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Abstract — Recently, the role of dopants in Si devices has 

been changing after a long and successful history in Si 
integrated circuit technology; changing from “bulk-type” 
dopants, with averaged potential, to “atom-type” dopants, with 
individual atomistic potential. Furthermore, dopant energy 
levels are modified by the effect of dielectric misfit with 
surrounding Si and the outside structure. This fact creates an 
artificial deep donor and may be significantly important in 
extension of operation temperature range of dopant atom 
devices from low temperatures (<50 K) to room temperature. 
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I. INTRODUCTION 
 

Since the invention of the transistor in 1947, silicon 
technology has been continuously and successfully 
developed, on the basis of dopant engineering, by 
manipulating p- and n-type Si. When we focus on a 
phosphorous (P) donor atom, it can be treated as a 
hydrogen-like atom in Si matrix, i.e., the P atom has one 
excess electron compared to the surrounding Si atoms [1]. 
Based on the effective mass approximation, the ionization 
energy, or the binding energy, of the donor atom with respect 
to the Si conduction band minimum is expressed as an 
equation shown in the inset of Fig. 1.  

Due to the small effective mass of electrons and the large 
dielectric constant in Si, the ionization energy, 45 meV, is 
quite small, compared with a hydrogen atom in vacuum. 
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Fig. 1.  Phosphorous (P) donor potential in Si bulk-like matrix. Ionization 

energy and Bohr radius are given by the equations in the upper panel. 
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Even for the shallow donor energy, at low temperatures, 

we can utilize the donor atom in devices as a steppingstone 
quantum well in tunneling transport between source and 
drain [2], if the channel size of the MOSFET is small enough. 
According to this concept, we have achieved single-electron 
transport via one donor, even in a dopant-rich environment 
[3]. Also, we have demonstrated the operation of 
single-electron FETs, single-electron transfer devices [4-6], 
single-electron memory devices [7], and single-photon 
detectors [8, 9], using one or a few dopants in the channel. 
Furthermore, we have developed a novel technique for single 
dopant detection, low-temperature Kelvin probe force 
microscopy (LT-KFM), and succeeded in observing the 
single-dopant potential in the channel of devices under 
operation [10-12]. 

It should be noted, however, that the characteristics of the 
donor in Fig. 1 are only valid in bulk Si. Then, what kinds of 
modifications occur in nanoscale Si MOSFET, such as the 
one shown in Fig. 2? In this article, the most important nature 
of dopants in Si nano-FETs is described, and it will be 
indicated that the modification of the dopant electronic states 
due to nanoscale Si structures may work as a key factor in 
high temperature operation.  

II. DONOR IN SI NANOSTRUCTURES  

A. Effect of Dielectric Confinement 
 
Recently, it has been reported theoretically [13, 14] and 

experimentally [15, 16] that the ionization energy of dopants 
in Si nanowires is enhanced because of a surrounding 
material with a low dielectric constant. This fact can be 
qualitatively explained by a lack of screening effect of the 
donor potential when the dopant is located in small nanowires, 
as shown in Fig. 3, closely surrounded by an insulator layer.  

 

 
Fig. 2. An atomistic view of a Si nanowire MOSFET. Phosphorous donor 

is located at the center of the nanowire channel. It is not well-known how 
much different the donor electronic states are in this structure. 
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Fig. 3. Schematic view of P-donor potential and ionization energies as a 

function of nanowire radius. Ionization energy increases with decreasing 
radius, mainly because of dielectric misfit, leading to a lack of screening. 

 

 
Fig. 4. (After [13]) Dependence of P-donor ionization energy on nanowire 

radius at room temperature. Ionization energy significantly increases with 
decreasing radius, resulting in poor doping efficiency. 

 
With decreasing the radius of the nanowire, the ground state 
of the electron in the donor becomes deeper, while the lowest 
energy level of the conduction band is shifted upwards 
because of the quantum confinement effect.  

According to a tight-binding calculation by Diarra et al., 
when the radius of a Si nanowire is below 5 nm, the 
ionization energy is estimated to be over 200 meV [13]. 
Figure 4 shows a calculation based on the equations in [13] 
applied for a P donor in a Si nanowire surrounded by SiO2. 
These theoretical findings indicate that poor doping 
efficiency is expected even at room temperature [15]. 
 

B.  Nanowire MOSFET 
  

By doping phosphorus (P) into the channel region of a 
MOSFET, we have studied “single-dopant devices”, as 
mentioned above. As in the nanowires, if the channel size is 
close to 10 nm or several tens of nm, the ionization energy 
enhancement will also become crucial. In Fig. 5, potential 
profiles along channel direction in single-donor Si nanowire 
MOSFETs having different radii are shown, for gate voltages 
below the threshold voltage. When the nanowire radius is 
large enough (>10 nm), the potential is essentially the same 
as for the bulk donors. However, for smaller radius, it is 
expected that the donor potential is deepened and the 
ionization energy will be larger than 100 meV. Again,  

 
Fig. 5. Potential profiles along the channel direction in single-donor Si 

nanowire MOSFETs having different radii. In this figure, metal image 
charge effect, which works oppositely, is ignored. 

 

 
Fig. 6.  A more realistic potential profile along the channel direction in 

phosphorus-doped Si nanowire MOSFET. 
 

dielectric confinement effect, or dielectric misfit effect, 
primarily works in single-dopant MOSFETs. 

However, in single-dopant MOSFETs, there is another 
effect, which influences dopant energy levels. That is the 
metal image charge effect by source, drain and gate metallic 
electrodes [14]. In terms of physics, there is no essential 
difference between “dielectric confinement” effect and this 
metal screening effect, since both effects are due to 
modification of the donor potential by different degrees of 
screening. However, this metal effect makes the donor level 
shallower and, therefore, we need to consider opposite effects 
of screening at the same time. This metal screening effect is 
not crucial for source and drain as long as they are made of 
heavily-doped Si. 

In our experiments, we fabricate nanowire MOSFETs with 
conventional doping process and resultant P-donor 
concentration is normally 1 × 1018 cm-3. This concentration 
corresponds to a few tens of P-donors in the channel region. 
In this situation, a more realistic potential profile along the 
channel direction, below threshold gate voltage, is shown in 
Fig. 6. The donor located closer to the center has a lowest 
potential due to several reasons: (i) dielectric confinement 
effect, with less influence from source and drain electrodes 
and (ii) donor potential overlap effect of all of the P-donors in 
the channel [3].  
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Fig. 7. ID-VG characteristics of a P-doped Si nanowire FET. Three current 

peaks at low temperatures are ascribed to single-electron tunneling current 
via different single P-donor. 

 

III. TOWARD HIGH-TEMPERATURE OPERATION 
 

Based on the consideration above, we can obtain an 
important insight into the basic directions for 
higher-temperature operation, as follows. By sacrificing the 
natural homogeneity of donor-quantum-dots, we can 
manipulate and design donor electronic states, or ionization 
energy, by taking into account the influence of the 
surrounding material. As a result, the donor ground state can 
be deepened beyond 100 meV in Si nanowire FETs, 
depending on their size, shape and outside material. This may 
be promising for extension of operation temperature range of 
dopant atom devices from low temperatures (<50 K) to room 
temperature. 

In Fig. 7, ID-VG characteristics of a P-doped Si nanowire 
FET are shown. It should be noted that the current peaks, 
which are obvious at low temperatures, are persistently 
observed over 200 K as a current shoulder. This may be 
related to deepened donor states, although we need further 
studies to fully clarify this point. 

 

IV. CONCLUSION 
 

It is theoretically clarified that the electronic states of 
donors, and in general of any dopants, which are well-known 
in bulk Si, are modified in Si nanostructures due to dielectric 
confinement effect and quantum confinement effect. This 
result will be crucial for increasing the operation temperature 
of “single-dopant devices” for more practical applications 
[17]. 
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