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Abstract—We investigate the photocurrent generation with
surface-state absorption effect in a silicon waveguide integrated
with periodically interleaved p-n junctions. Due to the high elec-
tric field (∼5 × 105 V/cm) and large depletion area coverage in the
waveguide, our device can collect more photocurrent than regular
p-i-n and p-n structures. The responsivity of our device is optical
power dependent with a higher value at a lower power level. The
measured 3-dB bandwidth of the frequency response is 11.5 GHz.
Although its responsivity is low compared to that of III–V and
Ge photodiodes, its simple fabrication and compatibility with all-
silicon photonic devices makes it suitable as on-chip optical power
monitors.

Index Terms—Avalanche gain, high-speed integrated optoelec-
tronics, photodiodes, impact ionization, power monitor, silicon
photonics.

I. INTRODUCTION

PHOTONIC integrated circuits (PICs) are the core technol-
ogy for future optical interconnects [1], [2]. As a critical

function in PICs, photodetection has attracted a lot of atten-
tion [3]. Devices based on III–V materials (such as InP, GaAs)
show excellent performances both in responsivity and band-
width [4]–[6], but with the lack of compatibility with comple-
mentary metal–oxide–semiconductor (CMOS) fabrication pro-
cess, it is hard to directly integrate them on large-scale silicon
photonic chips. Ge–Si photodetectors have the responsivity and
bandwidth close to III–V detectors and is very promising if
the lattice mismatch induced defects is well manipulated with
optimized design and epitaxial growth [7]–[10].

Because silicon has an indirect bandgap energy of 1.12 eV,
higher than the photon energy in the 1.55 μm optical communi-
cation wavelength (∼0.8 eV), it is not suitable for near-infrared
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(NIR) photodetection. However, many attempts have been made
to improve their performances. Ion implantation can form mid-
gap defects in silicon, enabling an electron in the valence band
to absorb one photon to reach the sub-band and then absorb
another photon to arrive at the conduction band [11]. By us-
ing this mid-bandgap absorption (MBA) mechanism, F . Lo-
gan et al. achieved a responsivity of 39 mA/W in a resonance
structure [12]. W. Geis et al. optimized the implantation and
obtained a high responsivity of ∼800 mA/W and a speed of
∼10 GHz [13]. Two-photonabsorption (TPA) can also be em-
ployed, but it needs very high power in the waveguide to induce
the nonlinear optical effect. A resonant cavity can be used to
boost up the optical power [14]–[16]. Internal photoemission
absorption (IPA) utilizes the lower barrier height at the metal–
semiconductor interface, so the electrons generated by photons
in the metal can easily cross the Schottky barrier and arrive at
the conduct band of silicon [17]. Such kind of structures always
requires properly designed Schottky junctions [18].

Surface-state absorption (SSA) is another photocurrent gen-
eration mechanism. Previous works have studied the distribution
of surface state energy levels at the silicon-silicon oxide inter-
face under different fabrication processes [19]–[23]. The surface
state has a continuous energy level from the valence band to the
conduction band with a peak density around 0.4 eV. Although
the absorption constant of the SSA effect is low [20], it is very
easy and convenient to generate photocurrent, as long as there is
overlap between waveguide surface and optical field. Photocur-
rent generation based on SSA effect has been reported previ-
ously [24]–[27]. If the waveguide is carefully designed such that
the surface-state exists at the peak intensity of the optical mode
field, it can reach a high responsivity up to 36 mA/W at low input
power [25]. Most of the devices based on the SSA effect in the
literature use lateral p-i-n or p-n junctions. P. H. Wendland et al.
experimentally investigated the relationship between the electric
field in the depletion area and the photocurrent, and concluded
that the stronger the electric field is, the larger the absorption
constant becomes [11]. Therefore, if we increase the electric
field in the waveguide, we can collect much more photocurrent
generated by the SSA effect.

Even though the responsivity of all-silicon NIR photodetec-
tion has been improved significantly using the above mentioned
various mechanisms, it is still two to four magnitudes lower
than that of III-V or Ge photodetectors, making them inefficient
and cannot be used in the receiver end. However, they can find
applications as on-chip optical power monitors [28]. Due to the

1077-260X © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.



3800408 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 20, NO. 4, JULY/AUGUST 2014

Fig. 1. Schematics of silicon waveguides integrated with (a) periodically in-
terleaved p-n junctions, (b) a lateral p-i-n junction (reference device I), and (c)
a lateral p-n junction (reference device II). (d) Microscope image of our device
and the reference devices.

low absorption of transmission light, it has only slight influence
on the light travelling in waveguides. For example, 10% of light
absorption only induces an excess loss of 0.5 dB, which is tol-
erable in most scenarios. As the SSA effect is a linear process,
it does not need high optical power as desired in two photon
absorption to generate free carriers. This is a quite attractive
property for monitoring waveguides with low optical power.

In this paper, we investigate both experimentally and the-
oretically the photocurrent generation in a silicon waveguide
integrated with periodically interleaved p-n junctions. Such in-
terleaved p-n junctions have previously been used for high-
speed optical modulators due to its high modulation efficiency
and large fabrication tolerance [29]–[31]. Here, we reverse its
function and characterize its photon detection capability. As a
comparison, we also characterize two reference waveguides in-
tegrated with a lateral p-i-n junction (reference device I) and
a lateral p-n junction (reference device II), respectively. Our
measurements show that the responsivity in our interleaved p-n
junctions is considerably higher than that of the p-i-n junction
owing to the enhanced electric field in the depletion region and
several times higher than that of the p-n junction owing to the
better coverage of the electric field on the waveguide sidewalls.

II. DEVICE STRUCTURE AND FABRICATION

Fig. 1(a) shows the schematic of the silicon waveguide em-
bedded with periodically interleaved p-n junctions. The cross-
sectional dimension of the silicon waveguide is 500 nm ×
220 nm with a slab height of 60 nm. Lightly doped p and n
regions with a width of Wd = 1.5 μm and a length of Ld =
0.6 μm (pitch = 2Ld ) are periodically embedded across the sil-
icon waveguide. Noted that we choose Ld = 0.6 μm because
of the fabrication limitation. If we design a shorter period, the
waveguide will have a better coverage of the depletion region,
which helps to improve the responsivity. Beside the p/n dop-
ing region is the heavily doped p+ /n+ region for ohmic contact
with metal connections. Fig. 1(b) and (c) show the schematic
of the reference waveguides embedded with a lateral p-i-n junc-
tion and a lateral p-n junction, respectively. The cross-sectional
dimension is the same except that the interleaved p-n junction
is replaced by a 1.5 μm wide intrinsic region or a single p-n
junction.

Fig. 2. Measured responsivity as a function of wavelength for (a) our device,
(b) reference device I, and (c) reference device II.

The devices were fabricated using the IME standard com-
plementary metal oxide semiconductor (CMOS) process [32].
Noted that the n− doping was first implanted to cover the entire
waveguide and then p doping (higher dose) was introduced to
compensate the original doping to form the interleaved p-n junc-
tions. The resulting doping concentrations for p and n regions
are both ∼2 × 1017 cm−3 . The compensation doping makes it
easy to form interleaved junctions. The heavily doped p+ /n+ re-
gion has a doping concentration of ∼1020 cm−3 . Rapid thermal
annealing (RTA) at 1030 ◦C was used after ion implantation.
This temperature can anneal out most of the ion implantation-
induced defects including divacancies [13] and also interstitial
clusters [33], which are the main defects responsible for MBA
effect [34]. There may be some residual defects left after RTA.
The remained defects help to improve photocurrent generation
in the waveguide region. Because of space limitation, the active
waveguide lengths of our device and reference devices I and II
are designed to be 2.2 mm, 1.53 mm, and 2.5 mm, respectively.
Fig. 1(d) shows the Microscope image of our device and the ref-
erence devices. Given their difference in waveguide length, we
normalize the photocurrent and responsivity (per unit length) to
give a fair comparison.

III. EXPERIMENTS

A. DC Characterization

The input light from a tunable laser is first amplified by
an erbium-doped optical fiber amplifier (EDFA) to boost up
the optical power, followed by a 1-nm bandwidth optical fil-
ter to suppress the amplified spontaneous emission noise. The
input power is adjustable by tuning the EDFA gain. The light
is transverse-electrically (TE) polarized by using a polariza-
tion controller. An external direct current (DC) voltage is ap-
plied onto the diodes through a pair of metal probes. The col-
lected photocurrent is recorded by an I/V measure unit (Agilent
B2912 A).

Fig. 2 shows the measured responsivity per mm of the inter-
leaved p-n junctions and the reference devices at −1 V bias. The
measured wavelength range is from 1510 nm to 1590 nm. The
input power from the fiber is 81 μW. The insertion losses (fiber-
to-fiber) of all three devices are almost the same, which are
close to 18 dB. Therefore, the estimated coupled optical power
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Fig. 3. (a)–(c) Measured I–V curves for (a) our device, (b) reference device I,
and (c) reference device II at various input coupled power levels. (d) Extracted
photocurrent enhancement factor as a function of on-chip power.

in the waveguide is 10.2 μW. We can see that the responsivity of
our device is much higher than those of the reference devices I
and II.

Fig. 3(a) shows the measured photocurrent in our device as a
function of the bias voltage for various on-chip coupled power
levels. The wavelength is fixed at 1550 nm. The photocurrent
increases both with the reverse bias voltage and the coupled
optical power. The dark current is ∼0.5 nA/mm at 0 V and rises
up to ∼180 nA/mm at −10 V, increased by about 360 times.
When the input coupled power is 96.3 μW, the measured pho-
tocurrent is ∼38 nA/mm at 0 V and ∼626 nA/mm at −10 V,
increased by about 17 times. The increment of photocurrent
with reverse bias is less significant when the coupled power in-
creases. For instance, when the coupled power is 519.1 μW, the
increment reduces to 2.6 times. Fig. 3(b) shows the measured
photocurrent in the reference device I. The photocurrent has the
same change trend. The dark current is ∼0.2 nA/mm at 0 V and
∼0.5 nA/mm at −10 V, increased by about 2.5 times. When
the input coupled optical power is 96.3 μW, the photocurrent is
∼7.6 nA/mm at 0 V and ∼18.9 nA/mm at −10 V, also increased
by about 2.5 times. The increment is 2.3 times at 519.1 μW. It
suggests that the increment of photocurrent with reverse bias is
only slightly dependent on the coupled power. Fig. 3(c) shows
the measured photocurrent in the reference device II. The dark
current is ∼0.36 nA/mm at 0 V and ∼8.2 nA/mm at −10 V,
increased by about 23 times. When the input coupled optical
power is 96.3 μW, the photocurrent is ∼18.3 nA/mm at 0 V and
∼126.2 nA/mm at −10 V, increased by about 6.9 times. The in-
crement is 2.3 times at 519.1 μW. The photocurrent increment
trend is much like that of our device.

We introduce a photocurrent enhancement factor χ, defined
as the ratio between the photocurrents (per unit length) of our
device and the reference devices under the same coupled power
and bias voltage, to compare the photocurrent generation effi-
ciency. Fig. 3(d) shows the enhancement factor as a function of
the on-chip coupled power at 0 V and −10 V biases. We can

Fig. 4. (a)–(c) Measured photocurrent as a function of coupled power in (a) our
device, (b) the reference device I, and (c) the reference device II. The bias voltage
increases from 0 to −10 V with a step of −2 V. (d)–(f) Extracted responsivity
at multiple bias voltages and coupled powers from (a)–(c), respectively.

see that at 0 V, the photocurrent in our device grows faster than
that in the reference device I. Yet the photocurrent and its incre-
ment rate are comparable to the reference device II. At −10 V,
the photocurrent in our device is much larger (>30 times) than
that in the reference device I, and the enhancement factor is
relatively constant with the on-chip power. As compared to the
reference device II at −10 V, the enhancement factor is large
only at low power, which implies that our device is superior to
the reference device II for low power detection.

We also measured the photocurrent change with the coupled
power in our device under several fixed bias voltages as shown
in Fig. 4(a). When the bias is small (e.g., −2 V), the photocur-
rent changes almost linearly with the coupled power. However,
at a high reverse bias (e.g., −10 V), the increment of photocur-
rent slows down as the coupled power increases. The reference
devices I and II have the same change trend but with smaller
photocurrents as shown in Fig. 4(c) and (e). Similar trend is also
observed in Ref. [25].

Fig. 4(b) shows the extracted responsivity from Fig. 4(a).
It can be seen that the responsivity increases with the reverse
bias. At 0.65 μW coupled power, the responsivity can reach
∼40 mA/W/mm at −10 V. However, the responsivity falls
rapidly when the power increases. It decreases to∼5 mA/W/mm
at −10 V when 92.26 μW power is coupled. Fig. 4(d) and (f)
show the extracted responsivity of the reference devices. It can
been seen that the responsivity drops with coupled power in
all devices, which is also reported in [25]. This phenomenon is
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Fig. 5. Measured (black) and theoretical (green) high speed responses of our
device.

probably caused by the gradually saturate surface state absorp-
tion at high coupled power.

B. RF Characterization

We next characterize the radio frequency (RF) response of
our device. A vector network analyzer (VNA, Agilent 8722D)
is used as the RF signal source, followed by an RF amplifier to
drive a 20 GHz high speed modulator. The modulated optical
signal is coupled into the device and the generated photocurrent
is collected by a pair of 40 GHz microwave probes. The detected
RF signal is amplified by another RF amplifier before feeding
back to the VNA. The input wavelength is fixed at 1550 nm.
The VNA scans from 100 MHz to 20 GHz. The interleaved
p-n junctions are biased at −10 V. The solid curve in Fig. 5
shows the measured normalized RF response of our device. The
frequency response falls rapidly when the frequency exceeds
10 GHz as the photocurrent is too small to be collected. The
measured 3-dB bandwidth is about 11.5 GHz.

IV. ANALYSIS AND DISCUSSION

A. Static Response

Free carriers are primarily generated in the depletion region
(or intrinsic region) where the electrons and holes are quickly
separated by electric field or otherwise they will recombine.
The free carriers are then multiplied by the current gain mech-
anism if present before they are finally extracted to become
terminal current to provide the output signal [35]. The reference
device I with a p-i-n junction has the largest electric field cover-
age, which, however, generates the smallest photocurrent when
compared to our device and reference device II. That is because
the electric field in reference device I is weak because of the
wide intrinsic region and thus it lacks the multiplication process
as exists in our device and the reference device II.

Under low electric field, the total photocurrent density in a
p-n junction is given by [36]

JTOT = JDL + JDIFF . (1)

Where JDL is the drift current density due to the carriers gen-
erated in the depletion region, which is a function of build-in
electric field. JDIFF is the diffusion current density of minor-
ity carriers generated outside the depletion area in the bulk of

the silicon and diffused into the reverse-biased junction. Under
a certain doping concentration, the total photocurrent density
JTOT is mainly determined by the temperature and electric field.
However, when the electric field is very strong (∼104 V/cm),
JTOT becomes saturate and the impact ionization process needs
to take into consideration. Such a process will induce avalanche
multiplication effect and result in a rise of the generated pho-
tocurrent. We exclude the possibility of tunneling effect, as the
depletion region is not narrow enough (<10 nm) to reach the
ultrahigh electric field (>106 V/cm) required in tunneling effect
due to the low doping concentration [37]. The avalanche gain at
location x (x along the electric field direction) in the depletion
region is given by [38]

M(x) =
G(x)

1−
∫ w

0 α(x)G(x)dx
(2)

where

G (x) = exp
(

−
∫ w

x

(α (x′) − β (x′))dx′
)

. (3)

α(x) and β(x) are the electron and hole impact ionization
rates, respectively, w is the width of depletion region. The impact
ionization rate is a strong function of electric field, and is given
by [39]

α (x) = α∞ exp
(

− b

|E (x)|

)

(4)

where E(x) is the electric field in the direction of current flow
and α and b are constant coefficients obtained empirically. β(x)
has a similar expression to (4).

We use the numerical simulation package from SILVACO to
study the electrical characteristics of the devices. The simulation
employs concentration dependent mobility model, electric field-
dependent model, Shockley-Read-Hall recombination model,
Auger recombination model and Selberherr impact ionization
model. The carrier lifetime is modified by the concentration-
dependent lifetime model. These models are solved by two car-
riers process and newton method.

We first simulate the electric field distribution in our device
at the bias voltages of 0 and −10 V. The results are shown in
Fig. 6(a) and (b). The peak electric field is ∼1 × 105 V/cm in
the center of the depletion region at 0 V and the depletion region
is ∼200 nm wide. When the bias voltage increases to −10 V, the
peak electric field rises up to ∼5 × 105 V/cm and the depletion
region expands to cover almost the whole period of p-n junction.
It should be emphasized that because of the interleaved arrange-
ment of p-n junctions, the electric field also covers the relatively
rough waveguide sidewalls, where the surface states exist. As
a comparison, we also simulate the electric field distribution in
the reference devices. Fig. 6(c) and (d) are the simulation results
for the reference device I. Because the intrinsic region is 1.5 μm
wide, the electric field is lowered to ∼6 × 103 V/cm at 0 V and
∼7 × 104 V/cm at −10 V. Fig. 6(e) and (f) are for the reference
device II. The peak electric field is ∼1 × 105 V/cm at 0 V and
∼4.9 × 105 V/cm at −10 V. The magnitude of the electric field
is almost the same for our device and the reference device II.
The difference is that the peak electric field partially covers the
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Fig. 6. Electric field distributions in (a) and (b) our device, (c) and (d) reference
device I, and (e) and (f) reference device II. The left column is for 0 V bias and
the right column −10 V bias.

Fig. 7. Peak electron and hole impact ionization rates as a function of bias
voltage in (a) our device, (b) reference device I, and (c) reference device II.

waveguide sidewalls in our device and yet it only resides inside
the waveguide in the reference device II.

Fig. 7 shows the simulated electron and hole impact ionization
rates at the center of the depletion region changing with the bias
voltage. Both ionization rates increase rapidly with the reverse
bias and the electron ionization rate increases even faster. For
the reference device I [see Fig. 7(b)], as the peak electric field
is weaker than our device, both the electron and hole ionization
rates are several orders of smaller. For the reference device II
[see Fig. 7(c)], the electron and hole ionization rates are slightly
smaller than those in our device, which is likely caused by the
difference of electric field distribution in the waveguide.

As shown in Fig. 6(b), the electric field and thus the ionization
rate are not uniform across the depletion region in our device.
As a rough estimation, we assume the hole and electron have

Fig. 8. Calculated velocity mismatch and electrical reflection coefficient as a
function of frequency.

average ionization rates of 30000 cm−1 and 12000 cm−1 in a
0.4 μm wide depletion region, respectively, and thus we get
the avalanche gain M = 2.7 at −10 V. The ionization rate
can be considered as a sign of avalanche breakdown as pointed
out in K. G. McKay’s theoretical work [40]. The ionization
rate under the peak electric field in our device is below the
breakdown threshold, so avalanche breakdown is not observed
in experiment. For the reference p-i-n structure, the ionization
rate is much lower, and therefore there is almost no avalanche
effect, leading to a considerably lower photocurrent compared
to our device. The avalanche gain in the reference p-n structure
is close to that in our device. However, since electron and hole
pairs are generated mainly at the waveguide sidewalls, apart
from the center of depletion region, the high avalanche gain is
not fully utilized, leading to a smaller photocurrent.

B. High-Speed Response

To better understand the RF response of our device, we use
the traveling wave photodetector (TWPD) model to calculate its
theoretical frequency response [41]. The normalized photocur-
rent i at frequency ω is given by

i(ω)
Q

=
1
2

[
ωf

ωf − jω
+ γ(ω)

ωr

ωr + jω

]

e−jω (l/ve) (5)

where ωf = Γα′ve/(1 − ve/vo) and ωr = Γα′ve/(1 + ve/vo)
are the characteristic frequencies of the forward and reverse
traveling waves, Q is the normalization factor, γ (ω) is the elec-
trical back reflection coefficient at the electrode input end, l is
the device length, Γ is the optical confinement factor, α′ is the
light transmission attenuation coefficient in the waveguide, ve is
the electrical phase velocity, and vo is the optical group velocity.

The calculated RF response of our device is shown by the
dash-dot curve in Fig. 5. The 3-dB bandwidth is ∼15.6 GHz,
a little higher than the measured value. In our calculation, we
choose α′ = 1.33 × 10−6cm−1 and Γ = 0.73 according to the
waveguide simulation.γ(ω) and ve /vo are functions of frequency
ω. They are calculated using microwave simulation software
HFSS as shown in Fig. 8. The velocities (ve and vo) are mis-
matched at the low frequency end and gradually close up as the
frequency increases. The impedance mismatch (as seen from the
reflection coefficient curve) becomes more severe as frequency



3800408 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 20, NO. 4, JULY/AUGUST 2014

increases, which is the main factor that limits the operation
bandwidth of our device.

C. Photon Absorption Mechanism

In the introduction part, we described four photon absorption
mechanisms that can be utilized for all-silicon photodetection
of near-infrared light. The IPA effect does not exist in our de-
vices as no Schottky junction present in our waveguide. The
on-chip power in our experiment is relatively low, and hence
the TPA effect does not play a significant role either [42]. The
only possible absorption mechanisms existing in our device are
the MBA and SSA effects. The MBA occurs inside the silicon
waveguide where the lateral p-n junction has large electric field
coverage as shown in Fig. 6(e) and (f), while the SSA occurs on
the surface and sidewalls of silicon waveguide where the inter-
leaved p-n junction has large electric field coverage as shown in
Fig. 6(a) and (b). The experiment result shows that the collected
photocurrent from the interleaved p-n junction is much higher
than that from the lateral p-n junction. It implied that the MBA
effect in the silicon waveguides is relatively weak compared to
the SSA effect. The SSA effect has the major contribution to
photocurrent generation in our device.

D. Potential Application as Power Monitors

As shown in Fig. 4(b), the responsivity is relatively high at
low optical power, which makes our device suitable as opti-
cal power monitors. Recently reported all-silicon optical power
monitors using cavities to enhance the photocurrent have a high
responsivity [26], [43]. However, these devices are wavelength
independent, only working around resonance wavelengths. In
addition, the resonance-based devices always suffer from ther-
mal stability issues. In this regard, our straight waveguide mon-
itor can circumvent these issues and can respond to a large
range of wavelengths as demonstrated in Fig. 2. Finally, due
to the low doping concentration of the p-n junctions, the ex-
cess free-carrier absorption loss is ∼0.18 dB for the 2.2 mm
long waveguide. Therefore, we can place the monitors wher-
ever we want to monitor the waveguide power with negligible
disturbance on the light transmission.

V. CONCLUSION

We designed and fabricated an all-silicon optical power mon-
itor using a straight waveguide integrated with interleaved p-n
junctions. Photocurrent is mainly generated by the SSA effect in
our device. Because the interleaved p-n junctions exhibit strong
built-in electric field and have good coverage of the waveguide
surfaces, the photocurrent is higher than that generated by a sin-
gle p-i-n or a single p-n junction. With a high electric field, the
avalanche multiplication also takes effect, which is confirmed
by the high impact ionization rate in the depletion region. The
measured responsivity of our device is optical power dependent,
ranging from ∼40 mA/W/mm to ∼5 mA/W/mm at −10 V bias
when the coupled power varies from 0.65 μW to 92. 26 μW.
The device has a high speed response with its 3-dB bandwidth
measured to be 11.5 GHz, mainly limited by the impedance

mismatch of the travelling wave electrode. With the merits of
low excess loss, wavelength independence, and simple fabri-
cation, such kind of optical power monitors can be readily in-
tegrated with other silicon photonics devices for large scale
system-on-chip integration.
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