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Abstract 
 

Gold-doped high resistivity silicon has shown potential as advanced RF 

substrate through improved substrate resistivity and RF performances. 

However, the substrate demonstrates non-linear behavior, indicating 

insufficient traps to fully pin the Fermi level to intrinsic level. To date, charge-

trapping mechanism of the substrate has not been fully understood. This study 

aims to highlight the effects of process variations in the development of gold-

doped high resistivity silicon on the DC and RF performances to gain a 

deeper insight into the charge-trapping mechanism associated with the 

substrate. Double-stage activation annealing consists of controlled cooling 

and rapid cooling illustrates higher resistivity compared to single-stage 

annealing, with more than 50% increase. In addition to that, CPW losses 

demonstrate lower dependency on DC bias, reflected by its max/min ratio of 

1.01 as compared to 1.24 for single-stage annealing. Through this work, it was 

also found that the substrate is sensitive to high-temperature processing, 

indicated by the higher max/min loss ratio on thermally oxidized substrate, 

most likely due to the insufficient traps to compensate for the additional 

thermal generated carriers. Additionally, the removal of gold layer at the 

silicon surface was unwarranted from the RF perspective, portrayed by the 

higher CPW losses.  

 

Keywords: High resistivity silicon, gold-doped silicon substrate, RF substrate, 

parasitic surface conduction (PSC) 

 

Abstrak 
 

Silikon kerintangan tinggi dop emas telah menunjukkan potensi sebagai 

substrat RF termaju melalui kerintangan substrat dan prestasi RF yang lebih 

baik. Walau bagaimanapun, substrat menunjukkan tingkah laku bukan linear, 

menunjukkan perangkap tidak mencukupi untuk menyemat sepenuhnya 

tahap Fermi kepada tahap intrinsik. Sehingga kini, mekanisme penangkapan 

cas substrat belum difahami sepenuhnya. Kajian ini bertujuan untuk 

menyerlahkan kesan variasi proses dalam pembangunan silikon kerintangan 

tinggi dop emas pada prestasi DC dan RF untuk mendapatkan gambaran 

yang lebih mendalam tentang mekanisme perangkap cas yang dikaitkan 

dengan substrat. Penyepuhlindapan pengaktifan dua peringkat terdiri 

daripada penyejukan terkawal dan penyejukan pantas menggambarkan 

kerintangan yang lebih tinggi berbanding penyepuhlindapan satu peringkat, 

dengan peningkatan lebih daripada 50%. Di samping itu, kerugian CPW 

menunjukkan pergantungan yang lebih rendah pada bias DC, dicerminkan 
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1.0 INTRODUCTION 
 

The continuous development on high resistivity 

substrates in analog, digital and mixed signals RF 

integrated circuits have been discussed in the 

International Roadmap for Devices and Systems (IRDS) 

under Emerging Materials Integration section [1]. High 

resistivity substrate in the context of RFIC application is 

defined as substrates with resistivity values greater than 

4 kOhm.cm [2,3]. Due to its maturity, plentitude and 

compatibility with CMOS processes, elemental silicon 

(Si) technology observes never-ending advancements 

as potential RFIC substrate candidate, offering high 

resistivity option (HR-Si) [4-6].  

Despite its growing potential, HR-Si suffers from 

parasitic surface conduction (PSC) [7]. It is a non-ideal 

phenomenon originated from the formation of highly 

conductive layer at the silicon surface. Under electric 

field application, charge carriers move towards or 

away from the surface, depending on the polarity of 

the applied field and the type of substrate used 

(whether N-type or P-type), inducing accumulation, 

depletion and inversion at the surface. The conductive 

layer is formed when the substrate is under 

accumulation and inversion, due to the movements of 

majority carriers and minority carriers towards the 

surface, respectively. The existence of this conductive 

layer contributes towards RF device interface losses 

and reduces the overall effective resistivity of the 

substrate [8]. The magnitude of the losses increases 

with increasing electric field [9]. Given the bias-

dependent nature of the losses, passivating the HR-Si 

surface is essential to prevent the formation of 

parasitic charges. This is achieved by establishing a 

charge-trapping mechanism at silicon-insulator 

interface which traps the moving carriers in the 

substrate from accumulating at silicon surface [10]. 

Several passivation mechanisms have been 

proposed to address the issue, including proton 

implantation [11,12], deposition of trap-rich layers such 

as polycrystalline Si [13,14] and amorphous Si [15], 

deposition of porous Si [16] and integration of post-

process porous Si [17], deposition of non-Si layer such 

as nitrated SiC, AlN and incorporation of buried P-N 

junction [18-22]. Except for [16] and [17] which 

involved porosification, all other mentioned 

techniques involved introduction of local passivation 

layers on silicon, which can potentially induce 

fabrication complexities and design challenges. An 

alternative approach focusing on bulk passivation 

technique was introduced, by employing a method 

known as deep-level doping compensation [23]. 

Deep-level doping compensation method was 

developed by introducing deep-level impurities into 

Czochralski-grown silicon (Cz-Si) to produce high-

resistivity substrates [24]. It is achieved by 

compensating for background carrier concentration in 

silicon using co-doping techniques with deep 

acceptor and/or deep donors. Among all other deep-

level dopants, gold was studied further due to its 

potential to become both deep acceptor and deep 

donor, offering flexibility in the compensation process 

[25,26]. Additionally, extensive research works have 

been published on gold in silicon to elucidate its 

behavior in silicon substrates [27-29]. The potential of 

gold-doped HR-Si as RF substrate was first evidenced 

by the enhancement of Cz-Si bulk resistivity from 

nominal value of 50 Ohm.cm to up to 100 kOhm.cm 

and improved performances of microwave devices 

[30,31]. Potential of PSC suppression was first reported 

through bias-independent CPW losses fabricated on 

the substrate [32,33]. However, based on the effective 

resistivity and harmonic distortion measurements, the 

substrate demonstrated bias-dependent and 

temperature-dependent non-linear behavior, 

suggesting insufficient traps to fully pin the Fermi level 

at the intrinsic level [34,35].  

To gain a deeper understanding of the charge-

trapping mechanism in gold-doped HR-Si, it is crucial 

to comprehend the two primary processes involved in 

its development; (1) the introduction of gold dopants 

through ion-implantation and (2) the activation of 

implanted gold in silicon through argon-annealing 

procedures [30]. The effects of varying the 

implantation processes have been discussed in 

previous works [30] however, there has been no 

reported works on the effects of other process 

variations such as the annealing procedures, gold 

surface-etching and oxidation processes on the 

resistivity and RF performances of devices fabricated 

on the substrates. This paper aims to highlight these 

effects and provides better insights into the behavior 

of gold-doped HR-Si and its potential as advanced RF 

substrates. In this work, the effects of activation 

 

 

oleh nisbah max/min 1.01 berbanding 1.24 untuk penyepuhlindapan satu 

peringkat. Melalui kerja ini, ia juga didapati bahawa substrat adalah sensitif 

kepada pemprosesan suhu tinggi, ditunjukkan oleh nisbah kehilangan 

max/min yang lebih tinggi pada substrat teroksida terma, kemungkinan besar 

disebabkan oleh perangkap yang tidak mencukupi untuk mengimbangi 

pembawa terjana haba tambahan. Selain itu, penyingkiran lapisan emas 

pada permukaan silikon adalah tidak wajar dari perspektif RF, yang 

digambarkan oleh kerugian CPW yang lebih tinggi. 

 

Kata kunci: Silikon berintangan tinggi, substrat silikon didopkan emas, substrat 

RF, konduksi permukaan parasit (PSC)  

© 2025 Penerbit UTM Press. All rights reserved 

  



1145                                    Hashim et al. / Jurnal Teknologi (Sciences & Engineering) 87:6 (2025) 1143−1151 

 

 

annealing procedures on the substrate resistivity are 

measured and compared, followed by the analysis on 

the MOS structures fabricated on the substrates in 

terms of their DC and RF characteristics. 

 

 

2.0 METHODOLOGY 
 

Six-inch <100> N-type Czochralski silicon wafers with 

resistivities 50 –60 Ohm.cm were used as the starting 

wafers. Gold atoms were first implanted through the 

backsides with implantation dose and energy of 4 x 

1013 cm-2 and 100 keV, respectively. After implantation, 

the wafers were subjected to an Ar-annealing process 

for 1 hour at 950°C in the furnace. These parameters 

were optimized based on four-point-probe (FPP) and 

coplanar waveguide (CPW) attenuation 

measurements reported in [30]. This specific 

combination of implantation dose and annealing 

temperature yields the maximum enhancement in 

resistivity. Whilst maintaining similar annealing 

temperature, time and treatment gas, this work further 

optimizes the annealing conditions by adjusting the 

temperature gradient of the cooling process in the 

furnace after which the annealing process is 

completed. There are three different approaches 

considered in this work; (1) Rapid cooling, (2) 

Controlled and (3) Controlled + rapid cooling. Rapid 

cooling refers to almost-immediate cooling-down 

process after the annealing ends and before the 

wafer boat is taken out from the furnace. This 

approach has been utilized in all previous works 

related to the gold-doped HR-Si. The controlled 

cooling refers to steady cooling-down temperature 

gradient after the annealing ends and before the 

wafer boat is taken out from the furnace. The third 

approach refers to the combination of controlled and 

rapid cooling, by which the wafers need to undergo 

two stages of annealing. The first one with the 

controlled cooling, and the second one with the rapid 

cooling. The time separation between these two 

stages is 24 hours to ensure the wafers were sufficiently 

cooled down at room temperature before performing 

the second annealing stage.   

Figure 1 further illustrates the process flow. In rapid 

cooling, the furnace temperature ramps up from 

5000C to annealing temperature of 950°C whereas in 

controlled cooling, the ramping-up starts at 2000C 

before climbing to annealing temperature of 950°C. 

Regardless, both ramps up at the same rate of 

10°C/min. Then, in both conditions, the annealing 

process is conducted for 1 hour at 950°C under argon 

atmosphere. After annealing completes, ramping-

down temperature process in rapid cooling happens 

at much greater rate compared to the one in 

controlled cooling, i.e. 15°C/min for the former as 

compared to 5°C/min for the latter. Another unique 

point of the rapid cooling is that the unloading of the 

wafers happens at T = 850°C, after which the actual 

ramping down of the furnace temperature occurs at a 

rate of 85°C/min instead of the initial recipe of 

15°C/min. 

Following annealing, four-point prober were used 

to measure the resistivity of the wafers at five different 

locations on both the front and back surfaces of each 

wafer, ensuring comprehensive coverage of the entire 

surface area. Table 1 summarizes the average 

resistivity of the wafers developed under the three 

different approaches. In all three cases, the resistivity 

measured at the front side and the back side of the 

wafers give out almost similar values i.e. rapid cooling 

with values between 20-30 kOhm-cm, controlled 

cooling with values between 1-2 kOhm-cm and 

combined approach with values between 30 – 40 

kOhm-cm. This result indicates that the kick-out 

mechanism is present in all cases [30], showing 

potentials of gold as deep level dopant in this 

compensation technique.  In addition to that, it is 

prominently evident that all approaches provide 

resistivity enhancement to the silicon, from nominal 

values between 50-60 Ohm-cm to values above 1 

kOhm-cm. However, the highest resistivity 

enhancement is shown by the gold-doped HR-Si 

wafers developed through the third annealing 

approach, combining both controlled cooling and 

rapid cooling, with values above 30 kOhm-cm. 

Significant enhancement is also seen in wafers 

developed through rapid cooling, with values above 

20 kOhm-cm, reflecting the results reported in previous 

works. The least enhancement is shown by the wafers 

developed through controlled cooling approach, with 

values less than 3 kOhm-cm.  

 

 
 

Figure 1 Ar-annealing process flow for three different 

approaches considered in this work. (1) controlled cooling (2) 

rapid cooling (3) controlled cooling + rapid cooling (24-hour 

cooling period between the first and second annealing 

process). 
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Table 1 FPP resistivity measurements 

 

Cooling 

approach 

Resistivity 

(kOhm-cm) 

Average 

resistivity 

(kOhm-

cm) 

Kick-out 

Mechanism 

Suitability 

for RF 

application 
Front Back 

Rapid 

cooling 
22.6 21.7 22.15 YES YES 

Controlled 1.54 2.00 1.77 YES NO 

Combined 

(Controlled 

+ rapid 

cooling) 

37.0 32.0 34.5 YES YES 

 

 

The differences in the resistivity enhancement values 

can be explained further through the behaviour of the 

gold atoms under different cooling condition. In all 

cases, gold diffuse into silicon as interstitial atoms at T = 

6000C [36]. As soon as the temperature hits 8000C, the 

interstitial gold atoms kick out the silicon atoms to 

occupy the substitutional sites, causing the kicked-out 

silicon atoms to become self-interstitials [37]. The 

substitutional gold atoms then compensate for the 

shallow impurities and dopants that exist in silicon, 

resulting in an increase in the bulk resistivity of the 

silicon substrate. Above this temperature, the kick-out 

mechanism continues to occur, and more 

substitutional gold atoms are created with peak 

activity happening at 950°C. After this process, 

furnace temperature is brought down gradually from 

9500C to 2000C before the wafers were unloaded, in 

the case of controlled cooling. This causes thermal 

donors to be generated, especially when the 

temperature falls below 5000 C [38], reducing the 

resistivity of the silicon. Despite that, it does not reach 

its nominal value, indicating that substitutional gold 

atoms remain electrically active and able to 

compensate for the additional generation of 

impurities. In the case of rapid cooling approach, any 

non-ideal activities such as the generation of thermal 

donors are limited, due to two reasons; (1) rapid fall of 

furnace temperature after annealing and (2) 

unloading of the silicon wafers at T = 8500C, a 

temperature at which the event is unlikely to occur. 

Hence, the resistivity enhancement is maintained. 

When the two approaches are combined, as in the 

third approach, controlled cooling enhances the 

activation of the substitutional gold atoms in the first 

annealing process. In the subsequent annealing 

phase, which employs rapid cooling, additional 

substitutional gold atoms are formed, supplementing 

those created during the first annealing process. 

Consequently, the resistivity of the silicon is further 

increased. 

 

Although all approaches have successfully shown 

potential in resistivity enhancement, the gold doped 

silicon substrate developed through single controlled 

cooling approach is deemed as unsuitable to be used 

in RF application, since the average resistivity is less 

than 4 kOhm-cm. Additionally, given that the 

combined approach demonstrates higher resistivity 

values than the single rapid cooling method, the gold-

doped silicon generated through the former will be 

utilized in the next phase of this study. 

Parasitic surface conduction in the substrates were 

analysed using metal-oxide-silicon (MOS) structures. It 

involved design and fabrication of two types of 

device; capacitors and coplanar waveguides. The 

structures incorporated back metallization to enable 

back-biasing during DC and RF characterizations. 

Capacitance-voltage (CV) characterizations of the 

capacitor structures were employed to evaluate the 

charges associated with gold-doped high-resistivity 

silicon, whilst bias-dependent RF characterizations of 

the coplanar waveguides facilitated the observation 

of potential suppression of parasitic surface 

conduction. 

Before device fabrication takes place, gold 

surface-etching process was conducted to eliminate 

any possible conductive layer resulting from residual 

gold left during the implantation on the silicon surface 

[30]. Observing the effects of gold surface-etching on 

RF device behavior was part of this work’s objectives, 

hence having the non-etched substrate option was 

also considered.  Then, a 20-nm silicon dioxide was 

deposited on the silicon surface to provide DC 

isolation in the fabricated devices. Two oxidation 

processes were considered. The first one was thermal 

oxide, grown using dry oxidation method in the 

furnace, another one is sputtered oxide, deposited 

through reactive sputtering method. The purpose is to 

determine the temperature sensitivity of the substrates, 

as the former is conducted in high-temperature 

environment (T>9000C) whereas the latter is 

conducted in room temperature environment. 

Following oxide deposition, a 1-μm aluminum layer was 

evaporated onto silicon dioxide to form the front 

contact. Subsequently, photolithographic patterning 

of the MOS devices was performed, followed by the 

deposition of a 500-nm aluminum back contact using 

reactive sputtering. 
 

 

3.0 RESULTS  
 

C-V measurements were conducted under high 

frequency environment on all fabricated wafers. For 

each measurement, a DC voltage was applied, and 

the voltage was swept from -6V (inversion) to +6V 

(accumulation), with illumination provided to mitigate 

deep depletion effects. Figure 2 presents the C-V 

characteristics of gold-doped HR-Si. For comparison, 

C-V characteristics of Float-zone silicon (Fz-Si) 

(resistivity: ~360 Ohm.cm) were also included. Fz-Si 

exhibits typical high-frequency behavior characteristic 

of an N-type substrate, with maximum capacitance 

(CMAX) observed in the positive bias region, indicating 

charge accumulation, and minimum capacitance 

(CMIN) observed in the negative bias region, indicating 

surface inversion. The observed CMAX is slightly lower 

than the oxide capacitance (COX, calculated to be 

1.73 x 10-3 F/m²), which can be attributed to the Debye 

length exceeding the oxide thickness (tOX). When the 



1147                                    Hashim et al. / Jurnal Teknologi (Sciences & Engineering) 87:6 (2025) 1143−1151 

 

 

Debye length is larger than tOX, the free carrier 

response to the electric field occurs at a distance from 

the oxide-silicon interface, resulting in a reduced CMAX 

in the accumulation region.  

For gold-doped high-resistivity silicon (HR-Si) 

substrates, similar trends are observed in substrates with 

thermal oxides, where the CMAX and CMIN appear in 

the positive and negative bias regions, respectively. 

The reduced CMAX compared to Fz-Si can be 

attributed to the higher resistivity of the HR-Si 

substrates, which corresponds to an increased Debye 

length. Furthermore, the gold-doped HR-Si substrates 

without etching exhibit higher capacitance values 

than their etched counterparts, likely due to the lower 

resistivity induced by the gold conductive layer 

present at the substrate surface. In contrast, substrates 

with sputtered oxides, etched and non-etched, did 

not display distinct high-frequency C-V characteristics, 

instead showing flat trends. The flat trend indicates 

that the substrate charges do not respond to DC 

voltages, hence the absence of accumulation, 

depletion and inversion behavior in the C-V graph. 

While similar observations are made for both non-

etched and etched substrates, the capacitance 

values across all voltages are lower than those of gold-

doped HR-Si with thermal oxides. These results are 

particularly interesting, given that the substrate 

resistivity is identical for both thermal and sputtered 

oxides, which would ordinarily lead to comparable 

CMAX values for each etched and non-etched 

substrate.  

 

Figure 2 High-frequency C-V characteristics for gold-doped 

HR-Si. Inset graph illustrates the comparison in log scale 

 

 

RF measurements were then conducted with the 

incorporation of constant DC voltage at the similar 

range mentioned in the C-V. CPW attenuation loss was 

calculated using the following expression [39]: 

 

  

      (1) 

 

 

where l is the CPW length and  is measured in 

dB/mm. S11 and S21 refer to the return loss and the 

transmission loss of the CPW, respectively. Attenuation 

losses on all gold-doped HR-Si substrates increases 

gradually with frequency, which is expected due to 

conductor and dielectric losses (results not shown 

here) [40]. Figure 3 shows the loss comparison between 

substrates with thermal oxide and sputtered oxide. It 

can be seen that the losses for the thermal oxide 

exhibit a distinct variation with voltage. At negative 

voltages, the attenuation loss are relatively high (~0.45 

dB/mm) and decreases as the voltage approaches 0V 

and towards the small positive voltages, reaching a 

minimum of around 0.25 dB/mm at +1V. Then, the loss 

increases again towards higher positive voltages, 

suggesting strong dependence of the attenuation loss 

on the applied voltage. The lowest attenuation region 

(between 0V to +3V) corresponds to the depletion of 

charges, whereas the higher losses at negative and 

positive voltage regions refer to surface inversion and 

accumulation of charges, respectively. On the 

contrary, the attenuation loss for the gold-doped HR-Si 

with sputtered oxide remains nearly constant 

(~0.2dB/mm) across the entire voltage range from -6V 

to +6V. This flat response indicates that the loss is 

largely independent of the applied voltage, 

suggesting suppression of charges at the oxide-silicon 

interface i.e. the absence of accumulation and 

inversion at the oxide-silicon interface.  

Figure 3 Effects of oxidation process on attenuation losses of 

gold-doped HR-Si 

 

 

The effects of gold-etching on the CPW 

attenuation loss are illustrated in Figure 4 for the 

substrates with sputtered oxide. In both cases, the 

dependence on the applied voltage is seen towards 

more positive voltages, recording the highest loss at +6 

V (accumulation region). However, this dependency is 

considered negligibly small i.e. less than 2% difference 

between highest loss and lowest loss for the measured 

range of voltages for each etched and non-etched 

substrate. It is also particularly interesting to note that 

the losses measured for etched substrates are higher 

than the non-etched substrates (almost by 5%), even 
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though the removal of the conductive gold surface 

layer has given superior resistivity value compared to 

the non-etched substrates. The presence of gold (in 

the case of non-etched substrates) on the silicon 

surface layer acts as additional traps at the oxide-

silicon interface, suppressing the charge conduction, 

hence reducing the overall CPW attenuation loss. 

Apart from etching, the effects of light illumination 

were also included in the figure. Increase in losses are 

observed in both etched and non-etched cases, 

originated from the generation of additional carriers 

due to photon absorptions, more prominently in the 

accumulation region (positive region, in this case).  

 

Figure 4 Effects of gold surface-etching and light illumination 

on attenuation losses of gold-doped HR-Si 

 

 

Based on the results shown in Figures 3 and 4, it can 

be concluded that non-etched gold-doped HR-Si with 

sputtered oxide produce maximum suppression of 

parasitic surface conduction, indicated by the lowest 

loss and its weak dependency on the applied voltage. 

This particular substrate was then compared with its 

oxide-free counterpart. Figure 5 presents this 

comparison, alongside the losses measured on the 

360-ohm.cm Fz-Si and Fz HR-Si substrates with resistivity 

~ 10 kOhm.cm. For all substrates, the attenuation loss 

increases progressively with frequency, reflecting the 

inherent frequency-dependent losses as previously 

discussed. The losses on gold-doped HR-Si are 

significantly lower than Fz-Si and comparable to Fz HR-

Si. The observation is attributed to the bulk resistivity 

values of the substrates. Fz-Si is of much lower resistivity 

compared to the other two substrates, and the Fz HR-Si 

resistivity is in the comparable range with the gold-

doped HR-Si (kOhm.cm). However, the key 

observation of this graph is that the losses of the gold-

doped HR-Si with oxide is comparable to the oxide-

free gold-doped HR-Si, suggesting that the presence 

of the oxide layer does not significantly impact the 

attenuation loss on gold-doped HR-Si hence, 

promoting suppression of charges at the oxide-silicon 

interface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Substrate comparison on CPW attenuation losses  

Figure 6 Bias-dependent losses on all substrates, including the 

controlled Fz-Si and Fz HR-Si. CC: Combined cooling 

(Controlled + rapid cooling); RC: Rapid cooling only; NE: Non-

etched; E: Etched; T: Thermal oxide; S: Sputtered oxide 
 

 

Figure 6 shows the comparison in bias-dependent 

CPW attenuation losses across all gold-doped HR-Si 

substrates discussed in this work so far, as well as the 

controlled Fz-Si and Fz HR-Si substrates. Additionally, 

the CPW attenuation loss of devices fabricated on 

non-etched gold-doped HR-Si developed through 

rapid-cooling with sputtered oxide is also analyzed to 

observe the effects of substrate annealing conditions 

on the losses and consequently, on the potential 

suppression of charges. The data clearly indicate that 

gold-doped HR-Si substrates with sputtered oxide (both 

non-etched and etched) exhibit the lowest losses 

compared to other substrates, with the least 

dependency on bias voltages. All other substrates 

illustrate higher losses with more significant bias 

voltage dependency.   
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4.0 DISCUSSION 
 

To quantitatively measure the bias-dependency level 

of the substrates, a ratio of  

max/min is used [18]. A ratio of 1 denotes bias-

independent losses whilst any values higher than that 

portrays dependency of the CPW losses on the DC 

bias. Table 2 summarizes the results obtained for all 

substrates in this work. From the table, it is clear that 

the non-etched gold-doped HR-Si substrate with 

sputtered oxide exhibits the lowest loss and the least 

dependency on bias voltages with values of 0.193 

dB/mm and 1.01, respectively. Its etched counterpart 

also promotes bias-independent nature with ratio 1.01 

however, with a slightly higher loss of 0.204 dB/mm. In 

both cases, the presence of light increases the 

dependency to 1.04 and 1.02, respectively. 

Regardless, these ratios are still considerably low and 

almost close to 1. Strong dependency is shown in all 

other substrates, with the highest ratio shown by Fz-Si 

(max/min = 3.45). This provides several indications: (1) 

Silicon substrates exhibit parasitic surface conduction, 

as illustrated by bias-dependent losses in Fz-Si, that 

hinder their potential in RF applications; (2) Bias-

independent losses of CPWs on gold-doped HR-Si is 

not attributed to substrate resistivity since Float-zone 

HR-Si develops strong dependency of 1.51 despite 

being highly resistive; (3) the gold-doped HR-Si is 

sensitive to high temperature environment, as 

illustrated by the ratio of 1.68 obtained for gold-doped 

HR-Si with thermal oxide and (4) single-stage annealing 

does not provide sufficient suppression at the 

interface, shown by a dependency ratio of 1.24 for 

gold-doped HR-Si developed through rapid cooling 

procedure.  

 

Table 2 max/min ratio for CPWs on all gold-doped HR-Si and 

controlled substrates. 
 

Substrate Ann

eali

ng 

Au-

etchin

g 

Oxide Light? *αmeas 

(dB/m

m) 

αmax/

αmin 

Au HR-Si C+R

C 

YES Sp No 0.204 1.01 

Au HR-Si C+R

C 

NO Sp No 0.193 1.01 

Au HR-Si C+R

C 

YES Sp Yes 0.205 1.02 

Au HR-Si C+R

C 

NO Sp Yes 0.194 1.04 

Au HR-Si C+R

C 

NO Th No 0.289 1.68 

Au HR-Si RC NO Sp No 0.203 1.24 

Fz HR-Si - - Sp No 0.207 1.51 

Fz-Si - - Th No 0.340 3.45 

 

 

5.0 CONCLUSION 
 

This study is aimed to investigate the effects of process 

variations on the development of gold-doped HR-Si 

substrates and their impacts on the DC and RF device 

performances working in the GHz-range. The findings 

demonstrate that double-stage annealing consists of 

controlled cooling and rapid-cooling procedures have 

effectively increased the bulk resistivity of the 

substrates, as compared to its single-stage 

counterparts. Additionally, high-temperature 

environment is found to be unsuitable for gold-doped 

HR-Si, reflected by the bias-dependent CPW losses, 

supporting the findings reported in [35]. Moreover, the 

removal of gold surface layer on the gold-doped HR-

Si, which was found to be effective in increasing the 

resistivity of the substrate, is found to be unnecessary 

from the RF perspective as it actually provide higher 

losses. These results suggest that charge-trapping 

mechanism in gold-doped HR-Si is affected by a 

number of processes variations and can be optimized 

further to enhance its potential as advanced RF 

substrates. However, its implementation in large-scale 

manufacturing still poses several challenges especially 

in terms of its temperature sensitivity and potential risk 

of contaminations. Future research could focus on 

extending these findings to optimization of the charge-

trapping mechanism in gold-doped HR-Si through its 

activation annealing procedures.  
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