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Abstract - When metal-assisted-chemical-etching 
(MACE) is used to increase the effective surface area of 
Si electrodes for electrochemical capacitors it is often 
found that the cyclic voltammetry characteristics contain 
anodic and cathodic peaks. We link these peaks to the 
charging-discharging dynamics of deep level traps within 
the nanowire system. The trap levels are associated with 
the use of Ag in the MACE process that can leave minute 
amounts of Ag residue within the nanowire system to 
interact with the H2O layer surrounding the nanowires in 
a room temperature ionic liquid. The influence of the 
traps can be removed by shifting the Fermi level away 
from the trap levels via spin-on-doping. This results in 
lower capacitance values but improved charge-discharge 
cycling behaviour. Low frequency noise measurements 
proof the presence or absence of these deep level traps. 
 
Index terms: silicon nanowires, deep level traps, 
electrochemistry, supercapacitor 
 
 
 
 
 
 

I. INTRODUCTION 
 
Si nanowire arrays (NWAs) are investigated for use as 
electrodes in electrochemical energy storage devices 
such as supercapacitors [1] and batteries [2]. Electrodes 
in electrochemical storage devices are normally based on 
highly conductive materials with large surface area such 
as e.g. activated carbon [3]. The interest in Si-based 
electrodes is mainly driven by the ubiquitous character of 
Si and its well-established CMOS (complementary metal-
oxide-semiconductor) related fabrication technology that 
opens the field of monolithically integrated storage 
devices in consumer electronics. Large surface areas 
can be obtained by converting Si bulk into NWAs. These 
can be made in different ways such as, vapor-liquid-solid 
(VLS) growth [4], electrochemical etching [5], reactive ion 
etching (RIE) [6] and metal-assisted chemical etching 
(MACE) [7]. MACE offers a simple wet electrochemical 
method to create a NWA from Si bulk that avoids the use 
of vacuum equipment. In this work, Si NWAs are 
fabricated via MACE using Ag as catalyst. The NWs are 
coated with a thin SiO2 layer in boiling nitric acid to 
improve their electrochemical robustness. They are used 
as the working electrode in the room temperature ionic 
liquid (RTIL) [Bmim][NTf2]. 

 

 
The electrochemistry at the semiconductor-electrolyte 
interface is different from that of a metal-electrolyte 

interface in that both a bandgap as well as a space 
charge region exist in semiconductors that are absent in 
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Figure 1: SEM cross section of a Si NWA after 1 SOD (left) and 3 SOD steps (right). The difference in 
length is due to slight variations in etch conditions and the SOD oxidation and oxide removal process that 
removes the bundled top region of the NWA. 
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metals [8]. In principle, the capacitance of the space 
charge region, Csc is in series with that of the double 
layer in the electrolyte, Cdl. If Csc is small in comparison to 
Cdl, it can dominate the capacitance of the system. 
Therefore, heavily doped Si NWAs are required to reduce 
the width of the space charge region. Another important 
feature of semiconductors is the presence of interface 
states at the surface of Si. These states introduce energy 
trap levels in the bandgap of the semiconductor at the 
interface with the electrolyte. The trap levels pin the 
Fermi level when the interface state density is high, such 
that the space charge region is electrically shielded from 
the applied voltage. In that case, the applied voltage 
drops mainly across the electrochemical double layer [9], 
allowing the structure to work as a double layer 
electrode. The high density of dangling bonds and 
surface defects in MACE-fabricated Si NWAs results in a 
high density of surface trap levels [10]. In addition to 
interface states, the material preparation process can 
introduce additional active trap centres. It has been 
reported that the metals used for MACE, such as Au or 
Ag [11, 12], can diffuse into the material and create 
metal-specific deep level trap centres. For our system, 
we have confirmed the presence of deep level traps in 
the Si NWA electrodes by low frequency noise 
measurements that proof the existence of a strong 
generation-recombination centre at low frequency (large 
time constant). The cyclic voltammetry measurements of 
the Si NWA-RTIL interface then shows anodic and 
cathodic peaks that are related to each other and are 
independent of the RTIL chosen. We associate these 
peaks with the charging and discharging of the Ag-
related deep level traps in the Si NWs and a thin H2O 
layer that surrounds the NWs in the array [13]. 
A possible method to remove the residual Ag and 
passivate the Si NW surfaces is rapid thermal oxidation 
(RTO) and oxide removal [10]. This method was applied 
and it reduced the amplitude of the peaks but did not 
remove them altogether. Another method is based on the 
knowledge that the electrical activity of the deep level 
traps depends on their energetic position in the bandgap 
with respect to the Fermi level. Increasing the doping of 
the Si NWA via e.g. spin-on-doping (SOD) [14] moves 
the Fermi level in the silicon below the band edge for 
degenerate doping densities. This hinders charge 
transfer between the deep level traps and the electrolyte. 
Accordingly, in those cases, low frequency noise 
measurements confirm the de-activation of the trap levels 
for any SOD type, B, Al, and Ga used. 

 
II. EXPERIMENTAL 

 
<100> p-type silicon samples, with resistivity ρ = 0.01-
0.02 Ω cm (B doped, NA ~1018 cm-3) and 2 cm x 2 cm 
area, were used. The samples were cleaned in solvents 
followed by a piranha etch (3:1 H2SO4:H2O2) for 10 min. 
The back side is protected during the 2-step MACE 
process: the 1st step in 0.005 M AgNO3 : 5 M HF for 2 
min nucleates Ag nanoparticles (NPs) on the Si surface ; 
the 2nd step in 0.1 M H2O2 : 4.9 M HF for 60 min etches 
the NWs. The Ag NPs are removed in 1:1 concentrated 
HNO3 : DI water for 3 min. Samples are thoroughly rinsed 
in DI water after each step. The range of diameters of the 

nanowires lie between 50 nm – 300 nm. The length and 
the density of the Si NWs are 15 - 20 µm and ~109 

NWs·cm-2, respectively. For boron SOD the native oxide 
is first removed in 5% diluted HF. SOD was spun at 2500 
rpm for 40 s with an initial acceleration of 500 rpm·s-1. 
Solvents are removed on a hotplate at 200 °C for 6 min 
and dopant activation was done by rapid thermal 
annealing at 800 °C for 1 min under O2 atmosphere to 
avoid the growth of a boron rich layer [15]. The resulting 
glass layer is removed in diluted HF. The SEM cross-
section of the Si NWA after 1 and 3 SOD steps is given in 
figure 1. 
Heated, concentrated HNO3 (10 min) was used to coat all 
Si NWAs with a thin (~2 nm) SiO2 layer to protect the Si 
NWs from electrochemical reactions [1- Qiao]. The back 
side of the sample was metallised with a 100 nm Al layer 
after RIE (reactive ion etching) oxide removal in CHF3 (25 
sccm) - Ar (25 sccm) - O2 (2 sccm) at 200 W for 5 min at 
20 °C. The contacts were annealed at 200 °C for 1 min 
under Ar atmosphere. 
A CH760C potentiostat was used for cyclic voltammetry 
(CV) with a three-electrode setup. The Si NWA is used 
as the working electrode, a Pt coil wire as the counter 
electrode and an Ag wire as the pseudo-reference 
electrode. All electrodes were thoroughly cleaned before 
use. Measurements are carried out in ionic liquid 
[Bmim][NTF2], dried at 80 oC under vacuum for 12 hours 
giving a Karl-Fischer titration water contents of 11 ppm. 
The electrochemical window of a Au/dried [Bmim][NTF2] 
system is ~4.4V. The electrochemical cell used was 
custom built [16]. The electrochemical potential window 
(EW) was chosen to be in the voltage range for which Imax 
< 3 x Imw, where Imax is the current at the edge of the 
voltage window and Imw in the middle of the voltage 
window. For CV characteristics with current peaks, the 
operating potential window was constrained to voltages 
where Imax ≈ Ip with Ip the redox peak current. 
The areal capacitance, C can be calculated from a CV 
plot using: 
𝐶 = !

!"/!"
 . !
!
   (1) 

where 𝑖 = !!!!!
!

 with ia,p the anodic and cathodic current, 
defined from the voltammogram at their minimum 
absolute value, 𝑑𝑉/𝑑𝑡 is the experiment’s scan rate and 
𝐴 is the projected surface area. The working electrode 
surface area, is A = 1.327 cm2. The effective surface 
area of the NWA, Aeff is estimated using the capacitance 
value of a Si bulk sample prepared without SOD and 
coated in 120 oC HNO3 giving C = 6 µF. The extracted 
capacitance value, using the same preparation technique 
on a Si NWA that does not exhibit peaks is C = 1060 µF. 
Using these known values, the unknown NWA-structured 
surface area can be estimated. This gives an effective 
NWA surface area in contact with the liquid Aeff = 234 
cm2. The reported areal capacitances are calculated 
using A. 
The 1/f noise spectral density due to voltage fluctuations, 
SV from the load resistor, RL connected in series with the 
NWA were obtained using a SR770 FFT spectrum 
analyzer in a frequency range from 1 mHz to 100 kHz at 
300 K. Background noise was measured using the zero-
bias set-up and subtracted from the total device noise. 
Measurements used the custom built electrochemical cell 
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that was placed in a Faraday cage and the devices were 
biased with a battery at 1 V [17]. Contacts were made 
with a 3 mm diameter spring-loaded Au top probe onto 
the NWA and a Cu back plate. The spectral noise density 
of the short circuit current fluctuations, SI, was calculated 
using the formula: 

𝑆! =  𝑆!
!!!!!
!!×!!

!
 (2) 

where RD is the NWA’s differential resistance.  
 

III. RESULTS AND DISCUSSIONS 
 
The cyclic voltammogram (CV) of the non-degenerately 
doped SiO2-coated Si NWA in [Bmim][NTf2] is shown in 
figure 2. The CV scans are given for increasing voltage 
windows, starting from –ve. The CV measurement shows 
an anodic (+ve) and cathodic peak (-ve). Initially no 
reduction peak is observed until the forward scan nears 
the potential for the oxidation peak (inner blue dashed 
line). Extending the forward scan voltage shows a strong 
increase of the reduction peak as the oxidation peak 
potential is reached (red full thick line). These 
observations demonstrate that the peaks are related. 

 
Figure 2: Cyclic voltammograms of the non-degenerately 
doped SiO2 coated Si NWA in [Bmim][NTf2] for different 
potential scan ranges with scan speed, v = 200 mV·s-1. 
Potentials are plotted versus the Ag pseudo reference 
electrode. All scans started at the same negative 
potential (-ve) but the voltage scan window is increased 
in the positive direction. 
 
In order to exclude the RTIL as the origin of the peaks, 
CV measurements were carried out in different 
electrolytes, including an aqueous solution of 
NaClO4·H2O, LiClO4 in propylene carbonate and the 
[Emim][HSO4] ionic liquid. The results are given in figure 
3. Indeed, common to all the CVs is the occurrence 
of a redox feature within the EW of the electrolyte 
medium. The peak position shifts due to the 
different reference potentials in the respective 
media. The presence of peaks in all four media confirms 
that their origin is not due to the electrolyte system, but 
instead related to the electrode itself and/or a common 
impurity in solution or on the surface.  

 
Figure 3: Cyclic voltammograms of the non-degenerately 
doped SiO2 coated Si NWAs – in 0.5 M NaClO4.H2O (red 
line), 0.5 M solution of LiClO4 in propylene carbonate 
(PC) (blue line), and in [Emim][HSO4] (green line) in 
comparison with in [Bmim][NTf2] (black line) at v = 50 
mV·s-1. 
 
The role of the electrode surface is investigated in further 
detail to establish whether other process parameters 
influence the peaks. Bulk Si samples with different SOD 
doping atoms (B, Ga and Al), coated in a thin SiO2 layer 
using heated HNO3 are used. No peaks are observed for 
these samples (figure 4), indicating that the peaks are 
unrelated to the SOD doping atom. In addition, CV 
measurements were carried out on bulk samples that 
underwent all MACE process steps, but without using 
AgNO3. These samples have no NWs and did not show 
redox peaks (CV plots are similar to figure 4). These 
results exclude peaks related to contamination of the set-
up or chemicals used. The remaining discriminating 
factor in MACE-etched NWAs is the use of Ag as a 
catalyst. 

 
Figure 4: Cyclic voltammogram for SiO2-coated bulk Si 
electrodes in [Bmim][NTf2] at v = 100 mV·s-1. Black line: 
untreated Si bulk, red line: B-SOD, blue line: Al-SOD and 
green line Ga-SOD. 
 
In previous work, we found H2O in the Si NWA, even 
under vacuum conditions [13]. It is thus possible that 
adsorbed H2O layers play a part in the observed redox 
activity. Adsorbed water layers will be present on both 
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bulk and NWA, but for bulk Si electrodes, the 
corresponding redox process does not occur or may be 
kinetically hindered. Redox peaks on bulk are unlikely to 
remain undetected, as the capacitive background current 
is significantly reduced compared to the Si NWA 
samples.  
In [11], EDX on single NWs demonstrated that minute 
concentrations of Ag nanoparticles of less than 0.2% can 
remain on the NWs after the etch process, especially 
when bunching at the top of the nanowires hinders 
efficient Ag removal. In [12] the authors similarly reported 

the presence of low concentrations of Ag that causes 
deep level trap states in the bandgap of Si with a 
concentration of the order to 1013 cm-3. We evaluate the 
presence of deep level traps by low frequency noise 
measurements. 1/f noise in Si/SiO2 devices is generated 
by carrier trapping and de-trapping [18]. The 1/f shape of 
the noise spectral density is the result of the sum of 
Lorentzian power spectra, each associated to the lifetime 
of the different traps. For strong active deep level traps, 
the low frequency Lorentzian noise plateau becomes 
identifiable and defines the lifetime of the active trap level

 

The low frequency noise measurements on Si NWAs 
(see figure 5) show very high amplitudes of normalized 
current spectral noise density, SI/I2 due to the nearly 
continuous distribution of trap levels in the bandgap 
(interface states) [19] of the un-passivated NW surfaces. 
The 1/f noise spectrum of the Si NWA with redox peaks 
shows a clear deep level trap. Figure 5 shows a 𝑓!! with 
γ ≈ 0.9 behaviour at higher frequencies, representative of 
majority carrier number fluctuations [20]. At intermediate 
frequencies, γ = 2, indicative of a strong carrier 
generation-recombination (G-R) centre [21]. The inset 
highlights the position of the G-R centre, determined by 
the maximum value of SI × f/I2 that defines the lifetime of 
the trap: τ ≈	5 s. This result confirms the presence of a 
strong specific trapping centre in the Si NWA.  
A simple way to remove the surface traps is to remove 
the surface layer of the NWs. This can be done by 
oxidation and subsequent oxide removal. We have 
applied two methods: in the 1st method the Si NWA was 
oxidised 3 times using boiling HNO3 at 90 °C for 10 min 
each and the resulting oxide was removed in a 5 min, 1 
ml HF(50%): 10 ml DI water mixture after each oxidation 

step. A 4th and last HNO3 step was applied to obtain a 
thin SiO2 surface layer. Based on the assumption that for 
1 nm oxide 0.46 nm Si is consumed, this removes an 
estimated ~2.5 nm of Si. In the 2nd method, rapid thermal 
oxidation (RTO) [10, 22] was used twice at ~850 °C and 
the oxide was stripped after each step in the same way 
as the 1st method. The total thickness of removed Si is 
estimated at ~5 nm. A final HNO3 steps coats the NWs 
with SiO2. Figure 6 compares the CV plots of the three 
different electrodes. The oxide strip process reduces the 
absolute value of the current peaks and the overall 
current. Although less Si is removed in the 3x HNO3 
oxidation and strip process, the peak is reduced more. 
This might be caused by Ag diffusion further into the 
NWA for the higher temperature steps in the RTO. 
Additional oxidation and strip steps might ultimately 
remove the current peaks. 
In a second approach, the influence of the G-R centre 
can also be removed by shifting the Fermi level away 
from the trap centre. This is achieved by changing the 
doping density in the Si NWA via SOD. In order to shift 
the Fermi level into the valence band  (degenerate 
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Figure 5: Normalised current spectral noise density as a function of frequency (log-log plot) for the NWA 
showing peaks for a bias of 1 V. The dashed lines give the slope of the spectrum in different frequency 
ranges. The inset gives the normalised current spectral noise multiplied by the frequency. The position of 
the peak determines the lifetime of the characteristic trap level.	
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doping), the Si NWAs are doped using 3 SOD steps. 

 

 
Three different doping atoms are used: B, Al and Ga. The 
CV and noise measurements are shown in figure 7. None 
of the CVs shows any significant redox activity in the 
relevant potential range and the G-R signal has also 
disappeared from the 1/f noise spectrum. 
Hence, there appears to be a correlation between the 

activity of the trap states and the redox activity of the 
electrode/solution interface [23]. The electron transfer 
partner in solution cannot be the RTIL itself because 
electron transfer to or from the RTIL cation and anion, 
respectively, occurs outside the EW, while the observed 
redox activity is observed within the stability window of 
the RTIL. An alternative explanation involves adsorbed 
H2O on or inside the Si NWA, potentially providing the 
required donor and acceptor levels. This is in line with 
our previous findings [13] and those in reference [24]. 
The latter propose equilibration of deep-level surface 
states with water, rather than with the semiconductor, via 
surface state mediated electron transfer. Figure 8 gives a 
schematic of an energy band diagram with Ag related 
traps in the Si bandgap, in contact with an H2O layer. 
Common trap levels in Si, associated to Ag are at a 
position of ~0.56 eV under the conduction band edge (an 
acceptor state) and ~0.23 eV above the valence band 
edge (a donor state) [25]. The population of traps is 
determined by their position relative to the Fermi level 
and carrier generation-recombination processes [19]. The 
Fermi level in Si is pinned due to the large density of 
surface states [5]. Therefore, the external voltage will 
drop mainly across the electrolyte [4]. The space charge 
region drawn at equilibrium (figure 8a) is based on the 
results of thermoelectric measurements on Si NWAs that 
show that the surface of MACE etched p-Si NWs is 
depleted [26]. Degenerately doped Si (figure 8b) shows 
less surface depletion. 
 

 

 
 
 
 
 
 
The energy band diagrams are based on the model 
proposed by N. Sato for adsorbed species [27] and are a 
qualitative schematic representation. When no SOD is 
applied, the Si NWA is non-degenerate and the Fermi 
level EF, lies above the valence band edge Ev. In this 
case, the donor level d is filled. When a positive bias is 
applied to the electrolyte with respect to the Si NWA, the 
donor trap d releases its electrons into the electrolyte 

electron acceptor level, A (figure 8a2). In the opposite 
bias direction (figure 8a3), the electrolyte transfers 
electrons back into the donor trap level d. This is 
consistent with figure 2 where the cathodic peak is only 
established when the anodic peak happens. The trap 
level d first needs to empty its electrons before the 
electron transfer from the electrolyte electron donor level 
D can occur. The position of the Fermi level is critical for 
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Figure 7: (a) Cyclic voltammograms of a 3x B (red line), 3x Al (blue line) and 3x Ga (green line) SOD Si NWA coated in 
SiO2 measured in [Bmim][NTf2] at v = 100 mV·s-1. (b) Normalised current spectral noise density as a function of 
frequency for the 3x B-doped sample at V = 1V. The dashed line highlights the γ = 1 slope of the spectrum.	

Figure 6: Cyclic voltammograms of three Si NWAs 
coated in SiO2 measured in [Bmim][NTf2] at v = 100 
mV s-1. The solid line is the reference, the dotted 
line is after 3 HNO3 oxidations and oxide strips, the 
dashed line is after 2 RTO and oxide strips. 
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these carrier exchanges to occur. If the Si is 
degenerately doped, as given in figure 8b, then the donor 
trap level is empty. Applying +ve (figure 8b2) overlaps the 
empty donor trap level d with the empty acceptor level A, 
no electron transfer occurs. For the opposite bias (figure 
8b3), no transfer is possible as long as d and A overlap. 
The absence of anodic and cathodic peaks in n-type Si 
NWAs [1 – Qiao] is also consistent with this reasoning 

because the Fermi level is positioned well above the Ag 
trap centres for n-doped Si. 
The presence of deep level traps in Si NWA electrodes 
for supercapacitors has an impact on the operation 
stability of the electrode. Although the capacitance value 
of the electrodes with traps is higher (see Table 1), its 
performance degrades faster with number of charge-
discharge cycles as illustrated in figure 9. 

 

The higher initial capacitance is due to the capacitive 
dynamics of the charge exchange via traps whilst the 
degradation upon cycling might be due to an additional 
leakage current channel formed by the redox active sites. 
 
Table 1: Numerical performance values for B-doped Si 
NWAs as an electrode in [Bmim][NTf2]. EW: 
electrochemical window, Imw midway current, and C 
capacitance per projected area calculated from the CV 
plots.  
Working electrode EW (V) Imw (A) C (µF/cm2) 

No SOD 2.8 9.75 x 10-5 799 
3xSOD 3.1 6.40 x 10-5 254 

 
The device without redox peaks exhibits only a 6.5% 
capacitance loss over 3000 cycles, with the last 1500 
cycles demonstrating device stability. However, the 
device with redox peaks exhibits a higher loss of 
capacitance of 17.3%, reaching an approximately 
constant value over the last 1000 cycles only.  
 

IV. CONCLUSIONS 
 
We measured and analyzed the occurrence of redox 
peaks in the cyclic voltammogram of p-Si NWA-ionic 
liquid interfaces. These redox peaks are associated to 
direct charge exchange between deep level traps in the 
Si and the thin H2O layer that surrounds the NWs in the 
ionic liquid. The occurrence of slow traps was proven by 
low frequency noise measurements that identified a 
strong generation-recombination center with a lifetime of 
~5 s. The deep level traps can be associated with 
diffused Ag, used as a catalyst in the nanowire 
fabrication process. Although removal of the surface 
layer of the Si NWs via an oxidation and strip method 
decreases the peaks, increasing the doping density to a 
degenerate level in the NWs via e.g. spin-on-doping 
might be a more effective method to de-activate the 
traps. Doping moves the Fermi level below the donor trap 
center, making is inactive within the EW. Cyclic 
voltammetry and low frequency noise measurements 
confirm the de-activation of the trap level for increased 
doping. The relevance of the presence of traps in Si 
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NWA-electrolyte applications is its reduced operation 
stability resulting in a higher capacitance loss with 
charge-discharge cycling. In addition, MACE-fabricated 
NWAs have become increasingly popular in black silicon 
solar cell applications. High levels of surface states and 
possible deep level traps will have a destructive influence 
on carrier surface recombination. Our work shows that Si 
surface removal via oxidation and oxide strip steps need 
to be carried out multiple times and at low temperatures 
in order to remove these traps from the surface. 
Designing a PV structure with degenerate doping in the 
NWA structure might be a better option to de-activate the 
deep level traps. 

Figure 9: Capacitance retention over 3000 cycles for the 
Si NWA without peaks (black) and with redox peaks 
(red). Retention % is labelled at the 3000th cycle. 
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