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Small-signal cross-gain modulation of quantum dot based semiconductor optical amplifiers �QD
SOAs�, having a dot-in-a-well structure, is presented, demonstrating superiority for ultrahigh bit rate
wavelength conversion. Optimization of the QD SOA high speed characteristics via bias current and
optical pump power is presented and a small-signal 3 dB bandwidth exceeding 40 GHz is
demonstrated. The p-doped samples investigated here enable small-signal wavelength conversion
within a range of 30 nm, limited mainly by the gain bandwidth. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2969060�

GaAs based quantum dot based semiconductor optical
amplifiers �QD SOAs� operating in the 1.3 �m wavelength
range1,2 are decisive components for future all optical high
speed communication networks, e.g., the 100 Gbit/s Ether-
net. QD SOAs offer several attractive characteristics for such
applications, the most important being a wide gain spectrum
resulting from inhomogeneous gain broadening3 and ultrafast
carrier dynamics.4,5 The inhomogeneous broadening is re-
sponsible for complex cross saturation dynamics.6 QDs of
different sizes, whose ground state �GS� energies are not
within the homogeneously broadened gain, are only indi-
rectly coupled via the common carrier reservoir of higher
energy states. These states are located in the surrounding
quantum well �QW� �dot-in-a-well structure� and bulk mate-
rials. The excited states �ESs� and the carrier reservoir refill
the GS after depletion.6 The time constants for carrier relax-
ation between and within these levels range from 130 fs for
the ES to the GS4 relaxation to several hundred picosecond
recovery and relaxation of QW after depletion.7 The ultrafast
QD dynamics enable large saturation power as well as pat-
tern effect free amplification of fast signals under saturated
conditions,8–10 as has been shown at 1.55 �m. Ultrafast non-
linear applications such as wavelength conversion by effi-
cient cross-gain modulation �XGM� are feasible. Small-
signal XGM11 and wavelength conversion of short pulses12 at
1.55 �m as well as 40 Gbit/s data13 conversion at 1.3 �m
have already been demonstrated. However, no systematic
study of the XGM frequency response dependent on the op-
erating parameters in InGaAs QD SOAs at 1.3 �m has been
reported.

An Al0.35Ga0.65As /GaAs waveguide structure with ten
layers of InAs QDs in a GaAs core was grown by molecular
beam epitaxy. The QDs are covered by an In0.15Ga0.85As QW
layer to extend the emission wavelength to 1.3 �m.14 A 33

nm thick GaAs p-doped spacer separating the QD layers en-
sures strain relaxation.

Ridge waveguide QD SOA structures of 4 �m width
were cleaved to 2 mm long SOAs. The ridge was dry etched
through the active core layer containing the QDs to provide
strong index guiding of the optical mode and to suppress
current spreading. The waveguides are tilted at 6.8° and an-
tireflection coated. The QD SOAs were fiber coupled using
tapered fibers with a measured loss of 4 dB per facet. The
maximum linear chip gain and saturation output power were
19 dB and +14 dB m, respectively. This corresponds to a
chip saturation input power of −2 dB m. The residual gain
ripple was smaller than 2 dB.

We performed small-signal XGM measurements15 using
an HP 8722C network analyzer �NA�. The setup is shown in
Fig. 1. A saturating pump signal from a 1311 nm distributed
feedback �DFB� laser diode is externally modulated by a
small sinusoidal signal. The pump is injected into the QD
SOA together with a cw probe signal from a wavelength
tunable external cavity laser �ECL�. The ECL signal probes
the gain spectrum and experiences the modulation via XGM.
The pump is filtered at the SOA output using a fiber Bragg
grating and a tunable filter. The probe is detected and its
modulation characteristics are analyzed by the NA. The elec-
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FIG. 1. Experimental schematic for small-signal XGM measurement: EOM,
electro-optical modulator; QW SOA, quantum well semiconductor optical
amplifier; ATT, attenuator; ECL, external cavity laser; FBG, fiber Bragg
grating; DUT, device under test �QD SOA�; TF, tunable filter; and PD,
photodetector.
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trical S21 parameter is transformed to units of optical power
and normalized to the response of the pump without the QD
SOA called XGM efficiency.

The dependence of the XGM on the drive current is
shown in Fig. 2. The general shape comprises a strong de-
crease up to around 10 GHz, which is related to the slow
dynamics of the carrier reservoir in the higher energy states.
The nearly flat region ranging from 10 to 40 GHz is attrib-
uted to the fast dynamics of the QDs because the carrier
reservoir of the higher energy states cannot respond at these
high frequencies. At a low current of 50 mA the XGM band-
width is limited to 12 GHz, which is comparable to the XGM
results known from QW SOAs16,17 where bandwidths only
up to 30 GHz and a weak current dependence were found.
However, at currents larger than 200 mA the QD SOA XGM
is significantly enhanced and the 3 dB bandwidth exceeds 40
GHz. The reservoir becomes highly populated at large cur-
rents, enabling fast recovery of the QD states while the
change of the carrier density and distribution is negligible.
Therefore, spectral hole burning with its ultrafast recovery
becomes the dominant saturation mechanism. This is pos-
sible due to the small density of states in the QD GS and the
energy separation from the carrier reservoir and enables to
circumvent the slow dynamics after depletion of the carrier
reservoir in the QW. Thus, by increasing the current the
dominating saturation mechanism can be changed from slow
carrier depletion to ultrafast spectral hole burning and hence
the XGM bandwidth can be tuned from 10 to beyond 40
GHz. On the contrary, QW or bulk SOAs do not have a
separate carrier reservoir due to larger and continuous den-
sity of states such that the enhancement of XGM bandwidth
induced by spectral hole burning is not significant at large
injection current.16

The input pump power level also influences the XGM, as
shown in Fig. 3. Starting from 1 dBm �which is above the 3
dB saturation input power� and up to +7 dBm, the normal-
ized XGM enhances significantly by reduction in the low
frequency drop. This results from the enhanced gain satura-
tion due to spectral hole burning. The absolute efficiency
decreases due to the increasing gain saturation. The overall
conversion efficiency is currently limited to −8 dB. This
could be enhanced with larger gain QD SOAs.

The wavelength dependence of the XGM for various
modulation frequencies is depicted in Fig. 4. Here, the XGM
traces are additionally normalized to their respective maxi-
mum. At frequencies below 3 GHz the wavelength depen-
dence is mainly determined by the gain spectrum and there-
fore appears as a flat line after normalization. This can be
explained by depletion of the carrier reservoir that feeds
carriers to all the QD subensembles. Hence, its depletion
causes broadband XGM similar to QW SOAs.16 For a small-
signal modulation in the gigahertz regime, a wavelength
dependence especially at high frequencies �above 30 GHz�
is observed. The QD subensembles are only indirectly
coupled via the carrier reservoir and therefore high speed
XGM due to spectral hole burning can only occur within a
spectrally narrowband range determined by the homoge-
neous linewidth. However, for a large detuning outside the
homogeneous width, carrier depletion causes XGM but is
much less efficient at high frequencies than spectral hole
burning.

The dominance of spectral hole burning makes QD
SOAs superior compared to QW or bulk devices and indi-
cates that p-doped QD SOAs are suitable for broadband
��15 nm� high speed wavelength conversion mainly limited
by the 3 dB gain bandwidth.

In conclusion, we have reported ultrafast small-signal
XGM of 1.3 �m GaAs based QD SOAs. Dependent on the
bias current, the 3 dB bandwidth can be tuned from 12 to
more than 40 GHz. The XGM exhibits a wavelength depen-
dence due to spectral hole burning especially at high fre-
quencies. The separation of the carrier and the QD GS en-
ables the dominance of spectral hole burning over carrier
depletion and therefore high speed XGM superior to conven-
tional QW or bulk devices. This makes QD SOAs promising
candidates for wavelength conversion in future all optical
networks. Detailed large signal wavelength conversion ex-
periments at high data rates have yet to be performed, which
could be affected by patterning caused by the slow dynamics
of the QW.

FIG. 2. �Color online� Normalized XGM response for various drive
currents.

FIG. 3. �Color online� Normalized XGM for different pump power levels.

FIG. 4. �Color online� Normalized XGM dependence on wavelength for
various modulation frequencies.
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