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ABSTRACT 

This article focused on the electrical characterization of silicon nanowires Schottky barriers following structural 

analysis of nanowires grown on p-type silicon by Metal (Ag) Assisted Chemical Etching (MACE) method 

distinguished by their different etching time (5min, 10min, 25min). The SiNWs are well aligned and distributed 

almost uniformly over the surface of a silicon wafer. In order to enable electrical measurement on the silicon 

nanowires device, Schottky barriers were performed by depositing Al on the vertically aligned SiNWs arrays. 

The electrical properties of the resulting Al/SiNWs diodes were characterized by current voltage (I-V) and 

capacity voltage (C-V) measurements. Unlike the conventional Schottky diode, symmetrical current-voltage (I-

V) characteristics have been observed with a rectification ratio < 4. The metal-semiconductor-metal (M-S-M) 

model was used to analyze the (I-V) characteristics by including two Schottky barriers at the interface between 

metal and SiNWs. The electron transport behavior is explained by the thermionic field emission method (TFE) 

which added the effect of the tunneling current compared to the conventional thermionic emission theory. The 

capacitance-voltage C-V characteristics of SiNWs depend on the bias voltage showing that the samples have an 

obvious space charge region. Symmetric behavior also appears in the C –V curves that confirm the MSM model.  

 

1 Introduction 

       With the advancement of technology within the field of semiconductor, nano miniaturization has emerged 

bent to be the need for the expansion of electronic industry. Among several nanoelectronic devices, nanowires 

emerged as a promising candidate for electronic and optical devices like light-emitting diodes (LEDs) [1], 

photovoltaic devices [2], photodetectors [3], field-effect transistors (FETs) [4], and sensors [5,6]. In recent years, 

several researchers and industrials have gradually turned their attention to silicon nanowires (SiNWs). Indeed, 

SiNWs device has been one among promising candidates for integrated circuit technology thanks to their 

compatibility with well-developed Si-based technology. The large surface-to-volume ratio of nanowires, surface 

states, such as dangling bonds, and defects, invariably play a dominant role in the electrical and optical 

characteristics. However, these properties depend on the fabrication technique since it is necessary to control the 

growth, the structure, and the dimensions of the nanowires.  

        The metal-assisted chemical etching MACE of Si provides a simple and low-cost approach that enables the 

fabrication of large-area SiNWs with uniform and controllable height [7, 8]. However, difficulties appeared 
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during the production of electrical devices based on silicon nanowires such as the choice of metal for the Ohmic 

and Schottky contacts, which limited their application. Currently, Ti, Ni, Al, Au are widely used as test 

electrodes to study the electrical transport properties in SiNWs [9, 10]. For the present experiment, aluminum 

was chosen to establish Ohmic and Schottky contacts.  

       The aim of our study is to realize Al / SiNWs Schottky barriers in a first step and to determine the electrical 

parameters of these structures by I (V) and C (V) measurements in a second step, the relationship between the 

electrical characteristics SiNWs and the nanowires length was also highlighted.  

  

2 Experimental details 

       The metal (Ag) assisted chemical etching (MACE) method has been wont to fabricate SiNWs. The 

substrates used here are Czochralski (Cz) solar grade, (100) oriented, p-type boron doped Si wafers, having a 

resistivity of 14–25Ω.cm and a thickness of 450μm, for the Si substrate. The wafers were cleaned in CP4 acid 

solution (HNO3:64%, HF: 16%, CH3COOH: 20%) for 30 seconds, then rinsed with deionized water and dried. 

This step had removed approximately 10–15μm of Si from each side. The samples were immersed in a solution 

of 4.8 MHF (40%) and 0.02 MAgNO3 for 60 s to make Ag nanoparticles dendrites films. Then, the Ag-

depositedwafers were etched to form the SiNWs in the mixture of 4.8 M of HF (40 wt %) and 0.1 M of H2O2 (30 

wt %) solution for 5 min. Subsequently, the as-prepared dark-brown samples were immersed in concentrated 

aqua fortis (HNO3) during 5 min to get rid of silver particles, rinsed copiously with deionized water and dried. 

Roughened samples are different by the etching time of the nanowires (5, 10, and 25min). The expansion rate of 

SiNWs is found to be dependent not linearly on the etching time, the estimated lengths are 2.5, 5, 12.5 µm 

correspondingly [11, 12]. These samples are compared to a reference (Si-Ref)where the p-Si substrate was not 

treated neither annealed. First, the as-fabricated SiNWs arrays were tested by scanning electron microscope 

(SEM).As observed in Fig .1, the SEM images showed well-aligned nanowires in the vertical direction and 

distributed almost uniformly over the surface of a silicon wafer.  

 

Fig. 1 Cross section SEM images of the silicon nanowires 

       Second, to understand the electrical study and to determine the mechanism of electrical transport in 

nanowires, Schottky junctions are formed by depositing a layer of aluminum 300 nm thick and annealing at 200 
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° C for the rear Ohmic contact. A circular perforated mask of about 1 mm in diameter was used to evaporate 100 

nm of aluminum then annealed at 550 ° C to form the Schottky contacts. It was estimated that nanowires made 

up about 50% of the Schottky area (Fig.2). 

 

Fig.2 Schematic illustration of the device used in the I–V and C-V measurements 

 

3 Results and discussion 

       The exponential behavior of (I–V) characteristics depends on the property of active material used in the 

device under investigation. Rectifying behavior is expected to see for the current-voltage characteristic of a 

Schottky Al/SiNWs contact (Al has a high work function of 4.27 eV and Si has an electronic affinity of 3.9 eV 

[13]). 

Current-voltage (I-V) characteristics of the Al/SiNWs etched at different times and Al/Si structures were 

investigated between the potential ranges from -1 to +1 V in dark and at the room temperature and plotted in 

Fig.3. 

 

 

 

 

 

 

 

 

 

Fig. 3 Experimental I–V characteristics of the Si substrate as reference sample and SiNWs structures obtained in 

dark and at room temperature. 
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As could be seen from Fig. 3, the forward current of a SiNWs is higher than that of a Si-Ref sample and it rises 

with increasing the nanowire length. The reverse current increases and don’t saturate with the applied reverse 

bias and it increases rapidly in SiNWs samples when increasing the nanowire length. The rectifying ratio is poor 

and decreases when the length of the nanowire increases (RR< 4.5 at ±1 V).  

First, the electrical parameters were calculated using the thermionic emission (TE) theory[14, 15]. 

. 

                                                                                   I = IS[exp 𝑞n𝐾𝐵𝑇 (V − I R𝑆)]                                                (1) 

Where V is the applied voltage, IRs is voltage drop caused by serial resistance and KB is the Boltzmann constant 

q is the charge of the electron, T is the temperature in Kelvin. 

Saturation current Isis given by the relation:    IS =  AA∗T2exp (−q ΦbKB T )                                                  (2) 

Where A * the Richardson constant which is equal to 32 A cm-2K-2 for p-Si, A is diode area and ΦB is the barrier 

height. 

nis the ideality factor used to evaluate the quality of the semiconductor metal interface and to confirm whether 

the diode transport mechanism is pure TE or not. n =  𝑞𝐾𝐵𝑇  ( 𝑑𝑉𝑑 𝑙𝑛𝐼).                                                            (3) 

The ideality factor extracted from the slope of log (I)-V plot(Fig.4) and putted in Table 1,is in range 2–3.25,this 

high value has also been observed by other works on nanowires [16]. The underlying cause for n > 1 can be 

attributed to either the existence of interfacial states or the presence of other transport mechanism like trap 

assisted tunneling effect in addition to TE [17]. In general the most frequently observed (I-V) characteristics 

from a semiconducting nanowires is neither linear nor rectifying instead being an almost symmetric I-V 

characteristic.It can be seen that our structures behave like metal-semiconductor-metal (M-S-M) where the 

metal-semiconductor contacts in both sides are treated as a Schottky barrier. The M-S-M structure may therefore 

be modeled as being composed of two Schottky barriers connected back to back in series with a semiconductor 

resistance [18]. As reported by Z.Y. Zhang et al [19], when the structure M-S-M is polarized there is always 

Schottky barrier 1 is forward biased and Schottky barrier 2 is reverse biased, the current is thermionic for 

Schottky barrier 1 and thermionic field emission for Schottky barrier 2. 
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Fig. 4  Experimental semi-logarithmic logI–V characteristics of the c-Si as reference sample and SiNWs 

structures at room temperature. 

Figure 4, shows the semi-logarithmic forward and reverse bias I-V plots of the SiNWs and the Si-Ref diodes. 

The reverse current increases rapidly in nano Schottky barriers, the tunneling current is therefore not negligible 

and then becomes the dominating mechanism under reverse bias especially in low dimensional systems. 

Consequently, for reverse-bias voltage the tunneling current is mainly the thermionic field emission (TFE) 

current as given in the following equations.  

                                                 𝐼𝑠𝑟  =
𝐴∗𝑇(π q E00)1/2𝑘  exp (-

Φ𝑏𝑞𝐸0) × {𝑞(𝑉 − ζ) + Φbcosh2(qE00kT )}1/2                                     (4) 

Where ζ is the distance between the Fermi energy to the bottom of the conduction band. 

                                                                      𝐸0= 𝐸00 coth (
𝑞𝐸00𝑘𝑇 )                                                                                     (5) 

With  

                                                                      𝐸00 = 
ℎ2 [ 𝑁𝐴𝑚

∗ ɛ𝑠ɛ0]                                                                                           (6) 

𝐸00is a very important parameter in tunneling theory in which 𝑁𝐴 is the acceptor density at the metal/semi-

conductor interface, 𝑚
∗  and ɛ𝑠being the effective mass of electron and relative permittivity of the 

semiconducting nanowire respectively, and ɛ0 is the permittivity of free space. 

The barrier height Φb calculated using the TFE theory (Eqs. 4–6) is in range 0.54 and 0.7 eV. These values are 

reported in Table 1, they are close to other reports (0.6 - 0.8 eV) for the configuration of Al/TiO2 /p-Si 

[16].While, compared to the difference between the working function of metal (Al) and p-type semiconductor 

nanowire (~ 0.73 eV), it turns out to be slightly lower, this decrease in barrier height is probably due to the 

presence of interfacial states and a force-image.Indeed, due to the boundary conditions at the metal surface, the 
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charges in the space charge layer will induce image charges in the metal. The interaction with these image 

charges effectively lowers the barrier height by an amount ∆φ [20].  

According to the TFE theory, the specific contact resistance Rc of SiNWs is defined at high voltage by the 

following expression. 

                                                                        Rc= (𝜕𝐽𝜕𝑉)𝑉=0−1
  = 

𝐸00𝑞.𝐽𝑠𝑟                                                                       (7) 

The specific contact resistance Rc defines the electrical properties of the metal-SC interface. The calculated 

values of Rc is between 100 and 600 Ω for Si-ref and SiNWs with slightly lower values for the reference sample 

compared to those of the device between Al / SiNWs contacts. The SiNWs have a thicker oxide layer due to the 

rough surface and thus their contact resistances are greater. The oxide layer on the surface of the SiNWs reduces 

the electron transmission probability, which presents as contact resistance [21].On the basis of the MSM 

structure, all electric parameters are calculated by the (I-V) method for the forward and reverse bias and placed 

in Table 1. It can be seen from Table 1 that the values are similar for both forward and reverse bias which 

confirms the symmetrical behavior of the double hetero-junctions. 

This electrical characterization shows the performance of SiNWs prepared with the MACE method possess 

coherent electrical transport properties with their corresponding starting wafer Si-Ref. Some differences possibly 

result from the surface effect of the nanostructure or the etching time, which affects the morphology of SiNWs 

arrays.  

Table1  Electrical parameters obtained from I–V measurements of Al/SiNWs/p-Si/Aldevices at room 

temperature in dark. 

Samples Rectifying 

Ratio 

Forward bias Reserve bias 

n Rc(Ω) Փb(eV) n Rc(Ω) Փb(eV) 

Si-Ref 4.47 2 100 0.54 1.21 150 0.51 

SiNW (5min) 2.25 2.6 250 0.58 2.72 325 0.53 

SiNW (10min) 1.29 3.25 430 0.62 3.65 450 0.57 

SiNW (25 min) 1.33 4.1 600 0.7 3.9 590 0.67 

          

         The capacitance-voltage (C–V) technique is a convenient method to study some of the semiconductor 

parameters including barrier height and carrier concentration. Figure 5shows the room temperature (C–V) 

measurement of the Al/SiNWs and Si-Ref diodes conducted at 1 MHz.As can be seen from Fig.5, the 

capacitance plot is dependent on the bias voltage giving an anomalous peak at zero bias, such that peak 

magnitude decreases with increasing the nanowire length (SiNWs) in comparison to the Si-Ref device due to the 

surface quality, the existence of interface states, and the re-structuring and re-ordering of surface charge under 

the etching effect. The (C-V) curves depict also usual behavior of a metal-semiconductor–metal (MSM) device, 

namely, the capacitance of the devices decreases as the amplitude of both positive and negative voltages 

increases, which is mainly due to the increase of the space charge region width of the reverse-biased Schottky 

diode in the loop. These symmetric (C-V) characteristics confirm what has been seen in (I-V) characteristics. 
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Fig.5  Capacitance–voltage plots of the Al/SiNWs heterojunction and Si-Ref at 1MHz. 

       In order to calculate certain electrical parameters such as NA, Vd and Φb, the reverse biasC-2(V) plots were 

drawn using the reverse and forward bias C-V data and they are shown in Fig. 6 for SiNWs and Si-Ref. As seen 

in Fig. 6, C-2 versus V shows a nonlinear behavior, this can be explained by several reasons such as the oxidation 

of the samples, the lack of interfaces, the tunnel effect or the presence of deep acceptors [22]. Moreover, this 

nonlinear 1/C 2 curves means that the carrier concentration will not be constant at the depletion layer. 

            

Fig.6  Capacitance–voltage plots of the Al/SiNWs and Al/Si diodes at 1MHz. 
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The barrier heights of our structures were determined from the capacitance-voltage measurements at 1MHz 

using the following equation. 

                                                                                      ΦB = Vd+ Vp                                                                                                            (7) 

Where Vp is the potential difference between the Fermi energy level (Ef) and the top of the valance band in the 

neutral region of p-Si, which is directly equal to Ef and can be calculated once the carrier concentration NA is 

obtained. Vp value was obtained from the following relation: 

                                                                                       qVp = kT ln (𝑁𝑣𝑁𝐴)                                                              (8) 

Where, NV value is 1.04 × 1019cm-3at 300 K [23]: the effective density of states in Si valance band. 

The Vd is the voltage intercept at 1/C2=0 of the inverse of 1/C2versus V plot. The obtained values of Vd are given 

by the nearly straight part of the curve between (0.3 V and 0 V for forward bias and between - 0.3V and 0V for 

reverse bias. It was found to be 0.25 V for the p-Si and varied from 0.2 to 0.3 for the SiNWs etched at different 

times. Moreover the barrier heights, obtained from inverse of C2-V plot using equations 7,8, were found to be 

between 0.62and 0.76 V, these values are slightly higher than the values determined from the (I-V) 

characteristics for both the contacts. The lower value of ФB deduced from forward (I-V) characteristics might be 

due to the image force lowering of the barrier height whereas the value obtained from the capacitance 

measurement is not affected by image force explained by Chang and Sze [24]. The presence of surface states 

may also be responsible for the low value of ФB obtained from I-V curve. All the results determined by the C-V 

method for forward and reverse polarization are summarized in Table 2. 

Table 2  Electrical parameters obtained from C–V measurements of Al/SiNWs/p-Si//Al structures at room 

temperature in dark. 

Samples Forward bias Reverse bias 

Vd(V) Փb(eV) Vd(V) Փb(eV) 

Si-Ref 0.4 0.65 0.25 0.62 

SiNW (5min) 0.32 0.69 0.15 0.68 

SiNW (10min) 0.3 0.73 0.32 0.71 

SiNW (25min) 0.2 0.76 0.3 0.75 

 

Slope of the linear fit of plot of 1/C2 as a function of reverse bias V relates to the effective carrier concentration, 

NA, and is given by: 

                                                                Slope = 
𝑑(𝐶−2)𝑑𝑉 =  − 2 𝑒 Ԑ𝑟Ԑ0 𝑁𝐴𝐴2                                                                (9) 

                                                                                     C = 
Ԑ𝑟 Ԑ0𝐴𝑊                                                                           (10) 

       The doping is not homogeneous, the C2-V curve is no longer a straight line and the differential capacitance 

method can be used to extract NA. From relations (9) and (10), we can determine the doping profile in the 

desertion zone by plotting the variation of NA as a function of W (Fig.7). It has to be mentioned that the standard 
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relations are derived under the assumption that a small ac voltage modulates only charges at the depletion layer 

edge [25].This dopant profile extraction method is based on the depletion approximation [26].The nanowire is 

depleted radially starting at the semiconductor surface as the bias scans from negative values (p-type). From a 

general point of view, all the samples in Fig.7 exhibit a high concentration 2.5x1016 cm-3, that sharply decreases 

to 1015 cm-3 within the initial of the Si substrate. The measured depth profile shows confinement of carriers at the 

hetero interface and the carrier concentration rapidly falls off with increasing depth [27]. This decrease was 

slower in the nanowire structures with a variation of doping that extends over a width of a few hundred nm. The 

upward shift of the calculated concentrations at the surface (first point in Fig.7for all samples) is probably due to 

the presence of a native oxide at the sample surface that may result in a different electrostatic configuration of 

the surface, hence the effective quantification of concentration in the depth profile is not reliable in the so-called 

transient region, i.e.in the region close to the surface of the sample. Whereas, the increase of the doping 

concentration on the right side of Fig.7 is likely due to diffusion from the substrate [28].  

 

Fig.7 Doping profile as a function of depth in samples etched at different times and the reference substrate. 

4 Conclusion 

       In summary, we reported the fabrication of high quality of SiNWs through the metal (Ag) assisted chemical 

etching method (MACE) at various etching time. This method is introduced to control the morphology of silicon 

nanowire arrays. A successfully Al/SiNWs hetero junction diodehas been formed. Symmetric (I-V) curves were 

obtained due to the different barrier heights at the two sides of the SiNWs. A metal-semiconductor-metal model 

and a thermionic field emission theory were used to analyze the (I-V) and (C-V) characteristics. According to the 

electric parameters values determined by the (I-V) characteristics, the electron transport behavior is explained by 

the thermionic field emission method (TFE) which added the effect of the tunneling current compared to the 

conventional thermionic emission theory. The voltage dependence of the capacity confirms the existence of 
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interface states, the re-structuring and the re-ordering of surface charge under the etching effect.The tunnel effect 

or the presence of deep acceptors leads to the variation of the carrier concentration at the depletion layer.In 

addition, the doping profile determined after (C-V) curves is variable   over a few hundred of nm, which is 

probably due to the etching operations at the surface. Finally, these electrical characterization shows the 

performance of SiNWs prepared with the MACE method possess coherent electrical transport properties with 

their corresponding starting wafer Si-Ref and may help advanced realization of Si nanostructure-based high 

performance devices.This study can be the guidance to correct measurement and understanding of the contact 

transport, which is useful for NWs device design and fabrication. The detailed studies of transport through 

silicon nanowires are expected to open up new opportunities towards potential applications of semiconductor 

nanowires in nanoelectronic, nano photonic, and Nano spintronic devices. 
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Figures

Figure 1

Cross section SEM images of the silicon nanowires.



Figure 2

Schematic illustration of the device used in the I–V and C-V measurements.



Figure 3

Experimental I–V characteristics of the Si substrate as reference sample and SiNWs structures obtained
in dark and at room temperature.



Figure 4

Experimental semi-logarithmic logI–V characteristics of the c-Si as reference sample and SiNWs
structures at room temperature.



Figure 5

Capacitance–voltage plots of the Al/SiNWs heterojunction and Si-Ref at 1MHz.



Figure 6

Capacitance–voltage plots of the Al/SiNWs and Al/Si diodesat 1MHz



Figure 7

Doping pro�le as a function of depth in samples etched at different times and the reference substrate.


