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We use the selective area growth (SAG) technique to monolithically integrate InP-based 4-channel arrayed wave-
guide gratings (AWGs) with uni-traveling carrier photodiode arrays at the O-band. Two kinds of channel spacing
demultiplexers of 20 nm and 800 GHz are adopted for potential 100 Gbps coarse wavelength division multiplexing
and local area network wavelength divisionmultiplexing systems, with an evanescent coupling plan to facilitate the
SAG technique into device fabrication. The monolithic chips in both channel spacings exhibit uniform bandwidths
over 25 GHz and a photodiode responsivity of 0.81 A/W for each channel, in agreement with the simulated quan-
tum efficiency of 80%. Cross talk levels are below −20 dB for both channel spacing chips.
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InP-based photonics integration is becoming a competi-
tive candidate for realizing optical modules with enhanced
functionality at a reduced cost, especially in optical com-
munication systems, since the proposal of wavelength
division multiplexing (WDM). In recent years, network
traffic has raised demands for high capacity, high speed
transmission systems. Optical transceivers over 100 Gbps
are in great need for relaxing this urgency[1,2].
The arrayed waveguide grating (AWG) is one of the

most useful (de)multiplexers and core devices in optical
integration, especially in multichannel data transmission
systems[3]. InP-based AWGs take advantage of the deep-
ridge waveguide shape to achieve a small bending radius
and polarization independence. AWGs at the O-band
have been reported as a reference for potential monolithic
integration in data centers[4]. From the perspective of the
receiver end, monolithic integration of AWGs with photo-
diodes (PDs) will reduce the complexity of photoreceivers
at a lower cost and power loss.
Modern epitaxial technology has encouraged InP-based

monolithic integration to a whole new level with multiple
emerging passive-active integration plans[5–7]. Selective
area growth (SAG) is the most promising technique for
providing the biggest flexibility in structure and doping
design[8]. Correspondingly, it requires a higher regrowth
technical level and a more careful structure design. So
far, there have been reports on monolithic AWG-PIN ar-
rays of 16 × 2.5[3] and 10 × 10 Gbps[1] transmission rates.

The bandwidth per channel is still limited for high-speed
applications.

A uni-traveling carrier (UTC) PD structure has been
proposed to enhance bandwidth and linearity perfor-
mances, which utilizes faster photogenerated electrons
to mitigate the space-charge effect[9], and is still of interest.
A modified UTC structure has been proposed to reduce
the delay time of electrons[10,11] and a charge-compensated
structure has also been reported for better linearity and
saturation photocurrent[12].

In this Letter, we use the SAG technique to monolithi-
cally integrate InP-based AWGs with UTC-PD arrays
at the O-band. An evanescent coupling plan with an op-
timized extended matching layer is adopted to facilitate
the SAG technique into the device fabrication, while
ensuring a high quantum efficiency of 80% at the same
time. Both 4-channel AWG-PDs for coarse wavelength
division multiplexing (CWDM) with a 20 nm channel
spacing and local area network (LAN) WDM with an
800 GHz (∼4.5 nm) channel spacing are designed and
fabricated. The monolithic chips show uniformity and
stability in PD performances that agree well with
theory.

The butt-joint situation is shown in Fig. 1. The PD
layers are grown directly on an AWG core layer in the first
epitaxy process, as listed in Table 1, and the AWG top
cladding layer is regrown in a second epitaxy. A distance
of L = 10 μm is reserved intentionally between the PD
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mesa and butt-joint interface, connected by an extended
matching layer for better optical coupling.
Quantum efficiency was simulated by increasing the dis-

tance between the waveguide and the PD mesa (L) for the
butt-joint with and without the extended matching layer,
as illustrated in Fig. 2, where the core layer in Fig. 2(a)
was always fully covered by the matching layer but com-
pletely uncovered in Fig. 2(b). The quantum efficiency of
the PD is calculated by the power percentage absorbed by
the PD normalized to the mode source power. The power
absorbed per unit volume by the PD absorber is decided
by the real part of the divergence of the Poynting vector
by the equation[13]

Pabs ¼ −
1
2
·realð∇·P

⇀Þ; (1)

where P
⇀

is the Poynting vector, and the total absorbed
power is obtained by integrating through the absorber
of 5 μm × 40 μm × 0.59 μm.
As seen in Fig. 3, the quantum efficiency decreases

slightly with increasing distance during the first 7.5 μm
(0 < L < 7.5) and the last 10 μm (15 < L < 25) for the ex-
tended matching layer situation, and remains quite stable
around 80%, even turning slightly upwards, for a 7.5 μm
range in the middle. On the contrary, the very appearance
of a naked core layer results in an immediate drop of

efficiency to around 60% within only a 1 μm length,
and a continuous drop of efficiency after. The sudden drop
of efficiency comes from optical field scattering at the
butt-joint interface. In consideration of fabrication com-
patibility, a distance (also matching the layer extension
length) of 10 μm is decided for stable quantum efficiency
under a large photolithographic error tolerance and a safe
space for unavoidable abnormal growth at the interface.

The epitaxial structure was grown by metal organic
chemical vapor deposition (MOCVD) on a semi-insulating
InP substrate. Before SAG of the AWG top cladding
layer, the 1.49 μm high PD mesa was etched down to
the matching layer by the inductively coupled plasma
(ICP) technique. This step was intentionally prior to
SAG for complete individualism of the PDs, so that each
PD in the array would be electrically isolated from
the others. The matching layer at the AWG region was
then removed by a selective chemical solution of
H2SO4∕H2O2∕H2O, with a 300 nm SiO2 protection mask
covering the PD area and aligned at a 10 μm distance be-
fore the PD mesa. A large area (more than 7 times the PD
area), 1.2 μm thick un-doped InP top cladding layer was
then grown selectively by MOCVD at 610°C for 30 min.
At the butt-joint interface, as in Figs. 4(a) and 4(b), an
overgrown abnormal ridge with 4.67 μm width and
3.80 μm height was formed on the mask upon the match-
ing layer. Due to the abnormal crystal quality and
unrepeatable size of this ridge, it is difficult to remove this
high ridge completely without damaging the AWG top
cladding layer. This is also why the extended matching
layer is necessary for pulling the PD mesas away and pre-
venting overgrowth on the PD mesas. The mask was
cleaned off after regrowth with a buffered oxide etchant
to eliminate small crystalline grains on it, yet the ridge
remained unaffected. Then the PD structure was accom-
plished by consecutive steps of N mesa etching to uninten-
tionally doped (U.I.D) layers under the core layer with a
bromine solution, SiO2 passivation by plasma enhanced
chemical vapor deposition (PECVD), and metallization

Table 1. Epitaxial Structure Before Regrowth.

Composition Thickness (nm) Doping n@1310 nm Function

In0.53Ga0.47As 30 Pþ 3.65-i0.148 p-contact

InP 300 Pþ 3.21 Electron blocker

In0.53Ga0.47As 590 P, graded 3.65-i0.148 Absorber

InGaAsP (Q1.24) 40 N− 3.42 Cliff layer

InGaAsP (Q1.24) 430 U.I.D 3.42 Collector

InP 100 N 3.21 Dopant blocker

InGaAsP (Q1.24) 500 Nþ 3.42 Matching layer

InP 150 U.I.D 3.21 Etch stop

InGaAsP (Q1.05) 500 U.I.D 3.298 AWG core

InP 1000 U.I.D 3.21 Bottom cladding

Fig. 1. Butt-joint situation of AWG-UTC chip.
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with an Au/Ge/Ni alloy for N-contact and Ti/Au for
P-contact, respectively. The AWG structure was finished
at last by ICP etching while the PD area was protected
by SiO2, and the deep-ridge waveguide of 4.7 μm× 2.7 μm
is shown in Fig. 4(c). A scanning electron micrograph
(SEM) of the PD with the AWG cleaved off is also shown
in Fig. 4(d). The total sizes of the AWG-UTC arrays are
4.5 mm× 1.2 mm for the 20 nm channel spacing and
4.5 mm× 1.67 mm for the 800 GHz channel spacing
chips, as shown in Fig. 5.
Spectral photoresponses of the monolithic chips were

measured by dividing the PD photocurrents from each
channel by the fiber output power at the AWG input
end (i.e., the to-fiber responsivity at the center wave-
length, denoted by R). The unit A/W of the to-fiber
responsivity is converted into dB in Figs. 6 and 7. The
center wavelengths of the 20 nm channel spacing AWG
are 1347.0, 1325.0, 1308.0, and 1286.5 nm, with a full
width at half-maximum (FWHM) of 8.5� 0.5 nm, and
cross talk below −22 dB. The 800 GHz channel spacing
AWG exhibits 6 center wavelengths for each channel at
the whole O-band due to a small free spectral range of
16.6� 1.2 nm. Taking the four wavelengths at 1296.8,

Fig. 4. SEMs in device fabrication with (a): the butt-joint inter-
face after SAG; (b): the overgrown ridge at the interface;
(c): deep-ridge etched arrayed waveguides; (d): the PD after
the AWG is cleaved off.

Fig. 2. Butt-joint (a) with and (b) without the extended match-
ing layer.

Fig. 3. (Color online) Simulated quantum efficiency of the PD
with increasing distance between the butt-joint interface and
the PD mesa.

Fig. 5. Top views of the (a) 20 nm and (b) 800 GHz channel
spacing AWG-UTC chips.
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1301.4, 1305.2, and 1309.4 nm, the measured FWHM is
2.1� 0.1 nm, with cross talk below −20 dB.
We further cleaved AWGs off the chips, and measured

the responsivity from the input end of the cleaved 185 μm
output waveguide (WG) as in Fig. 4(d). To-WG respon-
sivity includes (tapered) fiber-WG coupling loss into the
PD responsivity, and remains uniformly around 0.28 A/W
for both channel spacing devices. Photocurrents, e.g., for
the 20 nm channeling spacing chip, under a 5 mW fiber
output at −3 V are shown in Fig. 8. By deducting the
to-WG responsivity from the to-fiber responsivity, the
AWG on-chip loss is calculated to be −5.44 dB for the
20 nm channel spacing chip and −7.75 for the 800 GHz
channel spacing chip.
The PD responsivity is obtained by further

deducting the fiber-WG coupling loss from the to-WG
responsivity. A typical loss of −4.6 dB was measured
by using a short straight waveguide of the same end size
with the AWG and halving the total loss from fiber-
WG-fiber transmission. The PD responsivity then adds

to the 0.81 A/W, corresponding to a quantum efficiency
of 76.7% at 1310 nm, which agrees with the 80% simu-
lated value.

The frequency responses of the PD arrays in both chan-
nel spacing chips were measured and are shown in Fig. 9.
Each of the 4 channels for both kinds uniformly exceed a
25 GHz bandwidth at −3 V, which benefits from the pre
regrowth etching of the PD mesas. The bandwidth is
co-determined by the electron transit time in the UTC-
PD and RC constant, as calculated by

f t ¼
1
2π

·
�

Wa

2.8ve−abs
þ Wc

2.8ve−col

�
−1
; (2)

f RC ¼ 1
2πðRS þ RLÞC

¼ 1
2πðRS þ RLÞ

·
Wc

εrε0A
; (3)

f−3dB ¼
�
f−2
t þ f−2

RC

�
−1∕2

; (4)

where f t and f RC are the transit-time-limited bandwidth
and RC-limited bandwidth, respectively. Wa represents

Fig. 7. (Color online) Spectral photo-response of the 800 GHz
channel spacing AWG-UTC chip.

Fig. 6. (Color online) Spectral photoresponse of the 20 nm chan-
nel spacing AWG-UTC chip.

Fig. 8. (Color online) Photocurrents of the PDswithout theAWG.

Fig. 9. (Color online) Bandwidth results for the AWG-UTC chips.
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the absorber thickness (590 nm),Wc is the depleted region
thickness, De is the electron diffusion coefficient in
p-InGaAs, vth is the electron thermal emission velocity,
ve−col is the electron velocity in the collector
(2.5 × 107 cm∕s), RS is the series resistance (80 Ω in this
work), RL is the load resistance (50 Ω), C is the junction
capacitance of the PD, ε0 and εr (13.27) is the vacuum and
relative dielectric constants, and A is the area of the PD
depletion region (200 μm2)[14,15]. Due to the graded doping
profile and a consequent small quasi-electric field we
adopted in p-absorber, the electron diffusion time in
Ref. [14] is replaced by a drift time in Eq. (2). Further-
more, the cliff layer at the absorber-collector boundary
also greatly reduces the delay time. Therefore, we consider
the electron drift times in the absorber and depleted region
as the primary sources of the transit time.
We take Wc ¼ 570 nm as the sum of the collector and

dopant blocker thicknesses as an approximation, and an
electron velocity of 2.0 × 107 cm∕s in the InGaAs. The cal-
culated transit-time-limited bandwidth is 85.2 GHz. To-
gether with the calculated RC bandwidth of 29.7 GHz,
the −3 dB bandwidth then is added up to 28.0 GHz.
The measured bandwidths agree well with the theoretical
value, which also indicates a possible further improvement
if the series resistance and junction capacitance are re-
duced. A response drop is observed at the initial low fre-
quency, which may be attributed to a slight impedance
mismatch. This could be eliminated by further careful
electrical optimization.
In conclusion, we demonstrate the monolithic integra-

tion of 4-channel InP-based AWGs with UTC PD arrays
in the O-band at 20 nm and 800 GHz channel spacings by
the SAG technique. An evanescent coupling plan with an
optimized 10 μm extended matching layer is adopted to
offset abnormal regrowth after SAG, which ensures fabri-
cation compatibility, and uniformly high bandwidth and
PD responsivity of 25 GHz and 0.81 A/W for each channel
in both channel spacing devices. Both measured results are
in good agreement with theory and the overall 100 GHz
is adequate to 10 km fiber-optic transmission by the
40GBASE-LR4 standard and 40 km transmission by
the 100GBASE-ER4 standard. Compared with the previ-
ously reported device bitrates of 2.5 Gbps in Ref. [3] and
10.0 Gbps in Ref. [1], our device shows a good bandwidth
advantage in the higher-speed systems nowadays.
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2015AA016902) and the National Natural Science

Foundation of China (Nos. 61635010, 61674136, and
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