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We study experimentally the effect of oxide removal on
the sub-bandgap photodetection in silicon waveguides at
the telecom wavelength regime. Depassivating the device
allows for the enhancement of the quantum efficiency by
about 2–3 times. Furthermore, the propagation loss within
the device is significantly reduced by the oxide removal.
Measuring the device 60 days after the depassivation shows
slight differences. We provide a possible explanation for
these observations. Clearly, passivation and depassivation
play an essential role in the design and the implementation
of such sub-bandgap photodetector devices for applications
such as on-chip light monitoring. © 2020 Optical Society of
America
https://doi.org/10.1364/OL.388983

Silicon photonics opens a new area in optical communication,
providing an optical interconnect layer, which allows massive
traffic of data within data centers, processors, and chips. The
well-known silicon photonics platforms consist of a variety
of building blocks enabling light generation, modulation,
manipulation, amplification, and detection.
In order for silicon to be an ideal candidate for chip-scale
integrated photodetectors, the energy needed by the photon
to overcome the energy bandgap of the silicon has to be higher
than 1.12 eV, which corresponds to the near-infrared spectral
range, around 1.1 µm, and thus silicon becomes transparent to
photons in the shortwave infrared telecommunication regime
around 1.55 µm. Different solutions to allow photodetection
of photons in the telecommunication window were adopted
over the years, using heterogeneous integration of either germanium or III–V material [1–7]. Nevertheless, even if germanium
presents the great advantage to be CMOS compatible, the
lattice mismatch between germanium and silicon drives to the
formation of threading dislocations and surface roughness that
increases dark current.
Besides that, the effect of tensile strain during the fabrication
process leads to a shift of the bandgap energy and, thus, the spectral range for photodetection [8–10]. The hybrid III–V layer
is the most mature material system with all the corresponding
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electrical and optical properties for shortwave infrared detection. Still, its incompatibility issue with silicon and the need
to use epitaxial growth directly on SOI substrate, make such
a photodetector far away from mass production capabilities
[7,11].
Over the years, massive efforts have been made by the silicon photonics community to integrate all the building blocks
needed monolithically on the silicon layer. Clearly, such integration represents great advantages for the fabrication process
and allows for reduced fabrication costs. Therefore, there is still
a great merit in using silicon for photodetection. As recalled
just before, silicon is not the most suitable material for photodetection operating at telecommunication wavelength, but
silicon-based sub-bandgap photodetection is still possible using
different physical mechanisms.
Previously, sub-bandgap photodetection in silicon was
demonstrated using two-photon absorption [12,13]. This process, however, is nonlinear and requires high intensities of light.
One other possible approach is to use the internal photoemission process in a Schottky diode, where hot electrons generated
by light absorption in the metal jump over the barrier into the
conductance band of the semiconductor [14–16]. Such devices
are typically characterized by low responsivity due to the significant momentum mismatch of the electronic wave function in
the metal-silicon interface [17]. Another alternative that constitutes the based principle of this work is to use defects present
in the surface and the bulk of the silicon. The imperfections
create trap states located energetically within the bandgap of
the silicon. Carriers, which are trapped in such defect states, can
be released by sub-bandgap light and generate a photocurrent
[18–20].
The introduction of such defects can occur during incorporation of other atoms or molecules in the crystalline lattice
structure, e.g., during the high-energy ion implantation of
donors and acceptors into the intrinsic silicon or throughout
deviation of the atoms from their crystalline lattice position and
the creation of cluster and vacancies in the lattice. Especially, one
type of defect is related to the termination of the crystal at the silicon surface where unpaired valence electrons form electrically
active surface traps [21–23]. In this work, we characterize the
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photoresponse of an interleaved PN junction embedded in a silicon waveguide, which can act as a photodetector due to defect
states. Specifically, we demonstrate a threefold enhancement
in the responsivity of the devices by increasing the density of
surface states. This was made possible by etching the top silicon
dioxide layer. We also show that this depassivation approach
has a direct consequence on the propagation loss over time and
over the stability of the device. While our purpose is to study
the effect of depassivation rather than trying to demonstrate an
outstanding device, the observations reported here can be used
as guidelines for designing CMOS-compatible photodetectors.
The device was fabricated on an SOI substrate with a 220 nm
thick silicon device layer on top of 2 µm thick oxide. The rib
waveguide dimensions are about 500 nm in width and 4.2 mm
in length. It was etched to about 150 nm thick, leaving a rib section of ∼70 nm to allow electrical connectivity. It was doped by
boron, with a P-type concentration of about 6 · 1017 cm−3 and
interleaved doped by phosphorus with an N-type concentration
of about 1 · 1018 cm−3 , creating a periodic structure of PN junctions along the waveguide, with a period of 280 nm, Fig. 1(a).
The choice of interleaved PN junctions is essential to improve
the overlap of the optical signal with the space charge region
inside the waveguide and relaxes the tolerance to misalignment
of the depletion region, allowing more efficient photodetection
with respect to the more conventional lateral PN junction [24].
Such an interdigitated configuration is becoming common in
silicon photonics and is also used in other material platforms
[25]. The small period of 280 nm was chosen as a compromise
between ease of fabrication and the desire to approach full depletion condition. Along the process, the device was passivated by
the deposition of a 1.5 µm thick silicon dioxide layer. Owing to
the asymmetry in the doping of the N and P regions, the diode
junctions are not fully depleted, even upon the application of
large reverse bias. As a result, a high concentration of free carriers
is present within the waveguide, especially in the N region, leading to a significant free carrier loss, which is slightly decreased
upon the application of reverse bias.
In order to characterize the integrated sub-bandgap photodetector waveguide, we first measured its optical transmission
spectrum for different operating reverse bias. TE (inplane)
polarized light derived from a tunable laser source (Agilent
81680 A) at the wavelength range of 1510–1570 nm was
launched into a polarization-maintaining optical fiber and
coupled into the waveguide by dedicated grating couplers with
a period of 610 nm and a duty cycle of 50%, etched 70 nm
into the silicon. The fiber was titled from the normal at an
angle of 5 deg to achieve optimal coupling of light into the
waveguide. The coupling loss per grating coupler was measured to be around ∼5 dB. The coupled light was propagating
through the waveguide composed of PN junctions and thus in
the active region of the photodetector, where part of the light is
absorbed. At the other facet of the waveguide, light is coupled
out with a similar set of grating couplers and polarizationmaintaining optical fiber and detected by an external InGaAs
photodetector (Agilent 81634 A). The electrical measurements
were performed using a custom probe station linked to a signal
measurement unit (Keysight B2901A). The probe is mounted
on an XYZ stage and is brought into contact with the electric
waveguide pads, as shown in Fig. 1(b). Light transmission peaks
at about a 1530 nm wavelength corresponding to the grating
coupler design. Thus, subsequent measurements were taken at
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Fig. 1. (a) Schematic layout of the device showing a top view of the
interleaved structure (down) and two cross-sections along the p- and
n-type regions (upper left and upper right, respectively). (b) Schematic
showing the device layout and the experimental setup.

Fig. 2. SEM micrograph of the waveguide (a) before and (b) after
depassivation, respectively. The interleaved active PN junction array
n-type within the waveguide.

this wavelength. In a second step, we performed depassivation of
the device in order to study the variation in the detected signal,
as shown in Fig. 2, where scanning electron micrograph (SEM)
images before and after the removal of the oxide top layer are
shown. To do so, mask lithography was designed on top of the
active part of the waveguide—the region of the interleaved PN
junction—by laser writer, and the top silicon dioxide has been
removed by wet-etch using buffer hydrofluoric acid.
The measured current of the as-fabricated device with the
top passivation oxide layer in the dark and under illumination
at 1530 nm wavelength light is shown in Fig. 3, (grey curves).
Next, we repeated this measurement shortly after oxide removal
(red curves). Finally, we repeated the measurement, 60 days after
oxide removal (blue curves). We have measured several devices,
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Fig. 3. I–V characteristic at dark (solid lines) and under illumination (dashed lines) of the sub-bandgap photodetector waveguide at
1530 nm before (gray lines), immediately after (red lines), and 60 days
after (blue lines) the oxide removal step.

and the results were all in reasonably good agreement, indicating
the high statistical significance of the results.
As clearly evident from the results, the observed photocurrent
has been significantly increased by the removal of the oxide layer.
This is also followed by the increase of the dark current, as shown
in Fig. 3. Measuring the same depassivated device 60 days after
the oxide removal shows a small increase in the photocurrent
beyond the photocurrent of the sample that was measured
immediately after the depassivation.
To better explain the obtained results, we have measured
the propagation loss within the device at 1530 nm wavelength
for all three cases as a function of the applied reverse bias. To
do so, we measured the loss of the sub-bandgap photodetector
waveguide under reverse bias for samples of different lengths
(0.7 mm and 4.2 mm). The propagation loss was extracted
from the slope of the loss per waveguide length data. From these
measurements, we could also extract the grating coupler loss
(∼5 dB). The results are presented in Fig. 4(a). Few observations
can be noticed. First, the loss decreases with the increase of
reverse bias. This can be explained by the increase in the volume
of the depletion region, where the concentration of free carriers
is negligible. Second, the loss of the depassivated device is significantly lower than that of the passivated device, as the reverse
bias is increased. Furthermore, the device measured 60 days after
the oxide removal shows an even more drastic reduction of the
propagation loss. These surprising findings will be discussed
later on in the text.
Based on the measured photocurrent, and using the loss
values measured in Fig. 4(a), we can now extract the quantum
efficiency (QE) of our photodetector for all three cases, waveguide before and after oxide removal, and succeeding a period
of 60 days. The QE, shown in Fig. 4(b), is extracted simply
by dividing the photocurrent by the optical power absorbed
within the waveguide and multiplying by hν/e , where hν is the
photon energy and e is the electron charge. The photocurrent
corresponds to the subtraction between the current measured
under illumination of the waveguide and the dark current. The
optical power absorbed in the device was deduced by taking into
account the coupling loss and the propagation loss within the
waveguide. (We have used the average power in the waveguide
as a representative value for the extracted.) From the results, it is
clear that the QE of the depassivated device has been increased
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Fig. 4.
(a) Propagation loss and (b) quantum efficiency of
the embedded photodetector at 1530 nm. (c) Schematic of the
accumulation layer before and after oxide removal.

about twofold to threefold with respect to the passivated device.
The sample measured 60 days after the depassivation shows a
slight further increase in QE.
While a detailed study of the loss and the photodetection
mechanisms is beyond the scope of this Letter, we nevertheless
propose a plausible explanation for these surprising observations. Generally speaking, the oxide passivation of silicon
devices is essential to improve and stabilize device performances
and to reduce the dark current. It results in two major effects:
(a) reduction of interface states density; (b) generation of fixed
positive oxide charges close to the silicon-oxide interface.
Therefore, while removing the oxide passivation is expected to
increase the density of surface states and thus increase the propagation loss, at the same time, the oxide removal also eliminates
the fixed positive charges. Keeping that in mind, the unexpected
reduction in propagation loss can be explained by the removal
of an accumulation layer from the N region [see schematics in
Fig. 4(c)], as well as to the slight change in the mode profile.
In independent simulations (not shown), we found that the N
region is larger than the P region, both in size and in carrier concentration. (This is the reason why the junction cannot be fully
depleted even under reverse bias of 10 V.) Consequently, the
accumulation of electrons in the N region significantly surpasses
the effect of hole depletion in the P region. Furthermore, the
absorption caused by free electrons is higher than the absorption
caused by free holes [26]. As a result, the presence of the oxide
increases the propagation loss. The effect of elapsed time on the
device characteristics is expressed by further reduction in the
propagation loss. Apparently, with elapsed time, the chemically
active silicon surface interacts with the environment, resulting
in partial buildup of native oxide. This oxide passivates some of
the surface states, however, without reintroducing fixed positive
charges.
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We now discuss the observed QE results. As mentioned, QE
has been increased twofold to threefold by removing the oxide
layer. This is attributed to the increase in surface defect states. In
general, while there are several loss mechanisms in the device,
e.g., free carriers, roughness (i.e., scattering), and defect states
from the surface and the bulk silicon crystal, only the defect
states contribute to photodetection. Thus, in order to achieve
a good sub-bandgap photodetector waveguide, the main idea is
to increase the losses due to the defect state and at the same time
to reduce the loss due to free carriers. Apparently, the removal
of the oxide layer serves both purposes. Under the assumption
that most of the light is absorbed in the waveguide or scattered
from it (as evident by the 20–30 dB/cm loss at zero bias), the
QE of the device can be estimated by the following expression:
QE ∝ αds /(αd s + α f c + αsc ).
Where αds is the loss due to defect states, αfc is the loss due to
free carriers, and αsc is the loss due to scattering. Only the first
term contributes to the photocurrent, and thus it should be
maximized, whereas the other two terms should be minimized.
In our case, we can see from Fig. 4(a) that the αfc goes down after
removing the oxide, as evident from the larger difference in loss
between zero bias and 10 V bias for the latter case. At the same
time, αds is probably increasing due to oxide removal, as evident
by the increase in dark current (Fig. 3). To the first order, αsc does
not change significantly, as evident from the fact that the loss at
zero bias does not vary substantially under oxide removal.
After discussing QE, we should also discuss the signal-tonoise ratio (SNR). One should differentiate between two cases.
In one case the signal is low. In such a case, the noise goes as the
square root of the dark current, and thus the SNR is improving
as the square root of the defect states. In the other case the signal
is high. In this case, the main noise comes from the shot noise
of the signal, and the dark current does not play a role. In both
cases, increasing the density of defect states improves the SNR.
In summary, in this Letter, we demonstrated the role of the
silicon passivation layer for sub-bandgap photodetection. By
removing the top oxide layer, we improved the QE of the device
by a factor of nearly 3, due to the increment of the trapped states
and the reduction of the free carrier loss, both of which play
a positive role in increasing the photocurrent. Measuring the
depassivated device 60 days after the oxide removal shows a
slight further increase in QE, with a significant reduction in
propagation loss. During this time, the growth of the native
oxide layer assists in passivating and stabilizing the device. A
more comprehensive study is needed to further isolate the various mechanisms for loss and photodetection, which is beyond
the scope of this Letter. In the future, we intend to report such
a study. Furthermore, we will establish a device with a more
symmetric doping profile, allowing us to operate under a fully
depleted junction mode. In such a case, a fully depleted waveguide with reduced free carrier loss can be achieved. Finally,
while the present Letter is focused on silicon, the demonstrated
approach can also be applied to other semiconductor-based
photodetectors operating in the subwavelength regime.
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