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Abstract—All-optical, low-power modulation is a major goal in
photonics. Because of their high mode-field concentration and ease
of manufacturing, nanoscale silicon waveguides offer an intriguing
platform for photonics. So far, all-optical modulators built with silicon photonic circuits have relied on either two-photon absorption
or the Kerr effect. Both effects are weak in silicon, and require
extremely high (∼5 W) peak optical power levels to achieve modulation. Here, we describe an all-optical Mach–Zehnder modulator based on a single-photon absorption (SPA) process, fabricated
entirely in silicon. Our SPA modulator is based on a process by
which a single photon at 1.55 µm is absorbed and an apparently
free-carrier-mediated process causes an index shift in silicon, even
though the photon energy does not exceed that of silicon’s bandgap.
We demonstrate all-optical modulation with a gate response of
1◦ /mW at 0.5 Gb/s. This is over an order of magnitude more responsive than typical previously demonstrated devices. Even without resonant enhancement, further engineering may enable all optical modulation with less than 10 mW of gate power required for
complete extinction, and speeds of 5 Gb/s or higher.
Index Terms—Integrated optics, nonlinear optics, optical
modulation.

I. INTRODUCTION
ECAUSE silicon has a bandgap of 1.12 eV, it is an ideal
material platform for near-infrared integrated optical circuits [1], [2]. Electrically driven modulation [3] and an optically
pumped silicon laser have been previously demonstrated [4]. For
all-optical signal processing applications, low-power all-optical
modulation is critical [5], [6]. Applications would include optical buffering [7], all-optical wavelength conversion [8], and
all-optical computation [9], [10]. Almeida et al. and Foerst
et al. have recently demonstrated an all-optical modulator
with single-photon absorption (SPA) based carrier injection using visible light [11], [12]. This approach has severe limitations; because of the disparate wavelengths for gate and signal, these devices cannot be cascaded into circuits that require
feedback.
Recently, Geis et al. demonstrated an efficient photodetector
at 1.55 µm based on an SPA mechanism [13], achieving
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greater than 50% quantum efficiency at speeds up to 10 GHz.
It utilized absorption centers created in a waveguide by ion
damage, which enabled the absorption of photons at energies
below the bandgap. SPA was also observed in undamaged
samples, and attributed to surface-state absorption. Similar
linear photocurrent responses have been observed elsewhere,
both due to volume defects and solely due to the waveguide
surface states [14]–[16]. It has been hypothesized that defects
create mid-bandgap states, enabling an electron to reach
the conduction band from the valence band, but the precise
mechanism is not yet fully understood [13].
It is well known that surface states cause optical loss in silicon waveguides [17]. Most low-loss geometries involve large
silicon waveguides, on scales of 0.450 µm × 0.250 µm [18]
and 2 µm × 0.9 µm [19], which minimize the interaction of
the optical mode with surface states. In our SPA modulator, we
use a smaller 0.5 × 0.1 µm ridge waveguide [20], resulting in
a very large electric field at the etched surfaces. By electrically
contacting the silicon waveguides, we have demonstrated that a
linear photocurrent can be observed, with a quantum efficiency
of 2.8% [16]. In our other work, the region responsible for the
photocurrent was identified as the waveguide surface, though
the precise mechanism was not determined.
II. DEVICE LAYOUT AND TEST
A. Layout
Here, we use the surface-absorption process to build an alloptical modulator: we introduce a gate optical mode into one arm
of a Mach–Zehnder interferometer. The SPA process occurs,
and an unbalanced refractive index shift occurs in one of the
arms, causing constructive or destructive interference in a signal
beam. Fig. 1 shows a diagram of the device geometry. The
arm lengths of the devices that we tested ranged from 0.75 to
1.25 cm, and the arms were unequal in length within each device,
with differences ranging from 150 to 600 µm. This inequality
allows us to control the intrinsic phase shift between the arms
by tuning the signal wavelength. Typical waveguide losses in
these devices were 6 dB/cm. Input coupling is achieved from a
polarization-maintaining fiber array via grating couplers [20].
The device performance is best characterized by the phase
shift induced per unit gate power. A gate response of 1◦ /mW
corresponds to around 180 mW for complete extinction of the
signal mode, if the gate response remains linear at higher powers.
This power level, which we call Pπ , is analogous to the Vπ
associated with an electrooptic modulator [21].
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Fig. 1. Diagram of waveguide and device layout. (a) SEM micrograph of cleaved ridge waveguide with modal patterns illustrated. (b) Optical image of the SPA
modulator, with the gate and signal optical modes illustrated. P g a te indicates the location that the gate optical mode is mixed into a Mach–Zehnder arm with a
y-junction, and begins to cause a phase delay, labeled ∆ϕ, in the signal mode. The gate power as reported in the paper is always the propagating power at this
point in the waveguide. Thought not visible in this image, there is a corresponding y-junction on the opposing arm, ensuring that the Mach–Zehnder is balanced.
(c) Idealized transmission of the signal is shown for a device with a gate response of 1◦ /mW, and a bias point of 90◦ .

B. Fabrication Information
Devices were fabricated in electronics-grade silicon-oninsulator (SOI) supplied by Soitec, doped at around 1015 dopants
(boron)/cm3 . No implant or irradiation was performed on the
silicon material. The starting material was thinned to about
110 nm by dry oxidation, separated into small chips, and patterned with electron beam lithography using a 100 kV electron
beam writer using hydrogen silsesquioxane (HSQ) resist. The
samples were etched with chlorine in an inductively coupled
plasma etcher. No cladding layer was deposited.
C. Testing With Pseudorandom Bit Sequence
Initial testing was done by modulating the gate beam with a
pseudorandom bit sequence. A modulated gate optical mode on
the order of 25 mW propagating power in the waveguide with
50% extinction was used, and this was directed into the gate port
of the modulator. To assist the measurements and enhance the
effect by increasing the optical power levels, two erbium-doped
fiber amplifiers (EDFAs) were used. The signal beam was set
to a wavelength such that there was an intrinsic 90◦ modulator
bias point. We obtained eye diagrams at 300 and 500 Mb/s, as
shown in Fig. 2.
It is important to note in Fig. 2 that the spectral filter placed
in the modulator output preferentially removes the original gate

optical frequency, leaving only the signal frequency. As a result,
the open eye pattern demonstrates that the bit pattern on the gate
mode has been transferred via the all-optical modulator to the
signal mode. This type of operation is likely to be of use in the
construction of future all-optical networks [8].
D. Characterization With Sinusoidal Excitation
To better understand the device response with lower gate
powers, and to characterize the frequency dependence of the
mechanism, testing was performed with a gate having a sinusoidal intensity modulation. A lock-in amplifier was also used.
Fig. 3 shows typical results; here an SPA modulator achieved
a response to the gate of 0.6◦ /mW. We used a frequency of
32 MHz, a gate wavelength of 1541 nm, and a signal wavelength of 1550.8 nm to test SPA modulators with varying arm
lengths, frequencies, and wavelengths. The extinction on the
sinusoidal modulation was around 20%.
We measured the dependence of the device response on the
signal wavelength. As shown in Fig. 3, the maximum response
occurred at bias points of 90 or −90◦ ; this is the location of
the maximum response for a phase-modulation-based effect.
This is compelling evidence that the SPA mechanism primarily
causes phase modulation, not intensity modulation. Changing
the gate wavelength did not lead to a notable change in device
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Fig. 2. Description of eye-pattern experiment. (a) Diagram of the experimental setup used to measure the response of the SPA modulator and obtain an eye-pattern.
(b) Eye pattern obtained at 300 Mb/s. (c) Eye pattern obtained at 500 Mb/s.

performance; this is as expected, since at no point does the gate
mode interfere with itself, nor should the phase of the gate mode
affect the signal mode.
The data shown in Fig. 3 also provide insight into the quantum
mechanism behind the all-optical modulation. In particular, a
single-photon mechanism is suggested. If the modulation were
based on a two-photon process, then the increase in peak-to-peak
output intensity should be quadratic in increasing gate powers.
Note that, as in the pseudorandom bit sequence experiments, a
filter has been used to selectively view only the signal optical
mode.
E. Frequency Dependence
The frequency of the sinusoidal gate modulation was varied,
and further data were taken to determine the bandwidth of the alloptical modulation mechanism. As before, a lock-in amplifier
was used along with a filter to isolate the signal optical mode
on the device output. As detailed in Fig. 4, data were taken at
speeds from 30 kHz to 50 MHz. The device response was fairly
flat from 1 to 50 MHz; the higher response at slower speeds is
likely due to heating.
Higher speed data were taken by means of a lightwave component analyzer (LCA). In this case, an Agilent 8703B was
used. As before, a spectral filter was used to remove the gate
mode from the output of the device, ensuring that the LCA

measured only the intensity modulation due to the all-optical
modulation effect. Fig. 5 shows the results that were obtained.
There is clearly a substantial falloff in the device response as
the modulation speed approaches 1 GHz. As will be discussed
shortly, this is evidence of free-carrier mediation.
F. Testing With a Pulse Stream
To measure the polarity of the mechanism, as well as to
observe the performance at slightly higher levels of gate power,
measurements were performed in which the gate was pulsed
at a repetition rate of 30 MHz and a pulsewidth of 8 ns. The
wavelength was chosen to utilize the arm length difference to
bias the Mach–Zehnder offset θ, as it appears in (1) in Section III.
It was found that the polarity of the phase shift was negative,
that is, ∂ϕ /∂Pgate is negative. Device response of approximately
−0.9◦ /mW was observed at a peak gate power of 33.5 mW for
a total phase shift of −30◦ . A negative index shift is consistent
with the effects free carriers, but not the Kerr effect or heating.
Details are shown in Fig. 6.
III. ANALYSIS
A. Evidence of Single-Photon Mechanism
There are a number of possible mechanisms by which one
near-infrared optical mode can induce a phase shift in a second
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Fig. 3. Results of lock-in-amplifier-assisted measurements. (a) Device response, in peak-to-peak intensity of modulated signal, as a function of gate power. The
extinction on the gate is about 20%. The signal power reported is the projected average power in the silicon waveguide just before the initial Mach–Zehnder
y-junction. (b) Device response in similar circumstances as a function of varying signal power. In both cases, a linear relation is observed. (c) Device response as
a function of signal wavelength, as well as the passive transmission through the SPA modulator of the signal alone. Maximum response is found at 90◦ and 270◦
bias points, which have 50% signal mode transmission, corresponding to a phase modulation mechanism.

Fig. 4. Frequency-dependent device response at slower speeds. The peak-topeak intensity modulation measured on the output gate mode is shown as a
function of gate modulation frequency for a constant gate power. The larger
response close to 1 MHz is likely due to thermal effects becoming important.

Fig. 5. High-speed frequency response of device. As before, the peak-to-peak
intensity modulation measured on the output gate mode is shown as a function
of gate modulation frequency for a constant gate power. A control is shown
in which the signal power was set to zero and the gate to around 15.5 mW,
confirming that the gate mode has been filtered out fully.
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Fig. 6. Results of pulsed measurements. The projected time-domain trace of
the gate power is shown in one curve. The data have been normalized so that the
known insertion loss due to the grating couplers has been removed; as a result,
the power shown is the propagating power in the modulation waveguide. The
output signal powers are shown for two different bias points; in this case, the
power reported is the projected power in the silicon waveguide past the final
Mach–Zehnder y-junction.

near-infrared optical mode in a silicon waveguide. These consist
of thermal interaction [24], the Kerr effect [22], or free-carrier
dispersion, which can be due to two-photon absorption (TPA)
[9], or in the case of our all-optical modulator SPA. Whatever the
mechanism, it is possible to express the all-optical interaction as
β
Pout = C (1 + cos (γ ((1 + b cos (ωt)) Pgate )α + θ)) Psignal

(1)
where we have assumed that the gate signal has the form
(1 + b cos (ωt)) Pgate .

(2)

Here, Pout is the output power as a function of time of the filtered
signal optical mode, and γ and C are proportionality constants
characteristic of the interaction. We have also assumed that the
signal is at a speed far below the bandwidth limit of the relevant
effect. If the modulator is biased at the point of maximal
response, that is, choosing θ to be ±π/2, then the peak-to-peak
intensity modulation on the output will be proportional to
α

β
R ∝ 2γbα Pgate Psignal

(3)

if the modulation effect produces much less than π/2 radians
of phase shift. In all of the experiments described in Section II,
except where explicitly noted otherwise, the modulator bias
was always set to this value. It was easy to do this, because far
less than π/2 radians of shift was achieved in even the highest
gate power cases, and so this amounted to simply tuning the
signal wavelength to maximize the device response. In the case
of a linear modulation mechanism, that is, where α and β are
both 1, γ can be identified as ∂ϕ /∂Pgate .
Other than SPA, the mechanisms that exhibit this power law
are TPA-based absorption modulation [10], the Kerr effect [22],
and Raman scattering [4]. In all three cases, however, there exists no bandwidth limitation near 1 GHz. Of these effects, a
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phase shift would be observed for only the Kerr effect. Moreover, Raman scattering must involve wavelengths separated by
the Raman shift—15.6 THz in silicon [4]—which is clearly irrelevant to the current result. As shown in Table I, the observed
gate response is also more than an order of magnitude larger
than what would be achievable with any mechanism other than
SPA, even in an idealized case. SPA is the only mechanism
consistent with the observed data.
The lower gate responses of other modulation mechanisms
result in typical effective Pπ values from 5 W [4], [9] to
100 W [22]. The high modulation power requires most other
devices to be operated in pulsed mode. Even when resonant
enhancement is used to greatly lower the external power required, the internal circulating power must still be quite high
[9], [25], [26]. By contrast, our SPA-based device can be projected to achieve complete extinction at around 180 mW Pπ ,
over an order of magnitude lower than that achieved with existing mechanisms. No further resonant enhancement would be
required. Furthermore, silicon nanowaveguides can carry bit
streams with average power levels in the tens and hundreds of
milliwatts; multiwatt average power levels will rapidly damage
the guides [27].
B. Free-Carrier Model of Modulation Effect
If the hypothetical model of the creation of both an electron
and hole is used, the shift in electron–hole concentration can be
written as
σ
(4)
∆N = τ P.
A
Here, P is the gate power, A is the waveguide area, and we
introduce σ, the absorption density, which determines the number of photons absorbed per unit length in the waveguide for
a given amount of power. The absorption density has units of
inverse of centimeters per second per watt. The parasitic loss
from absorption will be
α = hνσ.

(5)

Here, h is Planck’s constant and ν is the relevant photon frequency, around 193 THz.
We could then express the device response using the following
free-carrier dispersion relations [3]:
0.8
 L 
∂φ
∂
τσ
+ p0
=−
dz
Pgate exp (−αz)
∂Pgate
∂Pgate 0
A



τσ
+ n0 8.8 × 10−22
8.5 × 10−18 + Pgate exp (−αz)
A
∂neﬀ
× k0 . (6)
∂nbulk
A similar expression would be used if only a free hole were
created, and would in fact provide comparable results, since
free holes have a larger influence on the induced refractive index
shift. Here, A is the waveguide area, p0 and n0 are equilibrium
hole and electron concentrations, Pgate is the gate power, τ the
recombination lifetime, σ is the absorption density, and α is the
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TABLE I
ALL-OPTICAL MODULATION MECHANISMS IN SILICON WAVEGUIDES

optical attenuation coefficient. Equation (6) will be nearly linear
in the regime for which data were taken.
Equation (6) implicitly assumes that the operation speed is
much lower than the bandwidth limitation. As is shown in the
Appendix, as the operation speed approaches the recombination lifetime, the device response in the form of peak-to-peak
intensity of the modulated signal:
R∝ 

1

.

(7)

1 + (ωτ )2

Here, ω is the excitation frequency and τ is the minority-carrier
lifetime. As a result of (1), the device response will have a
70% reduction at around f = 1/2τ . This occurs near 1 GHz,
suggesting a minority carrier lifetime of around 0.5 ns, similar to
values reported elsewhere for similar SOI ridge waveguides [9].
This provides further evidence that the modulation effect is freecarrier mediated.
C. Calculating Surface-State Absorption Density
Equation (6) can be solved for the observed phase shift once
the recombination lifetime is known. In the case of the highest
performing device, which achieved around 16.6◦ for 15.5 mW
of gate power, the absorption density can be calculated as
1.4 × 1014 (cm·s·mW)−1 . This implies a waveguide loss due
to the SPA mechanism of only 0.1 dB/cm, a small fraction of
the waveguide loss seen. Typical excess carrier concentrations
under testing conditions with this density are on the order of
7 × 1014 cm−3 for 5 mW of gate power.

In the case of Geis et al. [13], the absorption density is
measured directly through a photocurrent measurement. A responsivity of 0.8 A/W was demonstrated in a 0.25 mm device,
corresponding to a quantum efficiency of 64%. This implies
that the optical loss due solely to absorption would be at least
178 dB/cm, and from (3), the absorption density can be estimated as 3.1 × 1017 (cm·s·mW)−1 .
D. Ultimate Performance Limitations
Further work will be required to understand the SPA mechanism. One possibility is that an electron is excited into the
conduction band from the valence band. Or perhaps the electron
is knocked into a defect state, creating a free hole. As holes have
a disproportionately large effect on the refractive index shift in
silicon [2], the creation of a free hole would adequately explain
the observed behavior.
If we hypothesize that both an electron and a hole are created
for each absorbed photon, we can estimate the ultimate performance limits. The free-carrier lifetime would determine the ultimate modulation speed [23]. Approaches have been developed
to lower this lifetime and frequencies exceeding 5 Gb/s should
be possible [28]. It is also possible to decrease the gate power
required for modulation by increasing the density of photonabsorption centers, at the expense of insertion loss. We estimate that allowing 6 dB of additional loss from implantationgenerated defect centers, a gate response of 32◦ /mW could be
achieved at 0.5 Gb/s, corresponding to a Pπ of around 6 mW;
this would require around a factor of 100 increase in absorption density over the value currently obtained in our devices.
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Since the responsivity is proportional to the ac amplitude of
N(t), it will have a frequency dependence of (1 + (ωt)2 )−1/2 .
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