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InP-based evanescently coupled high-responsivity
photodiodes with extremely low dark current density
integrated diluted waveguide at 1550 nm*
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In this paper, we have demonstrated a high performance waveguide photodiode integrated diluted waveguide

serving as a fibre-to-waveguide coupler to achieve high coupling efficiency. High responsivity (> 1 A/W), high saturation
power (> 45 mA) in the static state and extremely low dark current density (0.04 pA/um?) with 3 dB bandwidth at

13.4 GHz have been achieved.
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1. Introduction

In order to meet the pressing need for microwave
and millimeter-wave photonic systems with photode-
tector (PD) performances of high-responsivity, high
bandwidth and high power (3-H PD) simultaneously,
many approaches have been demonstrated.!'=5 Gen-
erally speaking, according to the working principles
of photodiodes, there are two ways to realise the
3-H PD. One is to enlarge the absorption volume
of the photodiodes and distribute the photocurrents
along edge-coupled PDs more uniformly, for example
traveling-wave PDs, or waveguide PDs with a diluted
waveguide.[6=8] For example, a 24 dBm output power
and a 30 mA output current at 40 GHz were obtained
with a diluted waveguide structure by Shi et al.[?) The
other method is to reduce the space-charge effect of
photo-generated carriers in the absorption region by
designing creative energy band structures of PD epi-
taxial layers, such as uni-traveling carrier PDs (UTC-
PDs) and doped absorption epitaxial layers. Recently,
20 mW output power of a UTC-PD was obtained at
100 GHz by NTT.['% With a modified UTC-PD struc-
ture, 120 mA saturation current at 20 GHz and 22
mA saturation current at 50 GHz were obtained by
Chtioui et all'l Using a partially doped absorption
(PDA) structure, a 260 mA saturation current with
24 dBm output power was obtained at 6 GHz, while
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700 mA saturation current was obtained at 300 MHz
by Williams et al.l'?!

Two major factors restrict photodiode output
power: the space-charge effect!’'2=15] and the ther-
mal effect.['5:16] For waveguide photodiodes, in which
a tradeoff between responsivity and bandwidth is re-
alised, two factors are responsible for restricting the
potential applications of these structures.[!5] The first
restriction is the difficulty in designing the absorber to
achieve uniform illumination over the absorber area.
This is because nonuniform illumination will lead to
nonuniform distribution of carriers, thereby enhanc-
ing the space-charge effect. The second restriction is
the power limitation of the input facet. A high power
density of the input facet will cause heat damage to
the facet before the photogenerated current reaches
saturation.

Our evanescent coupling waveguide photodiodes,
however, can solve the two problems satisfactorily. By
using the diluted waveguide and two optical matching
layers, the illumination of the absorber can be uni-
form and the power density of the input facet can be
diluted to a relatively low level. As a result, a sat-
uration current higher than 45 mA is obtained. At
the same time, the input optical power can be higher
than 80 mW, which is useful in radio-over-fibre (ROF)
systems. In addition, a responsivity of 1.05 A/W
and 0.04 pA/um? dark current density, and 13.4 GHz
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bandwidth are obtained. That is the highest respon-
sivity reported so far.

In this paper, the design and the fabrication are
described, and the optoelectronic characteristics are
also presented.

2. Design and fabrication

Highly efficient coupling of a fibre to a waveg-
uide is always important for waveguide photodetec-
tors. Recently, a diluted waveguide has been used to
evanescently couple the light mode from a fibre to a
waveguide.l% 717 Figure 1(a) shows a schematic of our
evanescently coupled photodiode (ECPD) in which a
diluted waveguide and two optical matching layers are
used.

The design and analysis of the diluted waveguide
and two optical matching layers were summarised in
Refs. [18] and [19].
uide was comprised of a stack of 10-period un-doped
120 nm InP/80 nm InGaAsP (1.05-ym band gap) mul-
tiple layers, a 420 nm thick n™-doped Q1.05 coupling

The 30 pm long input waveg-

layer, and a 100 nm thick undoped (1.2 interlayer.
The absorption structure was composed of a 400 nm
thick undoped @1.66 InGaAs absorption layer, a 100
nm thick undoped Q1.4 InGaAsP diffusion stop layer,
and a 150 nm thick p*-doped layer. The simula-
tion shows that the diluted waveguide has a polari-
sation dependence as low as 0.1 dB. And the fibre-
to-waveguide coupling efficiency 7. is as high as 92%.
Also, the two optical matching layers make the absorp-
tion more uniform and efficient according to the opti-
cal matching theory proposed by Deri and Wada.[2"]
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Fig. 1. (a) Conceptual schematic cross section of the ECPD, and (b) top view of the fabricated device.

The device was fabricated using standard pho-
tolithography, metallisation and dry etching processes.
Six steps of photolithography were used to determine
the waveguide structure that comprises of the active
region, the p electrode, the n electrode, the dig hole
and the electrical pads. The waveguide structure of
our ECPD was determined by the dry etching process
using SiO, as a passive mask. SiO5 was also used for
passivation. The co-planar waveguide (CPW) trans-
mission lines, formed by the Ti/Al/Ti/Au intercon-
nect metal, was deposited by magnetron sputtering,
which was expected to give low series resistance and
good adhesion. Then the device was precisely cleaved

to obtain a smooth facet of the waveguide, and an

anti-reflective (AR) coating was deposited on the facet
to reduce the reflection loss of the passive waveguide.
In this way, the ECPD was fabricated as shown in
Fig. 1(b).

3. Measurement and discussion

The frequency response and the saturation cur-
rent of the fabricated ECPD were measured and the
measurement system is shown in Fig. 2.

A tunable semiconductor laser was employed as a
light source for dc photocurrent measurement, when
the central wavelength of this laser was fixed at
1550 nm.
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Fig. 2. Measurement system of ECPD.

A high responsivity of a diode with an absorp-
tion area of 12 pumx30 pm is obtained. The relatively
high responsivity confirms the high fibre-to-waveguide
coupling efficiency of the diluted waveguide and the
high optical power transfer efficiency from the diluted
waveguide to the absorption layer. This is the high-
est responsivity reported so far. We believe that this
is attributed to the relatively long absorption region.
However, the large volume of the absorption region
can lead to a decrease in the resistor—capacitor (RC)
limited frequency response. The dark current was
also measured under the static condition as shown in
Fig. 3. The I-V characteristic curve of the 12 pum
wide and 30 pm long diode was tested. The dark cur-
rent was 11.5 pA when no bias voltage was applied.
At —1 V, the dark current increased to only 9.9 nA.
The low dark current density, (< 0.04 pA/um?), can
be attributed to the high quality of the epitaxial layer
growth and good passivation with the thick SiO5 layer

in the fabrication process.
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Fig. 3. Measured dark currents at bias voltages of 0 V
and —1 V.
The measured frequency response of our device
(12 pmx30 pm) is shown in Fig. 4. The device with an
active area of 360 ym? was measured under a fixed dc
bias voltage (—3 V), and showed an f3qp bandwidth of

about 13.4 GHz. The influences of microwave probe,
radio-frequency (RF) cable, and RF bias tee on mea-
sured frequency response were removed using the RF
correction technique and a vector network analyser.
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Fig. 4. Measured frequency response of the ECPD under
a fixed dc bias voltage (=3 V).

The calculated bandwidth of the device is lim-
ited to about 21 GHz (—3 V), which is much higher
than the experimental result. There are two reasons
for the decrease in the experimental result for fs3qp.
The first is the ohmic contact resistance up to 30 €2
brought about by the fabrication process, which in-
creased microwave reflections and thus reduced the
high-frequency characteristics due to the impedance
mismatch. The second reason is the neglected par-
asitic resistance and capacitance in the calculation,
which would reduce the device high-frequency charac-
teristics in a real situation.

The saturation characteristics of the ECPD are
shown in Figs. 5 and 6. The curves for static opti-
cal current versus incident optical power at different
reverse bias voltages were measured without an oper-
ating frequency. As shown in the two figures, the de-
vice with larger geometry has a higher static optical
current. This is because without applying an opera-
tion frequency, the RF power generation will be un-
affected by the RC bandwidth limitation and related
to the space-charge effect.'®! Generally speaking, de-
vices with larger geometries have lower densities of
photogenerated carriers and fewer space charge shield-
ing effects, so they have better saturation behaviour.
The highest static saturation current (45 mA) was ob-
served at reverse voltages of 1 V and 3 V in the device
with 40 pm length. In addition, as shown in Figs. 5
and 6, our ECPD could stand up to a high incident
optical power of more than 80 mw, which reveals the

great advantage of the ROF system. 4]
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Fig. 5. Curves for static optical current versus incident
optical power of 30 um length devices at reverse bias volt-
ages of 0 Vand 1 V.
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Fig. 6. Curves for static optical current versus incident
optical power of 40 um length devices at reverse bias volt-
agesof 0 V, 1 V.

We found the interesting phenomenon that the
optical current trend versus incident optical power

showed a good linearity until the diodes were dam-
aged for the 40 pum long devices. This phenomenon
was especially significant when a high reverse voltage
was applied. This may imply that the nonlinear ef-
fect in the space charge region is not a main limiting
factor in the high current output situation.!*2:15] The
diodes were burned down due to the heat generated by
the high current level before the nonlinear effect ap-
peared. So the thermal limitations will be improved
in future designs to provide an overall optimisation

scheme for achieving high currents.®!

4. Conclusion

By utilising a diluted waveguide and two optical
matching layers, an ECPD with high coupling effi-
ciency up to 93% and low polarisation dependence (<
0.7 dB) was fabricated. Our ECPD shows a respon-
sivity of up to 1.05 A/W, a bandwidth of 13.4 GHz,
a 45 mA static optical current and an extremely low
dark current density (0.04 pA/um?). Our ECPD also
shows an advantage in standing up to a high incident
light power, which can be applied to the ROF system.
There is still much scope for optimising the overall per-
formance. The bandwidth can be greatly improved by
using a small absorption area and producing a smaller
ohmic resistance due to the reduction in RC band-
width limitation. In addition, the saturation output
current can be improved by using the UTC structure
owing to the reduction of the space charge effect.
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