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Ultrafast Refractive-Index Dynamics in a
Multiguantum-Well Semiconductor Optical Amplifier

H. J. S. Dorren, X. Yang, D. Lenstra, H. de Waardt, G. D. Khedlow, IEEE T. Simoyama,
H. Ishikawa Fellow, IEEE H. Kawashima, and T. Hasama

Abstract—We investigate ultrafast refractive index dynamics tical switching [4]. In this letter, we investigate ultrafast refrac-
in a multiquantum-well InGaAsP-InGaAs semiconductor optical  tive-index changes in a multiquantum-well SOA introduced by

amplifier that is operated in the gain regime by using a pump-and- cross-linearly polarized pump-and-probe pulses.
probe approach. The pump-and-probe pulses are cross-linearly po-

larized. We observe a phase shift of 200if the amplifier is pumped

with 120 mA of current, but find that the phase shift vanishes if the Il. EXPERIMENTAL METHOD

injection currentis increased to 160 mA. Our results indicate a con-

tribution of two-photon absorption to the nonlinear phase shift that The experimental method we used is referred to as spectral

opposes the phase shift introduced by the gain. Finally, we observe interferometry [6]. A sequence of two optical pulses, a probe
that the phase shift comes up and disappears within a picosecond. pulse, and a reference pulse, with well-defined phases enter
Index Terms—Optical signal processing, optical switching, semi- the SOA. The pump-induced refractive-index change causes a
conductor optical amplifiers (SOAs), ultrafast optics. phase shift of the probe pulse that is measured by interfering the
probe pulse with the reference pulse. Measuring the probe phase
shift as a function of the pump—probe delay enables the time-re-
solved measurement of ultrafast refractive-index changes. The
HE TELECOMMUNICATION employing of fem- optical spectrum of the probe-and-reference pulses has a modu-
tosecond optical pulses for optical transmission g@tion that is proportional teos[(w — wo)T + ¢], wherew is the
terahertz speed requires ultrafast all-optical switching techptical frequency and, is the central optical frequency of the
nology for demultiplexing and routing [1]. Semiconductopulses [6]7 is the time between the pulses afis their relative
optical amplifiers (SOAs) are attractive as nonlinear elemephase. The modulation of the spectrum is inversely proportional
in future all-optical (packet) switches, since they provide @ the time between the pulses and the modulation depth is pro-
high gain and exhibit a strong refractive-index change [2], [3portional to the amplitude difference of the pulses [6]. The rel-
Moreover, switching systems based on SOAs allow photorigive phase determines the positions of the minima and maxima
Integration. of the fringes in spectrum. The (low intensity) reference pulse
The application of SOAs in all-optical signal processing syss fully amplified since the SOA is in equilibrium, but the (high
tems appears to be limited to bit rates lower than 160 Ghfftensity) pump pulse is timed in such a way that it arrives at
due to the electron-hole recombination time [2]. Recent resufe SOA just before the probe pulse. Thus, the probe pulse will
based on colinearly polarized pump-and-probe pulses indicg@eive less amplification and undergo a phase shift, which is
that femtosecond optical pulses introduce ultrafast gain and ggfferent from the reference pulse due to the gain saturation in-
fractive-index changes in bulk SOAs that are suitable for opoduced by the pump pulse [4].
Fig. 1 is a schematic of the experimental setup. An optical
Manuscript received September 27, 2002; revised December 16, 2002. TR@rametric oscillator (OPO) pumped with a mode-locked
work was supported in part by the Ministry of Economy, Trade and Industili : Sapphire laser is used to produce optical pulses that were

pr_apan, and the New Energy and Industrial Tec_hnology Development Orgamo fs (at full-width at half—maximum) in duration and at
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stitute of Advanced Industrial Science and Technology (AIST), Tsuku : : : _ : - :
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lands. as fiber delay system to create the probe-and-reference pulse.
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Fig. 3. Phase change as a function of the pump—probe delay for injection
currents of 120 mA (solid line) and 160 mA (dashed line). The error margin
is 10°.

Fig. 1. Schematic of the experimental setup.
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] A
“""Ml\/\/\/\/‘f \ ANV VA A VA_L of the probe-and-reference pulse in the presence and absence of

pump light. The upper trace in series “A” is the optical spectrum

ZW/\}W 0T ofthe probe-and-reference pulses in absence of pump light. The
1 9 lower trace in series “A” is the measured optical spectrum if the

T A A AN AN NN Ny ™ pump pulse arrives after the probe-and-reference pulse. Conse-
.MM\/\“W\/\/\JVV\/\/\/W Cc .
JV—L quently, the pump light does not affect the probe-and-reference

15510 1514 pulses and thus no phase changes are visible. The two traces in
e em series “B” are the optical spectra in the case that the pump pulse
Fig. 2. Optical spectra of a probe-and-reference pulse in the case that &gives at the SOA simultaneously with the probe pulse. The
pump pullse At:Seilrr;i;/ﬁznifgeurstlhewriitrr??fe-anrgggfeﬁ;ececr{UTlii- Bui;he Sll;fggrrziumper trace in series “B” is the spectrum of the probe-and-ref-
ig\/g: zgc?rsé the probe pulie. The inﬁ)ectior? currén£ is 12pO mpA?The up;\)%fence F’“'Ses in absence of pump.hght.' First, a decrease of the
trace in the series “A” “B,” and “C” represents the interference spectrum fmiodulation depth of the spectrum is visible. This is due to the
absence of pump light. The 50-GHz modulation that is visible in the spectrarieduced amplification of the probe pulse in the presence of the
an instrumental artifact related to “aliasing.” pump light [5]. It is estimated that the probe pulse has received
2.7 dB less amplification compared with the reference pulse.
and fed into the SOA by using a set of graded-index lense&econd, a phase shift of approximately 2@®visible. This is
The SOA used in our experiments is an InGaAsP-InGaAlsie to the refractive index change introduced by the pump pulse.
multiguantum-well SOA with a central length of 7%0n. On The two traces in series “C” represent the case that the pump
both sides of the central part is a taper zone with a length wiilse arrives 1.3 ps before the probe pulse atthe SOA. Again, the
400um. In the fiber system, the pulses are broadened to 30Qufsper trace in series “C” is the spectrum of the probe-and-refer-
due to dispersion. The total coupling losses are estimated todpee pulses in absence of pump light. From the reduced modula-
10 dB. Measured at the coupler, the optical power of the puntipn depth, it can be concluded that the probe pulse has received
signal was 7054W while the optical power of the combinedless gain, but no phase difference is visible. The solid line in
probe-and-reference pulses was GI. The SOA output is Fig. 3 shows the phase change as a function of the pump—probe
fed into an inline polarizer after passing through an isolatatelay for/ = 120 mA. It follows from Fig. 3 that the phase
an optical bandpass filter (5 nm), and a polarization controllehange recovers within a picosecond. In contrast to results for an
The inline polarizer is used to separate the pump light fromGaAsP—InP bulk SOA that are published in [4], we do not ob-
the probe-and-reference pulse. After passing through therve additional phase recovery effects on a time scale of a few
inline polarizer, the power ratio between the pump pulse, apitoseconds. In the second experiment, the SOA current was in-
the probe-and-reference pulse was 1:14. Finally, the optieakased to 160 mA while all the other conditions were kept the
spectrum of the probe-and-reference pulses are analyzedshyne. The dashed line in Fig. 3 shows the phase change as a
using an optical spectrum analyzer (ANDO AQ6317B) with function of the pump—probe delay fdr= 160 mA. It follows
resolution of 0.010 nm. The relative phase is stable over sevetat no phase-change is visible. However, the reduced modula-
minutes without using active control since the interferometer fion depth of the optical spectrum reveals a maximum difference
made of fiber couplers and shielded in a box from thermal andamplification between the reference pulse and the probe pulse

Power density (arb)

mechanical disturbances. of 3.2 dB.
Our results concerning the ultrafast phase change in the SOA
Ill. RESULTS can be explained by using the formula [5]
In the first experiment, the SOA is pumped with 120 mA of oy 1 1
current. Fig. 2 shows three traces of measured optical spectra 5, = 59~ 5 PeS 1)
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20— even vanish. Simulation results suggest that for the pulse ener-
200, S o Pump:04pd | 1 gies used in our experiments, the tail is so weak that it cannot

—s— Pump: 0.5pJ be observed by our experimental method.

150 | &~ Pump: 1.0pJ
g 100 IV. CONCLUSION
o . . .
3 Our results show that a data pulse propagating in the gain
£ 80 minimum of a cross-linearly polarized control pulse is under-
o 0 going adequate gain and phase differences required for optical
s switching. These results also indicate that optical signal pro-
& ol cessing systems based on SOAs placed in interferometers can

be operated by ultrashort cross-linearly polarized pulses.

-100 NG We have also observed that the refractive index recovers on

s ‘ ‘ ‘ ‘ ki the time scale of 1 ps. We did not observe recovery effects on a

oo 110 120 130 140 150 160 170 180 time scale of a few picoseconds. The ultrafast recovery effects

Current (mA). are associated with carrier heating driven by TPA and free car-

Fig. 4. Simulation of the phase change of a 20-fJ probe pulse as a functiorf &' absorption. Finally, our results show _that the phase Cha”ge
the injection current for various pump-pulse energies. due to TPA opposes the phase change introduced by the gain.
Our results can be explained by a similar model as presented in

[5].

where « is the linewidth enhancement factay,is the SOA
gain, 8 the two-photon absorption (TPA) coefficientp the
linewidth enhancement factor due to TPA, afidhe photon
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the right-hand side describes the phase change due to TPA. In
the presence of a pump pulse, the first term will always lead to

a negative phase-shift contribution with respect to the situation[l]
without pump pulse. This contribution increases in magnitude
with increasing bias current. The second term is only nonzero
in the presence of a pump pulse. Clearly, the observed comtz]
pensating effect for higher current can only be explained when
as < 0.

In Fig. 4, a simulation result is presented in which the phase
shift of a 200-fs probe pulse in the presence of a pump pulsep]
relative to the situation without pump pulse is plotted as a func-
tion of the bias current. The numerical model used in the sim-[4]
ulation is in the fashion of the model presented in [5], but ex-
tended with polarization-dependent gain, as shown in [7]. Theyg;
probe-pulse energy was 20 fJ and it was usedthat2 and that
a = —4(8 = 3.510"7 um?). The pump pulse energies used in
Fig. 4 are in the same order as in the experiment. Our numericajg
results reveal that fof = 120 mA, a phase change of at least
18(° can be obtained while the phase change almost vanishes
for I = 160 mA. This result also clarifies inconsistent results
that are reported in the literature about the sign.f8]-[11].

We can only explain our experimental result&iinda, have
opposite signs, so that the phase change due to TPA opposes
phase change due to the SOA gain. Moreover, Fig. 4 indicates
that similar phase changes can be obtained for pulses energigs
between 0.1 and 1 pJ. Finally, experimental results based on col-
inearly pump-and-probe pulses in a bulk SOA show a Iong-liveqlo]
tail in the refractive index recovery due to electron-hole recom-
bination [4]. Our experiments on a multiquantum-well ampli-
fier give no clear evidence for such a long-lived tail. Numer-[11]
ical simulations reveal that the strength of the tail depends on
the pump-pulse energy. For certain pulse energies the tail could
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