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 A proposal for a novel gate-all-around (GAA) polycrystalline silicon 

nanowire (poly-SiNW) field effect transistor (FET) is presented and 

discussed in this paper. The device architecture is based on the realization of 

poly-SiNW in a V-shaped cavity obtained by tetra methyl ammonium 

hydroxide (TMAH) etch of monocrystalline silicon (100). The device’s 

behavior is simulated using Silvaco commercial software, including the 

density of states (DOS) model described by the double exponential 

distribution of acceptor trap density within the gap. The electric field, 

potential, and free electron concentration are analyzed in different nanowire 

regions to investigate the device's performance. The results show good 

performance despite the high density of deep states in poly-SiNW. This can 

be explained by the strong electric field caused by the corner effect in the 

nanowire, which favors the ionization of the acceptor traps and increases the 

free electron concentration. 
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1. INTRODUCTION 

Polycrystalline silicon nanowires (poly-SiNWs) have attracted considerable attention in the last 

decades as an active element for the new generation of electronic devices, such as thin film transistors (TFT) 

[1]–[3] and biochemical sensors [4], [5]. The electrical properties of poly-SiNWs as well as their realization 

technique have rendered these nanowires potentially promising candidates for overcoming several obstacles, 

such as the short channel effects encountered in fin-shaped field effect transistors (FinFETs) [6], owing to 

their sensitivity to chemical and biological species. Different techniques have been implemented to realize 

poly-SiNWs [7], [8], and the top-down approach affords an important advantage due to its compatibility with 

the concept of miniaturization. The planar technology is commonly used in the very large-scale industry to 

produce reliable and low-cost devices. More precisely, for low-temperature technologies, polycrystalline 

silicon is a widely used material. 

Although the operating of devices based on poly-SiNWs has been demonstrated [9], [10] and their 

performance has been encouraging, they are still being researched to better understand and identify the 

properties of poly-SiNWs for integration in commercial devices. Furthermore, the electrical properties of 

poly-SiNWs are closely linked to their production processes, their diameter [11], and their architecture. More 

precisely, their crystalline quality plays a decisive role in the device performance. Thus, poly-SiNWs with a 
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good crystalline quality will afford high-performance devices such as poly-SiNW based transistors with a 

high ION/IOFF ratio, reduced threshold voltage, and small subthreshold swing [12]. In contrast, a low or even 

highly disordered crystalline quality is advantageous for sensors owing to the interaction of the electrical 

defects on the surface with the surrounding chemical species [13]. 

Thanks to planar microelectronic technology, several poly-SiNW field effect transistors (FETs) 

architectures have been developed, such as back-gate [14], dual gate [15], and gate-all-around [16]–[18]. 

Compared to the back gate and dual gate, the gate-all-around FET shows a particular advantage due to the 

channel modulation by gate voltage over the entire surface of the nanowire, increasing the ON current and 

decreasing the subthreshold swing and the threshold voltage. According to the realization process of gate-all-

around poly-SiNW FETs reported in the literature, the sections of these SiNWs have a quasi-circular shape or 

square shape with rounded edges. Previous work [19]–[21] showed that the shape of SiNW significantly 

affects the device's performance. Particularly when the SiNW shape is triangular, where the free electron 

concentration increases near the corners.  

In our previous study, we demonstrated the feasibility of poly-SiNW in a V-shaped cavity obtained 

by tetra methyl ammonium hydroxide (TMAH) etching of Si-mono (100) [11]. This method allows the 

elaboration of a SiNW with a triangular cross-section. This technique is fully compatible with planar 

microelectronics technology, allowing the SiNW to be integrated as an active element in various devices such 

as transistors and biochemical sensors.  

In this work, we propose a novel poly-SiNW gate-all-around (GAA) FET architecture based on the 

realization of poly-SiNW in a V-shaped cavity. The paper is organized as: the proposition of key process 

steps to realize the device is presented in section 2. The 3D technology computer aided design (TCAD) 

model of the device is performed using the Silvaco TCAD commercial software [22] including DOS, which 

is presented in section 3. Section 4 presents the results and discussion. Section 5 concludes this work. 

 

 

2. METHOD 

2.1.  Key process steps proposition 

In Figure 1, we report a technological steps proposition for the realization of the device in low-

temperature planar technology. i) On a mono-Si wafer (100), a photolithography is performed to create a 

rectangular opening; ii) A TMAH etching is realized to create a V-shaped cavity on the substrate; iii) N-type 

doping by ion implantation is performed to activate the upper surface of the substrate; iv) Low-temperature 

oxidation or silicon oxide deposit (or another insulator) is realized to form the gate insulator; v) A double 

layer of un-doped polysilicon followed by in-situ doping (N-type) is deposited by chemical vapor deposition 

(CVD); vi) A reactive ion etching (RIE) etching of the polysilicon is performed where a poly-Si residue is 

formed in the cavity, as shown in Figure 2. Then, this residue corresponds to the poly-SiNW and forms the 

channel of our device; vii) A second insulator is deposited and patterned to create the contact’s access; and 

viii) metallization, patterning, and etching are realized to create the device contacts: gate, drain, and source. 

 

 

 
 

Figure 1. Process steps proposition for the realization of GAA poly-SiNW FET 
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Figure 2. MEB micrograph from [11] 

 

 

2.2.  TCAD model of proposed device 

In a previous study [23], we examined the electrical properties of poly-SiNWs realized by the spacer 

method. It was found that when the section was less than 50 nm, the conduction mechanism operated through 

variable-range hopping (VRH). This is because of the high density of electric traps, which is due to the 

disordered structure of the undoped poly-Si layer from which these nanowires are obtained. The V-shaped 

cavity poly-SiNW is also an etching residue of the undoped poly-Si layer, and it has similar crystalline quality 

to the poly-SiNW obtained using the spacer method. As a result, we can use the density of states (DOS) model 

[24] to express the distribution of defects within the gap. This distribution can be expressed as (1) and (2): 

 

𝑔𝑇𝐴(𝐸) = 𝑁𝑇𝐴 𝑒𝑥𝑝 (
𝐸−𝐸𝐶

𝑤𝑇𝐴
) (1) 

 

𝑔𝐷𝐴(𝐸) = 𝑁𝐷𝐴 𝑒𝑥𝑝 (
𝐸−𝐸𝐶

𝑤𝐷𝐴
) (2) 

 

Here, 𝑔𝑇𝐴(𝐸) and 𝑔𝐷𝐴(𝐸) are two exponential densities that correspond to the densities of the 

acceptor's tail and deep states, respectively. 𝐸 is the trap energy; 𝐸𝐶  is the conduction band energy. For tail 

distribution, DOS is described by the conduction band edge intercept density NTA and the characteristic decay 

energy WTA. For deep distribution, DOS is described by the conduction band edge intercept density NDA and 

the characteristic decay energy WDA. Figures 3(a) and 3(b) show the 3D view and cross-sectional view, 

respectively, of simulated device performed using Silvaco TCAD commercial software. The device sizes and 

simulation parameters are listed in Table 1. 

 

 

  
(a) (b) 

 

Figure 3. Simulated GAA poly-SiNW FET device (a) 3D TCAD view and (b) cross-sectional view 

 

 

Table 1. Simulation parameters 
Parameter Value 

tox 20 nm 

L 1µm 

SiNW depth (d) 30 nm 
NTA 1,2.1021 cm−3.eV−1 

NDA 2.1020 cm−3.eV−1 

WTA 0.06 eV 

WDA 0.1 eV 

G 
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3. RESULTS AND DISCUSSION  

Figure 4 shows the simulated transfer characteristic of our device for VDS values of 0.1, 1, and 3 V. 

For comparison, Figure 4 includes a simulated transfer characteristic of the device without DOS. Table 2 

shows device performances with and without DOS.  
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Figure 4. Transfer characteristics for simulated device. symbol: including DOS, dash line: without DOS 

 

 

Table 2. Device performances (VDS=0.1 V)  
Parameter With DOS Without DOS 

ION/IOFF 3.4 107 2 108 

SS 262 mV/dec 80 mV/dec 

Vth 1.5 V 0.87 V 

 

 

From Figure 4, a field effect is observed indicating an N-channel transistor behavior for a positive 

gate voltage. The performance of the device is degraded when compared to SiNW without DOS. This results 

in increased threshold voltage (Vth) and subthreshold swing (SS), as well as a decreased ION/IOFF ratio. Our 

previous study of poly-SiNW FET performances [25] highlights this degradation, which is explained by the 

high density of deep states and their effects on the drain current below the threshold region. According to the 

literature [25], we can consider the drain current model of poly-SiNW FET. 

 

𝐼𝐷𝑆 =
𝑊

𝐿

𝑞𝜇0𝑁0

√
2𝑘𝑇

𝜀𝑠𝑖
𝑁02,3

2𝑊𝑇,𝐷𝐴.𝑘𝑇

2𝑊𝑇,𝐷𝐴−𝑘𝑇
(

𝑉𝐺𝑆−𝑉𝐹𝐵

√𝜀𝑠𝑖2𝑘𝑇

𝐶𝑜𝑥
√𝑁02,3

)

2𝑊𝑇,𝐷𝐴
𝑘𝑇

−1

𝑉𝐷𝑆 (3) 

 

where all model parameters values are listed in the reference [25]. 

The model refers to a poly-SiNW FET, where the gate controls the channel on only one face (known 

as the side gate). However, in the proposed device, the gate coats the entire nanowire, as shown in Figure 5. 

The width of the gate corresponds to:  

 

𝑊 = 𝑊𝑠𝑢𝑝 + 2 ∗ 𝑊𝑜𝑏 (4) 

 

In Figure 6, the transfer characteristic of (3) model is compared to the simulated transfer 

characteristic for 𝑉𝐷𝑆 = 1 𝑉. The comparison highlights a significant difference between the two as the drain 

current according to the model is lower than the simulated drain current. To better understand this difference, 

we will analyze the electric field profile, electric potential, and free electron concentration of our simulated 

device compared to that of a simulated side-gate poly-SiNW FET [25]. 

Figures 7 and 8 show a cross-sectional view of the side-gate FET and our device, respectively. 

Figures 7(a) and 8(a) indicate the cutting directions for probing the electric field E, the potential q, and the 

free electron concentration for the two devices. Figures 7(b), 7(c), and 7(d) show a decrease in the electric 

field, potential, and free electron concentration along the 𝑥 direction for various cutting directions  
𝑦𝑖  (𝑖 = 1,2,3) in a simulated poly-SiNW side-gate FET. These quantities decay homogeneously, indicating 

the charge sheet model for a classic MOSFET structure. For 𝑉𝐺𝑆 = 3 𝑉 > 𝑉𝑡ℎ, the free electron concentration 

near the SiO2/poly-SiNW interface is relatively low (1015 cm-3) compared to the free electron concentration 
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commonly observed for MOSFET structures [26]. This is caused by the high density of acceptor traps (deep 

states) [25], which are not sufficiently ionized (𝑞 << 𝐸𝐹 = 0.56 𝑒𝑉) despite the device operating above 

the threshold. 
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Figure 5. Width size of considered MIS 

structure following (4) 

 

Figure 6. Model (W=117 nm) and simulated 

transfer characteristics 
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Figure 7. Cross-sectional view of poly-SiNW side-gate FET: (a) cutting axis 𝑦𝑖  (𝑖 = 1,2,3) along 𝑥 direction, 

(b) electric field, (c) potential, and (d) free electron concentration for (𝑉𝐺𝑆 = 3 𝑉 and 𝑉𝐷𝑆 = 0 𝑉) 

 

 

Figures 8(b), 8(c), and 8(d) illustrate a decrease in the electric field, potential, and free electron 

concentration, respectively, for the simulated poly-SiNW GAA FET, along cutting directions 𝑢𝑖(𝑖 = 1,2,3). 

Compared to the poly-SiNW side-gate FET, non-uniformity is visible depending on the 𝑢𝑖 directions. These 

quantities exhibit the same values observed for the poly-SiNW side-gate FET near the SiO2/poly-SiNW 

interface when measured along the 𝑢2 direction. However, the values are visibly higher when measured along 
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the u1 and u3 directions as compared to 𝑢2. This is due to the corner effect [20], which is a consequence of the 

strong electric field in the corners of the nanowire. Near these corners, the top gate TG and the bottom gate 

BG become very close (see dash circles in the cross-sectional view of Figure 8(d)) and can be viewed as a 

double-gate MOSFET structure. Tsai et al. [27] demonstrated that a double-gate MOSFET structure exhibits 

a strong electric field for very thin channels (a few nanometers). In the corners, the electric field is strong, 

which results in an electric potential that is close to EF (at the SIO2/poly-SiNW interface, 𝑞 = 0.45 𝑉 for 𝑢1 

and 𝑞 = 0.5 𝑉 for 𝑢3). This allows the acceptor traps to ionize sufficiently and increases the free electron 

concentration. Previous studies [19]–[21] have shown that triangular nanowires also have an increase in the 

free electron concentration. The corner effect is primarily responsible for the high performance of device, 

which is relatively higher than the performance reported in the literature [16], as shown in Table 3. However, 

the subthreshold slope (SS) and threshold voltage (Vth) remain high and can be improved by NH3 [16] 

treatment, which reduces defects density in the nanowire. 
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Figure 8. cross-sectional view of GAA poly-SiNW FET: (a) cutting directions 𝑢𝑖(𝑖 = 1,2,3), (b) electric 

field, (c) potential, and (d) free electron concentration for (𝑉𝐺𝑆 = 3 𝑉 and 𝑉𝐷𝑆 = 0 𝑉) 

 

 

Table 3. Device performances comparison 
Parameter Our device (without NH3 treatment) [16] 

ION/IOFF 3.4 107 2.107 

SS 262 mV/dec 353 mV/dec 

Vth 1.5 V 2.87 V 

 

 

4. CONCLUSION 

In this study, we have proposed a new architecture for GAA FET that can be realized using low 

temperature technology. The architecture is based on poly-SiNW elaborated in a V-shaped cavity obtained by 

TMAH etching of Si-mono (100). Despite the high density of acceptor traps, the simulated device showed 

remarkable performance when compared to the drain current model established in the literature. Our analysis 

of the electric field and potential enabled us to understand the origin of the device's performance. We 
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observed that the corner effect enhances the ionization of acceptor traps and increases free electron 

concentration near SiNW corners. Our device exhibits good performance compared to the GAA FETs 

mentioned in the literature, which can be further enhanced by reducing defect density through NH3 treatment. 
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