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Observation of WDM Crosstalk in Passive
Semiconductor Waveguides

D. Van Thourhout, C. R. DoerMember, IEEEC. H. Joyner, and J. L. Pleumeekers

Abstract—We show that passive InP—InGaAsP waveguides Output power [mW] Non Linear Loss [dB]
exhibit high nonlinear loss due to the highly energetic carriers gen- 20 10
erated by two-photon absorption. We have further demonstrated,
for the first time, that due to this effect, severe crosstalk occurs v
between wavelength channels when they are transmitted through 15 p ]
a semiconductor waveguide operated in the transparency region, 2em e
at power levels used in typical wavelength-division-multiplexed < 1em X tem
(WDM) systems. Some solutions are proposed. ol < i 5 | < _

Index Terms—Hot carrier absorption, optical crosstalk, passive * X
semiconductor waveguides, two-photon absorption, WDM. X 2cm " Jj\.\.

. INTRODUCTION

0 0
S THE number of wavelength channels in wavelengt o 50 100 150 0 50 100 150
division multiplexed systems keeps increasing, the tot... Input power (in waveguide) (mw]

power guided through the waveguides of integrated deVICI—eus 1. Measured output power (left) and nonlinear loss (right) versus input
may become considerably high. For active devices, it is Wglwer for a rib-loaded InP-InGaAsP passive waveguidle £ 2.5 .m). The
known that, due to ga|n compress|on this can lead to &gmﬂet shows the transmission of a 4-ns square pulse for increasing input power

distortion and interchannel crosstalk. However, until now, g = 10 35 70 mW).
report of such effects large enough to affect the bit-error rate
(BER) of signals traversing passive waveguides of integrated
semiconductor devices such as multiplexers, cross-connects, dfig. 1 shows the results of a transmission experiment for an
multifrequency lasers has been made. InP—InGaAsP waveguide with arib-loaded slab structure (width
In the field of nonlinear optics, it is well known that2.5p m, rib thickness 90 nm, slab thickness 140 nm). Both the
two-photon absorption (TPA) in semiconductor media withib and the slab have a 1.30m bandgap while the transmitted
a bandgap energy smaller than two times the photon enetight has a wavelength of 1553 nm, so the waveguide oper-
poses a fundamental problem to all-optical switching arates well into the transparency region. The results show that the
there exists no possibility for trading of device length againgtansmission loss increases considerably with increasing input
intensity in phase-shift-dependent devices [1]-[3]. In mogbwer and is much larger than the linear loss (2 dB/cm). Also,
optical switching experiments, very short pulses with high ped#ir a second type of waveguide, consisting of a single ridge em-
intensity (~10 W/:m?) and yet low average power are embedded in an InP substrate (width L.ih, height 260 nm), the
ployed, and in such a case the effect of TPA is clearly observedaximum output power was limited to a value below 20 mWw,
On the other hand, in devices used in realistic wavelength-dithough it was only 5 mm long. We first considered the TPA
vision-multiplexed (WDM) systems, the peak-intensities afgrocess to be responsible for the limiting effect. However the
much lower, and we do not expect any measurable effeliPA coefficient as calculated from the slope of the inverse trans-
occurring directly from TPA. However, in the TPA processmissionT—1(T" = P../P.,) versus the incident power (see
carriers with high energy (high temperature) are generated afid, [2]), for the results presented in Fig. 1, is approximately ten
as will be shown, these hot carriers can have a significant efféiches as large4500 cm/GW) as the value typically reported for
on the transmission of typical WDM signals through opticdhP-InGaAsP waveguides.
waveguides operating in the transparency region below theThe inset of Fig. 1(b) shows the transmission of a square pulse
bandgap. with a length of 4 ns through the waveguide, showing that the
loss increases across the pulse and with increasing pulse power.
The fact that the loss increase is visible on this nanosecond
timescale is again in contradiction with the TPA process since
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Fig. 3. Eye diagrams (2.5 Gb/s) measured from the output of amh2wide

buried ridge waveguide. Upper row: single channel in waveguide. Lower row:
two channels present in waveguide. The second channel is filtered out using a
bandpass filter before measuring the eye diagram. Left to rightiota = 1

: 0 : ' : mW, 75 mW, 150 mW.
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mainly important in the first few millimeters of the waveguide
lzig- 2. SiméJlaged cé':l(;rigr g/eneration (left) ind power evolzutifn (right) alongnd from the inset, showing the power at the output of the wave-
the waveguidef = Wicm,7. =4 ns, Ay = 1.7pum?, L = 1cm, . P . .. L. .
« = 1.5 dB/cm). Inset of right picture shows the output power as function (gwde, the limiting e_ﬁeCt_|§ clearly VISI[_DIe' Slmll_ar eXpe”mentS
the input power. were performed using silicon waveguides (an indirect bandgap

material); however, up to an input power of 300 mW, no non-

carriers can only recombine by spontaneous emission or norffaéar loss was observed.
diative processes and have a lifetime in the rang® tis, during
the pulse the amount of carriers generated by the TPA-process lll. I NTERCHANNEL CROSSTALK

keeps increasing until an equilibrium is reached. The carrier rategjpce the limiting effect is a function of the total input power,
equation for the waveguide is given by it may cause crosstalk between several wavelength channels of
AN (z) 18, N(z) a WDM-signal traversing the optice_ll wavegui(je. To verify this,
7 2 I"(z) - - (1) we measured the BER as a function of the input power for a
¢ two-channel system. Two laser beams; (= 1553 nm and
with N the carrier density] the intensity, and, the carrier re- X, = 1565 nm) were combined using a 3-dB coupler and subse-
combination time. The highly energetic carriers generated fgyently modulated with a 2.488-Gb/s nonreturn-to-zero pseudo-
TPA in both the conduction and valence bands can give up theandom bit sequence (NRZ-PRBS) signal of length2, using
excess energy through carrier—carrier scattering and heat the adghium—niobate Mach—-Zehnder modulator. Next, the two sig-
of the distribution. The distribution will subsequently cool backals were decorrelated using an optical fiber with a total dis-
to the lattice temperature via phonon emission with a time copersion of DL = 130 ps/nm, amplified using a high-power er-
stant of 1 ps (although in some cases where very hot carrieiam-doped fiber amplifier and coupled into the waveguide. At
were involved, time constants up to almost 3 ps were measuthd output, the\; = 1553 nm signal was selected using a band-
[8]). Since these time constants are much smaller than the gaass filter with a 0.3-nm full-width at half-maximum (FWHM).
rier recombination time, we may consider a carrier distribu- Fig. 3 shows eye diagrams measured from the output of
tion with an equilibrium temperature and there is no need to atlie bandpass filter, for increasing input power and with and
an additional term describing the carrier thermalization procesithout the second channel present. From the upper row
in (1). The intensity evolution along the waveguide is given byonly one channel active), we see that the thickness of the
dI on-level increases considerably with increasing input power,
— = —al - BI* —oN(2)I (2) indicating that—as expected from the previously described
dz experiments—the loss experienced by a particular bit depends
where atermis added to account for the free carrier induced logs.the value of the preceding bits. Furthermore, the lower row
For continuous-wave (CW) power injection, (1) and (2) can tshows that the “1” thickness further increases when the second
readily solved to give us the evolution of the intensity and thggnal is added. BER measurements were performed using an
carrier density along the waveguide. As shown in Fig. 2(a), te@alanche photodiode with clock recovery and decision circuit
amount of generated carriers is relatively small (ofdér— &8 x  as the receiver. Fig. 4 shows, respectively, the results for a
10*¢ ¢cm—3). Typical values for cool free-carrier absorption irrib-loaded slab waveguidé¥ = 2.5 ym, L = 1 cm) and a
InGaAsP are around 1 dB/cm for a carrier density dfl@n—2  buried ridge waveguideWf = 1.2 yum, L = 5 mm). For the
[7]- Therefore, at first sight the much higher experimentally olfirst waveguide, small penalties are visible for average input
served loss cannot be explained by carrier accumulation. Hgeewers below 75 mW (penalty of 0.5 dB and 1.0 dB, respec-
ever, the generated carriers have a high energy and as noteiiviely, for P,, = 50 mW and 75 mW aBER = 10~°—the
[4] and [5], this can increase the absorption in the waveguidenoted powers are the total averaged power coupled into the
considerably. Fig. 2(b) shows the evolution of the power alongaveguides). For larger input powers, penalties up to 2 (5) dB
the waveguide, taking into account the hot carrier absorptiarere measured faP,,, = 100 (150) mW. For the buried ridge
cross sectiom reported in [5]7 = 2x 1076 cn??, (ora = 8.7 waveguide, although shorter in length, the effect was even more
dB/cm for N = 10'® cm3). This figure shows that the loss issevere, which can be attributed to the smaller effective cross




VAN THOURHOUT et al. OBSERVATION OF WDM CROSSTALK

loaded slab WG

buried ridge WG

-5 -5
vv50mwW Yv imw
00 75mMW 0 25mW
» 0 100mW wo 50mwW
-6 -6
x
w 7 7
a
g
a3 -8 -8
-9 -9
back-to
=10 =107 back
-11 -11
-46 -44 -42 -40 -45 -43 -41 -39 -37

Received Optical Power [dBm]

459

IV. CONCLUSION

We have shown, for the first time, that severe crosstalk may
occur between wavelength channels when they are transmitted
through a semiconductor waveguide operated in the trans-
parency region below the bandgap. The crosstalk originates
from a power-dependent loss induced by carriers generated by
two-photon absorption. Since this happens at power levels that
are very likely to occur in realistic devices for WDM networks,
this crosstalk phenomenon has to be taken into account when
designing these devices. Typical examples of waveguides
where this is important are the common entry ports of mul-
tiplexers/demultiplexers, cross-connects or multifrequency
lasers. Furthermore, the loss induced by the photogenerated
carriers may limit the output power of high-power lasers having

Fig.4. BER measurements for arib-loaded (left) and a buried ridge waveguide . id . h idel ble |
(right). Closed (open) symbols are for single- (two-) channel operation. TRe Passive waveguide section, such as widely tunable lasers.

denoted powers are the total power coupled into the waveguide (sum of bBRER measurements suggest that it is important to keep the

effective area of the waveguides shared by multiple wave-
lengths as large as possible. Other remedies include collecting
the carriers in a shorted p-n junction or defect generation via
proton bombardment. Note that the process is slow and so it is

channels).
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Fig. 5. Transmission results (left) and generated photocurrent (right) for alll
buried ridge waveguide with a p-n junctioh( = 1.3 um).
section compared to the slab-loaded waveguide. In this case[,zl
there is a small penalty even when no second channel is added,
and for total powers as low as 25 mW, a penalty over 2 dB wasyg
observed (aBER = 10~°) when a second channel was added.
The generated carriers can be removed by introducing
a p-n junction in the waveguide and shorting the contacts.
We investigated this using a 1;8n semiconductor optical
amplifier and the results shown in Fig. 5 indicate clearly that
the nonlinear loss is indeed considerably decreased. Applyinq5]
a reverse bias voltage did not further improve the transmitted
power. The almost perfect parabolic fit for the photocurrent
[Fig. 5(b)] demonstrates that the carriers are mainly generated
by the TPA-process and not by linear absorption. A drawbackie]
of the p-n junction is the increase in linear loss due to the
necessary doping of the cladding layers. Another possibilitym
for carrier removal is to shorten the carrier lifetime by a proton
bombardment, creating defects for carrier recombination(®l
and thereby minimizing the accumulation of photogenerated
carriers. In [8] this was shown to slightly enhance the efficiency
of the four-wave mixing effect, and although it also increases![®]
the linear loss somewhat, the same procedure can be applied to
diminish the interchannel crosstalk.

(4]

ineffective for all optical switching or optical limiting.
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