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In this paper, we present the design, fabrication, and measurement of an evanescently coupled waveguide photode-
tector operating at 1.55 pwm, which mainly comprises a diluted waveguide, a single-mode rib waveguide and a p—i—n
photodiode with an extended optical matching layer. The optical characteristics of this structure are studied by using a
three-dimensional finite-difference time-domain (3D FDTD) method. The photodetector exhibits a high 3-dB bandwidth
of more than 35 GHz and a responsivity of 0.291 A/W at 1550 nm directly coupled with a cleaved fiber. Moreover, a linear
response of more than 72-mW optical power is achieved, where a photocurrent of more than 21 mA is obtained at a reverse

bias voltage of 3 V.
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1. Introduction

Nowadays, the demand for high-speed dense wavelength-
division-multiplexing transmission systems and numerous
analog and digital optical links is continuously growing. Pho-
todetectors with high bandwidths, high quantum efficien-
cies, and high-power handling capabilities have become crit-
ical components in these systems.!"# Among them, side-
illuminated waveguide photodetectors attract lots of atten-
tion due to their capabilities of overcoming the compromise
between quantum efficiency and bandwidth for conventional
vertically-illuminated photodetectors.>~/l However, the dis-
advantage of conventional waveguide photodetectors is that it
is too difficult to obtain high coupling efficiency with a fiber
because of a thin coupling cross section.!®! Thus, the evanes-
cently coupled waveguide photodetector (ECWG-PD) with a
diluted waveguide which has a multilayer-structure was pro-
posed to solve this problem. Moreover, an important pre-
dominance of an ECWG-PD is its excellent high-power han-
dling capability because of the better distribution of generated
carriers along the photodiode which relaxes the space charge
effect.%-12]

ECWG-PDs with a short planar multimode waveguide
have been reported by several research groups, whose re-
sponsivity is enhanced by exploiting the mode beating ef-
fects in a multimode waveguide.>%!3] Unfortunately, this
kind of ECWG-PD is very sensitive to the cleaved waveguide
length.[®! In this paper, we design and fabricate another kind
of ECWG-PD which comprises a 60-pum-length single-mode
rib waveguide, a diluted waveguide, and a p—i—n photodiode
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with an extended optical matching layer. Due to single-mode
transmission in the transmission waveguide without the mode
beating effect, this structure has a large tolerance to the cleaved
waveguide length and is easy to fabricate and couple with the
cleaved fiber.

The experimental results show that our photodetector
on one side processes a high 3-dB bandwidth of more than
35 GHz which is much higher than that of the domestic similar
device. For example, Zhang et al.'"*! in 2009 reported a UTC-
EC-PD with a 3-dB bandwidth of 11.5 GHz and Zuo et al.¥! in
2011 investigated a multimode waveguide EC-PD whose 3-dB
bandwidth is 13.4 GHz. On the other side, a linear response of
more than 72-mW optical power was achieved, where a pho-
tocurrent of more than 21 mA was obtained at 3 V reverse bias
voltage. Furthermore, this ECWG-PD is very suitable for the
monolithic integration with other components. ]

2. Design and fabrication

The three-dimensional (3D) schematic structure and cross
section of the ECWG-PD operating at 1.55 um are shown in
Figs. 1(a) and 1(b), which mainly comprises a diluted waveg-
uide, a single-mode rib waveguide, and a p—i—n photodiode
with an extended optical matching layer. The semi-insulating
diluted waveguide is composed of four InGag 11 Asg 5P (1.06-
pm bandgap) layers, each of which is interspersed between
two InP layers. Above the diluted waveguide, there are a
semi-insulating InGag 11Asg.25P (520 nm) coupling waveguide
layer and a semi-insulating InGag 11 Asg2sP (200 nm) single-
mode rib waveguide layer which feeds the following p—i—n
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photodiode. The length and width of the rib waveguide are
60 wm and 2 um, respectively. A 320-nm-thick n*-doped
(Si: 2 x 10" cm™3) InGaAsP (1.33-um bandgap) layer, which
is grown on the rib waveguide, is used as a low-resistance
n-type contact layer. Meanwhile, a 420-nm-thick intrinsic
Ing 53Gag.47As absorption layer of the p—i—n photodiode mesa
is embedded within the n-contact layer and an upper 410-
nm-thick p-doped (Zn: 1 x 10'® cm™3) InGaAsP (1.15-um
bandgap) cladding layer whose refractivity is lower than the
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absorption layer so as to protect the incident light from being
weakened by the metal contact electrodes. Finally, an 80-nm-
thick p*-doped (Zn: 1 x 10" cm™3) Ing 53Gag 47As is used
as a p-contact layer for a good p-type contact. The n-contact
layer, which is extended by a protrusion length (L) from the p—
i—n mesa also serves as the optical matching layer, providing a
refractivity match between the waveguide and the absorption
layer. Therefore, the protrusion length L affects the optical
intensity distribution in the p—i—n photodiode.!'!]
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Fig. 1. (color online) (a) The schematic plot of the three-dimensional (3D) simulation structure, (b) the cross section, and (c) the top
view of the evanescently coupled waveguide photodetector, and (d) the cross section of the transmission waveguide.

In order to make a good choice of the protrusion length L
of the n-contact layer, the optical characteristics of this struc-
ture are studied by using professional nano-optical design soft-
ware — FDTD solutions, using a three-dimensional finite-
difference time-domain (3D FDTD) method. The typical sim-
ulation results of the absorption efficiency versus photodiode
length Lyq with different values of matching layer length L are
presented in Fig. 2(a), from which one can confirm that the
absorption efficiency increases with the photodiode length Lpq
increasing. For a fixed value of Lpq, the absorption efficiency
with nonzero matching layer length L is higher than that of
L = 0 [the black squares in Fig. 2(a)]. Especially, taking the
case of Lpg =20 um and L = 5 um [the green hexagons in
Fig. 2(a)] for example, the absorption efficiency is enhanced
by 10%. Therefore, for the same absorption efficiency, the
area of the PD mesa with nonzero L is smaller than that with
L = 0, which will result in lowered capacitance of the PD and
enhanced bandwidth. For instance, if the absorption efficiency
is fixed to be 0.22, one can easily get that the area of the PD
mesa with L =5 pum is 5 umx8 pum smaller than that with
L = 0 pum, and correspondingly, the capacitance of the PD is

reduced by 40%. This is because of the mode beating effects
in the multimode waveguide. The matching layer length L-
dependent absorption efficiencies for the values of photodiode
length L,q = 10,20, and 25 are also shown in Fig. 2(b). Obvi-
ously, one can find from Fig. 2(b) that with L,q < 20 pm, the
peak absorption efficiency is at L =5 pm. As a result, based
on these simulated results, the optimized parameters of the p—
i—n PD mesa in our proposed device are chosen to be L =5 pum
and Lpg = 20 um for further simulations and experiments (see
the following text).

The simulated optical intensity as light propagates
through the ECWG-PD with Ly, = 60 um, L =5 pum, and
Wpa = 5 um are exhibited in Fig. 3(a). While the images
of the simulated field intensity profiles in the single-mode
waveguide, multimode waveguide matching layer, and mul-
timode PD mesa are presented in Figs. 3(b), 3(c), and 3(d)
respectively. According to the optical field distribution, we
can clearly see that the light transmits along the single-mode
waveguide and is converted into multimode transmission at the
n-contact layer, and then is absorbed by the active layer of the

p—i—n PD mesa when the light enters into the PD mesa.
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Fig. 2. (color online) (a) Plots of simulated absorption efficiency versus photodiode length Ly with different values of matching layer
length L=0, 2, 5,7, 10 pm. (b) Matching layer length L = dependent the absorption efficiencies for the cases of photodiode length

Lpq = 10, 20, and 25 pum.
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Fig. 3. (color online) (a) Simulated optical intensity as light propagates through the whole device, and (b)—(d) depict the simulated
field intensity profiles in the single-mode waveguide, multimode waveguide matching layer, and multimode PD mesa, respectively.

After obtaining these simulation results, the epitax-
ial structure of the ECWG-PD with the optimized param-
eters is grown by metal-organic chemical vapor deposi-
tion (MOCVD) on semi-insulating InP substrate.

fabrication is carried out using conventional UV lithogra-

Device
phy techniques. Firstly, Ti/Au is evaporated and patterned
for the p-type contact, which is also employed as mask
for the following p—i—n PD mesa etching. The PD mesa
(5 wmx20 um) is successively realized using nonselec-
tive wet etching (Br,:HBr:H,O) and selective wet etching
(H2S0O4:H,0,:H0). Then, the larger n-contact mesa and 2-
um-wide rib waveguide are successively fabricated by selec-
tive wet etching. After that, Au/Ge/Ni is deposited to form n-
contact electrodes. After SiO, passivation and contact open-
ing, Ti/Au is evaporated and patterned to form coplanar mi-
crowave lines. Finally, two pairs of Tay;O5/SiO; quarter-wave

stacks are grown as antireflection (AR) coating after cleaving.

3. Experimental results and discussion

The current—voltage characteristics of the ECWG-PD
is measured using an HP 4140B pA meter. As shown in
Fig. 4, the dark currents are 80 pA and 2.1 nA for a PD of
5 pmx20 pm junction area at 0 V and a reverse bias of 3V,
respectively.

Photoresponse measurement is carried out using a 1550-

nm laser source and an erbium-doped fiber amplifier (EDFA).
The output of the EDFA is coupled to a 9-pm-diameter single
mode fiber. The maximal output power of this test system is
about 72 mW. The simulated responsivities for various values
of p—i—n PD mesa length L,q without AR coating (L = 5 pm,
PD width = 5 pum) at 1.55 um are plotted in Fig. 5, see the
blue solid circles. The measured responsivity of 0.2 A/W for
the 5 pmx20 um area photodetectors without AR coating (the
red rectangle) is slightly lower than the simulation of 0.274
A/W due to the optical loss induced by roughness on the input
facet. The measured responsivity for the 5 pmx20 pum area
photodetectors with AR coating (the red star) is 0.291 A/W.
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Fig. 4. (color online) The current—voltage characteristic curve of a
5 umx20 pum ECWG-PD.
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Fig. 5. (color online) Plots of simulated responsivity at 1.55 um ver-
sus p—i-n PD mesa length Lyy without AR coating (L =5 um, PD
width=5 pm). The rectangle represents the measured responsivity of
the 5 pmx20 pm area photodetectors without AR coating. The star
represents the measured responsivity of the 5 umx20 um area pho-
todetectors with AR coating.

Figure 6 shows the photocurrent of a 5 pmx20 pm
ECWG-PD versus input optical power at 1550 nm under var-
ious bias voltages. Under 3-V reverse bias, the ECWG-PD
has a linear photoresponse up to 72-mW optical power (the
maximal output power of this test system) corresponding to
a photocurrent of more than 21 mA. This measurement result
indicates that the ECWG-PD has an excellent high-power han-
dling capability. It is very useful to radio over fiber (ROF)

system. (3]
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Fig. 6. (color online) Plots of photocurrent of a 5 pumx20 pm ECWG-
PD versus input optical power at 1550 nm under various reverse bias
voltages.
Our frequency response measurement setup is based on
a 1.55-pum DFB-LD and a microwave automatic network an-
alyzer. Figure 7 shows the measured 3-dB bandwidth of a
5 pumx20 pum ECWG-PD at —1 V bias. A 3-dB bandwidth
of more than 35 GHz is achieved with a 50-Q load resis-
tance. According to the typical equations with respect to
bandwidth, 13161 the 3-dB bandwidth f; 4g is given by
1 1 1
e + 2 1)
where the transit-time limited bandwidth and the resistance-

capacity (RC) time constant limited bandwidth are expressed

as
35%xv
and
1
Sfre (3)

~ 2nC(Ry+Ry)’

respectively. Here, v denotes the average velocity of the elec-
trons and holes, W is the absorber thickness, C describes the
diode capacitance, R; is the series resistance, and Ry is the
load resistance. The calculated f; is about 70.3 GHz and frc
is 45 GHz based on the measured series resistance of 80 Q
of the PD. Therefore, the theoretical 3-dB bandwidth f3 45
should be 39 GHz for this 5 umx20 um ECWG-PD without
alloying. Obviously, the 3-dB bandwidth is limited by the RC-
time constant, owing to the large measured resistance. Thus,
if the alloyed condition can be optimized to further reduce the
series resistance of the photodetector, the high-frequency per-

formances of the ECWG-PD will be significantly improved.
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Fig. 7. (color online) Frequency response of a 5 pmx20 um ECWG-PD
at —1-V bias.

4. Summary

In this paper, we report an evanescently coupled waveg-
uide photodetector operating at 1.55 pm. This EC-PD has a
large tolerance to the cleaved waveguide length and is easy to
fabricate. A high 3-dB bandwidth of more than 35 GHz is
measured along with a responsivity of 0.291 A/W at 1550 nm
for a5 pmx20 pm PD. The ECWG-PD has a linear response
of more than 72-mW optical power, where a photocurrent of
more than 21 mA is obtained at 3-V reverse bias voltage.
These measured results are limited by our test system. In addi-
tion, the high-frequency performances of the ECWG-PD will
be greatly enhanced if the alloyed condition has been opti-
mized to further decrease the series resistance of the photode-

tector.
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