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for pulse amplification in high-power
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We study the combined effects of dynamic gain saturation and two-photon absorption on the amplification of
short pulses in semiconductor optical amplifiers and show that two-photon absorption can saturate the am-
plifier gain and limit the output pulse energies even for amplifiers with large gain saturation energies. We
discuss the upper limits for the pulse energies obtainable from semiconductor optical amplifiers in the pres-
ence of two-photon absorption and show that for single transverse mode waveguide amplifiers these upper
limits can range from values as small as a few picojoules to several hundred picojoules for pulse widths in
the 0.5 ps to 20 ps range, respectively. © 2008 Optical Society of America

OCIS codes: 250.5980, 320.7110, 250.5530.

There has been a growing interest in obtaining high-
energy short pulses from semiconductor optical am-
plifiers (SOAs) and from semiconductor mode-locked
lasers [1-4]. Schemes employed to generate high-
energy pulses from SOAs have shared one common
goal: to reduce dynamic gain saturation in the ampli-
fier by either increasing the effective optical mode
area and reducing the overlap of the mode with the
active region, as in the slab-coupled waveguide struc-
tures reported in [3,4], or by increasing the cross-
sectional area of the entire device, as in the flared or
tapered waveguides reported in [1,2]. In this context
the questions that arise are (i) what are the limits, if
any, on the maximum pulse energies obtainable from
SOAs and (ii) what scaling schemes can be used to
produce very high pulse energies from SOAs. The an-
swer to the first question depends on the pulse width.
In this Letter, we limit the discussion to pulses that
are long enough (>0.5ps) such that carrier intra-
band relaxation and carrier heating do not signifi-
cantly affect pulse gain [5]. We study the combined
effects of dynamic gain saturation and two-photon
absorption (TPA) on pulse amplification in SOAs.
TPA, in addition to dynamic gain saturation, can
limit the maximum pulse energies obtainable from
SOAs. The fact that TPA introduces loss for optical
pulses in SOAs is recognized and well understood,
and its effects have been included in several numeri-
cal simulation results reported earlier [6]. However,
to the best of our knowledge, the limitations imposed
by TPA on the maximum pulse energies obtainable
from SOAs have never been quantified.

For dynamic gain saturation, the pulse gain satu-
ration energy E,; determines the maximum pulse
energies obtainable from a SOA without significantly
compromising the amplifier gain. E_; equals
fhiw,Ace/ (dg/dN), where w, is the pulse center fre-
quency, dg/dN is the material differential gain, and
A is the effective area of the optical mode. A ¢
=A/I', where A is the active region cross-sectional
area and I" is the confinement of the mode in active
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region. A useful pulse energy scale Erp, emerges
from our analysis that determines the maximum
pulse energies obtainable from a SOA under limita-
tions imposed by TPA. We show here that in high-
power SOAs when I' is reduced to increase A,y and
E ., Erpa is reduced and the pulse energies can be-
come limited by TPA. The results presented here
could explain the difficulty in obtaining very short
pulses from mode-locked lasers employing high-
power slab-coupled waveguide optical amplifiers
[3,4]. We assume a pulse with envelope A(z,?), nor-
malized such that the pulse energy E(z) equals
I, |A(z,t)[?dt. The equation governing pulse propa-
gation in the SOA can be written as [7]
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Here, B, is the dispersion, I" is the mode gain confine-
ment factor, g(z,t) is the time-dependent material
gain, « is the linewidth enhancement factor, [ is the
waveguide linear loss, n4 is the material intensity de-
pendent refractive index, &, is the free-space propa-
gation vector at the pulse center frequency w,, and
B is the material TPA coefficient. A, 4. is related
to the mode area. If the waveguide transverse mode
field is given by ¢(x,y), then A ¢
=([J]p(x,y)Pdxdy)?/ [ f|(x,y)|*dxdy. Note that Ao
can be substantially different from A.y Under the
assumptions that the material gain varies linearly
with the carrier density and that the pulse width
is much smaller than the gain relaxation time,
the time-dependent gain g(z,t) is [7] g(z,t)
=g, exp(-J . |A(z,t")|?dt'/E,), where E., is the
pulse gain saturation energy and g, is the unsatur-
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ated material gain just before the pulse. This expres-
sion is substituted in Eq. (1) to obtain the following
exact equation for the pulse energy E(z):

dE(z) E(z) )
Ew =g, Esat| 1 -exp| - . - lE(z) - Y(2)E*(2).

sat
(2)

The above equation gives rise to two different gain
saturation mechanisms, both of which are discussed
below. y(z) models the nonlinear loss owing to TPA.
y(z) is related to the material TPA coefficient B as

4
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For a pulse with a Gaussian intensity profile and
FWHM pulse width 7, y=B8/(Aphdel.57). The pulse
width and shape are not constants and can change
during propagation [6,8]. Although a complete discus-
sion of these effects is beyond the scope of this Letter,
full numerical simulations of Eq. (1) show that if the
value of vy is assumed to be a constant, then the pulse
energies at the output of the amplifier predicted by
Eq. (2) are accurate to within 5%, provided the value
of y used is the average value of y(z) over the length
of the amplifier. In the discussion that follows, y will
be assumed to be a constant and, therefore, the pulse
width 7should be understood as the average width of
the pulse in the amplifier in the sense of Eq. (3).

We define the input pulse energy E;, as E(z=0)
and, if L is the length of the SOA, the output pulse
energy E, . as E(z=L). In the absence of TPA (i.e., y
=0) and when E(z) < E;, the unsaturated SOA gain
equals E,/E;,=exp[(I'g,—1{)L]. For numerical simu-
lations we use parameters that correspond to a high-
power InGaAsP/InP slab-coupled waveguide ampli-
fier similar to the one reported in [3]. The values of L,
I, I, Eg, and A4 are 0.8cm, 0.003, 0.7 cm™,
100 pJ, and 14 um?, respectively [3]. The value of the
TPA coefficient 8 in most direct bandgap III-V semi-
conductors, such as GaAs and InP, is in the 20-40
X107 cm/W range and is only weakly wavelength
dependent for wavelengths corresponding to energies
slightly below the bandgap to energies slightly above
the bandgap [9]. Assuming values of 8 and FWHM
pulse width equal to 35Xx 1072 cm/W and 10 ps, re-
spectively, Fig. 1 shows the E_ versus E;, curves in
the absence (dashed curve) and presence of TPA for
pulse widths of 10 ps (solid curve) and 1 ps (dotted—
dashed curve). In each case, the three curves corre-
spond to three different values of the unsaturated
material gain g, (800, 1200, and 1600 cm™!). Figure 2
plots the corresponding amplifier gain values (in
decibels) as a function of the output pulse energy
E . In the absence of TPA, the SOA gain saturates
by ~3 dB for output pulse energies close to E,;. In
the presence of TPA, the SOA gain saturates at much
smaller output pulse energies.

z) = 3)

OPTICS LETTERS / Vol. 33, No. 10 / May 15, 2008

With TPA
t=10ps

With TPA

Fig. 1. (Color online) E,; versus E;, curves without TPA
(dashed curve) and with TPA assuming FWHM pulse
widths of 10 ps (solid curve) and 1ps (dashed-dotted
curve). The SOA parameters are given in the text and cor-
respond to the InGaAsP SOA in [3]. E ;=100 pd. In each
case, the three curves correspond to unsaturated material
gain values (g,) of 800, 1200, and 1600 cm™1.

The maximum output pulse energy Eqpa for which
the SOA gain saturates by ~3 dB owing to TPA in-
stead of dynamic gain saturation can be estimated
using Eq. (2):

Fgo 1—‘gol'STIAmode
Erps= S
e ef

If E,t<Erps, then dynamic gain saturation will
saturate the SOA gain for large pulse energies, and if
E ;> Erpp, then TPA will saturate the SOA gain for
large pulse energies. If E,; and Eqpy are of the same
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Fig. 2. (Color online) SOA gain without TPA (dashed

curves) and with TPA assuming FWHM pulse widths of
10 ps (solid curves) and 1 ps (dotted—dashed curves). The
SOA parameters are given in the text and correspond to the
InGaAsP SOA in [3]. E ;=100 pd. In each case, the three
curves correspond to unsaturated material gain values (g,)
of 800, 1200, and 1600 cm™1.



order, then both TPA and dynamic gain saturation
will play a role in saturating the SOA gain. The val-
ues of Eqpp for the SOA whose characteristics are
shown in Figs. 1 and 2, for a pulse width of 10 ps, are
53, 79, and 106 pd for unsaturated material gain val-
ues of 800, 1200, and 1600 cm™!, respectively. Since
Eqpa is of the same order as E,;, both TPA and dy-
namic gain saturation play a role in saturating the
SOA gain for a 10 ps pulse width. If one assumes a
pulse width of 1 ps, the values of Eqpy for the same
unsaturated material gain values are 5.3, 7.9, and
10.6 pd, respectively, which are much less than the
value of E, (=100 pdJ). In this case, the SOA gain is
saturated by TPA, as shown in Figs. 1 and 2. The pa-
rameter E1p, is therefore a useful energy scale for
determining the performance of an SOA for high-
energy short-pulse amplification. In Fig. 3, the value
of Erpya is plotted as a function of the pulse width for
different values of the unsaturated material gain g,,.
The values of A4, B, and [ are as given above and
correspond to the slab-coupled waveguide SOA in [3].
For pulse widths longer than 10 ps, Etps>E.,, and
dynamic gain saturation limits the maximum achiev-
able pulse energies. For shorter pulse widths, Eqpa
<E,; and TPA limits the maximum achievable pulse
energies.

It should be noted here that SOA waveguides with
smaller values of modal gain per unit length are
more susceptible to gain saturation driven by TPA.
Since most III-V semiconductor materials can pro-
duce maximum material gain values in the neighbor-
hood of 1500-1800cm™!, the two main design
handles available to increase the value of Eqp, for

Erpa (P))
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Fig. 3. (Color online) Values of Eppy are plotted as a func-
tion of the FWHM pulse width 7. The SOA parameters are
the same as in Figs. 1 and 2. The four curves correspond to
unsaturated material gain values (g,) of 400, 800, 1200,
and 1600 cm™'.
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high-energy short-pulse amplification in SOAs are
the mode gain confinement factor I' and the mode
area A, .q.- The scaling of the product 'A, 4. With
waveguide geometry is not trivial, since an increase
in the mode area can lead to a decrease in the con-
finement factor and vice versa, and this is the case
for the slab-coupled waveguide amplifiers in [3,4]. In
fact, whereas the values of E,; in slab-coupled wave-
guide structures are much larger compared with the
values in conventional SOA waveguide structures
[3,4], the values of Eqp, in slab-coupled waveguide
structures are comparable with or even smaller than
the values in conventional waveguide structures. For
example, a conventional five quantum well, 3 um
wide, InGaAsP/InP waveguide amplifier with A ,,q4e,
I, g,, and dg/dN equal to 1.5 um?, 0.08, 1600 cm™,
and 7x1071%cm? respectively, would have E,;
~2.4 pd and Eppp =~ 30 pd for a pulse width of 1 ps. An
optimal waveguide design strategy could involve
matching the values of E.,; and Eqp, for a given
pulse width to obtain the maximum output pulse en-
ergies. The inverse relationship between E_,; and
Er1pa is not unavoidable. The value of A, 4. can be in-
creased without much affecting the confinement fac-
tor I' by flaring or tapering a conventional SOA wave-
guide (i.e., by increasing the waveguide width) as in
[1,2]. Although TPA and dynamic gain saturation can
both be reduced in flared amplifiers, the price paid is
the increased number of transverse optical modes.
Single transverse mode waveguide designs to achieve
large values for both E,;; and Etpa need to be further
investigated.
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