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Heterogeneous integration of III–V active devices on lithium
niobate-on-insulator (LNOI) photonic circuits enable fully
integrated transceivers. Here we present the co-integration
of InP-based light-emitting diodes (LEDs) and photodetec-
tors on an LNOI photonics platform. Both devices are real-
ized based on the same III–V epitaxial layers stack adhesively
bonded on an LNOI waveguide circuit. The light is evanes-
cently coupled between the LNOI and III–V waveguide via
a multiple-section adiabatic taper. The waveguide-coupled
LEDs have a 3-dB bandwidth of 40 nm. The photodetector
features a responsivity of 0.38 A/W in the 1550-nm wave-
length range and a dark current of 9 nA at −0.5 V at room
temperature. © 2022 Optica Publishing Group

https://doi.org/10.1364/OL.468008

Lithium niobate (LN) has long been the primary material to
develop optical modulators due to its excellent electro-optic
(EO) modulation properties [1]. Traditional LN-based photonic
devices are realized based on low-index-contrast (∆n≈ 0.02)
titanium in-diffusion or proton exchange waveguides [2], which
results in a relatively large device size. In recent years, LN-on-
insulator (LNOI) wafers have become commercially available
[3]. The high refractive index contrast (∆n≈ 0.7) between the
LN and cladding layer leads to a strong optical confinement in
the LNOI waveguide [4]. Therefore, the LNOI photonic inte-
grated circuit emerges as a promising photonics integration
platform for optical communication, sensing, and metrology
applications [5,6]. Various high-performance LNOI nanopho-
tonic components have been realized by developing advanced
nanofabrication techniques [7–15]. For example, Luke et al.
have demonstrated an LNOI waveguide with 0.27 dB/cm optical
propagation loss on the wafer scale [16]. Xu et al. realized dual-
polarization coherent LNOI modulators with sub-1-V driving
voltage and 110-GHz bandwidth [17].

To realize a fully integrated optical system on a chip, light
sources and photodetectors should be integrated on the LNOI
photonics platform. However, the LN material cannot efficiently
generate and detect light in the telecommunication wavelength
range. Very recently, many efforts have been devoted to realize

light sources and photodetectors integrated on the LNOI pho-
tonic integrated circuits (PICs) [18–29]. One way of doing that
is to improve the light generation efficiency of LN with the
help of doping rare-earth ions [28]. Optical pumped rare-earth-
ions-doped LNOI micro-cavity lasers have been demonstrated
in the last few years [19–23]. However, most optical systems
prefer electrically pumped light sources. Compared with LN,
III–V group direct-bandgap semiconductors with their lattice-
matched compound semiconductors are more suitable for light
generation and detection [30]. Integration of III–V materials
on LNOI PICs can exploit the best characteristics from each
material set. Several different approaches toward this goal have
been developed, such as transfer printing, hybrid integration,
flip-chip bonding, and heterogeneous integration [24–27]. Op
de Beeck et al. demonstrated transfer-printing of III–V-on-LN
amplifiers and lasers on LNOI PICs [24]. In those devices, the
light is evanescently coupled from the III–V active region to the
LNOI waveguide via a microtransfer-printed silicon interlayer.
The evanescent coupling among the III–V, silicon, and LNOI
waveguide requires a high lateral alignment accuracy, but the
alignment accuracy of current transfer printing technology is
limited [31,32], which results in a higher coupling loss and less
gain than the bonded devices. Shams-Ansari et al. demonstrated
the integration of pre-fabricated III–V semiconductor lasers with
LNOI by flip-chip bonding [26]. A high optical power of 60 mW
coupled into the LNOI waveguides is achieved, but the mode
mismatching between the III–V and LN waveguide results in
an optical coupling loss of approximately 5 dB. In addition, the
flip-chip bonding of individual lasers is time consuming and
not suitable for high volume manufacturing. Very recently, Guo
et al. reported the heterogeneous integration of modified uni-
traveling carrier photodiodes on LNOI waveguides using SU8
as the adhesive bonding agent [27]. A responsivity of 0.6 A/W
and a bandwidth of 80 GHz is achieved at 1550-nm wavelength.
However, the III–V material is only applicable for photodetec-
tion, and the integration of light sources requires another extra
III–V epitaxial layer stack and fabrication process.

In this Letter, we present the heterogeneous integration of
III–V active devices on LNOI PICs by adhesive bonding. The
light source and photodetector are realized based on the same
III–V material, thus enabling a fully integrated optical system by
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Fig. 1. Schematic of the cross section of the III–V-on-LNOI
photonic device.

bonding only one III–V epitaxial layer stack on the LNOI PIC. A
multiple-section spot size converter is designed to achieve effi-
cient optical coupling between the III–V and LNOI waveguide.
The heterogeneously integrated photodetector has a responsiv-
ity of 0.38 A/W at the wavelength of 1540 nm and a dark
current of 9 nA at −0.5 V at room temperature. This integra-
tion approach enables wafer scale fabrication of III–V-on-LNOI
optical systems.

Figure 1 shows the schematic of the cross section of the hetero-
geneously integrated III–V-on-LNOI photonic device. The III–V
epitaxial layer stack is adhesively bonded to a LNOI waveguide
circuit using a 70-nm-thick benzocyclobutene (DVS-BCB) poly-
mer layer as the bonding agent. The III–V stack consists of
300-nm-thick n-InP layer (∼1× 1018 cm−3), an AlGaInAs active
region surrounded by two 120-nm separate confinement het-
erostructure (SCH) layers, a 1.6-µm-thick p-InP cladding layer,
and 200-nm p-InGaAs contact layer (∼1.5× 1019 cm−3). Under
the III–V stack, the LN layer is 360-nm-thick rib waveguide
etched 180-nm deep. A combination of SiNx and DVS-BCB
layers are employed to passivate the III–V waveguide.

For the III–V-on-LNOI photonic devices, phase matching is
necessary for an efficient optical coupling between the III–V
active waveguide and LNOI passive waveguide. As the refrac-
tive index of the III–V material is much higher the LN material at
the wavelength of 1550 nm, a multiple-section taper is designed
to achieve index matching. The coupling structure can be divided
into four parts, as schematically shown in Fig. 2(a). In the right
of the structure, the optical mode is confined in the III–V wave-
guide, which works as a gain section for light sources and an
absorption section for photodetectors. The light is evanescently
coupled from the III–V waveguide to the underneath of the
LNOI waveguide via two tapered sections. To achieve efficient
coupling and reduce the reflection, an ultra-narrow III–V taper
tip is required. Considering the resolution of the electron beam
lithography and dry etching process, the tip width is designed
to be 150 nm. In the first III–V taper section, the light is cou-
pled from the active region to the n-InP layer. According to
simulation, the coupling efficiency is approximately 90% when
the width of the p-InP cladding layer and active region were
tapered from 2.5 µm to 0.15 µm. In the second taper section, the
light is coupled from the n-InP layer to the LNOI waveguide.
The simulated coupling efficiency reaches 90% when the n-InP
taper tip is 0.15-µm wide. So, the total coupling efficiency of the
taper is approximately 81%. The coupling efficiency can be fur-
ther improved to 95% by reducing the BCB thickness to 30 nm.
Figure 2(b) shows the fundamental mode intensity distribution

Fig. 2. (a) Schematic of the coupling structure. (b) Intensity
distribution in the designed taper structure.

in a longitudinal cross section of the taper structure. The use of
a direct transition between the lithium niobate waveguide and
the III–V waveguide instead of using an intermediate layer can
improve the bonding yield and reduce the difficulties of device
fabrication. The saturation output powers of the semiconduc-
tor optical amplifier can be improved by adjusting the III–V
layer stack design (e.g., increasing the III–V waveguide layer
thickness).

The passive LN PICs are processed on a X-cut LNOI wafers
with a 360-nm-thick LN device layer and 2-µm-thick buried
oxide layer. The LN layer is etched 180-nm deep in the wave-
guide fabrication. Before bonding, a SiO2 layer is deposited by
plasma enhanced chemical vapor deposition, followed by chem-
ical mechanical polishing (CMP) down to the LN device layer.
Afterward, the InP-based epitaxial stack is adhesively bonded
to the LN PIC. Then the InP substrate is removed using a 3:1
HCl:H2O solution. The InP mesa is patterned by electron beam
lithography (EBL) and etched by inductively coupled plasma
(ICP) until the n-InP contact layer. Then a 200-nm SiNx layer
is deposited on the sample as a hard mask for the dry etching
of the n-InP layer. After the dry etching, Ni/Ge/Au is deposited
as the n-contact, which is 10 µm away from the edge of the
III–V mesa. Subsequently, DVS-BCB is spin-coated on the sam-
ple and cured at 250°C for 2 hours to passivate the device.
Then the DVS-BCB layer is dry etched to open the window
for the p-contact and n-contact deposition. Finally, Ti/Pt/Au is
deposited as p-contact and annealed at 380°C for 10 minutes.
Figure 3(a) shows the top view optical microscopy image of
the fabricated heterogeneously integrated III–V-on-LN device.
A scanning electron microscopy (SEM) image of cross section
of the part III of the fabricated device is shown in Fig. 3(b).
The propagation loss of the LNOI waveguide is approximately
0.2 dB/cm. Since there are ∼70-nm-thick BCB and silicon diox-
ide layers above the LNOI waveguide layer, the dry etching of
the III–V taper can be controlled to avoid the etching of the
LN layer.

The heterogeneously integrated III–V-on-LN photonic
devices are characterized at room temperature. The waveguide-
coupled light-emitting diodes (LEDs) consist of a 3-µm-wide
and 500-µm-long III–V waveguide. The spontaneous emission
is coupled from the III–V waveguide to the LN waveguide via
a multiple-section taper with a tip width of 150 nm. The light is
coupled out through an on-chip LN grating coupler and collected
by a single-mode fiber. Figure 4 shows the electroluminescence
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Fig. 3. (a) Optical microscopy image of the heterogeneously inte-
grated III–V-on-LN device. (b) SEM image of the cross section of
the fabricated devices.

Fig. 4. Electroluminescence spectrum of the heterogeneously
integrated LED.

spectrum from a III–V-on-LN LED. The spectrum has a 3-
dB bandwidth of 40 nm centered at 1600 nm. The spectrum
measured by the fiber is the superposition of the spontaneous
emission spectrum and the grating spectrum. To obtain the spon-
taneous emission spectrum of the LED, the grating spectrum
should be to be subtracted. The grating efficiency at 1600 nm is
approximately −12 dB.

Figure 5(a) shows a typical current–voltage (I–V) curve of the
heterogeneously integrated III–V-on-LN photodetector without
light input. A high-resolution source meter (Keithley 2400) is
used to measure the I–V characteristics of the photodetector.
The measured dark current is 9 nA and 65 nA under reverse bias
voltage of 0.5 V and 2 V, respectively. In the measurement of the
responsivity, the light is coupled into the LN waveguide through
a single-mode fiber with the help of an on-chip grating coupler.
A polarization controller is used to maintain the input light in
TE polarization. The coupler has peak coupling efficiency of
approximatelyt −6 dB at 1550 nm with a 3-dB bandwidth of
∼50 nm. Figure 5(b) shows the I–V curve of the device under
different waveguide-coupled input powers at the wavelength of

Fig. 5. (a) I–V curve of the III–V-on-LN photodetector without
light input. (b) I–V curve of the photodetector under illumination
at the wavelength of 1550 nm.

1550 nm. The actual power coupled to the LN waveguide is
determined by measuring the coupling efficiency of the reference
grating coupler on the same sample. The input light power varies
from 0.1 mW to 0.8 mW with a step of 0.1 mW. A higher voltage
is required to extract the photon-generated carrier when the
input power increases. The waveguide-referred responsivity is
approximately 0.3 A/W at−2 V, which corresponds to a quantum
efficiency of 24%.

Figure 6 shows the waveguide-coupled spectral response
between 1520 and 1590 nm of the photodetector biased at −2 V.
The responsivity is higher than 0.15 A/W over the wavelength
range of 1520–1580 nm. The measured peak waveguide-coupled
responsivity is 0.38 A/W at 1540 nm. The absorption coefficient
of quantum wells is larger in the shorter wavelength region. So,
the responsivity peak locates in the short wavelength side close
to the peak of the spontaneous emission spectrum. As the pho-
ton energy is less than the bandgap energy of the active region,
the responsivity dramatically decreases at longer wavelength.
The coupling efficiency and photodetector responsivity can be
further improved by reducing the thickness of the BCB (to be
less than 30 nm) and silicon oxide layers between the III–V and
lithium niobite waveguide.

In this Letter, we demonstrate the heterogeneous integra-
tion of III–V broadband light sources and photodetectors on
LNOI waveguide circuits. A multiple-section taper structure is
designed to achieve an efficient coupling between the active
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Fig. 6. Waveguide coupled responsivity as a function of wave-
length at the reverse bias voltage of 2 V.

III–V waveguide and passive LN waveguide. The emission
spectrum of the integrated LED exhibits a 3-dB bandwidth
of 40 nm centered at 1600 nm. The integrated photodetec-
tors have a low dark current of 9 nA at −0.5 V and peak
responsivity of 0.38 A/W at 1540 nm. The light sources and
photodetectors are realized based on the same III–V material,
thereby enabling completely integrated optic systems by hetero-
geneous integration of only one III–V epitaxial layer stack on
the LNOI waveguide circuit. The 150-nm-wide III–V taper tip
can also be patterned by 193-nm DUV lithography, thereby
enabling wafer-scale fabrication of III–V-on-LNOI photonic
devices by combining the wafer bonding technique with DUV
lithography.
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