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Abstract 
Metal-wrapped semiconductor nanowire is a cylindrical junction Schottky diode whose detailed 
electrostatics and characteristics are studied for Aluminum-Gallium Nitride (Al-GaN).  Two crucial 
principles have been used for the method of analyses: Poisson’s equation for the voltage in the 
depletion region and the exact solution of the metal-semiconductor junction state equation for effective 
barrier height. The smaller the radius of the semiconducting nanowire the highly depleted it is 
compared to higher radii even with small doping density. The depletion width increases inversely with 
doping concentration. Regardless of the doping concentration, nanowires of higher radii appear to 
have lesser depletion, hence a greater conducting core radius of the vertical device. For a 100 nm 
radius, the depletion width decreases from approximately 38.112 nm to 3.113 nm at 300 K as doping 
density increases from 1016 cm-3 to 2 × 1018 cm-3. It can be seen that the smaller radius of nanowire is 
expected to be completely depleted, an excellent result that matches with experiments. This obviously 
permits tunneling of electrons in highly doped semiconducting nanowires and perhaps leads to 
degeneracy of the semiconducting nanowire. The effective capacitance of the junction is non-linear in 
both forward and reverse bias voltage application and also a function of the wrapped semiconductor 
radii. 
 
Keywords: Effective Schottky barrier height, Depletion radius, Effective capacitance, 
Nanowire, Al-GaN 
 
 
INTRODUCTION 
Metal-semiconductor junctions, commonly referred to as hot carriers are the active 
component in electronic devices. Bottom-up technology involves manipulation of the 
ultimate building blocks of an ordinary matter: that is, single atoms and molecules 
assembled into nano scale- electronic devices, (Henrik 2004; Eigler & Schweizer, 1990). These 
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devices provide un-parallel speed, storage, and size reduction and hold the promise of 
powering future electronic devices and open up totally new opportunities, (Okazaki & 
Moers, 2005). 
 
The desire for low power consumption and high degree of computation, sensing, and 
communication has been a challenge to date. For these reasons, vertical or planar nanowire 
devices are ideal for fabricating high density integrated circuits because of their planar foot 
prints. One-dimensional (1D) nanostructure represents the smallest dimension of structures 
that can efficiently transport electrical carriers, and thus are ideally suited to the critical and 
ubiquitous task of moving or routing charges, which constitute information. They also 
exhibit critical device function, and thus can be exploited as both the wiring and device 
elements in future architecture for functional nano systems, (Wolf, 2004).  
 
Gallium nitride (GaN) is a binary group III-V semiconductor with a relatively large direct 
energy band gap of 3.4 eV, electron affinity of 4.1 eV, (Kumar et al., 2013). GaN, in its pure 
form resists cracking and can be deposited in a thin film on sapphire or silicon carbide 
despite the mismatch in their lattice constants that is ~ 3.5% for SiC and 16.9% for sapphire, 
(Akasaki and Amano, 1979; Miguel et al., 2016). 
 
The binary group III nitrides can be of these crystalline structures: The wurtzite (WZ) 
structure, Zinc blende (ZB) structure and rock salt structure. Under ambient conditions, the 
thermodynamically stable structure is WZ for AlN (that is Aluminum Nitride), GaN, and 
InN, (Jain et el., 2000). The ZB structure is metastable and can be stabilized by epitaxial 
growth of thin film on {001} crystal planes of cubic substrates such as Si, SiC, MgO, and 
GaAs, (Gil, 1998; Hidgins et al., 2002).  
 
In this work, we have rigorously carried out a theoretical modeling to present the profile of 
the effects of doping nanowire radii, the energy band diagrams and the effective 
capacitance-voltage characteristics of a cylindrical Schottky junction, which is a metal-
wrapped semiconductor nanowire junction. This is a prerequisite for successful and 
controllable device realization and for a detail understanding of the governing physics; in 
particular, understanding the electrical contact properties. 
 
Methodology: governing equations   
The electrostatic analysis of a metal-semiconductor is of huge interest since it provides 
knowledge about the charge and electric field in the depletion region as well as the transport 
properties. However, the analysis procedure is dependent on the model structure. The 
presence of metal-semiconductor junctions in every semiconductor device plays the role of 
rectification and a mere conducting element and this depends on the characteristic of the 
interface. The general analysis is based on Poisson’s equation, giving the voltage in the 
depletion region as, (Kraus and Fleisch, 1999; Sze, 2002; Voleheck and Stempitsky, 2019). 
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where ε  εrε0, the permittivity of the medium; εr and ε0 are the relative and absolute (free 
space) permittivities respectively, ND is the doping density and is written as a function of 
electron density n and p the donor and acceptor densities. Applying the depletion 
approximation principle and neglecting the minority carrier concentration and assuming 
only the majority carrier concentration are present in the depletion region from x = 0 to x = 
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xd, and that for x > xd the majority carrier concentration equals the doping concentration, 
Figure 1(b), one gets 
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Figures 1 (a) and (b) depict the cross-sectional area of the cylindrical M-S junction and the 
energy band diagram on junction formation respectively. The Schottky barrier height and 
built up potential for the ideal junction are qϕBn,ideal

 
and qϕbi and the effective Schottky barrier 

height and effective built up potential for non-ideal (due to presence of interface layer 
thickness, ILT) are qϕBn,eff  and qϕbi,eff, which thus by inspection of Figure 1 (b), we have, 

                                                 
( ) nmneffBneffbi  −−−=−= ,,                                       (3) 

 
where ∆ is the interface layer potential drop, ϕn is the potential difference at the edge of 
depletion region and ϕm is the Aluminum metal work function. From equation (1) we have 
the electric field, E(x) = dϕ/dx, with E(∞) = E(-∞) = 0 and thus, 
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The solutions of equation (2) in the limits x = 0 to x = xd  are:                                                                                                                                             

                                
                                                                                  (a) 
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                                                                                     (b) 
      Figure 1: (a) Schematic cross section of metal-wrapped semiconductor nanowire contact;  
                       (b) Schematic energy band diagram of the metal-wrapped semiconductor   
                       nanowire system in which Rdep is radius of depletion, RNW is the radius of   
                       nanowire, RMe is the radius of the metal and r is the radial distance from the  
                       center.     
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where ϕs
 
is the semiconductor work function (dependent on doping density) and xd is the 

boundary at the depletion edge, as indicated on Figure 1(b). The built up potential in the 
depletion region round about the semiconducting nanowire is obtained by solving the 
Poisson’s equation (2), in cylindrical coordinates formulated with mixed boundary 
conditions, where, according to the depletion approximation, charge distribution results 
from the ionized dopant(s) as in (Andrew & Ray, 2012). That is, the Poisson’s equation (2) 
becomes 
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where ϕ(r) is the potential  that varies with r from the depletion edge to the point of contact. 

ρ is charge density. The boundary condition at the nanowire surface, (r  RNW), describes 
either Fermi level pinning for the non-ideal or the ideal metal-semiconductor interface. 

Outside the depletion region, (δ  RNW – Rdep), the potential remains constant all through up 
to the center of the semiconducting nanowire core. The solution of equation (7) is given as, 
(Petrosyan et al., 2012; Yonatan & Dan, 2013). 
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The built in potential across the depletion region is determined by - ϕBeff and ϕ(Rdep); that is  
(EC – EF)/q in the semiconductor nanowire core. So that: 
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The M-S junction state equation given as, (Sze & Kwok, 2007)  
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where all model parameters are defined in Table 1. 

  

Table 1: Fixed model parameters and constants used for computation 
                                                            FIXED MODEL PARAMETERS 

Symbol Definition Values / SI Units 

RNW Nanowire radius 40, 60, 80, 100 nm 

ND Electron concentration 1016, 2  1016, 1017, 2  1017, 1018, 2  1018 cm-3 

TR Ambient Temperature 300 K 
δ Nanowire width 1.5 nm 
Dit Density of interfacial 

states 
1012 cm-2eV-1 

εi Dielectric constant 1.5ε0 Fm-1 

qϕ0 Barrier height 0.75 eV 

                                                                                 CONSTANTS 

Symbol Definition Value/ SI Units Reference 

ϕm(Al) Aluminum metal work fuction 4.28 eV (Patrick, et. al., 2014) 

χ(GaN) GaN electron afinity 4.1 eV (Shenai, et. al., 1989) 

Eg(GaN) Gan energy band gap 3.4 eV (Hiroshi, 2002) 

ni(GaN) GaN intrinsic carrier 
concentration 

1.9  10-10 cm-3 (Wah, et. al., 2019) 

NC(GaN) GaN effective density of states at 
conduction band 

2.3  1018 cm-3    

NV(GaN) GaN effective density of states at 
valence band 

1.8  1018 cm-3    

εs(GaN) GaN permittivity 8.9    
ϕs(GaN) GaN semiconductor work 

function 
3.64 eV (Calahorra and Ritter, 2013) 

kB Boltzmann Constant 1.3806  10-23 JK-1     
ε0 Vacuum permittivity 8.854  10-12 Fm-1     
q Electronic charge 1.602  10-19 C     

 
When the interfacial layer thickness (ILT), δ ≠ 0, ϕBn0 is replaced with effective barrier height 
as it is dependent on doping function and temperature. Thus we obtained the exact solution 
of equation (11) as, (Dogari et al., 2024), 
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Eq. (9) is an implicit relation of potential variation with radius, r for a given radius of 
nanowire, RNW. A given magnitude of doping function determines the depletion radius 
potential, ϕ(Rdep). Eq. (12) result is expected to give real and imaginary values but no 
imaginary value was obtained in our computations, (Dogari et al., 2024). 
The effective Schottky barrier heights obtained using the exact solution, which is given by 
equation (12) with the model parameters and necessary constants presented in Table 1, are 
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in the range 0.1946 to 0.0577 eV for the doping density range of 1016 cm-3 to 2×1018 cm-3. The 
realized energy band diagrams for the radii are as presented in Figure 2.  
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     Figure 2: Energy band diagrams for Rn  RNW = 40, 60, 80, and 100 nm as depicted by (a), (b),  
                    (c) and (d) respectively. RNW denotes nanowire radius; n = 1,2,3,4.      

    
(Dogari et al., 2024) gave the detail exact solution of equation (12). The novel solution, used 

here, made it possible to realize a useful relation between the depletion width Wdep  Rn – Rdep 
(nm) where n = 1,2,3,4, ,…, and the doping concentration ND (cm-3). A table of values for the 
relation is given in Table 2 for the simulation depicted in Figure 3. For the purpose of 
experimental application, the relation may be expressed as  

                                                           DN

dep AeW
−

=                                                                 (12A) 

where A and  are now characteristic constants for a given nanowire radius. In fact, the 

constants A and  may be determined in any runs of experiment of the nanowire radius by 
fitting the data into a linear relation of the form 

                                                        Ddep NAW −= lnln                                                           (12B) 

Thus from equation (12B), ln A as the intercept will yield the value of A (nm) and  is the 
gradient in cm3. It may be pertinent to mention that an approximate or inexact solution of 
equation (12) is available in the work of (Calahora & Ritter, 2013), for comparison.       
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TABLE 2: Depletion Width, Wdep as a function of doping density, ND  

                  for R1,2,3,and 4 . The table of values for Figure 3.     
  Doping Density     
        ND (cm-3) 

               Depletion Width Wdep (nm) 

  (R1 – Rdep) (R2 – Rdep) (R3 – Rdep) (R4 – Rdep) 

1016 20.0640 21.4800 20.5520 38.1120 

2  1016 15.9848 25.6090 23.9856 34.5970 

1017 11.4699 14.4590 14.1690 13.9470 

2  1017 9.6462 9.3388 9.2056 9.1310 

1018 4.0240 3.9932 3.9815 3.9746 

2  1018 3.7332 3.1204 3.1148 3.1113 
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Figure 3: Width of depletion versus doping function relation for the radii. Here R1, R2, R3,  
                 R4 are the radii of nanowire having the magnitudes 40, 60, 80, and 100 nm  
                 respectively. TABLE 2 gives the table of values for the plots.  

 
Interface Layer Capacitance  
The metal-wrapped Semiconductor consists of concentric cylinders with RNW and RMe 
representing the radius of semiconducting nanowire and that of metal respectively. The 
height is here represented by l and that l << RMe. This is as depicted in Figure 1 (a). The 
interfacial layer thickness is expressed by δ = RMe ̶ RNW and εi is the interface dielectric 
constant. The magnitude of charge on each cylinder can be expressed as 
.                                                        lQ Me=                                            (13) 

where ξMe is charge per nm. Using Gauss’s law, the electric field between the cylinders as a 
function of radius r is (for the metal cylinder) 

                                                                 Mei

Me
Me

R
R





2
)( =                                           (14) 

The electric potential between the cylinders is obtained by setting 0=
NWRV . Hence, 

                              
−=

Me

NW

R

R
MeMeMe dRRERV )()( −=

Me

NW

R

R Me

Me

i R

dR

02 















−=

NW

Me

i R

R
ln

2 0


             (15) 

Therefore,  

                                                      
)( MeR RVVV

NW
−= 













=

NW

Me

i R

R
ln

2 0



                           
(16)  

From this, we obtain the expression for the metal-wrapped semiconductor interfacial layer 
capacitance with equation (13) as 
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The depletion width capacitance, Cd, is expressed as 
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This interface layer capacitance, CIf and the depletion width capacitance, Cd, of the metal-
wrapped semiconductor junction diode form two capacitances in series combination with an 
effective capacitance, CEff, expressed, from the basic relation, as 
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Upon voltage application, this is expected to modulate the effective capacitance with 
narrowed (widened) in forward (reverse) bias mode. Thus 
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where, Vd is the voltage to be applied across the diode. For simplicity, εi  εrε0 and with 
relative permittivity taken as one, (εr =1), δ =1.5 x 10-9 nm, RNW = R1, R2, R3, R4 =  40, 60, 80, 
and 100 nm, l = 1 nm, ND = 2×1017 cm-3 and ϕbi,eff  as defined by equation (3). The device 
effective capacitance-voltage characteristic simulation using these model parameters of 
Table 1, gives Figure 4.  

                           2 1 1 2 3
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1.5 10 29
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             Figure 4: Effective Capacitance-Voltage characteristics of metal-wrapped semiconducor   
                             nanowire diode. In equation (18), ϕbi,eff is the effective built in junction  

                             potential at quilibrium (in eV). Here, V  Vd.  

 
RESULTS AND DISCUSSION    
From the results obtained, Figure 2, presents a sharp transition from a highly depleted thin 
nanowire at a low doping concentration to an infinitesimal depletion at a highly doped 
concentration for higher radii. This obviously will permit tunneling of electrons at the 
interface in highly doped semiconductor nanowires and perhaps leading to degeneracy of 
the semiconducting nanowire if doping increases. 
 
The depletion width has been found to decrees as doping concentration increases, as can be 
seen in  Figure 3. However, regardless of the doping concentration, nanowires of higher 
radii appear to have lesser depletion, hence a greater conducting core radius of the 
semiconducting nanowire. For the 100 nm radius nanowire, the depletion width decreases 
from approximately 38.112 nm to 3.111 nm as doping density increases from 1016 cm-3  to 
2×1018 cm-3. Here, it can be seen that the smaller the radius of nanowire the possibility of 
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being completely depleted even without voltage application, and the low doped nanowires 
will conduct current in space limited mode as reported by (Wah et el., 2019). 
The effective capacitance-voltage characteristics of the junctions are non-linear in both 
forward and reverse bias voltage application. Furthermore, this was realized to be a function 
of the wrapped semiconductor radii. This implies that the effective capacitance of the 
junction increases with radii of the wrapped semiconductor nanowire and not the applied 
voltage as to when compared with the axial or the conventional junctions. 
 
Conclusion 
In conclusion, a non-ideal model of metal-wrapped semiconductor nanowire Schottky diode 
with nanowire systems of different radii is comprehensively investigated. The doping effect 
on radii, the depletion width  and the effective capacitance-voltage characteristics have been 
profiled. The dependance of the effective capacitance of the device on the wrapped 
semiconducting nanowire radii  is of great  inportance in the way of a passive electronic 
device consideration. 
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