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ABSTRACT 
Silicon nanowires (SiNWs) are promising materials for applications in the area of 
microelectronics due to their unique electrical and novel physical properties at the nanometer 
scale.  SiNWs are fabricated by the silver-assisted chemical etching method and are exposed 
to hydrogen plasma created by an electron cyclotron resonance (ECR) system at a microwave 
power of 800 watts. The plasma treatment had been carried out on the surface of SiNWs from 
0 minutes to 30 minutes with a time interval of 5 minutes. Scanning electron microscopy (SEM) 
analysis revealed that SiNWs were found to become thinner with post-
deposition hydrogen plasma treatment and approximately 50% reduction was observed in the 
diameter of SiNWs before and after plasma treatment for 30 minutes. This is an essential 
property for the enhancement of field emission in nanowires. The electron field emission (EFE) 
characteristics of the SiNW films were studied based on the current-voltage measurements and 
analyzed using the Fowler-Nordheim (F-N) equation. The results evidenced that the field 
enhancement factor (𝛽) significantly increased with the application of hydrogen plasma 
treatment on the surface of SiNWs and the turn-on field for triggering the EFE process 
considerably decreased from 9.83 V/µm to 6.5 V/µm after plasma treatment, which is most 
essential for low-power operational applications.  
Keywords: Nanowires; Hydrogen Plasma; Electron Cyclotron Resonance; Electron Field 
Emission; Turn-On Field; 
 
1. Introduction: 
One-dimensional nanostructures play an important role in fabricating optoelectronic and 
electronic devices [1]. Silicon nanowires (SiNWs) have attracted increasing attention in a 
diverse array of nanodevice-related applications such as vacuum microelectronic devices, X-
ray sources and field emission displays [2]. SiNWs have been fabricated through many 
methods such as vapor-liquid-solid (VLS) growth, PECVD and metal-assisted chemical 
etching (MACE), etc. [3-5]. Amongst, MACE method is cost effective method to fabricate 
uniform SiNWs [6]. Field emission is considered as one of the interesting phenomena in the 
field of science and technology. Field emission properties of many other nanomaterials like 
carbon nanotubes [7], titanium dioxide nanotubes [8], and tin oxide nanotubes [9] have been 
studied over the past few years. Many methods like ion implantation [10], Hydrogen (H2) 
plasma surface treatment on diamond [11], and metallic coating [12] have been utilized to 
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enhance the electron field emission. SiNWs are treated as active-electron field emitters due to 
their low work function and unique sp3-bonded crystal structure [13]. Modification techniques 
like H2 plasma treatment on SiNWs [14] and mo-modified Si field emitters [15] have been 
utilized to improve the EFE in SiNWs. However, hydrogen plasma treatment through electron 
cyclotron resonance (ECR) has not been reported much. Thus in the present work, ECR plasma 
sources have been utilized to apply H2 plasma treatment on the surface of the SiNWs which is 
very popular and has many advantages [16]. Later, electron field emission (EFE) 
characterization was carried out on SiNWs and was analyzed using Fowler-Nordheim (F-N) 
theory [17]. In this article, the influence of post-hydrogen plasma treatment on the aspect ratio 
and EFE properties by modifying as-grown SiNWs to plasma-treated SiNWs (30 min) have 
been investigated.   
 
2. Experimental Methods &Characterization 
2.1 Chemicals and materials: 
The analytical grade chemicals such as hydrofluoric acid (HF), hydrogen peroxide(H2O2), 
silver nitrate (AgNO3), Sulphuric Acid (H2SO4) are purchased from Sigma Aldrich and utilized 
without any purification. The p-type silicon substrates employed in this work are of high 
quality. 
 
2.2 Cleaning of silicon substrates: 
The cleaning of silicon wafers of thickness 500 µm is very important before the fabrication of 
SiNWs. The RCA procedure is followed to clean the silicon wafers. This procedure follows 
with the ultrasonication of substrates in acetone and rinsing with deionized water to remove 
the organic contamination. Subsequently, samples are dipped in 2% HF aqueous solution for 2 
minutes at 600 to remove the surface oxide formation followed by rinsing with deionized water. 
Furthermore, the samples are dipped in H2O: HCL: H2O2 solution for 10 minutes at 700  

followed by a gentle wash with deionized water to remove the ionic impurities [13]. 
 
 2.3 Fabrication of SiNWs: 
The cleaned silicon samples have been used to synthesize SiNWs by MACE method. It begins 
with pre-immersion treatment. In the pre-immersion treatment, the cleaned silicon wafers are 
immersed in H2SO4 & H2O2 solution of ratio of 3:1 for 10 minutes followed by rinsing with 
deionised water. After pre-immersion treatment, the Ag-nanoparticles were deposited on the 
silicon wafer by immersing silicon samples in the aqueous solution comprising 0.02 M AgNO3 

& 4.8 M HF for 40 sec. These Ag-deposited silicon wafers were dipped in an etching bath 
consisting of HF & H2O2 for 60 minutes followed by immersion in nitric acid and then in 5% 
HF-solution to remove the native oxides on silicon wafers respectively. After the fabrication 
process, the SiNW samples are rinsed with de-ionized water and dried [18]. 
2.4 Plasma treatment: 
To apply the plasma treatment, samples are loaded in the ECR plasma chamber at a constant 
distance from the plasma region by maintaining the gas pressure of 1x10-3 mbar at an H2 flux 
of 84 sccm under constant microwave power of 800 watts. Plasma exposure on SiNWs samples 
had been carried out for 0 min,5 min, 10 min, 15 min,20 min, 25 min and 30 min [19]. 
2.5 Field emission measurement: 
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The field-emission properties of SiNWs were analysed in a vacuum chamber with a base 
pressure of 1 X 10-5 Pa. Inside the vacuum chamber, the phosphor was deposited on a 
conducting material to serve as anode and the sample holder in which the sample loaded is 
connected to the cathode. The distance between the sample and electrode is calculated by 
digital micrometer and in our work, it is adjusted to 100 µm. The bias is applied between anode 
and sample and EFE properties are studied by Keithley-electrometer. 
The morphology and cross-section of the prepared SiNWs is studied using SEM (JSM-6701F, 
JEOL). 
3. Results and Discussion: 
3.1 SEM analysis 
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Figure 1: Morphology & Cross section of SiNWs (a) as fabricated SiNWs (b) after plasma 
exposure for 5 min (c) 10 min (d) 15 min (e) 20 min (f) 25 min (g) 30 min 

SEM images in Figure 1 illustrate the morphology and cross-section of fabricated samples and 
after being treated with H2 plasma treatment for different intervals of time. It has been 
calculated from the cross-section of the SEM images that the average diameter of SiNWs was 
increased with the increase of plasma exposure time. It is noticed that the diameter of fabricated 
SiNWs is 606 nm, and it is decreased to 303 nm after plasma treatment for 30 min, whereas 
the variation in length of SiNWs is very less which lies in the range of 80 μm -130 μm. The 
decrease in size of SiNWs is due to the hydrogen plasma exposure which passivates the 
dangling bonds on the surface and removes the oxide layer around the shell of SiNWs [19]. 
From SEM analysis, the aspect ratio of the SiNWs (length/diameter) is measured and is found 
to be enhanced with hydrogen plasma exposure which is displayed in Table 1. This 
enhancement in the aspect ratio of plasma-treated SiNWs is essential for the field emission 
studies of SiNWs. 

Table: 1 

Plasma exposure 
time Aspect 

ratio 
(in minutes) 

0 130:01:00 

5 342:01:00 

10 237:01:00 

15 219:01:00 

20 356:01:00 

25 376:01:00 

30 432:01:00 

3.2 Field emission studies: 

 

Figure 2: I-V characteristics of SiNWs 
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The EFE measurements have been carried out at room temperature. Figure 2 shows the I-V 
characteristics of SiNWs and plasma-treated SiNWs. The emission current is noted as a 
function of the applied voltage from 0 V to 1200 V. The Turn-on field (the field required to 
detect a current of 0.01 mA/cm2  ) is calculated from the I-V data. It was found to be 9.83 V/µm 
& 6.5 V/µm for the SiNWs and plasma-treated SiNWs respectively. It is noticeable that turn 
on-field of plasma-treated SiNWs is smaller. These results indicate that the electrons can emit 
easily from the tip of the plasma exposed SiNWs which shows the increase of sharpness of 
SiNWs and also the decrease of diameter which is proved through enhancement of aspect ratio 
of SiNWs from the SEM analysis. These results demonstrated that hydrogen plasma treatment 
enhances the field emission characteristics of SiNWs. The other EFE parameter is the field 
enhancement factor 𝛽 can be determined by F-N equation [20] i.e.  

I =      exp (− ) 

Where a & b are constants that depend on the work-function 𝜙 of the material. For silicon  a = 

-1.54× 10 𝐴𝑒𝑉 𝑉    𝑎𝑛𝑑 𝑏 = 6.83 × 10   𝑒𝑉 𝜇 𝑉 , 𝐸  is the effective electric field, 

𝐸 = 𝛽𝐸 , where 𝛽 is field-enhancement factor and 𝐸  =  is the average effective electric-

field, V is the voltage applied, d is the distance between silicon nano wire tip and anode. Then 
F-E equation can be written as  

ln ( ) = ln ( ) -
 

 

Plotting ln  versus  yields a straight line which is called F-N plot with the slope of (-

 
) and with the intercept of ln ( ) [21] 

 

Figure 3: F-N PLOT (a) SiNWs (b) Plasma-treated SiNWs 

Figure 3 (a) and 3 (b) display the F-N plots of SiNWs and plasma-exposed SiNWs respectively. 
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The curves indicate that experimental data fitted well with the F-N model very well [21]. The 

field enhancement factor 𝛽 was calculated from the slope, where slope = - ,where 𝜙=4.15 

eV, d=100 µm, b= -6.83X103 eV-3/2 µm-1.. The field enhancement factor 𝛽 of SiNWs/plasma 
treated SiNWs is 351 and 1214 respectively. The enhancement in the 𝛽 shows superior EFE 
quality in plasma treated SiNWs. Thus, low turn on field and enhancement of field emission 
factor are the evidences to believe that hydrogen plasma treatment could improve the EFE 
property of SiNWs. Table 2 lists the EFE parameters attained from the F-N plots.  
 
Table: 2 

EFE parameters SiNWs H2 Plasma treated SiNWs 

Turn on field V/µm 9.83 6.5 

Field enhancement 
factor (𝛽 ) 

351 1214 

4.Conclusions: 

MACE provides a simple approach to prepare the  SiNWs. It is observed from the SEM images 
that the vertically aligned SiNWs are formed along the whole surface of the silicon wafer. The 
H2 plasma treatment on SiNWs enhanced the aspect ratio and field emission characteristics. A 
low turn-on field of 6.5V/µm and enhancement of 𝛽 from 351 to 1214 is achieved through H2 

plasma treatment for 30 minutes on the surface of the SiNWs. Further optimization of 
parameters may lead to improvement in the EFE properties. 
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