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Abstract—We investigate the avalanche effect in 250 μm long
silicon waveguides integrated with periodically interleaved p-n
junctions. The surface state absorption is enhanced by reducing
the waveguide width. Upon a bias voltage of −5.9 V, the mea-
sured responsivity is 2.33 A/W with a dark current of 0.78 μA.
The avalanche gain is 284 and the 3-dB bandwidth is 3.6 GHz,
leading to an ultrahigh gain-bandwidth product of 1.02 THz. The
avalanche photocurrent is stable with time below −6 V when
�1 mW on-chip optical power is launched. The photodetector has
a linear response to optical power and can be readily integrated
with other silicon photonic devices.

Index Terms—Avalanche photodetector (APD), high-speed in-
tegrated optoelectronics, photodiodes, surface state absorption
(SSA), silicon photonics.

I. INTRODUCTION

S ILICON waveguide has been proved to be an ideal plat-
form for light transmission not only for its compact

size, but also for its low loss in telecommunication wave-
lengths [1]–[3]. Because of its large indirect bandgap of
1.12 eV, silicon is not the optimal material for photodetec-
tion in the near-infrared wavelength range. However, all-silicon
photodetection is still possible by utilizing several mecha-
nisms, such as middle-bandgap absorption (MBA), two pho-
ton absorption (TPA), and surface state absorption (SSA) etc.
The MBA has high responsivity [4]–[7], but extra ion im-
plantation and well-controlled annealing processes are needed.
TPA is a nonlinear effect which requires high optical power
to generate detectable photocurrent. Usually resonance struc-
tures are employed to improve the responsivity [8]–[11],
whilst the detection also becomes wavelength-dependent. SSA
is another mechanism that has been applied in all-silicon pho-
todetection [12], [13]. Such absorption is relatively weak and
occurs on the surface of a waveguide. With a good optical mode
field coverage on the surface [12], the responsivity of SSA can
be improved.
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Even though the responsivity of all-silicon photodetection
can be improved by optimizing the waveguide and device struc-
tures, 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 we can amplify the photocurrent
by using the avalanche gain process. Silicon is widely used as
avalanche photodetectors (APDs) working in wavelengths be-
low 1.3 μm [14]–[17], and is also used as an avalanche layer for
Ge–Si APDs working in telecommunication wavelengths [18]–
[20]. Benefiting from the low hole-to-electron ionization ratio k
of silicon, these devices possess high gain-bandwidth-product
(GBP) and low multiplication noise. Recently, all-silicon APDs
working in telecommunication wavelengths have been reported
based on the MBA mechanism [21], [22]. High responsivity and
high speed were achieved, suitable for on-chip photodetection.
However, the breakdown voltage is very high due to the p-i-n
junction [21]. In Ref. [22], as a microring is used to excite the
TPA effect, its detection is wavelength dependent.

In our previous work [23], we reported a silicon waveguide
integrated with periodically interleaved p-n junctions used as an
on-chip optical power monitor. Due to the good electric field
coverage on the waveguide surface especially on the waveguide
sidewalls, the SSA effect is enhanced and more current is col-
lected in this device than in p-i-n or lateral p-n structures. In
this paper, we will study the avalanche effect in such a wave-
guide with an improved design. First, we increase the doping
concentration to lower the breakdown voltage, which reduces
the power consumption when the detector is working in the
avalanche mode. Second, we shorten the device length to reduce
the device footprint and improve the 3-dB bandwidth. Third, we
narrow the waveguide to make more optical mode field residing
on the waveguide surface. Measurements show that our device
can achieve a high GBP under a low breakdown voltage. Mean-
while a high responsivity of over 2 A/W is achieved while the
dark current is still below 1 μA. Under a proper working voltage,
the avalanche photodetector is stable with time.

II. DEVICE STRUCTURE AND FABRICATION

Fig. 1(a) shows the microscope images of three waveguide
photodetectors. The waveguide active section length is 250 μm
and the widths are 500, 400, and 300 nm. Fig. 1(b) shows the
schematic of the silicon waveguide integrated with periodically
interleaved p-n junctions. The waveguide height is 220 nm and
the slab height is 60 nm. Lightly doped p and n regions with
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Fig. 1. (a) Microscope image of our devices. (b) Schematic of the silicon
waveguide integrated with periodically interleaved p-n junctions.

Fig. 2. (a) Measured responsivity as a function of wavelength for various
waveguide widths. (b) Measured photocurrent as a function of on-chip power.
The bias voltage is set at −1 V.

dimensions of Wd = 1.5 μm, Lp = 0.7 μm, and Ln = 0.6 μm
are periodically patterned along the silicon waveguide. Beside
the p/n doping region is the heavily doped p+ /n+ region for
ohmic contact with metal wires.

The devices were fabricated using the IME standard com-
plementary metal–oxide–semiconductor (CMOS) process [24].
The p-type doping (Boron) was first implanted to cover the
entire waveguide and then n-type doping (Phosphorus, higher
dose) was introduced to compensate the original doping to
form the interleaved p-n junctions. The resultant doping con-
centration for p regions is �4 × 1017 cm−3 , and for n re-
gions is �1 × 1018 cm−3 . The compensation doping makes
it easy to form interleaved junctions [25]. The heavily doped
p+ /n+ (Boron/Phosphorus) region has a doping concentration
of �1020 cm−3 . Rapid thermal annealing at 1030 °C for 5 s
was used after ion implantation. This temperature can anneal
out most of the ion implantation-induced defects including di-
vacancies [26] and also interstitial clusters [27], which are the
main defects responsible for MBA effect [4].

III. EXPERIMENTS

A. Low-Bias Response

Fig. 2(a) shows the measured responsivity of our devices. The
input laser light is transverse-electrically polarized by using a
polarization controller. The wavelength is scanned from 1510 to

1590 nm with a step of 0.2 nm, while the current is recorded by
an I/V measure unit (Agilent B2912A) through a pair of metal
probes connecting the device electrical pads. The devices are
biased at −1 V, where the avalanche effect is relatively weak.
The input power from the fiber is �0.2 mW. The insertion
loss (fiber-to-fiber) is �16 dB, which is mainly caused by the
coupling loss. Assuming the input and output coupling losses
are equal, the estimated coupled optical power in the waveguide
is 31.6 μW. We can see that the responsivity increases as the
waveguide width decreases. The responsivity of the 300 nm
wide waveguide is over two times higher than that of the other
two wider waveguides.

Fig. 2(b) shows the measured photocurrent as a function of on-
chip power at −1 V bias. The laser light at 1550 nm is amplified
by an erbium-doped optical fiber amplifier (EDFA) to boost up
the optical power, followed by a 0.8-nm bandwidth optical filter
to suppress the amplified spontaneous emission noise. The input
power is adjusted by tuning the EDFA gain. The photocurrent
is obtained by subtracting the dark current from the measured
current under illumination. The photocurrent increases linearly
with on-chip power as the SSA effect is a linear process [28].

B. Avalanche Response

We next increase the reverse bias and the I–V curves of our
devices are plotted in Fig. 3(a). The dark current rises with
the reverse bias voltage. The avalanche effect becomes very
strong at around −6.8 V, where the dark current increases very
quickly. After −7.5 V, the increment of dark current slows down
and reaches �80 mA at −10 V. When 31.6 μW on-chip optical
power is applied, the measured currents under illumination in
the 400 and 500 nm wide waveguides are close and see a rapid
growth from −6 to −7 V. The current in the 300 nm wide
waveguide is higher than the other two devices with 10.7 μA at
−5.5 V and 1 mA at −6.2 V. It increases 100 times within the
0.7 V range. At around−7 V, the currents of all the three devices
reach almost the same level. At around −9 V, the currents are
dominated by the dark current. The slow increment after −7 V
is mainly due to the space-charge-limited current [29].

Fig. 3(b) shows the photocurrent generated by the 300 nm
wide waveguide as a function of on-chip power at various reverse
biases. The photocurrent still keeps a well linear response to on-
chip power under the avalanche effect. However, as the reverse
bias increases, especially at −6 V and −6.1 V as shown in
the inset of Fig. 3(b), the photocurrent becomes unstable. The
avalanche process is statistical in nature because every electron–
hole pair generated at a given distance in the depletion region
is independent and does not experience the same multiplication
[30]. The fluctuation of gain is caused by excess noise which is a
function of hole-to-electron ionization ratio. As the electric field
increases with the reverse bias, the hole-to-electron ionization
ratio increases [31], leading to an increased excess noise. As a
result the gain is more unstable at a high reverse bias.

Fig. 3(c) shows the extracted responsivity and avalanche gain
of the 300 nm wide waveguide as a function of reverse bias.
The responsivity is 1.45 mA/W at 0 V and rises with the reverse
bias. An ultra-high responsivity of 528 A/W is achieved at−7 V.
Although the dark current is relatively high (0.66 mA), it is still
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Fig. 3. (a) Measured current as a function of reverse bias for the three devices. (b) Photocurrent as a function of on-chip power at various high reverse biases
for the 300 nm wide waveguide. Inset: photocurrent curves at −6 and −6.1 V. (c) Extracted responsivity and avalanche gain as a function of reverse bias for the
300 nm wide waveguide.

Fig. 4. (a) Measured frequency responses of the 300 nm wide waveguide at
various reverse biases near the breakdown voltage. Inset: frequency response at
−2.6 V. (b) 3-dB bandwidth changes as a function of avalanche gain.

more than 20 times smaller than the photocurrent. The avalanche
gain is obtained by normalizing the responsivity with that at
−1.2 V bias where the junction is nearly fully depleted and the
avalanche effect is relatively weak. The gain rises up rapidly
with the reverse bias, especially after −5.5 V. The gain is about
102 at −5.5 V, 103 at −6.1 V, 104 at −6.4 V, and 105 at −7 V,
increasing by 103 times within the 1.5 V range.

C. Gain-Bandwidth Product

We next characterize the small-signal radio frequency (RF)
response of our devices. A vector network analyzer (VNA, Ag-
ilent 8722D) is used as the RF signal source, followed by an
RF amplifier to drive a modulator. The modulated optical sig-
nal is coupled into the device and the generated photocurrent
is collected by a pair of 40 GHz microwave probes. The signal
is then sent back to the VNA. The input wavelength is fixed at
1550 nm. The VNA scans from 100 MHz to 26.5 GHz. The fre-
quency response of the device is normalized with a commercial
70 GHz photodetector. Fig. 4(a) shows the frequency response
of the 300 nm wide waveguide at various reverse biases. The
3-dB bandwidth decreases from to 3.6 GHz when the reverse

Fig. 5. (a) Temperature stability of current at various reverse biases. Inset:
current variation at −6 and −6.1 V. (b) Temporal stability of current at various
reverse biases.

bias increases from −5.4 to −5.9 V. It further decreases to
0.6 GHz at −6.1 V.

Fig. 4(b) shows the 3-dB bandwidth as a function of avalanche
gain. The 3-dB bandwidth decreases as avalanche gain increases.
The GBP is �490 GHz at−5.4 V and increases to the maximum
of �1.02 THz at −5.9 V where the responsivity is �2.33 A/W
and the dark current is 0.64 μA, as seen from Fig. 3(c). It falls
to �988 GHz at −6.1 V.

D. Temperature Stability

The dark current and avalanche gain are strong functions of
temperature [32]. To characterize the temperature effect, we
measure the current at various temperatures by placing a micro-
heater (Thorlab TED 4015) under the chip. Fig. 5(a) shows the
measured results when an on-chip power of �1 mW is applied.
The current gradually increases with the rising temperature. The
increment is more significant for larger reverse bias and higher
temperature. For example, at −6.1 V the current at �314 K is
over two times larger than that at �298 K as shown in the inset
of Fig. 5(a).

Fig. 5(b) shows the current as a function of time at various
reverse biases at room temperature �298 K. The measurement
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Fig. 6. Simulated optical mode electric field distributions in the waveguides
with widths of (a) 500, (b) 400, and (c) 300 nm.

is carried out in 15 min with a sampling interval of 1 s by using
Agilent B2912A. The on-chip power is also �1 mW. One can
see that the current is relatively constant with time when the
bias is small (below −6 V). At a higher reverse bias, the current
increases with time more significantly.

IV. ANALYSIS AND DISCUSSION

A. Optical Mode Field Distribution and Photon Absorption

The SSA effect is the main absorption mechanism in our
silicon waveguides [23]. In order to enhance the absorption,
waveguide dimensions need to be carefully designed so that
the surface states reside at the peak intensity of the waveguide
optical mode. Baehr-Jones et al. [12] measured a responsivity
of 36 mA/W in a 100 nm high and 500 nm wide silicon wave-
guide integrated with a 1.5 mm long p-i-n junction. However,
as most of the silicon photonics devices today are based on the
220 nm high waveguide, we consider keeping the waveguide
height while narrowing the width to improve the responsivity.

Fig. 6(a)–(c) shows the optical mode field distributions of the
500, 400, and 300 nm wide waveguides, respectively. The results
are obtained by mode analysis simulation from COMSOL. As
waveguide width decreases, more optical mode field leaks from
the waveguide to the cladding. The photon that can be absorbed
is within 1 nm above the waveguide edge where surface states
exist [33]. Under the same optical power, the average mode
electric field on the 300 nm wide waveguide sidewall is 1.66
and 1.93 times higher than that of the 400 and 500 nm wide
waveguides, respectively. The simulated propagation losses are
14.2, 13.6 and 11.8 dB/cm for the 500, 400 and 300 nm wide
waveguides, respectively. As the waveguide is embedded with
interleaved p-n junctions, the loss decreases as more optical field
is located outside the silicon core.

To compare the responsivity of our 300 nm wide waveguide
with Baehr-Jones’ work [12], we choose the photocurrent mea-
sured at −1.2 V, where the junction is nearly fully depleted. The
measured responsivity is 4.05 mA/W. Given the difference in

Fig. 7. Simulated junction electric field distributions in the 300 nm wide
waveguide at (a) 0 and (b) −6 V biases.

waveguide length, the responsivity of our device is comparable
to Baehr-Jones’ work [12].

B. Electric Field Coverage and Current Gain

We use SILVACO to simulate the junction electric field dis-
tribution in the interleaved p-n junctions over three periods at
0 and −6 V as shown in Fig. 7(a) and (b), respectively. The
peak electric field is 1.6 × 105V/cm with a depletion width
of 250 nm at 0 V, while it increases to 8.9 × 105 V/cm with
a depletion width of 400 nm at −6 V. Under the peak elec-
tric field at −6 V, the electron and hole ionization rates are
1.22 × 105 cm−1 and 6.13 × 104 cm−1 , respectively. The aver-
age hole-to-electron ionization ratio k in the depletion region is
�0.5 at −6 V, which allows our device to have a high avalanche
gain with a low excess noise factor [34].

In Fig 7(b), we can see that even though the junctions are fully
depleted, more than two-thirds of the waveguide is still without
the coverage of electric field, which makes the detection not so
efficient. This is mainly because of the relatively large doping
window limited by the fabrication resolution. If a narrower dop-
ing window is chosen, the waveguide can be more fully covered
by the electric field and the responsivity can hence be further
improved.

C. Avalanche Buildup Time

In our previous work [23], we measured a 3-dB bandwidth of
�11.5 GHz with quite weak avalanche effect. In this work, we
shortened the device length to 250 μm while keeping the same
electrode design. A short electrode reduces the high-frequency
transmission loss and the phase mismatch between the optical
wave and the microwave. Therefore, the measured 3-dB band-
width is improved to �18.6 GHz at the low reverse bias of
−2.6 V, as shown in the inset of Fig. 4(a).

However, as the avalanche gain rises up, the response time
is mainly limited by the avalanche buildup time rather than by
the travelling wave electrode [35]. Considering that the carrier
drift velocity is saturated at such a high electric field when the
avalanche effect occurs, Kuvas et al. gives the formula [36],
t = τM , where t is the avalanche buildup time, τ is the intrinsic
response time, and M is the avalanche gain. τ is experimentally
obtained to be 0.5 ps by Kaneda [37]. In our experiment, the
avalanche gain is 284 at −5.9 V, thus the avalanche buildup time
is �0.143 ns according to Kaneda’s value of τ . It suggests the
bandwidth of the 300 nm wide waveguide has an up limit of
6.99 GHz at −5.9 V.
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Fig. 8. Simulated temperature cross-sectional distribution in the 300 nm wide
waveguide at −6.1 V.

D. Thermal Effect

When the avalanche effect occurs, the current through the
p-n junctions increases quickly with reverse bias, giving rise to
thermal heating in the device. As the waveguide cladding layer
silicon dioxide is not a good thermal conductor, the heat gener-
ated will be mainly confined in the silicon layer, leading to raised
temperature in the waveguide. We simulate the temperature dis-
tribution at −6.1 V in the 300 nm wide waveguide by using the
heat transfer module from COMSOL, as shown in Fig. 8. Under
the on-chip optical power of �1 mW, the power dissipation in
the device is 11 mA × 6.1 V = 67.1 mW extracted from the
experimental result. Assuming heat is generated from the p-n
junctions with a volume of �34.5 μm3 , the power density of
the heat source is 1.9 mW/μm3 . The ambient temperature is
set to 298 K. Upon stationary analysis, we get a temperature
rise of 9.5 K in the waveguide. If the reverse bias is reduced
to −5.4 V, then the temperature rise is only 0.2 K. The raised
temperature in the waveguide increases the current, which in
turn generates more heat and further increases the temperature.
A positive feedback forms, making the current gradually rise
with time, which is more significant at −6.1 V but negligible at
−5.4 V [see Fig. 5(b)].

V. CONCLUSION

We designed and fabricated all-silicon APDs using 250 μm
long straight silicon waveguides integrated with periodically in-
terleaved p-n junctions. The fabrication process is CMOS com-
patible and can be readily integrated with other silicon photonic
devices. The photodetector is based on the SSA effect and is
wavelength insensitive. More photocurrent is generated by the
SSA effect by narrowing the silicon waveguide. The avalanche
mode working regime is around the range of −5.5 to −7 V. To-
wards the high bias end, the device exhibits large responsivity
and gain but at the price of instability, low bandwidth, and high
power consumption. For example, the responsivity can be up
to 528 A/W with a gain of 105 but the dark current is also as
high as 0.66 mA. The scenario is quite the opposite towards the
low bias end. Therefore, the working voltage needs to be set ac-

cording to practical applications. A compromised value can be
set as −5.9 V where a balanced performance can be achieved.
With this bias, the responsivity is 2.33 A/W with a dark cur-
rent of 0.78 μA. The GBP is 1.02 THz, which is the highest
value achieved in silicon waveguide photodetectors so far. The
voltage sensitivity of gain (dG/dV) is 2423 V−1 at −5.9 V. The
high gain is benefited from the high doping concentration and
the low ionization ratio.

Our device can also work as a power monitor if we decrease
the working voltage off the avalanche regime. The responsivity
is still over 1 mA/W at −1 V bias with a high bandwidth. The
power consumption of the monitor is much lower compared to
our previous work [23].
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