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Abstract: A compact and stable three-port optical gate has been successfully fabricated by monolithically integrating a

simple photodiode and an electroabsorption modulator. The gate shows an excellent DC logic “and” function with differ-

ent load resistors. Its dynamical characteristics without packaging have also been measured. We observed a dynamic extinc-
tion ratio of over 7dB with a 950Q load resistor and a 7mW control light power at 622Mbit/s.
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1 Introduction

Ultra-fast optical gates will be the key devices
for the next generation of optical communications be-
cause of their flexible application in optical signal
processing,such as DEMUX, 2R regeneration, wave-
length conversion, and so on. Compared with “all-
optical” type optical signal processes such as cross-
gain modulation(XGM) , cross-absorption modulation
(XAM), and cross-phase modulation ( XPM)!, the
traditional optical-electronic-optical (O-E-O) process
is mature and stable. But the signal is amplified and
processed in the electrical region, which is complicat-
ed and costly. Recently,a novel photodiode (PD) and
modulator O-E-O gate was suggested. Figure 1 shows
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Fig.1
Diagram of the signal process based on a PD-EAM optical gate

Article ID: 0253-4177(2008)05-0898-05

configurations of the optical signal process based on
traditional O-E-O conversion and a PD-EAM optical
gate. First, the optical signal is amplified by EDFA or
SOA and then the signal is converted into an RF sig-
nal to drive EAM directly through a high output PD.
This demonstrates compact configuration and high
speed-operation capacity due to short electrical inter-
connects and release of electrical amplification. The
very short open gate time of 2. 3ps for this optical
gate has been demonstrated and used in optical signal
processes ™™ . But, the optical power consumption is
very large and detailed reports are rare. A low optical
consumption gate is also reported in the GHz-range
with an optical wavelength-converting switching of
only ~10mW of absorbed input optical power
this letter, a low power PD-EAM optical gate is de-
signed and fabricated and its characteristics are tested
in a 622Mbit/s system.
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2  Principle and design

Figure 2 shows a circuit diagram of the PD-
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Fig.2 Circuit diagram of a PD-EAM optical gate and illustra-
tion of its operation
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Fig.3 Radio frequency model of a PD-EAM optical gate

EAM. It contains a surface-illuminated InGaAs pho-
todiodesa multi-quantum wells (MQW) EAM, and a
thin-film resistor, which were monolithically integrat-
ed on Fe-InP chip. Two bias-Ts consisting of a bypass
capacitor and an inductor provide DC voltage for the
EAM and PD and confine all RF electrical signals in
the area very close to InP chip. The principle and op-
eration process of the PD-EAM optical gate are as
follows:

First, the control light and the continuous light
are coupled into the PD and one port of the EAM sep-
arately. The signal light is output from the other port
of the EAM. Second, the EAM bias adjusts to ensure
the MQW heavily absorb the continuous light. So, the
output signal beam is weak and the optical gate’s
state is “Off”. Third, when the peak of the control
light with the coded signal illuminates the PD,an e-
lectrical photocurrent ( I,4) is generated and flows
through the load resistor ( Ry ) into ground, which
creates a voltage drop across the resistor and reduces
EAM reverse bias voltage. This drop can decrease
MQW absorption. If the control light peak power is
large enough,the MQW is nearly transparent to con-
tinuous light at this time. As the result, the optical
gate’s state is “On”.

As an optical gate, some crucial parameters
should be considered.

(1) Insertion loss. Insertion loss of the PD-EAM
optical gate is the same as that of EAM. It can be de-
creased below 5dB by elaborately designing the EAM
waveguide with a spot-size-converter (SSC)!™.

(2) Extinction ratio (ER). Defined as the on-
state and off-state power ratio of the optical gate,it is
the same as the EAM:

ERgs = 4. 343 vow AaL @)
where Ae is related to the absorptive character of the
MQOW and the voltage swing across the EAM junc-
tion.

(3) Bandwidth. The equivalent RF electrical
model is shown in Fig. 3,where I(w) is the RF source
generated by PD, C,y and C,, represent junction ca-
pacitances of PD and EAM,respectively; Ry,q and R,
represent the contact resistance of PD and EAM, re-
spectively. Some parasitic capacitance and inductance
are ignored here, but the photocurrent in an EAM

must be carefully discussed. Suppose the photocurrent
is a current path rather than a current source. The
current value varies with junction voltage,so it can be
modeled by a resistance R, = (d/,/d V) '.where I,
is the EAM DC photocurrent and V; is the junction
voltage. The 3dB electrical bandwidth is approximate-
ly:

deBe = \/g/zﬂReff(de + C.) (2)
where Rt = R,//R..

(4) Power consumption. When PD and EAM
work in reverse bias,electrical consumption is low due
to their small working current. The power of the con-
trol light needs to be large to generate enough electri-
cal RF signal to drive the EAM in order to achieve
certain ER. The voltage swing across the EAM junc-
tion is:

AV = Rep Peonvot Retr (3)
where Rpp is the responsivity of PD, P 0 is the pow-
er of the control light,and R is related to R, and
R,.

Accounting for key parameters of PD-EAM, de-
sign guidelines can be obtained from Eq. (1) to Eq.
(3). In order to design a high speed, low insertion
loss,low optical power consumption optical gate, the
PD and EAM are optimized separately. From Eq. (1),
Jda/d V., of the EAM must be enlarged to achieve low
drive voltage and decrease insertion loss. From Eq.
(3) ,the PD must be designed to obtain lager respons-
ivity and higher saturated output power. From Eq.
(2) ,the size of the PD and EAM must be reduced to
decrease junction capacitance and obtain large band-
width. Choosing a proper R, is complicated because a
small R, can enhance bandwidth, but needs a higher
control light power. In order to reduce the power of
the control light, R, = 9500 in a 622Mbit/s system is
chosen.

3  Material epitaxy and device fabrica-
tion

An illustration of the PD-EAM optical gate is
shown in Fig. 4. The device needs two metal-organic
vapor phase epitaxy (MOVPE) growth processes. The
EAM structure is grown on Fe-InP substrate first,and
the EAM epitaxy layer in the PD area is selectively
etched with SiO, as an etching mask. The PD is grown
on to the PD area after carefully cleaning the wafer
surface. For the electro-absorption modulator we em-
ployed, the QCSE rather than the Franz-Keldysh
effect for MQW provides stronger change in absorp-
tion caused by the EAM junction voltage change ( da/
dV.).The MQW consists of 10 1. 57Q0-InGaAsP wells
(9nm thick,0. 4% tensile strain) with 1. 2Q-InGaAsP
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Fig.4 Illustration of a PD-EAM optical gate device Fig. 5 Relative fiber-to-fiber ER characteristics for various
wavelengths

barriers (6nm thick,0. 3% compressive strain). Using
tensile strain wells decreases the polarization depend-
ence. The peak photoluminescence wavelength of the
MQW is 1. 50pm at room temperature. The PD struc-
ture is a simple p-i-n diode with an InGaAs absorber
layer of about 0.75um. Its theoretical responsivity is
~0.5A/W with AR-coating and ~0. 38A/W without
AR-coating,and a thicker absorber layer enhances re-
sponsivity.

The p-contact is obtained by depositing a Au/Zn
alloy before etching the mesa shape, and the clean
semiconductor surface ensures a low ohmic contact re-
sistance. The 0. 75pm Ing 53 Ga, 47 As absorption layer is
adopted for the PD,so that the PD mesa and EAM
ridge waveguide can be formed at the same time by
RIE ctching with CH,/H, mixture gases. The next
step is the traditional n-contact preparation, passiva-
tion using polymide, Ni/Cr thin film resistor deposi-
tion,and electrode process. It is necessary to clean the
sidewalls of the PD and EAM before passivation to
reduce dark current. After treating the surface with
1:1:50 (H,SO, @ H,0, : H;O)®, dark current of
PD can be dramatically reduced to about 10nA at 5V.
The ~250nm SiO, is deposited as AR-coating to en-
hance PD responsivity. The ring sharp p-electrode is
formed by lithography. After cleaning the wafer,both
facets of the EAM are antireflection coated.

4 Fabricated device characteristics

4.1 DC testing

PD shows excellent I-V characteristics with a-
bout 4 resistance and over 18V breakdown voltage.
The dark current is below 10nA at 5V reverse bias.
The DC responsivity is ~ 0. 32A/W without coating
and ~0.43A/W with SiO, coating, which is close to
theoretical calculation. EAM also shows good [I-V
characteristics with ~ 5Q resistance and over 8V
breakdown voltage. The DC extinction ratio curve is
shown in Fig. 4. An ER of more than 16dB is obtained
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Fig.6 PD-EAM transmission ratio versus control light

for voltage swing from 1.5V to 3. 5V. The low ohmic
contact resistance is achieved due to the p-contact
process before etching the mesa.

Figure 6 shows the logic “and” function of the
PD-EAM with 3300 and 1000Q) load resistors. DC bia-
ses of the EAM and PD are 4. 2V and 5V, respective-
ly. The transmission loss of the PD-EAM increases
~3dB when the power of the control light increases
1mW,and gradually saturates when the power of the
control light is larger than 4mW with R, = 1000Q.
The ER is more than 18dB for a control power of
10mW. The transmission loss linearly increases
~8. 5dB with 330Q0 R, when the control light power
increases to 10mW. This increasement is much slower
than that at 1000Q) R, ,which shows that a smaller R,
requires a higher powered control light. The DC opti-
cal “and” gate function of the PD-EAM device is
demonstrated.

The capacitances of the PD and EAM are both
~0. 6pF by C-V testing. Device bandwidth can be es-
timated through Eq. (2). For R, = 950Q, the band-
width is about 500MHz. Decreasing R, to 400Q, the
bandwidth reaches 1. 25GHz .

4.2 Dynamic characteristics testing

Figure 7 shows the experimental setup for
622Mbit/s wavelength conversion with the PD-EAM.
A continuous light at 1567nm generated by tunable la-
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Fig.7 Experimental setup for 622Mbit/s wavelength conver-
sion using PD-EAM

ser is coupled into the EAM. A 622Mbit/s non-return-
to-zero (NRZ) pseudo random bit sequence (PRBS)
optical data signal at 1550nm prepared by Anritsu
ME3520A (pattern length:2” — 1) serves as the con-
trol light. It is fed into the PD after amplification by
the EDFA. The output data signal light is coupled into
the digital component analyzer (DCA) after amplif-
ying and filtering.

In the setup, bias circuit is used as the DC-bias
for the PD and EAM to confine the high-speed signal
in the device’s chip. The bias circuit contains two RF
capacitors and two RF inductors on a ceramic plate.
The ceramic plate is adhered by the side of the PD-
EAM chip,so electrodes of PD and EAM can be con-
nected to the bias circuit through the short golden
threads to decrease electrical loss.

The testing conditions were:a DC bias of the PD
and EAM of 5.2V and 4.4V, a load resistance of
9500 ,a power of continuous light of 3. 5dBm, and a
R, of about 30000 by the relation between bias volt-
age and photocurrent. The measured insertion loss of
the EAM is ~18dB due to faulty alignment. The eye-
diagram is shown in Fig. 8 and the control light power
is adjusted to ~7mW. The eyes open clearly and the
dynamic extinction ratio is ~ 7.1dB. The signal to
noise ratio (SNR) is ~5. 7dB due to a larger insertion
loss. Thus, we have successfully performed wavelength

Fig.8 Eye diagram of output (wavelength conversion) signals
using PD-EAM

conversion from 1550nm to 1567nm in a 622Mb/s sys-
tem.

5 Conclusion

A PD-EAM optical gate on Fe-InP substrate has
been successfully fabricated for the first time in Chi-
na. The device shows an excellent DC logic “and”
function and can be used as a wavelength converter. A
dynamic extinction of over 7dB is obtained with a
950Q load resistor and a 7mW control light power at
622Mbit/s. The principle and design guideline of the
devices also have been analyzed,which shows that the
bandwidth can be improved to 2. 5GHz by decreasing
the load resistor and capacitance of the EAM.
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