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Abstract 

Attenuation has been studied in different-sized coplanar waveguide (CPW) patterned onto silicon-on-

insulator (SOI) for three different surfaces between the CPW tracks: silicon dioxide/silicon interface, a 

hydrogen-terminated silicon surface, and a native oxide. For large-gap CPW (signal track width 𝑠 = 100 

µm, gap width 𝑔 = 63.5 µm), selective removal of the silicon dioxide from between the metal tracks 

reduces losses from 0.79 dB mm-1 to 0.69 dB mm-1 at 50 GHz. The subsequent growth of a native oxide 

on the silicon surface between the tracks results in losses equal to 0.67 dB mm-1. For small-gap CPW (𝑠 = 

2 µm, 𝑔 = 2.5 µm), losses are reduced from 5.6 dB mm-1 to 3.4 dB mm-1 at 50 GHz by selectively 

removing the silicon oxide between the metal tracks. However, when a native oxide is allowed to grow on 

the silicon surface between the tracks, the losses increase significantly to 5.8 dB mm-1. When the native 

oxide is removed, the losses decrease to those observed following removal of the silicon dioxide. The 

measurements suggest that the contribution of the intertrack surface losses is the result of free-carrier 

losses due to a surface inversion layer. The surface-associated losses are proportionally larger as the CPW 

dimensions shrink—as predicted by modelling. We suggest that technologies employing miniature CPW 

should take this into account. The native oxide should be routinely removed if possible—implying that 
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appropriate chemically-resistant metallisation be chosen, or fabrication processes should incorporate 

stable passivation of silicon surfaces between CPW tracks to avoid native oxide growth. Conversely, the 

increased sensitivity of attenuation to surface effects by shrinking CPW dimensions suggests that CPW-

based sensors could benefit from miniaturization. 

 

Keywords: miniature coplanar waveguide, intertrack surface losses, silicon dioxide, hydrogen-terminated 

silicon, native oxide, silicon-on-insulator, free-carrier losses 
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1. Introduction 

Coplanar waveguides (CPW) [1,2] have long been a key component in radio frequency (RF) circuits and 

integrated circuits (IC) [3]. CPW are also important elements in emerging technologies such as quantum 

computing [4] and associated circuitry [5], miniature microelectromechanical systems (MEMS) based 

probe technologies [6], non-invasive biosensors [7], and for high frequency characterization of a variety of 

materials [8–12]. An understanding of signal attenuation (due to losses) in CPW is therefore critical for 

both RF circuits [13,14] and for emerging applications [15,16], which can involve miniature CPW [16–18] 

to enhance performance—where characterization and understanding of losses are relatively less-well 

documented. Losses in CPW depend on both materials and architecture [2], and more recently the impact 

of microfabrication on losses has been astutely pointed out [19–22]. In practical quantum computing, it 

has been proposed that performances can be enhanced by increasing circuitry gap size—since a smaller 

proportion of the electric field interacts with potentially-lossy interfaces, e.g. substrate-air interfaces 

[23]—although this approach would seem to be at cross purposes with the ethos of Moore’s law in 

microelectronics. In this context, both silicon [24] and silicon-on-insulator (SOI) [25] are technologically 

important for a wide range of applications. The primary loss mechanisms which cause signal attenuation 

in CPW patterned onto silicon or SOI are relatively well understood. These are conductor losses in tracks 

and dielectric losses in the bulk silicon. Less well understood are interface losses associated with buried 

interfaces (e.g. buried silicon dioxide/silicon interfaces under and between the CPW tracks) and intertrack 

surface losses (e.g. the surface of the silicon between the conducting tracks). Here we study the effect of 

CPW size and intertrack surface type (silicon dioxide, hydrogen-terminated silicon, and a native silicon 

oxide) on intertrack surface losses associated with the silicon surface between conducting tracks. 

 

2. Coplanar waveguide design and fabrication  

2.1. Coplanar waveguide design 
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Two types of CPW were designed for the study, which we refer to as: ‘large-gap’ CPW and ‘small-gap’ 

CPW—the principal dimensions of which are given in Table 1. The design of the CPW was performed 

using commercial software (Comsol Multiphysics®, USA). As the small-gap CPW are too small to be 

directly probed by commercial microwave probes (Cascade Microtech, USA), their CPW design 

incorporated transition elements from the small-gap CPW to large-gap CPW—the latter terminating in 

large contact pads compatible with commercial probe dimensions. The design of the CPW aimed at an 

impedance of 50 ohms in the measured frequency range i.e. minimal signal reflection between the 

different parts of the CPW ensembles. 

 

Table 1. Dimensions of the large-gap and small-gap CPW. The metallization (Cr/Au) thickness is 10/500 

nm. 

CPW type Signal S width 𝒘 (µm) G-G distance (µm) S-G gap 𝒈 (µm) Length 𝑳 (µm) 

Large-gap 100 227 63.5 1400 

Small-gap - type 1 2 7 2.5 200 

Small-gap - type 2 2 7 2.5 400 

Small-gap - type 3 2 7 2.5 800 

 

 

2.2. Fabrication of the coplanar waveguides 

Wafer-bonded SOI [26] wafers were purchased for the study (Si-Mat, Germany). The SOI wafers have the 

following specifications which are relevant to the current study: the silicon device layer is 20±0.5 µm 

thick, (electrical resistivity ρ >1000 Ω cm – p-type background doping <1.47×1013 cm-3) and a (100) 

orientation. The buried silicon dioxide layer, commonly known as the ‘BOX’, is 2±0.1 µm thick. The 
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silicon ‘handle’ is 400±20 µm thick, resistivity >1000 Ω cm – also p-type background doping, and a (100) 

orientation. 

A set of lithographic masks was designed for the microfabrication process using Layout Editor 

software (Juspertor GmbH, Germany)—the principle microfabrication steps can be found in the 

Supplementary Information.  The microfabrication of the CPW was performed in a class ISO 5/7 

cleanroom (𝑇 = 20±0.5°C; 𝑅𝐻 = 45±2%). Prior to processing, the SOI wafers are cleaned [27]. A 50 nm 

thick silicon dioxide layer was deposited onto the surface of the SOI wafer using low pressure chemical 

vapor (LPCVD) techniques (silane SiH4/oxygen O2—850°C). The silicon dioxide was annealed in N2 at a 

temperature of 1000°C for 60 minutes. Following this, the metallic CPW tracks were deposited onto the 

surface of the wafers using evaporated chromium/gold (thickness: 10/500 nm) bilayer patterned via 

electron beam (ebeam) lithography and lift-off techniques [6]. A Cr/Au metallization was used as it is 

relatively chemically resistant to aqueous solutions of hydrofluoric (HF) acid [28]—the wafers were to be 

treated with a ‘buffered’ HF solution later in the study. In a separate step, large area contact pads were 

also metallised (total pad thickness of Cr/Au: 10/1000 nm) onto the ends of the CPW to facilitate the 

microwave probing. Finally, the 400 µm thick silicon handle wafer was etched away from parts of the 

wafer to form a 20 µm thick silicon membrane which supports the small-gap CPW. This was achieved 

using front-to-back photolithography and deep silicon etching [6]. 

Figure 1 shows optical microscopy images taken of the small-gap CPW using a VHX-6000 

numerical digital microscope (Keyence, France). 
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Figure 1. Optical microscopy images of the small-gap coplanar waveguides (CPW) systems fabricated for 

the study. (a) Three types of small-gap CPW: having length equal to 200 µm (A1), 400 µm (A2), and 800 

µm (A3). Zoom images of the small-gap CPW central conductor of width 2 µm for A1 (b), A2 (c), and A3 

(d). The patterned Cr/Au thickness of the CPW is 10/500 nm—the contact pad thickness is 10/1000 nm. 

Parts of the 400 µm thick silicon handle wafer have been removed using rear-face deep etching—this is 

indicated on the front-face photographs by the white quadrilaterals which correspond to the suspended 

section of the CPW. The small insets (grey) are photographs of the rear side of the SOI wafer indicating 

these deep etches—they are 200 µm × 800 µm, 400 µm × 800 µm, and 800 µm × 800 µm. 

 

The small-gap CPW systems contained sections of suspended, small-gap CPW of varying length 

(200 µm, 400 µm, and 800 µm), plus a ‘small-gap to large-gap’ transition region, larger CPW, and contact 

pads. The chips also contained large-gap CPW (not shown). In the case of the small-gap CPW, parts of the 
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400 µm thick silicon handle wafer have been removed from directly under the small-gap sections using 

rear-face deep etching—this is indicated in Fig. 1(a) by the white square. The small insets (grey) are 

photographs of the rear side of the SOI wafer indicating the deep etch. In Fig. 1, the 50 nm thick silicon 

dioxide layer is still present between the Cr/Au metal tracks. The surface roughness and thickness of the 

evaporated Cr/Au layer was measured to increase accuracy of the modelling of the conductor losses. 

Atomic force microscopy (AFM) measurements revealed an average roughness (Ra) of the gold surface 

equal to 3.6±0.2 nm. The thickness of the evaporated metal tracks was measured to be 510±5 nm using a 

DektakXT surface profiler (Bruker, USA). 

 

3. Methods and materials 

3.1. Description of the chip surfaces for the microwave characterization  

Figure 2 shows cross-sectional schematic diagrams describing the four CPW intertrack surfaces used for 

the microwave characterization. The CPW (large-gap and small-gap) were first characterized directly after 

device processing. In this configuration, the 50 nm-thick silicon dioxide layer is present between the 

signal and ground tracks of the CPW—see Fig. 2(a). Following this, the silicon dioxide layer was 

selectively-etched away from between the CPW gaps using a VLSI grade ‘buffered HF’ solution 

composed of a 7:1 volume mixture of NH4F (40 wt %) and HF (49 wt%). For this etch solution, the 

annealed silicon dioxide etch rate is approximately 150 nm min-1 [29]. Note that the 1 µm thick buried 

oxide layer—which is present underneath the 20 µm thick silicon membranes—is only partially etched 

away during this wet etch step—see Supplementary Information. Note also that the Cr/Au tracks are not 

etched by this solution [28]. The chips were inspected using a microscope at this point to ensure no 

damage was incurred to the CPW tracks—especially in the case of the small-gap CPW—see 

Supplementary Information. 



8 
 

The hydrogen-terminated silicon [30] surface between the CPW tracks is shown in Fig. 2(b) and 

indicated schematically by: —H. The freshly-etched CPW samples were directly transported to a clean 

characterization environment (ISO 8 environment: 𝑇 = 20±2°C 𝑅𝐻 = 50±10%) in a closed box. 

Microwave measurements were immediately performed (in air) on the CPW (<1 hour after etching of the 

SiO2 layer). 

Following these measurements, the samples were stored in the ISO 8 characterization 

environment in a closed sample box and measured after a further 3 months and 5 years—see Fig. 2(c). 

Despite the stability of the hydrogen-terminated (100) silicon surface following exposure to HF-based 

solutions [31]; if exposed to oxygen, the surface will slowly begin to oxidize with time [32]. Exposure of a 

silicon surface to air at room temperature results in the formation of what is commonly referred to as a 

‘native silicon oxide’ on the surface of the silicon between the metal tracks. This is shown in Fig. 2(c), 

where the native oxide is schematically indicated by: —O. To avoid confusion, what is referred to here as 

a ‘native oxide’ is an oxidized silicon surface resulting from an initially hydrogen-terminated silicon 

surface exposed to air at room temperature for a long period of time. Finally, after 5 years of native oxide 

growth, the native oxide was selectively removed from the silicon surface between the CPW metal lines 

using buffered HF (10 seconds) to leave a hydrogen-terminated silicon surface between the CPW metal 

tracks—this measurement configuration is shown in Fig. 2(d). 
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Figure 2. The four main intertrack surface configurations used for the microwave characterization of the 

CPW. (a) CPW with a 50 nm thick SiO2 layer present between the CPW tracks, (b) CPW with a hydrogen-

terminated (schematically represented by: —H) silicon surface between the CPW tracks following 

removal of the SiO2 using a buffered HF-based solution (measurement performed <1 hour after etching), 

(c) CPW following subsequent growth of the native oxide (SiOx) on the silicon surfaces between the CPW 

tracks (measurement performed after 3 months and 5 years of exposure to air at room temperature), and 

(d) CPW with a hydrogen-terminated silicon surface between the CPW tracks following removal of the 

SiOx native oxide using a buffered HF-based solution (measurement performed <1 hour after etching). 

The presence of excess free carriers near interfaces or surfaces (compared to the bulk) is represented by a 

(-). 
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The current study was designed to isolate and quantify the interface losses in each case—allowing 

the contribution of the intertrack surface losses to be determined. The measurements were performed on 

the same wafers prior to, and following, chemically treatments. In this way, it is reasonable to assume—at 

least in a first approximation—that the conductor, substrate losses, and interface losses (both underneath 

the tracks and at buried interfaces) are independent of intertrack surface modifications. The presence of 

the charges (-) in Fig. 2 will be discussed in Section 6. 

 

3.2. Microwave characterization methods 

The microwave measurements were conducted using a N5245A vector network analyser (VNA) (Agilent 

Technologies, USA) and commercial ground-signal-ground RF probes (Cascade Microtech, USA). A 

standard line-reflect-reflect-match (LRRM) calibration [33] of the VNA plus the RF probes using a 

commercial impedance standard substrate was performed before the measurements. This is an 

important point to be able to accurately extract the insertion loss as a function of frequency, CPW size, 

and intertrack surface configuration from the measurements. 

The microwave characterization measures the scattering ‘𝑆’ parameters. Assuming the two ports 

have the same reference impedance, the insertion loss (IL)—given in decibels (dB)—is calculated from 

the absolute value of the forward transmission coefficient 𝑆21using the following equation [34]: 

𝐼𝐿 = −20 log10|𝑆21|       (1) 

where 𝑆21 for a two-port network is given by: 

𝑆21 =
𝑏2

𝑎1
      (2) 

where 𝑎1 is the incident travelling voltage wave at port 1 and 𝑏2 is the exiting travelling voltage wave at 

port 2. Therefore |𝑎1|2 and |𝑏2|2 correspond to the values of the incident and exiting powers. The 
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attenuation coefficient 𝛼𝑑𝐵 (dB per unit length) of the transmission line can be obtained by dividing the 

measured (or extracted—as in the case of the small-gap CPW here) insertion loss by the length of the 

CPW. 

The input source power and the intermediate frequency bandwidth are set respectively to −10 

dBm (0.1 mW) and 100 Hz. As 𝑧𝑖~𝑧𝐿~𝑧𝑜 = 50 Ω then 𝑆21 ≫ 𝑆11 and 𝑆22. The experimental results 

presented in the following are based on averages from several measurements conducted on the same lines 

and on equivalent lines found on the SOI wafer. 

 

4. Experimental results 

4.1. Microwave characterization of large-gap coplanar waveguides 

 

Figure 3. Measured insertion losses of the large-gap CPW as a function of applied frequency for 3 CPW 

intertrack surface configurations: with a silicon dioxide layer between the metal tracks (solid blue line—

SiO2), a hydrogen-terminated silicon surface between the metal tracks (short-dashed green line—Si-H), 

and with a native oxide on the silicon surface between the metal tracks (long-dashed red line—SiOx). The 

CPW have a length L of 1.4 mm, a signal line width 𝑠 equal to 100 µm, and a signal-to-ground gap width 

𝑔 equal to 63.5 µm. 
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Figure 3 shows the measured insertion loss (given in dB) of the large-gap CPW as a function of 

applied measurement frequency (from 0.25 GHz to 50 GHz) for three different CPW intertrack surface 

configurations. First, measurements taken with a 50 nm thick silicon dioxide present between the CPW 

tracks (solid blue line—SiO2). Second, measurements taken 1 hour after the silicon dioxide has been 

selectively-etch away from between the CPW tracks using the buffered HF solution (short-dashed green 

line—Si-H)—this results in a hydrogen-terminated silicon surface. And thirdly, after 3 months of native 

oxide growth on the hydrogen-terminated (100) silicon surfaces between the CPW tracks in air at room 

temperature (long-dashed red line—SiOx). The inset to Fig. 3 shows a plan view of a large-gap CPW 

being probed. The curves presented in Fig. 3 are averages based on several measurements from different 

CPW of this type found on the SOI wafer, the mean standard deviations of the measurements are: ±0.05 

dB (SiO2), ±0.02 dB (Si-H), and ±0.04 (SiOx). The peaks in the curves can be attributed to non-ideal 

calibration [35]. The return losses (𝑆11 and 𝑆22) are less than -24 dB for these measurements—plots of 

these data can be found in the Supplementary Information. 

 

4.2. Microwave characterization of small-gap coplanar waveguides 
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Figure 4. Measured insertion losses of the small-gap CPW systems as a function of applied frequency. 

The CPW have a length L equal to: (a) 200 µm, (b) 400 µm, and (c) 800 µm. All small-gap CPW have a 

signal line width 𝑠 equal to 2 µm, and a signal-to-ground gap width 𝑔 equal to 2.5 µm. The CPW 

intertrack surface configurations are: with a silicon dioxide layer between the metal tracks (solid blue 
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line—SiO2), a hydrogen-terminated silicon surface between the metal tracks (short-dashed green line—Si-

H), and with a native oxide on the silicon surface between the metal tracks (long-dashed red line—SiOx). 

 

Figure 4 shows the measured insertion loss (given in dB) of small-gap CPW systems—

incorporating sections of different small-gap CPW lengths (200 µm, 400 µm, and 800 µm)—as a function 

of applied measurement frequency (GHz) for three different CPW intertrack surface configurations: with 

the 50 nm thick silicon dioxide present between the CPW tracks (solid blue line—SiO2). Second, 

measurements taken 1 hour after the silicon dioxide has been etched away from between the CPW tracks 

using the buffered HF solution (short-dashed green line—Si-H)—this forms a stable hydrogen-terminated 

surface on the 100 silicon. And finally, measurements taken after 3 months of native oxide growth on the 

hydrogen-terminated (100) silicon surfaces between the CPW tracks in air at room temperature (long-

dashed red line—SiOx). The small-gap CPW are connected to large CPW and contact pads via transition 

CPW—see insets to Fig. 4. 

The curves presented in Fig. 4 are averages based on several measurements from different CPW 

of these types found on the SOI wafer, the standard deviations of the measurements are comparable with 

the values recorded for the large-gap CPW. The return losses (𝑆11 and 𝑆22) are less than -18 dB (SiO2), -

16 dB (Si-H), and -14 dB (SiOx) for these measurements—plots of these data can be found in the 

Supplementary Information. 

 In order to observe the aging and hysteresis behaviour of the losses, Figure 5 shows the insertion 

loss (dB) of small-gap CPW systems measured after 5 years of native oxide growth—see Fig. 5(a)—and 

<1 hour after selective removal of the native oxide (using buffered HF) to leave a hydrogen-terminated 

surface—Fig. 5(b). First, the measurements taken after 5 years native oxide growth are comparable to 

those taken after 3-month native oxide growth—c.f. Fig. 4 (red-dashed curves). Second, the measurements 

taken <1h after selective removal of this 5-year native oxide are comparable to those taken using CPW 
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systems with hydrogen-terminated silicon following the removal of the LPCVD silicon dioxide—c.f. Fig. 

4 (green-dashed curves). In contrast, the same measurements on large-gap CPW (not shown) revealed 

very little change (<0.05 dB mm-1) in the insertion loss when forming a hydrogen-terminated intertrack 

surface by removing a 5-year old native oxide—c.f. Fig. 3. This result suggests that the losses in small-gap 

CPW are greatly affected by the presence of a native oxide, and a hydrogen-terminated surface results in 

significantly lower losses than an oxide. 

 

Figure 5. Measured insertion losses of the small-gap CPW systems with (a) a 5-year old native oxide 

(SiOx) between the CPW metal tracks and (b) with a hydrogen-terminated silicon (Si-H) surface between 

the metal tracks following selective removal of the native oxide using an HF-based etch. The curves 

correspond to the section lengths 𝐿 of the small-gap CPW: 𝐿 = 200 µm (short-dashed green curves), 𝐿 = 

400 µm (long-dashed red curves), and 𝐿 = 800 µm (solid blue curve). 
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5. Analysis of the experimental results 

5.1. Methodology of the analysis 

The experimental results of the large-gap CPW enable the losses per unit length (dB mm-1) to be extracted 

using a trivial calculation. It is then possible to subtract the modelled losses (i.e. losses due to the 

conductors and the substrate/layers) from these measurements to isolate the total interface losses. Any 

subsequent changes in losses as the result of a surface treatment can be directly associated with intertrack 

surface losses—based on the assumptions given above. In contrast, this is less trivial for the results 

obtained using the small-gap CPW systems—as they are connected to two large CPW sections via two 

‘small-to-large gap’ CPW transition sections. Our methodology for the extraction of the losses in the 

small-gap CPW is explained in the following passage. We first remove the total losses due to the large 

CPW portions—obtained from the measurements on the separate large-gap CPW—from the 

measurements on the small-gap CPW systems. Second, we plot the resulting losses (at each frequency) as 

a function of small-gap CPW length (𝑙 = 200 µm, 400 µm, and 800 µm). This enables an extraction of the 

intercept loss at 𝑙 = 0 at each frequency—and for each CPW intertrack surface configuration. This 

approach is analogous to the extraction of contact resistance using a ladder resistance network [36]. This 

intercept loss corresponds to the contribution of total losses from the two ‘large-to-small’ transition CPW. 

Third, subtracting these intercepts loss values (at each frequency) from the combined losses isolates the 

total losses uniquely in the small-gap CPW. Fourth, the modelled losses of the small-gap CPW (due to 

conductors and the substrate/layers) are then subtracted from the experimentally-obtained total small-gap 

losses to isolate the interface losses in the small-gap CPW. Finally, as with the large-gap CPW, any 

differences in these interface losses—due to surface treatment—are considered to be associated uniquely 

with the intertrack surface losses. 
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The total insertion losses (𝐿𝑡𝑜𝑡) in a CPW can be approximated by the sum of the following 

losses: 

𝐿𝑡𝑜𝑡 ≅ 𝐿𝑐𝑜𝑛𝑑 + 𝐿𝑠𝑢𝑏 + 𝐿𝑖𝑛𝑡     (3) 

Where 𝐿𝑐𝑜𝑛𝑑 are the losses associated with the conducting tracks, 𝐿𝑠𝑢𝑏 are the losses associated with the 

bulk substrate materials, and 𝐿𝑖𝑛𝑡 are the losses associated with interfaces. In addition, the interface losses 

can be subdivided: 

𝐿𝑖𝑛𝑡 = 𝐿𝑏𝑖 + 𝐿𝑠𝑢𝑟𝑓      (4) 

where 𝐿𝑏𝑖 are the buried interface losses and 𝐿𝑠𝑢𝑟𝑓 are the intertrack surface losses. For example, in the 

case of CPW on SOI material, the buried interface losses can have their origin at any silicon 

dioxide/silicon interface, e.g. the BOX oxide and any other layers which have been subsequently grown or 

deposited onto the silicon device layer surface which subsequently become situated underneath the CPW 

tracks. 

By modelling the different CPW systems tested, it is possible to compute an estimation of the 

combined losses of 𝐿𝑐𝑜𝑛𝑑 + 𝐿𝑠𝑢𝑏 due to conductor losses and bulk substrate losses. The modelling was 

performed using finite element analysis using commercial software (Comsol Multiphysics®, USA). These 

computed losses can be extracted from the measured losses to estimate the contribution of total interface 

losses 𝐿𝑖𝑛𝑡. In addition, and in a first approximation, it is reasonable to assume that any surface treatment 

(that does not chemically affect the Cr/Au tracks, the bulk silicon, or buried layers/interfaces) results only 

in a change of the intertrack surface losses 𝐿𝑠𝑢𝑟𝑓. Thus, the difference between the measurements—before 

and after surface modification—will indicate a change uniquely in intertrack surface losses 𝐿𝑠𝑢𝑟𝑓, i.e. 

∆𝐿𝑖𝑛𝑡 = ∆𝐿𝑠𝑢𝑟𝑓. Therefore, we can write down: 

∆𝐿𝑖𝑛𝑡 = ∆𝐿𝑠𝑢𝑟𝑓      (5) 
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∆𝐿𝑠𝑢𝑟𝑓
𝑆𝑖−𝐻 = 𝐿𝑖𝑛𝑡

𝑆𝑖−𝐻 − 𝐿𝑖𝑛𝑡
𝑆𝐼𝑂2      (6) 

∆𝐿𝑠𝑢𝑟𝑓
𝑆𝑖𝑂𝑥 = 𝐿𝑖𝑛𝑡

𝑆𝑖𝑂𝑥 − 𝐿𝑖𝑛𝑡
𝑆𝑖𝑂2      (7) 

Using this approach, it is thus possible to: (i) isolate and plot the interface losses (𝐿𝑖𝑛𝑡) as a 

function of frequency and CPW intertrack surface configuration—for both the large-gap and small-gap 

CPW, (ii) plot the proportion of interface losses to total losses (𝐿𝑖𝑛𝑡 𝐿𝑡𝑜𝑡⁄ ), (iii) plot the ratio (𝑅𝑖𝑛𝑡) of 

these proportions (small-gap to large-gap)—to be able to directly compare the contributions of interface 

losses in the large-gap and the small-gap CPW intertrack surface losses (∆𝐿𝑠𝑢𝑟𝑓), (iv) plot the proportion 

of the intertrack surface losses to total losses (∆𝐿𝑠𝑢𝑟𝑓 𝐿𝑡𝑜𝑡⁄ ), and finally (v) plot the ratio (𝑅𝑠𝑢𝑟𝑓) of these 

last proportions (small-gap to large-gap)—to be able to directly compare the contributions of surfaces 

losses in the large-gap and the small-gap CPW. 

However, care must be taken with comparing the attenuation losses of different systems given in 

decibels per unit length. It should be noted that if the ratio of two attenuation coefficients of the 

transmission lines is plotted unitless in dB dB-1 then this is not equivalent to the ratio of the linear losses. 

Thus, to compare losses in different measurements, the ratio of the lost powers 𝑅𝑙𝑝
21 (at a given unit length) 

in the two CPW (superscripts 1 and 2) of each measurement can to be plotted. 𝑅𝑙𝑝
21 can be written in terms 

of the attenuation coefficients of the lines (𝛼𝑑𝐵
1  and 𝛼𝑑𝐵

2 ) as: 

𝑅𝑙𝑝
21 =

1−𝑒
−ln 10

10
𝛼𝑑𝐵

2

1−𝑒
−ln 10

10
𝛼𝑑𝐵

1
      (8) 

where system 1 is more lossy than system 2, i.e. |𝛼𝑑𝐵
1 | > |𝛼𝑑𝐵

2 |, meaning 𝑅𝑝 < 1. Again, the superscripts 

of the attenuation coefficients refer to the individual lossy system, not exponentiation. See Supplementary 

Information for the reasoning behind, and the derivation of, Eq. (8). 
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5.2. Interface losses in large-gap CPW 

 

Figure 6. The insertion and interface losses in large-gap CPW. (a) The total insertion losses 𝐿𝑡𝑜𝑡 (dB mm-

1), (b) the interface losses 𝐿𝑖𝑛𝑡 (dB mm-1), and (c) the ratio of the interface losses to total losses 

(𝐿𝑖𝑛𝑡 𝐿𝑡𝑜𝑡⁄ ). Results are given for: a silicon dioxide layer present between the CPW tracks (open blue 
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circles—SiO2), a hydrogen-terminated (100) silicon surface between the CPW tracks (open green 

triangles—Si-H), and a native oxide grown on the Si-H surface between the CPW tracks (open red 

squares—SiOx). The CPW have a length L of 1.4 mm, a signal line width 𝑠 equal to 100 µm, and a signal-

to-ground gap width 𝑔 equal to 63.5 µm. 

 

 Figure 6 shows the insertion and interface losses in the large-gap CPW. Fig. 6(a) shows the 

insertion losses (dB mm-1) from 0.25 GHz to 50 GHz for three different intertrack surface configurations. 

First, the insertion losses (per unit length) are comparable with similar CPW in the literature. It can be 

observed that the HF treatment leads to a reduction of the insertion losses by approximately 0.1 dB mm-1 

over the whole measurement range (green triangles). After 3 months of native oxide growth between the 

tracks, a very slight change in the losses is observed. Fig 5(b) shows the extracted interface losses in the 

large-gap CPW—these have been obtained by removing the modelled conductor and dielectric losses. Fig. 

5(c) shows a plot of the ratio of the interface losses to the total insertion losses. It is seen that the ratio is 

approximately similar for the three intertrack surface configurations—apart from at lower frequencies, 

where the interface loss contribution is higher with the presence of the silicon dioxide between the tracks. 

 

5.3. Interface losses in small-gap CPW 
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Figure 7. The insertion and interface losses in small-gap CPW. (a) The total insertion losses 𝐿𝑡𝑜𝑡 (dB mm-

1), (b) the interface losses 𝐿𝑖𝑛𝑡 (dB mm-1), and (c) the ratio of the interface losses to total losses 

(𝐿𝑖𝑛𝑡 𝐿𝑡𝑜𝑡⁄ ). Results are given for: a silicon dioxide layer present between the CPW tracks (open blue 

circles—SiO2), a hydrogen-terminated (100) silicon surface between the CPW tracks (open green 
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triangles—Si-H), and a native oxide grown on the Si-H surface between the CPW tracks (open red 

squares—SiOx).  The small-gap CPW have a signal line width 𝑠 equal to 2 µm, and a signal-to-ground gap 

width 𝑔 equal to 2.5 µm. 

 

Figure 7 shows the result of the extraction of the insertion losses and the interface losses in the small-gap 

CPW. Fig. 7(a) shows the extracted insertion losses (dB mm-1) of uniquely the small-gap CPW from 0.25 

GHz to 50 GHz for three different intertrack surface configurations. Overall, the insertion losses are 

higher than for the large-gap CPW—this has been previously seen [37]. It can be observed that the HF 

treatment again leads to a reduction of the insertion losses—but this time by approximately 2.5 dB mm-1 at 

50 GHz (green triangles). After 3 months of native oxide growth between the tracks, a relatively large 

increase in the losses is observed—the losses due to the presence of the native oxide being larger than for 

the silicon dioxide when the measurement frequency is >10 GHz. Fig 7(b) shows the extracted interface 

losses in the small-gap CPW—these have been obtained using the methods described above in Section 

5.1. Fig. 7(c) shows a plot of the ratio of the interface losses to the total insertion losses for the small-gap 

CPW. In stark contrast to the large-gap CPW—c.f. Fig. 6(c)—the contributions of the interfaces losses for 

the small-gap CPW depend strongly on the intertrack surface configuration. They are noticeably much 

lower for the intertrack hydrogen-terminated silicon surface (green triangles) compared to the two oxides 

(silicon dioxide and native oxide). The interface loss contribution is also higher for the native oxide (red 

squares) than the silicon dioxide (blue circles) in the small-gap CPW. In order to obtain Fig. 7(a), which is 

based on the measurement of 3 lengths of small-gap CPW, it should be noted that at all frequencies and 

surface conditions, when the total losses are plotted as a function of small-gap CPW length (as described 

in Section 5.1), the data is linear with a coefficient of determination (𝑅2) equal to near unity enabling an 

accurate extraction of the intercept losses at 𝑙 = 0, as described above.. 
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 Let us now consider and compare the contributions of the intertrack surface losses in the different 

intertrack surface configurations for the large-gap and the small-gap CPW. 

 

5.4. Intertrack surface losses in large-gap and small-gap CPW 

 

 

Figure 8. The intertrack surface losses in large-gap CPW. (a) The change in losses due to intertrack 

surface losses ∆𝐿𝑠𝑢𝑟𝑓 (dB mm-1) and (b) the ratio of the change of intertrack surface losses to the total 

losses (∆𝐿𝑠𝑢𝑟𝑓 𝐿𝑡𝑜𝑡⁄ ). Results are given for the change between a silicon dioxide and a hydrogen-

terminated silicon surface between the CPW tracks (SiO2→Si-H: filled circles), and the change from a 
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hydrogen-terminated silicon surface to a native oxide between the CPW tracks (Si-H→SiOx: open circles). 

The CPW have a length L of 1.4 mm, a signal line width 𝑠 equal to 100 µm, and a signal-to-ground gap 

width 𝑔 equal to 63.5 µm. 

 

 

Figure 9. The intertrack surface losses in small-gap CPW. (a) The change in losses due to intertrack 

surface losses ∆𝐿𝑠𝑢𝑟𝑓 (dB mm-1) and (b) the ratio of the change of intertrack surface losses to the total 

losses (∆𝐿𝑠𝑢𝑟𝑓 𝐿𝑡𝑜𝑡⁄ ). Results are given for the change between a silicon dioxide and a hydrogen-

terminated silicon surface between the CPW tracks (SiO2→Si-H: filled circles), and the change from a 

hydrogen-terminated silicon surface to a native oxide between the CPW tracks (Si-H→SiOx: open circles). 
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The small-gap CPW have a signal line width 𝑠 equal to 2 µm, and a signal-to-ground gap width 𝑔 equal to 

2.5 µm. 

 

 The intertrack surface losses (∆𝐿𝑠𝑢𝑟𝑓) and their proportional contribution compared to the total 

losses (∆𝐿𝑠𝑢𝑟𝑓/𝐿𝑡𝑜𝑡) are shown in and for the large-gap CPW (Figure 8) and small-gap CPW (Figure 9). If 

we first compare Fig. 8(a) to Fig. 9(a), the data being ratios, it is apparent that the intertrack surface losses 

play a more important role for small-gap CPW than for large-gap CPW. In the case of the small-gap 

CPW—Fig. 9(a)—the change of intertrack surface configuration from silicon dioxide to hydrogen-

terminated silicon (filled circles) and from hydrogen-terminated silicon to native oxide (open circles) leads 

to large changes in the losses. Fig. 8(b) and Fig. 9(b) plot these changes as a ratio of the total losses. 

Again, this proportion is larger for the small-gap CPW. We are now able to quantitively compare the 

contributions of the intertrack surface losses of the two types of CPW if we plot the ratios of these 

results—this is shown in Figure 10. 
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Figure 10. Comparison of the intertrack surface losses in large-gap and small-gap CPW. (a) The ratio 𝑅𝑖𝑛𝑡 

corresponds to (𝐿𝑖𝑛𝑡
𝑠 𝐿𝑡𝑜𝑡

𝑠⁄ ) (𝐿𝑖𝑛𝑡
𝑙 𝐿𝑡𝑜𝑡

𝑙⁄ )⁄ . (b) The ratio 𝑅𝑠𝑢𝑟𝑓 corresponds to 

(𝛥𝐿𝑠𝑢𝑟𝑓
𝑠 𝐿𝑡𝑜𝑡

𝑠⁄ ) (∆ 𝐿𝑠𝑢𝑟𝑓
𝑙 𝐿𝑡𝑜𝑡

𝑙⁄ )⁄ —where the superscripts refer to small-gap (𝑠) and large-gap (𝑙). For (a) 

the open blue circles correspond to a 50 nm thick silicon dioxide (SiO2) present between the tracks, the 

open green triangles correspond to a hydrogen-terminated silicon surface (Si-H) between the CPW tracks, 

and the open red squares correspond to a native oxide (SiOx) between the tracks. For (b), the filled circles 

correspond to the change between a silicon dioxide and a hydrogen-terminated (100) silicon surface 

between the CPW tracks (SiO2→Si-H), and the filled circles correspond to the change from a hydrogen-

terminated silicon surface to a native oxide between the CPW tracks (Si-H→SiOx). 
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 Figure 10 shows the comparison of the intertrack surface losses in the large-gap and small-gap 

CPW. The plots in Fig. 10(a) enable us to compare the contributions of the interface losses in the two 

types of CPW using the ratio 𝑅𝑖𝑛𝑡. The contribution of all interface losses (beneath and between the CPW 

tracks) is smaller for small-gap CPW in all intertrack surface configurations—except for the native oxide 

surface above 40 GHz where their contributions are approximately the same in the two sizes of CPW. The 

plots in Fig. 10(b) plot the ratio 𝑅𝑠𝑢𝑟𝑓 which directly compares the contribution of the surface losses in 

small-gap and large-gap CPW. For example, at 50 GHz, the contribution of the surface losses is an order 

of magnitude larger in the small-gap CPW than the large-gap CPW—when changing the CPW intertrack 

surface from silicon dioxide to a hydrogen-terminated silicon (filled circles) and from hydrogen-

terminated silicon to a 3-month-old native oxide (open circles). Let us now discuss the physical 

mechanisms involved and consider reasons why this should be so. 

 

6. Discussions 

6.1. Comparisons of results with measurements on comparable CPW 

Pfeifer et al [38] measured losses in Cr/Au CPW (𝑠 = 20 µm) on silicon wafers with and without a 200 nm 

thick silicon dioxide layer. They concluded that the inclusion of the silicon dioxide layer increases losses 

due to charge accumulation and inversion at the silicon dioxide/silicon dioxide interface caused by fixed 

oxide charges. However, they did not remove the silicon dioxide selectively from between the tracks. 

Ponchak [37] studied losses in CPW on high-resistivity silicon as a function of metallization dimensions, 

observing that a smaller signal width significantly increases losses.  

Wu at al [39,40] and Gamble et al [41] conducted studies on the intertrack surface losses in CPW 

on silicon wafers. Wu et al [39] incorporated a silicon dioxide into CPW to reduce intertrack surface 

losses. Wu et al [40] and Gamble et al [41] studied losses and considered their mechanisms in large-gap 

CPW patterned on silicon. They showed that at 30 GHz and for CPW (𝑤 =40 µm 𝑠 = 70 µm) losses 
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decrease from ~1.8 dB mm-1 to 0.3 dB mm-1 when a 100 nm thick LPCVD oxide is selectively removed in 

the CPW gap. Based on ideas proposed by Reyes et al [42], they suggested that the fixed charge in the 

oxide cause electrons to be attracted to the Si/SiO2 interface which forms an inversion layer between the 

signal and ground tracks of the CPW—the presence of these carriers would result in increased losses due 

free carrier absorption near the surface. They also suggested that selective removal of the silicon 

dioxide—using HF—uniquely between the metallized CPW tracks removes the fixed positive oxide 

charges and thus the minority carrier inversion layer between the CPW tracks explaining their observed 

lower losses. Schollhorn et al [14] studied loss mechanisms in micropatterned CPW on oxidized (200 nm) 

silicon (ρ > 1000 Ω cm). They studied 50 Ω CPW having signal track widths 𝑠 equal to 20 µm and 45 µm 

using 1 µm thick aluminium tracks. First, they observed larger attenuation on CPW having smaller signal 

track width. Second, they observed lower substrate losses for higher resistivity silicon substrates. They 

identified bias-depended interface losses at the oxide/silicon interface under the metallisation. These 

losses were higher for inversion layers than accumulation layers in p-type silicon—hypothesized to be due 

to the larger electron mobility in silicon. The nature of the metallization meant that they were not able to 

remove the oxide between the tracks using HF-based wet etch solutions. Lederer and Raskin [43] 

considered the contributions of loss mechanisms in CPW and microstrip (MS) transmission lines on 

oxidized silicon. They found that CPW on a thermal oxide (SiO2) on high-resistivity (>5000 Ω cm) silicon 

was more sensitive to DC biasing and its polarity than MS—implying that buried interface charges (and 

their absorption) underneath tracks were at the origin of a significant proportion of the losses in this 

system. Yuhang et al [44] proposed lower-loss a ‘V-groove’ CPW based on SOI wafers. Using CPW 

having a signal-to-ground gap width of 30 µm. They demonstrated lower insertion losses by removing—

using selective etching—the CVD oxide and part of the silicon device layer underneath the metal tracks. 

They observe that the insertion losses can be reduced from >2 dB mm-1 to ~1 dB mm-1. The findings here 

suggest that the reduced losses observed by Yuhang et al [44] have, at least in part, their origin at 

interfaces between the tracks. Finally, in terms of losses associated with a buried layer, Neve et al [45] 
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showed that a buried trap-rich layer could reduce losses of CPW on silicon having a resistivity in the 

range 2-5 kΩ cm. 

 

6.2. The different CPW intertrack surfaces 

It has long been known that energy band bending at the surface of a semiconductor [46] (due to deposition 

of materials and surface treatments) causes a modification of free carriers (electrons or holes) in proximity 

to the surface compared to the bulk. In CPW on semiconductors, such carriers can contribute to losses via 

free carrier absorption. To understand the origin of the losses in the three different intertrack surface 

configurations here, we need to look at these surfaces and their properties. 

 

6.2.1. Silicon dioxide/ silicon 

If an oxide is thermally- grown or deposited onto the surface of weakly-doped crystalline silicon, it is 

known that fixed oxide charges [47,48] can lead to the formation of a ‘natural’ inversion layer in the 

silicon near to the silicon-oxide interface [49]. If the silicon has a light p-type background, as is the case 

here, then the fixed oxide charges—which are known to be positive—will result in an inversion layer of 

electrons near the silicon dioxide-silicon interface. For LPCVD oxides, Ang et al [50] showed that the 

oxide fixed charge density is in the mid-1011 cm-2.  Buchanan et al [51] observed trapped positive charge 

as high as ~1012 cm-2 in CVD-grown silicon dioxide films on silicon. Using p-type (100) silicon, Gaind 

and Kasprzak [52] measured a distributed oxide charge of 1.5×1015 cm-3 and an interface charge of 

1.1×1010 cm-2 for a CVD oxide. Lee et al [53] showed that the interface state density of CVD oxides is in 

the low-1011 cm-2 eV-1 following high-temperature annealing. The mobility of carriers in these inversion 

layers has been studied by Sun and Plummer [54]. They showed that the mobility of the carriers in the 

inversion layer depends on the background doping of the silicon and the oxide charge density. 

 

6.2.2. Hydrogen-terminated silicon 
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Let us consider the hydrogen-terminated (100) silicon surface resulting from a hydrofluoric acid-based 

treatment [55]—often used for temporary surface passivation [56] via the formation of a nonpolar Si-H 

bond. In terms of the stability of the hydrogen termination, following exposure to the HF-based solution, 

the (100) silicon surface between the metal tracks becomes hydrogen-terminated with a high surface 

coverage [30] and high degree of stability [31]. Using Auger electron spectroscopy, Kluth and Maboudian 

[57] observed a stable Si-H surface up to >100 hours after NH4F treatment of a (100) silicon surface. In 

terms of the electrical properties of the Si-H surface, Weinberger et al [58] and Yablonovitch et al [59] 

have demonstrated the passivation of electrical sites on the surface of silicon to <1010 cm-2 using 

fluorination by a number of techniques, including exposure to HF. Using surface photovoltage 

measurements, Angermann [60] showed that the surface Fermi level position was near zero for p-type 

silicon treated with an NH4F-based solution. Using moderately doped (p-type and n-type) silicon Huang 

and Lau [61,62] observed that and dilute HF (<5%) treatment of silicon surface could achieve near-

flatband surfaces—although others have observed Fermi-level pinning in HF-treated silicon surfaces 

[63,64]. Recently, using thin silicon layers, Peng et al [65] found that hydrogen-termination results in 

surface ‘donar-like’ states in the 1011 cm-2 eV-1 range. 

 

6.2.3. Native oxide on a hydrogen-terminated surface 

Let us consider the native oxide formed on a hydrogen-terminated silicon surface. When a hydrogenated 

silicon surface—obtained using an HF-based solution [55]—is exposed to oxygen in the air at room 

temperature, a thin native oxide slowly grows on the surface. Raider et al [32] showed that it takes 5 

weeks to grow a native oxide having a thickness of 1.8 nm in air at room temperature following an HF 

‘etch’—indeed, they observed a much more rapid oxidation on cleaved silicon surfaces. According to 

Morita et al [66], the native oxide thickness on moderately doped (100) silicon wafers, which had been 

treated with an aqueous HF solution before exposure to humid air (23.7°C/RH=42%) [66], varies from 

~0.2 nm to ~0.8 nm over a period of ~2 to 3 months. Graf et al [67] studied native oxide growth on HF-
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treated p-type (100) silicon wafers. They report a 0.8 nm thick SiO2 layer having formed after 6 months 

exposure of the silicon surface to air. They reported very little native oxide growth (<0.1 nm) in the first 

day after HF treatment and exposure to air. In terms of the composition of a native oxide allowed to grow 

on a silicon surface at room temperature for several months following an HF treatment, Philipe and Taft 

[68] showed that the oxide contains no SiO2, but is composed of SiOx (1 ≤ 𝑥 < 2). Renaud et al [69] later 

showed that the interface phase between this native oxide and silicon is highly disordered. 

In terms of electrical properties, Shimizu and Munakata [70] showed that the surface photovoltage 

varies considerable for lower doped silicon during oxide regrowth. They attributed this to the influence of 

the fixed oxide charges on the surface depletion. Angermann et al [71] showed that the surface state 

distribution 𝐷𝑖𝑡 of p-type silicon (270 Ω nm and <111>) increases from 4×1011 eV-1 cm-2 to 2.45×1012  eV-

1 cm-2 over a period of 16 days of native oxide regrowth following an HF treatment—following a 𝐷𝑖𝑡 =

6.52 × 1011𝑡0.226 relationship if 𝑡 is in hours. Mizsei [72] measured the surface potential of ultra-thin 

silicon dioxide layers—finding a correlation between the electrical properties of the surface and the 

growth properties. Mizsei [73] has also shown that the bulk doping density of the silicon determines the if 

the free carriers at the silicon/native oxide interface are in accumulation, depletion, or inversion—for p-

type silicon, the surface is in inversion. 

 

6.3. Losses due to free carrier absorption in silicon 

The absorption coefficient of free carriers in a semiconductor can be modelled based on the Drude model 

of conduction [74] and has proved to be a reasonable approximation [75,76]. The real and imaginary parts 

of the complex permittivity 𝜀 = 𝜀′ − 𝑗𝜀′′ are given by: 

𝜀′ = 𝜀𝑆𝑖 (1 −
𝜔𝑝

2 𝜏2

1+𝜔2𝜏2)      (9) 

𝜀′′ = 𝜀𝑆𝑖
𝜔𝑝

2 𝜏

𝜔(1+𝜔2𝜏2)
      (10) 
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Where 𝜔 is the angular frequency (𝜔 = 2𝜋𝑓), 𝜀𝑆𝑖 is the dielectric constant of silicon, 𝜏 is the average 

scattering time, and 𝜔𝑝 is the plasma frequency which is given by: 

𝜔𝑝 = √
𝑛𝑞2

𝑚∗𝜀𝑆𝑖
      (11) 

where 𝑛 is the carrier density, 𝑞 is the elementary charge, and 𝑚∗ is the effective mass of the carriers. The 

average scattering time 𝜏 is given by: 

𝜏 =
𝑚∗

𝑞
𝜇      (12) 

where 𝜇 is the mobility of the charge carriers. 

The dielectric constant of silicon 𝜀𝑆𝑖, the elementary charge 𝑞, the mass of the electron 𝑚𝑒, the 

vacuum permittivity 𝜀0, and the speed of light are taken to be: 11.9, 1.6×1019 C, 9.11×10-31 kg, 8.85×10-12 

Fm-1, and 3×108 ms-1, respectively. The following values of carrier mobility and effective mass are used 

for lightly doped silicon: (electrons: 1500 cm2 V-1 s-1 and 0.26𝑚𝑒) and (holes: 450 cm2 V-1 s-1 and 

0.37𝑚𝑒). The effective masses are those used in conductivity calculations--although it should be noted 

that the mobilities in surface inversion layers are modified [54]. 

Finally, the absorption coefficient 𝛼 (per unit length) is given by: 

𝛼 =
𝜔

𝑐
𝐼𝑚√𝜀′ − 𝑗𝜀′′     (13) 

Where 𝐼𝑚√𝜀′ − 𝑗𝜀′′ is the imaginary part of the square root of the complex permittivity. 

Figure 11 shows plots of the calculated absorption coefficient 𝛼 of free carriers (Fig. 11(a) – 

electrons and Fig. 11(b) – holes) in silicon as a function of frequency and free carrier density. 
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Figure 11. Plots of the calculated absorption coefficient 𝛼 versus frequency for different values of carrier 

density 𝑛/𝑝 of (a) electrons and (b) holes. The dashed light blue line in (a) shows the absorption 

coefficient for a maximum electron density (4.5×1013 cm-3) generated by background lighting. The dashed 

light blue line in (b) shows the absorption coefficient for the maximum hole background density 

(1.46×1013 cm-3) of the bulk silicon-on-insulator wafers used for the study. 

 

There are several observations which can be made from Fig. 11 in the context of losses in CPW. 

First, for both carriers (electrons and holes), the absorption coefficient increases with frequency. Second, 

the absorption coefficient is larger for electrons than holes at all frequencies—this should be apparent in 

CPW on semiconductor surfaces which favour either electron or hole accumulation, depletion, or 
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inversion. Third, for both types of carriers, at higher frequency, the change in absorption coefficient is 

more sensitive to a change in free carrier density, i.e. at higher frequency, the losses associated with free 

carrier absorption in CPW will be sensitive to changes in the free carrier density where the electric field 

energy is high, i.e. between the tracks. Finally, the sensitivity of the absorption coefficient to variations in 

the carrier density suggests that gains are to be made in terms of losses by reducing free carrier presence 

where electric field energy density is high. 

We are now in a position to tentatively link the experimentally-observed changes in the 

attenuation coefficient of the line ∆𝛼𝑑𝐵 (assumed to be due to a change in free carrier absorption) with the 

computed changes in the absorption coefficient of silicon due to excess free carriers ∆𝑛, i.e. ∆𝛼𝑑𝐵 ∝

∆𝛼𝑁𝑝 ≅ ∆𝛼 = 𝑓(∆𝑛). Let us consider the experimental results obtained using the small-gap CPW. With 

reference to Fig. 9(a), the change in surface losses at 50 GHz is ~2 dB mm-1 when hydrogenating or 

oxidizing the intertrack silicon surface. This is equivalent to a change in the absorption coefficient 𝛼 of 

~23 cm-1. It can be seen from Fig. 11(a) that at 50 GHz this would correspond to an approximate change 

of ~2×1015 cm-3 free carriers—an electron inversion layer [54,77]—near the surface. When multiplied by 

the Debye length, this results in a surface charge equal to ~2.3×1011 cm-2—a value which agree well with 

the value calculated analytically by Deal et al [49]. This values is also comparable with that given by Wu 

et al [39] and Gamble et al [41]. The free-carrier loss modelling and our experimental observation a 

suggest that the free-charge density near the hydrogen-terminated silicon surface between the tracks is of 

the order of the background doping density of the silicon ~1.5×1013 cm-3. We can now understand the 

schematic representation of the charges given in Fig. 2. Using the empirical relationship given in Sun and 

Plummer [54], the effective electron mobility in the inversion layer is calculated to be ~1000 cm2 V-1 s-1 

for 𝑁𝐴 = 1.47×1013 cm-3 and a surface charge equal to 2.3×1011 cm-2—this does not significantly change 

the absorption coefficient. 
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Finally, as most microwave measurements are performed in a lit room, we will consider and 

compute the effect of a low background irradiance on the carrier concentration at the surface of the silicon 

between the tracks. This irradiance of our weak background lighting is calculated to be 60 µW cm-2. This 

level of irradiance leads to a small excess carrier concentration which depends on the surface of the 

silicon—due to the change in surface recombination velocity. For hydrogen-terminated silicon the average 

excess carrier concentration within a Debye length (~1 µm – see Supplementary Information) is 4.4×1013 

cm-3, for a native oxide ‘grown’ on an initially hydrogen-terminated silicon surface for several months in 

air at room temperature, the average excess carrier concentration within a Debye length is 3×1012 cm-3—

see Supplementary Information for details of the calculation. It should be noted that higher irradiance 

incident light can modify losses in CPW (see Supplementary Information) but study have found that 

irradiances in the range 0.2-3 W cm-2 do not alter the observed losses [78,79].  

 

6.4. Estimation of the contribution of intertrack surface losses 

There are examples in the literature of attempts to characterize and model the contribution of the intertrack 

surface losses. Barends et al [80] pointed out the importance of surface losses on a ‘bare’ silicon substrate. 

They showed that these losses increase by a factor of ~8 when reducing the CPW signal track width from 

100 µm to 1 µm. They proposed and demonstrated the technological solution of etching the silicon away 

between the tracks where the electric field is highest. Wenner et al [17] were surprised to find the 

substrate-air losses contribute considerably to total losses in CPW compared with microstrip. They 

computed the ‘substrate-air’ losses to be ~3 times larger for small gap (2 µm) CPW compared to large-gap 

(20 µm) CPW. The role of amorphous and native oxides on intertrack surface losses in superconducting 

CPW resonators has been pointed out [81,82] which has led to work concerning the modelling of interface 

losses. Murray et al [83] developed an analytical model based on electrostatics to compute the 

contribution (termed participation 𝑃) of ‘surface-air’ losses to the total losses 𝑃𝑠𝑎. To do this they 
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computed the ratio of the electric field energy, residing in a small volume having thickness 𝛿 at the 

substrate surface between the tracks of planar electrodes 𝑈𝑠𝑎 to the total electric field density 𝑈𝑡𝑜𝑡. Figure 

12 shows a schematic diagram of the electric field lines tin the case of two CPW having different gap 

sizes. The important point is that the intertrack losses are associated with the proportion of the total energy 

of the electric field near to the surface (red circles)—this energy ratio is not the same as the gap size is 

shrunk. 

 

Figure 12. Schematic diagram showing electric field lines associated with (a) ideal large-gap and (b) 

small-gap CPW. The red circles indicated the proportion of the total electric field energy residing in a 

small volume of space between the CPW tracks. This energy proportion is not the same as the gap 

distances are diminished. Smaller CPW have a higher proportion of electric field energy (compared to the 

total electric field energy) between the gaps than large-gap CPW. 

 

This ratio 𝑃𝑠𝑎 = 𝑈𝑠𝑎 𝑈𝑡𝑜𝑡⁄  is calculated to be [83]: 
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𝑃𝑠𝑎 (
𝛿

𝑎
) ≈

𝜀𝑐

(𝜀𝑠𝑢𝑏+1)

1

2(1−𝑘)𝐾(𝑘′)𝐾(𝑘)
(

𝛿

𝑎
) {ln [4 (

1−𝑘

1+𝑘
)] −

𝑘 ln(𝑘)

(1+𝑘)
+ 1 − ln (

𝛿

𝛼
)}  (14) 

Where 𝑘 = 𝑎 𝑏⁄ , 𝑘′ = √1 − (𝑎 𝑏⁄ )2, 𝐾(𝑘) and 𝐾(𝑘′) are the elliptic integrals of 𝑘 and 𝑘′, 𝜀𝑐 and 𝜀𝑠𝑢𝑏 are 

the relative permittivities of the surface layer and the substrate and a and b can be equated to the 

dimensions of a CPW to be: 𝑤 = 2𝑎 and 𝑠 = 𝑏 − 𝑎. Their calculations agree well with a numerical FEM 

analysis [17]. This model predicts that there are proportionally higher losses associated with the surface as 

the dimensions of CPW shrink. 

By using the coplanar dimensions in the experimental work here, the contribution of the intertrack 

surface losses in CPW can be computed. Figure 13 shows a calculation of the participation of the surface-

air losses 𝑃𝑠𝑎 as a fraction of the total losses in coplanar waveguide based on the above equation. The 

computed loss participation is given as a function of surface depth 𝛿 as explained above. The CPW 

dimensions used for the calculation correspond to the large-gap CPW (filled black circles) and small-gap 

CPW (open black circles) used to obtain the experimental results. The ratio of the loss participations 

𝑃𝑠𝑎
𝑠𝑚𝑎𝑙𝑙 𝑃𝑠𝑎

𝑙𝑎𝑟𝑔𝑒⁄  is shown by open diamonds. The model predicts that the surface-air loss participation is 

larger for the small-gap CPW. In the case if we consider a surface depth range of 0.1-1 µm, the model also 

approximately predicts the ratio of the surface losses 𝑅𝑠𝑢𝑟𝑓 observed experimentally above 20 GHz—see 

c.f. Fig. 10(b). Incidentally, the Debye length of the silicon at this doping density is ~1 µm—see the 

Supplementary Information. 
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Figure 13. Calculation of the participation of the surface-air losses 𝑃𝑠𝑎 as a fraction of the total losses in 

coplanar waveguide. The loss participation is given as a function of surface depth 𝛿. The CPW dimensions 

used for the calculation correspond to the large-gap CPW (filled black circles) and small-gap CPW (open 

black circles) used to obtain the experimental results. The ratio of the loss participations 𝑃𝑠𝑎
𝑠𝑚𝑎𝑙𝑙 𝑃𝑠𝑎

𝑙𝑎𝑟𝑔𝑒⁄  is 

shown by open diamonds. The values of 𝜀𝑐 and 𝜀𝑠𝑢𝑏 are 5 and 11.7. The values of the elliptic integrals 

𝐾(𝑘) and 𝐾(𝑘′) were evaluated numerically to be 1.59 and 2.84 for the large-gap CPW and 1.63 and 2.4 

for the small-gap CPW. The lines linking the data points are not analytical function fits. 

 

7. Conclusions 

In the case of large-gap CPW (signal track width 𝑠 = 100 µm and track spacing 𝑔 = 63.5 µm) patterned on 

silicon-on-insulator (SOI) wafers, selective removal of the silicon dioxide from between the CPW tracks 

(using buffered HF) results in some reduced losses—e.g. from 0.79 dB mm-1 to 0.69 dB mm-1 at 50 GHz. 

Subsequently, a native oxide growth on the hydrogen-terminated (100) silicon surface between the CPW 

tracks results in no significant change in losses. In the case of small-gap CPW (𝑠 = 2 µm, 𝑔 = 2.5 µm) of 

patterned onto SOI, selective removal of the silicon dioxide from between tracks reduces losses 
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considerably—e.g. from 5.6 dB mm-1 to 3.4 dB mm-1 at 50 GHz. However, native oxide regrowth over a 

period of months on the silicon surface between the CPW tracks leads to a significant increase in losses to 

5.8 dB mm-1 at 50 GHz. The removal of this native oxide using an HF-based solution, even after years of 

growth, demonstrates that the losses revert to their low value observed after removal of the thin film 

silicon dioxide—this proves the role of the oxide (thin film or native) in the loss mechanism. We suggest 

that technologies employing miniature CPW on silicon should take intertrack surface losses into account. 

The native oxide should be routinely removed if possible, or fabrication processes should incorporate 

stable surface passivation of the silicon surface specifically between the CPW tracks to avoid native oxide 

growth following manufacture. Finally, the observed sensitivity of the miniature CPW characteristics to 

the intertrack surface state suggests that miniaturization could be beneficial for sensitivity enhancement in 

CPW-based biosensing applications [7,84]. 
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