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Abstract 
Herein, we present an analytical formulation for the current-voltage characteristic of an undoped 

polycrystalline silicon nanowire Schottky-contacted resistor. This type of nanowire is characterised 

by high defect density, which is modelled using a double-exponential density of states (DOS) 

describing both band-tail states and deep states within the bandgap for acceptor and donor traps. 

At equilibrium, the potential profile reveals an electrostatic screening effect: perturbation induced 

by the contact is attenuated by the trapped charge over a characteristic screening length, beyond 

which the potential stabilises to a typical value determined by the DOS parameters. Out of 

equilibrium, a Fermi pinning region forms near the metal/polycrystalline silicon nanowire 

interface, which is distinct from depletion regions observed in classical Schottky junctions. This 

Fermi pinning region exhibits a quasi-frozen trap occupancy and a free-hole concentration around 

the intrinsic concentration. Beyond this region, quasi-neutrality is restored, with a residual electric 

field deep in the nanowire ensuring the drift of free holes. The model shows that this field, 

proportional to the square root of the voltage, is an attenuated replica of the field at the 

metal/polycrystalline silicon nanowire interface transmitted through the Fermi pinning region and 

screening region into the core of the nanowire. Based on the drift-diffusion equation, the current-

voltage characteristic exhibits a distinctive dependence of the form ܫ ∝ √ܸ. The developed 

analytical expressions are quantitatively supported by numerical simulations. 

Keywords: Density of states, Fermi pinning, modelling, nanowire, polysilicon, Schottky contact. 
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1. Introduction 

Polycrystalline silicon nanowires (poly-SiNWs) are promising candidates for very-small-

scale electronic devices. Their electrical properties [1], [2], compatibility with industrial fabrication 

processes for electronic devices, and ease of integration make them particularly attractive for 

devices such as field-effect transistors [3], [4], micro/nanoelectromechanical systems 

(MEMS/NEMS) [5], [6] and chemical or biological sensors [7], [8], whose sensitivity to 

surrounding chemical species is now well established. Unlike their monocrystalline counterparts, 

poly-SiNWs are characterised by a highly disordered microstructure—comprising grain 

boundaries, dangling bonds, and lattice distortions—which generates a high density of localised 

states within bandgaps [9], [10], [11]. By trapping free carriers, these states lead to qualitatively 

different transports compared with doped crystalline semiconductors, in which conduction is 

governed by fully ionised shallow impurities. 

In addition to field-effect architectures, poly-SiNWs are employed in a resistive two-terminal 

configuration, in which a wire in simple contact with two metal electrodes forms a remarkably 

simple fabrication device [7], [12]. While this simplicity is attractive for sensing, this configuration 

makes metal/semiconductor junctions responsible for electrical behaviour, as these interfaces 

define current–voltage characteristic. However, the nature of these interfaces strongly affects 

sensor performance. In aluminium-contacted silicon nanowires, Schottky-type structures exhibit 

higher gas sensitivity than ohmic contacts [13], [14], [15] because the contact barrier amplifies 

responses to surface adsorption. Therefore, understanding and modelling contact electrostatics are 

not just a theoretical requirement but directly determine device optimisation. 

Nevertheless, modelling this system presents a fundamental difficulty: in a doped 

semiconductor, the space charge near a contact originates from ionised dopants such that classical 

depletion electrostatics (space-charge region width and Schottky barrier height) are applied without 

difficulty. Meanwhile, in an undoped poly-SiNW, traps provide the fixed charge responsible for 

band bending, with their occupancy depending on the local potential and capture–emission 

mechanism [16]. Consequently, classical depletion models developed for doped junctions cannot 

be directly applied; thus, modelling most often relies on numerical simulations, whose accuracy 

comes at the cost of limited insight into underlying physical mechanisms and the scaling 

dependencies of the current. 
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The nature of a contact introduces a second complication: when a metal is deposited onto a 

disordered semiconductor, the high density of interface states pins the Fermi level, decoupling the 

barrier height from the metal and semiconductor work functions [17]. The effective barrier and 

hence band bending and the associated space charge cannot therefore be predicted using the 

Schottky–Mott rule; the barrier must instead be related to the density of states governing both 

interface pinning and bulk trapping [18]. 

In this context, we develop an analytical ܫ(ܸ) model of a poly-SiNW Schottky-contacted 

resistor. We first establish the equilibrium potential by solving Poisson’s equation, including the 

DOS-based trap densities. We then detail the FPR formation mechanisms by deriving analytical 

expressions for the free-hole concentration, electric field, and region width, which consequently 

afford ܫ(ܸ) characteristic. These analytical expressions are validated by numerical simulations 

using Silvaco TCAD ATLAS [19]. 

2.  Device Transport Modelling 

2.1  Trap density model 

Figure 1 displays a three-dimensional (3D) view of the modelled device and the corresponding 

equilibrium band diagram along the x-direction. Because the work function of aluminium (ߔெ ≈ 4.1ܸ݁) and electron affinity of silicon (߯ ≈ 4.17ܸ݁) are nearly equal, the Schottky–Mott 

rule, ߔ௕ = ெߔ − ߯, will predict a negligible barrier height, incompatible with the observed band 

bending. The latter reflects the Fermi level pinned by the high density of states inherent to these 

nanowires, which fixes ܧி near the midgap, independent of the work functions. The corresponding 

band diagram is shown in Figure 1: the Fermi level, pinned at the midgap near the contact, lies in 

the lower half of the bandgap deep into the nanowire, with band bending ߰௕ corresponding to the 

bulk potential, whose origin and value are detailed in Section 2.2. 

Previous studies [20] on the electrical properties of poly-SiNWs have revealed that the 

conduction mechanism operates via variable-range hopping (VRH), a characteristic of high density 

of electric traps afforded by the disordered structure of these nanowires. 
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Fig. 1. 3D schematic of Al/poly-SiNW/Al resistor (not to scale) and equilibrium band 

diagram along the ࢞-direction: bending of ࡯ࡱ and ࢂࡱ over depths ࢞࢈ and ࢈࣒ܙ places ࡲࡱ in 

the lower half of the bandgap. 

We therefore adopt the DOS model [16] to describe the distribution of these traps within the 

bandgap. The acceptor and donor trap densities are denoted by ݃஺(ܧ) and ݃஽(ܧ), respectively, 

each expressed as a double exponential for tail states and deep states; furthermore, their occupancy 

is governed by the occupation probability function ݂(ܧ). ்݃஺(ܧ) = ்ܰ஺ ݌ݔ݁ ܧ) − ஺்ݓ஼ܧ ) (1)݃஽஺(ܧ) = ஽ܰ஺ ݌ݔ݁ ܧ) − ஽஺ݓ஼ܧ ) (2) 

்݃஽(ܧ) = ்ܰ஽ ݌ݔ݁ ௏ܧ) − ஽்ݓܧ ) (3)݃஽஽(ܧ) = ஽ܰ஽ ݌ݔ݁ ௏ܧ) − ஽஽ݓܧ ) (4) 
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Here, ݃ ்஺(ܧ) and ݃ ்஽(ܧ) are two exponential densities corresponding to the acceptor and donor 

trap densities of band tails, respectively. Similarly, ݃஽஺(ܧ) and ݃஽஽(ܧ) are two exponential 

densities corresponding to the acceptor and donor deep-state densities, respectively. ܧ  denotes the 

trap energy, ܧ஼ represents the conduction band energy, and ܧ௏ indicates the valence band energy. 

For tail distributions, the DOS is described by the densities of states at the conduction and valence 

band edges (்ܰ஺ and ்ܰ஽, respectively) and by the characteristic decay energies ( ்ܹ஺ and ்ܹ஽, 

respectively). For deep distributions, the DOS is described by the densities of states at the 

conduction and valence band edges ( ஽ܰ஺ and ஽ܰ஽, respectively) and by the characteristic decay 

energies ( ஽ܹ஺ and ஽ܹ஽, respectively). Table 1 lists the DOS parameters from Ref. [16]. 

The ionised trap densities for acceptor tails, acceptor deep levels, donor tails and donor deep 

levels, denoted as ݊௧௔௜௟, ݊ௗ௘௘௣, ݌௧௔௜௟ and ݌ௗ௘௘௣, respectively, are calculated by integrating DOS 

distributions over the band gap. 

݊௧௔௜௟ = ∫ ்݃஺(ܧ)݂(ܧ)݀ܧா಴ாೇ (5) 

݊ௗ௘௘௣ = ∫ ݃஽஺(ܧ)݂(ܧ)݀ܧா಴ாೇ (6) 

௧௔௜௟݌ = ∫ ்݃஽(ܧ)(1 − ா಴ாೇܧ݀((ܧ)݂ (7) 

ௗ௘௘௣݌ = ∫ ݃஽஽(ܧ)(1 − ா಴ாೇܧ݀((ܧ)݂ (8) 

where ݂(ܧ) is the trap occupation probability. Calculation of the ionised trap densities and 

expression of ݂(ܧ) are reported in the Appendix. 

 

 

 

 

 

 



 

 6 

Table 1. Model parameters used in this study 

Parameter Value ்ܰ஺ 1021ܿ݉−3. ܸ݁−1 

஽ܰ஺ 2 × 1020ܿ݉−3. ܸ݁−1 ்ܰ஽ 1021ܿ݉−3. ܸ݁−1 

஽ܰ஽ 1018ܿ݉−3. ܸ݁−1 

்ܹ஺ 0.06 ܸ݁ 

஽ܹ஺ 0.1 ܸ݁ 

்ܹ஽ 0.04 ܸ݁ 

஽ܹ஽ 0.1 ܸ݁ ܧ௜ 0.56 ܸ݁ 

௧ܸℎ 0.0258 ܸ ݊௜ 6.67 × 109ܿ݉−3 

2.2 Equilibrium potential: trapped-charge screening 

Figure 2 compares the ionised trap densities with TCAD simulations. A good agreement is 

observed over nearly two decades: the model captures both the order of magnitude and exponential 

dependence of trapped charges on the potential ߰, in particular, the opposite slopes of ±1/ܹ that 

distinguish acceptor traps from donor traps. This agreement, derived from purely analytical 

expressions, confirms the relevance of trapped-charge description governed by the density of states 

and validates the model established here. 

The potential ߰(ݔ) along a nanowire is governed by one-dimensional Poisson’s equation ߲2߲߰2ݔ = ௦௜ߝݍ [ ௧ܰ(ݔ) − ௧ܲ(ݔ) + (ݔ)݊ − [(ݔ)݌ (9) 

where ௧ܰ(ݔ) = ݊௧௔௜௟(ݔ) + ݊ௗ௘௘௣(ݔ) and ௧ܲ(ݔ) = (ݔ)௧௔௜௟݌ +  are the ionised trap (ݔ)ௗ௘௘௣݌

densities and ݊ and ݌ are the free electron and hole concentrations, respectively. Free-carrier 

concentrations are given by the following Boltzmann relations: ݊(ݔ) = ݊௜݁݌ݔ ((߰ + ߮௙௡)௧ܸℎ ) (10) 

(ݔ)݌ = ݊௜݁݌ݔ (− (߰ + ߮௙௣)௧ܸℎ ) (11) 
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where ߮ ௙௡ and ߮ ௙௣ are the electron and hole quasi-Fermi levels, respectively, and ܸ ௧ℎ is the thermal 

voltage. At equilibrium, the electron and hole quasi-Fermi levels are flat and equal such that ߮௙௡(ݔ) = ߮௙௣(ݔ) = 0ܸ, yielding the following equation: ߲2߰(ݔ)߲2ݔ = ௦௜ߝݍ (்݃஺0݁ ௤ట௪೅ಲ + ݃஽஺0݁ ௤ట௪ವಲ − ்݃஽0݁− ௤ట௪೅ವ − ݃஽஽0݁− ௤ట௪ವವ) (12) 

 

Fig. 2. Ionised trap densities ࢔Tail + Tail࢖ deep (black) and࢔ +  .࣒ deep (red) as a function of࢖

Symbols: TCAD simulation; lines: analytical model. 

The free-carrier densities ݊ and ݌ are omitted from (5). Their scale is indeed determined by the 

intrinsic concentration ݊௜, which is five to seven orders of magnitude lower than the pre-factors ݃0 (1014 − 1017 ܿ݉−3) of trapped charges—a consequence of very high trap density of states (ܰ ∼ 1021 ܿ݉−3ܸ݁−1) inherent to disordered polycrystalline silicon. Moreover, as the 

characteristic decay ݓ exceeds ݇ܶ, trapped charges vary more slowly with ߰ (as ݁±ట/௪) than free 

carriers do (as ݁±ట/௞்); the latter will become comparable only for |߰| ≳ 0.6 V near band edges, 

lying outside the range considered here. The space charge is therefore entirely governed by traps. 



 

 8 

Multiplying (12) by 2 ∂߰ and integrating over ߰ yield the following using the identity ݀[(∂߰/ [2(ݔ∂ = 2 (∂2߰/ 2(߰)ߦ :߰݀ (2ݔ∂ = ௦௜ߝݍ2 (߰)஺௪ܩ) + ((߰)஽௪ܩ + ܥ (13) 

where ܩ஺௪(߰) = ஺்݃஺0்݁ݓ ௤ట௪೅ಲ + ஽஺݃஽஺0݁ݓ ௤ట௪ವಲ ܩ஽௪(߰) = −஽்݃஽0்݁ݓ ௤ట௪೅ವ + −஽஽݃஽஽0݁ݓ ௤ట௪ವವ 

where the integration constant ܥ is fixed by the boundary condition: the field ߦ(߰௕) → 0, i.e. 

requiring the field to vanish as the potential reaches its bulk value ߰௕, which yields the following 

equation: 

(߰)ߦ = ௦௜ߝݍ2√ ߰)஺௪ܩ] − ߰௕) + ߰)஽௪ܩ − ߰௕)] (14) 

The neutrality condition deep within a nanowire, given by (15), is solved numerically and yields ߰௕ ≈ −0.1786 ܸ. ݊௧௔௜௟(߰௕) + ݊ௗ௘௘௣(߰௕) − ௧௔௜௟(߰௕)݌ − ௗ௘௘௣(߰௕)݌ = 0 (15) 

However, the potential cannot be analytically determined from (14). Nevertheless, Figure 3 

reveals a remarkable trend in the plot of ߦ against ߰: over the entire interval separating the bulk 

potential ߰௕ from the contact (߰ = 0), the field is linear in ߰, which is exactly reproduced by the 

TCAD simulation. Therefore, one can write, over [߰௕, (߰)ߦ ,[0 =  
߰ − ߰௕0ߣ = 0ߣ߰ + 0ߦ (16) 

where the slope 0ߣ ≈ 4.47 × 10−6 ܿ݉ and intercept 0ߦ ≈ 4 × 104 ܸ. ܿ݉−1 are deduced from the 

characteristic (inset Figure 3). 
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Fig. 3. Equilibrium electric field ࣈ(࣒). Line: model; circles: TCAD simulation. ࣈ vanishes at 

the neutrality potential ࣒࢈ ≃ −૙. ૚ૠૡ૟ ࢂ. Inset: zoomed view of the interval [࣒࢈, ૙], where ࣈ is linear in ࣒. 

This linearity permits analytical integration of the field–potential relation, directly yielding the 

profile ߰(ݔ). The field is derived from the potential as follows: (ݔ)ߦ = − ݔ∂(ݔ)߰∂ (17) 

Substituting the linear form ߦ = 0ߣ/߰ + ݔ :and separating variables yield 0ߦ = − ∫ 0ߣ߰߰݀ + 0ߦ = 0݈݊ߣ− 0ߣ߰) + (0ߦ + ܥ (18)
 

The constant ܥ is determined by the interface condition, ߰(0) = 0, yielding ܥ =  .(0ߦ)0݈݊ߣ

Noting that 0ߦ0ߣ = −߰௕, we obtain ݔ = 1)0݈݊ߣ− − ߰/߰௕); finally, ߰(ݔ) = ߰௕ (1 − ݌ݔ݁ (− ((0ߣݔ (19) 

Figure 4 compares the analytical profile ߰(ݔ) = ߰௕[1 −  with the TCAD [(0ߣ/ݔ−)݌ݔ݁

simulation, demonstrating excellent agreement. The potential decays from ߰(0) = 0 and 
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monotonically reaches the bulk potential ߰௕ ≈ −0.1786 ܸ. Relaxation is confined to first few tens 

of nanometres: the residual deviation from the bulk potential, ߰௕ − (ݔ)߰ = ߰௕݁(0ߣ/ݔ−)݌ݔ, 

becomes negligible beyond a depth denoted as ݔ௕ ≈ 0ߣ) i.e. few screening lengths ,݉ߤ 0.31 ≈ 44.7 ݊݉ ). 

This behaviour is the hallmark of electrostatic screening: potential perturbation imposed by the 

contact is neutralised over a characteristic length 0ߣ via reorganisation of a trapped charge, which 

opposes it [21]. This mechanism is analogous to that of Debye screening for a trap-governed 

semiconductor [22]. The key distinction between trap-dominated screening and classical free-

carrier screening lies in the origin of the response charge: the differential response of a trapped 

charge |݀ߩ/݀߰|, evaluated at the bulk state ߰௕ is 0ߣ, the mobile carrier density. 

 
Fig. 4. Potential profile ࣒(࢞) at zero bias, from the contact (࢞ = ૙) into the bulk. Line: 

model, (19); symbols: TCAD simulation. Exponential relaxation from ࣒(૙) = ૙ to ࣒࢈ ≈−૙. ૚ૠૡ૟ ࢂ over ࣅ૙ ≈ ૝૝. ૠ ࢓࢔. 

 

2.3 Nonequilibrium: Fermi pinning region 
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Owing to the symmetry of the Al/poly-SiNW/Al structure, the sign of the applied bias ஺ܸ only 

reverses the current direction. Therefore, it is sufficient to consider the case ܸ ஺ > 0. At the Al/poly-

SiNW interface, the high density of acceptor and donor traps forces the Fermi level to be pinned at 

the midgap [23]. It follows that ߰ + ߶௙௣ = 0 and ߰ + ߶௙௡ = 0, leading to ݔ)݌ = 0) ݔ)݊= = 0) = ݊௜. The charge density 0ߩ at the interface is entirely dominated by ionised traps such 

that 0ߩ = (0)ߩ ≈ 6.5 × 1016ܿ݉−3 

Thus, 0ߩ is a fixed space charge that, together with the applied bias, generates an electric field ߦ′ directed towards the depth of the nanowire. Intuitively, this field attracts electrons towards the 

contact, while holes are repelled towards the depth, thereby depleting the region near the contact 

of free carriers. One will then expect a classical depletion region to be created, where ݊ ≪ ݊௜ and ݌ ≪ ݊௜, extending over a width ܹ. Beyond this region, equilibrium is restored with ݔ)݌ > ܹ) ݔ)݊ and (௕߰)݌= > ܹ) = ݊(߰௕) ≈ 6.4 × 106ܿ݉−3. 

Moreover, ߦ′ decreases within this region, from its maximum value at the interface to the 

characteristic value 0ߦ of the equilibrium field at ݔ = ܹ. Consequently, Fermi-level pinning is no 

longer ensured at ݔ = ܹ, and the field ߦ for ݔ > ܹ attracts electrons from the depth towards the 

region near the contact, where the strong field ߦ′ accelerates them towards the contact. Conversely, 

the hole concentration in the region near the contact exhibits a typical evolution, resulting from 

two mechanisms: Fermi-level pinning at the interface and the spatial decay of the electric field ߦ′. 
Indeed, hole transport in this region is pure drift current [24], whose density ܬ௣ is expressed as 

follows: ܬ௣(ݔ) = (ݔ)′ߦ(ݔ)݌௣ߤݍ (20) 

where ߤ௣ denotes hole mobility. In the steady state, charge conservation imposes the following 

continuity equation: ݀ܬ௣݀ݔ = ௡,௣ܴݍ− (21) 

where ܴ௡,௣ denotes the generation/recombination rate, defined according to the Shockley–Read–

Hall (SRH) model for traps [25], as follows: 

ܴ௡,௣ = ∑ ∫ ℎ௜(ܧ)݃௜(ܧ)݀ܧா಴ாೇ௜ (22) 
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where ݃௜(ܧ) denotes the density of states of each trap family (݊௧௔௜௟(ܧ), ݊ௗ௘௘௣(ܧ), ݌௧௔௜௟(ܧ), and ݌ௗ௘௘௣(ܧ)) and ℎ௜(ܧ) is the SRH kernel, whose explicit expression is given in Appendix. 

Calculation of ܴ௡,௣ is not detailed here; we will merely evaluate it numerically for ݊ ≪ ݊௜ and ݌ ,݌]∋ (0) = ݊௜ݔ)݌ ≫ ܹ) = (௕߰)݌ ≈ 103݊௜]. This yields a negative ܴ௡,௣ value, varying in the range [−2.35 × 1019 ܿ݉−3. ,1−ݏ −4.8 × 1017ܿ݉−3. lies in the range [7.68 ݔ݀/௣ܬ݀ ,Consequently .[1−ݏ × .ܣ 10−2 ܿ݉−3, 3.76 × .ܣ ܿ݉−3]. The variation in ܬ௣ is only noticeable for very large widths ܹ (on the order of few micrometres). For example, for ܹ = ௣ܬ߂ ,mߤ 1 = (ݔ݀/௣ܬ݀) × ܹ remains 

in the range [7.68 × .ܣ10−6 ܿ݉−2, 3.76 × .ܣ10−4 ܿ݉−2]. Even for a field (0)′ߦ slightly larger than 0ߦ—taking ∆ܬ௣ = 3.76 × .ܣ 10−4 ܿ݉−2 and ܬ௣(0) = 0ߦ௣݊௜ߤݍ ≈ 2.1 × .ܣ 10−2 (ܹ)௣ܬ—2−݉ܿ ௣(0)ܬ= + ௣ܬ߂ ≈  .௣(0)ܬ

Thus, we can consider ܬ௣ to be quasi-constant in this region for any ஺ܸ > 0. The free-hole 

concentration can then be deduced as follows: (ݔ)݌ = (ݔ)′ߦ௣ߤݍ(ݔ)௣ܬ = (ݔ)′ߦ௣ߤݍ௣(0)ܬ = ݊௜ (ݔ)′ߦ′௦ߦ (23) 

where ߦ௦′ = ߰ From (11), we can deduce expression for .(0)′ߦ + ߶௙௣ as follows: ߰(ݔ) + ߮௙௣(ݔ) = − ௧ܸℎ × ݈݊ ( ((ݔ)′ߦ′௦ߦ (24) 

For ݔ = ܹ, ߰(ܹ) + ߶௙௣(ܹ) = − ௧ܸℎ × ′௦ߦ As an example, simulation shows that .(0ߦ/′௦ߦ)݈݊ ∼4.2 × 105ܸ. ܿ݉−1 at ஺ܸ = 10ܸ, a value close to the maximum value reported in [26], yielding ߰(ܹ) + ߶௙௣(ܹ) ∼ −59 ܸ݉. Over this region, the hole concentration varies from (0)݌ = ݊௜ to ݌(ܹ) ≃ 10݊௜, corresponding to a relative increase of (0)݌/݌߂ ≃ 9. Although this variation is not 

negligible in relative terms, the absolute change ݌߂ ∼ 9 × 1010ܿ݉−3 remains far below the ionised 

trap density (∼ 1016 − 1017ܿ݉−3), thereby having a negligible effect on the space-charge density. 

This is confirmed by numerical evaluation, which yields 0ߩ/ߩ߂ = 0ߩ] − 0ߩ/[(ܹ)ߩ ∼ 10%, 

signifying a quasi-constant space charge. Consequently, we can consider ߩ to be quasi-constant in 

this region and equal to 0ߩ. 

Thus, the aforementioned mechanisms characterise a region whose behaviour is neither that of 

a classical depletion region nor that of a neutral material. This region derives its specificity from 

pinning of the hole quasi-Fermi level to the intrinsic level, which maintains (ݔ)݌ on the order of 

few ݊௜. We therefore propose to designate this region as the Fermi pinning region (FPR) to 
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emphasise its physical origin and to distinguish it from conventional space-charge region models. 

Substituting 0ߩ into Poisson's equation and integrating over ݔ yield an expression of the electric 

field (ݔ)′ߦ = ′௦ߦ − ݍ ௦௜ߝ0ߩ ݔ (25) 

With ߦ′(ܹ) = ܹ the FPR width is given by ,0ߦ = 0ߩݍ௦௜ߝ ′௦ߦ) − (0ߦ (26) 

(26) correlates the width to the interface field, but ߦ௦′ remains undetermined as a function of ஺ܸ. 

Figure 5 plots ߦ௦′2 − ௦′2ߦ :versus ஺ܸ, observing a linear relationship that yields the following 02ߦ − 02ߦ = ߪ ஺ܸ (27) 

where ߪ is the slope of the linear fit in Figure 5. This is the typical form expected for the depletion 

electrostatics of a Schottky contact [27], i.e. 2ߝ/0ߩݍ௦௜, where 0ߩ is the fixed charge density. The 

analogy is not complete; however, in a conventional Schottky contact, this charge originates from 

ionised dopants, while here, it originates from the trapped charge frozen under bias. Equating the 

measured slope to ߪ = 0ߩ ௦௜ yieldsߝ/0ߩݍ2 = ݍ௦௜/2ߝߪ ≈ 5.75 × 1016 ܿ݉−3. This value agrees 

well with the net charge derived from the trap density of states; this consistency confirms the 

interpretation of the slope. 

Substituting (27) into (26) yields ܹ = 0ߩݍ௦௜ߝ ߪ√) ஺ܸ + (0ߦ−02ߦ (28) 

These expressions warrant two remarks. First, for ஺ܸ = ′௦ߦ ,0 = ܹ and 0ߦ = 0, we continuously 

recover the equilibrium situation, with 0ߦ acting as a screening field at the contact. Second, for ஺ܸ >  reflects the pre-existing equilibrium field and rounds off this dependence. This 0ߦ ,0

corresponds to the FPR, inserted by the bias ahead of the equilibrium screening region: the applied 

bias pushes this region deeper into the nanowire over a depth ܹ ∝ √ ஺ܸ, without significantly 

altering trap occupancy beyond ݔ = ܹ, wherein the potential profile remains as established at 

equilibrium. 
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Fig. 5. ࣈ′࢙ ૛ − –derived from the simulated field profiles. The origin ,࡭ࢂ ૙૛ as a function ofࣈ
intercept linear fit ࣈ′࢙ ૛ − ૙૛ࣈ = ࣌ with ࡭ࢂ࣌ ≈ ૚. ૠૠ × ૚૙૚૙ ࢂ.  .૛−࢓ࢉ

2.4 I(V) Characteristic 

The hole current in the nanowire is expressed compactly within the drift–diffusion formalism 

via the gradient of the hole quasi-Fermi potential ܬ௉ = ݌௣ߤݍ− ݀߮௣݀ݔ (29) 

This formulation combines the drift and diffusion contributions into a single term. In the steady 

state, ܬ௣ is uniform along the nanowire and can therefore be evaluated in the deep bulk, where the 

free-hole density reaches its maximum ݌(߰௕)—i.e., the equilibrium value—and ߶௙௣ varies 

smoothly. In this region, ߰ + ߶௙௣ = ߰௕ is constant, yielding ݀(߰ + ߶௙௣)/݀ݔ = 0 and ݀߮௣݀ݔ = − ݔ݀߰݀ (30) 
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Although ߰ + ߶௙௣ is rigorously flat, ߰ and ߶௙௣ retain opposite and non-zero gradients. Beyond 

the FPR, trap occupancy ceases to freeze, and equilibrium is restored. Following the profile 

established in (19), ߰ + ߶௙௣ can be expressed as a shift ܹ such that 

(ݔ)߰ + ߶௙௣(ݔ) = ߰௕ (1 − ݌ݔ݁ (− ݔ) − 0ߣ(ܹ )) (31) 

The associated charge density is as follows: (ݔ)ߩ = ݌ݔ0݁ߩ (− ݔ) − 0ߣ(ܹ ) (32) 

Inserting Poisson's equation, ݀ݔ݀/ߦ =  ௦௜, with the charge density (32) yielding theߝ/(ݔ)ߩ−

following field: (ݔ)ߦ = ௦௜ߝ0ߣ0ߩ ݌ݔ݁ (− ݔ) − 0ߣ(ܹ ) + ܥ (33) 

In the deep bulk, the exponential term vanishes, and the integration constant must equal the 

equilibrium field denoted as ߦ௕. Thus, ܥ =  ௕. Applying this to (33) and using the boundaryߦ

condition at ݔ = ܹ, where the field reaches the typical value 0ߦ, yield the following compact 

profile: (ݔ)ߦ = ௕ߦ + 0ߦ) − ݌ݔ݁(௕ߦ (− ݔ) − 0ߣ(ܹ ) (34) 

Figure 6 shows the simulated field profiles on a logarithmic scale for Aܸ from 0 to 2 ܸ in 0.4 ܸ 

steps. At equilibrium, the field decays exponentially from 0ߦ and vanishes beyond ݔ௕. Under bias, 

each profile decays with the same slope, confirming the invariance of 0ߣ; however, they plateau at ߦ௕ in the deep bulk, whose height increases with increasing voltage. 

These profiles are self-similar, as directly visible in the figure: on a logarithmic scale, increasing 

voltage shifts the entire profile upwards, while the curves remain parallel in the decay region. The 

screening tail, governed by 0ߣ—which depends only on ߰௕ and remains unchanged under bias—

maintains the shape, varying only the amplitude. 

Because the deep field vanishes at equilibrium, where ߦ′௦ reduces to 0ߦ, not the entire interface 

field, only the excess induced by the bias is transmitted into the bulk to set ߦ௕. The inset of Figure 

6 quantifies this, plotting ߦ௕ versus ߦ′௦. The curve starts from ߦ௦′ = ௕ߦ at 0ߦ = 0, confirming that 

the bulk field vanishes at equilibrium; furthermore, the curve then grows hyperbolically. This 

behaviour reflects a quadrature dependence between the two fields 
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௕ߦ = ௦′2ߦ√݇ − 02ߦ (35) 

 
Fig. 6. Logarithmic field profiles ࣈ(࢞) for ࡭ࢂ from 0 to 2 V (૙. ૝ ࢂ steps). Field decays from ࣈ′࢙ over ࣅ૙ and plateaus at ࢈ࣈ. Inset: ࢈ࣈ versus ࣈ′࢙. 

Figure 7 plots ߦ௕ versus (ߦ௦′2 − 1(02ߦ 2⁄
. The plot is linear and crosses the origin; the slope yields 

the proportionality factor ݇. This ensures that the background field vanishes at equilibrium (ߦ௦′  ௕. Evaluatingߦ In the deep bulk, the screening tail originating from the interface field reaches .(0ߦ=

(10) at ݔ௕, wherein the equilibrium potential relaxes to ߰௕ (Figure 4), gives the exponential factor ݁݌ݔ(−ݔ௕/0ߣ); the tail is attenuated by this factor. We therefore set ݇ = ݌ݔ݁ (− (0ߣ௕ݔ (36) 

The same distance ݔ௕ governs both potential relaxation at equilibrium and field attenuation 

under bias—which is no coincidence: both are manifestations of the same screening decay over 0ߣ. 

The value ݇ ≈ 9.33 × 10−4, derived from the slope of Figure 7, corresponds to ݔ௕ ≈  in ,݉ߤ0.32

agreement with the potential relaxation observed in Figure 4. The inset illustrates this attenuation 

on a characteristic field profile. 
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Fig. 7 ࢈ࣈ versus (ࣈ′࢙ ૛ − ૙૛)૚ࣈ ૛⁄
: origin–intercept line with slope ࢑ =  :Inset .(૙ࣅ/࢈࢞−)࢖࢞ࢋ

semi-log ࣈ(࢞) profile decaying as ࢖࢞ࢋ(−࢞/ࣅ૙) for ࢞ > ࢞  intersecting at ,࢈ࣈ towards ࢃ = ࢃ +  .࢈࢞

As stated above, ܬ௣ is evaluated in the deep bulk of the nanowire, where ݌(߰௕) is maximum. 

From the current density (29), we obtain the following: ܬ௣ = ௕ߦ(௕߰)݌௣ߤݍ (37) 

Combining (27), (35) and (36) with the current density (37) and multiplying by the cross-

sectional area ܵ yield the total current ܫ = ௕ݔ−)݌ݔ݁(௕߰)݌௣ߤݍ ⁄0ߣ ߪ√ܵ( ஺ܸ (38) 

Figure 8 confirms the proportionality ܫ ∝ √ ஺ܸ from the ܫ( ஺ܸ) characteristic. This square-root 

dependence captures the underlying mechanism: the applied bias sets the interface field via 

depletion electrostatics, ߦ′௦ ∝ √ ஺ܸ. This field extends deep into the nanowire along the depletion 

region and screening tail, attenuated by ݁݌ݔ(−ݔ௕/0ߣ), establishing the background field ߦ௕ in the 

bulk, which drives holes through the quasi-neutral region and sets the current. 
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Fig. 8 𝑰(࡭ࢂ) characteristic: TCAD simulation (circles) and analytical model (38) (line). 

Inset: 𝑰૛ versus ࡭ࢂ; the linear dependence through the origin confirms𝑰 ∝  ࡭ࢂ√

3. Conclusion 

We develop an analytical model for the ܫ(ܸ) characteristic of an undoped poly-SiNW Schottky-

contacted resistor. At equilibrium, the contact induces a perturbation, which—through an 

electrostatic screening effect—defines the profiles of trapped charges and free carriers. This 

phenomenon manifests as an equilibrium field at the interface and as a potential that relaxes 

exponentially over a characteristic length down to a negative bulk value, dependent on the DOS 

parameters. 

Out of equilibrium, a typical region forms near the metal/poly-SiNW interface. Unlike a 

classical depletion region, this region—which we refer to as the Fermi pinning region—is 

characterised by frozen trap occupancy and a free-hole concentration of the order of few ݊ ௜. Beyond 

the FPR, equilibrium is restored, and a residual field—an attenuated replica of the interface field 

transmitted through the FPR and screening regions—ensures the drift of free holes in the bulk. The 
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√ܸ dependence of this field ultimately yields an ܫ(ܸ) characteristic of the form ܫ ∝ √ܸ. The 

formulations established and discussed in this study are validated by numerical simulations 

performed using Silvaco TCAD ATLAS, showing excellent quantitative agreement. 

In contrast to empirical descriptions of ܫ(ܸ) characteristic, this study proposes an original 

analytical framework that elucidates microscopic mechanisms governing transport in undoped 

poly-SiNW Schottky-contacted resistors. By establishing a direct link among Schottky contact 

electrostatics, the trap density of states, and the current–voltage response, the model provides a 

comprehensive interpretation of device operation. This foundation opens a route for analytical 

modelling of Schottky-contact sensors, which exhibit high sensitivity compared with their ohmic 

counterparts. 

4. Appendix 

4.1 Probability occupation function(ࡱ)ࢌ 

The trap occupation probability ݂(ܧ) follows the Shockley–Read–Hall (SRH) statistics [25] 

(ܧ)݂ = ௡݊ܥ + ݌ݔ௣݊௜݁ܥ ௜ܧ) − ܶ݇ܧ ௡ܥ( [݊ + ݊௜݁݌ݔ ܧ) − ௜݇ܶܧ )] + ௣ܥ ݌] + ݊௜݁݌ݔ ௜ܧ) − ܶ݇ܧ )] 
where ܥ௡ = ௣ܥ ௡ andߪ௡ݒ =  ,௣ are the electron and hole capture probabilities per unit timeߪ௣ݒ

respectively. (ݒ௡ and ݒ௣ are the thermal velocities, and ߪ௡ and ߪ௣ are the capture cross-sections), ܧ௜ is the intrinsic energy level. At equilibrium, the above expression reduces to the following 

Fermi–Dirac distribution [16]: ݂(ܧ) = 11 + ݌ݔ݁ ܧ) − ி݇ܶܧ ) 

4.2 Equilibrium acceptor trap density 

Given the similarity in form between expressions for ்݃஺(ܧ) and ݃஽஺(ܧ), we detail here only 

calculation for ݊Tail; ݊deep is obtained by simply substituting the parameters ( ஽ܰ஺,  can (ܧ)݂ .(஽஺ݓ

be approximated by intervals such that 

For ܧ < (ܧ)݂ ,ிܧ ≃ 1, and for ܧ > (ܧ)݂ ,ிܧ ≃ ிܧ)݌ݔ݁ − ܧ ݇ܶ⁄ ). Thus, ݊௧௔௜௟ = ்ܰ஺ ∫ ݌ݔ݁ ܧ) − ஺்ݓ஼ܧ ) ாಷாೇܧ݀ + ்ܰ஺ ∫ ݌ݔ݁ ܧ) − ஺்ݓ஼ܧ ) ݌ݔ݁ ிܧ) − ܶ݇ܧ ) ா಴ாಷܧ݀  

At equilibrium, ܧி = ௜ܧ +  Introducing pre-factors ்݃஺0 and ݃஽஺0 .߰ݍ



 

 20 

݊௧௔௜௟ = ்݃஺0݁݌ݔ ( (஺்ݓ߰ݍ , ݊ௗ௘௘௣ = ݃஽஺0݁݌ݔ (  (஽஺ݓ߰ݍ

With ்݃஺0 = ஺2்ݓ ்ܰ஺்ݓ஺ − ݇ܶ ݌ݔ݁ (− (஺்ݓ௜ܧ , ݃஽஺0 = ஽஺2ݓ ஽ܰ஺ݓ஽஺ − ݇ܶ ݌ݔ݁ (−  (஽஺ݓ௜ܧ

4.3 Equilibrium donor trap density 

Here, we detail calculation for ݌௧௔௜௟; ݌ௗ௘௘௣ is deduced by substituting the parameters ( ஽ܰ஽, ஽஽). Similarly, 1ݓ − ܧ can be approximated by intervals such that for (ܧ)݂ < ி,  1ܧ − (ܧ)݂ ≃ ݌ݔ݁ (ா−ாಷ௞் ), and for ܧ > ி,1ܧ − (ܧ)݂ ≃ 1. Thus, 

௧௔௜௟݌ = ்ܰ஽ ∫ ݌ݔ݁ ௏ܧ) − ஽்ݓܧ ) ݌ݔ݁ ܧ) − ி݇ܶܧ ) ாಷாೇܧ݀ + ்ܰ஽ ∫ ݌ݔ݁ ௏ܧ) − ஽்ݓܧ ) ா಴ாಷܧ݀  

Introducing pre-factors ்݃஽0 and ݃஽஽0 ݌௧௔௜௟ = ்݃஽0݁݌ݔ (− (஽்ݓ߰ݍ , ௗ௘௘௣݌ = ݃஽஽0݁݌ݔ (−  (஽஽ݓ߰ݍ

With ்݃஽0 = ஽2்ݓ ்ܰ஽்ݓ஽ − ݇ܶ ݌ݔ݁ (− (஽்ݓ௜ܧ , ݃஽஽0 = ஽஽2ݓ ஽ܰ஽ݓ஽஽ − ݇ܶ ݌ݔ݁ (−  (஽஽ݓ௜ܧ

4.4 SRH Kernel (ࡱ)࢏ࢎ function 

The SRH kernel ℎ௜(ܧ) used in Eq. (23) in the main text is defined as follows: ℎ௜(ܧ) = ݌݊)௜ுߪ௜ாߪ௣ݒ௡ݒ − ݊௜2)ݒ௡ߪ௜ா (݊ + ݊௜݁(ா−ா೔௞் )) + ௜ுߪ௣ݒ ݌) + ݊௜݁(ா೔−ா௞் )) 

where ߪ௜ா and ߪ௜ு are the electron and hole capture cross-sections for the ݅-th trap family, 

respectively. 
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   [    𝝍  𝒃 ,  𝟎 ]


  𝝃


  𝝍


    𝒙  𝒃


  𝜓  ( x )


     𝜉  ( x ) = −   ∂ 𝜓 ( x )  ∂ x #  ( 17 )


  𝜉 = 𝜓 /   𝜆 0 +   𝜉 0


     x = −  ∫    d 𝜓    𝜓    𝜆 0 +   𝜉 0 = −   𝜆 0 l n  (   𝜓    𝜆 0 +   𝜉 0 ) + C #  ( 18 )


  C


  𝜓  ( 0 ) = 0


  C =   𝜆 0 l n ⁡  (   𝜉 0 )


    𝜆 0   𝜉 0 = −   𝜓  b


  x = −   𝜆 0 l n ⁡  ( 1 − 𝜓 /   𝜓  b )


     𝜓  ( x ) =   𝜓  b  ( 1 − e x p  ( −   x    𝜆 0 ) ) #  ( 19 )


  𝐪   𝝍  𝒃


  𝜓  ( x ) =   𝜓  b  [ 1 − e x p ⁡  ( − x /   𝜆 0 ) ]


  𝜓  ( 0 ) = 0


    𝜓  b ≈ − 0 . 1786   V


    𝜓  b − 𝜓  ( x ) =   𝜓  b e x p ⁡  ( − x /   𝜆 0 )


    x  b ≈ 0 . 31   𝜇 m


   (   𝜆 0 ≈ 44 . 7   n m   )


    𝜆 0


   | d 𝜌 / d 𝜓 |


    𝜓  b


    𝜆 0


    𝑬  𝑭


  𝝍  ( 𝒙 )


  𝒙 = 𝟎


  𝝍  ( 𝟎 ) = 𝟎


    𝝍  𝒃 ≈ − 𝟎 . 𝟏 𝟕 𝟖 𝟔   𝑽


    𝝀  𝟎 ≈ 𝟒 𝟒 . 𝟕   𝒏 𝒎


    V  A


    V  A > 0


  𝜓 +   𝜙  f p = 0


  𝜓 +   𝜙  f n = 0


  p  ( x = 0 ) = n  ( x = 0 ) =   n  i


    g  A  ( E )


    𝜌 0


    𝜌 0 = 𝜌  ( 0 ) ≈ 6 . 5 ×  10 16   c m  − 3


    𝜌 0


    𝜉 ′


  n ≪   n  i


  p ≪   n  i


  W


  p  ( x > W ) = p  (   𝜓  b )


  n  ( x > W ) = n  (   𝜓  b ) ≈ 6 . 4 ×  10 6   c m  − 3


    𝜉 ′


    g  D  ( E )


    𝜉 0


  x = W


  x = W


  𝜉


  x > W


    𝜉 ′


    𝜉 ′


    J  p


       J  p  ( x ) = q   𝜇  p p  ( x )   𝜉 ′  ( x ) #  ( 20 )


    𝜇  p


  f  ( E )


       d   J  p  d x = − q   R  n , p #  ( 21 )


    R  n , p


       R  n , p =   ∑  i    ∫    E  V    E  C   h  i  ( E )   g  i  ( E ) d E #  ( 22 )


    g  i  ( E )


    n  t a i l  ( E )


    n  d e e p  ( E )


    p  t a i l  ( E )


    p  d e e p  ( E )


   h  i  ( E )


    R  n , p


       g  T A  ( E ) =   N  T A   e x p ⁡   (   E −   E  C    w  T A ) # ( 1 )     g  D A  ( E ) =   N  D A   e x p ⁡   (   E −   E  C    w  D A ) # ( 2 )


  n ≪   n  i


  p ∈  [  p ,   ( 0 ) =   n  i p  ( x ≫ W ) = p  (   𝜓  b ) ≈  10 3   n  i ]


    R  n , p


   [ − 2 . 35 ×  10 19     c m  − 3 .   s  − 1 , − 4 . 8 ×  10 17   c m  − 3 .   s  − 1 ]


  d   J  p / d x


   [ 7 . 68 ×  10  − 2   A .   c m  − 3 , 3 . 76 × A .   c m  − 3 ]


    J  p


  W


  W = 1   𝜇 m


  𝛥   J  p =  ( d   J  p / d x ) × W


  I ∝  V


       g  T D  ( E ) =   N  T D   e x p ⁡   (     E  V − E    w  T D ) # ( 3 )     g  D D  ( E ) =   N  D D   e x p ⁡   (     E  V − E    w  D D ) # ( 4 )


   [ 7 . 68 ×  10  − 6 A .   c m  − 2 , 3 . 76 ×  10  − 4 A .   c m  − 2 ]


    𝜉 ′  ( 0 )


    𝜉 0


  ∆   J  p = 3 . 76 ×  10  − 4   A .   c m  − 2


    J  p  ( 0 ) = q   𝜇  p   n  i   𝜉 0 ≈ 2 . 1 ×  10  − 2   A .   c m  − 2


    J  p  ( W ) =   J  p  ( 0 ) + 𝛥   J  p ≈   J  p  ( 0 )


    J  p


    V  A > 0


     p  ( x ) =     J  p ( x )  q   𝜇  p 𝜉 ′  ( x ) =     J  p ( 0 )  q   𝜇  p 𝜉 ′  ( x ) =   n  i     𝜉  s ′  𝜉 ′  ( x ) #  ( 23 )


    𝜉  s ′ = 𝜉 ′  ( 0 )


       g  T D  ( E ) =   N  T D   e x p ⁡   (     E  V − E    w  T D ) # ( 3 )     g  D D  ( E ) =   N  D D   e x p ⁡   (     E  V − E    w  D D ) # ( 4 )


  𝜓 +   𝜙  f p


     𝜓  ( x ) +   𝜑  f p  ( x ) = −   V  t h × l n  (     𝜉  s ′  𝜉 ′  ( x ) ) #  ( 24 )


  x = W


  𝜓  ( W ) +   𝜙  f p  ( W ) = −   V  t h × l n ⁡  (   𝜉  s ′ /   𝜉 0 )


    𝜉  s ′ ∼ 4 . 2 ×  10 5 V .   c m  − 1


    V  A = 10 V


  𝜓  ( W ) +   𝜙  f p  ( W ) ∼ − 59   m V


  p  ( 0 ) =   n  i


  p  ( W ) ≃ 10   n  i


  𝛥 p / p  ( 0 ) ≃ 9


    g  T A  ( E )


  𝛥 p ∼ 9 ×  10 10   c m  − 3


  ∼  10 16 −  10 17   c m  − 3


  𝛥 𝜌 /   𝜌 0 =  [   𝜌 0 − 𝜌  ( W ) ] /   𝜌 0 ∼ 10 %


  𝜌


    𝜌 0


  p  ( x )


    n  i


    𝜌 0


  x


     𝜉 ′  ( x ) =   𝜉  s ′ − q     𝜌 0    𝜀  s i x #  ( 25 )


    g  T D  ( E )


  𝜉 ′  ( W ) =   𝜉 0


     W =     𝜀  s i  q   𝜌 0  (   𝜉  s ′ −   𝜉 0 ) #  ( 26 )


    𝜉  s ′


    V  A


      𝜉  s ′ 2 −   𝜉 0 2


    V  A


         𝜉  s ′ 2 −   𝜉 0 2 = 𝜎   V  A #  ( 27 )


  𝜎


  2 q   𝜌 0 /   𝜀  s i


    𝜌 0


    g  D A  ( E )


  𝜎 = 2 q   𝜌 0 /   𝜀  s i


    𝜌 0 = 𝜎   𝜀  s i / 2 q ≈ 5 . 75 ×  10 16     c m  − 3


     W =     𝜀  s i  q   𝜌 0  (   𝜎   V  A +   𝜉 0 2 −    𝜉 0 ) #  ( 28 )


    V  A = 0


    𝜉  s ′ =   𝜉 0


  W = 0


    𝜉 0


    V  A > 0


    𝜉 0


  W ∝    V  A


    g  D D  ( E )


  x = W


      𝝃  𝒔 ′  𝟐 −   𝝃  𝟎  𝟐


    𝑽  𝑨


      𝝃  𝒔 ′  𝟐 −   𝝃  𝟎  𝟐 = 𝝈   𝑽  𝑨


  𝝈 ≈ 𝟏 . 𝟕 𝟕 ×   𝟏 𝟎  𝟏 𝟎   𝑽 .   𝒄 𝒎  − 𝟐


       J  P = − q   𝜇  p p   d   𝜑  p  d x #  ( 29 )


    J  p


  p  (   𝜓  b )


    𝜙  f p


  𝜓 +   𝜙  f p =   𝜓  b


  E  


  d  ( 𝜓 +   𝜙  f p ) / d x = 0


       d   𝜑  p  d x = −   d 𝜓  d x #  ( 30 )


  𝜓 +   𝜙  f p


  𝜓


    𝜙  f p


  𝜓 +   𝜙  f p


  W


     𝜓 ( x ) +   𝜙  f p  ( x ) =   𝜓  b  ( 1 − e x p  ( −    ( x − W )    𝜆 0 ) ) #  ( 31 )


     𝜌  ( x ) =   𝜌 0 e x p  ( −    ( x − W )    𝜆 0 ) #  ( 32 )


  d 𝜉 / d x = − 𝜌  ( x ) /   𝜀  s i


    E  C


     𝜉  ( x ) =     𝜌 0   𝜆 0    𝜀  s i e x p  ( −    ( x − W )    𝜆 0 ) + C #  ( 33 )


    𝜉  b


  C =   𝜉  b


  x = W


    𝜉 0


     𝜉  ( x ) =   𝜉  b +  (   𝜉 0 −   𝜉  b ) e x p  ( −    ( x − W )    𝜆 0 ) #  ( 34 )


    V A


  0


  2   V


  0 . 4   V


    E  V


    𝜉 0


    x  b


    𝜆 0


    𝜉  b


    𝜆 0


    𝜓  b


    𝜉 ′  s


    𝜉 0


    𝜉  b


    𝜉  b


    N  T A


    𝜉 ′  s


    𝜉  s ′ =   𝜉 0


    𝜉  b = 0


       𝜉  b = k      𝜉  s ′ 2 −   𝜉 0 2 #  ( 35 )


  𝝃  ( 𝒙 )


    𝑽  𝑨


  𝟎 . 𝟒   𝑽


    𝝃 ′  𝒔


    𝝀  𝟎


    𝝃  𝒃


  I  ( V )


    N  T D


    𝝃  𝒃


    𝝃 ′  𝒔


    𝜉  b


     (     𝜉  s ′ 2 −   𝜉 0 2 )   1 2


  k


    𝜉  s ′ =   𝜉 0


    𝜉  b


    x  b


    𝜓  b


  e x p ⁡  ( −   x  b /   𝜆 0 )


    W  T A


     k = e x p  ( −     x  b    𝜆 0 ) #  ( 36 )


    x  b


    𝜆 0


  k ≈ 9 . 33 ×  10  − 4


    x  b ≈ 0 . 32 𝜇 m


    𝝃  𝒃


     (     𝝃  𝒔 ′  𝟐 −   𝝃  𝟎  𝟐 )    𝟏  𝟐


  𝒌 = 𝒆 𝒙 𝒑 ⁡  ( −   𝒙  𝒃 /   𝝀  𝟎 )


  𝝃  ( 𝒙 )


  𝒆 𝒙 𝒑 ⁡  ( − 𝒙 /   𝝀  𝟎 )


    W  T D


  𝒙 > 𝑾


    𝝃  𝒃


  𝒙 = 𝑾 +   𝒙  𝒃


    J  p


  p  (   𝜓  b )


       J  p = q   𝜇  p p  (   𝜓  b )   𝜉  b #  ( 37 )


  S


     I = q   𝜇  p p  (   𝜓  b ) e x p  (   −   x  b    𝜆 0 ) S  𝜎   V  A #  ( 38 )


  I ∝    V  A


  I  (   V  A )


    N  D A


    𝜉 ′  s ∝    V  A


  e x p ⁡  ( −   x  b /   𝜆 0 )


    𝜉  b


  𝑰  (   𝑽  𝑨 )


    𝑰  𝟐


    𝑽  𝑨


  𝑰 ∝    𝑽  𝑨


  I  ( V )


    n  i


   V


    N  D D


  I  ( V )


  I ∝  V


  I  ( V )


  𝒇  ( 𝑬 )


  f  ( E )


  f  ( E ) =     C  n n +   C  p   n  i e x p  (     E  i − E  k T )    C  n  [ n +   n  i e x p  (   E −   E  i  k T ) ] +   C  p  [ p +   n  i e x p  (     E  i − E  k T ) ]


    C  n =   v  n   𝜎  n


    C  p =   v  p   𝜎  p


    v  n


    v  p


    W  D A


    𝜎  n


    𝜎  p


    E  i


  f  ( E ) =  1  1 + e x p  (   E −   E  F  k T )


    g  T A  ( E )


    g  D A  ( E )


    n  Tail


    n  deep


    N  D A ,   w  D A


  f  ( E )


    W  D D


  E <   E  F


  f  ( E ) ≃ 1


  E >   E  F


  f  ( E ) ≃   e x p ⁡   (     E  F − E  k T )


    n  t a i l =   N  T A   ∫    E  V    E  F    e x p ⁡   (   E −   E  C    w  T A ) d E +   N  T A   ∫    E  F    E  C    e x p ⁡   (   E −   E  C    w  T A ) e x p  (     E  F − E  k T ) d E


    E  F =   E  i + q 𝜓


    g  T A 0


    g  D A 0


    n  t a i l =   g  T A 0 e x p  (   q 𝜓    w  T A ) ,   n  d e e p =   g  D A 0 e x p  (   q 𝜓    w  D A )


    g  T A 0 =     w  T A 2   N  T A    w  T A − k T   e x p ⁡   ( −     E  i    w  T A ) ,   g  D A 0 =     w  D A 2   N  D A    w  D A − k T   e x p ⁡   ( −     E  i    w  D A )


    n  t a i l


    p  t a i l


    p  d e e p


   (    N  D D ,    w  D D )


  1 − f  ( E )


  E <   E  F


  1 − f  ( E ) ≃   e x p ⁡   (   E −   E  F  k T )


  E >   E  F


  1 − f  ( E ) ≃ 1


    p  t a i l =   N  T D   ∫    E  V    E  F    e x p ⁡   (     E  V − E    w  T D ) e x p  (   E −   E  F  k T ) d E +   N  T D   ∫    E  F    E  C    e x p ⁡   (     E  V − E    w  T D ) d E


    g  T D 0


    n  d e e p


    g  D D 0


    p  t a i l =   g  T D 0 e x p  ( −   q 𝜓    w  T D ) ,   p  d e e p =   g  D D 0 e x p  ( −   q 𝜓    w  D D )


    g  T D 0 =     w  T D 2   N  T D    w  T D − k T e x p  ( −     E  i    w  T D ) ,   g  D D 0 =     w  D D 2   N  D D    w  D D − k T e x p  ( −     E  i    w  D D )


    𝒉  𝒊  ( 𝑬 )


   h  i  ( E )


   h  i  ( E ) =     v  n   v  p   𝜎  i E   𝜎  i H  ( n p −   n  i 2 )    v  n   𝜎  i E  ( n +   n  i   e   (   E −   E  i  k T ) ) +   v  p   𝜎  i H  ( p +   n  i   e   (     E  i − E  k T ) )


    𝜎  i E


    𝜎  i H


  i


    p  t a i l


  I  ( V )


    p  d e e p


       n  t a i l =   ∫    E  V    E  C    g  T A  ( E ) f ( E ) d E #  ( 5 )


       n  d e e p =   ∫    E  V    E  C    g  D A  ( E ) f ( E ) d E #  ( 6 )


       n  d e e p =   ∫    E  V    E  C    g  D A  ( E ) f ( E ) d E #  ( 6 )


       p  t a i l =   ∫    E  V    E  C    g  T D  ( E )  ( 1 − f ( E ) ) d E #  ( 7 )


       p  t a i l =   ∫    E  V    E  C    g  T D  ( E )  ( 1 − f ( E ) ) d E #  ( 7 )


       p  d e e p =   ∫    E  V    E  C    g  D D  ( E )  ( 1 − f ( E ) ) d E #  ( 8 )


       p  d e e p =   ∫    E  V    E  C    g  D D  ( E )  ( 1 − f ( E ) ) d E #  ( 8 )


  f ( E )


  f ( E )


   (   𝛷  M ≈ 4 . 1 e V )


    N  T A


   10 21   c m  − 3 .   e V  − 1


    N  D A


  2 ×  10 20   c m  − 3 .   e V  − 1


    N  T D


   10 21   c m  − 3 .   e V  − 1


    N  D D


   10 18   c m  − 3 .   e V  − 1


    W  T A


  0 . 06   e V


   ( 𝜒 ≈ 4 . 17 e V )


    W  D A


  0 . 1   e V


    W  T D


  0 . 04   e V


    W  D D


  0 . 1   e V


    E  i


  0 . 56   e V


    V  t h


  0 . 0258   V


    𝛷  b =   𝛷  M − 𝜒


    n  i


  6 . 67 ×  10 9   c m  − 3


  𝜓


  ± 1 / W


  𝜓  ( x )


         𝜕 2 𝜓  𝜕   x 2 =   q    𝜀  s i  [   N  t  ( x ) −   P  t  ( x ) + n  ( x ) − p ( x ) ] #  ( 9 )


    N  t  ( x ) =   n  t a i l ( x ) +   n  d e e p ( x )


    P  t  ( x ) =   p  t a i l  ( x ) +   p  d e e p ( x )


  n


  p


    E  F


     n  ( x ) =   n  i e x p  (    ( 𝜓 +   𝜑  f n )    V  t h ) #  ( 10 )


     p  ( x ) =   n  i e x p  ( −    ( 𝜓 +   𝜑  f p )    V  t h ) #  ( 11 )


     p  ( x ) =   n  i e x p  ( −    ( 𝜓 +   𝜑  f p )    V  t h ) #  ( 11 )


    𝜑  f n


    𝜑  f p


    V  t h


    𝜑  f n  ( x ) =   𝜑  f p  ( x ) = 0 V


         𝜕 2 𝜓  ( x )  𝜕   x 2 =   q    𝜀  s i  (   g  T A 0   e    q 𝜓    w  T A +   g  D A 0   e    q 𝜓    w  D A −   g  T D 0   e  −   q 𝜓    w  T D −   g  D D 0   e  −   q 𝜓    w  D D ) #  ( 12 )


    𝒏  Tail +   𝒏  deep


    𝒑  Tail +   𝒑  deep


    𝜓  b


  𝝍


  n


  p


    n  i


    g 0    (  10 14 −  10 17     c m  − 3 )


   ( N ∼  10 21   c   m  − 3 e   V  − 1 )


  w


  k T


  𝜓


    e  ± 𝜓 / w

