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A new evanescently-coupled uni-traveling-carrier photodiode (EC-UTC PD) based on a multimode diluted waveg-

uide (MDW) structure is fabricated, analysed and characterized. Optical and electrical characteristics of the device

are investigated. The excellent characteristics are demonstrated such as a responsivity of 0.36 A/W, a bandwidth of

11.5 GHz and a small-signal 1-dB compression current greater than 18 mA at 10 GHz. The saturation current is

significantly improved compared with those of similar evanescently-coupled pin photodiodes. The radio frequency (RF)

bandwidth can be further improved by eliminating RF losses induced by the cables, the probe and the bias tee between

the photodiode and the spectrum analyzer.
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1. Introduction

There is an increasing demand for photodiodes
(PDs) with a high output and a wide bandwidth be-
cause they can allow us to simplify the configuration
of receivers for broadband fiber-optic communications
and ultra fast measurement systems. High-speed pho-
todetectors are key devices in the fields of digital,
analogue, and optical transmissions. A uni-traveling-
carrier photodiode (UTC-PD)[!=4 is a promising de-
vice because it has a higher output and a faster re-
sponse than the conventional pin PDs, owning to its
unique operation mode.l! Most of the UTC photodi-
odes have been realized by using surface illuminated
structures. However, the tradeoff between quantum
efficiency and transit time for surface PDs restricts
the responsivity. Edge illuminated waveguide pho-
todetectors can circumvent the tradeoff between high

5] However,

quantum efficiency and short transit time.
a high power input of several mW will cause satura-
tion, even damage at the front end of the waveguide.
Evanescent edge coupled waveguide PDs, of which the

saturation current is four times higher than that of

PDs made through a side-illuminated approachl® due
to their more uniform light absorption structure, have
been used widely because such a PD structure (band-
width) and fiber-device coupling (external quantum
efficiency and high power handling capability) can be
designed independently, and they can be useful for
both high optical responsivity and high power.[7—1]
We have put forward a novel optical gates scheme in
which a short planar diluted waveguide uni-traveling
carrier (SPMW UTC) photodiode is integrated with
an electroabsorption modulator (EAM) with a large

optical cavity (LOC) structure.!*!]

In the present paper, we report on
evanescently-coupled uni-traveling-carrier photodi-
odes (EC-UTC PDs) combined with a multimode di-
luted waveguide (MDW) structure.[?l The MDW con-

tains five Q.o layers alternating with five InP layers

new

and two optical matching layers (Q1.2 and Q; 4). Such
a design has proven simultaneous high responsibility,
large bandwidth and high-output characteristics. A
high responsibility of 0.36 A/W at 1.55 ym without an
anti-reflection coating, —1 dB compression current of
more than 18 mA, together with more than 11.5 GHz
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bandwidth are demonstrated by using the structure.

2. Structure design and fabrica-
tion

Figures 1(a) and 1(b) show the schematic cross
sectional and top views of the EC-UTC TWPD, re-
spectively. The structure was grown by metal or-
ganic chemical vapour deposition (MOCVD) on a
semi-insulating (SI) substrate. The 25-pum-long input
waveguide comprised an MDW (composed of five Q.2
layers with 115-, 158, 200-, 240-, and 280-nm thick-
nesses alternating with five 120-nm-thick InP layers),
a 320-nm-thick n™-doped Q; 2 optical matching layer
and a 300-nm-thick undoped Qi 4 optical matching
layer. The absorbing superstructure was made of a
0.15-pum—thick p-doped Qi 57 absorbing layer, a 0.35-
pum-thick pT-doped InP layer, and a pT-doped InGaAs

pT-doped InGaAs layer

+_
95 yim pT-doped InP layer

»

p-doped Q1 .57 absorbing layer

undoped Q1.4 optical matching layer

N+-doped Q.2 optical matching layer

1n-Q1.2/InP multimode diluted waveuide

contact layer. The unique feature of the EC-UTC-PD
was that the undoped Qi 4 optical matching layer was
simultaneously used as the undoped carrier collector
layer, which could improve the epitaxial quality be-
cause the growth of the extra epi-layer was suppressed.
The input passive waveguide and the active waveguide
were designed to have the same width (6 ym) simpli-
fying the fabrication process. Evanescently coupled
waveguide structures of the photodiodes were pat-
terned by using dry etching, followed by a wet etch-
ing. The SiO2 was used as an anti-etching mask and a
thin InP layer on the top of the multimode waveguide
served as an etch stop layer. A SiOs passive film was
then deposited. After the diode was isolated by a dry
etch, a planarization polyimide was patterned where
the electrical pads were finally formed. As shown in
Fig.1(b), a coplanar waveguide, which was connected
with an active area of photodiode, was fabricated on
a SI InP substrate for a high-speed measurement.

Fig.1. (a) Schematic view and (b) top view of the demonstrated EC-UTC photodiode.

3. Bandwidth theory

The demonstrated EC-UTC PD
Fig.1(b) has a traveling wave electrical structure with-

shown in

out matched termination at the optical input end.
Therefore, to deal with the bandwidth constraint at
the same time, we consider that the bandwidth per-
formance of the EC-UTC PD is governed by three fac-
tors: (a) drift time in the undoped carrier collection
layer; (b) diffusion time in the P-absorbing layer; and
(¢) the resistive-capacitive (RC ) time constant.

The drift time tq.¢ to cross the undoped carrier

collection layer can be expressed as
tarify = We /Ve, (1)

where v, and w,. are the average electron speed and
the thickness of the undoped carrier collection layer.
The average diffusion time of the electrons, tqifg,

in this P-absorbing layer can then be obtained as!*?!
2
w W,
taig ~ —= 2 2
diff 2Dc+vth’ (2)

where vy, and D, are the electron thermionic emis-
sion rate and the electron diffusion coefficient in the
P-absorbing layer, respectively.
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Take into account the ballistic travel of the elec-
trons, which substantially reduces the transit time,
and assume that electrons move in the undoped car-
rier collection layer at an overshoot speed (v, = 2 X
107 em/s),141%) and that D, and vy, are 150 cm?/Vs
and 2.5x107 cm/s, respectively, then the drift time
and the diffusion time of the demonstrated EC-UTC
photodiode with w. = 0.3 pm and w, = 0.15 pm will
be estimated to be approximately 1.5- and 1.35-ps,
respectively.

For the RC bandwidth, we use a standard small
signal equivalent circuit model with 50-2 load resis-
tance (Ry). The frc of the EC-UTC TWPD can be
expressed as

1

fRC:m. (3)

Therefore, the theoretical approximate 3-dB fre-
quency is obtained as follows:¢!
f3aB = A, (4)
fe
1+ (fRC)

where f; is 3-dB transit time frequency determined
by drift time in the undoped carrier collection layer
and diffusion time in the P-absorbing layer; frc is
the bandwidth restricted by the RC time constant.
Figure 2 shows the calculated 3-dB bandwidth
and RC bandwidth of the demonstrated EC-UTC PD
with w. = 0.3 pum and w, = 0.15 pum as a function
of diode length for a fixed diode width of 6 pm. The
solid circle shown in Fig.2 denotes the 3-dB transit
time frequency (f; = 56 GHz) of the demonstrated
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Fig.2. Calculated frc and f3gqp of the demonstrated EC-
UTC PD with wa = 0.15 pm, and w, = 0.3 yum as a
function of diode length for a fixed diode width of 6 pm.

EC-UTC PD with w. = 0.3 pm and w, = 0.15 pym.
According to Fig.2, when the length is larger than
30 pum, f3qp is CR limited. But when the length is

reduced, the bandwidth tends to be saturated, which
means that the f3qp value is limited to the carrier
transit time.

4. Optical and electrical charac-

teristics

This structure was studied by using a three-
dimensional beam propagation method (3-D BPM).
The employed optical refractive indexes and optical
absorption constants of InGaAsP quaternaries used
in the BPM for optical waveguide simulation can be
found in Ref.[17].
was employed as a light source for dc photocurrent

A tunable semiconductor laser
measurement. The central wavelength of this laser
was fixed at 1550 nm during dc measurement. The
measured and the simulated responsivities versus the
length of the diode are shown in Fig.3. A responsivity
of 0.36 A/W was obtained with a 6x40 ym? diode.
Longer devices (50 pm) exhibited higher responsiv-
ity (0.39 A/W). The measured responsivity was lower
than that simulated by using the BPM (0.63 A/W
for a 6x40 pm? diode). This discrepancy could re-
sult from the scattering loss at the deeply dry-etched
waveguide facets and reflection loss from the front of
the passive waveguide in the fabricated devices. By
using anti-reflection (AR) coating, the responsivity of
the photodiode is expected to be greatly improved.
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Fig.3. Responsivities measured at —2 V reverse-bias volt-
age and simulated by using 3D-BPM at 1550 nm wave-
length versus diode length (with width=6 pm).

As shown in Fig.3, the 3-dB frequency of the
demonstrated EC-UTC photodiode (with diode
length=40 pm) was estimated to be 37 GHz and
the RC time constant was a dominant factor of the
restricting 3-dB bandwidth. The bandwidths were

measured by using a spectrum analyzer. Figure 4
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shows a schematic of the experimental setup used to
characterize the EC-UTC photodiodes. A tunable
laser coupled into a lithium niobate Mach—Zehnder
modulator (MZM) generated a swept frequency opti-
cal sinusoid signal. An erbium-doped fiber amplifer
(EDFA) subsequently amplified the optical signal.
An attenuator (ATTN) combined with a fiber power
meter could be used to accurately set the power of
the optical beam which was incident on the EC-UTC
photodiode.
was connected with a spectrum analyzer by using a

The electrical output of the detector

coplanar probe connected to a short coaxial cable
and an external bias tee (bias T). Figures 5 and 6
show the measured and fitted small signal frequency
responses of the device with a 40 um active area at
reverse-bias voltages of 2 V and 4V, respectively.
The straight lines denote polynomial fits. The band-
widths for 6x40 pm? photodiode can reach 10 and
11.5 GHz at reverse-bias voltages of 2 V and 4 V,
respectively. These measured bandwidths are much
shorter than the calculated bandwidth (37 GHz), be-
cause the measurement setup was not calibrated to
eliminate the radio frequency (RF) losses induced by
the components, especially the coaxial cables used for
measurement at the frequencies equal to and lower
than 10 GHz. The measured RF bandwidth can be
greatly improved by eliminating RF losses induced by
the probe and the bias tee between the photodiode
and a spectrum analyzer and by using new coaxial
cables (capable of performing the 40 GHz measure-
ment). In addition, it is noteworthy that the band-
width at —4 V is smaller than at -2 V as shown by
a comparison between Figs.5 and 6. This difference
should be attributed to the increase of the drift time
of the electrons in the un-doped carrier collection layer
at a higher bias voltage because the speed overshoot in

DC bias
I EDFA

I ._|> ATTN
Tx IIVIZM

I—' coplanar probe

DC bias

spectrum : _E EC-UTC
bias T photodiode

analyzer

PC

m——  Optical line electrical line

Fig.4. Measurement setup for testing EC-UTC photodi-
odes.

the InP collector layer appears more clearly at lower
potential differences over the traveling distance.!*

3

RF response/dB

Frequency/GHz

Fig.5. Bandwidth response of a 6 x40 pm? EC-UTC pho-
todiode at a reverse-bias voltage of 2 V, where the open
circles denote the measurements and the solid line repre-
sents a polynomial fit.

Relative response/dB

Frequency/GHz

Fig.6. Bandwidth response of a 6x40 ym? EC-UTC-PD
at a reverse-bias voltage of 4 V, where the open circles
denote the measurements and the solid line represents a
polynomial fit.

Regarding the high optical power behaviour of
the EC-UTC PD, traces shown in Fig.7 represent the
photogenerated radio-frequency (RF) power versus dc
photocurrent of the EC-UTC PD at reversebias volt-
ages of 3 V and 4 V. The operating frequency was
fixed at 10 GHz. According to Fig.7, the —1-dB com-
pression points at 10 GHz are corresponding to 11
and 18 mA, respectively. A maximum saturation cur-
rent of 18 mA for the 240-ym? device at 10 GHz is
obtained at a reversebias voltage of 4 V. The result
reported here demonstrates that the EC-UTC photo-
diode provides a higher saturation current and lower
operation voltage, thereby leading to power consump-
This demonstrates that the
EC-UTC photodiode has been improved significantly

tion at equal currents.

in optical power capacity.
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Fig.7. RF power versus dc current at 10 GHz, with
reverse-bias voltages being -3 V and —4 V and the size
of the diode being 6x40 pm?.

5. Conclusion

In this paper, a new evanescently-coupled uni-
traveling-carrier photodiode (EC-UTC-PD) based on
a multimode diluted waveguide (MDW) structure is
made and analysed with the aim of achieving a high

saturation current. It is found that when the length of
the demonstrated EC-UTC-PD is larger than 30 um,
the RC time constant is the dominant factor of the re-
stricting 3-dB bandwidth. A 4x60 pm? EC-UTC-PD
has achieved a responsivity of 0.36 A/W at 1550 nm
wavelength, a bandwidth of 11.5 GHz and small-
signal 1-dB compression current greater than 18 mA
at 10 GHz. The RF bandwidth can be further im-
proved by eliminating RF losses induced by the probe
and the bias tee between the photodiode and the spec-
trum analyzer, especially the coaxial cables. The satu-
ration current is significantly improved compared with

those of similar evanescently coupled pin photodiodes.
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