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We demonstrate a high responsivity all-silicon in-line optical power monitor by using the thermal effect to en-
hance the quantum efficiency of defect-mediated absorption at 1550 nm. The doping compensation technique is
utilized to increase the density of lattice defects responsible for the sub-bandgap absorption and suppress the
detrimental free carrier absorption. The 200-μm-long device presents a propagation loss as low as 2.9 dB/cm.
Its responsivity is enhanced from 12.1 mA/W to 112 mA/W at −9 V bias by heating the optical absorption region.
With this device, we build an optical power monitoring system that operates in the sampling mode. The minimal
detectable optical power of the system is below −22.8 dBm, while the average power consumption is less than
1 mW at a sampling frequency of 10 Hz. Advantages of this scheme in terms of high responsivity, low insertion
loss, and low power consumption lend itself to implement the feedback control of advanced large-scale silicon
photonic integrated circuits. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.432731

1. INTRODUCTION

Silicon photonics technology now plays important roles in
fields of optical communication [1,2], optical quantum com-
puting [3,4], biochemistry sensing [5,6], light detection and
ranging (LiDAR) [7,8], optical neuromorphic networks, and
deep learning [9,10], thanks to its advantages in compatibility
with CMOS fabrication technology and excellent light-guiding
characteristics at telecom/datacom wavelengths. Significant
advances have been made in developing a variety of large-scale
silicon photonic integrated circuits (PICs) with very high inte-
gration levels [11,12]. It is well known that performances and
optimal operating points of most silicon photonics devices are
quite sensitive to fabrication errors and ambient temperature
fluctuations. Therefore, as the complexity of silicon PICs in-
creases, it becomes essential to acquire optical power levels
at critical positions of the circuits so as to build feedback con-
trol loops. This task is implemented by the optical power mon-
itor, which is demanded to probe the optical power with a
minimal intervention to the light propagation inside the circuit
[13,14]. A straightforward solution is to tap a small portion of
the propagated light to a terminal Ge/Si waveguide photodetec-
tor through a directional coupler (DC) [15,16]. However,
this scheme suffers from limited scalability. Additionally,

coupling efficiencies of silicon DCs are susceptible to the wave-
length and the fabrication-imperfection induced variation of
coupling gap. As a result, a preferable alternative is an in-line
all-silicon optical power monitor that can be directly embedded
inside the optical route [17,18]. An ideal in-line optical power
monitor should possess a relatively weak absorption coefficient
and a high responsivity. With a proper absorption length, only a
small fraction of the incident light is converted to photocarriers
while most of the light can pass through.

Since the intrinsic absorption in silicon is very weak at wave-
lengths longer than 1.1 μm, all-silicon optical power monitors
resort to two-photon absorption (TPA) [19,20], internal
photoemission effect (IPE) [21,22], or bulk deep-level defect-
mediated absorption (BDA) [23,24]. Among them, the BDA
effect is the most widely utilized. This effect relies on ion im-
plantation and rapid annealing steps to introduce lattice defects
inside the silicon. These lattice defects act as transition states
through which valence band electrons can jump to the conduc-
tion band by absorbing sub-bandgap photons. Compared with
the intrinsic absorption, a disadvantage of the BDA effect is its
low quantum efficiency. Without utilizing enhancement mech-
anisms such as the optical resonance effect or the avalanche
multiplication effect, the typical responsivities of practical
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BDA-based photodiodes are usually less than 10 mA/W
[24–30]. Consequent weak photocurrents result in additional
difficulty and cost in the subsequent circuit design. For exam-
ple, if the optical power transmitted inside an optical link is
∼0 dBm and 2% of it is absorbed by a BDA monitor with
a responsivity of 10 mA/W, the resultant photocurrent is
∼200 nA. In order to produce a feedback signal with suffi-
ciently high voltage level on the order of a few hundred milli-
volts, a magnification ratio higher than 106 V∕A is necessary,
which imposes a stringent requirement on the amplifying cir-
cuit design especially when a wide bandwidth is also required.

There are plenty of efforts to increase responsivities of BDA
photodiodes. A straightforward way is applying large reverse
bias voltages so that diodes operate in the avalanche regime.
Reported responsivities can be boosted to several tens of
mA/W or even higher [25,26]. However, reverse bias voltages
to obtain sufficient avalanche gains are usually much higher
than 20 V provided that PIN junctions are utilized to collect
photocarriers [25–27,31–33]. These bias conditions are
ill-suited for many application scenarios. Although avalanche
voltages less than 10 V can be realized by utilizing PN junctions
with doping concentrations on the order of ∼1018 cm−3

[28–30], this doping pattern inevitably increases the optical loss
aroused by the free carrier absorption. Alternatively, the respon-
sivity of BDA effect can be enhanced by resonant cavities at the
expenses of narrow optical bandwidth and low scalability
[33–35]. Besides, the avalanche multiplication effect and the
resonance enhancement effect are combined routinely in many
reports [28,29,36]. Despite these achievements, it is still quite a
challenge to realize a BDA effect-based optical power monitor
with all the necessary merits demanded by practical applica-
tions, i.e., high responsivity, low bias voltage, low insertion loss,
and large bandwidth. As a result, almost all advanced silicon
PICs ultimately rely on Si/Ge waveguide photodetectors
(PDs) with DCs to monitor their operation conditions.

In this work, we first propose and demonstrate a thermal
enhancement technique to boost the responsivity of BDA ef-
fect. By pulse-heating the light absorption region, we improve
the responsivity of a 200-μm-long all-silicon optical power

monitor from 12.1 mA/W to 112 mA/W. Average power
and instantaneous peak power of the heater that operates in
the pulsed mode are 1 mW and 550 mW, respectively. The
insertion loss of the device is as low as 0.06 dB. Compared with
avalanche multiplication and resonance enhancement effects,
this technique possesses advantages of high responsivity, low
bias voltage, low insertion loss, high scalability, and wide optical
bandwidth and, thus, is qualified to build feedback control sys-
tems of practical silicon PICs. This work is organized as follows.
At first, we introduce design, fabrication, and operation prin-
ciple of our device in Sections 2 and 3. After that, control cir-
cuit design and measurement results are presented in Section 4.
Finally, a conclusion is reached in Section 5 by systematically
comparing our device with previous works.

2. DEVICE DESIGN AND FABRICATION

The BDA effect based all-silicon optical power monitor is an
SOI rib waveguide with an embedded PN junction as shown in
Fig. 1(a). The doping compensation technique we developed in
Ref. [37] is used to introduce lattice defects necessary for the
sub-bandgap optical absorption. This technique directly takes
advantage of the existing P/N ion implantation steps that are
used to build carrier-depletion-based silicon modulators. By
overlapping P/N ion implantation windows, a dopant compen-
sation region is formed in the waveguide center. The repeated
ion bombardment steps create a quasi-intrinsic region due to
the compensation between two opposite dopants and, thus,
suppress the unnecessary free carrier absorption. On the other
hand, the lattice defect density is approximately doubled to
cause a larger photocurrent. After ion implantation steps, a
rapid thermal annealing (RTA) above 1000°C repairs most lat-
tice damages. The sub-bandgap absorption is enabled by the
remaining lattice defects. This scheme is implemented by
the unmodified standard processing flow of active silicon pho-
tonic devices. But its responsivity is comparable or even better
than reported BDA devices that utilize specialized ion implan-
tation and annealing steps to introduce lattice defects. The fea-
ture of our device is that its responsivity is boosted by a

Fig. 1. (a) Three-dimensional schematic diagram, cross section, and doping pattern of the in-line optical power monitor based on the BDA effect.
(b) Top-view microscope image of the all-silicon in-line optical power monitor based on the BDA effect. (c) Schematic diagram of the BDA process
inside the silicon waveguide.
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tungsten heater. The theory behind this thermal enhancement
effect will be explained in Section 3.

The device is fabricated by the silicon photonics multi-
project wafer (MPW) service of IMEC (ISIPP50G) on an SOI
wafer with a 220-nm-thick Si layer and a 2-μm-thick buried
oxide (BOX) layer. The width of the rib waveguide shown
in Fig. 1(a) is 450 nm. Two 1.3-μm-wide trenches are etched
by 160 nm beside the waveguide so as to provide the optical
confinement. Both P1-type and N1-type ion implantation win-
dows are 725 nm wide. The two windows overlap by 400 nm in
the waveguide center to form a doping compensation region.
The final widths of lightly doped P1 and N1 regions, thus, are
325 nm as shown in the inset of Fig. 1(a). PBODY/NBODY
regions are 300 nm away from waveguide sidewalls. They are
moderately doped to reduce series resistances between the junc-
tion and the contacts. PPLUS/NPLUS regions are heavily
doped to form ohmic contacts. Corresponding ion implanta-
tion conditions are determined by optimizing the performance
of the carrier-depletion-based modulator. Measured avalanche
breakdown voltage of this diode is ∼21 V. The length of
optical absorption region is 200 μm. The resistance of tungsten
heater above the waveguide is 160 Ω. In order to facilitate
the optical propagation loss measurement, another device with
a 2-mm-long optical absorption region is also designed. Fiber
grating couplers are used to interface the device with input/
output fibers. A microscope image of our device is displayed
in Fig. 1(b).

3. THERMAL ENHANCEMENT MECHANISM

We shortly review the BDA effect before explaining how a
heater helps to improve the responsivity. As depicted in
Fig. 1(c), the BDA consists of two steps. At first, a sub-bandgap
photon excites an electron from the valence band to the defect
energy levels below the conduction band. After that, a part of
excited electrons can jump to the conduction band through the
thermal excitation and, thus, become photocarriers. The rest
electrons stay in defect energy levels or fall to the valence band
until finally reaching a dynamic equilibrium. The optical exci-
tation rate GP of the first step is mainly determined by the in-
cident photon energy, the absorption area, and the
concentration of defects [38]. According to the Shockley–
Read–Hall (SRH) theory and its extension to optical generation
by sub-bandgap photons [39,40], the thermal excitation rate
GT can be calculated as

GT � σnvthFN tni exp
�
Ed − Ei

kBT

�
, (1)

where σn is the thermal-electron capture cross section of the
defect, vth is the thermal velocity of electrons, F denotes the
fraction of defect energy levels occupied by electrons that obey
the Fermi–Dirac statistics, N t refers to the concentration of
defect energy levels, ni is the intrinsic carrier concentration,
kB is the Boltzmann constant, and Ed and Ei represent posi-
tions of the equivalent defect energy level and the intrinsic
Fermi level, respectively [40]. Generally, positions of defect en-
ergy levels in the bandgap are not fixed but distribute over a
certain range as shown in Fig. 1(c) [41]. Usually the thermal
excitation rate GT is quite low at room temperature. In most

cases, incident lights are strong enough so that GP ≫ GT . As a
result, only a small part of electrons in defect energy levels can
eventually jump to the conduction band. It is the thermal ex-
citation step that limits the generation rate of photocarriers
[40]. We note that many items in Eq. (1), i.e., vth, and ni, grow
dramatically with the temperature. Therefore, the thermal gen-
eration rate and the consequent responsivity can be boosted by
heating the device.

By examining the temperature dependence of every term in
Eq. (1), we can quantitatively estimate the thermal enhance-
ment factor of the responsivity. At first, the correlation between
effective mass and temperature is very weak. Second, the
dependence of the intrinsic carrier concentration ni on the tem-
perature can be written as ni ∝ T 1.5 exp�−Eg∕2kBT �, where
Eg is the bandgap of silicon [42]. Third, the thermal velocity
of electrons vth in silicon is proportional to T 0.5 [43]. Finally,
the thermal excitation rate in thermal equilibrium can be ap-
proximated as GT �T � ∝ FT 2 exp��Ed − Ec�∕kBT �. Here Ec
denotes the bottom of conduction band. While emitting elec-
trons toward the conduction band, defect energy levels also cap-
ture electrons from the conduction band. The corresponding
capture rate varies with the temperature in a similar manner
to GT [40]. To simplify the discussion, we assume that the
responsivity is proportional to the net generation rate of photo-
carriers, i.e., the difference between the excitation rate GT and
the capture rate. Moreover, considering the temperature
dependence of F , the relationship between the responsivity
and the temperature can be simplified as

R�T � ∝ T 2 exp

�
−α

T

�
: (2)

The exact value of the positive constant α can be obtained
by fitting the experimental data.

Raising the operation temperature also enhances the dark
current noise of the PD and eventually deteriorates the detec-
tivity. This adverse effect should also be investigated to justify
the feasibility of this technique. It is known that the dark cur-
rent noise of a PD is mainly composed of the shot noise [44]
and the Johnson noise [45]. The root-mean-square (RMS)
value of the Johnson noise is proportional to the temperature,
while that of the shot noise is proportional to the DC compo-
nent of the dark current, i.e., the diffusion current. Therefore,
the shot noise presents a similar temperature dependence to the
DC diffusion current. According to the Shockley law, the DC
diffusion current of a reversely biased PN junction in the non-
avalanche region is written as [46]

J � en2i

0
@ 1

NA

ffiffiffiffiffiffiffiffiffiffiffiffiffi
kBμnT
τne

s
� 1

ND

ffiffiffiffiffiffiffiffiffiffiffiffiffi
kBμpT
τpe

s 1
A, (3)

where ND and NA denote donor and acceptor concentrations,
respectively, e represents the electron charge, and τn∕p and μn∕p
are carrier lifetimes and mobilities of electrons and holes, re-
spectively. Since carrier lifetimes are inversely proportional to
vth [47], we have τn∕p ∝ T −0.5. On the other hand, according
to the experimental data in Ref. [48], the dependence of μn∕p
on the temperature can be set as μn∕p ∝ T −2.3. For simplicity,
we assume that electrons and holes in silicon exhibit identical
mobility and lifetime. Based on all these conditions, the
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relationship between the DC diffusion current and the temper-
ature can be approximated as

Jd �T � ∝ T 2.6 exp

�
−ηEg

kBT

�
: (4)

According to the analysis in Ref. [49], a positive parameter η
is introduced here to reflect the influence of the reverse bias
voltage. Its value would decrease as the reverse bias voltage
grows. A typical variation range is between 0 and 1. The
DC diffusion current and the corresponding shot noise usually
grow with the temperature at a much higher rate than the re-
sponsivity. Therefore, there is a trade-off between the respon-
sivity enhancement and the detectivity degradation when we
heat the device.

The detectivity of a PD is characterized by the noise-equiv-
alent-power (NEP) [50]. It is defined as the net absorbed power
level at which the generated photocurrent is equal to the square
root of the noise power spectral density measured within a
specified bandwidth, i.e., NEP � ffiffiffi

S
p

∕�R ffiffiffi
B

p �. Here R is
the responsivity of the PD. B is the measured noise bandwidth.
The noise power spectral density S is calculated as S �
4π
T

R∞
0 jI�ω�j2dω. Here, I�ω� is the Fourier transform of the

dark current fluctuation acquired within a time period of T .
Unlike the terminal PD, an in-line optical power monitor

absorbs only a small fraction of the incident optical power, so its
minimum detectable incident power (MDP) is calculated as
MDP � NEP∕�1 − 10−0.1·βL�. Here β and L denote the propa-
gation loss of the in-line optical power monitor in unit of dB/
cm and the absorption region length, respectively. If the absorp-
tion region is long enough so that the incident power is ab-
sorbed completely, i.e., βL → ∞, MDP is numerically equal
to the NEP.

4. EXPERIMENTS AND RESULTS

The setup of responsivity measurement is shown in Fig. 2(a).
The output light of a C-band tunable laser (Santec-TSL-510)
passes through a polarization controller (PC), and then is
coupled to the device under test (DUT) by a fiber grating
coupler. Only a small portion of the incident light is absorbed
by the DUT, while the rest is fed into an optical powermeter
(OPM) by another fiber grating coupler. A sourcemeter
(Keithley 2400) provides the reverse bias for the DUT and
reads the photocurrent. Another current source provides the
heating current for the tungsten heater.

By sweeping the wavelength of tunable laser and the reverse
bias voltage, we measure transmission spectra of the long device
with the 2-mm-long absorption region. Results are displayed in
Fig. 2(b) as well as the transmission spectrum of a reference
straight waveguide on the same chip. By comparing power lev-
els of different spectra in Fig. 2(b), we extract the dependence
of the waveguide propagation loss on the voltage in Fig. 2(c). As
the reverse bias increases from 0 V to −9 V, the propagation
loss falls from 5.9� 0.2 dB∕cm to 2.9� 0.2 dB∕cm due to
the depletion of free carriers. In contrast, the undoped strip
waveguide on the same chip exhibits a propagation loss of
1.4 dB/cm, while the modulator waveguide with no overlap-
ping between P1 and N1 implantation windows exhibits a
propagation loss of 13.8 dB/cm at 0 V. Therefore, the doping

compensation technique substantially suppresses the free
carrier absorption loss and is beneficial for reducing the inter-
vention to the function of the PIC. We also note that the varia-
tion of propagation loss is inappreciable when we heat the
waveguide.

In the following context, our measurement is focused on the
0.2-mm-long device, which is adjacent to the 2-mm-long
device. Owing to the measurement error as shown in Fig. 2(b),
the on-chip insertion loss of the 0.2-mm-long device is too small
to be measured directly. However, according to the measured
waveguide propagation loss per unit length of the 2-mm-long
device in Fig. 2(c), the insertion loss of the 0.2-mm-long device
at −9 V is calculated as 2.9 dB∕cm × 0.2 mm ≈ 0.06 dB. Its
photocurrents at room temperature versus on-chip incident op-
tical powers are plotted in Fig. 2(d) under different bias condi-
tions. Corresponding responsivities are 7.9/9.6/12.1 mA/W at
−5∕−7∕−9 V. Here the responsivity is defined as the ratio of the
photocurrent to the net absorbed power. The net absorbed
power is calculated according to the measured waveguide propa-
gation loss in Fig. 2(c), the absorption region length, and the
on-chip incident optical power. In Fig. 2(e), responsivity mea-
surements are performed under a heating power of 550 mW.
Compared with Fig. 2(d), responsivities in Fig. 2(e) are boosted
significantly to 43.8/72.9/112 mA/W at −5∕ − 7∕ − 9 V. Since
the reverse bias voltages in these measurements are much less

Fig. 2. (a) Experimental setup to test the insertion loss and the re-
sponsivity of the DUT. (b) Transmission spectra of the DUT with
2-mm-long absorption region and the passive straight waveguide. The
output power of the laser is 0 dBm. (c) Waveguide propagation losses
of the DUT versus reverse bias voltages. (d) and (e) Photocurrents versus
on-chip incident optical powers of the DUT with 0.2-mm-long absorp-
tion region at room temperature and 550 mW heating power.

2208 Vol. 9, No. 11 / November 2021 / Photonics Research Research Article



than the measured avalanche voltage of −21 V, there is no
avalanche gain. The responsivity enhancement with the reverse
bias in Figs. 2(d) and 2(e), thus, can be attributed to the im-
proved collection efficiency of photo-generated carriers.

Measured responsivities and dark currents versus heating
powers are plotted as discrete points in Figs. 3(a) and 3(b), re-
spectively. We then use expressions in Eqs. (2) and (4) to fit
measured temperature dependences of the responsivity and
the dark current, respectively. Fitted curves are plotted in
Fig. 3 as solid lines, while values of α and η that provide
the optimal fitting results are labeled in the figure legends.
Here we have assumed that the temperature increment ΔT
is proportional to the heating power, i.e., ΔT � ρPheater.
The proportionality factor ρ reflects the heating efficiency.
Its value is 0.64 K/mW according to our numerical simulation
results. The coincidence between fitting curves and measure-
ment data justifies our theoretical analysis of the thermal en-
hancement mechanism in Section 3.

Noise power spectral densities S of our device under differ-
ent heating powers are characterized with the method described
in Section 3. The dark current fluctuation is acquired by a cur-
rent meter operating at a sampling frequency of 5 kHz. The
total number of sampling points is 5000. The bandwidth, thus,

is 2.5 kHz with a resolution bandwidth of 1 Hz. The NEP
results are plotted in Fig. 4 as a function of the heating power.
Furthermore, NEPs are converted to theoretical MDPs of the
DUT in the inset of Fig. 4. As already discussed in Section 3,
heating the device enhances both the noise power spectral den-
sity S and the responsivity R. Before the heating power rises to
300 mW, the two NEP curves are almost flat. We speculate the
reason is that the noise of the DUT in this region is quite low
and, thus, is overwhelmed by the background noise of the mea-
surement setup shown in Fig. 2(a). The NEP decreases slightly
mainly due to the enhanced responsivity. Once the heating
power rises above 300 mW, the noise of the DUT becomes
the dominant factor and grows rapidly with the temperature.
Since S1∕2 rises much faster than R, the final NEP deteriorates
rapidly. At a heating power of 300 mW, the device provides
NEPs of 1.7 nW∕Hz0.5 and 1.1 nW∕Hz0.5 at −5 V and −9 V,
respectively. When the heating power rises to 550 mW, the
NEPs at −5 V and −9 V degrade to 97.5 nW∕Hz0.5 and
56.1 nW∕Hz0.5, respectively. However, even under this worst
condition, corresponding MDPs are far below optical power
levels in most practical optical communication links [51].
We also note that the NEP is improved by increasing the re-
verse bias voltage. This can be attributed to the enhanced re-
sponsivity and the insensitivity of the noise power spectral
density against the reverse bias in the non-avalanche region.

We find that calculated shot noises on basis of measured
dark currents in Fig. 3(b) are far lower than measured noise
levels. Therefore, we speculate that the Johnson noise and
the background noises of measurement instruments are the
main noise source.

We are also aware that the power consumption of a few hun-
dred milliwatts would impede the practical application of this
technique. However, it is not really necessary to maintain the
device at such a high temperature and probe the optical power
continuously. Instead, the device can operate in the sampling
mode. In this mode, the device is heated by a periodic rectan-
gular pulse signal whose pulse width is slightly longer than the
time constant of the thermo-optical effect. Once the temper-
ature reaches the steady state near the end of each pulse, the
optical power level is acquired swiftly with the enhanced re-
sponsivity. The average heating power, thus, is proportional

Fig. 4. NEPs of the DUT versus heating powers at two different
bias voltages. The inset shows the theoretical minimum detectable in-
cident powers of DUT as a function of the heating power.

Fig. 3. (a) Responsivity and (b) dark current as a function of the
heating power at two different reverse biases. Discrete points denote
measurement results, while fitted curves are displayed in solid lines.
Fitted parameter values are given inside the legend.

Research Article Vol. 9, No. 11 / November 2021 / Photonics Research 2209



to the duty cycle of the periodic pulse signal. The sampling rate
can be set flexibly according to the specific requirement. The
setup enabling this operation mode is presented in Fig. 5(a). A
micro-programmed control unit (MCU) provides a periodical
rectangular pulse signal to control an analog switch. The power
supply management module provides both the heating current
and the reverse bias voltage for the DUT and records corre-
sponding output powers in the meantime. When the analog
switch is in the “on” state, a current drives the tungsten heater
to enhance the responsivity. The generated photocurrent signal
then is converted to a voltage signal by a transimpedance am-
plifier (TIA). The buffer circuit plays the roles of impedance
transformation and isolation. After the buffer circuit, the analog
voltage signal is sampled and converted to the digital signal by
an analog-to-digital converter (ADC). Finally, the digital volt-
age signal is sent to the MCU as a feedback control signal for
the subsequent data processing.

In Fig. 5(b), we present output voltage waveforms of the
TIA as well as the 180-μs-wide rectangular control pulse (gray)
produced by the MCU. The on-chip incident power and the
reverse bias in the measurement are −3 dBm and −9 V, respec-
tively. The duration of the rectangular pulse is determined as
the sum of the rise time of thermo-optical effect and the con-
version time of the ADC. It is apparent that after heating the
DUT by 160 μs, output voltages enter the steady state. Voltage

ripples in the steady state can be attributed to circuit noises of
the TIA and the power supply. The ADC in this work offers a
throughput rate of 1 MS/s, so a full ADC conversion cycle takes
around 1 μs. In order to improve the measurement accuracy, we
repeat the ADC sampling by 20 times and then calculate the
average of 20 sampling results. Therefore, the overall time nec-
essary to perform a reliable optical power measurement is
∼180 μs. Given that the peak power of the rectangular pulse
driving the heater is Ph (in mW) and the optical power mea-
surement is repeated by N times a second, the average power
consumption of the device is 0.18NPh (in μW).

Measured average voltages versus on-chip incident powers at
300 mW and 550 mW are plotted in Figs. 6(a) and 6(b), re-
spectively. The slopes of linearly fitted lines in Fig. 6 represent
the optical-power-to-voltage responsivities of the whole optical
power monitoring module. In order to characterize the detec-
tivity of the whole module, we test noise outputs of the ADC
by shutting down the laser in two insets of Fig. 6. The two blue
dotted lines in Fig. 6 give RMS noise voltages (V noise) of the
system. The results indicate that the noise amplitude at
300 mW is very close to that at 550 mW. In contrast, the mea-
sured NEP of the stand-along DUT in Fig. 4 rises by
∼40 times as the heating power increases from 300 mW to
550 mW. We speculate the reason for this discrepancy is that

Fig. 5. (a) Schematic diagram of the optical power monitoring sys-
tem operating in the sampling mode. (b) Output voltage waveforms of
the TIA in response to 180-μs-wide heating pulses with different peak
power levels. Dark current has been calibrated.

Fig. 6. Voltage outputs of the optical power monitoring system ver-
sus on-chip incident optical powers under a heating power of
(a) 300 mW and (b) 550 mW. Linear fittings of experimental data
are implemented to obtain power-to-voltage responsivities of the sys-
tem. The two insets present noise outputs of the system in the dark
condition. The two blue dotted lines give RMS noise voltage levels of
the system.
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the noise of the overall system is dominated by circuit elements
rather than the DUT. In this case, a higher responsivity is ob-
tained with a little penalty on the noise output when we heat
the device. At an instantaneous heating power of 550 mW, the
minimum detectable optical power of the system is
MDP � V noise

k � −22.8 dBm under a reverse bias of −9 V.
In addition, the value of N is chosen to be N � 10 in our
experiment, so the resultant average power consumption
is ∼1 mW.

5. CONCLUSION

In conclusion, we first demonstrate a thermal enhancement
technique to boost the responsivity of BDA effect in the silicon
waveguide. The all-silicon in-line optical power monitor utiliz-
ing this technique provides a low insertion loss of 0.06 dB and a
high responsivity of 112 mA/W at −9 V bias. The MDP of the
optical power monitoring module composed of this device and
related circuits is less than −22.8 dBm. The extra heating power
is less than 1 mW.

We summarized the performance of previously reported all-
silicon photodiodes that utilize the BDA effect in Table 1. It
can be seen that avalanche multiplication and resonance en-
hancement effects are extensively utilized to improve the weak
photoelectronic conversion efficiency of the BDA effect.
Despite a lot of efforts, they are difficult to be employed by
practical silicon PICs due to the reason that none of these de-
vices are able to simultaneously provide a relatively low loss and
a low operating voltage below 10 V, as well as a high respon-
sivity beyond 100 mA/W. In contrast, our device possesses all
these advantages with the expense of a very low average heating
power. The low insertion loss of our device is very close to that
of the contactless integrated photonic probe (CLIPP)
(1.5−2 dB∕cm) reported in Ref. [52]. Another advantage fea-
tured by our device is that it is manufactured by the open-access
silicon photonics MPW service without using any customized
processing steps.

The device in this work represents a proof-of-principle dem-
onstration of the thermal enhancement technique. Future per-
formance improvement can be focused to reduce the power
consumption of the heater. This can be implemented from
two aspects. At first, the theoretical model in Section 2 indi-
cates that, if the defect energy level goes down by 0.1 eV,

the temperature rise to induce the same enhancement factor
of the responsivity can be reduced by about 5 times. It is known
that the position of the defect energy level depends on specific
ion implantation conditions such as dopant species, implanta-
tion dose, and energy [41,53]. As a result, it is suggested to tune
the defect energy level by customizing ion implantation con-
ditions. Second, the heater in this work has not used any ad-
vanced designs and, thus, presents a relatively poor heating
efficiency. Actually, various heater structures such as free-stand-
ing waveguides with undercut and thermal isolation trenches
have been widely reported [54,55]. They successfully improve
the heating efficiencies of silicon waveguides by over 10 times.
With these two measures, we believe that the power consump-
tion of our device can be reduced by more than 50 times so as
to meet stringent power requirements of practical optical com-
munication systems.
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