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1. Microfabrication of the samples
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Supplementary Figure 1. Schematic diagram of the major steps of the microfabrication of the
miniature, suspended coplanar waveguides. (a) resist mask for lift-off, (b) metallization and lift-off of
metal, (c) back-to-front photolithographic alignment for deep-etch mask, and (d) removal, cleaning of

CPW in preparation for surface treatments and microwave characterization. Note that step (a) is



preformed twice to provide 1000 pum thick contact pads for the placing of commercial probes. The details

of the process can be found in Ref. [1].

Supplementary Figure 2. Photographic images taken using an optical microscope of the results of the
deep back etching of the silicon handle (400 um). The BOX is visible at the bottom of the deep etch

(inside the red quadrilaterals).

2. Return losses (S11 and S,5) for all microwave measurements

2.1. Return losses for the large-gap CPW

-20 -20 20 -

(a)

-25 -25

-30 -30

—s1
-35 A -35 - St
1 ~mene 522 1

1.4mm ] ] 1.4mm

-40 — 40 A — e -40 e
0 10 20 30 40 50 0 10 20 30 40 50 0 10
Frequency (GHz) Frequency (GHz)

Return loss (dB)
&
o
Return loss (dB)
Return loss (dB)

-35

1.4mm

20 30 40 50
Frequency (GHz)

Supplementary Figure 3. Measured Return losses (S;; and S,,) for the large-gap CPW. (a) With the
silicon dioxide present between the CPW tracks, (b) with a hydrogen-terminated silicon surface between

the CPW tracks, and (c) with a 3-month-old native oxide on the silicon surface between the tracks.

2.2. Return losses for the transmission lines including the small-gap CPW



2.2.1. Return losses for the miniature CPW a silicon dioxide between the tracks
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Supplementary Figure 4. Measured Return losses (S;; and S,,) for the transmission lines including
the small-gap CPW with a 50 nm thick silicon dioxide (SiOy) layer present between the CPW tracks.

The small-gap CPW length equals: () 200 um, (b) 400 um, and 800 pm.

2.2.2. Return losses for the miniature CPW with a hydrogen-terminated surface between the

tracks
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Supplementary Figure 5. Measured Return losses (S;; and S,5) for the transmission lines including
the small-gap CPW with a hydrogen-terminated silicon (Si-H) surface present between the CPW tracks.

The small-gap CPW length equals: (a) 200 pm, (b) 400 um, and 800 pm.

2.2.3. Return losses for the miniature CPW after 3 months native oxide growth on the hydrogen-

terminated silicon surface between the tracks



-15 -15 -15
-20

-25

-30

-35

Return loss (dB)
Return loss (dB)
Return loss (dB)

-40

-45

-45 (b) | ------522 45  [— 522

5
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Frequency (GHz) Frequency (GHz) Frequency (GHz)

Supplementary Figure 6. Measured Return losses (S;; and S,,) for the transmission lines including
the small-gap CPW with a 3-month-old native oxide (SiOyx) on the silicon surface between the CPW

tracks. The small-gap CPW length equals: (a) 200 pm, (b) 400 pum, and 800 pm.

2.2.4. Return losses for the miniature CPW after 5 years native oxide growth on the hydrogen-

terminated silicon surface between the tracks
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Supplementary Figure 7. Measured Return losses (S1; and S,,) for the transmission lines including
the small-gap CPW with a 5-year-old native oxide (SiOy) on the silicon surface between the CPW tracks.

The small-gap CPW length equals: (a) 200 um, (b) 400 um, and 800 pum.

2.2.5. Return losses for the miniature CPW after the 5-year-old native oxide is removed from

the hydrogen-terminated silicon surface between the tracks
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Supplementary Figure 8. Measured Return losses (S1; and S,,) for the transmission lines including
the small-gap CPW with a hydrogen-terminated silicon (Si-H) surface present between the CPW tracks
following the removal of the 5-year-old native oxide on the silicon surface between the tracks. The

small-gap CPW length equals: (a) 200 um, (b) 400 pm, and 800 pum.

3. Microscope images of miniature CPW after etching with HF-based solution

Supplementary Figure 9. Optical microscopy images of examples of transmission lines including the
small-gap CPW taken after exposure to the buffered HF solution. Local damage was observed where

the commercial microwave probes have previously probed the samples. However, for samples which



had not been previously probes—and for the CPW tracks—no damage was observed (see insets to the

figure). The visible damage caused by the HF etching had no effect on the microwave probing.

4. The effect of light on CPW on semiconductor substrates

In our experiments the background irradiance of the samples can be estimated to be of the order
of 60 UW cm2. In terms of lower irradiance, Bhadauria et al [2] predict little change in the insertion loss
of CPW (on high-resistivity silicon) for an irradiance of ~3 W cm. Using high-resistivity silicon (>4000
Q cm) and a metallization similar to our work, Lee et al [3] observed little change of insertion losses of
CPW using a lower irradiance of 0.17 W cm. However, it has long been known that light can be used
to control millimetre-wave propagation [4]. For a CPW patterned onto a semiconducting substrate,
incident light can result in the presence of photo-induced free carriers between the CPW tracks [5]. Such
free carriers can contribute to losses and result in signal attenuation. Indeed, this effect has been applied
for microwave switching. Using CPW on high-resistivity silicon, Platte and Sauerer [5] showed that an
optical irradiance (light power per area) of >100 mW c¢cm is required to induce a sizeable photo-induced
attenuation—achieving ~1.8 dB at 15 GHz. This effect has been applied for the control of microwave
circuits based on CPW [6]. Poesen et al [7] used an irradiance of 45 W cm to induces losses of 40 dB
at 100 GHz in CPW on high-resistivity silicon. Using an irradiance of 7 W cm, Posen et al [8] induced
an insertion loss of ~10 dB at 50 GHz. Using an irradiance (532 nm) of 315 pW c¢cm2, Sameshima et al
[9] demonstrated that the excess carrier concentration varied depending on the surface—ranging from

~0.5x10% cm to ~1.2x10% cm for a ‘recombination-free’ surface.
The number of optically-generated excess free carriers An can be estimated using the following

relationship [10]:

al

where «a is the absorption coefficient (m?), I is the irradiance (W m2) of the incident light, R is the

reflectivity of the semiconductor, h is Planck’s constant (6.62x103* Js), f is the frequency (Hz) of the



light, S is the relative spectral response (0.5 for silicon), and 7 is the effective free carrier lifetime (s)

which is given by:
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Where 7 is the lifetime (s) of the carriers in the bulk, d is the thickness (m) of the semiconductor, and S

is the surface recombination velocity (m s?) of the semiconductor surface.

If we consider our high-resistivity (1000 Q cm) silicon which has a p-type background doping
density of 1.47x10* cm. The minority (electrons) carrier lifetime in bulk silicon at this doping density
is ~1x10% s [11]. If we consider four wavelengths to approximate the background white light: 400 nm,
500 nm, 600 nm, and 700 nm. The absorption coefficients a and reflectivities R of these wavelengths

for silicon are given in the table below.

Table. Absorption coefficients a and reflectivities R of silicon at the four different wavelengths A

considered [12,13].

A (nm) a (cm?) R
400 1x10° 0.5
500 1x10* 0.4
600 5x103 0.36
700 1x10° 0.34

Using high-resistivity silicon (1000 Q cm), Mackel and Cuevas [14] measured the surface
recombination velocity for hydrogen-terminated silicon to be 5.8 cm s, and a native oxide following
the HF treatment to be 100 cm s after 5% months in air at room temperature. The above equation can
now be used to calculate the effective minority carrier lifetime in the 20 um thick silicon device layer

for and hydrogen-terminated surface and a native oxide which has regrown onto the initially hydrogen-



terminated surface at room temperature in air. The value of 7. for a hydrogen-terminated silicon

surface is 1.47x10 s, and for a silicon surface having a native oxide, 7,7y = 9.9x10°s.

The background irradiance is calculated to be 60 pW cm. By using the above equations, the
average excess carrier concentration in the first 1 um thickness of the silicon device layer is calculated
to be 4.4x10% cm (for the hydrogen-terminated silicon surface) and 3x10*2 cm= (for a native oxide
‘grown’ on an initially hydrogen-terminated silicon surface for several months in air at room

temperature).

5. Reasoning behind and derivation of equation 8

The reflected (voltage) waves b at the ports of a two-port network are given in terms of the

scattering parameter matrix S and by the incident (voltage) waves a by:
b1 _ a1
(bz) o S (aZ)

The scattering parameter matrix of a 2-port transmission line with losses but no reflections is

given by:
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where ay,, is the Napierian attenuation coefficient of the transmission line, and [ is the length

along the transmission line.

The forward transmission coefficient S,; of the transmission line of length [ is thus given by:

Therefore, at a given length:

Sy = e Np!



If we choose a unit length [ = 1 when comparing two transmission lines (superscripts 1 and 2)

of differing attenuation coefficients, we can write:

1
1 _ ,—ay
S51 =e “Np

2
2 _ _-ak

In each case, the power lost (at length [ =1) is:

Pll =1- (5%1)2

Pl2 =1- (5221)2

The ratio of these two lost powers R, is:

The Napierian attenuation coefficient ay,, (Np per unit length) of the transmission line can be written
in terms of the decibel attenuation coefficient a5 using the following relationship

_1n10

Therefore:
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Remembering that the superscript of a,g refers to the specific transmission line, i.e. they are not

exponentiation.



6. Debye length in the silicon

The Debye length L, in silicon is given by:

Where k is Boltzmann’s constant ~1.38x10°2 JK1, T is the absolute temperature (here 300K), &g; is the

dielectric constant of silicon (~11.9), &, is the permittivity of free space ~8.85x10*2 Fm?, N is the

background doping density of the silicon (1.47x10" cm®), and q is the elementary charge (~1.6x10°

C).

Using these numerical values, the Debye length in the lightly doped p-type silicon is calculated to be ~1

um.
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