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We demonstrate a III-V avalanche photodiode (APD) grown
by heteroepitaxy on silicon. This InGaAs/InAlAs APD exhib-
its low dark current, gain >20, external quantum efficiency
>40%, and similar low excess noise, k∼0.2, as InAlAs APDs
on InP. © 2019 Optical Society of America

https://doi.org/10.1364/OL.44.003538

Heterogeneous silicon photonics has drawn significant interest
due to its potential for large-scale photonics integration [1].
The integration of III-V compound semiconductors with silicon
photonics can reduce cost owing to economy of scale and provide
high-performance III-V semiconductor devices that are compat-
ible with Si-CMOS circuits [2]. Recently, there have been nu-
merous reports of heterogeneous silicon photonics [3,4], such as
waveguides [5], couplers, multiplexers, splitters [6], quantum dot
lasers [7], distributed feedback lasers [8], ring cavities [9,10],
modulators [11], and photodiodes [12,13]. However, there are
no silicon photonics-compatible III-V avalanche photodiodes
(APDs). III-V APDs play an important role in telecommunica-
tion systems [14], owing to their high bandwidth and high sen-
sitivity at 1550 nm [15]. The high bandwidth enables fewer
lanes in wavelength-division multiplexing or pulse amplitude
modulation, which simplifies the transmission system and results
in lower launch power [16]. Another potential impact area of III-
V APDs is the optical interconnect, a promising approach to
solve the bandwidth limitation in the post-Moore’s law era.
High-speed, high-efficiency, and low-cost heterogeneous silicon
photonics optical interconnects have the potential to meet the
tremendous data transmission demand in modern processors
[17]. The high sensitivity of APDs can permit lower laser power
available in optical interconnects and could improve energy ef-
ficiency by reducing the power consumption of the lasers, a key
metric in future high-bandwidth-density interconnect applica-
tions, such as data centers [18]. Integrating III-V APDs with
silicon photonics can also expand and improve the performance
of existing applications, such as time-of-flight-based light detec-
tion and ranging (LIDAR) [19,20]. Another promising applica-
tion is a next generation access network with an optical fiber to
the x (FTTx) [21]. Heterogeneously integrated III-V APDs on Si

can reduce cost dramatically, thereby alleviating the conflict
between the data capacity and cost.

There are several approaches to integrating III-V components
on silicon, such as hybrid integration and wafer bonding [10,22],
but heteroepitaxial growth is the only wafer-level solution [23]. In
this Letter, we report the first III-V APDs grown directly on InP/
Si templates. The APD reported here is a separate absorption,
charge, and multiplication (SACM) structure with an InGaAs
absorber and an InAlAs multiplication region. A cross-sectional
schematic of the InGaAs/InAlAs SACM APD is shown in
Fig. 1(a). From top to bottom, the structure consists of a 200 nm
InGaAs p-type top contact layer, a 400 nm InGaAs p-type
graded-doping absorption layer, a 700 nm InGaAs unintention-
ally doped absorption layer, three 30 nm AlxInGaAs grading
layers, an 80 nm InAlAs charge layer, a 250 nm InAlAs uninten-
tionally doped multiplication layer, a 65 nm InAlAs n-type layer,
a 250 nm InAlAs n-type buffer layer, and a 400 nm InAlAs n-type
bottom contact layer. The APD sample was grown on a 3.4 ×
3.4 cm2 InP/Si template. After 10 min of oxide desorption
on the InP surface under As2 overpressure, the growth temper-
ature was set at 500°C, as measured by a pyrometer, for the entire
APD growth. The structure of the InP/Si template is shown in
Fig. 1(b) consists of a 500 nm Ge layer, 1000 nm GaAs layer,
1100 nm InAlAs linearly graded buffer layer, and 1000 nm
InP layer grown by molecular beam epitaxy [13]. The InP/Si tem-
plate was grown on a full 15.24 cm Si wafer without using
selective area growth technique.

The mesas were formed by standard dry etching with reac-
tive ion etch (RIE) and inductively coupled plasma (ICP). Ti/
Au was deposited as the top and bottom contacts by electron-
beam evaporation. After lift-off of the metals, SU-8 was spun
on the sidewall as a surface passivation. Then an airbridge and
GSG pads were plated. Finally, recessed windows were formed
by wet etching to increase external quantum efficiency. An op-
tical image of a 20 μm diameter InAlAs/InGaAs APD is shown
in Fig. 1(c). The remaining part of the region is covered by
SU-8 passivation.

The photocurrent, dark current, and gain versus bias voltage
characteristics of a 20 μm diameter InGaAs/InAlAs SACM
APD under 1550 nm are shown in Fig. 2. The punch-through
point is approximately −14 V. The photocurrent remains flat,
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when the bias is slightly higher than −14 V. This enables
straightforward identification of the unity gain point, which
was selected at −15 V. A gain >20 was achieved. Due to
the three grading layers, some of the photo-generated electrons
in the InGaAs absorber are injected into InAlAs multiplication
layer at a low bias, which leads to a relatively high photocurrent
before the punch-through point.

The circular data points in Fig. 3 show the photocurrent
versus the incident power at 1550 nm (black solid circle) and
1310 nm (black solid triangle) at −15 V. These photocurrent
points were measured at the unity gain point and, by linear
fitting, the responsivities and the external quantum efficiencies
at unity gain were calculated. For this device, the responsivity is
∼0.54 and 0.48 A/W, which corresponds to an external quan-
tum efficiency of ∼43% and 46% for 1550 and 1310 nm, re-
spectively. The absorption region is the combination of the
400 nm InGaAs p-type graded-doping layer and the 700 nm
InGaAs unintentionally doped absorption layer. Therefore,
the total absorption thickness is estimated to be ∼1.1 μm.

Fig. 1. (a) Schematic cross section of the InGaAs/InAlAs SACM
APD on InP/Si template, (b) schematic cross section of the InP/Si
template, and (c) optical image of a 20 μm diameter InGaAs/
InAlAs SACM APD.

Fig. 2. Photocurrent (black solid line), dark current (black dash
line), and gain (red line) versus the bias voltage of a 20 μm diameter
InGaAs/InAlAs SACM APD on silicon under 1550 nm laser.

Fig. 3. Photocurrent of the InGaAs/InAlAs SACM APD on silicon
versus the incident power of 1550 and 1310 nm laser.

Fig. 4. Excess noise of the InGaAs/InAlAs SACM APD on silicon
(red diamond) versus gian.
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The absorption coefficient of InGaAs at 1550 nm is 0.82 μm−1

and, at 1310 nm, is 1.0 μm−1 [24]. If we assume that the top
reflectivity without an anti-reflection coating is R � 0.3, it fol-
lows that the calculated external quantum efficiencies at 1550
and 1310 nm are 0.7 × �1 − exp�−0.82 × 1.1�� ∼ 42% and
0.7 × �1 − exp�−1.0 × 1.1�� ∼ 46%, which are close to the mea-
sured results.

The excess noise characteristics were measured at 1550 nm
wavelength using a noise figure meter. Since the InAlAs layers
are transparent at 1550 nm, all of the photon-generated carriers

are created in the two absorption layers. This results in pure
electron injection into the multiplication layer, i.e., the excess
noise performance will not be affected by mixed injection.
The excess noise versus gain is shown in Fig. 4. The k value,
which is the ratio of the hole to electron ionization coefficients,
β∕α, is ∼0.2, which is consistent with reports on similar thick-
ness InAlAs multiplication region APDs [25]. The InGaAs/
InAlAs SACM APD grown on silicon exhibits the same excess
noise as that based on InP substrate [26].

One of the primary challenges in heteroepitaxial integration is
the large lattice mismatch (7.5%) and the concomitant defects in
the III-V semiconductor layers, such as threading dislocations,
antiphase domains, and cracks [27,28]. The issue of defects is
particularly important for APDs, since they operate at a high elec-
tric field (105 ∼ 106 V∕cm). The defects can lead to a high dark
current and limit the performance of APDs. In order to character-
ize the dark current of this APD on Si, another InGaAs/InAlAs
APD on InP substrate with same epilayers was grown for com-
parison. The dark current densities at room temperature of both
APDs are shown in Fig. 5(a). The one grown on InP has about an
order of magnitude lower dark current density than the one on Si.
Figures 5(b) and 5(c) illustrate the dark current from 223–323 K
with a step of 20 K for the 20 μm diameter APD on Si and a
50 μm diameter APD on InP, respectively. At a low bias, both
dark currents show significant temperature dependence, decreas-
ing with temperature. However, different from the APD on InP,
the temperature dependence of the APD on Si is weaker at a
high bias due to trap-assisted tunneling. Unlike the generation-
recombination current, the trap-assisted tunneling current is
relatively independent of temperature [29].

The temperature variation of the dark current as a function
of the thermal activation energy is expressed as [30]

I dark ∝ T 2 exp

�
−Ea

kBT

�
, (1)

where Ea is the activation energy, kB is the Boltzmann constant,
and T is the absolute temperature. Figure 6 shows the dark

Fig. 5. (a) Dark current density at room temperature of APDs on Si
and InP; temperature-dependent dark current versus the bias voltage of
the (b) 20 μm diameter APD on Si and (c) 50 μm diameter APD on InP.

Fig. 6. Activation energies at −5 V from dark current density versus
the temperature for APDs grown on Si (red solid circle) and InP (black
solid triangle).
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current fits using this equation at a −5 V bias, for the APDs on
Si and InP, respectively. At a low bias, such as −5 V, the pri-
mary source of dark current is generation-recombination, and
the activation energies are ∼0.5 and ∼0.3 eV for the APDs on
Si and InP, respectively. Compared to the APD on InP,
the APD on Si has a deeper generation-recombination defect
center.

In conclusion, we report a III-V APD on Si with a hetero-
epitaxial growth method that shows a low dark current, a gain
>20, external quantum efficiency >40% at communication
wavelength, and similar low excess noise, k ∼ 0.2, as InAlAs
APDs on InP.

Funding. Air Force Research Laboratory (AFRL) (FA8650-
15-2-5220).
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