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Passivation of miniature microwave 
coplanar waveguides using a thin 
film fluoropolymer electret
Jaouad Marzouk, Vanessa Avramovic, David Guérin & Steve Arscott*

The insertion losses of miniature gold/silicon-on-insulator (SOI) coplanar waveguides (CPW) are 
rendered low, stable, and light insensitive when covered with a thin film (95 nm) fluoropolymer 
deposited by a trifluoromethane  (CHF3) plasma. Microwave characterization (0–50 GHz) of the CPWs 
indicates that the fluoropolymer stabilizes a hydrogen-passivated silicon surface between the CPW 
tracks. The hydrophobic nature of the fluoropolymer acts as a humidity barrier, meaning that the 
underlying intertrack silicon surfaces do not re-oxidize over time—something that is known to increase 
losses. In addition, the fluoropolymer thin film also renders the CPW insertion losses insensitive to 
illumination with white light (2400 lx)—something potentially advantageous when using optical 
microscopy observations during microwave measurements. Capacitance–voltage (CV) measurements 
of gold/fluoropolymer/silicon metal–insulator-semiconductor (MIS) capacitors indicate that the 
fluoropolymer is an electret—storing positive charge. The experimental results suggest that the stored 
positive charge in the fluoropolymer electret and charge trapping influence surface-associated losses 
in CPW—MIS device modelling supports this. Finally, and on a practical note, the thin fluoropolymer 
film is easily pierced by commercial microwave probes and does not adhere to them—facilitating the 
repeatable and reproducible characterization of microwave electronic circuitry passivated by thin 
fluoropolymer.

Coplanar  waveguides1 (CPW) are now common place in microwave electronic  circuitry2–4. As is the case of most 
electrical and electronic components, miniaturization of CPW is proving beneficial in many applications areas, 
ranging from high-frequency  telecommunications5,6, and emerging miniaturized  tools7 for their automated 
 characterization8, to quantum  computing9,10 and  biosensors11. In as much, both a physical understanding and a 
technological control of signal attenuation are major issues in future CPW engineering. For CPW patterned onto 
silicon, besides the well-understood loss mechanisms, i.e. conductor and substrate losses, it has been observed 
that intertrack surface-associated losses can have a contribution to signal attenuation. The influence of the 
depletion region in silicon and its impact on CPW losses was pointed out many years  ago12. Since this, studies 
have been undertaken to understand such losses and their control has been attempted using techniques ranging 
from surface treatments and thin film deposition to etching intertrack  material13–25. It was recently pointed out 
that surface-associated losses can be considerable for miniature CPW patterned onto silicon-on-insulator (SOI) 
 wafers26. The selective removal of the native oxide from the silicon surface lying between miniature CPW tracks—
to leave a hydrogen-terminated silicon surface—can significantly reduce the contribution of surface-associated 
losses in miniaturized  CPW26. However, when the native oxide gradually grows back onto the unprotected 
hydrogen-terminated silicon surface between the metal tracks, the surface-associated losses increase. Although 
periodic removal of the native oxide resets the losses, this is not a viable long-term solution as the selective wet 
etch—hydrofluoric acid-based—is corrosive and can cause damage to chip materials. In an effort to try to solve 
this issue we turn here to thin film fluoropolymers, which have—in various forms—emerging applications in 
microwave  engineering27. We investigate here the effect on the insertion losses of miniaturized CPW by deposit-
ing a thin film, hydrophobic fluoropolymer  electret28 via plasma-enhanced chemical vapour deposition (PECVD) 
using a trifluoromethane  (CHF3)  plasma29–31 onto different CPW intertrack surfaces (hydrogen-terminated, 
native oxide, silicon dioxide) on suspended and non-suspended silicon structures. We do this to stabilize the 
surface-associated losses and render the CPW transmission characteristics insensitive to humidity and even 
illumination. To understand the losses in the CPW, gold/fluoropolymer/silicon metal–insulator-semiconductor 
(MIS) capacitors are fabricated and studied using capacitance–voltage (CV) measurements. The observations 
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suggest the importance of the electret charging in the fluoropolymer and charge trapping at the fluoropolymer/
silicon interface on the surface-associated losses in CPW.

Results and discussions
Characterization of coplanar waveguides. Figure 1 shows the CPW samples fabricated for the study. 
The CPW are composed of chromium/gold (10/500 nm) tracks patterned onto commercial high-resistivity (HR) 
SOI wafers using lithographic and thin film deposition means—see Methods. The CPW are composed of a cen-
tral signal track and two adjacent ground tracks. The samples have a central, 800 µm long, 50-Ω miniature CPW 
(signal width S = 2 µm, ground-to-ground separation ( G − G) = 7 µm) imbedded between two larger, 50 Ω CPW 
(signal width S = 100 µm, ground-to-ground separation ( G − G) = 227 µm) to enable contacting with commercial 
microwave probes. Two main types of samples have been fabricated: (1) CPW samples where the silicon handle 
wafer is present under the whole length of the metal tracks (Fig. 1a–c) and (2) CPW samples where the miniature 
800 µm-long portion of the CPW is resting on a thin (20 µm thick) silicon membrane (Fig. 1d). Figure 1 also 
indicates another important aspect of the samples—the variability of the intertrack surface, i.e. the surface pre-
sent between the metal tracks of the CPW. CPW having several types of intertrack surface were studied. These 
surfaces included: a bare hydrogen-terminated silicon surface undergoing water adsorption and native oxida-
tion in air at room temperature (Fig. 1a), a hydrogen-terminated silicon surface that had been covered with a 
95 nm-thick amorphous fluoropolymer (Fig. 1b) deposited by PECVD using trifluoromethane—see Methods. A 
100 nm-thick silicon dioxide surface covered with the 95 nm-thick fluoropolymer (Fig. 1c), and a CPW sample 
involving two hydrogen-terminated silicon surfaces covered with the fluoropolymer (Fig.  1d). An intertrack 
surface composed of the fluoropolymer deposited onto a 1-month-old native oxide silicon surface was also 
studied (not shown in Fig. 1). The microwave characterization enabled the insertion losses (dB) of each CPW 
(type and surface condition) to be measured up to a frequency of 50 GHz—see Methods. Measurements were 
made under ambient (350 lx) and bright (2400 lx) white light. Some samples were dehydrated—via annealing at 
a temperature of 180 °C—prior to measurements; some samples were exposed to humidity—via immersion in 
deionized water—prior to measurements.

Figure 2 shows the evolution of the insertion losses over time (1 month) of two types of CPW having two 
different intertrack surfaces: a hydrogen-terminated silicon surface (Fig. 2a) and a fluoropolymer coated, 

Figure 1.  Miniaturized coplanar waveguides (CPW) microfabricated for the study using silicon-on-insulator 
(SOI) material. The insertion losses of the CPW were studied at GHz frequencies as a function of time, 
humidity, temperature, and illumination for different intertrack surfaces: (a) a hydrogen-terminated silicon 
surface exposed to air at room temperature, (b) a hydrogen-terminated silicon surface immediately covered 
with a thin film fluoropolymer  (CFx), (c) a silicon dioxide thin film covered with a thin film fluoropolymer, and 
(d) a suspended membrane structure containing two hydrogen-terminated silicon surfaces covered with a thin 
film fluoropolymer. The CPW is composed of chromium/gold tracks patterned by lithography and evaporation. 
The 95 nm thick fluoropolymer layer was deposited using a trifluoromethane  (CHF3) plasma. The hydrogen-
terminated silicon was obtained by exposing the silicon surfaces to buffered hydrofluoric acid. The 100 nm thick 
silicon dioxide was deposited using chemical vapour deposition (CVD). In (d) the suspended silicon device 
layer is 20 µm thick. The insets indicate the miniaturized CPW portions which have a signal width of 2 µm and a 
ground-to-ground spacing of 7 µm. The white square in (d) indicates the suspended portion of the silicon device 
layer (800 × 800 µm)—obtained by silicon micromachining the handle wafer. These photographs were taken 
after testing to indicate the robustness of the miniature CPW to the various surface treatments. For the SOI, the 
device layer is 20 µm thick, the buried oxide is 1 µm thick, and the handle is 400 µm thick. The resistivity of the 
silicon in the SOI is > 1000 Ω cm. In each case, the miniature portion of the CPW is 800 µm long—and the large 
portion of the CPW has a signal width of 100 µm and a ground-to-ground spacing of 227 µm.
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hydrogen-terminated silicon surface (Fig. 2b). Figure 2a shows the variation of insertion losses of a CPW hav-
ing an intertrack surface composed of bare, hydrogen-terminated silicon exposed to air at room temperature. 
Following exposure of the intertrack silicon surface to buffered hydrofluoric acid, the CPW were measured at 
four times: < 1 h, 1 day, 1 week, and 1 month. The insertion losses gradually increase over 1 month, e.g. from 3.5 
to 4.6 dB at 50 GHz—the largest change being at higher frequency. The gradual increase in the insertion losses 
over a period of 1 month can be attributed solely to the increase in surface-associated losses in the miniature 
portion of the CPW—thought to be due to free carrier accumulation at the intertrack silicon  surface26. When 
exposed to air and room temperature over a period of 1 month, the a hydrogen-terminated silicon  surface32–34 
between the tracks will adsorb water and form what is known as a thin ‘native’  oxide35–37. These effects are known 
to influence the surface conductivity of the silicon due to the presence or not of carriers at the silicon  surface38–40.

Figure 2b shows the variation of insertion losses with time of a CPW having an intertrack surface composed 
of bare, hydrogen-terminated silicon that has been rapidly covered with a 95 nm-thick thin film of fluoropolymer 
using PECVD—see Methods. It can be observed that the effect of the fluoropolymer is to slightly reduce the 
insertion losses compared to the newly-formed hydrogen-terminated silicon surface—see Fig. 3a (cf. blue line 
in Fig. 2). In addition, the insertion losses do not increase over a period of 1 month—in stark contrast to the 
case of the bare hydrogen-terminated silicon surface (Fig. 1a). Indeed, the insertion losses remain very stable 
with time, e.g. ± 0.04 dB over a period of 1 month—see Fig. 2c. The results indicate that the effect of the fluoro-
polymer is to ‘stabilize’ the hydrogen-terminated silicon surface. The hydrophobic nature of the fluoropolymer 
is likely to be acting as a humidity barrier—it is known that humidity adsorption plays a key role in the native 
oxidation of a silicon  surface41.

Figure 3 shows the effect of illumination with white light, temperature, and humidity on the insertion loss 
of CPW having 1-month old oxidized, hydrogen-terminated silicon surfaces situated between the metal tracks. 

Figure 2.  Insertion losses of gold/SOI coplanar waveguides having intertrack surfaces composed of (a) a 
hydrogen-terminated silicon surface (Si–H) and (b) a fluoropolymer-coated, hydrogen-terminated silicon 
surface (Si–H +  CFx). (c) Insertion losses for a fluoropolymer-coated, hydrogen-terminated silicon intertrack 
CPW surface between 22 and 30 GHz. The hydrogen-terminated silicon surfaces were obtained by exposing the 
samples to buffered hydrofluoric acid. The 95 nm thick fluoropolymer was deposited using a trifluoromethane 
 (CHF3) plasma. The native oxidation of the hydrogen-terminated silicon surfaces occurs at room temperature in 
air. The background light level was 350 lx.

Figure 3.  The effect of illumination, temperature, and humidity on the insertion losses of gold/SOI coplanar 
waveguides having 1-month old oxidized hydrogen-terminated (Si–H) silicon surfaces situated between the 
metal tracks. The insertion losses of the CPW under (a) ambient lighting and under (b) white light illumination, 
(c) the increase in the insertion losses in the CPW when illuminated with white light. The hydrogen-terminated 
silicon surfaces were obtained by exposing the samples to buffered hydrofluoric acid. The native oxidation of 
the silicon surfaces occurred at room temperature in air over a period of > 1 month. The illumination was white 
light at 2400 lx—see Methods. The samples were heated to 180 °C for 3 min in air. The samples were exposed to 
deionized wafer (resistivity > 18 Mohms cm) for 3 min.
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Firstly, exposure of the sample to heat (180 °C) leads to a reduction of the insertion losses—see Fig. 3a. The tem-
perature cycle results in insertion losses very close to those recorded for a hydrogen-terminated silicon intertrack 
surface—cf. Figure 2a. The losses do not evolve over a 3-h period following the heat treatment. Following this, 
exposure of the CPW sample to deionized water leads only to a small increase in the insertion losses—but not 
to the level observed for the 1-month old oxidized hydrogen-terminated silicon intertrack surfaces. The effect of 
illumination with bright white light is to cause the insertion losses to increase considerably in all samples—see 
Fig. 3b. The differences in the losses due to illumination are plotted in Fig. 3c.

Figure 4 shows the effect of illumination with white light and humidity on 1-month old CPW samples 
which have hydrogen-terminated surfaces coated with fluoropolymer. It was observed that relatively bright 
white light (2400 lx) and humidity (3 min in deionized water) had little effect upon the insertion losses—see 
Fig. 4a. Indeed, emersion of the sample into deionized water actually led to a small decrease of the insertion 
losses—see Fig. 4b. In addition, the CPW sample was now highly insensitive to illumination, 2.5 ×  10–2 dB—see 
Fig. 4c and cf. Figure 3c. Note that the transmission of thin film fluoropolymer to white light is high (> 95%)42, 
meaning photogeneration of free carriers in the CPW intertrack silicon surface must occur—although they are 
not contributing to microwave losses.

Figure 5 shows the effect on the insertion losses of CPW by depositing a thin film fluoropolymer directly onto 
a 1-month old native oxidized silicon surface situated between the CPW metal tracks. The native oxide formed on 
a hydrogen-terminated silicon surface in air and at room temperature for 1 month—see Methods. The addition of 
fluoropolymer thin film onto the CPW intertrack surfaces reduces the insertion losses considerably—see Fig. 5a. 
The insertion losses fall to a level comparable with those observed for a freshly-treated hydrogen-terminated 

Figure 4.  The effect of illumination and humidity on the insertion losses of 1-month old gold/SOI coplanar 
waveguides having fluoropolymer  (CFx) coated hydrogen-terminated (Si–H) silicon surfaces situated between 
the metal tracks. The insertion losses of the CPW under (a) ambient lighting and white light illumination, (b) 
the insertion losses plotted between 20 and 30 GHz, and (c) the increase in the insertion losses in the CPW 
when illuminated with white light. The hydrogen-terminated silicon surfaces were obtained by exposing the 
samples to buffered hydrofluoric acid—see Methods. The 95 nm thick fluoropolymer was deposited using a 
 CHF3 plasma—see Methods. The samples had been exposed to air for > 1 month. The illumination was white 
light at 2400 lx—see Methods. The samples were exposed to deionized wafer (resistivity > 18 Mohms cm) for 
3 min.

Figure 5.  The effect on the insertion losses of gold/SOI coplanar waveguides by depositing a fluoropolymer 
 (CFx) directly onto the 1-month-old native oxidized silicon surfaces situated between the metal tracks. The 
insertion losses of the CPW recorded under (a) ambient lighting and under (b) white light illumination, (c) 
the increase in the insertion losses in the CPW when illuminated with white light. The hydrogen-terminated 
silicon surfaces were obtained by exposing the samples to buffered hydrofluoric acid—see Methods. The native 
oxidation of the silicon surfaces occurred at room temperature in air over a period of > 1 month. The 95 nm 
thick fluoropolymer was deposited using a  CHF3 plasma—see Methods. The illumination was white light at 
2400 lx. The background light level (non-illuminated) was 350 lx.
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silicon surface that has been immediately deposited with fluoropolymer—cf. Figure 2b. In addition, the inser-
tion losses are stable in time; after 1 month the losses remain the same as those recoded after < 1 h—see Fig. 5a. 
However, in this case the insertion losses now increase with illumination with white light (2400 lx)—see Fig. 6b. 
Interestingly, the insertion losses are more sensitive to illumination than CPW samples coated with fluoropoly-
mer directly after treatment with buffered HF—see Fig. 5c, and cf. Figure 4c. Note that exposure of a thin native 
silicon oxide to the trifluoromethane plasma will probably result in its removal in the very early phase of the 
fluoropolymer deposition. The results suggest that the resulting interface between the oxidized silicon and the 
fluoropolymer following exposure to the  CHF3 plasma (used both to deposit  fluoropolymers29 and also etch 
silicon  oxide43) is similar to the hydrogen-terminated silicon and the fluoropolymer interface following exposure 
to the plasma—cf. Figure 4. However, the behaviour of the losses under illumination of these two intertrack 
surfaces is not the same.

blue.
Figure 6 shows two technologically-important results. Figure 6a shows the effect on the insertion losses when 

the fluoropolymer is deposited onto an CPW intertrack surface composed of a silicon dioxide thin film on top of 
an HR SOI wafer. The silicon dioxide film is 100 nm thick and deposited using CVD—see Methods. Interestingly, 
the insertion losses are slightly increased when the fluoropolymer is present—see Fig. 6a. However, the insertion 
losses become considerably less sensitive to illumination in the presence of the 95 nm-thick fluoropolymer on 
the surface of the silicon dioxide—see Fig. 6b. With the thin film silicon dioxide present, the insertion losses 
are larger than with the fluoropolymer deposited directly onto the silicon surface (hydrogen-terminated or 
native oxide) cf. Figure 2 and Fig. 5. The necessity of certain technological processes means that removal of the 
thin silicon dioxide between the CPW tracks is sometimes unavoidable. In this context, Fig. 6c shows the effect 
on the insertion losses by removing the CVD silicon dioxide between the CPW tracks on a suspended silicon 
membrane (Fig. 1d) and subsequently depositing the fluoropolymer onto both sides of the silicon device layer 
membrane. Note that in this structure, the BOX was not present due to the nature of the technological process—
a condition which we have already observed to cause high losses in suspended miniature  CPW26. The results 
indicate that we now have a technological solution to this problem using the thin film fluoropolymer. Finally, 
for all microwave measurements the measured return losses  (S11 and  S22) were less than 15 dB due to all CPW 
(large and small gap) being ~ 50 ohms. In addition, it was verified that  S21 =  S12 to within measurement error. This 
indicates good CPW matching, meaning that the measured insertion loss differences between samples is due 
to surface treatments and film depositions. The repeatability of the microwave measurements is excellent from 
measurement to measurement for a given CPW and also from CPW to CPW, typically ± 0.05 dB. The reason for 
this is severalfold: the CPW dimensions (lateral and thickness) are very accurately defined by electron beam 
lithography and thermal evaporation, the microwave probe contacting is very reproducible, and the microwave 
measurement tool (VNA) is very accurate and stable.

To gain an understanding of how the fluoropolymer is influencing the surface-associated part of the micro-
wave insertion losses we can look at the electrical behaviour of metal–insulator-semiconductor (MIS) and 
metal–insulator-metal (MIM) capacitors using the fluoropolymer as the insulator. This will be the subject of 
the next section.

Electrical characterization of MIM and MIS capacitors. Figure  7 shows the gold/fluoropolymer/
silicon metal–insulator-semiconductor (MIS) and the gold/fluoropolymer/gold metal–insulator-metal (MIM) 
capacitors fabricated for the study; and how they were probed for the current–voltage (IV) and capacitance–volt-
age (CV) characterization—see Methods.

Figure 8 shows the results of current–voltage measurements performed on the MIM capacitors. First, the 
IV characteristics appear to be symmetrical in voltage and with the direction of the voltage sweep—see Fig. 8a. 
However, on closer inspection and if one looks at small currents at lower voltages (Fig. 8b), then a reproducible 

Figure 6.  (a) The effect on the insertion losses of coplanar waveguides by depositing a fluoropolymer  (CFx) 
directly onto the oxidized silicon surfaces situated between the metal tracks. (b) The relative change in the 
losses shown in (a). (c) The effect of on the losses of removing the CVD oxide in suspended miniature CPW 
and depositing the fluoropolymer on both sides of the silicon membrane. The oxidation of the silicon (100 nm) 
surfaces was obtained using chemical vapour deposition (CVD)—see Methods. The 95 nm thick fluoropolymer 
was deposited using an  CHF3 plasma—see Methods. The illumination was white light at 2400 lx. The 
background light level (non-illuminated) was 350 lx.



6

Vol:.(1234567890)

Scientific Reports |        (2021) 11:24111  | https://doi.org/10.1038/s41598-021-03540-0

www.nature.com/scientificreports/

hysteresis is apparent in the results. This hysteresis depends on the voltage sweep direction—the zero current 
crossing point is shifted either to the left or the right (~ ± 20 V) depending on the voltage sweep direction. In 
addition, by plotting the current on a logarithmic scale, an asymmetry is apparent in how the current evolves 
with the voltage—see Fig. 8c and Fig. 8d. Note that the absolute values of the current are plotted in Fig. 8c and 
Fig. 8d—i.e. the polarity of the current changes once the zero-current point is passed, cf. Figure 8b. The IV 
measurements suggest a breakdown field of the order of 3–4 ×  108  Vm-1; this is high but the breakdown strength 
of fluoropolymer thin films in known to be  large44.

Figure 9 shows the results of capacitance–voltage measurements performed on the gold/fluoropolymer/gold 
MIM capacitors. First, the measurements enable an extraction of the dielectric constant of the fluoropolymer 
to be 2.04 ± 0.05 up to 20 MHz. This is in good agreement with values in the  literature42. The dielectric constant 
of fluoropolymer deposited using PECVD of  CHF3—using comparable deposition conditions to those used 
here—was measured to be 2.231. This is very close to the value measured using bulk material ~ 2.1 up to GHz 
frequencies, even THz  frequencies45. Second, the measurements indicate a weak, but apparent, variation of the 
capacitance with the applied voltage. The symmetrical quadratic change of the capacitance with voltage polarity 
can be explained by electrostriction of the  fluoropolymer46,47. As with the IV measurements, the CV measure-
ments indicate a weak capacitance hysteresis as a function of voltage sweep direction—e.g. Figure 9d.

Figures 10 and 11 show the results of current–voltage measurements performed on the MIS capacitors when 
the silicon doping is p-type (Fig. 10) and n-type (Fig. 11). As is the case with the IV characteristics of the MIM 
capacitors, the MIS capacitors indicate a hysteresis in the current which depends on the direction of the voltage 
sweep—see Figs. 10b and 11b. Again, the zero current crossing point is shifted to the left or the right depend-
ing on the voltage sweep direction, e.g. at − 18 V for p-type silicon when voltage sweep direction is from − V 
to + V—see Fig. 10d. At lower voltages, the values of the current is ~  ± 20 pA depending on the voltage sweep 
direction—similar to the IV characteristics of the MIM capacitors. The open circuit current of the measurement 

Figure 7.  Metal–insulator-semiconductor (MIS) and metal–insulator-metal (MIM) structures microfabricated 
for the study. (a) The MIS structures are composed of gold (200 nm)/fluoropolymer (95 nm) thin films 
deposited onto p-type and n-type silicon wafers. (b) The MIM structures are composed of gold (200 nm)/
fluoropolymer (95 nm)/gold (200 nm) thin films deposited onto n-type silicon wafers. Depending on the silicon 
doping type, the rear face of the MIS structure incorporates an ohmic contact obtained by ion implantation/
annealing of boron  (p+) or phosphorous  (n+) covered by a thin film of evaporated, annealed aluminium. For 
the current–voltage and the capacitance–voltage characterization, the measurement set-up for the MIS and 
the MIM devices are shown in (c) and (d). The gold top contact dots shown in (a) and (b) are obtained by 
evaporation via a physical shadow mask; the gold dots have a surface area of approximately 7 ×  10–4  cm2. In the 
case of the characterisation of the MIM structures (IV and CV), the soft fluoropolymer thin film is easily pierced 
by the sharp measurement probe to provide an electrical contact to the bottom gold layer. In contrast, the 
characterization of both MIM and MIS structures is facilitated using a ‘blunt’ needle probe for the top contact. 
The scale bars on (a) and (b) are 300 µm.
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set-up was evaluated to be < 10 pA and independent of the voltage sweep direction. Also, the doping type has 
apparently no effect on the position of the zero current crossing point—the results being similar to those of the 
MIM capacitors. This indicates that the hysteresis effect is not associated with the underlying silicon—but rather 
the nature of the fluoropolymer thin film.

Figures 12 and 13 show capacitance–voltage curves obtained by measuring the gold/fluoropolymer/silicon 
MIS capacitors. Results are shown for p-type (Fig. 12) and n-type (Fig. 13) silicon at different measurement 
frequencies. The capacitance–voltage measurements reveal a number of interesting observations. First, the CV 
curves are all shifted towards negative voltage bias—for both p-type (Fig. 12) and n-type silicon (Fig. 13). This 
shift is more apparent when the sweep voltage starts at a positive voltage value. Second, the CV curves all display 
hysteresis with respect to the direction of the voltage sweep—for both p-type (Fig. 12) and n-type silicon (Fig. 13). 
In the case of p-type silicon, the hysteresis is clockwise whereas in the case of n-type silicon, the hysteresis is 
anticlockwise. Note that a similar CV curve is traced if several voltage sweeps (starting with the same voltage 
polarity—negative or positive) are used to sequentially bias the MIS capacitor. Note also that no hysteresis loop-
ing of the CV curves was found when measuring the MIM capacitors, cf. Figure 9. Finally, the shape of the CV 
curves is a modified by the small-signal measurement frequency. In the case of the p-type silicon (Fig. 12), the 
hysteresis is reduced as the measurement frequency increases—with the voltage shift being maintained. In the 
case of n-type silicon (Fig. 13), the hysteresis is somewhat maintained at high frequency—but the CV curve is 
flattened out.

Let us first consider the voltage shifts in the CV curves. A voltage shift of the CV curve to the left (towards 
negative voltage) for both a p-type and an n-type semiconductor is indicative of the presence of positive charges 
in the  insulator48. The experimental value of the voltage shift (+ V to − V) is of the order of − 25 V to − 30 V for 
both p-type and n-type MIS capacitors. The CV measurements of the MIS capacitors therefore suggest that the 
fluoropolymer is an electret. Note that the shifted CV curves appear as what one would  expect49,50 on the + V 
to − V voltage sweep—this is true for both p-type (Fig. 12) and n-type (Fig. 13) silicon. This in contrast to the − V 
to + V voltage sweep capacitance which display stretching out and  hysteresis49,50 and which will be discussed 
after. These observations are consistent with the PECVD parameters for fluoropolymer deposition—the negative 

Figure 8.  Current–voltage measurements of MIM capacitors. The MIM capacitors are composed of gold/
fluoropolymer/gold thin films deposited onto silicon wafers. The gold dots are 200 nm thick and have an area of 
7 ×  10–4  cm2. The fluoropolymer is 95 nm thick and deposited using a  CHF3 plasma. The starting polarity of the 
applied voltage sweep is alternated. The grey arrows indicate the voltage sweep direction: varied between ‘ + V 
to − V’ and ‘− V to + V’ sequentially. (a) Indicates the full voltage sweeps, (b) shows a zoom from − 30 to + 30 V, 
(c) shows + V to − V voltage sweeps with current plotted logarithmically, and (d) shows − V to + V voltage sweeps 
with current plotted logarithmically.
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voltage bias on the sample during the deposition of the fluoropolymer film results in positive ions in the plasma 
being attracted towards, and incorporated into, the growing fluoropolymer  film51.

Let us now consider the apparent hysteresis in the CV measurements of the MIS capacitors—obtained when 
changing the voltage sweep direction. For voltage sweeps which start with a negative voltage, the shift in the CV 
curve is lower compared to the shift in the CV curve when starting the voltage sweeps from a positive value—this 
is what causes the CV curves to display what are commonly known as CV ‘spreading out’ and ‘hysteresis loops’. 
First, hysteresis loops are well known in MIS junctions—ranging from the classic  MOS50,52,53 to MIS structures 
involving  polymers54–60. Indeed, the subject remains scientifically and technologically important for semicon-
ductor  devices61–67. When used as gate materials, the voltage-switchable dipoles in fluoropolymers are thought 
to lead to hysteresis in the electronic properties of  devices68,69. The bias-dependent shifting of the CV curve, 
which causes the hysteresis, is attributed to mobile charges in the insulator. An anticlockwise/clockwise hysteresis 
loop in a CV curve of MIS capacitor indicates a positive/negative carrier injection into the semiconductor with 
subsequent  trapping49,50. In addition, the CV results indicate the presence of interface trapped charges. For the 
p-type MIS, this manifests itself as a stretching out of the CV curve in the − V to + V voltage sweeps at lower 
 frequency49,50. However, the n-type MIS do not indicate this. As the measurement frequency increases for the 
p-type MIS, the hysteresis reduces but the shift of the CV curve remains. This indicates that the charge effect 
remains at high frequency but that trapping at the silicon/fluoropolymer interface or movement of charge in 
the polymer are not important at higher frequencies. This suggests that the lower stable losses in the CPW and 
the insensitivity to illumination are not related to carriers trapping at the interface. The losses are governed by 
depletion of holes by the positive charges in the fluoropolymer and trapping of electrons in the fluoropolymer 
attracted by the positive fixed charge. Note that in the current work we refrain from extracting the trap density 
from the CV measurements as even in near-ideal CV measurements extracted values can be prone to  errors50. 
However, the doping of the silicon wafers was estimated from the CV profiles. This is done by plotting the inverse 
squared capacitance ( 1/C2 ) as a function of voltage V  and using a suitable  coefficient50. In the carrier depletion 
part of the CV curves, the 1/C2 vs V  plots are linear. For the p-type silicon wafer, the doping was evaluated to 
be 6.7 ×  1016  cm−3 for the + V to − V voltage sweeps. For the n-type silicon wafer, the doping was evaluated to be 
1.3 ×  1017  cm−3 for the + V to − V voltage sweeps.

Characterization of the fluoropolymer using FTIR spectroscopy. Fluoropolymer films were ana-
lysed using Fourier transform infrared spectroscopy (FTIR)—see Methods. To do so, 95 nm-thick fluoropoly-

Figure 9.  Capacitance–voltage measurements of gold/fluoropolymer/gold MIM capacitors when the direction 
of the applied voltage sweep is alternated. The MIM capacitors are composed of gold/fluoropolymer/gold thin 
films deposited onto highly-doped silicon wafers. The gold dots are 200 nm thick and have an area of 7 ×  10–4 
 cm2. The fluoropolymer  (CFx) is 95 nn thick and deposited using a  CHF3 plasma. The small-signal measurement 
frequency is (a) 100 kHz, (b) 1 MHz, (c) 20 MHz, and (d) 40 MHz.
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mer films were prepared using PECVD (see Methods) on lowly-doped p-type silicon wafers—see Methods. 
Figure 14 shows the FTIR spectrum obtained when scanning from 400 to 4000  cm−1. Several observations can 
be made from this result. First of all, the FTIR spectrum corresponds very well with FTIR spectra of fluoropoly-
mers deposited under similar  conditions30,70. If we consider Fig. 14a, the peak around 1711  cm−1—peak ① in 
Fig. 14a—corresponds to unsaturated stretching  modes70—which generally indicates C=C and/or C=O—and is 
often seen in PECVD fluoropolymer  films30. The prominent peak around 1240  cm−1—peak ② in Fig. 14a—cor-
responds to a  CFx (x = 1–3)70—and symmetric and asymmetric  CF2 stretches by Winder and  Gleason30. The 
convoluted peak around 1113  cm−1—peak ③ in Fig. 14a—possibly corresponds to symmetrical  CF2  stretching71. 
The small peak around 738  cm−1—peak ④ in Fig. 14a—is assigned as being the amorphous  phase72. The other 
small peak around 513  cm−1—peak ⑤ in Fig. 14a—corresponds to  CF2 ‘rock’73. Figure 14b shows a zoom of 
the FTIR spectrum of the fluoropolymer film between 2800 and 3600  cm−1. The peak around 3500  cm−1—peak 
⑥ in Fig. 14b—corresponds to OH stretching due to surface  humidity30. The absence of strong peaks around 
2900  cm−1 ⑦ in Fig. 14b indicates there is very little hydrogen, incorporated as C-H, in the fluoropolymer film. 
The FTIR results suggest that our film corresponds chemically to fluoropolymer films deposited by PECVD 
using  CHF3 under similar  conditions30,70. Comparing with FTIR spectra of poly(tetrafluoroethylene) [–F2C–
CF2–]n, major peaks occur at 1240  cm−1, 1150  cm−1, and 516  cm−174.

Modelling the CV curves and estimating the charge in the fluoropolymer. The high frequency 
capacitance of the semiconductor Cs in a p-type and n-type MIS capacitor can be approximated using the fol-
lowing  formulae50:

(1)Cs = Sgn(ψs)
CFBS√

2

1− e−
qψs/kT

√

e−
qψs/kT +

(

qψs

kT − 1

)

Figure 10.  Current–voltage measurements of p-type MIS capacitors. The MIS capacitors are composed of gold/
fluoropolymer thin films deposited onto p-type silicon wafers—see Methods. The p-type resistivity is 0.1–0.5 
Ω cm. The gold dots are 200 nm thick and have an area of 7 ×  10–4  cm2. The fluoropolymer is 95 nm thick and 
deposited using a  CHF3 plasma. The starting polarity of the applied voltage sweep is alternated. The grey arrows 
indicate the voltage sweep direction: varied between ‘+ V to − V’ and ‘− V to + V’ sequentially. (a) Indicates the 
full voltage sweeps, (b) shows a zoom from − 20 V to + 20 V, (c) shows + V to − V voltage sweeps with current 
plotted logarithmically, and (d) shows − V to + V voltage sweeps with current plotted logarithmically.
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where ψs is the semiconductor surface potential, k is the Boltzmann constant, q is the elementary charge, T is 
the absolute temperatre, and CFBS is the flat-band capacitance ( ψs = 0) in the semiconductor which is given by:

where εs is the dielectric constant of the semiconductor, ε0 is the vacuum permittivity, and � is the extrinsic Debye 
length (doping density = N ) in the semiconductor:

The insulator capacitance Ci is given by:

where εi is the dielectric constant of the insulator and di is the thickness of the insulator.
The minimum capacitance of an MIS capacitor is given by:

where wm is the maximum depletion width of the surface depletion layer in the semiconductor which is given by:

(2)Cs = Sgn(ψs)
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Figure 11.  Current–voltage measurements of n-type MIS capacitors. The MIS capacitors are composed of gold/
fluoropolymer thin films deposited onto n-type silicon wafers—see Methods. The n-type resistivity is 0.03–0.05 
Ω cm. The gold dots are 200 nm thick and have an area of 7 ×  10–4  cm2. The fluoropolymer is 95 nm thick and 
deposited using a  CHF3 plasma. The starting polarity of the applied voltage sweep is alternated. The grey arrows 
indicate the voltage sweep direction: varied between ‘+ V to − V’ and ‘− V to + V’ sequentially. (a) Indicates the 
full voltage sweeps, (b) shows a zoom from − 20 V to + 20 V, (c) shows + V to − V voltage sweeps with current 
plotted logarithmically, and (d) shows − V to + V voltage sweeps with current plotted logarithmically.
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The gate voltage V  of the MIS capacitor is given by:

where Vi is the voltage across the insulator layer and VFB is the flat band voltage, i.e. the gate voltage required to 
achieve flat band in the semiconductor. The total capacitance C of the MIS capacitor is given by:

These equations enable the capacitance of the MIS capacitor to be plotted as a function of applied voltage. 
Figure 15 shows the modelled CV curves for the p-type MIS (Fig. 15a) and the n-type MIS (Fig. 15b). The model 
uses the measured carrier concentrations and the experimentally-obtained value of εi . In addition to this, we 
know from above that the (positive) charge contained in the fluoropolymer has the effect of shifting the CV 
curves (p-type and n-type MIS) to the left. Thus, the voltage shift can be incorporated into the model. Figure 15 
shows the CV curve of the p-type MIS and n-type MIS capacitor when a voltage shift equal to − 30 V (p-type) 
to − 26 V (n-type) is used. Clearly this modelled CV resembles what is observed experimentally on the + V to − V 
sweeps. The modelled normalized CV curved also predict a change in the capacitance equal to ~ 0.81 (p-type) 
and ~ 0.86 (n-type) due to carrier depletion/accumulation. The experimental results approximate these predicted 
changes: 0.86 ± 0.01 (p-type) and 0.93 ± 0.01 (n-type)—the observed change being larger in the p-type than the 
n-type. The reason for the discrepancy between the modelled curves and the experimental observations for 

(7)wm =

√

4kT ln (N/ni)
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Figure 12.  Capacitance–voltage measurements of gold/fluoropolymer/p-type silicon MIS capacitors when 
direction of the applied voltage sweep is alternated. The MIS capacitors are composed of gold/fluoropolymer 
thin films deposited onto p-type silicon wafers—see Methods. The p-type resistivity is 0.1–0.5 Ω cm. The gold 
dots are 200 nm thick and have an area of 7 ×  10–4  cm2. The fluoropolymer  (CFx) is 95 nm thick and deposited 
using a  CHF3 plasma. The grey arrows indicate the voltage sweep direction: varied between ‘+ V to − V’ and ‘− V 
to + V’ sequentially. The small-signal measurement frequency is (a) 10 kHz, (b) 100 kHz, (c) 1 MHz, and (d) 
10 MHz.
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Figure 13.  Capacitance–voltage measurements of gold/fluoropolymer/n-type silicon MIS capacitors when 
direction of the applied voltage sweep is alternated. The MIS capacitors are composed of gold/fluoropolymer 
thin films deposited onto n-type silicon wafers—see Methods. The n-type resistivity is 0.03–0.05 Ω cm. The gold 
dots are 200 nm thick and have an area of 7 ×  10–4  cm2. The fluoropolymer  (CFx) is 95 nm thick and deposited 
using a  CHF3 plasma. The grey arrows indicate the voltage sweep direction: varied between ‘+ V to − V’ and ‘-V 
to + V’ sequentially. The small-signal measurement frequency is (a) 100 kHz, (b) 1 MHz, (c) 10 MHz, and (d) 
20 MHz.

Figure 14.  Fourier transform infrared spectroscopy (FTIR) of the 95 nm-thick fluoropolymer film deposited 
onto a lowly-doped p-type silicon wafer—see Methods. (a) The FTIR sweep from 400 to 4000  cm−1. (b) Zoom of 
the FTIR from 2700 to 3300  cm−1. The inset to (a) shows the setup with the fluoropolymer indicated as  CFx. The 
fluoropolymer film is deposited onto the silicon wafer by PECVD using a  CHF3 plasma. The red rectangle in (a) 
is the zoomed zone of the spectrum shown in (b). The correspondence of numbered peaks and their explanation 
can be found in the text.
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the n-type silicon is not clear; although Fig. 13 indicates that the minimum capacitance is not experimentally 
reached—even at high negative bias.

The basic semiconductor equations for a p-type and n-type MIS  capacitor50 can be rearranged to estimate 
the charge Qi present in the insulator:

where φm is the metal work function, χ is the semiconductor electron affinity, Eg is the band gap of the semicon-
ductor, ni is the intrinsic carrier concentration in the semiconductor, and V ′

FB is the shifted flat-band voltage of 
the CV curve. Using the calculated value of the flat-band capacitance CFB of the MIS:

the value of V ′

FB can be determined from the experimental CV curves of the p-type and n-type MIS capacitors. 
We are now in a position to use the measured values of εi , di , N  , and V ′

FB , together with the properties of the 
gold ( φm = 5.1 eV) and the silicon ( Eg = 1.12 eV, χ = 4.05 eV, ni = 1 ×  1010  cm−3) at a temperature of 300 K, and 
the fundamental constants ( ε0 = 8.85 ×  1012  Fm-1, k = 1.38 ×  10–23  JK-1, q = 1.6 ×  10–19 C) to estimate the charge 
in the fluorocarbon insulator layer. Note that the energy gap of poly(tetrafluoroethylene) fluoropolymer has 
been measured to be ~ 7.7  eV75. Thin film fluoropolymer begins to strongly optically absorb around 150 nm 
or ~ 8  eV76. This is approximately the same as silicon dioxide used in MOS  structures49,50. The election affinity 
of poly(tetrafluoroethylene) fluoropolymer is cited as ~ − 0.8  eV77, compared to 0.9 eV for silicon  dioxide78. 
Using these values, the value of the positive charge in the fluoropolymer layer is calculated to be 5.72 ×  10–7 C 
 cm−2 (p-type MIS) and 5.11 ×  10–7 C  cm−2 -n-type MIS). By using a model for a metal-electret-semiconductor 
 junction79, a similar value for the charge density can be obtained.

Figure 16 shows the effect of positive charge in the fluoropolymer on the energy band bending at the silicon 
surface of a moderately-doped p-type MIS capacitor. Note that the band-bending in Fig. 16 is not schematic but 
rather calculated by numerical differentiation of the Poisson equation. As above, the measured values, materials’ 
properties (gold, fluoropolymer, and silicon), and the fundamental constants are used for the calculation. In the 
absence of positive charge in the fluoropolymer, at zero applied voltage the MIS capacitor is in flat-band condi-
tions—see Fig. 16a; this would imply carrier depletion at small voltages—something that is not observed here. 
In the case of positive charge in the fluoropolymer, band bending causes hole depletion and electron accumula-
tion at the silicon surface. However, we know from the CV measurements that an inversion layer capacitance 
is not observed; this implies an electron trapping mechanism—indicated by the blue arrow in Fig. 16b. Given 
this information, we can now make some suggestions concerning the experimentally-observed losses in the 
fluoropolymer-coated CPW.

Low surface losses and light insensitivity for fluoropolymer coated CPW. We are now able to 
suggest an explanation for the behaviour of the fluoropolymer-coated CPW at microwave frequencies.

Figure 17 shows the effect of positive charge in the fluoropolymer on the energy band bending at the HR 
silicon surface positioned between the metal tracks of a CPW. Again, the band-bending in Fig. 17 is not sche-
matic but rather calculated by numerical differentiation of the Poisson equation. The doping in the HR sili-
con was assumed to be 1.46 ×  1013  cm−3 (p-type). As above, the measured values, materials’ properties (gold, 
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Figure 15.  Modelled CV curves for (a) a p-type MIS capacitor and (b) an n-type MIS capacitor. Ci is the 
insulator capacitance, Cmin is the minimum capacitance, CFB is the flat band capacitance, and V ′
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 is the shifted 

flat band voltage due to the presence of positive charges in the insulator.
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fluoropolymer, and silicon), and the fundamental constants are used for the calculation. Note however that the 
position of the CPW metal in Fig. 17 is purely schematic. In the case of hypothetic absence of positive charge in 
the fluoropolymer—Fig. 17a, band bending causes a hole accumulation at the silicon surface—such holes would 
contribute to intertrack losses. In addition, illumination would generate free carries which would contribute to 
losses in CPW—something that is not experimentally observed in the microwave measurements of the CPW. In 
the case of positive charge in the fluoropolymer—Fig. 17b, the energy band bending at the silicon surface causes 
hole depletion far from the silicon surface—these holes do not contribute to microwave losses in the CPW. In 
the presence of the charge the depletion width is ~ 6 µm, this is larger than the miniature CPW intertrack spac-
ing where most of the microwave field energy is  contained26. However, the band bending results in electron 
accumulation at the silicon interface. The experimental results (CPW and CV) indicate that these electrons are 

Figure 16.  The effect of positive charge in the fluoropolymer on the energy band bending at the silicon surface 
of a moderately-doped p-type MIS capacitor. A gold/fluoropolymer/p-type silicon MIS capacitor (a) without 
and (b) with positive charge.

Figure 17.  The effect of positive charge in the fluoropolymer on the energy band bending at the high-resistivity 
silicon surface positioned between the metal tracks of a CPW. The band diagram showing surface depletion, 
trapping, and optical generation of carriers—effect of the presence and lifetime of free carriers near the silicon 
surface between the CPW tracks. A fluoropolymer/high-resistivity silicon CPW intertrack surface (a) without 
and (b) with positive charge. The HR silicon doping is 1.46 ×  1013  cm−3 (p-type).



15

Vol.:(0123456789)

Scientific Reports |        (2021) 11:24111  | https://doi.org/10.1038/s41598-021-03540-0

www.nature.com/scientificreports/

trapped at the surface or in the fluoropolymer; meaning that they also do not contribute to microwave losses 
in the CPW—this is also experimentally observed. In the case of illumination, photogenerated carriers near 
the surface will be accelerated in opposite directions by the electric field caused by the energy band bending. 
The holes will move to the right and not contribute to losses, the electrons to the left to be presumably trapped. 
This mechanism can be proposed as to why the fluoropolymer-coated CPW losses are highly insensitive to 
illumination. The experimental results suggest that the photogenerated electrons are relatively rapidly trapped 
(1/50 GHz = 20 ps) at or near to the fluoropolymer interface between the CPW tracks. However, more work is 
needed to clarify this last point.

Advantages of plasma-deposited fluoropolymer in microwave circuitry. Along with the apparent 
benefits of being an electret demonstrated in this study, the fluoropolymer has other advantages with respect to 
RF circuity and its associated testing—this will be discussed here. First, fluoropolymer thin films are easy and 
relatively cheap to deposit as a back-end process—it is deposited without masking using plasma (PECVD) at 
room temperature. The fluoropolymer here seems to have a high breakdown field strength—this indicates a 
potential advantage for high bias electronics. Fluoropolymer is low loss up to very high frequencies—for exam-
ple, polytetrafluoroethylene (PTFE) has a dielectric constant of ~ 2 and a loss tangent (tan δ) < 5 ×  10–4 from low 
frequency to 60  GHz. The benefits of a plasma-deposited thin film fluoropolymer in microwave electronics 
should be extendible to higher frequencies—100 GHz and above. Fluoropolymers have a broad operating tem-
perature range (typically: − 200 °C to + 260 °C), they do not degrade in humidity or exposure to ultraviolet light, 
and they are both non-toxic and non-flammable. Thin film fluoropolymer is naturally hydrophobic—it renders 
a circuit water resistant/repellent and has a self-cleaning characteristic. Being impermeable to water, underlying 
silicon surfaces (and other surfaces) do not oxidize. Fluoropolymer is also chemically robust, meaning circuits 
and surfaces are protected from exposure to other chemicals. The fluoropolymer thin film can be removed in 
oxygen plasma if required. In terms of testing, the fluoropolymer does not adhere to commercial probes. The 
fluoropolymer is transparent to white light, enabling underlying circuitry to be visible when using an optical 
microscope. As relatively bright microscope light is often used in microwave measurement setups, suppression 
of effects due to photogenerated carriers in semiconductors such as silicon is thus an advantage. Finally, we have 
seen that the thin soft films of fluoropolymer are very easy to pierce using commercial microwave probes ena-
bling reproducible, repeatable measurements.

Conclusions
The signal losses associated with the free, non-passivated silicon surfaces between coplanar waveguide (CPW) 
metal tracks are sensitive to oxidation, humidity, temperature, and illumination. However, by depositing a 
low-loss, thin film (95 nm thick) of fluoropolymer coating, by plasma-enhanced chemical vapour deposition 
(PECVD) using trifluoromethane  (CHF3), the miniature CPW intertrack surface-associated signal losses can be 
rendered insensitive to native oxidation, temperature, humidity, and illumination (~ 2400 lx) with white light. 
Electrical characterization of gold-fluoropolymer-silicon MIS capacitors indicates the presence of positive charge 
in the fluoropolymer. We conclude that the resulting band bending at the intertrack silicon surface, due to this 
positive charge, results in low losses due to the absence of free carriers at the silicon/fluoropolymer interface. The 
fluoropolymer film is deposited without masking at room temperature in one relatively rapid step (< 4 min). The 
transparency of the fluoropolymer to white light means that underlying circuitry is optically-visible and contact 
pads can be easily located using optical microscopy for manual or automatic characterization via probing. The 
mechanical properties of the fluoropolymer—together with its adequate surface adhesion—mean that common, 
commercial ground-signal-ground (GSG) microwave probes can easily locally pierce the fluoropolymer thin 
film and achieve excellent, repeatable electrical landing contact to CPW measurement pads. We believe that the 
simple maskless fluoropolymer passivation presented here lends itself well to the passivation of high-frequency 
silicon circuity and potentially microelectronics. Finally, and perhaps most interestingly from a scientific point-
of-view, the study has revealed the importance of the link between a thin film, low-loss electret and semiconduc-
tor surface-associated losses in microwave microelectronics circuitry.

Methods
Design and Microfabrication of the CPWs. The CPW were designed using commercial electromag-
netic modelling software (HFSS Ansys, USA). Commercial wafer-bonded80, Czochralski silicon-on-insula-
tor (SOI) wafers (Si-Mat, Germany) were used to fabricate the CPW. The device layer (DL) thickness of the 
SOI is 20 µm, the buried silicon dioxide (BOX) thickness is 2 µm, and the silicon handle wafer thickness is 
400  µm. The silicon crystal orientation is (100) and has an electrical resistivity of > 1000 ohms cm (p-type 
background, < 1.46 ×  1013   cm−3)81. In terms of high-resistivity silicon, a resistivity of 1000 Ω cm falls outside 
the advised resistivity for low-loss RF systems (> 5000 Ω cm)82. It is thus challenging to render the surface-
associated losses of lower-resistivity SOI material lower and stable in miniature CPW. All microfabrication was 
performed in a class ISO 5/7 cleanroom (T = 20 ± 0.5 °C; RH = 45 ± 2%)—all chemicals employed were VLSI-
grade, except for solvents which were electronic-grade. A 50 nm-thick silicon dioxide layer was deposited onto 
the top of the silicon DL using low pressure chemical vapour deposition (LPCVD). The CPW metal tracks were 
then patterned onto the SOI wafer surface using electron beam lithographic masking (EBPG 5000 Plus—Raith, 
Germany), evaporation (MEB 550 S—Plassys, France), and lift-off techniques. The CPW lines were composed 
of chromium/gold (10/500 nm)—leading to contact pads having a thickness of 1 µm. A chromium/gold metal-
lization was chosen due to its chemical resistance to buffered hydrofluoric  acid83. One of the CPW samples has 
the miniature CPW portion of the line running across a silicon membrane. This membrane was created using 
front-to-back photolithographic masking techniques (MA/BA6 mask aligner—Suss Microtech, Germany) and 
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by locally deep etching (PlasmaLab Pro 100 Estrelas—Oxford Instruments, UK) the 400 µm-thick silicon han-
dle wafer underneath the miniature CPW. Following this, the BOX underneath the silicon DL membrane was 
removed using hydrofluoric acid. All deposited thin films (including verification of lithographic resists) were 
measured using a commercial precision surface profiler (DektakXT—Bruker, USA).

Fabrication of the MIM and MIS capacitors. Commercial, single crystal silicon wafers (Siltronix, 
France) were used for the fabrication of the metal–insulator-metal (MIM) and metal–insulator-semiconductor 
(MIS). The silicon wafers were cleaned using a standard RCA  method84. For the MIS capacitors, the rear sur-
faces of 3-inch diameter (100) boron-doped p-type (0.1–0.5 Ω cm—6.7 ×  1016   cm−3 measured using CV) and 
(111) phosphorous-doped n-type (0.03–0.05 Ω cm—1.3 ×  1017   cm−3 measured using CV) silicon wafers were 
implanted (depth ~ 50 nm) with boron and phosphorous to 1 ×  1020  cm−3 respectively to give a very highly doped 
 region85. The implanted dopants were activated using rapid thermal annealing (RTA) at 850 °C for 1 min in 
argon (AnnealSys, France). Following this, a 200 nm-thick aluminium thin film was evaporated onto the rear 
surface of the silicon wafer—and annealed at 450 °C for 30 s under forming gas  (N2/H2) using RTA in a Jipelec-
JetFirst (Semco Technologies, France)86. For the MIM capacitors, a 200 nm thick gold film was evaporated onto 
the surface of a 3-inch diameter (100) n-type silicon wafer (0.019–0.024 Ω cm to 1.1 ×  1018  cm−3) to act as the 
bottom electrode. The 95 nm-thick fluoropolymer film was then deposited onto all wafers using PECVD (see 
below). To complete the MIM and MIS structures, patterned gold (200 nm) films were evaporated onto the fluo-
ropolymer surface in a commercial electron beam evaporator (as above) and the fluoropolymer was deposited 
using PECVD as described above. For the MIS samples, prior to fluoropolymer disposition, the silicon surfaces 
were exposed to VLSI-grade (7:1 40%NH4F: /50%HF) buffered hydrofluoric acid (pH ~ 5) for 30 s. Note that care 
was taken to avoid damage to the aluminium-based ohmic contacts on the rear surfaces of the wafers by contain-
ing the buffered HF to the silicon top surface. The 200 nm-thick gold dots for the top electrical contacts of the 
MIM and the MIS were formed by evaporation gold via a physical ‘shadow mask’ composed of a thin film metal 
foil pierced with holes having nominal dimensions of 270 × 270 µm. Metals are known to have a poor adherence 
to fluoropolymers due to low surface  energy87,88, shadow masking was therefore used for the metallization of 
gold/fluoropolymer/semiconductor  junctions89 as this eliminates the need for post-processing, e.g. lift-off or 
lithographic patterning, which could jeopardize the adhesion of the gold contacts.

Fluoropolymer deposition. The thin film fluoropolymer was deposited onto the silicon and SOI wafers 
using plasma enhanced chemical vapour deposition (PECVD) in a Plasmalab 80 + (Oxford Instruments, UK). 
A trifluoromethane  (CHF3) plasma was used with the following parameters:  CHF3 flow rate = 50 sccm,  CHF3 
pressure = 150 mTorr, Power = 180 W. The DC bias was recorded to be − 279 V. The thickness of the resulting 
fluoropolymer layer was measured to be 95 ± 2.2 nm, using a commercial precision surface profiler DektakXT 
(Bruker, USA), i.e. a deposition rate of ~ 25.3 ± 0.6 nm  min-1 under these conditions—comparable with previous 
 work31,42,51,90,91.

Current–voltage, capacitance–voltage, and microwave measurements. The current–volt-
age (IV) measurements at DC were conducted using a probe station and a dual channel system SourceMeter 
(2612B—Keithley, USA). The capacitance–voltage (CV) measurements were conducted using a probe station 
and a calibrated Precision Impedance Meter (4294A—Agilent, USA). The small signal voltage was ± 0.1 V for all 
measurements. The maximum voltage step was 0.35 V (± 40 V bias). The delay time was 250 ms. The instrument 
plus probes was calibrated from 40 Hz to 110 MHz. The microwave measurements up to 50 GHz were conducted 
using a N5245A vector network analyser (VNA) (Agilent Technologies, USA) and commercial ground-signal-
ground RF probes (Cascade Microtech, USA) having a pitch of 250 µm. Using a commercial impedance standard 
substrate, a line-reflect-reflect-match calibration of the VNA plus the RF probes was performed before the meas-
urements. The input source power and the intermediate frequency bandwidth are set respectively to − 10 dBm 
(0.1 mW) and 100 Hz. The insertion loss IL of a two-port network is obtained from the forward s-parameter 
transmission coefficient: IL = −20 log10 |s21| . Note that the IL of the miniature CPW are not de-embedded from 
the whole system as the their losses dominate the total  losses26. For sample illumination with bright white light, 
the irradiance of the microscope (Zoom z10-5 W LED—MPI Corp., USA) was measured using a large-band 
power meter (13PEM001—Melles Griot, Japan). During the time between the experiments, all samples were 
stored in wafers boxes in a controlled cleanroom environment.

FTIR samples and measurements. The Fourier transform infrared spectroscopy of the fluoropolymer 
films was conducted in a commercial FT-IT spectrometer (Spectrum-2000—Perkin Elmer, USA). The samples 
were prepared using 2-inch diameter commercial (100) boron-doped p-type (5–10 Ω cm to ~ 2 ×  1015  cm-3) sili-
con wafers. Following wafer cleaning and a subsequent surface treatment using VLSI-grade 7:1 buffered hydro-
fluoric acid for 30 s, a 95 nm-thick fluoropolymer film was immediately deposited on the silicon wafer surface 
using PECVD of  CHF3—as described above.
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