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Abstract—We demonstrate the first heterogeneously integrated
high-speed waveguide photodiode on tantalum pentoxide (Ta;Os5,
or tantala) for visible light detection. The PDs have 100 pA dark
current, more than 56 % quantum efficiency (QE) between 635 nm
and 780 nm wavelengths, and up to 16 GHz bandwidth. We also
measured open eye diagrams at 12 Gbit/s - the upper limit of our
experimental setup.

Index Terms—GaAs photodetector, tantala waveguide, hetero-
geneous integration.

I. INTRODUCTION

AVEGUIDE-BASED integrated photonics utilizing tan-
W tala has garnered significant attention owing to the ma-
terial’s favorable nonlinear and mechanical characteristics. Due
to its large bandgap, tantala is transparent across a wide spectral
range, extending from 320 nm well into the infrared region, and
tantala waveguides with low loss have been demonstrated [1].
Tantala possesses a real refractive index slightly above 2 and a
Kerr index that is approximately three times higher than silicon
nitride (SizNy) [2]. Together with its low thermo-optic coeffi-
cient, tantala is well-suited for integrated nonlinear photonics
applications including supercontinuum generation and soliton
frequency comb generation spanning from the visible to the
far-infrared wavelengths. Recently, the use of an optical cavity in
tantala integrated with an InGaAs quantum-well on top has also
resulted in a first demonstration of a heterogeneously integrated
laser on this platform [3].

To further enhance the functionality of the tantala platform,
we report in this paper on the first high-speed heterogeneously
integrated AlGaAs/GaAs photodiode (PD) on tantala. Hetero-
geneous integration of group III-V materials on non-native pho-
tonic platforms has been demonstrated as a technique to integrate
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dissimilar materials without compromising their own proper-
ties [4], [S]. Among the available integration techniques, adhe-
sive die-to-wafer bonding is a versatile low-temperature backend
process based on epoxy-based photoresist which can tolerate a
considerable amount of surface roughness [6], [7]. In contrast to
micro-transfer printing which relies on device-level pick-and-
place [8], die-to-wafer bonding has lithography-defined align-
ment precision. Similar to heteroepitaxial [9] and monolithic
growth, the approach is scalable and wafer throughput can be
high. Moreover, it provides additional flexibility in device inte-
gration since it is free from constraints posed by lattice mismatch
of the different material systems [10]. Distinct from waveguide
silicon PDs that have been previously employed for on-chip
visible light detection [11] [12], GaAs-based heterostructure
PDs can offer advantages, including high carrier drift velocities,
electron velocity overshoot, and a direct bandgap, potentially
resulting in higher bandwidth and stronger absorption. Impor-
tantly, GaAs and its lattice-matched compounds like AlGaAs
offer cut-off wavelengths ranging from 872 nm to below 646 nm,
depending on their compositions. This property makes bandgap
engineering available, and thus allows for a composition of
highly absorbing and transparent layers. It should be mentioned
that GaAs-based material has been frequently used in PIN and
Schottky photodetectors for applications around 850 nm wave-
length and has produced photodetectors on native substrate with
high efficiencies, large bandwidths, and low dark currents [13],
[14], [15]. In the following, we describe design, fabrication, and
characterization of high-speed PDs that can find applications in
tantala photonic integrated circuits at wavelengths 600-850 nm.
While we use 150 nm-thick waveguides in this work, we expect
that our approach can also be applied to thicker waveguides (e.g.
600 nm), as recently demonstrated for thin film lithium niobate
(TFLN) at 1550 nm [7].

II. DESIGN

Fig. 1 presents a schematic view of the integrated PD. Light
is evanescently coupled from the tantala trench waveguide into
the 600-nm thick intrinsic GaAs absorber, which is embedded
between layers with wider bandgaps [16]. Due to their lower
refractive indices, these layers function as optical claddings, and
help confining the light within the absorber. To reduce absorption
in the highly doped contact layers, we used Aly 4Gag gAs with a
bandgap wavelength of 646 nm. Reducing carrier generation in
these layers at the operational wavelength is crucial to minimize
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Fig. 1. PD layer stack on tantala waveguide.
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Fig.2. Simulated optical intensity at 780 nm in (a) tantala waveguide, and (b),
heterogeneous PD (after 5 pum in direction of light propagation). The simulated
coupling efficiency from the fundamental mode in the tantala waveguide into
guided modes in the PD region was close to 100%, and reflections were
negligible.

potential slow carrier diffusion or recombination. We chose
SU-8 as the bonding agent, since it is transparent in the visible
spectral range and can be used for surface planarization. The
SU-8 thickness was designed to be 250 nm, resulting in 423 nm
distance between the tantala waveguide and the absorber, for
a high optical coupling efficiency. Using commercial software
(Fimmwave by Photon Design), Figs. 2(a) and (b) show simu-
lations of the optical intensity distribution in the cross sections
of the tantala waveguide and the PD, respectively. Based on our
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Fig. 3. Simulated energy band diagram.

simulations, we did not expect significant changes in optical cou-
pling efficiency for variations in SU-8 thickness of + 50 nm. To
enhance carrier transport, bandgap-graded Al,Ga;_,As layers
are carefully designed to minimize band offsets at the interfaces.
Fig. 3 shows the energy band diagram. Etch stop and cap
layers are introduced to facilitate the fabrication process and
prevent oxidation. The rectangular PD double mesa structures
are integrated atop waveguides and connected to 50 €2 coplanar
waveguide (CPW) radio frequency (RF) probe pads through
airbridges for high-frequency testing. The 150 nm-thick tantala
waveguide with a constant width (WG width) of 5 pm under-
neath the PD is un-cladded on the top and has SiO- as the lower
cladding.

III. FABRICATION

The PD epitaxial layer stack was grown lattice-matched on
GaAs substrate by molecular beam epitaxy. Using a thin layer
(250 nm) of SU-8 we bonded a ca. 50 mm? wafer die onto the
tantala chip that was pre-fabricated with waveguides utilizing
ion-beam sputtering (Fig. 4(a) and (b)). The GaAs substrate
removal involved nitric acid, followed by citric acid, and a
potassium iodine (KI) dilution to selectively etch the AlIGaAs
etch stop layer. This etching sequence has advantages over
alternative high aluminum content AlGaAs etchants, such as
hydrofluoric acid, as it helps preserve the SiO5 cladding layer
at the waveguide facets, and thus eliminating the need for addi-
tional post-processing steps. The n- and p-mesa were patterned
using direct laser writing, and we used wet etching including KI
dilution and citric acid to selectively etch the AlGaAs and GaAs
layers, respectively. Fig. 4(c) shows the PD after double mesa
formation on the tantala waveguide. Metal contacts were de-
posited through electron beam evaporation, followed by lift-off.
To achieve low contact resistance, we used a stack of Ni (80 nm),
Pd (120 nm), and Au (200 nm), for the p-contact metal, which
becomes ohmic with a specific contact resistivity of 7.6x 10740
cm? after a 5-minute annealing process in an Ny environment
at 300 °C. The n-contact metal comprises AuGe (200 nm) and
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Fig. 4. (a) Tantala waveguide at the chip facet, (b) GaAs epitaxial layers
bonded onto tantala waveguide (WG) chip before substrate removal, (c) PD
after mesa etching, and (d) PD with airbridge connecting to probe pad.

Ni (56 nm), exhibiting ohmic behavior with a specific contact
resistivity of 5.3x 10~ #Qcm? after a 1-minute annealing process
in an Ny environment at 350 °C, as determined from transfer
length method measurements. It should be mentioned that we
did not observe any impact from the annealing on the adhesive
bonding layer which aligns with reports on thermal stability of
SU-8 in [17]. Finally, CPW RF probe pads were incorporated
and connected to the p- and n-mesa through Au-plated air
bridges (Fig. 4(d)). Based on our experience, it was safe to use
n-methyl-2-pyrrolidone (NMP) at 70 °C for several minutes in
an ultrasonic bath for lift-off, and we noticed no degradation of
the bond.

IV. EXPERIMENTAL RESULTS

Fig. 5(a) depicts the measured dark currents of the fabricated
PDs. Remarkably low dark currents, reaching 100 pA at —7 V,
were measured for PDs with a small active area of 20 x 20 ;zm?
(PD width x PD length). Typical dark current densities at —5 V
were well below 1 mA/cm?, with one PD as low as 15 A/cm?.
While this is higher than the dark current density reported for
transfer-printed GaAs PDs on silicon nitride waveguides [18]
and GaAs PDs on native substrate [14], it is an order of mag-
nitude lower than that of heterogeneous InGaAs/InP PDs for
1550 nm detection [7] due to the larger bandgap of GaAs. The
fact that dark current did not strictly scale with area in our PDs
can be attributed to surface leakage, which can be addressed by
an appropriate passivation layer [19]. To assess the resistance-
capacitance (RC)-limited bandwidth, the PD capacitance was
determined using an LCR meter. As illustrated in Fig. 5(b), a
PD with 20 x 15 ym? nominal area approaches full depletion
at —5 V, exhibiting a junction capacitance of 45 fF. This is
is 20% lower than calculated from the parallel-plate capacitor
model, which can be explained by an area reduction due to some
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Fig. 5. Dark current (a) and (b) capacitance measurements at 1 MHz of PDs

with different areas.

underetch during mesa fabrication. From 0 V to —10 V, the
capacitance changes by less than 20% which indicates a low
background doping concentration in the intrinsic layer. Factor-
ing in the total series resistance that includes contact resistance
(38 2) and lateral resistance in the p-contact layer (89 2), we
estimated an RC-limited bandwidth of 20 GHz with a 50
external load. Responsivity was measured from different PDs at
three wavelengths (520 nm, 635 nm, 780 nm) using lensed fibers
to couple light from the laser sources into the tantala waveguides.
To determine the internal responsivity (and internal QE), we
measured the photocurrent and input optical power. The latter
was accounted for the fiber-to-chip coupling losses of 4.5 dB,
7 dB and 8.5 dB at 780 nm, 635 nm, and 520 nm, respectively.
Fig. 6 illustrates the dependency of internal responsivity on the
PD length at 635 nm wavelength. As the PD length increases, so
does the responsivity, and a 150 m-long device reaches 0.3 A/W
corresponding to 58% QE. As shown in Fig. 7, a similar QE is
measured at 780 nm, and no significant dependence on PD bias
was observed. The simulated QE for this PD was 66%. Our
simulation suggests that absorption in the top metal contact and
in the highly doped GaAs etch stop and cap layers are the limiting
factors in the current design. Therefore, further increasing the
PD length will not significantly improve QE. We expect that a
higher QE can be achieved in future designs by decreasing the
thickness of the GaAs etch stop layer and moderately increasing
the absorber thickness. It should be mentioned that QE at 520 nm
was lower, which we attribute to strong photon absorption in the
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Fig. 6. Internal responsivity vs. PD length at 635 nm wavelength and —5 V.
Inset: on-chip testing.
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highly-doped AlGaAs contact layers that did not contribute to
the photocurrent due to carrier recombination.

To verify the spectral range of our PDs we also measured
QE of top illuminated PDs on the same chip using a broadband
light source followed by a monochromator. Fig. 8 shows QE
>40% from 630 nm to 800 nm which is mainly limited by the
bandgaps of the AlIGaAs contact layers (646 nm) and the GaAs
absorber (872 nm). Calculations using absorption coefficients
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photocurrent, and wavelength were —5 V, 200 A, and 780 nm, respectively.

given in [20] confirmed our measurement. Notably, QE of wave-
guide PDs can be higher than that of top-illuminated PDs which
is due to their longer absorption path and an efficient coupling
from the waveguide into the PD. It is worth mentioning that in
order to increase QE below 640 nm wavelength, contact layers
with larger bandgap such as Alg 5Ing 5P can be used in future
designs.

The PDs’ high-frequency characteristics were measured with
the setup illustrated in Figs. 9(a) and (b). A Mach-Zehnder
modulator (MZM) biased at quadrature with 20 GHz electro-
optical bandwidth (Ixblue MX800nm-LN-20) according to the
manufacturer’s data sheet was used. To measure the PD’s fre-
quency response the MZM was driven with a signal generator.
We determined the modulation depth to be 60% at 10 GHz
(Fig. 9(c)).

Fig. 10 shows the normalized frequency responses of PDs with
different areas measured at 780 nm. In the measurements we
used a calibrated RF power meter and subtracted the loss of the
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Fig. 12.  (a) Electrical eye diagram from pattern generator at 12 Gbit/s.
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-5V, (d) 12 Gbit/s, 5 mV/div, 20 ps/div, PD bias: 0 V.

bias-T and RF cables in the setup from the measured responses.
We also corrected for the frequency response of the modulator.
As the device area gets smaller, the bandwidth increases which
indicates that the PDs are RC-limited. In reasonable agreement
with our expectation, we find that a 300 ym? PD has a 3 dB
bandwidth of 16 GHz, while 600 ;zm? and 1400 pm? PDs have
3 dB bandwidths of 8 GHz and 2.5 GHz, respectively. It is worth
noting that we also estimated the transit time limited bandwidth
using 0.9x 107 cm/s [21] as the carrier drift saturation velocity
in GaAs and obtained >80 GHz, confirming that carrier transit
time effects are negligible in our design. Figure 11 compares
normalized frequency responses of the same PD measured at
635 nm and 780 nm wavelengths and confirms 16 GHz band-
width for both wavelengths with a QE of 11%. We expect that
bandwidths up to 35 GHz become possible by scaling down the
PD width to 10 gm. We initially chose a much larger PD width to
ease the fabrication process and allow for direct mesa probing.

For measuring non-return-to-zero eye diagrams we used a
pattern generator (Advantest D3186) and a fast sampling os-
cilloscope (Fig. 9(a)). The pseudo random bit sequence pattern
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TABLE I
WAVEGUIDE-INTEGRATED PDS FOR VISIBLE WAVELENGTHS

PD/ A QE gain BW 1y ref.
waveguide (nm) (%) (GHz) | (nA)
Si PN2/
SizNy 685 40 12 30 0.07 [11]
Si PIN?/
SizNy 685 45 9 11 0.003 [22]
Si PN2/
SizNy 400—640 | 60—-88 | 46 9 0.14 [23]
Si PINP/
SizNy 775 30 na 6 0.11 [12]
1400pum? GaAs this
PINC¢/tantala 635-780 27 na 25 1 work
300pm? GaAs this
PIN¢/tantala 635—780 11 na 16 0.1 work

amonolithic, Pmicro-transfer printed, “wafer-bonded.
BW: bandwidth, I;: dark current.

length was 2'5-1, and the laser wavelength was 780 nm. Fig.
12(a) shows the electrical eye diagram from the pattern generator
at 12 Gbit/s bitrate which was fed into the MZM. Figs. 12(b)—(d)
show the eye diagrams of a 20 x 15 pum? PD. Clearly open
eye diagrams are detected with signal-to-noise ratios of 4.4 and
larger. The highest measured bitrate was only limited by our
experimental setup, and we expect that our PDs are capable of
detecting bitrates beyond 12 Gbit/s. Fig. 12(d) shows a 12 Gbit/s
eye diagram of the same device at 0 V showing that detection is
largely independent of PD bias.

V. CONCLUSION

In summary, our integrated PD on tantala waveguide demon-
strates 100 pA dark current, QE of 11%, and a bandwidth of
16 GHz suitable for 12 Gbit/s data detection and beyond. This
performance approaches, and in some cases already exceeds,
that of high-speed waveguide-integrated Si PDs for visible wave-
lengths on the mature SizN,4/Si platform (Table I). With further
optimizations of the PD layer design and a reduction in PD
area, we expect that the performance can be further improved.
We believe that AlGaAs/GaAs waveguide PDs are promising
candidates for high-speed tantala photonic integrated circuit
applications, and based on our platform-independent scalable
integration approach, we anticipate that similar PD designs
can also be applied to other photonic platforms such as SigNy
and TFLN to enable high-speed photodetection in the visible
spectrum.
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