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ABSTRACT

For a diverse range of semiconductor devices, the charge carrier lifetime is an essential characteristic. However, the carrier lifetime is difficult
to control, as it is usually determined by a variety of recombination processes. For indirect bandgap materials, it is well known that effective
carrier lifetimes can be improved by passivating the surface, effectively extinguishing surface-related recombination processes. However, for
some applications, such as photomodulators for sub-infrared radiation, it is beneficial to tailor lifetimes to specific values, in this particular
case trading off between photo-efficiency and switching speed. In this paper, we design a new type of silicon-based metamaterial with a
tunable electron–hole lifetime. By periodically patterning a dielectric surface passivation layer, we create a metamaterial whereby the filling
fraction of passivated relative to unpassivated areas dictates the effective charge carrier lifetime. We demonstrate tunable lifetimes between
200 μs and 8 ms in a 670 μm thick Si wafer, though in principle our approach allows one to generate any lifetime between the fully passiv-
ated and unpassivated limits of a bulk semiconductor. Finally, we investigate the application of these metamaterials as photomodulators,
finding switching times that depend upon both the photoexcitation intensity, wafer thickness, and the carrier lifetime.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0128234

I. INTRODUCTION

Semiconductors are ubiquitous in modern technology and
find applications in electromagnetic modulators,1–3 photovoltaics,4

and photoelectrochemical cells,5 in addition to their established use
in the electronics industry. The dynamics of charge carriers (elec-
trons and holes) determine their suitability for a given application,
and the charge carrier lifetime is one important parameter in
describing these dynamics.

The focus for many applications is on maximizing lifetime.
This is particularly important for silicon photovoltaics, where a
longer lifetime of the photoexcited charge carriers results in a cor-
respondingly longer diffusion length, and hence a higher efficiency
solar cell.6 Indirect bandgap semiconductors (e.g., Si, Ge) have
intrinsically long bulk charge carrier lifetimes due to the lack of
radiative recombination, so their lifetime is mainly limited by
recombination at defects in the bulk of the material or at surfaces.7

Modern materials can be made defect-lean, hence surface recombi-
nation often limits lifetimes in practice. Various surface “passiv-
ation” schemes have been devised8–10 to reduce, and largely
eliminate, recombination at the surfaces, allowing effective charge
carrier lifetimes of as high as 0.5 s to be achieved on high resistivity
silicon wafers.11 For moderate doping, effective lifetimes of 1–30ms
are more usually achieved due to the limitations of intrinsic (mostly
Auger) recombination.12

However, there are also applications which would benefit
from a tuneable carrier lifetime, and this is particularly important
when designing modulators for the manipulation of sub-IR elec-
tromagnetic radiation. In these photomodulators, incident light
with photon energies higher than or equal to the semiconductor
bandgap change the conductivity, altering the reflection/transmis-
sion of the longer wavelength radiation from/through the
semiconductor.1–3,13 The conductivity can be changed locally
with inhomogeneous illumination, allowing a beam to be steered
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or focused,14–17 giving similar functionality to so-called “reconfig-
urable” and “programmable” metasurfaces at GHz
frequencies.18–22 Such modulation effects can also be used in
single-pixel imaging schemes at these frequencies.23–26 Reviews of
the current state-of-the-art in mm-wave and THz modulators can
be found in Refs. 1–3.

While a long charge carrier lifetime increases the efficiency of
photomodulation, it also limits the operational switching speed.13

Longer carrier lifetimes can also lead to significant lateral diffu-
sion of the charge carriers and correspondingly lower resolutions
in imaging.26 Ideally, one would like to tune the carrier lifetime to
match the speed of a particular application, thereby optimizing
the benefits of longer carrier lifetimes without excessively limiting
the switching speeds. While very short effective lifetimes (&10 μs)
are common for unpassivated wafers, and high-quality surface
passivation results in long carrier lifetimes (*10 ms),13 there is a
large intermediate region of effective lifetimes which is difficult to
reach. Though there have been some previous efforts to modify
the charge carrier lifetime,27 no systematic method has been
developed to enable precise tuning of the lifetime to reach arbi-
trary values between the intrinsic and unpassivated limits.

In this paper, by patterning a passivation layer, we create a
metamaterial in which the filling fraction of unpassivated to pas-
sivated areas dictates the effective charge carrier lifetime (Fig. 1).
Here, we passivate the surface using Al2O3 grown by atomic layer

deposition (ALD),28–30 but note that other dielectric passivating
layers such as thermally grown SiO2 could also be used. Finite
element simulations are used to predict the filling fractions
required to give effective lifetimes ranging from 100 μs up to
several ms in a 670 μm thick wafer. Nine designs with different
filling fractions of unpassivated areas are subsequently realized on
a single wafer via wet-chemical etching of the passivation layer
using a photo-lithographic process. The effective charge carrier
lifetime for each region is inferred from the transmission
switching-dynamics of 321 GHz radiation through the wafer upon
photoexcitation. The approach used is potentially applicable to
other semiconductors, and, in principle, can be used to produce
bespoke photomodulators for specific applications.

II. DESIGN PROCESS

A design process using COMSOL Multiphysics® is undertaken
to determine the effect of incorporating a periodic array of holes in
a surface passivation layer on the effective charge carrier lifetime of
a silicon wafer. COMSOL Multiphysics® is a commercially available
finite element method solver that, when coupled with the
Semiconductor Module,31 solves Poisson’s equation alongside the
continuity equations for the charge carriers. While it is a very
general tool capable of modeling a vast array of semiconductor
devices, here we use it to model the charge carrier distribution
throughout a wafer as a function of time given surface and bulk
carrier generation/recombination rates.

A square unit cell with a side length of 100 μm is chosen
since it is significantly smaller than both the wavelength of radia-
tion to be modulated and the carrier diffusion length (.500 μm
for the resulting lifetimes), while being sufficiently large for ease
of lithography. A 670 μm thick undoped Si wafer is modeled with
a constant bulk lifetime of 50 ms using COMSOL’s inbuilt
Shockley–Read–Hall (SRH) recombination model. Note that in all
cases the calculated effective lifetime is limited by surface recom-
bination, so the chosen bulk lifetime of 50 ms is somewhat
arbitrary—it simply needs to be much longer than the surface life-
time, though a value of 50 ms is reasonable for the very high-
resistivity FZ wafers used in our experiments. The model also
includes Auger and radiative recombination processes within
the bulk of the wafer, though our modeling predicts that, for the
effective lifetimes and photoexcitation intensities used in this
study, the maximum carrier densities achieved within the wafer
are below 1021 m−3—densities at which one would expect Auger
and radiative recombination to have little effect on the effective
charge carrier lifetime.12 As such, a bulk lifetime independent of
the photoexcited carrier density is a good approximation.

The recombination at the surfaces is modeled using
COMSOL’s inbuilt SRH-based “trap-assisted surface recombina-
tion” physics. One surface is modeled as “fully passivated” with a
surface recombination velocity (SRV) of 0.001 m s−1. The majority
of the second surface is described similarly, except for a square hole
in the center of this passivated surface with a SRV of between 10
and 100 m s−1, since the SRV of an unpassivated surface is expected
to be within this range.32 The model is then meshed with sufficient
density close to the surfaces such that the large gradients in the

FIG. 1. To tailor the effective lifetime of charge carriers in a silicon wafer, we
passivate the surfaces to effectively eliminate surface recombination, and then
introduce an array (period p) of square holes (side length a) into the passivation
layer on one surface to obtain the desired lifetime. Also shown is a microscope
image of the patterned passivation layer (b), showing a 100 μm periodic array of
holes in the passivation layer, and a photoluminescence image of the fabricated
wafer (c), showing nine regions with different filling fractions of unpassivated
holes. Each of the nine patterned regions is 2.5 cm square. Detailed analysis of
the data for area 5 (white square) is described later in the paper, with the
remainder within the supplementary material.
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charge carrier density close to the surfaces as a result of surface
recombination can be accurately represented.

A spatially dependent free-carrier generation rate describing
photoexcitation upon the partially passivated surface is given by
A exp (�κaz), where κa ¼ 4πni=λ is the absorption coefficient and
A ¼ κaITλ=hc corresponds to the density of electron–hole pairs
generated at the illuminated surface (ni is the imaginary part of the
refractive index at wavelength λ, I is the intensity of the photoexcit-
ing light, z is the distance from the illuminated surface, and T is
the fraction of the photoexciting light intensity that penetrates the
interface). Unless otherwise stated, we model 20Wm−2 of 625 nm
light incident upon the surface, with a Si refractive index of
n ¼ nr þ ni ¼ 3:89þ 0:017i. Note that the thickness of the passiv-
ating layers used in our experiments is sufficiently small that they
are neglected in all modeling.

The steady-state charge carrier density profile throughout the
modeling volume is calculated using COMSOL’s stationary solver,
with this subsequently being used as the initial condition for a
time-dependent study with no generation rate, mimicking the
switch-off dynamics after turning off a photoexciting source. For
each time step, the carrier density within the volume is integrated,
with the effective charge carrier lifetime corresponding to the time
at which this value has reduced to 1/e of the steady-state value.
This process is undertaken for a range of filling fractions of the
holes in the passivation layer—the results are shown in Fig. 2.
Note that the calculated effective charge carrier lifetime is largely
independent of which surface is photoexcited—this will be dis-
cussed in more detail later. An equivalent plot for a 100 μm thick
wafer is included in the supplementary material (Sec. 1) for
comparison—the effective lifetimes are correspondingly shorter
since the probability of an excess carrier diffusing to a surface is

increased, but the range of lifetimes as a function of filling fraction
is similar.

To corroborate our numerical modeling, we also develop an
analytical approach. The time-dynamics of the charge carrier
profile within a wafer with surface recombination at each surface
can be determined using the Fourier expansion method from the
continuity equation alongside boundary conditions describing
recombination at the surfaces.33–35 The build-up / decay of carriers
within the wafer is described by an infinite series of modes with
associated time constants, τm,

1
τm

¼ 1
τb

þ β2mD, (1)

where D is the diffusion constant, τb is the bulk lifetime, and βm
are calculated from

tan βmdð Þ ¼ βmD S0 þ S1ð Þ
β2mD

2 � S0S1
, (2)

with S0 and S1 being the surface recombination velocities of the
two surfaces. All higher order modes decay quickly, typically
leaving the time constant of the fundamental mode to be identified
as the effective lifetime of any excess carriers within the wafer.

We can calculate an effective SRV for our patterned surface
passivations by using a linear combination of the SRVs of the pas-
sivated surface and unpassivated holes multiplied by their areal
fractions,

Seff ¼ SuFþ Sp(1� F), (3)

where F is the filling fraction of holes in the passivation layer, and
Sp and Su are the SRVs of the passivated and unpassivated areas,
respectively. Calculating Seff as a function of filling fraction from
Eq. (3), we can then introduce Seff as S0 in Eqs. (1)–(2) (with
D ¼ 0:0017 m2 s−1, S1 ¼ 0:001 m s−1, and d ¼ 670 μm) to predict
the effective lifetimes of a wafer with a patterned passivation. These
are shown as lines in Fig. 2 and compare well with the results from
the full COMSOL Multiphysics models.

One may notice that the effective carrier lifetime calculated
from Eqs. (1)–(2) is independent of which surface of the wafer is
photoexcited, and this is a result of neglecting the higher order
decay modes. While this is a good approximation, when there is a
large difference between the SRVs of the two surfaces differences in
the effective lifetime become evident. This is the source of the
small discrepancy between the COMSOL and analytical models,
and it is discussed in more detail in the supplementary material
(Sec. 5).

For a single surface with etched holes in the passivation layer,
the results in Fig. 2 suggest that the effective charge carrier lifetime
can be tuned over two orders of magnitude for filling fractions
between 0.001 and 1. If both surfaces are patterned, the full range
of carrier lifetimes between the fully passivated and unpassivated
lifetimes would be achievable. For a 670 μm thick wafer, as studied
here, this is expected to range from approx. 10 μs (with shorter
lifetimes expected for thinner wafers) up to 10 s of ms (the bulk
lifetime of the wafer).

FIG. 2. Modeled effective charge carrier lifetime as a function of the filling frac-
tion of unpassivated area within the passivation layer for a 670 μm thick wafer
that is fully passivated on one surface and has a patterned passivation on the
other. Results are shown for an SRV of the passivated areas of
Sp ¼ 0:001 m s−1, and of the unpassivated holes, Su, of 10 and 100 m s−1.
Symbols: COMSOL Multiphysics model. Lines: analytical model. See the main
text for details.
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For ease of fabrication, the minimum filling fraction for exper-
imental study is chosen to be 0.01, corresponding to a hole side
length of 10 μm. We then determined from Fig. 2 nine filling frac-
tions of holes that would result in an approximately linear variation
in lifetime between the nine etched regions on our wafer. Below, we
describe the different fill fractions as areas 1–9, with area 1 having
the smallest filling fraction of holes in the passivation layer and
consequently the highest effective charge carrier lifetime.

III. FABRICATION

The patterned passivations are fabricated on a lowly doped
monocrystalline Si wafer [float-zone, 10 kΩ cm, (100) orientation,
670 μm thick] that is initially cleaned in RCA-1 and RCA-2 solu-
tions, followed by immersion in hydrofluoric acid (1%) for 60 s.
The wafer is passivated using Al2O3 grown via plasma-enhanced
ALD using a Veeco Fiji G2 ALD system. The chamber pressure is
kept at 5 Pa, the plasma power at 300W, and the bottom plate
temperature at 200�C. Using a trimethylaluminum (TMA) pre-
cursor and O2 plasma source, 200 cycles of ALD Al2O3 growth
are conducted on both sides of the Si wafer. To protect the rear-
side passivation during the etching process on the front-side, a
hafnium oxide layer is deposited using a tetrakis(dimethylamido)
hafnium (TDMA-Hf) precursor and an O2 plasma source for 150
cycles. For charge activation and interfacial defect density reduc-
tion at the Al2O3–Si interfaces, and crystallization of the hafnium
oxide protection layers, the wafer is annealed at 400�C for 30 min
in air in a box furnace. The annealing temperature of 400�C is
chosen as a compromise between activation of the surface passiv-
ation layers36,37 and the detrimental effects of potential activation
of unwanted bulk defects.38,39

For the front-side patterning, S1818 photoresist is spun at
5000 rpm for 30 s, followed by a soft bake at 115�C for 1 min.
Using a custom-made photomask incorporating the nine square
regions (each with a 2.5 cm side length) with different filling frac-
tions of holes, the photoresist is exposed for 3 s in a soft contact
mode with 100 μm mask-wafer separation using a Suss MicroTec
BA8 Gen3 mask aligner. Following exposure, the photoresist is
developed in MF319 solution for 45 s, followed by a rinse in
de-ionized water. To protect the photoresist during wet etching of
the Al2O3 layer, a hard bake at 130�C for 5 min is conducted
following development. The structures are then etched in tetrame-
thylammonium hydroxide (2% conc.) solution for 25 min.
Post-development microscope images of each patterned area are
shown in the supplementary material (Sec. 3).

In order to confirm the success of the etching process, photo-
luminescence (PL) images of the wafer are taken using a BT
Imaging PL system (see Fig. 1). The PL intensity is related to the
local carrier lifetime,40 and a variation of the PL signal is clearly
evident between the nine regions. Note that the black region in the
upper left corner of area 1 is observed to have a significantly lower
PL (and lifetime), resulting from manual handling of the wafer—
this area is avoided during the mm-wave transmission measure-
ments described in the following section. One can also observe
small blemishes in the PL from the other regions resulting from
imperfect processing. The imperfections introduce some degree of
variability to our results compared to modeled predictions. Also

note that the PL signal between the patterned regions reduces to
close to the background level, indicating that there is little diffusion
of charge carriers between them—even though the diffusion length
for the longer lifetime regions can be as a long as a few mm, the
unpassivated areas between them have much shorter lifetimes,
essentially isolating the regions from each other.

IV. TIME-RESOLVED TRANSMISSION MEASUREMENTS
AND EFFECTIVE LIFETIMES

The patterned Si wafer is mounted midway between a
321 GHz source41 and detector42 on a translation stage that allows
the wafer to be positioned such that the GHz beam can pass
through the center of each patterned region in turn. The wafer is
mounted at normal incidence to the GHz beam, which has a diam-
eter of approximately 5 mm (�3dB) at the wafer, with the pat-
terned side facing the source. Two sheets of 3.5 mm ABS-ASF4
mm-wave absorber are placed either side of the wafer in order to
detune any cavity resonances set up between the faces of the
source, detector, and wafer.

A 623 nm high-power SOLIS LED from Thorlabs is placed
30 cm away from, and at a 45° angle to, the wafer, illuminating the
patterned surface. This photoexciting optical beam is approximately
10 cm in diameter and centered over the GHz beam. The SOLIS
lamp is driven using a Thorlabs DC2200 supply with variable
intensity output up to a maximum of 764Wm−2 at the wafer posi-
tion and is square-wave modulated with a period of 100 ms.

The signal from the detector is captured on a Siglent
SDS2352X-E oscilloscope, triggered by the DC2200 supply, allow-
ing the switch-on and switch-off dynamics of the transmission of
the 321 GHz beam through the wafer to be recorded as the photo-
exciting optical pump light is modulated. This is undertaken for a
range of intensities of the photoexciting source and for each pat-
terned region on the wafer. The time-series data are smoothed43

and normalized between the maximum and minimum values for
each photoexcitation intensity to facilitate simple extraction of the
intensity-dependent switching times. An example data set, from
area 5 in the middle of the wafer, is shown in Fig. 3—equivalent
data for the eight other patterned regions can be found in the
supplementary material (Sec. 2).

We define the switch on and switch off times to be the time
taken for the transmission to reduce/increase by ΔT 1� 1

e

� �
, where

ΔT is the steady-state change in transmission upon photoexcitation.
Thus, the switch on time is given by T0 � ΔT 1� 1

e

� �
and the

switch off time is given by Te þ ΔT 1� 1
e

� �
, where T0 and Te are

the transmitted intensities before photoexcitation and after pro-
longed photoexcitation (steady-state), respectively.

These times are extracted for each photoexcitation intensity
and are shown in Fig. 4 for area 5. The low-injection (low photoex-
citation intensity) switching time can be identified as the effective
charge carrier lifetime, and this is indicated with a black dashed
line. Also shown is the steady-state transmission upon photoexcita-
tion (here, taken as the transmission just before the photoexciting
source switches off, a time scale much longer than the switching
dynamics), normalized to the measured signal without the wafer
present. Similar plots can again be found in the supplementary
material (Sec. 2) for the other patterned regions.
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The extracted effective charge carrier lifetimes for each of the
nine regions are plotted as a function of filling fraction in Fig. 5.
The filling fractions of each region are measured from microscope
images taken after development of the photoresist—see supplementary
material (Sec. 3). Also shown in Fig. 5 are modeled filling fraction
dependent lifetimes from Eqs. (1)–(3) for different SRVs of the unpas-
sivated holes—the SRV of the passivated areas, and of the fully passiv-
ated surface, is taken to be 0.001m s−1. The modeling suggests that
the SRV of the unpassivated holes is between 15 and 40m s−1.
Figure 5 clearly demonstrates that by etching holes into a surface pas-
sivation layer, we can tune the effective charge carrier lifetime over a
range that would otherwise not be achievable with standard uniform
surface passivation schemes.

V. TRANSMISSION SWITCHING TIMES

The effective charge carrier lifetime is the average time that an
excess charge carrier will exist before recombining, given here by
the time it takes for the integrated excess carrier density to decrease
to 1=e of its steady-state value upon switching off a photoexciting
source. As discussed previously, for the range of carrier densities
generated in this study, we expect a photoexcitation intensity

FIG. 5. Blue dots show the effective lifetimes vs filling fraction of the holes in
the passivated layer extracted from the switching dynamics for each patterned
area. The lines are results from our analytical model for different SRV values of
the unpassivated holes, Su, using Eqs. (1)–(3).

FIG. 3. The switch on (a) and switch off (b) dynamics of the transmission
through area 5 of the partially passivated wafer as a function of the photoexcita-
tion intensity. Here, photoexcitation is at the partially passivated surface. The
transmission for each photoexcitation intensity is normalized to the maximum
and minimum values so that the change in switching time as a function of the
photoexcitation intensity can be easily observed. Results for all areas on the
wafer can be found in the supplementary material (Sec. 2).

FIG. 4. Dots show the 1/e switch on and switch off times as a function of the
photoexcitation intensity as extracted from the data presented in Fig. 3. Also
shown is the intensity dependent steady-state transmission (after the photoexcit-
ing lamp had been turned on for a long period, green line), and the extracted
effective charge carrier lifetime (black dashed line). Similar plots for each region
can be found in the supplementary material (Sec. 2).
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independent carrier lifetime to be a good approximation. Despite
this, a somewhat unexpected observation from Figs. 3 and 4 is
that the time-dynamics associated with switching on/off the
transmission through the wafer are not solely dependent on this
carrier lifetime; there is also a marked intensity dependence—for
high photoexcitation intensities, the switch off dynamics are con-
siderably slower than the switch on dynamics.

It is relatively simple to understand the root cause of this
divergence of the switching times if we consider the limit as ΔT
approaches T0, i.e., complete blocking. In this limit, we can define
an average carrier density through the wafer, Δne, that is required
to reduce the transmission to T0=e (the switch on time in this limit
as defined previously). Any increase in photoexcitation intensity
will reduce the time required to reach Δne, and thus the switch-on
time will be correspondingly reduced. Conversely, if the photoexci-
tation intensity is such that the resulting carrier density is far
beyond that required to essentially switch off all transmission
through the wafer, there will be a delay as this excess of carriers
recombine before the carrier density reduces sufficiently that trans-
mission begins to increase. Thus, the divergence in switching times
essentially arises due to the nonlinear variation, and subsequent
saturation, of the transmission through a wafer as a function of
carrier density.

While the divergence in switching times is simple to under-
stand in this limit of ΔT approaching T0, the details of the
switching dynamics are a little more complex. However, before
discussing this further, it will be useful to first consider the
steady-state change in transmission upon photoexcitation.
The equilibrium excess carrier density upon photoexcitation
depends upon the carrier lifetime, and thus the change in trans-
mission through the wafer would be expected to depend similarly.
Indeed, we see this behavior in our data (e.g., by comparing the
photoexcitation intensity dependent transmission for area 5,
shown by the green solid line in Fig. 4, to similar results for the
other areas in the supplementary material (Sec. 2). At the same
time, in Ref. 13, we showed that the transmitted intensity also
depends upon the thickness of the wafer, and crucially upon
Fabry–Pérot resonances which occur when the wafer thickness is
an integer multiple of half of a wavelength (d ¼ mλ0=2n, where
λ0 is the free-space wavelength and n is the refractive index of Si
at λ0). In Ref. 13, we have detailed a finite difference solver for
calculating the steady-state charge carrier dynamics within a
wafer upon photoexcitation, which, when combined with a
Drude model for the dielectric permittivity profile, can be used to
calculate the transmission of radiation through a photoexcited
wafer. In Fig. 6(a), we show the normal incidence transmission of
321 GHz radiation as a function of wafer thickness for various
excitation intensities, assuming 625 nm wavelength excitation
light incident upon a wafer with a bulk lifetime of 50 ms,
S0 ¼ 0:5 m s−1 and S1 ¼ 0:001 m s−1. The value of 0.5 m s−1 for
S0 mimics the value obtained using Eq. (3) for area 5 of our
wafer. Thus, the data in Fig. 6(a) for a thickness of 670 μm
approximate what one would expect for this region of our wafer.
The vertical dashed line indicates the 670 μm wafer thickness
used in our experiments—normally incident 321 GHz radiation is
close to a Fabry–Pérot resonance, enhancing the modulation
efficiency.

Since the overall change in transmission upon photoexcitation
depends upon these resonances within the thickness of the wafer,
one might reason that the switching dynamics could similarly
depend upon the thickness. In an extension to our finite difference
solver, we calculate the time dynamics of the carrier density profile
throughout the wafer upon switching on/off a generation rate. This
extension is detailed in the supplementary material (Sec. 4), and
here we have used it to calculate the time-dynamics of the normal
incidence transmission of 321 GHz radiation through a wafer for
the same parameters as for Fig. 6(a), allowing us to calculate the

FIG. 6. The modeled transmission, (a), and 1/e switch on and switch off times,
(b), as a function of wafer thickness for 321 GHz radiation incident upon a wafer
with an effective surface recombination velocity of 0.5 m s−1 on the surface
being photoexcited (“partially” passivated, corresponding to an unpassivated
SRV of Su ¼ 25 m s−1 and a hole fill fraction of 0.02, mimicking area 5 of our
wafer), and 0.001 m s−1 on the opposite surface (“fully” passivated) for photoex-
citation intensities of 0, 10, 100, 1000, and 10 000 W m−2. The black line repre-
sents the effective lifetime, τ as calculated from Eqs. (1) and (2). Vertical
dashed line represents the wafer thickness used in our experiments.
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switch on and switch off times as defined previously. The results of
these calculations are shown in Fig. 6(b), alongside the effective
charge carrier lifetime, τ, as calculated using Eqs. (1) and (2).

The first point to note is that the effective charge carrier life-
time, τ, increases with increasing wafer thickness. This is expected
since the carrier lifetime is dominated by recombination at the sur-
faces as the probability per unit time of a diffusing charge carrier
within the wafer encountering a surface is reduced in thicker
wafers. For low excitation intensities [red and green curves in
Fig. 6(b)], both switch on and switch off times lie close to the
thickness-dependent carrier lifetime. However, as the excitation
intensity increases [purple and brown lines in Fig. 6(b)], the carrier
density increases and the transmission decreases, resulting in the
divergence of the switch on and switch off times. This divergence is
enhanced by the Fabry–Pérot resonances due to the increased light-
matter interaction—the resonantly enhanced fields inside the
silicon wafer result in greater absorption for a given change in con-
ductivity, essentially making the transmission as a function of
average carrier density more sub-linear.

Thus, we can conclude that, since it is the longer switching
time that will determine a modulator’s operational frequency, if
one requires an efficient modulator with a maximal change in
transmission it is the switch off time that will be the limiting factor.

VI. SUMMARY

We have designed a new type of silicon-based metamaterial
with a tuneable electron-hole lifetime. By periodically patterning
a dielectric passivation layer, we show that the effective charge
carrier lifetime in Si can be tuned, resulting in carrier lifetimes of
between 200 μs and 8 ms in a 670 μm thick Si wafer, though, in
principle, any lifetime between the fully passivated and fully
unpassivated limits could be achieved. We have further investi-
gated the switching times of photomodulators with such interme-
diate charge carrier lifetimes, and have shown that they crucially
depend upon the photoexcitation intensity and details of the
carrier dynamics, as well as the carrier lifetime. As such, there is
an inherent trade-off between achieving large modulation depths
and fast switching times.

This work will facilitate research using photomodulators as
programmable spatial and temporal modulators at sub-IR frequen-
cies, where there is currently a lack of other suitable means to
achieve this, while the ability to tune the charge carrier lifetime
may be useful for other semiconductor devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for details of the modeling
methods, and additional background information and modeling.
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