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Glossary

a-Si:H Amorphous Silicon - Disordered silicon, usually formed by deposition by CVD at

low temperature.

c-Si Crystalline Silicon - Pure crystalline silicon with a single crystallographic orientation.

The term is used to describe bulk silicon or small crystallites of nanometres in size.

AFM Atomic Force Microscope - Microscope used to resolve very tiny things.

σd Dark Conductivity - The conductivity of a sample when it is not exposed to light.

DOS Density of States - The number of available and occupied states per unit energy.

ECR-CVD Electron Cyclotron Resonance Chemical Vapor Deposition - This is “remote”

CVD technique, meaning that the reaction does not occur directly near the substrate,

thus ion bombardment is reduced.

FET Field-effect Transistor - A transistor which operates via the field-effect, modulating

the current in one direction by control of an electric field in another.

LCD Liquid Crystal Display - A display which operates by modulating the polarization of

liquid crystals, which block or allow a back-light to pass through to the eye.

HRTEM High-Resolution Transmission Electron Microscopy - A high resolution type of

TEM.

HWCVD Hot-wire Chemical Vapour Deposition - CVD performed by using high temper-

ature filaments to thermally “crack” the source gas into radicals and ions.

MOSFET Metal Oxide Semiconductor Field-Effect Transistor - A field-effect transistor

made of a metal/polysilicon gate, an oxide dielectric, and a semiconductor active layer.

iv
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nc-Si Nanocrystalline Silicon - Silicon which is made up of amorphous silicon and embedded

crystallites of crystalline silicon

PECVD Plasma-Enhanced Chemical Vapour Deposition - CVD in which radicals are formed

from the gas phase by the creation of a plasma with a high capacitive electric field.

poly-Si Polysilicon Silicon - A type of crystalline silicon with no continuous crystalline

orientation.

SiN Silicon Nitride - A dielectric material, similar to silicon dioxide, only it contains silicon,

nitrogen, as well as hydrogen and other contaminants.

SOG System On Glass - Entire systems on glass. The next generation of large-area elec-

tronics.

SOP System On Plastic - Entire systems on glass, for flexible large-area electronics.

SPICE Simulation Program with Integrated Circuits Emphasis - A popular circuit simula-

tor software program.

TFT Thin-Film Transistor - A transistor which made by deposited and etching subsequent

layers, normally made with amorphous semiconductors.

µc-Si Microcrystalline Silicon - Microcrystalline silicon is similar to nanocrystalline silicon,

only the grain size is on the order of microns, instead of nanometres.

VRH Variable Range Hopping - A conduction mechanism whereby localized states hop

from site to site.

Xc Crystalline Fraction Defined as γc/(γc + γa), the percentage of nanocrystalline silicon

which is crystalline.

XRD X-Ray Diffraction - Method for determining the crystallographic planes of a material.

v



David J. Grant Physics and Modelling of nc-Si

1 Introduction

Amorphous Silicon (a-Si:H) Thin-Film Transistors (TFTs) are widely used in Liquid Crystal

Display (LCD) technology. The mobility of a-Si:H devices are limiting the growth of displays,

and restricting the use of TFTs to just pixel drivers, and perhaps row driving circuitry in

active matrix displays. LCDs require switches with low off-currents (or leakage currents),

and less than 1 nA (10−9 A) is often quoted as the acceptable value for an active matrix pixel

switch [2]1. Intrinsic a-Si:H satisfies this requirement. For large-area sensor applications such

as scanners and x-ray imaging arrays, leakage currents must be 1 pA (10−12 A). LCDs must

also be manufactured with materials that can be processed over large areas. Bulk Crystalline

Silicon (c-Si) is currently limited to wafers of about 300mm, whereas a-Si:H can theoretically

be deposited on substrates of any size using roll-to-roll processing2. Nanocrystalline Silicon

(nc-Si) is a good alternative to a-Si:H because it offers higher mobility, can be deposited

over large areas, and currently the leakage currents are suitable for display applications,

although not necessarily for sensing applications. It overcomes many of the disadvantages

of Polysilicon Silicon (poly-Si) as well as c-Si. Modelling nc-Si and determining the main

conduction mechanisms will be crucial before production quality devices can be made and

used.

1Obtaining a current as low as 1 pA can easily be achieved by reducing the width W for a field-effect
TFT, however this would subsequently cause the on current to decrease as well. Another figure of merit is
thus needed, and that is the on-off current ratio, which is independent of W/L.

2In roll-to-roll processing, one dimension (length) can be almost limitless (on the order of kilometers
range), however the other dimension is limited by the space in a manufacturing facility for example, or the
width of a particular processing machine
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2 Background

The following section gives an introduction into the drawbacks of a-Si:H and why nc-Si can

be a useful material for applications which which a-Si:H currently serves, as well as new

applications. It also discusses the need for an understanding of the physics of nc-Si as well

as the need for accurate models which can predict the characteristics of nc-Si based devices

from basic physical characteristics.

2.1 Drawbacks of a-Si:H

a-Si:H does, however, have some disadvantages and limitations. Due to its amorphous na-

ture, carriers travel very slowly in a-Si:H, due to excessive trapping in localized states and

scattering due to the lack of a periodic lattice. a-Si:H thus has electron mobilities as low as

0.1−1 cm2 V −1 s−1 and hole mobilities which are so low that the p-type devices are not used

in any application. Although a-Si:H has much higher optical absorbtion than c-Si due to the

relaxed momentum selection rules, it does not absorb very much light in the longer wave-

length range due to its higher band gap. a-Si:H also suffers from light-induced degradation

as well as bias stress induced degradation due to the creation of metastable states.

2.2 The Crystalline and Polysilicon Solutions

Although c-Si can be used to overcome all the limitations of a-Si:H, c-Si lacks the capability

of large-area low-cost manufacturing, and the temperatures required for bulk crystalline

formation make it impossible to integrate c-Si with plastic or glass substrates. poly-Si has

been proposed as an alternative to a-Si:H, as it can have mobilities of up to 400 cm2 V −1 s−1

and is also more stable; however it suffers from high leakage currents which make it unsuitable

as the TFT pixel switches for most large LCD applications. poly-Si can and is being used for

the row and column driver circuits, as well as more complex display circuitry and processing.

It can be integrated on the same substrate as a-Si:H in a hybrid process by creating poly-

2



David J. Grant Physics and Modelling of nc-Si

Si from a-Si:H by laser annealing a-Si:H. The main disadvantage of poly-Si is the extra

laser processing required, which increases processing costs and processing time. There is

another added disadvantage of poly-Si and that is that it is difficult to control the grain size

accurately and uniformly, thus leading to imhomogeneity across devices.

2.3 Motivation for nc-Si and µc-Si

Nanocrystalline Silicon can be considered as a compromise solution between Amorphous

Silicon and Polysilicon Silicon. nc-Si is similar to a-Si:H, in that it contains a-Si:H material,

although it contains tiny crystallites of silicon as well. The morphology of nc-Si can be seen in

Figure 1. The percentage of nc-Si which is crystalline is called the Crystalline Fraction (Xc).

Figure 1: AFM morphology of nc-Si samples deposited by PECVD [3].

These crystallites, or crystalline grains of silicon, are usually about tens of nanometers in size

3. It is the hope of researchers, that nc-Si can retain some of the advantages of a-Si:H such as

low leakage current, and low-cost, simple low-temperature processing, and at the same have

improved electrical characteristics over a-Si:H, such as higher mobility and greater stability.

With nc-Si it may also be possible to fabricate a high quality p-type material, which currently

3There is a big discrepancy in the literature about whether to call this material Microcrystalline Silicon
(µc-Si) or Nanocrystalline Silicon (nc-Si). Rarely is the grain size actually in the micron range, so it has
become more appropriate in recent times to call this material Nanocrystalline Silicon instead.

3
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isn’t possible with a-Si:H. Since the silicon grains in nc-Si have a band gap closer to the silicon

band gap of 1.1 eV (a-Si:H has a band gap of around 1.7 eV ), it is currently being used in

thin film solar cell research, to improve the efficiency of solar cells by absorbing more red and

infrared light. Work is using nc-Si in TFTs is still preliminary. Some research groups have

grown nc-Si for use in TFTs with mobilities of up to µn = 40 cm2 V −1 s−1 [4], while others

have grown nc-Si with mobilities of only about µn = 1 cm2 V −1 s−1 [5] which is comparable

to the mobility for a-Si:H. However, most TFTs with a nc-Si active layer fabricated thus

far have leakage currents too high for some sensor applications, such as medical imaging,

however perfectly suitable for LCD applications. Batter-powered LCDs for cell-phones and

portable devices may need nc-Si with even lower leakage currents to be feasible.

2.4 Motivation for Research into Physics and Modelling of nc-Si

One of the biggest problems hindering nc-Si research is a lack on knowledge about the

transport and conduction mechanism in this material. Some believe that conduction in nc-

Si is limited by the a-Si:H material, while others believe that the conduction is limited by

the crystalline grains, or defects within the crystalline grains [5]. Conduction in nc-Si is very

complex, and depends on many things: average grain size, Crystalline Fraction, degree of

oxygen contamination, hydrogen concentration in film, defect density, crystallographic plane

orientation, etc., and all of these parameters are determined by the the processing parameters

such as RF plasma power, Hydrogen gas dilution ratio, pressure, substrate temperature, etc.

These are processing and material science issues, and once these are resolved, researchers

will be able to fully optimize the growth of nc-Si in order to grow any kind of variation of

nc-Si that they want with predictable properties tailed for the application at hand.

Meanwhile, there are already circuit models available [6] which can enable researchers to

simulate circuits and determine possible applications nc-Si can be used for and stretch the

limits of current performance of nc-Si material. In the future, we may see hybrid processing

4
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of nc-Si and poly-Si, instead of hybrid processing of a-Si:H and poly-Si 4. nc-Si could be

used for relatively low-leakage, medium-mobility (µn = 10 cm2 V −1 s−1) pixel switches for

very large area displays, while poly-Si could be used for the high-speed, high-drive current

column driver circuits. The row drivers only need to operate at the line rate, so his could

be implemented in either technology, or a combination of both. This technology would truly

lead to high-performance, high-resolution, System On Glass (SOG) technology and System

On Plastic (SOP) technology. Before this point is reached a true understanding of the physics

behind nc-Si is required, as well as some models which can accurately predict its behaviour.

Only then can process engineers and scientists develop the proper material, and only then

can circuit and device engineers exploit this material in devices and circuits.

4Actually, in a-Si:H/poly-Si hybrid circuits, a laser is used to anneal the a-Si:H material to form poly-Si
in certain areas. Hydrogen contained in the film can cause ablation, so sputtered a-Si:H films are normally
used instead. nc-Si actually contains less hydrogen than a-Si:H and so this is an extra bonus of using nc-Si
for creating poly-Si.

5
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3 Amorphous Silicon TFTs

Since amorphous silicon devices have been studied for many years, since the late 1960s, it

is a relatively well-understood material, unlike nc-Si. In fact, amorphous semiconductors in

general have been under study for even longer. The first successful xerography machine (pho-

tocopier) was made in 1956 using amorphous selenium as the photoconductor (xerography

technology was invented in 1938). The first research with un-hydrogenated amorphous sili-

con (a-Si), however, the high defect density in this material, led to the study of hydrogenated

amorphous silicon (a-Si:H) [7]5.

A study of amorphous silicon is first necessary in order to study the material properties

of nc-Si. Since anywhere between 20% and 80% of nc-Si is made up of a-Si:H, clearly nc-Si

will share some of a-Si:Hs properties, and it is important to understand the physics of a-Si:H

devices in order to understand the physics of nc-Si devices.

3.1 a-Si:H Device Physics

a-Si:H has no long-range order, unlike c-Si. It does, however, have some short-range order,

which makes it somewhat similar to c-Si. c-Si and a-Si:H have band gaps (of 1.1 eV and

≈ 1.7 eV respectively), and the main chemical bond in both materials is the silicon-silicon

bond. Their similarities end there, however. What follows is a discussion about the physics

of a-Si:H and the certain unique effects which must be taken into account when modelling

a-Si:H devices such as TFTs.

3.1.1 Basic Physics of a-Si:H

a-Si:H has considerable bonding disorder at an atomic level, and since the density of states

is mostly determined by local bonding configurations, a-Si:H will have a modified Density of

States (DOS) [8]. The boding disorder arises from stretched bonds and bent bonds, which

5From this point onward, the terms a-Si:H and a-Si will be used interchangeably, and it will assumed in
all cases that a-Si is being referred to, since all useful a-Si is presently deposited in the presence of hydrogen.

6
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lead to a “blurring” of the conduction and valence band edge. This is referred to as the band

tails, and these are shown in Figure 2.

Figure 2: Atomic structure and band model for a-Si [9]

The states located in the band tails are localized states. Localization occurs when the

potential function in the semiconductor is not periodic, and it is explained in terms of

the Anderson model [7]. Although the potential function in silicon does vary over many

lattice spacings, it is not enough to create complete localization in the material. Instead,

only the band tail states are localized. Above a certain energy in the conduction band,

and below a certain energy in the valence band, there are extended states, which are not

localized. The energies at which this transition to extended states occurs is sometimes called

the conduction band and valence band, and the energy spanned between these two levels is

sometimes referred to as the “mobility gap”. The carriers excited into the localized band

tail states do not contribute very much to current because they can only travel via phonon

assisted hopping. The carriers promoted to the extended states, however, can conduct much

more easily in the material and have a much higher mobility. The band tail states are key

to the conduction mechanism in a-Si:H. Almost all models of electrical transport in a-Si:H

makes use of some assumption about the band tail states.

Un-hydrogenated a-Si:H also contains a large number of defect states in the mid-gap

region due primarily to dangling bonds and impurities in the material. These states are very

highly concentrated in un-hydrogenated a-Si:H, but in hydrogenated a-Si:H the dangling

bonds are passivated by hydrogen and the number of these states in the mid-gap is greatly

7
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reduced.

3.1.2 Vt vs. VON

In amorphous silicon the definition of threshold voltage is different than that used in a

standard Metal Oxide Semiconductor Field-Effect Transistor (MOSFET) model. In non-

crystalline devices, such as a-Si:H, the threshold voltage is found by extrapolating the log ID

vs. VGS curves with low drain bias. The is the point where the current becomes linear, and

for a-Si:H devices is called VON [10]. The threshold voltage in a-Si:H actually occurs at a

much lower gate bias, and this is only seen, if one looks at the gate to channel capacitance

(Cgc) vs. VGS plot, as shown in Figure 3.

Figure 3: Gate to channel capacitance (Cgc) vs. VGS for an poly-Si TFT, which resembles
that of a-Si:H although to a lesser extent [10].

The reason that the Vt and VON voltages do not coincide in a-Si:H is that all of the

carriers which are initially in the channel when VGS > Vt are trapped in trap states and not

available for conduction. Defining Vt through the use of the Cgc vs. VGS curve is necessary

in order for any model to scale correctly with W/L.

8
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3.1.3 Field Effect Channel Mobility

The region between Vt and VON is called the pseudo-subthreshold regime [10], and in order to

take this current into account, an alternate definition of the mobility is used. And effective

mobility, called µFET is used, and is defined as

µFET = µ0

(

VGS − Vt
VAA

)γ

(1)

where VAA and γ are extracted parameters which can be extracted from ID vs. VGS mea-

surements.

3.1.4 Bias Stress Effects (Metastability)

Gate bias stress can cause alterations in the density of states in a-Si:H. It can cause a change

in the sub-threshold slope, as well as cause threshold voltage shifts. The two main causes

for metastability in a-Si:H devices are:

1. Carrier trapping in the gate dielectric (normally Silicon Nitride (SiN) dielectric):

(a) Due to interface traps (fast states)

(b) Due to interface and bulk traps (slow states)

2. Deep-defect state creation in the intrinsic a-Si:H active layer or near the a-Si:H-SiN

interface.

In nc-Si the stability of nc-Si has been shown to be much better than in a-Si:H [11]. It

is believed that this is due to much lower microstructural stress in these films compared to

a-Si:H films.

3.2 Device Structure and Fabrication

Unlike c-Si Field-effect Transistor (FET)’s, there are many different device geometries pos-

sible for TFTs using thin-film technology. Top-gate, bottom-gate (inverted) are two classes

9
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of devices. The latter has its gate and dielectric below the active layer, and the former

has the gate and dielectric layer above the active layer. Coplanar vs. staggered describes

the location of the source and drain contacts relative to the gate. In coplanar TFTs, the

source and drain contacts are on the same side of the active region as the gate contact. In

staggered structures, the source and drain contacts are on the opposite side of the active

region compared to the gate contact.

Figure 4: Illustration of the different a-Si:H structures. [12]

The most popular configuration for a-Si:H is the inverted staggered configuration. The

reason for this is because the gate dielectric which is commonly used is SiN. When silicon

nitride is deposited by PECVD, the starting material is of very low quality, and its quality

improves as it is grown thicker. Thus if SiN is grown on top of an active layer, the interface

(which is where conduction occurs) will have many defects. This will lead to poor mobility

and conduction in the channel, as well as increased susceptibility to gate bias stress effects.

Thus, the gate is patterned first on the substrate, then the SiN layer is deposited, and then

10
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the active layer is deposited. This leads to an improved interface and improved mobility

(< 1 cm2 V −1 s−1). Finally, the gate metal is deposited.

11
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4 Nanocrystalline and microcrystalline TFTs

Nanocrystalline Silicon (nc-Si) TFTs are a part of relatively new research, mainly in the

last five years. Solar research using nc-Si has been going on for much longer however. This

section will introduce the processing techniques for nc-Si devices, and then it will review

some of the literature on nc-Si device physics and transport modelling and summarize the

attempts to model the devices. One model suitable for use with Simulation Program with

Integrated Circuits Emphasis (SPICE) software will be discussed, which is an alteration of

a popular a-Si:H model.

4.1 Device Structure and Fabrication

During growth of nc-Si, the initial growth phase is normally amorphous. This amorphous

phase can be in the range of 10 nm for films grown using electron cyclotron resonance chem-

ical vapour deposition Electron Cyclotron Resonance Chemical Vapor Deposition (ECR-

CVD) [13], and similarily for PECVD and Hot-wire Chemical Vapour Deposition (HWCVD).

This is most common when depositing on glass substrates, due to the amorphous nature of

the glass, but also because of the low temperatures normally used in deposition on glass,

which favours the amorphous phase [14]. Small crystallites will form near the surface how-

ever, and during the growth, the crystals can grow upwards and laterally, sometimes forming

columnar-like or cone-like grains. It is has been proven experimentally that in all cases, crys-

tallinity, and hence mobility, free carriers, and conductivity of the nc-Si film increases as the

film becomes thicker [15, 2]. In fact Cheng and Wagner have exploited this fact by growing a

thick “seed” layer on top of their substrate first, and then growing the active layer on top of

this after source/drain patterning to avoid the initial amorphous growth regime in the active

layer [16]. Usually, nc-Si TFTs are fabricated in a top-gate configuration, like that shown in

Figure 5 so that the channel is formed at the top of the nc-Si film, where the crystallinity

is highest. Bottom-gate TFTs have an active channel formed near the bottom of the nc-Si

12
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Figure 5: Top-gate TFT structure TFT with bottom source and drain [17].

film. Since this channel is almost invariably of low crystallinity and in most cases purely

amorphous, it is almost never considered. The only process which requires bottom-gate

TFTs is the a-Si:H process, and it is unlikely that nc-Si will ever need to be integrated with

a a-Si:H process, as they are somewhat mutually exclusive.

There are many research groups who use a simpler, modified bottom gate technique,

whereby they deposit a dielectric on top of a c-Si wafer, and then a nc-Si layer. The c-Si

substrate then acts as a gate. These devices almost invariably lead to very low mobility

devices, on the order of 1 cm2 V −1 s−1, which is comparable to the best a-Si:H devices. This

is a direct result of the fact that the initial nc-Si film growth is almost always amorphous,

so in these bottom-gate devices, the channel is formed in a a-Si:H material which has the

low mobility due to the high density of band tail states.

There are several different top-gate structures which can be fabricated. Research into

nc-Si TFTs is pursued almost exclusively by the Princeton group let by Sigurd Wagner6.

Some examples of the types of structures being used in research are: staggered top-gate,

bottom source/drain [16] (see Figure 5) and coplanar top-gate, top source/drain [2] (see

Figure 6). The bottom source/drain structure can be made with or without the intrinsic

seed layer. The top source/drain method has a small processing problem, whereby the active

channel can easily be over-etched during the patterning of the source and drain contacts.

6There are some other groups such as Pennsylvania State University, University of Waterloo, University
of Catalunya, and University of Michigan, however, S. Wagner’s group has more papers on nc-Si TFTs than
anyone else

13



David J. Grant Physics and Modelling of nc-Si

Figure 6: Top-gate TFT structure [17]

The bottom source/drain does not have this problem since it is never in contact with the

etching chemicals.

4.2 Device Physics and Conduction Mechanism in nc-Si

Conduction in nc-Si is still somewhat of a mystery. There are many different theories which

attempt to explain the conduction mechanisms in nc-Si. Some theories suggest that the

amorphous material dominates the conduction mechanism, others think that the crystalline

grains dominate conduction, and there are other theories between these two. A sampling

of the present research will be presented here in the following sub-sections along with some

interpretation and discussion.

4.2.1 Tunnelling Transport Model - Transport Dominated by Crystalline Silicon

Phase

Given the fact that the crystalline grains are often columnar in nature, and conduction in

devices often occurs in the coplanar arrangement, one particular model, assumes a simple

one-dimensional energy band model. The model of the nc-Si consists of a sequence of c-Si

regions and a-Si:H regions with an interface between them. The energy-band diagram is

shown in Figure 7. The valence band separation in a-Si:H versus c-Si has been determined

experimental through previous research, and the conduction band separation is inferred

from the band gaps of c-Si and a-Si:H which are 1.1 and ≈ 1.7 eV respectively. These are

actually quite approximate and the authors did not calculate these values precisely for their

14
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Figure 7: Energy band structure of transport model for nc-Si [18]

material, which could lead to numerical errors, since the energy values frequently appear

in the argument of exponentials. It is possible to have many dangling silicon bond defects

at the interfaces between the crystalline and amorphous material [19]; however, most of

these dangling bonds can be passivated with hydrogen, and so this interface states can be

neglected.

The grain size (L) used in the model can be found experimentally by X-Ray Diffraction

(XRD) [20]. The value of (S) is no doubt related to the crystalline fraction in the sample,

which can be determined from Raman spectroscopy [21], by computing the ratio of the well-

defined crystalline peak integral to the integration of the other amorphous peaks. However,

some have called into doubt the use of Raman spectroscopy and that it must be used in

combination with XRD and High-Resolution Transmission Electron Microscopy (HRTEM)

or not at all [22].

In [18], they take this representation of the material and analyse their experimental

results of Dark Conductivity (σd) as a function of temperature. Three different forms of

current were assumed: thermionic emission of carriers over the barriers, quantum tunnelling

through the a-Si:H barriers, and Variable Range Hopping (VRH) between localized states.
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The first two currents are each modelling respectively using the following equations:

Je = J0e exp
(

−
E1

kT

)

(2)

Jt = J0t exp
(

−
E1

kT

)

, (3)

which comes from simple Boltzmann statistics where E1 is as shown in Figure 7. Also,

J0e = A∗T 2fse exp
(

−∆Ec

kT

)

and (4)

J0t = A∗T 2t2 sinh
(

V

2kT

)

, (5)

where A∗ is the Richardson-Fermi constant (260 Acm−2K−2) for electrons in silicon. fse is

related to a phonon scattering and interface effects, which reduces the current. fse = 0.1

is assumed in [18]. V is the bias voltage, and t is the quantum tunneling transmission

coefficient which can be found in [23]. The results show that the thermionic emission current,

Je is independant on the barrier width, S, whereas Jt is strongly dependant, and becomes

negligible when S is about > 5 nm. The VRH current is only important at very low

temperatures when Jt and Je decay to almost zero. Some experimental data has been fitted

using this model, and is shown in Figure 8. The data in the first graph is not fit very well,

and so and extra curve fit was used in the mid-temperature range. An extra activation

energy of 0.15 eV was used, and this is most likely due to oxygen contamination, which acts

as an n-type dopant. In 8, the tunneling current model appears to be validated, as the data

is fitted well in all temperature regions, and the currents increased as the crystallinity was

increased, from curve H55 to H53 and then H56. There is other evidence in the literature

that the tunnelling model is appropriate. The model above is fairly general, and does not

assume a priori the material’s Xc or the temperature. For example, if the grain sizes are

very small, tunnelling will be become negligible, however, the thermionic emission current

will remain. The same is true for temperature, thermionic temperature will be affected one

way or another, but tunnelling will not change.
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Figure 8: Experimental and curve fitted data showing conductivity temperature dependence
for Hot-wire Chemical Vapour Deposition (HWCVD) samples (above) and Plasma-Enhanced
Chemical Vapour Deposition (PECVD) samples below.[18].
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Other research, however, considers the a-Si:H regions as insulating material, and only

consider the crystalline grains [24]. Yuliang He7 noticed that the conductivity actually

increased exponentially when the Crystalline Fraction (Xc) was increased, but also when

the average grain-size was decreased (while keeping Xc constant). This lead He to believe

that the conduction mechanism was in fact quantum mechanical, since when the grain-size

is decreased, this would mean the insulating a-Si:H between the grains would also decrease

in thickness. He treats nanocrystalline grains as quantum dots and similar to the model in

Figure 7, some energy band gaps were assumed. Single electrons have ballistic motion inside

the grains and tunnel through the interface barriers to form the conduction route [25]. He has

developed a complex model for the mobility and conductivity based on the conductivities of

the individual phases (a-Si:H and c-Si) and it shows good agreement with the experimental

data. It has been found that this model only works for nc-Si with 30% < Xc < 70% [24].

4.2.2 Percolation Theory of Conduction - Conduction Dominated by Amor-

phous Silicon Phase

Percolation theory is a theory which is used to describe varying numbers of connections in

a random network. Take for example an L × L array of holes on a substrate, as shown in

Figure 9. One deposits small dots of metal, which can only sit in the holes on the substrate.

Conduction can occur between the metal dots, because when two adjacent holes are filled

with a metal dot, they just barely touch each other, thus allowing conduction to occur

between them. Groups of touching metal dots are called “clusters”. A cluster which extends

from one end of the array to the other is called a “spanning cluster” (see Figure 9). When

you first begin depositing metal dots, there can be no conduction. There cannot be any

conduction until at least L dots have been deposited; however, the statistical probability of

the L dots aligning themselves to form a spanning cluster. Many more metal dots will need

to be deposited before the probability of a spanning cluster becomes significant. At some

7“He” is the person’s last name
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point there will be an exponential increase in the conduction. This critical point is called

the percolation threshold, below which no conduction can occur.

Figure 9: Illustration of percolation theory in an L× L array [26]

Percolation theory has been used to try to explain conduction in nc-Si. It may not seem

very useful for modelling conduction; however, if the a-Si:H material does play a role in the

conduction, then some researchers believe that a percolation threshold will be observed, as

Xc is increased. In other words, a sharp increase in conductivity should be seen when the

Xc is increased. If no threshold exists, then the a-Si:H material supposedly plays no role in

conduction. The existence of a percolation threshold has been a hotly debated topic.

Wyrsch [27] found a percolation threshold at Xc = 50%, however, this was a not a true

threshold, but a threshold caused by an increased oxygen contamination at this crystallinity

value. Oxygen acts as a donor in a-Si:H, so that explained the increase in conductivity. [28]

found a percolation threshold at Xc = 30%. An effective medium approach was then used

to justify the existence of this threshold.
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4.2.3 Conduction Limited by Defects Within the Crystallites

In [5], it was determined that the transport was limited by the defects within the crystallites.

The transport properties of nc-Si were studied using time resolved microwave conductivity

(TRMC) and Hall measurements. The carrier mobilities measured, show that trapping in

the disordered a-Si:H region is not the limited transport mechanism. It was determined

that in fact transport in nc-Si is limited by defects inside the crystallites [5]. This seems

reasonable, because it is well known, they the crystallites do have a high number lattice

defects, when the processing quality is not perfect. For example, reducing ion bombardment

and using fluorinated or chlorinated gases during film deposition has been known to decrease

the inter-grain defects, and improve performance.

4.3 Modified a-Si:H SPICE Model for use with nc-Si Devices

In the text below will follow a discussion of a nc-Si TFT model from Dosev [6, 1]. This model

is significant for several reasons. Firstly, it is the only model suitable for SPICE which has

been proposed so far. Secondly, it is based on a model which is widely used by many groups,

and that is the model of Shur and Slade [10] for a-Si:H TFTs. The Shur and Slade model

dates back to work done by Shur and Hack in 1984 [29] and 1989 [30]. In 1997 they tested

their models using TFTs from a number of different foundries and obtained achieved good

results [31].

The model in [6] claims to be a ”physically-based analytical” model, however, it is not

purely physical and has not yet proven to work with a large variety of nc-Si processed

materials, or a large variety of Xc values. In fact their test samples were nc-Si TFTs with

µn = 1 cm2 V −1 s−1 which is comparable to the best a-Si:H TFTs.

Essentially, the current a-Si:H model was studied, and compared to the transfer charac-

teristics of nc-Si. Several differences were noticed, mostly in the upper VGS regime. These

changes were then accounted for my modifying the a-Si:H models in [10] to include a new

regime, and some new parameters.
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There are of course many similarities between the characteristics of nc-Si and a-Si:H

TFTs. Firstly, in nc-Si TFTs there is a difference between Vt and VON as for a-Si:H. The

reason for this behaviour was discussed in Section 3.1.2. VON is the value of VGS at which

carriers begin to accumulate in the channel, as evidenced by Cgc vs. VGS curves, while Vt is

found from the knee voltage of ID vs. VGS curves.

It makes sense that the behaviour of nc-Si would most closely resemble a-Si:H as opposed

to poly-Si, at least for fairly low values of Xc, because a-Si:H is the slowest and most defective

part of the nc-Si structure. Also, it would make sense that nc-Si would resemble a-Si:H in the

low-VGS regime, since in this region, the characteristics of the band-gap and/or deep-defect

states dominate.

The main difference that was noticed when the nc-Si characteristics were compared with

the a-Si:H model from [10] was a quadratic dependance of the drain current (IDS) on VGS as

opposed to the usual linear relationship for a-Si:H, as shown in Figure 10. The nc-Si material

used for the TFTs in the following figures was grown using HWCVD had an estimated grain

size of 8 nm [6]. A graph of log(IDS) vs. VGS shows the the a-Si:H model fits the nc-Si data

Figure 10: Measured transfer characteristics of a nc-Si TFT and modelled curve using the
a-Si:H model [6]

.

very well in the sub-threshold region as seen in Figure 11.

What was noticed, is that at VGS = 17 V , the a-Si:H model no longer fits with the
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Figure 11: Measured log-linear transfer characteristics of a nc-Si TFT and modelled curve
using the a-Si:H model [6]

nc-Si data. This can be fixed by simply altering the expression for mobility used in the

above-threshold regime. In the a-Si:H models, almost all the carriers are trapped in the

localized states. In these localized states, the mobility is very low. Most of the carriers

that accumulate in the channel of a TFT are excited into the localized band tail states, as

opposed to pure c-Si MOSFETs where all accumulated electrons go straight into the “true”

conduction band. In the a-Si:H model from [10], the drain current in the above-threshold

regime is described as follows:

Iabv = µFETCi
W

L
(VGS − VT0)VDSe(1 + λVDS) (6)

where µFET is the total electron mobility, taking into account all the electrons, Ci is the

gate dielectric capacitance, W and L are the width and length of the active a-Si:H channel,

VGS is the gate-to-source voltage, VT0 is the threshold voltage, VDse is the effective drain-to-

source voltage, λ is the channel-length modulation parameter, and VDS is the drain-to-source

voltage.
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4.3.1 Modified Channel Mobility

In a-Si:H devices the mobility µFET is a function of the band mobility, and the number of

states which are actually promoted to the extended conduction band states, as follows:

µFET = µn ·
nfree
ninduced

= µn ·
nfree

nfree + ntrapped
(7)

where µn is the band mobility (or the mobility in the extended states). µFET is normally a

very weak function of the gate voltage, and Shur [10] models it is modelled as:

µFET = µn

(

VGS − Vt
VAA

)γ

, (8)

where VAA and γ are parameters to be extracted from current transfer curves. For nc-Si,

the mobility is a stronger function of VGS because the ntrapped states become filled at a much

lower gate voltage, and the number of filled nfree states increases approximately linearly with

the gate voltage after that. Thus nfree behaves similarily to a c-Si MOSFET, as follows:

nfree =
ε

qd
(VG − Vtr), (9)

where ε is the dielectric permittivity, q is the elementary charge, and d is the dielectric

thickness. Vtr is the so-called transitional voltage, and is approximately the point where all

the ntrapped become filled. The mobility is thus linearly dependant on the gate voltage, as

µFET = µnM(VGS − V tr), (10)

where M is a linear dependence coefficient. This relationship will hold, until nfree À ntrapped

and µFET will become essentially µn. Dosev reports a µn of about 1 cm2 V −1 s−1, and since

this is very similar to the mobility obtained for a high-quality a-Si:H device, he concludes

that the grain boundaries are responsible for the material properties. Other groups report
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higher values of µn of at least an order of magnitude. The material Dosev used is probably

of lower quality, as they measured only 0.6 cm2 V −1 s−1 at VGS = 40 V . They also used a

bottom-gate TFT configuration with an active layer grown with HWCVD. Without knowing

the performance of a-Si:H in the same device geometry, it is difficult to say if Dosev’s device

mobility is limited by the grain boundaries.

Using equation 10 and substituting this into the drain current equation in the above-

threshold regime (equation 6), one gets a quadratic dependence of the drain current on the

gate voltage. The region above Vtr actually exists for all a-Si:H TFTs as well, however, the

values of Vtr are usually too high (around 100 V ) for this region of operation to ever be

considered in a model [6].

4.3.2 Drain Current Equations

As mentioned above, using the modified µFET formula (Equation 10), gives a quadratic

dependance of the current on VGS. In addition to this quadratic-dependent current, there

is also the a-Si:H linear-dependant interface, away from the interface, where there is less

accumulation of free carriers into the extended states. The above threshold regime is slightly

modified from that shown in Equation 6, and a new regime is defined, since this behaviour

only occurs for VGS greater than a certain value, as shown in Figures 10 and 11. The new

regime is called the transition regime, and its current component is included in the SPICE

model when V > Vtr. The total current is given by:

IDS = Ileak +
(

1

Isub
+

1

Iabv + Itr

)−1

, (11)

where Itr is the transitional regime current (with V 2
GS dependency) and Iabv is the standard a-

Si:H above-threshold current (with VGS dependency). The current equation for the transition

regime is as follows:

Itr =
1

2
µnCi

W

L
VDSe(1 + λVDS) ·M · V

2+D
Gtre (12)
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VGtre = Vth ·





1 +
VGtr

2Vth
+

√

√

√

√δ2 +
(

VGtr

2Vth
− 1

)2





 (13)

VGtr = VGS − VtrVDSe =
VDS

[

1 +
(

VDS

Vsate

)msat
]1/msat

(14)

Vsate = αsatVGTe (15)

Ci = εiε0di (16)

The astute reader would notice that the current will have a quadratic dependency on

VGS up to VGS → ∞ which clearly is not correct. Actually, eventually, µFET will reach µn

asymptotically as described above, referring to Equation 7, and the current will be linear

with respect to VGS as in a Level 1 MOSFET SPICE model.

Most parameters in the equation above are similar to MOSFET models and a-Si:H mod-

els. The parameters will be discussed below:

1. Ci is the dielectric capacitance per unit area. Normally silicon dioxide is used for top-

gate TFTs, and silicon nitride is used for bottom-gate TFTs, however, this is not a

steadfast rule.

2. µn is the band mobility. This is the maximum mobility of electron carriers in the

device’s extended states. For nc-Si devices is would have a value between 1 cm2 V −1 s−1

and 40 cm2 V −1 s−1. However, devices with mobilities of up to 40 cm2 V −1 s−1 would

probably not be represented well by this model, since they would be closer to poly-Si

devices.

3. VDSe is an effective drain-source voltage. This models the reduction of the effective

drain-to-source voltage in the channel.

4. α determines the drain voltage at which saturation occurs.

5. Vsate the effective saturation drain voltage

6. msat is a knee shape parameter for the saturation regime
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7. λ is the channel-length modulation parameter

8. VGTe is the effective gate voltage.

9. δ is the transition width parameter. Determined empirically, it describes the width of

the transition regime. When δ = 0, VGTe = VGTr = VGS − Vtr.

10. Vth is the threshold voltage.

11. M is the mobility vs. VGS linear dependance coefficient, as shown in Equation 10.

12. D is an empirical power law correction parameter for the quadratic VGS dependance.

13. Vtr is the transition voltage, where the TFTs transconductance changes from constant

to linear, or when the IDS vs. VGS curves change from linear to quadratic.

The entire SPICE model equations for the model described above is given in Appendix

A. A listing of all model parameters as well some default values are also given.

There is no reason to suspect the Dosev’s model would not work for materials with

higher band mobility (or extended states’ mobility). For device with mobilities at least up

to 10 cm2 V −1 s−1, this model should model the device characteristics relatively well. For

higher values of Xc, however, devices begin to approach a poly-Si type structure, and the

approach to modelling these devices should be different from that used above. A “crystalline”

regime could be added to this model, or these type of devices could be modelled using existing

poly-Si models [10] or from device physics by assuming large c-Si grains and grain boundaries

between them.
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5 Conclusion

Any discussion about electronic transport in nc-Si will lead to the question: which part

of the material limits the conduction, and thus dominates the conduction mechanism? It

is normally the slowest part of the material which limits the conduction. In a classic pn-

junction, for example, the minority carrier diffusion dominates the current because it can

provide the least current. In the opinion of the author there are four possible choices for the

limiting conduction in nc-Si:

1. The a-Si:H “tissue”

2. The nc-Si crystalline silicon “grains”

3. The sometimes highly defective grain boundaries

4. Crystal defects within the c-Si grains themselves.

It is impossible to answer this question of what limits conduction in nc-Si without knowing

many things about the material in question. It would also be impossible to model a device

made out of such a material without first making some assumptions about it. There are

so many different varities of nc-Si each produced in a different lab, by different researchers,

all with slightly different properties. The current state of the research is that there is no

clear answer for how conduction in nc-Si occurs exactly. There are so many processing

variables, not to mention that the fact that the composition of the active nc-Si active layers

vary with thickness, and the current path in TFTs is almost always two-dimensional. nc-Si

could certainly benefit from more research into the physics and modelling of the device,

because clearly this is an unresolved problem; however, there are some models which fit the

experimental data fairly well, which is a good first step. When these devices can finally be

processed with good characteristics and can be modelled accurately, this will usher in a new

era of thin-film, large-area flexible electronics.
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Appendix

A Complete nc-Si SPICE model equations [1]

Equation for total current:

IDS = Ileak +
(

1

Isub
+

1

Iabv + Itr

)−1

(17)

Above threshold regime:

Iabv = µFETCi
W

L
VDSe(1 + λVDS) · VGTe (18)

VGTe = Vth ·






1 +

VGT

2Vth
+

√

√

√

√δ2 +
(

VGT

2Vth
− 1

)2






(19)

VGT = VGS − VT0 (20)

µFET = µn

(

VGTe

VAA

)γ

(21)

VDSe =
VDS

[

1 +
(

VDS

Vsate

)msat
]1/msat

(22)

Vsate = αsatVGTe (23)

Ci = εiε0di (24)

Transitional regime:

Itr =
1

2
µnCi

W

L
VDSe(1 + λVDS) ·M · V

2+D
Gtre (25)

VGtre = Vth ·





1 +
VGtr

2Vth
+

√

√

√

√δ2 +
(

VGtr

2Vth
− 1

)2





 (26)

VGtr = VGS − Vtr (27)
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Subthreshold regime:

Isub = qµn
W

L
VDSens0

[(

tm
di

)(

VGFBe

V2

)(

εi
εs

)]

2V2

Ve

(28)

ns0 = NCtm

(

Ve
di

)

exp

(

−dEF0

Vth

)

(29)

VGFBe = Vth ·





1 +
VGFB

2Vth
+

√

√

√

√δ2 +
(

VGFB

2Vth
− 1

)2





 (30)

VGFB = VGS − VFB (31)

tm =

√

εsε0
2q · gmin

(32)

Ve =
2V2Vth0

2V2 − Vth
(33)

Leakage regime:

Ileak = I0L

[

exp
(

VDS

VdsL

)

− 1
]

exp
(

−VGS

VGL

)

+ σ · VDS (34)
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A.1 nc-Si SPICE model parameters

The table of SPICE model parameters is given in Table 1 below.

Table 1: Table of SPICE model parameters [1]
Symbol Description Suggested Value
VT0 Threshold voltage varies
Vtr Transitional voltage varies
M Transitional regime parameter 0.25
D Quadratic law correction parameter −0.07
γ Power law mobility parameter 0.16
VAA Characteristic voltage for µFET 370000
α Saturation parameter 0.23
λ Channel length modulation parameter 5× 10−5

δ Transition width parameter 2
msat Knee shape parameter 1.5
VFB Flat band voltage varies
V2 Characteristic voltage for deep states 0.18
Vth Thermal voltage 0.02
Vth0 Thermal voltage at room temperature 0.02
I0L Zero-bias leakage current varies
VdsL Vds leakage dependence 13
VGL Vgs leakage dependence 10
σ0 Minimum current varies
µn Band mobility varies
di Oxide thickness varies
gmin Minimum DOS 8× 1023

dEF0 Dark Fermi level position 0.83
εi Relative permitivity of gate dielectric 3.9
εs Relative permitivity of intrinsic nc-Si 11.8
NC Effective conduction band DOS 1× 1027
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A. Poruba, and J. Tousek. Transport anisotropy in microcrystalline silicon studied by
measurement of ambipolar diffusion length. Journal of Applied Physics, 89(3):1800–
1805, February 2001.

[4] I-Chun Cheng, Sigurd Wagner, and Marcelo Mulato. Thin film transistors with electron
mobility of 40 cm2 V −1 s−1 made from directly deposited intrinsic microcrystalline
silicon. In R.W. Collins, H.M. Branz, S. Guha, H. Okamoto, and M. Stutzmann, editors,
Amorphous and Heterogeneous Silicon Thin Films, volume 609 of Materials Research
Society Symposium Proceedings. Materials Research Society, 2000.

[5] R. Brenot, R. Vanderhaghen, B. Drévillon, P. Roca i Caborrocas, R. Rogel, and
T. Mohammed-Brahim. Transport mechanisms in hydrogenated microcrystalline sil-
icon. Thin Solid Films, 383:53–56, 2001.

[6] D. Dosev, T. Ytterdal, J. Pallares, L. F. Marsal, and B. Iñ́iguez. DC SPICE model
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