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thin films of Si nanocrystals is influenced strongly by single-electron charging and quantum-

confinement effects, and by the grain boundary regions between nanocrystals. This paper 

reviews electronic transport mechanisms in Si nanocrystal materials. These include 

thermionic emission of electrons across grain boundaries, space charge limited current, 

hopping transport, and single-electron charging effects. The fabrication of single-electron 

devices in Si nanocrystal thin films and nanochains is considered, particularly with regards to 

their operation at room-temperature.  
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1. Introduction: 

 

 In recent years, there has been great interest in Si nanocrystals prepared by various 

growth techniques [1-14]. The nanometre-size of these crystals leads to novel electronic and 

optical properties, associated with single-electron charging and quantum-confinement effects, 

with the nature of the nanocrystal surface, and with the interface or ‘grain boundary’ (GB) 

regions in thin films of nanocrystals. These properties may be exploited for the fabrication of 

light emitting devices in silicon (For a review, see Ref. [14]), nanoscale electronic devices 

such as single-electron transistors (SETs), quantum-dot transistors, and single-electron 

memory [7, 9, 15], and in electron emission devices [16]. Grown Si nanocrystals provide a 

means to define precisely whole, or parts of, a nanoscale device using ‘bottom-up’ material 

synthesis techniques rather than high-resolution lithography. Furthermore, it is possible to 

control precisely the nanocrystal growth process, leading to nanocrystals with similar size 

and separation [4, 13, 17]. This raises the possibility of the fabrication of large numbers of 

nanocrystal devices, with well-defined electrical and optical characteristics. 

 

 Si nanocrystals form one particular type within a wide range of semiconductor 

nanocrystal systems. A system where nanocrystals are embedded within a matrix material 

may be regarded as a nanocomposite material. Various semiconductor-based nanocomposites 

have been prepared, e.g. Si, Ge, CdSe, PbSe, or ZnO nanocrystals dispersed in various 

matrixes, e.g. SiO2, Si3N4, or polymer-based insulating matrixes [17–23]. Nanocomposite 

materials where Si nanocrystals lie within a SiO2 matrix are fully-compatible with large-scale 

integrated (LSI) circuit fabrication processes, and are of particular interest for highly-scaled 

and multi-functional integrated circuit applications. 
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 We now briefly consider nanoscale devices for LSI circuit applications. The scaling of 

LSI devices to nanometre sizes has led to large increases in the speed, storage capacity, and 

functionality of LSI circuits. However, increases in the speed and number of transistors in 

LSI circuits results in sharp rises in the total power consumption of the chip, and complex 

circuit-level solutions are necessary to manage this [24]. Ultimately, this trend may limit 

further increases in the number of transistors on the chip. A reduction in the number of 

electrons necessary to define the information ‘bits’ in LSI circuits would lead automatically 

to smaller operating currents and reduced power consumption. However, this is difficult to 

achieve in conventional MOS devices, due to problems in sensing small amounts of charge, 

fluctuations in the value of the charge, and leakage of the stored charge. 

 

 Single-electron devices use the ‘Coulomb blockade’ effect to control charge on nanoscale 

conducting dots or ‘islands’, isolated by tunnel barriers, with one-electron precision [25-28]. 

These devices are inherently low-power, highly-scalable and immune from statistical ‘√n’ 

fluctuations in the charge [9, 25]. However, the practical application of single-electron 

devices requires room-temperature operation and the fabrication of islands ~10 nm or less in 

size [9]. A recent, detailed, review of single-electron devices in silicon, including devices 

operating at room temperature, is provided by Takahashi et al [29]. Single-electron devices 

also tend to be very sensitive to the size and shape of the islands and tunnel barriers. 

Therefore, in order to maintain reproducibility in the electrical characteristics of different 

devices in the LSI circuit, it is necessary to control the device morphology at the nanoscale 

over large areas of the circuit. Si nanocrystal and nanocomposite materials provide a means 

to do this using well-controlled growth techniques rather than complex high-resolution 

lithography.  
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 This article reviews the electronic transport characteristics of Si nanocrystals materials, 

and the fabrication of single-electron and quantum-dot transistors in these materials. We 

consider first the preparation of Si nanocrystal materials by various techniques. We then 

discuss electronic transport in continuous nanocrystalline Si (nc-Si) films, i.e. polycrystalline 

Si films where the grains are only ~10 nm in size. This is followed by a discussion of 

conduction mechanisms in thin, deposited films of discrete Si nanocrystals, with an emphasis 

on space charge limited current (SCLC) and hopping transport mechanisms. Single-electron 

and quantum-dot devices in Si nanocrystal materials are considered next. Finally, we discuss 

one-dimensional (1-D) ‘nanochains’ of discrete Si nanocrystals, where the electrical 

characteristics are dominated by room temperature single-electron charging effects. 

 

2. Material preparation: 

 

 A variety of growth techniques have been used to prepare Si nanocrystal thin films, 

driven in particular by the possibility of Si light emission devices. These techniques include 

the ion implantation of Si into SiO2 films [30-39], deposition of thin films of Si nanocrystals 

by sputtering [1, 40, 41], plasma enhanced chemical vapour deposition (PECVD) or low 

pressure chemical vapour deposition (LPCVD) techniques [6, 8-1, 42-44], and aerosol 

deposition of Si nanocrystals [2, 3, 45]. Optimisation of these various processes can allow 

control over the size and shape of the nanocrystals. Other techniques include the controlled 

growth of nanocrystals in the gas phase using a VHF pulsed plasma, followed by deposition 

on to a suitable substrate [4, 5]. This leads to good control over the nanocrystal size and 

separation. Si nanocrystal films may also be prepared by the crystallisation or phase 

separation of amorphous Si layers within a superlattice formed by thin layers of amorphous 

Si and SiO2 [12, 13]. The superlattice may be grown by PECVD or MBE techniques [46-49], 
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magnetron sputtering [47, 50], or evaporation of SiOx powder [13, 51, 52]. These processes 

can lead to nanocrystals with controlled size, separation and position [13]. A review of Si 

nanocrystal growth techniques may be found in Ref. [14]. In the following, we discuss briefly 

Si nanocrystal materials used in the fabrication of nanoscale electronic devices such as SETs, 

and in investigations of the electronic transport mechanism in nanocrystals. 

 

 We consider first nc-Si films prepared by PECVD, using the work of Kamiya et al [10, 

11] as an example. Kamiya et al have prepared nc-Si films using 100 MHz PECVD at 300 

°C, from a SiF4/H2/SiH4 gas mixture. The SiF4/H2 mixture helped to create a high-

crystallinity film even at the beginning of the growth process by suppressing thin amorphous 

Si ‘incubation’ layers usually formed in the initial stages. A SiF4/H2/SiH4 gas flow rate of 

30/40/0.25 sccm and a growth temperature of 300°C was used to obtain films ~10 nm thick, 

where the grains were < 10 nm in size and the crystalline volume fraction was >60 %. For 

device applications, the films were heavily doped n-type with phosphorous during growth, 

using PH3. For films thickness from ~10 nm to ~1 µm, the crystalline volume fraction varied 

from ~60% to close to 100%. Figure 1(a) shows a transmission electron micrograph of a 30 

nm thick film, where the grain size is 4 nm – 8 nm [22]. The grains are isolated from each 

other by amorphous Si grain boundaries (GBs). We shall see in Sec. 5 that such a film is 

well-suited for the fabrication of room-temperature SETs [53]. 

 

 In the limit of very small film thickness of the order of a few nanometres, a continuous 

nc-Si film becomes discontinuous, forming a layer of discrete Si nanocrystals. Yano et al [6, 

9] have prepared such a film by thermally crystallising an ultra-thin amorphous Si layer at 

750°C. The amorphous Si layer (3.4 nm average thickness) was deposited at 520°C using 

LPCVD. After crystallisation, the films consisted of Si nanocrystals similar in size to the film 
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thickness, isolated by gaps in the film. These films have been used by Yano et al as the basis 

of LSI few-electron memory circuits [9]. 

 

 In comparison with CVD processes, more advanced VHF pulsed-plasma techniques may 

be used to control the size and shape of the nanocrystals [4, 5, 54]. Spherical Si nanocrystals 

may be grown in a VHF plasma cell from SiH4, by coalescence of radicals produced from the 

SiH4. The nanocrystals can then be removed from the plasma cell into a UHV chamber and 

deposited on to a suitable substrate. Figure 1(b) shows an SEM image of a ~300 nm thick 

film of Si nanocrystals where the Si core diameter is ~8 nm, deposited on a Si substrate. The 

nanocrystal size can be controlled precisely by optimising the gas flow rate, pressure, VHF 

power and dilution conditions. It is possible to control the nanocrystal size distribution with 

great accuracy using this method, e.g. for nanocrystals with an average size of 8 nm, the size 

variation can be as small as ±1 nm. The nanocrystals may be oxidised after deposition to 

reduce the Si core diameter. This process is self-limiting, with stress at the silicon/oxide 

interface ultimately preventing reduction of the nanocrystal Si core diameter. The well-

controlled size of these nanocrystals makes them of particular interest in investigations of 

electron transport process in nanocomposite systems [55, 56]. 

 

3. Conduction in continuous nanocrystalline Si films: 

 

 The conduction mechanism in continuous nc-Si or polycrystalline Si thin films, ignoring 

the influence of charging and quantum-confinement effects on the grains, is influenced 

strongly by potential barriers at the GBs. ‘Schottky-like’ potential barriers may be formed at 

the GBs, created by the electric field associated with free carriers trapped in the large 

numbers of defect states at the GBs [57-60]. The process also reduces the carrier density 
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within the grains. Furthermore, segregation of dopant atoms at the GBs can reduce the 

effective carrier density in the grains even further [59, 61, 62]. A detailed review of 

conduction mechanism in polycrystalline Si films, with regards to the characteristics of thin 

film transistors (TFTs) in these materials, is provided by Brotherton [63]. 

 

 Consider a 1-D chain of n-type nc-Si grains (Fig. 2), where the GB thickness is small 

relative to the grain size ‘D’. We now assume a uniform donor concentration Nd (per unit 

volume) in the grain (Fig. 2(a)), and GB traps with a density Nt (per unit area) at an energy Et 

with respect to the intrinsic Fermi level Ei. The value of Et lies within the bandgap in the GB 

(Fig. 2(c)). Nt can be ~1011 – 1012 /cm2 in large-grain polycrystalline Si films [60, 64]. 

Electrons trapped at the GBs leave ionised donors in the grains (Fig. 2(b)). For low doping 

levels, all the dopant electrons in the grain are trapped in the GBs and the grain is fully 

depleted. The trapped charge/ionised dopants form a Schottky-like potential barrier of height 

EGB (Fig. 2(c)). If Nd is increased, more charge is trapped at the GB, increasing the electric 

field and potential barrier height until at Nd = Nd
* ≈ Nt / D, the conduction band in the centre 

of the grain lies near the Fermi energy EF. Free carriers can now exist in the grain and EGB is 

at its maximum value. Any further increase in Nd reduces EGB. Furthermore, any variation in 

the values of D, Nt, and Nd from grain to grain leads to a distribution of GB barrier heights 

and widths across the film [65]. 

 

 Electron transport across the GBs occurs by thermionic emission. For fully depleted 

grains, Nd < Nd
*, and the conductivity σ has the form [59, 60]: 
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 Here Nc is the effective conduction band density of states, v = (kBT/2πm*)1/2 is a thermal 

‘collection’ velocity with electron effective mass m*, EG is the band gap, and kB is 

Boltzmann’s constant.  

 

 For partially depleted grains, Nd > Nd
*, the conductivity has the form [60]: 
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 Here n0 is the concentration of free carriers in the grain and EGB ≈ e2Nt
2/8εNd, where ε is 

the permittivity of the semiconductor (here, polycrystalline Si). 

 

 Equations 1-2 give the thermionic emission current across the GB and predict a linear 

Arrhenius plot, ln(σ) v.s. 1/T (Fig. 2(d)). The conduction mechanism may be assisted by 

tunnelling via defect states within the barrier. As the temperature is reduced, the thermionic 

emission current falls and tunnelling effects begin to dominate, leading to a comparatively 

temperature-independent section of the Arrhenius plot (below temperature T1 in Fig. 2(d)). 

The slope of the temperature dependent section of the plot may be used to extract the 

activation energy, here a measure of the barrier height EGB. At low temperatures, variable 

range hopping transport may also occur [66]. In addition, any variation in the barrier heights 

and widths across the film can result in a network of current percolation paths across the film 

[65, 66], along low resistance paths through GBs with low potential barriers. 

 



Published as:  
Durrani ZAK, Rafiq MA 
MICROELECTRONIC ENGINEERING 86, 456-466 (2009). 

9 

 Carrier scattering occurs at the GB potential barriers, lowering the carrier mobility of an 

nc-Si film. The grains in nc-Si films are only ~10 – 50 nm in size, much smaller than in 

polycrystalline Si films (~1 µm or greater) [63]. The greater density of GBs in nc-Si 

compared to polycrystalline Si may then lower the mobility further. It is, however, possible to 

observe high carrier mobility in nc-Si TFTs, comparable to poly-Si TFTs [63]. In recent 

work, very high field-effect mobility values for electrons, µe,FE ~450 cm2/V.s and for holes, 

µh,FE ~100 cm2/V.s, were observed in devices fabricated in high-quality nc-Si films [67]. This 

was attributed to low oxygen content in the films, causing a reduction in GB trapping states 

with energies corresponding to the bandgap in the grains. This reduced GB carrier trapping 

and hence EGB (Fig. 2(c)). The values of mobility in these devices were comparable to high 

quality poly-Si TFTs, where µe,FE ~300 – 566 cm2/V.s and µh,FE ~200 cm2/V.s has been 

reported [68-71]. 

 

 The thermionic emission model may be sufficient if the grain size and associated 

capacitance C are large. However, as the grain size is reduced to the nanometre scale, single-

electron charging effects [26, 27] begin to influence the conduction process. At temperatures 

where electron transport occurs by tunnelling through the GB potential barriers, the nc-Si 

film forms an array of nanoscale tunnel capacitors and can show single-electron effects. In a 

grain isolated by two tunnel barriers of capacitance C1 and C2 (Fig. 3(a)), the energy 

associated with the addition of a single electron to the grain is given by [26]: 

 

 
C
eEc 2

2

=           (3) 
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 Here C = C1 + C2 is the total capacitance of the grain and e is the electronic charge. If C ~ 

10-15 F then Ec ~ 80 µeV, which is greater than the thermal energy kBT only at cryogenic 

temperatures. If EGB >> kBT, and the GB tunnelling resistance RGB > RQ = h/e2 ~ 22.5 kΩ, 

then at cryogenic temperatures, electrons are quasi-localised on the grains and the addition of 

even one electron onto the grain requires that Ec is overcome [26, 27]. This leads to the well-

known ‘Coulomb blockade’ of conduction in the Ids-Vds characteristics across the grain (Fig. 

3(b)), where current flow is suppressed within a region Vcg where Vds is not enough to 

overcome Ec. If the tunnelling rates through the two barriers are very different, then a series 

of current steps, the ‘Coulomb staircase’, occurs in the Ids-Vds characteristics (Fig. 3(b))). In 

contrast, if the tunnelling rates are similar, then the current increases linearly outside the 

Coulomb gap. Each step corresponds to the charging of the grain with an additional electron. 

Adding a gate electrode (Fig. 3(c)), coupled to the grain by a capacitance Cg, forms the 

single-electron transistor (SET). Sweeping the gate voltage leads to single-electron current 

oscillations in the drain current, with a period e/Cg (Fig. 3(d)). Each oscillation corresponds 

to the charging of the grain with an additional electron.  

 

 If the grains are ~10 nm in size, then it is possible for C~1 aF such that Ec > kBT ~26 meV 

at room temperature. In crystalline Si materials, techniques such as controlled oxidation 

and/or etching processes, combined with high-resolution electron-beam lithography, have 

been used to define islands of this scale [72-75]. In contrast, the grains in nc-Si films 

‘naturally’ form islands ~10 nm in size [53]. Furthermore, discrete electron energy levels 

caused by quantum-confinement of electron by the GB tunnel barriers may exist on the grain, 

creating a quantum-dot [76, 77]. Figure 4 plots the single-electron charging energy Ec = e2/2C 

and the quantum-confinement energy [20] 
2* )2/(2

22
~

Dm
Ek

π for an isolated spherical grain 
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imbedded in SiO2, of diameter D, electron effective mass m* and self capacitance C = 

2πεrε0D. It is seen that both Ek and Ec are ~kBT at room temperature for D ~10 nm, and that in 

particular, Ek increases rapidly with reducing D. In large numbers of nanocrystals, variations 

in the grain size and the GB tunnel barriers may smear-out these effects. Furthermore, 

percolation conduction through the lowest resistance transport paths may occur in large 

numbers of nanocrystals. This process may bypass grains with large single-electron energy or 

high GB tunnel barriers [78, 79]. Therefore, single-electron devices in nc-Si usually require a 

reduction in the number of current paths, e.g. by defining nanowires or ‘point-contacts’ (a 

short nanowire where the length ~ width). 

 

4. Conduction in discrete Si nanocrystal films: 

 

 The macroscopic conduction mechanism in thin films of discrete semiconductor 

nanocrystals varies strongly as function of temperature. Space-charge limited currents [80] 

(SCLC), tunnelling currents, percolation hopping, and single-electron effects [20, 55, 56, 81, 

82] have all been observed in a range of semiconductor nanocrystal films. In Si nanocrystals 

prepared by pulsed laser ablation, SCLC and tunnelling conduction mechanisms have been 

suggested [81]. A SCLC mechanism is also observed in many investigation of porous Si 

films [83] (which can also contain Si nanocrystals [84]), and in other semiconductor 

nanocrystal films [85, 86]. At high electric fields, it is possible to observe electron emission 

from thin Si nanocrystal films [87]. At lower temperatures, various hopping conduction 

mechanism are possible. Fujii et al [88], in ~2 nm Si clusters dispersed in SiO2 films, have 

observed that the conductivity σ follows a ln(σ) v. s. 1/T1/4 temperature dependence from 

120 K – 300 K. This was attributed to a Mott variable range hopping (M-VRH) mechanism. 

In thin films of ultra-small discrete Si nanocrystals ~3 nm in size, strong single-electron 
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effects occur even at room temperature [6, 9]. We will discuss single-electron effects in Si 

nanocrystals in Secs. 5-6. 

 

 We now consider investigations of the conduction mechanism in discrete Si nanocrystal 

films by Rafiq et al [55, 56], where the nanocrystal size and separation was relatively well-

controlled. The films were 300 nm-thick, and formed by discrete, undoped ~8 nm diameter Si 

nanocrystals (Fig. 1(b)), prepared using plasma decomposition of SiH4 [4, 5]. Different 

conduction mechanisms determined the I-V characteristics as the temperature was varied 

from 300 K to 30 K. From 300 K to ~200 K, conduction occurred through a SCLC transport 

mechanism, in the presence of an exponential distribution of trapping states [55]. The trap 

density was found to be similar to the nanocrystal number density, suggesting that the 

nanocrystals trapped single carriers, or at most a few carriers. From ~200 K – 30 K, the 

conductivity followed a ln(σ) v. s. 1/T1/2 dependence, attributable to a percolation hopping 

conductance mechanism [56].  

 

 I-V measurements were performed using Al/Si nanocrystal film/p-Si/Al ‘mesa’ structures, 

where current flow was vertically across the film. Devices with contact areas from 35 µm × 

35 µm to 200 µm × 200 µm were defined by electron-beam lithography and reactive ion 

etching. The nanocrystals were undoped, with diameter 8 nm ± 1 nm and a thin (~1 – 2 nm) 

surface SiO2 layer (Fig. 1(a)). The nanocrystal number density Nnc ~1.2×1018 /cm3. Figure 

5(a) shows a section of the forward bias (positive voltage applied to the substrate, magnitude 

above a threshold voltage ~1 V) I-V characteristics of a 35 µm × 35 µm diode at 280 K, 

240 K, and 200 K, on a log-log plot [55]. For voltages below the threshold voltage, the 

characteristics (not shown here) are determined by rectifying contacts at the Al back contact, 

and/or at the p-Si substrate-Si nanocrystal interface. For applied voltage above the threshold 
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voltage (Fig. 5(a)) and for temperatures from 300 K – ~200 K, the data lie along straight 

lines, corresponding to a I ∝ Vm dependence. For this temperature range, m increases in value 

from 1.8 – 4. The increase in m leads to convergence of this section of the I-V characteristics, 

towards a ‘cross-over’ point Vc [89] (Fig. 5(a)). Below 200 K (not shown), the curves do not 

converge to Vc, instead appearing to converge towards a constant slope. An Arrhenius plot of 

σ (Fig. 5(b)) at 4 V bias in a similar device shows two distinct regimes. Above ~180 K, a 

single, steep slope is observed, (marked by the solid line). This is attributable to thermally 

activated transport across potential barriers along the conduction path, with activation energy 

~200 meV. Below 180 K, the data can be fitted to a ln(σ) vs. T1/2 dependence. 

 

 Rafiq et al [55] explained the characteristics from 300 K to ~200 K using a space charge 

limited current (SCLC) model with an exponential density of traps [80, 90]. Here, free 

carriers (in this case, holes) are injected from the substrate into transport states in the valence 

band in the nanocrystals. An exponential distribution of hole traps above these states reduces 

the number of free carriers. The total number of carriers available for transport varies with 

temperature and applied voltage, as the number of trapped carriers changes. Assuming 

constant mobility, an exponential trap distribution, and a free carrier concentration much less 

than the trapped carrier concentration, the SCLC current density J is given by [90]: 
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 Here, Nt is the trap density, ε0 the permittivity of free space, εs the dielectric constant, µp 

the hole mobility, Nv the density of transport states, d the sample thickness, and l = Tt / T, 

where T is the measurement temperature and Tt is the ‘characteristic temperature’. Tt is a 

measure of the characteristic energy Et = kBTt of the trap distribution. Equation 4 predicts a J-

Vm dependence, where m=l+1. Figure 5(a) shows J-Vm fits (solid lines) to the data, from 
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280 K to 200 K. The data converges to the cross-over point Vc and the slopes give the 

exponent m. The values of m may be used to extract Tt = 1670 K and Et = 0.14 eV. Kumar et 

al [89] have shown that the cross-over point Vc is given by: 

0

2

2 εε s
t

c
dqNV =         (5) 

 In Fig. 5(a), Vc = 17 V, which gave Nt = 2.3×1017 cm-3 [55]. This value of Nt was very 

similar to the nanocrystal number density, Nnc ~1.2×1018 cm-3, implying that only a few 

carriers were trapped per nanocrystal. Rafiq et al [55] suggested that single-electron effects or 

the existence of only a few trapping states in the nanocrystal/SiO2 shell limited the number of 

carriers trapped per nanocrystal. 

 

 The experimental values of Tt = 1670 K and Nt = 2.3×1017 cm-3 may be compared to those 

in amorphous Si, and in other nanocrystal systems. In bulk or nanoparticle amorphous Si, Tt 

is very different (Tt ~300 K – 1300 K) and Nt is two orders of magnitude larger [91]. 

However, comparable values (Tt ~1750 K and Nt ~ 1016 – 1017cm-3) have been observed in 

CdSe nanocrystals of similar size [85].  

 

 We now consider the temperature range from ~200 K – 35 K in these Si nanocrystal 

devices. In this range, the curves tend to a constant m and the SCLC model does not fit. This 

is because the thermal energy is not sufficient to ionise carriers between the traps and the 

transport states. Carrier transport at these temperatures occurs by hopping conduction [56]. 

Figure 6 shows a ln(σ) vs. 1/T1/2 plot at 4 V, from 35 K to 200 K, where the data follows a 

straight line. For higher applied bias, the slope of the hopping temperature dependence can be 

reduced due to an increasing field effect [92]. The ln(σ) vs. 1/T1/2 dependence gives: 
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where T0 is a constant of the material. This behaviour, observed in metal-insulator 

nanocomposite films [93, 94] and in amorphous or doped semiconductor materials [66, 95], 

may be explained by the percolation hopping transport model of Šimánek [93] or by an Efros 

and Shklovskii variable range hopping (ES-VRH) model [95]. 

 

 The percolation hopping transport model considers thermally activated carrier tunnelling 

between adjacent nanocrystals and has been used to explain the conductivity over a wide 

temperature range in Ge nanocrystals, embedded in SiO2 [20]. This model considers the 

activation energy Ea for hopping to be associated with the difference between the energies of 

the first electron levels E1 on neighbouring nanocrystals. Here, E1 = Ec + Ed, where Ec is the 

single-electron charging energy and Ed is the quantum-confinement energy. Variation in the 

nanocrystal separation s and diameter d lead to variation in E1 and therefore in Ea. As the 

resistance between the nanocrystals varies strongly with Ea, the nanocrystal film may be 

modelled as a three-dimensional random resistor network, described by a critical percolation 

conductance. Šimánek has used this to derive Eq. 6, with T0 given by [93]:   

 
αB

ac

k
EsP

T max,max
0

2
=        (7) 

Here, Pc is the percolation threshold [96], smax is the maximum particle separation, Ea,max is 

the maximum value of the activation energy (given by the largest value of E1 in the film 

minus the smallest value of E1) and α is the carrier wave function decay length in the 

insulating matrix. Rafiq et al calculated T0 ≈ 1.15 × 104 K for their Si nanocrystal films (Fig. 

1(b)), using smax ≈ 3 nm, variation in d from 7 nm – 9 nm, and approximating Pc = 0.25, the 
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average value for a range of typical lattices (Pc varies from 0.12 – 0.39) calculated by Ziman 

[96]. This was in good agreement with the experimental value, T0 = 1.23 × 104 K. 

 

 We now discuss the ES-VRH model. This model considers the contribution of the 

Coulomb interactions associated with electron-hole pairs created during the hopping process, 

implying that Ea is proportional to 1/r, where r is the hopping length. The model also predicts 

a temperature-dependence similar to Eq. 6, with To given by [95]: 

 
απεε Bk

eT
0

2

0 4
8.2

=         (8) 

 Rafiq et al [56] have estimated T0 = 1.18 × 105 K for their films, an order of magnitude 

larger than the experimental value. The ES-VRH model also predicts a critical temperature 

( )20

0
4

4πεε
α

Bk
ge

cT = , where g0 is the density of states. Above Tc, Coulomb interactions may be 

neglected and a transition to a Mott variable range hopping [66] process occurs. Rafiq et al 

estimated that Tc ≈ 6 K, far lower than the ~200 K maximum temperature of their dependence 

(Fig. 6). The percolation hopping model appears to explain the low temperature (<200 K) 

conduction mechanism in the system of Rafiq et al better than an ES-VRH mechanism. 

 

 The hopping parameters in the Si nanocrystal films may be compared to those extracted 

for Ge and CdSe nanocrystal films [20, 97]. Fujii et al [20] have used the percolation hopping 

model to describe the conduction in ~9 nm Ge nanocrystals in SiO2 films. They observed a 

ln(σ) vs. 1/T1/2 dependence up to 300 K, with T0 = 1.08 × 105 K. This compared well with the 

theoretical value of T0 using the percolation hopping model. In contrast, Yu et al [97] have 

used an ES-VRH model to explain a ln(σ) vs. 1/T1/2 dependence in ~5 nm CdSe crystals in 
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solution, with T0 = 6.2 × 103 K. Here, Tc ~400 K for the ES-VRH process, far higher than in 

the Si nanocrystal system of Rafiq et al [56]. 

 

5. Single-electron effects in nanocrystalline silicon films: 

 

 Nanocrystalline Si films provide a means to fabricate single-electron devices with islands 

~10 nm in diameter, where the capacitance is ~1 aF. At these scales, single-electron charging 

effects can occur even at room temperature, and it becomes possible to fabricate room-

temperature SET [53] and single-electron memory devices [9]. A ‘nanowire’ channel region 

defined in a nc-Si film forces current to flow through a series of nanoscale grains. The I-V 

characteristics are then dominated by single-electron charging of nc-Si grains isolated by GB 

tunnel barriers. In the following, we discuss work on SETs in nc-Si films. We consider 

single-electron effects in ‘nanochains’ of discrete Si nanocrystals prepared by growth 

techniques in Sec. 6.  

 

 Nanocrystalline Si SETs can be defined using nanowires ~50 nm or less in width, 

fabricated in nc-Si films ~50 nm or less in thickness, deposited on SiO2-on-Si substrates. The 

nanowire current can be gated using a variety of techniques, e.g. using trench-isolated side-

gates, deposited polycrystalline Si or metal top-gates, or using the back-gate formed by the Si 

substrate. We consider first SETs using nanowires with lateral side-gates defined by trench-

isolation [98, 99]. Figure 7 shows a TEM image of this type of device. The nanowire is ~400 

nm long and ~50 nm wide. The device was fabricated in 50 nm-thick heavily-doped (n-type, 

5 × 1019 cm-3) polycrystalline silicon material, prepared using plasma enhanced chemical 

vapour deposition (PECVD). The grain size in the film varied from ~20 nm – 100 nm in size. 

The device was fabricated by electron-beam lithography and reactive-ion-etching in 
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SiCl4/CF4 plasma, and then oxidised to reduce the Si nanowire cross-section and passivate 

surface states. Figure 8(a) shows the drain-source Ids-Vds characteristics of a device with a 

~1 µm × ~40 nm nanowire at 4.2 K, as Vgs is varied from 0 – 5.2 V. A Coulomb gap of width 

~7 mV is seen at Vgs = 0 V. As Vgs is increased to 5.2 V, the Coulomb gap is periodically 

overcome, leading to an increased current within the gap, e.g. at Vgs = 0.4 V (second curve 

from the bottom). Figure 8(b) shows single-electron current oscillations in the Ids-Vgs 

characteristics in a similar device at 4.2 K, with a period ΔVgs ~1 V. The oscillations 

correspond to the addition of electrons one-by-one to a dominant charging grain. The period 

corresponds to a gate capacitance Cg = e/ΔVgs = 0.16 aF. The single-electron current 

oscillations in these devices may be complex, due to multiple periods associated with the 

formation of a multiple-tunnel junction (MTJ) along the nanowire. The device of Fig. 8(b) 

had a rather low maximum operating temperature of ~15 K, due to the comparatively large 

grain size and the low GB tunnel barrier height. 

 

 The doping concentration in nanowire SETs can effect the formation of the tunnel 

barriers in these devices. Fluctuations in the doping concentration at the local level may lead 

to depleted regions along a nanowire, forming tunnel barriers at least at low temperature. This 

behaviour has been identified experimentally in crystalline Si nanowires by Altebaeumer and 

Ahmed [100], using nanowires doped n-type at 2 × 1019 cm-3. Here, a pattern-dependent 

oxidation effect was believed to form tunnel barriers at the ends of the nanowire. However, as 

a function of gate voltage, the single-electron current oscillations showed a transition from a 

single island to a double island system. This was attributed to fluctuation in the potential 

along the length of the nanowire, which introduced an additional tunnel barrier for part of the 

gate voltage range. The fluctuations in potential were attributed to fluctuations in the doping 

concentration along the nanowire. The effect of potential fluctuations in nanowire SETs, and 
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the transition from a single dot to a MTJ, has also been investigated theoretically [101, 102]. 

Furthermore, for very high doping concentrations ~5 × 1020 cm-3, Tilke et al [103] have 

observed very regular, quasi-metallic single-electron oscillations in crystalline Si nanowire 

SETs. Here, dopant segregation effects may also cause fluctuations in the doping density 

along the nanowire. 

 

 Tan et al [104] have fabricated ‘point-contact’ SETs in ~30 nm thick nc-Si films where 

the grain size was much smaller, ~4–8 nm. The GBs in these films as-deposited were thin ~1 

nm amorphous Si tissues. The film was heavily-doped n-type, with a room temperature 

carrier concentration of 3 × 1020 /cm3. These devices used nanowires with both length and 

width reduced to below ~50 nm, forming a point contact. Only a few grains lay within the 

active area of the device, improving the electrical characteristics. For devices fabricated in 

the nc-Si film as-deposited, the Coulomb gap was 40 mV and single-electron effects persisted 

up to ~60 K. Here, the operating temperature was limited not by the grain size but by the GB 

potential barrier height and tunnel resistance. The low operating temperature in these SETs, 

even though the grain size was small enough for higher temperature operation, was attributed 

to low GB barriers. The maximum barrier height was only ~40 meV, measured using 

Arrhenius plots of the device conductance. This value was not high enough, relative to kBT 

~26 meV at room temperature, to confine electrons at room temperature. 

 

 Selective oxidation of the GBs from amorphous silicon into SiOx may be used to raise the 

operating temperature of point-contact SETs to room temperature [53, 105, 106]. Oxidation 

at 750oC, followed by high-temperature annealing at 1000oC, selectively oxidises the GBs, 

raising the GB potential barrier height to ~170 meV ~7kBT at room temperature [53]. This 

process relies on the higher rate of diffusion of oxygen atoms into GB defect states at lower 
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temperatures, compared to the diffusion rate into the crystalline silicon grains. Single-

electron current oscillations may be observed at 300 K in such a device, associated with a 

single dominant charging island [53]. While the oscillations persist up to 300 K with an 

unchanged period, there is usually a fall in the peak-valley ratio as the temperature increases, 

due to a thermally activated increase in the tunnelling probability. 

  

 Control of the GB barrier height strongly effects conduction in a nc-Si film. For single-

electron devices, high GB barriers confine electrons on the grains at higher temperatures, 

essential for room temperature SETs. By contrast, reduction of the GB potential barrier helps 

to reduce the film resistivity, improving the effective carrier mobility. This is of great interest 

in the fabrication of better thin-film transistors. Different ‘GB engineering’ processes address 

these requirements, e.g. oxidation and annealing processes may be used to modify the GB 

tunnel barrier. Oxidation at 650–750°C may oxidise the GBs selectively, subsequent 

annealing at 1000°C increasing the potential barrier height and resistance [107]. In contrast, 

hot H2O-vapor annealing may reduce the GB barrier height by reducing the GB dangling 

bond density [108].  

 

 The nanowire and point-contact SETs discussed above were fabricated in continuous nc-

Si films. In such a film, the GBs are narrow, and single-electron effects tend to be overcome 

thermally by a reduction the GB resistance. Single-electron charging may occur more easily 

at higher temperatures in films formed by a layer of discrete, separated Si nanocrystals. Here, 

higher potential barriers can exist between the grains and electrons may be localised more 

strongly. In one of the earliest demonstrations of a single-electron device operating at room 

temperature, Yano et al [6] fabricated SETs using nanowires defined in ultra-thin (~3 nm), 

nc-Si layers, where the layers were strongly granular and formed by discrete grains only 
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~1 nm in size. In a similar room temperature SET design, Choi et al [109] used a <30 nm 

long section of a thin, discontinuous, PECVD film with grains 8–10 nm in diameter. SETs 

with more precisely defined island have been fabricated using Si nanocrystals prepared by the 

plasma decomposition of SiH4 [4, 5]. SETs using ~8 nm islands prepared by this technique 

have been used to fabricate SETs in a number of different configurations [110-114]. For 

example, planar devices may be defined in SOI material, where a few nanocrystals lie in a 

narrow ~30 nm gap between source and drain contacts and the current is controlled by a top 

gate supported on a deposited oxide layer [112]. An alternative approach is to deposit Si 

nanocrystals in a nanoscale hole etched in a silicon dioxide layer, and then top-fill the hole 

with polycrystalline silicon to form a contact to the nanocrystals [113]. 

 

 We now consider the effect of quantum-confinement of electrons in nc-Si SETs. The 

presence of discrete energy levels within Si nanocrystals may be used to explain observations 

of light-emission from the nanocrystals [14]. Nanocrystalline Si grains where discrete energy 

levels exist, with energy spacing > kBT, may be regarded as quantum-dots [76, 77]. A nc-Si 

SET formed by these grains would show resonant tunnelling peaks in the gate dependence of 

the drain-source current, with peak separation corresponding to the sum of the single-electron 

and quantum-confinement energy and peak height determined by the coupling of the electron 

wave function of the energy level with the contacts. Coupled quantum-dot behaviour is also 

possible, where electrostatic and electron wave function interactions occur between two or 

more quantum-dots [114, 115]. 

 

 It is possible to investigate, at low temperatures, electronic interactions between two or 

more Si nanocrystals using nc-Si point-contact SETs of various channel widths. Varying the 

dimensions of the point-contact controls the number of nanocrystals taking part in the 
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transport process. Furthermore, the interaction of electrons on neighboring nanocrystals can 

be controlled by GB selective oxidation. Khalafalla et al [114, 115] have fabricated point-

contacts ~30 nm × 30 nm × 40 nm in size, using ~40 nm-thick heavily-doped LPCVD films, 

with grain size from ~10 – 30 nm. Two side-gates were used to control the point-contact 

current. Only a few grains existed within the channel at most, and different grains contributed 

in varying degrees to the device conduction. If the device was oxidised at 650°C – 750°C, 

followed by annealing in argon at 1000°C, then this created a high and wide GB tunnel 

barrier (>100 meV). Electrostatic coupling effects were observed in such a device at 4.2 K 

[114]. If the device was oxidised only, without annealing, then the GB tunnel barriers 

remained low (~40 meV) and narrow and the grains were more strongly coupled. These 

devices showed both electrostatic and electron wavefunction coupling effects at 4.2 K [115]. 

If the dimensions of the point-contact were increased, more grains could influence the I-V 

characteristics. In conduction through a region formed by ~10 grains, it was possible to 

identify the presence of percolation paths across the nc-Si grains [116]. 

 

 Finally, we comment briefly on Si nanocrystal non-volatile memory cells. There has been 

considerable interest in the development of few-electron memory cells using Si nanocrystals 

to store charge [7, 117-123]. These memory cells are analogues of non-volatile ‘FLASH’ 

memory cells, where the charge is stored on a ‘floating-gate’ formed by a discontinuous Si 

nanocrystal layer [7], or even a single nanocrystal [120], rather than on a continuous 

polycrystalline Si layer. Si nanocrystals may be sandwiched in the gate-stack of a silicon 

MOSFET [117], separated from the channel by a thin layer of oxide and from the top-gate 

electrode by an additional, thicker layer of oxide. Charge may be injected into the 

nanocrystals by direct tunnelling from the channel across the thin oxide, by application of a 
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voltage to the gate. This charge can be then be sensed as a threshold voltage shift of the 

MOSFET. 

 

6. Single-electron effects in Si nanochains: 

 

In recent years, there has been great interest in single crystal silicon nanowires (SiNWs) 

and ‘nanochains’ of Si nanocrystals prepared by growth techniques, for the ‘bottom-up’ 

fabrication of nanoscale electronic devices [124-126]. Single-crystal SiNWs, prepared by 

vapour-liquid-solid (VLS) growth [127, 128], or by thermal evaporation of solid sources 

[125], have been widely-investigated for the fabrication of nanoscale field-effect transistors 

and circuit application [126, 129, 130]. Less well investigated are Si nanochains, consisting 

of a one-dimensional (1-D) array of ~10 nm diameter Si nanocrystals separated by narrow 

SiO2 regions, prepared by thermal evaporation of SiOx [125]. Si nanochains ‘naturally’ form 

a series of nanoscale islands or quantum-dots (the Si nanocrystals) isolated by tunnel barriers 

(the SiOx regions), providing a means to fabricate single-electron devices by growth 

techniques. 

 

Single-electron transistors (SETs) have been fabricated in single crystal SiNWs formed by 

VLS growth [130], with a maximum operating temperature ~30 K. In these devices, the 

tunnel barriers were defined by lithographically-defined contacts to the SiNW. A ~100 – 

400 nm SiNW section between the contacts behaved as a single quantum-dot, with 

capacitance C ~10 aF. Here, C was not small enough for room temperature single-electron 

effects. In contrast, in measurements of large bundles of nanochains and SiNWs [131], a 

Coulomb staircase current–voltage (I-V) characteristic was observed at room temperature, 

attributed to single-electron effects in nanocrystals within the bundle. 
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Rafiq et al [132] have observed strong single-electron effects at room temperature in 

devices using single Si nanochains, prepared by thermal evaporation of SiO. The Si 

nanocrystals along the nanochains were ~10 nm in diameter, separated by narrow SiO2 

regions. Each nanochain defined a multiple-tunnel junction (MTJ) [26, 133]. Single-electron 

charging in the MTJ led to a Coulomb staircase I-V characteristic at 300 K. The single-

electron charging energy for a nanocrystal within the MTJ, Ec = e2/2Ceff ~ 0.32 eV ~12kBT at 

300 K. In the following, we discuss these experiments in more detail. 

 

The Si nanochains were synthesised by thermal evaporation of a SiO powder solid source 

at 1400°C in a quartz tube furnace [134]. Ar gas carried the vapour through the tube. 

Undoped Si nanowires and nanochains were synthesised in a cooler part of the furnace at 

900°C – 950°C. Depending on the growth conditions, 50% – 90% of the material formed 

nanochains, with Si nanocrystals separated by SiO2 ‘necks’. Nanochain material from the 

furnace was then dissolved in IPA (0.1 mg / 3 ml IPA) using ultrasonic tip agitation, and spun 

onto a SiO2-on-Si substrate at 5000 rpm. Figure 9(a) shows an SEM image of deposited 

nanochains. The Si nanocrystal diameter in different nanochains varied from <10 nm to ~30 

nm, and the separation varied from ~15 nm – 40 nm. The width of the ‘necks’ varied from 

approximately the diameter of the Si nanocrystals to well below this value.  

 

Single Si nanochain devices were fabricated by defining Ti/Al contacts to selected single 

nanochains by electron-beam lithography. The devices were defined on silicon-on-insulator 

(SOI) material with a ~50 nm thick SiO2 capping layer, grown thermally on the top Si layer 

of the SOI material. The top-Si layer, 300 nm thick and doped n-type to a concentration of 1 

× 1019 /cm3, formed a conducting back plane and potentially, the back-gate of a SET. The 
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device was fabricated as follows. Initially, an array of Cr/Au alignment marks was defined by 

electron-beam lithography on the SiO2 capping layer. Nanochain material from the furnace, 

dissolved in IPA (0.1 mg / 3 ml IPA) using ultrasonic tip agitation, was then spun onto the 

sample at 5000 rpm. Hexamethyldisilisane (HMDS) vapour treatment of the surface was used 

to improve surface adhesion. Individual nanochains were then selected with reference to the 

alignment marks by SEM inspection. Finally, 20 nm Ti / 75 nm Al contacts were defined on 

to the nanochain using electron-beam lithography. Figure 9(b) shows a scanning electron 

micrograph of a device with a source-drain separation of ~300 nm.  

 

Figure 9(c) shows the drain source Ids-Vds characteristics (Experimental data: circles) of a 

nanochain device at 300 K [132]. The source-drain separation in this case was ~180 nm, the 

nanochain width was ~20 nm and there were 7 SiNCs along the nanochain. A multiple-step 

Coulomb staircase [26, 133] is seen in the characteristics. Three current steps (arrowed) can 

be identified in the characteristics, at approximately 0.45 V, 1.5 V and 3 V. The threshold 

voltage for current flow Vt ≈ 0.45 V, corresponding to the edge of the Coulomb blockade 

region.  

 

Rafiq et al have investigated the Coulomb staircase characteristics using single-electron 

Monte Carlo simulations [132, 135]. An N junction MTJ circuit, with equal junction 

capacitances C and island stray capacitances C0 for simplicity, was used to model the 

nanochains (Fig. 9(d)). Here, C0 corresponded mainly to the SiNC to back-plane capacitance. 

The clarity of the Coulomb staircase suggested a strong asymmetry in the junctions along the 

MTJ. This was modelled by means of a random variation in the tunnel junction resistances 

Rn, associated with the observed variation in nanocrystal separation. 
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Figure 9(c) also shows the simulation results (solid line) for an MTJ with N = 8, 

corresponding to the 7 nanocrystals in this device. The values of C and C0 were 0.12 aF and 

0.12 aF respectively, allowing a close match with the experimental values of Vt ≈ 0.35 V, and 

the step positions, Vds = 1.9 V and 3.6 V. The average tunnel resistance Rav = 6 GΩ and a 

60% random variation in Rn was applied to the individual junction. This simulation 

reproduced Vt and the step positions in the experimental characteristics but did not explain 

the non-linear increase in current along the staircase. This is because effects such as a 

reduction in the tunnel resistances with Vds, or a Schottky barrier-like potential in series with 

the MTJ, were not considered [136]. A comparison of C and C0 to the nanocrystal size, using 

the self capacitance of a sphere for the nanocrystal, suggested that the conducting core of the 

nanocrystal was only ~3 nm in diameter. Furthermore, a significant value of C0 was 

necessary to reproduce both the low observed values of Vt and the wide step widths in the 

Coulomb staircase. Simulations where C0 was increased from zero to 1.2C led to a reduction 

in Vt, from 4.6 V to ~0.25 V. This was because as C0 increased, a greater proportion of Vds 

dropped across the first tunnel junction, due to the voltage divider formed by the first junction 

capacitance C, and the first stray capacitance C0 in parallel with the equivalent capacitance of 

the rest of the MTJ [133].  

 

The single-electron charging energy of the nanocrystals in the nanochain may be estimated 

using MTJ theory [26]. For a nanocrystal in the centre of the MTJ, approximating the two 

halves of the MTJ as semi-infinite capacitive networks, the nanocrystal effective capacitance 

Ceff = (C0
2

 + 4CC0)1/2. For C = C0 = 0.12 aF, Ceff = 0.27 aF and the single-electron charging Ec 

= e2/2Ceff ~ 0.30 eV ~11kBT at 300 K. Here, Ceff is lower than the total capacitance attached to 

an island, Ct = 2C + C0 = 0.36 aF. Therefore, Ec is higher for a SiNC embedded within a 

MTJ, as compared to a single SiNC, leading to an improvement in the Coulomb staircase. 
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7. Conclusion: 

 

 This paper has reviewed electronic transport in Si nanocrystals and nanochains, and the 

development of single-electron devices using these nanostructures. Si nanocrystals prepared 

by material synthesis provide a means to define nanoscale devices using ‘bottom-up’ growth 

techniques rather than high-resolution lithography. The electronic and optical properties of 

the nanocrystals are associated with quantum-confinement and single-electron charging 

effects, with the nanocrystal surface, and in thin films of nanocrystals, with the grain 

boundary (GB) regions. These properties may be exploited for the fabrication of Si light 

emitting devices, and nanoscale devices such as single-electron transistors (SETs) and 

memory. 

 

 The paper reviews briefly various Si nanocrystal preparation techniques. Si nanocrystals 

from a few nanometres to tens of nanometres in diameter may be prepared using the ion 

implantation of Si into SiO2 films, sputtering, aerosol deposition, PECVD or LPCVD of 

nanocrystalline Si thin films, pulsed plasma growth from SiH4, and by the crystallisation or 

phase separation of amorphous Si layers within an amorphous Si/SiO2 layer superlattice. 

Optimisation of these processes can allow control over the size and shape of the nanocrystals 

at the nanometre-scale. 

 

 Electronic conduction in large-area, continuous, nanocrystalline Si thin films occurs by 

thermionic emission across potential barriers formed at the GBs in the films. The thermionic 

emission model may be sufficient if the grain size and associated capacitance C are large. 

However, as the grain size is reduced to the nanometre scale, single-electron charging and 

quantum-confinement effects begin to influence the conduction process, particularly at low 
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temperature. In thin films of discrete Si nanocrystals, depending on the temperature range, the 

conduction mechanism can be dominated by space-charge limited currents, tunnelling 

currents, hopping conduction, or single-electron charging effects.  

 

 Si nanocrystals may be used to define the charging island in single-electron devices using 

material growth techniques. If the nanocrystals are <10 nm in size, then C ~ 1 aF or less and 

the single-electron charging energy e2/2C may be large enough for single-electron effects at 

room temperature. Both nanocrystalline Si films, and discrete Si nanocrystals, may be used to 

fabricate SETs and memory devices operating at room temperature. SETs can be fabricated 

using nanowires, or nanoscale point-contacts, in nanocrystalline Si films. At 4.2 K, these 

devices can show both electrostatic and electron wavefunction coupling effects between 

adjacent Si nanocrystals in the film. It is also possible to fabricate few-electron memory cells 

where charge is stored on Si nanocrystals. Here, a ‘floating-gate’ for storing charge may be 

formed by a discontinuous Si nanocrystal layer. Alternatively, charge may be stored, and 

sensed, within the same nanocrystalline Si film. Recently, strong single-electron charging 

effects have been observed at room temperature in Si nanochains. The nanochains consist of 

a series of Si nanocrystals ~10 nm in diameter, separated by SiO2 regions. Multiple step 

Coulomb staircase current-voltage characteristics are observed at room temperature in single 

nanochains. These devices illustrate the potential of Si nanocrystal systems for the fabrication 

of room-temperature SETs and memory. 



Published as:  
Durrani ZAK, Rafiq MA 
MICROELECTRONIC ENGINEERING 86, 456-466 (2009). 

29 

References: 

[1] S. Furukawa and T. Miyasato, Jpn. J. Appl. Phys. 27, L2207 (1988).  

[2] W. L. Wilson, P. F. Szajowski, and L. E. Brus, Science 262, 1242 (1993). 

[3] K. A. Littau, P. F. Szajowski, A. J. Muller, A. R. Kortan, and L. E. Brus, J. Phys. Chem. 

97, 1224 (1993). 

[4] S. Oda, and M. Otobe, Mater. Res. Soc. Symp. Proc. 358, 721 (1995). 

[5] M. Otobe, T. Kanai, and S. Oda, Mater. Res. Soc. Symp. Proc. 377, 51 (1995). 

[6] K. Yano, T. Ishii, T. Sano, T. Hashimoto, T. Kobayashi, F. Murai, and K. Seki, Appl. 

Phys. Lett. 67, 828 (1995). 

[7] S. Tiwari, H. Hanafi, A. Hartstein, E. F. Crabbé, and K. Chan, Appl. Phys. Lett. 68, 1377 

(1996). 

[8] A. Nakajima, Y. Sugita, K. Kawamura, H. Tomita, and N. Yokoyama, J. Appl. Phys. 80, 

4006 (1996). 

[9] K. Yano, T. Ishii, T. Sano, T. Mine, F. Murai, T. Hashimoto, T. Kobayashi, T. Kure, and 

K. Seki, Proceedings of the IEEE 87, 633 (1999). 

[10] T. Kamiya, K. Nakahata, K. Ro, C. M. Fortmann, and I. Shimuzu, Mater. Res. Soc. 

Symp. Proc. 557, 513 (1999). 

[11] T. Kamiya, K. Nakahata, Y. T. Tan, Z. A. K. Durrani, and I. Shimuzu, J. Appl. Phys. 89, 

6265 (2001). 

[12] G. F. Grom, D. J. Lockwood, J. P. McCaffery, N. J. Labbe, P. M. Fauchet, B. White Jr, 

B., J. Diener, D. Kovalev, F. Koch, and L. Tsybeskov, Nature 407, 358 (2000). 

[13] M. Zacharias, J. Heitmann, R. Scholz, U. Kahler, M. Schmidt, and J. Bläsing, Appl. 

Phys. Lett. 80, 661 (2002). 

[14] J. Heitmann, F. Müller, M. Zacharias, and U. Gösele, Adv. Mater. 17, 795 (2005). 

[15] Y. T. Tan, T. Kamiya, Z. A. K. Durrani, and H. Ahmed, J. Appl. Phys. 94, 633 (2003). 



Published as:  
Durrani ZAK, Rafiq MA 
MICROELECTRONIC ENGINEERING 86, 456-466 (2009). 

30 

[16] K. Nishiguchi, X. Zhao, and S. Oda, J. Appl. Phys. 92, 2748 (2002). 

[17] Y. Kanemitsu, S. Okamoto, M. Otobe, and S. Oda, Phys. Rev. B 55, R7375 (1997). 

[18] T. A. Burr, A. A. Seraphin, E. Werwa, and K. D. Kolenbrander, Phys. Rev. B 56, 4818 

(1997). 

[19] L. Chen, W. Chen, F. C. Hong, Appl. Phys. Lett. 86, 193506 (2005). 

[20] M. Fujii, O. Mamezaki, S Hayashi and K. Yamamoto, J. Appl. Phys. 83, 1507 (1998). 

[21] B. O. Dabbousi, M.G. Bawendi, O. Onitsuka and M. F. Rubner, Appl. Phys. Lett. 66, 

1316 (1995). 

[22] H. E. Romero and M. Drndic, Phys. Rev. Lett. 95, 156801 (2005). 

[23] Q. Chen, L. S. Schadler, R. W. Siegel, and G. C. Irvin, Jr., Proc. SPIE 5222, 158 (2003). 

[24] International Technology Roadmap for Semiconductors (ITRS): 2005 Edition, JEITA 

English-language Publications (2006). 

[25] K. Nakazato, R. J. Blaikie, J. R. A. Cleaver, and H. Ahmed, Electronics Letters, 29, 384 

(1993). 

[26] H. Grabert, and M. H. Devoret, (Eds.), Single Charge Tunneling – Coulomb Blockade 

Phenomena in Nanostructures, NATO ASI Series B, Plenum Press (1991). 

[27] K. K. Likharev, Proceedings of the IEEE 87, 606 (1999). 

[28] D. K. Ferry and S. M. Goodnick, Transport in Nanostructures, Cambridge University 

Press, New York (1996). 

[29] Y. Takahashi, Y. Ono, A. Fujiwara, and H. Inokawa, J. Phys.: Condens. Matter 14, R995 

(2002). 

[30] T. Shimizu-Iwayama, K. Fujita, S. Nakao, K. Saitoh, T. Fujita, and N. Itoh, J. Appl. 

Phys. 75, 7779 (1994); T. Shimizu-Iwayama, S. Nakao, and K. Saitoh, Appl. Phys. Lett. 

65, 1814 (1994) 



Published as:  
Durrani ZAK, Rafiq MA 
MICROELECTRONIC ENGINEERING 86, 456-466 (2009). 

31 

[31] P. Mutti, G. Ghislotti, S. Bertoni, L. Bonoldi, G. F. Cerofolini, L. Meda, E. Grilli and M. 

Guzzi, Appl. Phys. Lett. 66, 851 (1995). 

[32] G. Ghislotti, B. Nielsen, P. Asoka-Kumar, K. G. Lynn, A. Gambhir, L. F. Di Mauro, and 

C. E. Bottani, J. Appl. Phys. 79, 8660 (1996). 

[33] K. S. Min, K. V. Shcheglov, C. M. Yang, H. A. Atwater, M. L. Brongersma and A. 

Polman, Appl. Phys. Lett. 69, 2033 (1996). 

[34] T. Fischer, V. Petrova-Koch, K. Shcheglov, M. S. Brandt, and F. Koch, Thin Solid Films 

276, 100 (1996). 

[35] S. Guha, M. D. Pace, D. N. Dunn, and I. L. Singer, Appl. Phys. Lett. 70, 1207 (1997). 

[36] H. -Z. Song, X. -M. Bao, N. -S. Li and J. -Y. Zhang, J. Appl. Phys. 82, 4028 (1997). 

[37] M. L. Brongersma, A. Polman, K. S. Min, E. Boer, T. Tambo, and H. A. Atwater, Appl. 

Phys. Lett. 72, 2577 (1998). 

[38] P. Normand, D. Tsoukalas, E. Kapetanakis, J. A. Van Den Berg, D. G. Armour, J. 

Stoemenos, and C. Vieu, Electrochem. Solid State Lett. 1, 88 (1998).  

[39] M. L. Brongersma, P. G. Kik, A. Polman, K. S. Min, and H. A. Atwater, Appl. Phys. 

Lett. 76, 351 (2000). 

[40] M. Zacharias, H. Freistedt, F. Stolze, T.P. Drüsedau, M. Rosenbauer and M. Stutzmann, 

J. Non-Cryst. Solids 164-166, 1089 (1993). 

[41] K. Matsumoto, M. Fujii and S. Hayashi, Jpn. J. Appl. Phys. 45, L450 (2006).  

[42] A. J. Kenyon, P. F. Trwoga, C. W. Pitt, and G. Rehm, J. Appl. Phys. 79, 9291 (1996). 

[43] T. Fischer, T. Muschik, R. Schwarz, D. Kovalev, and F. Koch, Mater. Res. Soc. Symp. 

Proc. 358, 851 (1995). 

[44] Z. Ma, X. Liao, J. He, G. Yue, Y. Wang, and G. Kong, J. Appl. Phys. 83, 7934 (1998). 

[45] R. P. Camata, H. A. Atwater, K. J. Vahala, and R. C. Flagan, Appl. Phys. Lett. 68, 3162 

(1996). 



Published as:  
Durrani ZAK, Rafiq MA 
MICROELECTRONIC ENGINEERING 86, 456-466 (2009). 

32 

[46] M. Wang, X. Huang, J. Xu, W. Li, Z. Liu, and K. Chen, Appl. Phys. Lett. Vol. 72, 722 

(1998). 

[47] L. Tsybeskov, K. D. Hirschman, S. P. Duttagupta, M. Zacharias, P. M. Fauchet, J. P. 

McCaffrey, and D. J. Lockwood, Appl. Phys. Lett. 72, 43 (1998). 

[48] V. Vinciguerra, G. Franzò, F. Priolo, F. Iacona, and C. Spinella, J. Appl. Phys. 87, 8165 

(2000). 

[49] Z. H. Lu, D. J. Lockwood, and J. -M. Baribeau, Nature 378, 258 (1995). 

[50] M. Zacharias, J. Bläsing, P. Veit, L. Tsybeskov, K. Hirschman, and P. M. Fauchet, Appl. 

Phys. Lett. 74, 2614 (1999). 

[51] L. X. Yi, J. Heitmann, R. Scholz, and M. Zacharias, Appl. Phys. Lett. 81, 4248 (2002). 

[52] J. Heitmann, R. Scholz, M. Schmidt, and M. Zacharias,!J. Non-Cryst. Solids 299–302, 

1075 (2002). 

[53] Y. T. Tan, T. Kamiya, Z. A. K. Durrani, and H. Ahmed, J. Appl. Phys. 94, 633 (2003). 

[54] M. Otobe, H. Yajima, and S. Oda, Appl. Phys. Lett. 72, 1089 (1998). 

[55] M. A. Rafiq, Y. Tsuchiya, H. Mizuta, S. Oda, S. Uno, Z. A. K. Durrani, and W. I. Milne        

Appl. Phys. Lett. 87, 182101 (2005). 

[56] M. A. Rafiq, Y. Tsuchiya, H. Mizuta, S. Oda, Shigeyasu Uno, Z. A. K. Durrani, and W. 

I. Milne, J. Appl. Phys. 100, 14303 (2006). 

[57] T. I. Kamins, J. Appl. Phys. 42, 4357 (1971). 

[58] J. Y. W. Seto, J. Appl. Phys. 46, 5247 (1975). 

[59] G. Baccarani, B. Ricco, and G. Spandini, J. Appl. Phys. 49, 5565 (1978). 

[60] J. Levinson, F. R. Shepherd, P. J. Scanlon, W. D. Westwood, G. Este, and M. Rider, J. 

Appl. Phys. 53, 1193 (1982). 

[61] M. E. Cower and T. O. Sedgwick, J. Electrochem. Soc. 119, 1565 (1972). 

[62] A. L. Fripp, J. Appl. Phys. 46, 1240 (1975). 



Published as:  
Durrani ZAK, Rafiq MA 
MICROELECTRONIC ENGINEERING 86, 456-466 (2009). 

33 

[63] S. D. Brotherton, Semicond. Sci. Technol. 10, 721 (1995). 

[64] T. I. Kamins and P. A. Pianetta, IEEE Electron Dev. Lett. 1, 214 (1980).  

[65] J. W. Tringe and J. D. Plummer, J. Appl. Phys. 87, 7913 (2000). 

[66] B.I. Shklovskii, and A. L. Efros, Electronic Properties of Doped Semiconductors, 

Springer, Berlin (1984). 

[67] C-H Lee, A. Sazonov, A. Nathan, and John Robertson, Appl. Phys. Lett. 89, 252101 

(2006). 

[68] T. Serikawa, S. Shirai, A. Okamoto, and S. Suyama, Jpn. J. Appl. Phys. 28, L1871 

(1989). 

[69] A. Hara, F. Takeuchi, and N. Sasaki, J. Appl. Phys. 91, 708 (2002). 

[70] A. Hara, M. Takei, F. Takeuchi, K. Suga, K. Yoshino, M. Chida, T. Kakehi, Y. Ebiko, 

Y. Sano, and N. Sasaki, Jpn. J. Appl. Phys. 43, 1269 (2004). 

[71] S-M. Han, M-C. Lee, M-Y. Shin, J-H. Park, and M-K Han, Proceedings of the IEEE 93, 

1297 (2005).  

[72] H. Ishikuro, T. Fuji, T. Saraya, G. Hashiguchi, T. Hiramoto, and T. Ikoma, Appl. Phys. 

Lett. 68, 3585 (1996). 

[73] Y. Takahashi, H. Namatsu, K. Kurihara, K. Iwadate, M. Nagase, and K. Murasi, IEEE 

Trans. Electron Devices 43, 1213 (1996). 

[74] L. Zhuang, L. Guo, and S. Y. Chou, Appl. Phys. Lett. 72, 1205 (1998). 

[75] K. Uchida, J. Koga, R. Ohba, and A. Toriumi, IEEE Trans. Elec. Dev. 50, 1623 (2003). 

[76] L. P. Kouwenhoven, C. M. Marcus, P. L. McEuen, S. Tarucha, R. M. Westervelt, and N. 

S. Wingreen, Electron Transport in Quantum Dots, in Mesoscopic Electron Transport, ed. 

by L. L. Sohn, L. P. Kouwenhoven, and G. Schon, Kluwer (1997). 

[77] K. Natori, T. Uehara, and N. Sano, Jpn. J. Appl. Phys. 39, 2550 (2000). 



Published as:  
Durrani ZAK, Rafiq MA 
MICROELECTRONIC ENGINEERING 86, 456-466 (2009). 

34 

[78] Y. Furuta, H. Mizuta, K. Nakazato, Y. T. Tan, T. Kamiya, Z. A. K. Durrani, H. Ahmed, 

and K. Taniguchi, Jpn. J. Appl. Phys. 40, L615 (2001). 

[79] Y. Furuta, H. Mizuta, K. Nakazato, T. Kamiya, Y. T. Tan, Z. A. K. Durrani, and K. 

Taniguchi, Jpn. J. Appl. Phys. 41, 2675 (2002). 

[80] M. A. Lampert and P. Mark, Current Injection in Solids, Academic, New York (1970) 

[81] T. A. Burr, A. A. Seraphin, E. Werwa, and K. D. Kolenbrander, Phys. Rev. B 56, 4818 

(1997). 

[82] H. E. Romero and M. Drndic, Phys. Rev. Lett. 95, 156801 (2005). 

[83] C. Peng, K. D. Hirschman, and P. M. Fauchet, J. Appl. Phys. 80, 295 (1996). 

[84] A. G. Cullis and L. T. Canham, Nature 353, 335 (1991). 

[85] D. S. Ginger and N. C. Greenham, J. Appl. Phys. 87, 1361 (2000). 

[86] R. A. M. Hikmet, D. V. Talapin, and H. Weller, J. Appl. Phys. 93, 3509 (2002). 

[87] K. Nishiguchi, X. Zhao, and S. Oda, J. Appl. Phys. 92, 2748 (2002). 

[88] M. Fujii, Y. Inoue, S Hayashi and K. Yamamoto, Appl. Phys. Lett. 68, 3749 (1996). 

[89] V. Kumar, S. C. Jain, A. K. Kapoor, W. Greens, T. Aernauts, J. Poortmans, and R. 

Mertens, J. Appl. Phys. 94, 1283 (2003). 

[90] P. Mark, and W. Helfrich, J. Appl. Phys. 33, 205 (1962). 

[91] R. A. Smith, Semiconductors, 2nd ed., Cambridge University Press, Cambridge, (1978). 

[92] G.-F. Hohl, S. D. Baranovskii, J. A. Becker, F. Hensel, S. A. Quaiser, and M. T. Reetz, 

J. Appl. Phys. 78, 7130 (1995). 

[93] E. Šimánek, Solid State Commun. 40, 1021 (1981). 

[94] P. Sheng and J. Klafter, Phys. Rev. B 27, 2583 (1983). 

[95] A. L. Efros and B. I. Shklovskii, J. Phys. C 8, L49 (1975). 

[96] J. M. Ziman, J. Phys. C 1, 1532 (1968). 



Published as:  
Durrani ZAK, Rafiq MA 
MICROELECTRONIC ENGINEERING 86, 456-466 (2009). 

35 

[97] D. Yu, C. Wang, B. L. Wehrenburg, and P. Guyot-Sionnest, Phys. Rev. Lett. 92, 216802 

(2004). 

[98] A. C. Irvine, Z. A. K. Durrani, H. Ahmed, and S. Biesemans, Appl. Phys. Lett. 73, 1113 

(1998). 

[99] Y. T. Tan, Z. A. K. Durrani, and H. Ahmed, J. Appl. Phys. 89, 1262 (2001). 

[100] T. Altebaeumer and H. Ahmed, Jpn. J. Appl. Phys. 42, 414 (2003). 

[101] H.-O. Müller, D. A. Williams, H. Mizuta, Z. A. K. Durrani, A. C. Irvine, and H. 

Ahmed, Physica B 272, 85 (1999); H.-O Müller, D. A. Williams, H. Mizuta, and Z. A. K. 

Durrani, Material Science and Engineering B74, 36 (2000). 

[102] G. J. Evans, H. Mizuta, and H. Ahmed, Jpn. J. Appl. Phys. 40 Part 1, No. 10, 5837 

(2001).  

[103] A. Tilke, R. H. Blick, H. Lorenz, J. P. Kotthaus, and D. A. Wharam, Appl. Phys. Lett. 

75, 3704 (1999). 

[104] Y. T. Tan, T. Kamiya, Z. A. K. Durrani, and H. Ahmed, Appl. Phys. Lett. 78, 1083 

(2001). 

[105] Z. A. K. Durrani, T. Kamiya, Y. T. Tan, and H. Ahmed, Microelectronics Engineering 

63, 267 (2002). 

[106] Z. A. K. Durrani, Physica E 17, 572 (2003). 

[107] T. Kamiya, Z. A. K. Durrani, and H. Ahmed, Appl. Phys. Lett. 81, 2388 (2002). 

[108] T. Kamiya, Z. A. K. Durrani, H. Ahmed, T. Sameshima, Y. Furuta, H. Mizuta, and N. 

Lloyd, J. Vac. Sci. and Technol. B 21, 1000 (2003). 

[109] B. H. Choi, S. W. Hwang, I. G. Kim, H. C. Shin, Y. Kim, and E. K. Kim, Appl. Phys. 

Lett. 73, 3129 (1998). 

[110] A. Dutta, M. Kimura, Y. Honda, M. Otobe, A. Itoh, and S. Oda, Jpn. J. Appl. Phys. 36, 

4038 (1997). 



Published as:  
Durrani ZAK, Rafiq MA 
MICROELECTRONIC ENGINEERING 86, 456-466 (2009). 

36 

[111] A. Dutta, S. P. Lee, Y. Hayafune, S. Hatatani and S. Oda, Jpn. J. Appl. Phys. 39, 264 

(2000). 

[112] A. Dutta, S. Oda, Y. Fu, and M. Willander, Jpn. J. Appl. Phys. 39, 4647 (2000). 

[113] K. Nishiguchi and S. Oda, J. Appl. Phys. 88, 4186 (2000). 

[114] M. A. H. Khalafalla, H. Mizuta, and Z. A. K. Durrani, IEEE Trans. on Nanoelectronics 

2, 271 (2003). 

[115] M. A. H. Khalafalla, Z. A. K. Durrani, and H. Mizuta, Appl. Phys. Lett. 85, 2262 

(2004). 

[116] M. A. H. Khalafalla, H. Mizuta, and Z. A. K. Durrani, Phys. Rev. B, 74, 35316 (2006).  

[117] H. I. Hanafi, S. Tiwari, and I. Khan, IEEE Trans. Electron Devices 43, 1553 (1996). 

[118] S. Tiwari, F. Rana, K. Chan, L. Shi, and H. Hanafi, Appl. Phys. Lett. 69, 1232 (1996). 

[119] J. J. Welser, S. Tiwari, S. Rishton, K. Y. Lee, and Y. Lee, IEEE Electron Device Lett. 

18, 278 (1997). 

[120] L. J. Guo, E. Leobung, and S. Y. Chou, Appl. Phys. Lett. 70, 850 (1997). 

[121] I. Kim, S. Han, K. Han, J. Lee, and H. Shin, IEEE Electron Device Lett. 20, 630 

(1999).  

[122] B. J. Hinds, K. Nishiguchi, A. Dutta, T. Yamanaka, S. Hatanani, and S. Oda, Jap. J. 

Appl. Phys. 39, 4637 (2000).  

[123] P. Normand, E. Kapetanakis, P. Dimitrakis, D. Tsoukalas, K. Beltsios, N. Cherkashin, 

C. Bonafos, G. Benassayag, H. Coffin, A. Claverie, V. Soncini, A. Agarwal, and M. 

Ameen, Appl. Phys. Lett. 83, 168 (2003). 

[124] Y. Wu, Y. Cui, L. Huynh, C. J. Barrelet, D. C. Bell, and C. M. Lieber, Nano Lett. 4, 

433 (2004). 

[125] H. Y. Peng, N. W. Wang, W. S. Shi, Y. F. Zhang, C. S. Lee and S. T. Lee, J. Appl. 

Phys. 89, 727 (2001). 



Published as:  
Durrani ZAK, Rafiq MA 
MICROELECTRONIC ENGINEERING 86, 456-466 (2009). 

37 

[126] Y. Cui, Z. Zhong, D. Wang, W. U. Wang, and C. M. Lieber, Nano Lett. 3, 149 (2003). 

[127] Y. Cui, L. J. Lauhon, M. S. Gudiksen, J. Wang, and C. M. Lieber, Appl. Phys. Lett. 78, 

2214 (2001) 

[128] S. Hofmann, C. Ducati, R. J. Neill, S. Piscanec, A. C. Ferrari, J. Geng, R. E. Dunin-

Borkowsk, and J. Robertson J. Appl. Phys. 94, 6005 (2003). 

[129] Z. Zhong, D. Wang, Y. Cui, M. W. Bockrath, and C. M. Lieber, Science 302, 1377 

(2003). 

[130] Z. Zhong, Y. Fang, W. Lu, and C. M. Lieber, Nano Lett. 5, 1143 (2005). 

[131] Kohno, I. Kikuo and K. Oto, J. Electron Microsc. 54(Suppl. 1), i15 (2005). 

[132] M. A. Rafiq, Z. A. K. Durrani, H. Mizuta, A. Colli, P. Servati, A. C. Ferrari, W. I. 

Milne, and S. Oda, J. Appl. Phys. 103, 53705 (2008). 

[133] M. Amman, E. Ben-Jacob, and K. Mullen, Phys. Lett. A 142, 431 (1989). 

[134] A. Colli, A. Fasoli, P. Beecher, P. Servati, S.Pisana, Y. Fu, A. J. Flewitt, W. I. Milne, J. 

Robertson, C. Ducati, S. De Franceschi, S. Hofmann, and A. C. Ferrari, J. Appl. Phys. 

102, 34302 (2007). 

[135] C. Wasshuber, H. Kosina, and S. Selberherr, IEEE Trans. CAD 16, 937 (1997). 

[136] U. E. Volmar, U. Weber, R.Houbertz, and U.Hartmann, Appl. Phys. A 66, S735 

(1998). 

 



Published as:  
Durrani ZAK, Rafiq MA 
MICROELECTRONIC ENGINEERING 86, 456-466 (2009). 

38 

Figure Captions: 

 

Figure 1. (a) Transmission electron micrograph of a ~30 nm thick nanocrystalline Si film, 

prepared by PECVD [11]. (b) Scanning electron micrograph of a ~300 nm thick film of Si 

nanocrystals covered by SiO2 shells, prepared by a VHF pulsed-plasma process [53]. The Si 

core diameter is ~8 nm. 

 

Figure 2. (a) Schematic diagram in one-dimension, across a n-type nanocrystalline Si film. 

One grain and the two grain boundaries on either side are shown. (b) Charge distribution in 

the grain and grain boundaries. (c) Energy bands across the grain and grain boundaries. (d) 

Arrhenius plot, ln(σ) vs. 1/T (shown schematically), of conductance σ  in a nanocrystalline Si 

film, as a function of temperature T. 

 

Figure 3. Single-electron effects in a single island, double-tunnel junction system. (a) Circuit 

diagram, double-tunnel junction (b) Coulomb staircase Ids-Vds characteristics (shown 

schematically). (c) The single-electron transistor (SET). (b) Single-electron current 

oscillations in the Ids-Vgs characteristics of a SET (shown schematically). 

 

Figure 4. Single-electron charging energy Ec and the quantum-confinement energy Ek, for an 

isolated spherical Si nanocrystal embedded in SiO2, as a function of nanocrystal diameter. 

 

Figure 5. (a) Space charge limited current [54] in a ~300 nm thick Si nanocrystal film, 

consisting of ~8 nm diameter nanocrystals prepared by a VHF pulsed-plasma process. (b) 

Arrhenius plot of conductance σ as a function of temperature T, at 4 V bias across the film.  
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Figure 6. Hopping transport [55] in a ~300 nm thick Si nanocrystal film, consisting of ~8 nm 

diameter nanocrystals prepared by a VHF pulsed-plasma process. A ln(σ) vs. (1/T)1/2 

dependence is observed. 

 

Figure 7. Transmission electron micrograph of a nanowire SET in nanocrystalline Si. The 

nanocrystalline Si grain size varies from ~20 nm – 100 nm. 

 

Figure 8. (a) Coulomb blockade Ids-Vds characteristics of a nanowire SET in nanocrystalline 

Si, at 4.2 K. The curves are offset by 20nA / 0.4 V step in Vgs (b) Single-electron current 

oscillations in the Ids-Vgs characteristics of a similar device, at 4.2 K. 

 

Figure 9. (a) Scanning electron micrograph of Si nanochains, deposited on a SiO2 substrate. 

(b) Scanning electron micrograph of a single Si nanochain device. (c) Coulomb staircase Ids-

Vds characteristics [122] of a single Si nanochain device at 300 K. Solid line: Single-electron 

Monte-Carlo simulation. Circles: Experimental data. The curves are offset from each other by 

5 pA. (d) Multiple tunnel junction model of a nanochain.  
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