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Abstract—Si modulators and Ge photodetectors are monolithically integrated on Si-on-insulator. The carrier-depletion-type
Si modulators achieved high modulation efficiency and speed
(Vπ Lπ = 2.56 V·cm, 10 Gb/s). Low-voltage operation (VR F = 1
Vp p ) was also demonstrated. Introducing a low-thermal-budget
postepitaxy anneal improves the performance of the Ge photodetectors, thus resulting in significantly improved dark current. The
responsivity and speed in the low-voltage regime are also enhanced,
which enhances low-voltage or even short-circuit (VB ia s = 0 V)
operation.
Index Terms—Germanium photodetector, monolithic integration, silicon modulator, silicon photonics.

I. INTRODUCTION
ITH the introduction of new and even personalized highbandwidth content services, the surge in demand for
high-speed consumer connectivity reveals bottlenecks in existing network infrastructure. Cost-effective interface solutions,
which are capable of data rates of 10 Gb/s and beyond, are
sought. In addition, multiple channel transmission over a single fiber is desirable for the scalability of the aggregate data
rates. By tapping on the volume manufacturing capability of
the Si CMOS platform, Si photonics can potentially offer costeffective yet high-performance optical interface solutions, and
will be especially important in short-reach applications.
Numerous challenges lie ahead for monolithically integrated
Si photonics [1]. There are process integration and thermal
budget constraints when monolithically integrating Si photonic
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components and CMOS on the same chip. Pinguet et al. have
reported a demonstration of such an approach [2], but did not
elaborate on the details. Modulators and photodetectors are two
key active components in an optical transceiver. In this paper,
the CMOS-compatible monolithic integration of the Si modulator and the Ge photodetector, together with details of how
the performance can be optimized, is discussed. Besides process compatibility, the modulators and photodetectors should
possess high efficiency and the ability to operate at low power
supply voltages. The methods to achieve this are also discussed.
There have been several reports on Si modulators based on
the free-carrier plasma dispersion effect [3]–[15]. The Mach–
Zehnder Si waveguide modulator based on a p-n junction phase
shifter operated in reverse bias (carrier depletion) shows great
potential for wideband high-speed performance and is the focus of this paper. Depletion mode operation allows the speed to
be insensitive to the carrier lifetime, as shown by simulations
in [4]. Experimentally, modulation speeds of up to 40 Gb/s have
been demonstrated, albeit with a low extinction ratio (ER) of
1.1 dB [15]. For 10 Gb/s operation, they reported an ER of 5.2
dB for a modulator with 3-mm-long phase shifters, which were
driven differentially with RF signals of 7.6 Vpp each. In this
paper, we fabricated a carrier-depletion-type modulator with
comparable if not better Vπ Lπ compared with the best reported
carrier-depletion-type modulators [2]–[7]. For 10 Gb/s operation, an ER of 6.1 dB was achieved for a modulator with a
2-mm-long phase shifter, which was driven single-endedly with
an RF signal of 5 Vpp .
Due to its inherently large bandgap, Si itself cannot be used
efficiently for photodetection at wavelengths commonly used
for optical fiber communications (1.3–1.55 µm). This can be
addressed by introducing a material with a smaller bandgap,
such as Ge. SiGe [16]–[18] and Ge photodetectors [19]–[33]
have been successfully integrated on Si previously. Waveguided
Ge photodetectors are particularly attractive due to their high
responsivity at 1.55 µm. This is because the regions of absorption can be made much longer to enable full absorption, despite
the long absorption length of 1.55 µm wavelengths in Ge. There
have also been reports on photodetector approaches using polycrystalline Ge [31], [32], which is appealing due to its low cost
and thermal budget. However, due to the poor crystalline quality,
the carrier diffusion length is short, thus imposing constraints
on the photodetector design, which results in inferior responsivity and speed compared to photodetectors using epitaxial
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monocrystalline Ge. Another low-thermal-budget approach involves a wafer bonding and ion-cut process for integrating the
Ge photodetector [33]. Although the approach shows great potential, the process is also more complex. In this paper, selective
heteroepitaxy of Ge is used in the monolithic integration of Ge
photodetectors.
II. MONOLITHIC INTEGRATION OF Si MODULATORS AND Ge
PHOTODETECTORS
Si waveguide modulators based on carrier depletion and
waveguided Ge photodetectors are monolithically integrated on
Si-on-insulator (SOI) wafers using a process integration flow
that is compatible with CMOS integration, both in terms of
thermal budget and fabrication feasibility. The simplified process flow is shown in Fig. 1. SOI wafers with a top Si thickness
of 220 nm and buried oxide thickness of 2 µm were used. The rib
and channel waveguides were formed by anisotropic dry etching, after which the p++ , p, n, n++ implants for the Si modulator were performed. For the anode formation of the Ge vertical
n-i-p photodetectors (VPDs), p-type implants were performed
with two dose splits (“p+ -Si” and “p-Si”). For comparison purposes, lateral photodetectors (LPDs) were also fabricated on
similarly doped substrates, in addition to being fabricated on an
undoped substrate. The implanted dopants in Si were activated
using a rapid thermal anneal (RTA) at 1030 ◦ C for 5 s prior to
Ge epitaxy. After depositing a 60-nm-thick SiO2 layer, windows
were etched in SiO2 using an anisotropic dry etch followed by
a wet etch, so as to ensure that the Si surface is not damaged by
the reactive ion etching process. Ge was then selectively grown
to a thickness of 500 nm in an ultrahigh vacuum chemical vapor
deposition (UHVCVD) epitaxy reactor at 550 ◦ C. Details of the
epitaxy process are similar to that reported in [30], except that
the Ge thickness in this case is 500 nm. The top view optical
micrograph and SEM images of a Si modulator and a Ge photodetector after the Ge epitaxy step are shown in Fig. 2. Some
splits further underwent a postepitaxy annealing step at 750 ◦ C
for 30 min, which improves the performance of the photodetector. The effects of this anneal will be discussed in later sections.
Ion implantation was then performed for the Ge regions. These
dopants in Ge were activated by annealing at 500 ◦ C for 5 min.
The fabrication process was completed after the formation of
contact vias and aluminum interconnects.

Fig. 1. Simplified process flow showing the key steps for fabricating the
monolithically integrated Si modulators and Ge photodetectors.

Fig. 2. Optical micrograph showing a monolithically integrated Si modulator
and Ge photodetector after Ge epitaxy. SEM images (inset) show a modulator’s
phase shifter (rib waveguide) and Y-splitter (channel waveguide), as well as a
Ge photodetector structure.

III. MONOLITHICALLY INTEGRATED Si MODULATORS

Fig. 3. (a) Si modulator test structure schematic showing the MZI-based design. (b) Cross-sectional schematic showing the p-n junction phase shifter and
key structural parameters (h, w, t, x, t, and dA c tu a l ).

The Si modulator utilizes the free-carrier dispersion effect
and is based on a Mach–Zehnder interferometer (MZI) design,
as shown in Fig. 3(a). A lateral p-n junction is fabricated in
each phase-shifter arm. For high-speed performance, the pn junction phase shifters are operated in the depletion mode
[2]–[7]. The free carrier density in the rib waveguide is modulated by varying the depletion width of the p-n junction. The
change in refractive index is related to the change in carrier
concentration [34] and can be described by the Drude–Lorenz
equations. It is of particular importance to note that free holes
are more effective in perturbing the index than free electrons.

The cross-sectional schematic of the p-n junction phase shifter
is shown in Fig. 3(b). The key structural parameters are the
rib height (h), rib width (w), slab thickness (t), p-n junction
location (x), and the rib-to-contact distance (dActual ). In these
experiments, the value of w is 600 nm. For high phase-shifting
efficiency, it is desirable to have maximum interaction between
the optical mode and the regions of hole density change. This
can be achieved by tightly confining the optical mode within the
rib waveguide, as well as by controlling the dopant profile and
the location of the p-n junction.
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Fig. 5. Simulated net doping concentration in the rib waveguide. Two ion
implantation energy values were used for each p and n implants, respectively.
Fig. 4. Higher ratio of h to t results in better lateral mode confinement, and
hence, reduced additional optical loss as dM a sk is reduced. Using an RTA spike
anneal (1030 ◦ C, 5 s) for implant activation also reduces lateral dopant diffusion
compared to RTF anneal (1000 ◦ C, 30 s).

Due to the high index contrast in the SOI platform, submicrometer waveguides with tight optical mode confinement can
be realized. For a rib waveguide, the optical mode becomes more
laterally confined as the ratio of h/t increases. This was experimentally confirmed by loss measurements on modulator test
structures with different lithographic distances between the rib
and the highly doped contact regions dM ask . Any modal overlap
with the highly doped n++ /p++ contact regions will result in
additional optical loss. This additional optical loss was experimentally extracted and plotted for different values of dM ask in
Fig. 4. At values of dM ask that are 700 nm and above, there is
negligible additional optical loss due to optical absorption by
the contact regions for all splits. This indicates that the optical
mode does not extend to the regions that are laterally at least
700 nm away from the rib for all splits. The difference between
the splits is obvious at values of dM ask , which are at or below
500 nm. An h/t ratio of 160 nm/60 nm results in better lateral
mode confinement than 110 nm/110 nm, which, in turn, results
in reduced additional loss. RTA implant activation is known to
result in less dopant diffusion than furnace-type activation in a
rapid thermal furnace (RTF), and will hence result in a larger
actual distance between the rib and the highly doped contact
regions dActual for a given dM ask . Fig. 4 also shows that when
RTA activation is used instead of RTF activation, the additional
loss is reduced for a given value of dM ask below 500 nm. This
further confirms the cause of the additional loss to be due to
dopant absorption in the contact regions. It is apparent that the
structural design of the modulator has a large impact on the loss
and the degree of mode confinement. Hence, such experimental
test structures are of significant aid to the optimization process.
The implant conditions were chosen such that the concentration of p-type dopants exceeds that of n-type dopants, so that
the location of the p-n junction is determined primarily by the
p-type dopant implant. For the n and p implants in the rib,
dopants were implanted at two energy levels to control the vertical distribution. The doping concentration in the waveguide
rib can be obtained with the help of TCAD process simulations,
as shown in Fig. 5.

Fig. 6. Output spectra of a modulator with a 4-mm-long phase shifter at
applied phase-shifter voltages of 0 and −6 V.

The output spectra of a modulator with a 4-mm-long phase
shifter for bias voltages of 0 and −6 V are shown in Fig. 6. The
relative phase shift ∆ϕ can be extracted from Fig. 6 using
∆ϕ =

2π∆λ
.
FSR

(1)

The free spectral range (FSR) of the asymmetric MZI is
∼6 nm. At −6.4 V, ∆λ is ∼3 nm, giving a Vπ Lπ of 2.56 V·cm,
where Vπ and Lπ are the applied phase-shifter voltage and length
required to obtain a ∆ϕ of π. The phase-shifting efficiency is
comparable to or exceeds those of reported carrier-depletiontype modulators [2]–[7]. The normalized loss caused by the
phase shifters (both arms) was extracted to be ∼1 dB/mm. For
minimum loss and device footprint, the modulator phase shifters
should be as short as possible. For a given driving voltage, a low
Vπ Lπ value can allow suitable reduction of the phase-shifter
length.
Fig. 7 plots ∆ϕ and normalized capacitance at different
phase-shifter voltages. Phase shifting is more efficient in the
voltage regime between −1 and +0.7 V. This is expected since
the carrier concentration depends on the depletion width, which
is proportional to the square root of the total electrostatic potential difference across the junction (taking the simple example of uniform doping). Qualitatively, this means that larger
changes in depletion width occur when the total electrostatic
potential difference is small. On the other hand, the improvement in phase-shifting efficiency in the high-efficiency regime
comes at the expense of speed, since the normalized capacitance
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Fig. 9. Low-voltage operation: modulator with 4-mm-long phase shifters
driven at 3.125 Gb/s in differential mode (V d c = 0 V, V R F = 1 V p p ). ER
is 5.1 dB.
Fig. 7. Relative phase shift and normalized capacitance at different phaseshifter voltages. The phase-shifting efficiency is higher for phase-shifter voltages
from −1 to +0.7 V. However, the normalized capacitance is also higher due to
the smaller depletion width of the p-n junction.

Fig. 10. Cross-sectional schematics of the VPD and the LPD. The length of
the Ge regions for all photodetectors in this paper is 100 µm. Width of the Ge
region is 8 µm for VPDs and 19 µm for LPDs.

Fig. 8. High-speed operation: modulator with 2-mm-long phase shifter driven
at 10 Gb/s in single-ended mode (V d c = −3.75 V, V R F = 5 V p p ). ER is
6.1 dB.

at lower reverse bias voltages is also higher due to the smaller
depletion width. Depending on the requirements, the operating
point of the modulator can be chosen by varying the dc bias.
Two examples are shown here to qualitatively illustrate this.
High-speed operation was tested by driving a modulator with
a 2-mm-long phase shifter in single-ended mode (only one arm
is driven). The dc-coupled signal to the phase-shifter input comprised a dc bias voltage (Vdc ) of −3.75 V combined with an RF
signal (VRF ) of 5 Vpp using a bias tee. The chosen dc bias voltage
ensures that the phase shifter is operated in the low-capacitance
regime. The RF signal was from a pseudorandom bit sequence
(PRBS) source with a pattern length of [27 − 1] bits. The phaseshifter output was externally terminated with a 50 Ω resistor. An
ER of ∼6.1 dB was measured at 10 Gb/s (Fig. 8), which is the
limit of the measurement equipment used. The short rise/fall
times indicate that even higher speed is possible. The measured
jitter was ∼4.2 ps.
Low-voltage operation was then tested by driving the modulator differentially (both arms driven simultaneously). In addition,
the dc bias voltage can also be chosen such that the phase shifter
operates in the regime of higher phase efficiency (−1 to +0.7
V). A modulator with 4-mm-long phase shifters was driven differentially using a low-voltage 3.125 Gb/s PRBS signal source
(Vdc = 0 V, VRF = 1 Vpp ). The measured ER and jitter are
∼5.1 dB and ∼13.5 ps, respectively (Fig. 9). The measured ER
is degraded by the shape of the eye pattern due to the lower
device speed. The measured ER at 1.25 Gb/s is ∼6.1 dB. The
low RF driving voltage will potentially allow the modulator to

be driven by monolithically integrated CMOS driving circuits.
The modulation speed can be improved by reducing the parasitic series resistance (extracted to be 8.2 Ω), which can be
achieved by increasing the slab doping concentration and by
contact silicidation.
IV. MONOLITHICALLY INTEGRATED WAVEGUIDED Ge
PHOTODETECTORS
Two types of Ge photodetector structures were fabricated.
Fig. 10 shows the cross-sectional schematics of the VPD and
LPD. The VPD has a vertical n-i-p junction whereas the LPD
has a lateral p-i-n junction. The thickness of the intrinsic region (ti-region ) in the VPD is determined by the thickness of Ge
grown (tGe ) and the thickness of the n+ region, which can be
controlled by the epitaxy conditions and the doping conditions,
respectively. The width of the intrinsic region (wi-region ) in the
LPD can be controlled by the lithographically defined spacing
between the p+ and n+ contacts. The speed of the photodetectors can be maximized by optimizing ti-region and wi-region ,
respectively [25], [26]. The length can also be reduced from
100 µm that was used for these test devices. Nevertheless, improving the absolute speed is not the focus of this paper. Instead,
this paper focuses on the performance optimization of the Ge
photodetectors, particularly for low-voltage operation. A new
figure of merit is also proposed to aid in the analysis and optimization of photodetectors for low-voltage operation.
Previously, it has been reported that postepitaxy annealing involving high thermal budget (up to 900 ◦ C furnace-type annealing) can improve Ge film quality [22]–[24]. Here, we show that
by inserting a low-thermal-budget anneal step after Ge epitaxial
growth, the photodetector dark current (IDark ) is already significantly reduced. At the same time, the responsivity and speed
in the low-voltage regime are also improved. Fig. 11 shows
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Fig. 11. Dark current statistics of (a) VPDs and (b) LPDs. The results clearly
show the improvement in ID a rk in both VPD and LPD after the Ge anneal. For
LPDs, using an undoped Si substrate improves ID a rk by more than one order
of magnitude.

the I Dark statistics of (a) VPDs and (b) LPDs. For both VPDs
and LPDs, using p+ -Si (implant dose = 5 × 10−14 cm−2 ) or pSi (implant dose = 1 × 10−14 cm−2 ) substrates has negligible
impact on IDark . This indicates that p+ -Si anodes are preferable for fabricating VPDs with lower parasitic resistances. The
postepitaxy anneal process at 750 ◦ C for 30 min improves IDark
for VPDs by about one order of magnitude to ∼260 nA. Conversely, IDark for LPDs is only reduced by about 60%. This
can perhaps be explained by the enhanced upward diffusion of
boron from the p+ -Si substrate into the intrinsic Ge regions for
the VPD. The high density of defects at the Ge–Si interface
is electrically “deactivated” since they are now located in the
p+ region. Another possible reason is the more effective annihilation of defects nearer the Ge–Si interface, which affects
VPDs more than LPDs. For LPDs, the substrate below the Ge
film need not be doped. For the LPD split fabricated on an undoped Si substrate, IDark (∼60 nA) was more than one order of
magnitude less than those fabricated on the p-doped substrates.
Fig. 12 shows the extracted activation energy (Ea ) at different
reverse bias voltages for (a) VPDs and (b) LPDs, respectively,
using temperature measurements [35], [36]. For the PDs without
anneal, the E a values are close to half the Ge bandgap, which
suggests that the transport process is likely to be dominated by
the trap-assisted generation in the depletion region (Shockley–
Read–Hall process). For the PDs that have been subjected to
the Ge anneal, there is a substantial increase in Ea , suggesting
a shift in the transport mechanism toward one of band-to-band
generation due to the reduction in defect density.
IDark is important as it is related to the dark shot noise In by

(2)
In = 2qIDark B
(where q is the electron charge and B is the bandwidth) [37],
and hence affects the SNR. As can be observed from Fig. 13,
temperature has a huge impact on IDark . It is clear that IDark
depends not only on bias voltage, but is significantly affected by
the temperature as well. As such, evaluation of IDark should be
performed using a contour plot. Fig. 14 shows the contour plot
of IDark for different temperature and bias voltage conditions
for the best performing VPD split (p+ -Si sub and anneal). The

Fig. 12. Extracted values of E a for (a) VPDs and (b) LPDs. The extracted
increase in E a further confirms the reduction in defect density in the depletion
region of the PDs after the Ge anneal process.

Fig. 13. Measured ID a rk (V = −1 V) at different temperatures for (a) VPDs
and (b) LPD. It is clear that temperature has a significant effect on ID a rk for
both VPDs and LPDs.

Fig. 14. Contour plot of ID a rk for different temperature and bias voltage
conditions for a VPD (p + -Si sub and anneal). Plotting in such a way allows the
temperature and bias voltage conditions that satisfy a specific ID a rk target to
be clearly obtained.
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Fig. 15. Normalized photocurrent against bias voltage for different PD splits.
The photocurrent is normalized by its saturation photocurrent, which is taken
to be the photocurrent at a bias voltage of −2 V for the VPDs and −1 V for the
LPD, respectively, where the photocurrents are already saturated and relatively
independent of the bias voltages. Note that the optical power into each device
was adjusted to produce IP h o to , B ia s= 0 V values of around 1 mA, and are 0.74,
1.11, 1.21, and 1.23 mA for the VPD: p-Si sub, VPD: p + -Si sub, VPD: p + -Si
sub and anneal and LPD: p + -Si sub and anneal devices, respectively.

temperature and bias voltage conditions that satisfy a specific
IDark target can be easily obtained from the plot. In order to
satisfy a specific IDark target at higher operating temperatures,
operating at low bias voltages or even in short circuit may be
necessary. This will, in turn, result in tradeoffs on the photoresponse and speed, and will be discussed next.
Fig. 15 shows the normalized photocurrent against the bias
voltage for different PD splits. For the VPD, increasing the doping concentration of the underlying Si anode regions (in VPD:
p+ -Si sub) improves the low-voltage photoresponse. Increasing the doping concentration and performing the Ge anneal
(for the VPD: p+ -Si sub and anneal split) further improves
the low-voltage photoresponse. Although the LPD has the best
low-voltage photoresponse, it should be noted that the absolute
responsivity of the LPD at 1550 nm is about ∼0.6 A/W at a bias
voltage of −1 V, which is lower than that of the VPD (∼0.9
A/W) at the same bias voltage. This can be possibly due to the
smaller effective cross-sectional area for absorption and higher
optical loss at the metal contacts in the LPD compared to the
VPD.
Next, a new figure of merit for comparing the performance
of the Ge photodetectors is presented. In Fig. 16, the normalized short-circuit responsivity (IPhoto,Bias=0 V /IPhoto,Sat. ) is
plotted against the short-circuit photocurrent. The data can be
rapidly obtained by performing current–voltage measurements
at varied input optical power. For each PD split, the normalized short-circuit responsivity is found to degrade when a certain short-circuit photocurrent threshold (Ithreshold ) is exceeded.
Ithreshold is observed to increase by using a higher anode doping concentration and by performing a Ge anneal. The two VPD
splits without the Ge anneal do not achieve maximum shortcircuit responsivity even at low short-circuit photocurrent values below the threshold. A possible explanation for this is that
a fraction of the photogenerated carriers recombine at the high
density of recombination centers near the Ge–Si interface. By
performing the Ge anneal, p-type dopants out-diffuse from Si
into Ge, shifting the metallurgical junction further into Ge, thus

Fig. 16. Normalized short-circuit responsivity plotted against the short-circuit
photocurrent. The normalized short-circuit responsivity degrades when a certain
Ith re sh o ld is exceeded. Ith re sh o ld is enhanced in VPDs by using a higher anode
doping concentration and by performing a postepitaxy anneal.

allowing the holes to be collected before they recombine at the
high density of recombination centers near the Ge–Si interface.
As for the high-current regime above Ithreshold , the difference
in performance between the various PD splits can be attributed
to series resistance differences. In the high-current regime, the
potential drop across each series resistance component causes
a reduction in the electrostatic potential across the junction.
While this is insignificant for the saturation photocurrent (bias
is high), it adversely impacts low-voltage or short-circuit operation. For a PD with high series resistance, Ithreshold is rapidly
exceeded, after which the ratio of short-circuit photocurrent to
the saturation photocurrent rapidly rolls off as the short-circuit
photocurrent levels increase. It is observed that the VPD with
high anode doping concentration and anneal has the best normalized short-circuit responsivity at high photocurrent levels
(highest Ithreshold ) among the VPD splits. The performance in
the low-photocurrent regime is also comparable with that of the
LPD. Overall, the LPD has the best performance in the highphotocurrent regime, which indicates that the series resistance
is even lower than that of the best VPD. This is expected since
the metal contacts for the LPD are formed very close to the
photogeneration regions. However, the proximity of the metal
contacts can also result in higher parasitic optical loss. Given
the apparent relationship between the series resistance and the
low-voltage photoresponse, it may seem intuitive to directly extract the series resistance. However, it should be noted that it is
difficult to accurately estimate the low-voltage photoresponse
characteristics of a photodetector by extracting the series resistance as a lumped parameter. In a photodetector, the series resistance can be better visualized as multiple components, which
are distributed throughout its cross section. At the same time, the
optical intensity and absorption also vary throughout its cross
section, correspondingly resulting in a nonuniform distribution
of photocarriers. The proposed figure of merit has the added
advantage of facilitating the comparison of different photodetectors without the need for complicated parameter extractions.
The comparison is valid even for photodetectors with different
structures, such as the LPDs and VPDs.
The bandwidth and impulse response of a PD is dependent
on the reverse bias voltage and degrades significantly at low
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Fig. 17. (a) Normalized impulse response of a VPD (p + -Si sub and anneal)
for a peak impulse current of 0.1 mA. The full-width half-maximum pulse
width (tF W H M ) is related to the bandwidth. The corresponding step response
can be obtained by integrating the impulse response. (b) Normalized frequency
response obtained by performing an FFT on the impulse response. In this current
regime, the speed is maintained even in short-circuit operation.
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degradation of speed in short-circuit operation at higher photocurrent levels. Hence, for PDs operated at low voltages or in
short-circuit mode, the photocurrent threshold also affects the
maximum photocurrent level at which the PD can be operated
without speed degradation, which correspondingly determines
the optical input overload level for the photodetector.
In summary, the VPD: p+ -Si sub and anneal split has the
best I Dark and low-voltage performance among the VPDs. The
LPDs exhibit very good performance at low voltages. However,
they should be fabricated on i-Si substrates for optimum IDark
performance. Between the two, VPDs show a higher absolute
responsivity than LPDs. Nevertheless, the absolute responsivity
of both types of photodetectors can be improved by structural
optimization to more effectively confine the light propagation
within the i-Ge regions to reduce parasitic optical loss.
V. CONCLUSION
Si modulators and Ge photodetectors have been monolithically integrated on the SOI platform. The efficiency of the Si
modulator is maximized by optimizing the modal overlap with
the region of hole density modulation, achieving an excellent
Vπ Lπ of 2.56 V·cm. For Ge photodetectors, a low-thermalbudget postepitaxy annealing process significantly improves
IDark , short-circuit responsivity, and speed. This enables the
operation of the photodetectors in short circuit or at low bias
voltages, which can improve SNR.

Fig. 18. Ratio of tF W H M obtained at a peak PD pulse photocurrent of 0.5 mA
to that obtained at 0.1 mA plotted against the bias voltage. Operating the PD at
higher photocurrent levels results in speed degradation at low bias voltages.

voltages [26]–[29]. In [26], it was reported that the spacing between the n+ and p+ regions affects this voltage dependence.
Fig. 17(a) shows the normalized impulse response of a VPD at
different bias voltages, while Fig. 17(b) shows the corresponding frequency response. The peak pulse photocurrent from the
PD was maintained at 0.1 mA for all measurements by controlling the input optical power. The full-width half-maximum
pulsewidth (tFW HM ) is related to the bandwidth and can be used
as a metric for gauging the speed of the PD. At a peak pulse
photocurrent of 0.1 mA, speed was maintained even at low bias
voltages.
It should be emphasized that the speed in low-voltage operation is also dependent on the photocurrent level. Fig. 18 plots the
ratio of tFW HM obtained at a peak PD pulse photocurrent of 0.5
mA to that obtained at 0.1 mA against the bias voltage. At low
bias voltages below −0.5 V, speed (tFW HM ) is degraded significantly at higher photocurrent levels. In particular, the VPD
without anneal has degraded severely in speed at low bias voltages. This is related to the higher series resistance of the VPD
without anneal compared with that of the VPD with anneal or the
LPD. Referring to Fig. 16, it can be seen that at a photocurrent
level of 0.5 mA, the short-circuit responsivity of the VPD without anneal is already severely degraded whereas that of the VPD
with anneal and the LPD are just about to reach the roll-off region. Although the degradation of short-circuit responsivity for
the VPD without anneal is relatively small, there is a drastic
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