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Abstract. The quasi-static capacitance-voltage characteristics of the metal-insulator-

nanowire structure have been theoretically studied with account of the surface states at the 

nanowire-insulator interface. At small radii, possible is the case when the entire bulk of 

nanowire is depleted before the onset of inversion of the conduction type near the surface 

will occur. In this case, there is a strong deviation of the capacitance-voltage characteristic 

from that in the standard MIS structure: with increasing voltage, the capacitance of the 

structure tends not to a constant value equal to the capacitance of the dielectric layer, but to 

zero. 
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1. Introduction 

Devices based on semiconductor nanowires (NWRs) are 
of great interest for many applications, including diodes 
and transistors [1–3], solar cells [4], capacitors [5], 
photo-detectors [6], etc. The cylindrical geometry of the 
NWR makes it attractive to create a field-effect transistor 
with a metal gate covering the channel from all sides 
(gate-all-around or wrap-gate), which provides better 
electrostatic control of the channel conductivity than in 
the usual planar structure [7]. Operation of such a 
transistor is based on the structure of a metal-insulator-
NWR, the longitudinal conductivity of which is control-
led by the voltage on the surrounding metal electrode. 

Due to the cylindrical geometry and finiteness of 

the NWR radius, formation of depletion and inversion 

layers and, accordingly, the capacitive characteristics of 

metal-insulator-semiconductor (MIS) structures acquire 

new features and phenomena that are absent in planar 

structures can be observed. 

This becomes especially evident when the radius of 

the depletion region becomes comparable to the radius of 

NWR, and the entire bulk of NWR is covered by the 

space charge (SC). Depending on the radius and doping 

level of NWR, a situation can arise when an inversion 

layer cannot appear near the surface at all, which should 

radically change the capacitance-voltage characteristic of 

these MIS structures. 

The purpose of this work was to study the features 

of capacitance inherent to MIS structures based on 

NWRs of different diameters, taking into account the 

surface states (SS) at the NWR-insulator interface. In this 

work, we will consider the low-frequency capacitance, 

when the period of the measuring signal is longer than 

the lifetime of minority carriers, and the charge in the 

inversion layer and on the SS have time to follow the 

changes in the gate voltage. 

2. Model and calculation results 

Let us consider the structure of a metal-insulator-

semiconductor NWR. At the center of the structure, there 

is a semiconductor NWR (for example, from n-Si) of 

radius R, with a uniform donor concentration ND (all 

donors are considered to be ionized). Silicon NWR is 

coated with an insulator layer of thickness d (for 

example, SiO2), with the dielectric constant εD, onto 

which a thin layer of a metal gate is deposited. 

For simplicity of calculations, let us consider the 

case of the so-called ideal MIS structure, when it is 

assumed that the thermodynamic work functions of the 

semiconductor and metal coincide, there are no charged 

centers in the bulk of the insulator, and the resistance of 

the gate insulator is infinitely large (the thickness is so 

large that there is no through tunnel current). 

It is well known that, both on the free surface of a 

semiconductor and at the interface with an insulator, 

there are usually SS that are quasi-continuously distri-

buted over the band gap of the semiconductor [8–10]. 

According to their charge state, SS can be of both 

acceptor and donor types. Usually, acceptor-type SSs are 

located in the upper half of the band gap, and donor-type 

SS are located in the lower half. To take into account the 

effects associated with SS, we will assume that SS with a 

constant density NSS are distributed over the entire band 

gap of NWR. 
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The presence of SS at the semiconductor-insulator 

interface leads to the fact that before application of an 

external voltage, the energy bands are bent. Since we are 

considering n-type NWR, acceptor-type SS are first 

filled, therefore, the energy bands are bent upwards, a 

region of positive SC of width W (depletion region) is 

formed in the semiconductor, and a potential barrier is 

formed for electrons near the surface of NWR. 

If an external negative voltage is applied, the metal 

will be charged negatively, the energy bands bending 

will increase. A further increase in the external negative 

voltage can lead to such band bending that donor SS will 

also become activated. 

Without entering into the details of barrier potential 

formation, let us suppose that the surface potential of 

NWR (more precisely, the potential energy of electron) is 

given and equal to US. As usual, US will be related to the 

gate voltage.  

Within the framework of depletion layer 

approximation, the Poisson equation for the electrostatic 

potential energy of electrons U(r) in the SC region 

 RrWR   in cylindrical coordinates is written as: 
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where e is the absolute value of the electronic charge, ρ is 

the volume charge density, εS is the dielectric constant of 

the semiconductor, ε0 is the electrical constant. At 

depleting voltages, assuming that the charge in the SC 

region is positive and generally consists of the charge of 

ionized donors and free holes in the inversion layer 

(neglecting the mobile electrons in the SC region), we 

can write the following expression for ρ(r): 
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where ni is the intrinsic concentration of charge carriers, 

k is the Boltzmann constant and T is the absolute 

temperature. Using (2), the equation (1) can be reduced 

to the dimensionless form: 
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Boundary conditions in our case reflect the absence 

of an electric field at the SC region edge, as well as the 

choice of the potential reference point: 
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where 
R

W
z  . 

During the numerical solution of the Poisson 

equation in the region of  11  xz  for the given gate 

potential, the surface potential can be considered as an 

additional condition for finding the depletion region 

width W, assuming that on the NWR surface U(R) = US, 

i.e., 

  Syy 1 .     (5) 

The electrical neutrality equation for our structure 

has the form: 

0 SSSСM QQQ ,     (6) 

where QM is the charge on metal (QM < 0), QSC is SC 

(QSC > 0), QSS is the surface charge (all these charges are 

considered per unit length of NWR). Expressing these 

charges via the surface potential yS and surface electrical 

field Sy , we will come to the equation that for the given 

gate potential must be satisfied at the actual value of 

depletion width W.  

The charge of SS QSS can be expressed in terms of 

the surface band bending, 

   ,22 00 SSSSSSSS yykTNeRUUeNRQ  (7) 

where 
i
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n

N
kTU ln0   is the energy distance from the 

Fermi level to the middle of the band gap in the quasi-

neutral region of NWR. 

In general, the given external potential φG 

(surrounding gate potential) and the surface potential φS 

of semiconductor are related by the equality 
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where COX is the capacitance of the dielectric layer per 

unit length of NWR. It is well known that 
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Using (6), the equation (8) can be written in the form 
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Integrating the equation (3) and using the boundary 

conditions (4), we get for SC: 

SEDSC yLNeQ  22 .     (11) 

Finally, substituting (7) and (11) into (10), we 

obtain an equation relating the surface potential and 

electric field of NWR 
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We can say that, in fact, we have replaced the 

condition (5) with the new relation (12). 
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Fig. 1. Dependence of the depletion layer thickness on the 

applied voltage for NWR with R = 50 nm. 
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Fig. 2. Dependence of the depletion layer thickness on the 

applied voltage for NWR with R = 100 nm. 

 

 

 

Now, by numerically solving the Poisson equation 

(3) with the boundary conditions (4) and taking into 

account the relation (12), we can find the dependence of 

the surface potential yS and the width of depletion region 

on the gate voltage yG, i.e., on the magnitude of the 

external voltage applied between the metal and NWR. 

For brevity, we present only the dependence of the 

depletion region width on the external voltage. Assuming 

ND = 5·10
17

 cm
–2

, 1211 eVcm105  SSN , d = 10 nm 

and for clarity, we consider two cases of the NWR 

radius: R = 50 nm (Fig. 1) and R = 100 nm (Fig. 2).  

It can be seen from Fig. 1 that at R = 50 nm, with an 

increase in the external voltage, the depletion region 

gradually expands and completely covers the bulk of 

NWR. This is the case when the band bending in NWR is 

insufficient for the inversion of the conduction type near 

the surface. When R = 100 nm (Fig. 2), we have a 

completely different picture: starting from a certain value 

of the external voltage, the transition between depletion 

and strong inversion occurs, after which the SC region 

practically does not expand. In this case, SC is mainly 

due to the charge of holes in the inversion layer, the 

value of which increases logarithmically with increasing 

the gate voltage. 

It is of interest to study the capacitance-voltage 

characteristics of the structure under consideration. When 

the voltage on the metal electrode changes, the SS charge 

changes, therefore, these states have a certain capacitance 

and, in turn, affect the distribution of the applied voltage 

between the space charge region of the semiconductor 

and the insulator layer. 

Naturally, the presence of SS and a change in their 

charging state will also affect the capacitance-voltage 

characteristic of the metal-insulator-NWR structure. 

In general, the capacitance C of the structure, by 

definition, is equal to 

G
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Using (8), the equation (13) can be represented as 
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Knowing the dependence of the surface potential on 

the external voltage (yS(yG)), it is easy to find a 

capacitance-voltage characteristics. We present the 

results of numerical calculations for NWs of three 

different diameters: 50 (Fig. 3), 80 and 100 nm (Fig. 4). 
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Fig. 3. Gate voltage dependence of the structure capacitance for 

the NWR radius R = 50 nm. 

 

 

 Fig. 4. Gate voltage dependence of the structure capacitance for 

the NWR radii R = 80 and 100 nm. 
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As noted above, at R = 50 nm, NWR is completely 

depleted before the onset of inversion, and with 

increasing external voltage, the capacitance of the 

structure tends to zero (in the case of the standard MIS 

structure, it should tend to COX). At R = 80 and 100 nm, 

the situation changes: starting from a certain moment, an 

inversion occurs near the NWR surface, the capacitance 

of structure begins to grow and tends to a constant equal 

to the capacitance of the dielectric layer COX . 

These features in behaviour of the capacitance-

voltage characteristic for the metal-insulator-NWR 

structure were observed in many experimental works  

[5, 9, 11, 12], and the obtained above theoretical results 

are in qualitative agreement with the experimental data. 

Analyzing the adduced above, it can be argued that 

at a given doping level and density of surface states, 

there is a certain critical radius RC, below which NWR is 

completely depleted before the onset of inversion, i.e., an 

inversion layer does not appear in NWR at large 

depleting voltages. 

In full depletion layer approximation, the relation-

ship between the surface potential 
e

U S
S   and the 

depletion layer width can be obtained from (1) by 

ignoring in the right hand the space charge of free holes 

and using the same boundary conditions (4): 
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Using this equation and taking into account the 

condition of the inversion layer appearance near the 

surface, when RW  , at 
e
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Estimating the value of critical radius for the 

considered parameters of NWR, we get RC = 67 nm. Note 

that we found approximately this value in exact 

numerical calculations. 

We noted above that the presence of SS, in turn, 

affects the capacitance-voltage characteristics of the 

metal-insulator-NWR structure. To demonstrate the 

influence of this factor, let us compare the capacitance-

voltage characteristic of the structure in the presence of 

SS and in their absence. The calculated capacitance-

voltage characteristics of this structure for NWR with 

R = 50 and 80 nm are presented in Figs 5 and 6, 

respectively. 

As it follows from Figs 5 and 6 in the general case, 

the presence of surface states does not change the 

qualitative form of the capacitance-voltage charac-

teristics, but only leads to a quantitative shift of these 

characteristics. 

 

 
 

Fig. 5. Capacitance-voltage characteristics of MIS structure for 

the NWR radius R = 50 nm in the presence and absence of SS.  

 

 

 
 

Fig. 6. Capacitance-voltage characteristics of MIS structure for 

the NWR radius R = 80 nm in the presence and absence of SS. 

3. Conclusions 

In this work, we have considered the features of the low-

frequency capacitance-voltage characteristics of an ideal 

metal-insulator-nanowire structure with account of 

surface states at the nanowire-insulator interface. At 

small NWR radii, when an external depleting voltage is 

applied to the metal gate, the NWR bulk can be 

completely covered by the space charge before the 

inversion occurs. In this case, the capacitance-voltage 

characteristics are significantly different from those in 

the case of a standard MIS structure. As the voltage 

increases, the capacitance of the structure tends not to a 

constant value, as usual equal to the capacitance of the 

insulator layer, but to zero. 
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Особливості вольт-фарадної характеристики структури метал-ізолятор-нанодріт 

С.Г. Петросян, С.Р. Нерсесян 

Анотація. Теоретично досліджено квазістатичні вольт-фарадні характеристики структури метал-ізолятор-

нанодріт з урахуванням поверхневих станів на межі нанодріт-ізолятор. При малих радіусах можливий випадок, 

коли весь об’єм нанодроту виснажується до початку інверсії типу провідності біля поверхні. При цьому 

спостерігається сильне відхилення вольт-фарадної характеристики від такої в стандартній структурі метал-

ізолятор-нанодріт: зі збільшенням напруги ємність структури прямує не до постійного значення, який дорівнює 

ємності шару діелектрика, а до нуля. 

Ключові слова: нанодріт, ємність, поверхневі стани, структура метал-ізолятор-нанодріт. 
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