavelength tunable lasers (TL) is discussed in this paper. The design concept is
similar to that of a conventional SOA or a laser; however, there are a few different points.
An SOA in front of the tunable laser should be polarization dependent and has low optical
confinement factor. To obtain wide gain bandwidth at the threshold current, the gain chip
used in the tunable laser cavity should be something between SOA and fixed-wavelength
laser design, while the fixed-wavelength laser has high optical confinement factor. De-
tailed discussion is given with basic equations and some simulation results on saturation
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1 Introduction
wavelength tunable laser (TL) is one of the most pop-
ular light sources in digital coherent optical fiber tele-
communication systems, because the use of TL can re-
duce the required number of inventory lasers, thereby
reducing inventory cost'". A wavelength channel can be select-
ed on ITU grid channels, but it must be very accurate. In early
days, many kinds of tuning mechanisms were proposed, but re-
cently there exist only a few kinds of integrable tunable laser
assembly (ITLA) products in the market, because it is very dif-
ficult to achieve such performance as high output power and
wavelength accuracy and low cost. The modulation format used
in those coherent systems is an advanced one, such as Dual Po-
larization Quadrature Phase Shift Keying (DP-QPSK), 16
Quadrature Amplitude Modulation (16QAM), and other multi-
level formats” *. Because the insertion loss of these advanced
modulators may be large, higher optical output power of ITLA
is strongly required. In addition, for the use in small form-fac-
tor pluggable optical modules like C Form-factor Pluggable 2
(CFP2), Octal Small Form-factor Pluggable (OSFP), or Quad
Small Form-factor Pluggable (QSFP), a part of light power is
split to a coherent receiver for a light as a local oscillator due
to the small package. Therefore, the ITLA with an optical am-
plifier in front of a laser unit has been recently becoming more
and more popular. This kind of semiconductor optical amplifi-

er (SOA) has some interesting features, such as polarization de-
pendent gain and high saturation power. Its design can be simi-
lar to the design of a conventional laser and the SOA is some-
times monolithically integrated with a tunable laser'®.

Moreover, a gain chip is the other important topic in this pa-
per. A gain chip is used in external cavity (EC) tunable laser
configuration, and it works as a laser. Equivalently, this can
be treated as a Fabry-Perot (FP) laser with a wavelength band-
pass filter. Because this is a tunable laser, the gain bandwidth
of the gain chip should be very wide and cover the whole C-
band® 7. Therefore, the design of the gain chip is not exactly
the same as a laser, but it is not the same as that of SOA. The
design concept of the gain chip is also discussed in this paper.
Moreover, the gain bandwidth of Erbium-doped fiber amplifier
(EDFA) is being extended over the conventional band®™ °. In
the near future, a wider tuning range of tunable lasers will also
be required than the conventional one.

The purpose here is to write a tutorial paper on design con-
cept with basic equations and detailed discussion for the SOA
and gain chip that are used for wavelength tunable lasers. To
the best of our knowledge, the paper on such a topic has not
yet existed. In Section 2, the design concepts of these two de-
vices are discussed. The difference from conventional design
is shown. In Section 3, details of tunable lasers with SOA or
gain chip are explained. In Section 4, some simulation results
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and comparison of design concepts are discussed. Finally, con-
clusions are given in Section 5.

2 Design Concepts of SOA and Gain Chip

The structure of SOA is actually very important. The design
concepts are basically based on a conventional SOA or a laser,
which are slightly different.

2.1 SOA Design Concept
The design concept of SOA for tunable laser is similar to an

“" Inline

inline SOA, except polarization dependence'"’
SOAs are widely used in network systems. Here it is briefly ex-
plained. SOA is used for a one-pass gain medium, so it is rea-

sonable to define the gain G, in single-pass of SOA as
G, = GXP((Fg - ai)L), (1)

where I is the optical confinement factor, g is the gain in unit

length, «; is the internal optical loss, and L is the length of
SOA.

2.1.1 Residual Reflection

The gain g is assumed as a function of carrier density (see
Section 2.1.2). As the injection current increases, the carrier
density N is also increasing. The facet reflectivity is normally
very low on antireflection (AR) coatings, but in reality, residu-

R\R,, where R,

and R, are front and rear facet reflectivities, respectively. Con-

al reflection exists. The reflectivity is R =

sidering the round-trip gain, the laser oscillation condition is
(G, Ry’ = 1. Because the gain cannot be increased due to las-
ing, R should be as low as possible to obtain higher gain. This
is the reason why both facets of SOA are AR-coated with an-
gled waveguides. Recently, the facet reflectivity has reached
lower than 10™, which is required to operate SOA properly.
The influence of residual reflection may cause the gain ripple,
which is a small dependence of gain on wavelength. This is al-
so known as a cause of noise figure. If the residual reflectivity
is lower than 10™, G, would be 40 dB. In a practical use for
amplification of tunable laser output power, the small signal
non-saturated gain will be around 20 dB, for instance. In this
case, the gain ripple and noise are negligible for the use in
tunable laser source. According to Ref. [12], the gain ripple
depth m can be described as

1+ /RR,G,
m:7

1-/RR,G, 2)

According to Eq. (2), the depth m is a function of facet re-
flectivity and single-pass gain G, For example, m is 0.09 dB
with R, and R, of 10* and G, of 20 dB. To achieve such a low
reflectivity, angled waveguides on both coated facets should
be applied"”. Larger than 7-degree angle is sufficient to re-
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duce facet reflectivity.

2.1.2 Saturation Power
To design SOA, it is useful to understand the following car-

: - [14]
rier rate equation” :

dN ] N 1
oL AN -Ny)—
dt  qd T4 ( ! hy 3)

where J is the injection current density, ¢ is the elementary
electric charge, d is the thickness of active layer, N is the car-
rier density, N, is the transparent carrier density of gain medi-
um, 7, is the carrier relaxation time, A is the differential gain,
h is the Planck’s constant, and v is the frequency of light.

The intensity of light P (W/cm®) can be described by the fol-
lowing propagation equation:

dP

EgzﬂqN—NQP—mR

@)

Here to make the phenomena simplified, the gain is propor-
tional to the carrier density at the bulk active layer. The
steady solution for dN/dt = 0 from Eq. (3) can be substituted
in Eq. (4), and then dP/dz can be derived as

7gJ N
P qd r
el LP—OL{P=$—OQ P,
dz 1+ P/P, 1+ P/Pg (5)

where Pj is the saturation intensity, described as Py = hv/r (A,
and g, is a non-saturated gain coefficient, which is described

as g, = A(z3J/qd — Ny). When the intensity of light P is

much smaller than P, the gain coefficient will be nearly equal
to g, As the intensity is becoming larger, the gain coefficient
will be getting smaller, obeying the term 1/(1+ P/Py). To

avoid such saturation of gain, P; must be enlarged in the de-
sign. As the light is amplified in SOA, the carrier density will
be consumed for stimulated emission, especially near the end.
Therefore, the number of carriers will not be enough to ampli-
fy it any more. To avoid the saturation, 7, or A should be small
as seen in the description of Py. However, it is difficult to con-
trol 7, and 4 in reality.

In an ideal model of SOA, the output power of SOA can be
described with only non-saturated small signal gain, by inte-
grating dP/dz in Eq. (5):

P, =P,Gs=P, exp[(FgO - ai)L] ’ ©)

where P

out

power, and L is the SOA cavity length. As seen in Eq. (6), the

is the output signal power, P, is the input signal

single-pass small signal gain is dependent on I'g,L. As the
carrier density is increased, g, becomes larger and will reach

saturation. However, saturation will be suppressed for the
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small optical confinement factor I" or short cavity length L
while keeping the gain G,. This means the carrier density can
be increased and then the saturation power will become larg-
er. The saturation power!'” is described as

WdE

P, = In2,
o I'tgA (7)

where W is an active region width, d is the thickness, and E is
photon energy as a function of wavelength A. As shown in Eq.
(7), the saturation power is inversely proportional to the opti-
cal confinement factor. One simulation result on gain satura-
tion as a function of optical confinement factor is shown in
Fig. 1, where Wis 2 pm, d is 0.1 pm, A is 1.55 wm and the
product of 7,4 is 6.04 X 107 s-cm’. As the confinement fac-
tor decreases, the saturation power will become larger.

2.1.3 Polarization Issue

Low residual reflection on facet and high saturation power
have been discussed above. Because this kind of SOA is used
just in front of the tunable laser, some other features are also
required. We focus on polarization dependence here, rather
than wide gain bandwidth that is very natural to be obtained
by injecting high current to the SOA.

A very common structure of an active layer contains a multi-
quantum well (MQW). This is a quantum well with multiple
very thin layers, so the electrons’ energy level to vertical di-
rection can be quantized and then the gain has direction de-
pendence to the quantum well structure. There exist heavy
and light holes in the quantum well. The heavy holes can gen-
erate only Transverse Electric (TE) mode polarization, while
the light holes can generate both TE and Transverse Magnetic
(TM) mode polarizations. The inline SOA is normally required
to obtain gain both for TE and TM modes as polarization inde-
pendence!® """ however, the SOA used just in front of tunable
laser should have gain only for TE mode polarization. To en-
hance transition from the electron to the heavy hole band, a
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AFigure 1. Calculated saturation power as a function of optical confine-
ment factor
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compressively strained quantum well is used here. This can
be very similar to the active layer of gain chip, but it is easier
to monolithically integrate the SOA on the tunable laser. Be-
cause the injection current density for SOA is very different
from that for the gain chip and the optical confinement factor
of SOA should be low for high saturation power, the active lay-
er should be different rigorously. Therefore, the active layers
should be different from each other, so the chips should be in-
tegrated hybridly.

2.2 Gain Chip Design Concept

The MQW as an active layer is the most common gain medi-
um for the SOA or laser. It is good to know how to design
quantum wells with a quantum mechanics theory. Only a
rough image of gain design with basic parameters is intro-
duced in this paper. Gain per length is a function of the cur-
rent density of the active layer, so it can be described as:

Bulk active layer: Linear gain: g = 'A(N — N,), (8)
o J

Quantum well: Logarithmic gain: g = G, In Nk 9)
0

A linear gain function can be applied for the bulk active
layer. On the other hand, due to a quantum well characteristic,
the equation should be physically a logarithmic function of the
current density!"®. However, it is a function of the current den-
sity and derived from an experience law. It is widely used be-
cause it can fit the characteristic very well. Laser designers
are interested in the parameters G, and J,. G, is an indicator
kind of differential gain and the optical confinement factor I
is already included. J, physically means a transparent current
density.

For the waveguide quality, popular parameters used widely
are o, and 7. @, is an internal loss per length and 7, is a quan-
tum internal efficiency. For o, , it comes from an absorption of
light and light scattering in waveguide and its design issue is
to reduce internal loss in the waveguide. Besides, 1, means a
rate of photon generation to one carrier seed. This value is
very close to 1.0 because of a good quality of quantum well
media, but it is decreased due to current leakage and a lost
carrier for non-radiative recombination.

To reach the laser threshold, we must have

thb = ai + al” s (]O)
_ In(R\R)) l
o, = bY3 imirror Loss . (11)

That is, the total of internal and mirror loss should be com-
pensated by gain. Here the mirror loss is an out-going light
per length in the gain region. In Eq. (10), all parameters are
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defined for a unit length. The cavity length is also an impor-
tant parameter. The external cavity laser can be handled as an
equivalent FP laser, as shown in Fig. 2. The equivalent rear re-
flectivity R, includes the coupling loss between the gain chip
and external cavity, propagation loss in external waveguide,
and reflection at the end of external waveguide.

The threshold current I, can be varied as a function of cavi-
ty length L, as shown in Fig. 3, where I" is 5%, G, is 350 em’™,
@, is 8 cm™, and J, is 9.5 x 10* A-cm™. It is well known that
there is an optimum cavity length for the minimum threshold
current. In Fig. 3, the ordinal FP-laser with 30/30% facet re-
flectivity shows the minimum threshold current at length
around 0.5 mm. On the other hand, the 5/5% FP-laser which
is equivalent to external cavity tunable laser shows the mini-
mum at 1.5 mm. The effective reflectivity from the external
cavity is assumed to be around 5%, and the confinement fac-

tor of the 5/5% FP-laser has two thirds of that of the 30/30%
FP-laser to have higher threshold carrier density. This also im-

Propagation loss | .
Coupling loss

R & - =

Gain chip

(@)

R S S R

Equivalent FP laser

(b)
FP: Fabry-Perot

A Figure 2. Schematic block diagram of (a) external cavity laser and (b)
equivalent FP laser to external cavity with R, and R, with cavity length
of L

60

50

40 5/5% FP-Laser

30 1

204 o~

Threshold current/mA

0 1 2 3 4 5

Cavity length/mm
FP: Fabry-Perot

A Figure 3. Calculated threshold current as a function of cavity length
with R1/R2 of 30/30% and 5/5% reflectivities
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plies that the designed effective reflectivity of the external cav-
ity should be carefully considered. An example of the external
cavity tunable laser can be found in Ref. [19].

Then the output power can be described as

hw a,
P= 7(1 ~ ) @ +a, (12)

Therefore, the power is proportional to the current minus
threshold current. If the gain is higher than the threshold gain,
the light output will continue to increase and carrier density
must clamp at its threshold value. That is, the energy goes to
light output from the excess energy over threshold current.
The carrier density cannot go higher in laser operation. On the
other hand, the carrier density in SOA can go higher, due to a
very high threshold current with small R, and R,. This is the
biggest difference between the SOA and the laser design. It is
generally said that the design principle of SOA is opposite to
the laser design. An SOA needs a lot of carriers to amplify the
light in one direction and should avoid the carrier depletion in
the cavity.

The gain bandwidth is also an important specification in
gain chip. To realize very wide gain bandwidth, the carrier
density at the threshold should be larger than that of an ordi-
nary laser, but it should not be too high. The reflectivity of the
cavity is rather low, like 5%, so naturally the threshold densi-
ty increases; however, it is not enough. To tune the carrier den-
sity, it is good to take a smaller number of quantum wells or
low optical confinement factor at the active layer, compared
with an ordinary laser.

2.3 Summary

The gain chip design concept is to obtain wide gain band-
width with low optical confinement factor and low residual re-
flectivity at the facet on the tunable filter side. The SOA de-
sign concept is to achieve high threshold current with low re-
sidual reflectivity and low optical confinement factor.

3 Examples of Tunable Lasers with SOA

Some examples of tunable lasers with the gain chip and
SOA are shown in this section. Generally, there are three ma-
jor categories of tunable laser configuration with SOA, as
shown in Fig. 4.

The first type is the arrayed distributed feedback (DFB) la-
ser with integrated SOA™
development. In early days of this research, the number of

I, This type has a long history of

DFB lasers were limited, and the optical coupler was an multi-
mode interference (MMI) coupler with SOA or Micro Electro
Mechanical Systems (MEMS) coupler without SOA™, In the
case of MMI couplers, the optical loss is large and then the
SOA is needed. This type with SOA is suitable for monolithic
integration and its wavelength tuning mechanism is simple to
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tune only temperature of the chip. For monolithic integration,
waveguides of active and passive regions are separately grown
by Butt-joint technology. The same active layer is utilized
both for laser and SOA regions. This means the freedom of
SOA design is slightly limited.

The second type is the distributed Bragg reflector (DBR)
tunable laser with a Vernier effect of two grating regions, im-
plemented by multiple methods, such as sampled grating™,
digitally sampled (DS) DBR™, and chirped sampled grat-
ing®™. In this paper, the sampled grating is not the subject, so
it is not discussed. Because the reflectivity of DBR must be
rather high, the output power directly from the DBR tunable
laser will be not high enough. Therefore, an SOA after the
DBR laser is usually needed. In the same manner as the DFB
arrayed type, the SOA in the other two types can be monolithi-
cally integrated by Butt-joint or Ion-implantation technology™
on the same chip as a tunable laser part. The same active lay-
er is also utilized.

The third one is an external cavity tunable laser with a gain
5, 18,29]

chip' . The tunable laser is configured with an external
tunable bandpass filter with a reflector and a gain chip. This
gain chip can be handled as a FP-laser with a front facet mir-
ror and a rear effective mirror of external filter, as mentioned
above. In the case of silicon tunable filters, the gain chip and
the filter chip are hybridly integrated. Because it is also diffi-
cult to obtain high output power directly from the gain chip,
the SOA is also hybridly integrated to amplify the optical pow-
er. The gain chip and SOA cannot be monolithically integrat-
ed due to the facet reflectivity of the gain chip. Therefore, the
freedom of SOA design is not limited to have high saturation
power with lower optical confinement factor. One drawback is
difficult optical coupling between chips, such as the interface
of the filter and gain chip, and the gain chip and SOA. An ad-
vanced mounting technology is necessary for realizing low cou-
pling loss.

SATO Keniji, ZHANG Xiaobo

4 Simulation Examples and Discussion

In this section, the issue on optical confinement factor is
discussed. Fig. 5 shows an example of measured optical signal
gain as a function of amplified output power. As output power
increases, the signal gain is becoming saturated. The point
where the gain is decreased by 3 dB is called the saturation
gain. As the injection current increases, the maximum output
power will also increase, but it is also saturated even if the in-
jection current keeps increasing.

In order to investigate saturation, internal power distribu-
tion in the SOA along the cavity axis with various optical con-
finement factors is calculated (Fig. 6). In this simulation, the
SOA cavity is divided into small sections where the gain is sat-
urated and slightly different from each other. The saturated
gain in the i-th section can be described as g, = g /(1 + &P),

which depends on power P and saturation coefficient &,
where & is 1/P, and saturation power P, is 22 dBm. Those pa-
rameters of confinement factors in Fig. 6 mean relative con-
finement factor I', where the actual confinement factor is a
product of variable I' and fixed I'; of about 4% or so in reali-
ty. As shown in Fig. 6, a low relative confinement factor shows
more linear amplification along the cavity than high confine-
ment. In the case of amplification for the tunable laser, the in-
put power to SOA is high, so it cannot be treated as a small
signal. When an output power higher than 20 dBm is required,
the light is amplified in almost saturation region with an ampli-
fication factor of around 10 dB for the input power of 10 dBm,
as shown in Fig. 6 (a). When the input power is 7.5 dBm in
Fig. 6 (b), the output power is about 20 dBm. Even if the input
power changes, the output power is almost constant. This im-
plies that confinement factor should be properly designed to
suppress gain saturation, otherwise the consumption power of
the amplification will increase. In Fig. 6, additional 1.5 dB
gain is obtained to the half of the normalized optical confine-
ment factor.

DFB LDs

Coupler SOA
—-

DBR Gain DBR SOA

AVATATA S——VAVATA

(a) Arrayed DFB

(b) DBR

Bandpass filter ~ Gain chip SOA
(c) External cavity LI]
DBR: distributed Bragg reflector LD: laser diode

DFB: distributed feedback

SOA: semiconductor optical amplifier

A Figure 4. Tunable lasers with semiconductor optical amplifier (SOA)

35 500 mA

Signal gain/dB

-5 0 5 10 15 20 25

Amplified output power/dBm

A Figure 5. Measured optical signal gain for 1.55 pm light as a function
of output power from a 2 mm long semiconductor optical amplifier
(SOA)
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A Figure 6. Calculated internal power distribution in SOA

Finally, the design concepts are summarized in Table 1,
where the gain chip design concept can be placed between the
SOA and laser design. The key parameter is the optical con-
finement factor. It is easy to convert the optical confinement
factor into the number of quantum wells in the practical de-
sign. The active layer of the gain chip design is very similar to
that of SOA except facet reflectivity, however the optical con-
finement factor should be slightly different from that of SOA,
as mentioned above. Monolithic integration of SOA with the la-
ser part almost works well. On the other hand, better perfor-
mance should be obtained from hybrid integration with slight-
ly different design, according to the principle.

5 Conclusions

The design concepts of the SOA and gain chip for wave-
length tunable lasers are presented in this paper. The optical
confinement factor of SOA should be low to realize high satu-

ration power and be optimized only for TE mode polarization.

VTable 1. Comparison of design concepts

Items SOA Gain Chip for TL Laser
Threshold High Moderate Low
Very low (f Certain reflectivity
Facet reflectivity oy e AR/LR (for example, HR/
ple, AR/AR)
LR)
Optical confinement ) . o Rather high
factor Very low (3~5%) ~5% (~10%)
Length Long Middle - long Short - middle
Gain bandwidth Wide Wide Narrow
Carrier density High Moderate Low
Independent for in-
Polarization line SOA or depen- Dependent Dependent

dent for use in TL

LR: low-reflection TL: tunable laser

SOA: semiconductor optical amplifier

AR: anti-reflection
HR: high-reflection
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Optical confinement factor I

The optical confinement factor of the gain chip should be rath-
er lower than that of an ordinary laser and its length should be
rather longer. It is also important to consider proper effective
reflectivity of the external cavity to optimize performance of
external cavity lasers.
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