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ABSTRACT 

Hydrogenated amorphous silicon thin-film transistors (a-Si:H TFTs) are 

widely used as switching elements in active matrix liquid crystal displays 

(AMLCOs). The density of states (~OS) in the mobility gap of a-Si:H has an essen

tial role in the characteristics of thin-film transistors and other devices made in this 

material. The quality of a-Si:H film depends on the method and conditions of deposi

tion and is variable from sample to sample. In this work some electrical properties of 

a-Si:H, with the idea of a thin-film transistor application, are studied. The steady

state space-charge limited current (SCLC) method is used to investigate the density 

of states in the mobility gap of a-Si:H. The field effect mobility of electrons is meas

ured and the metal a-Si:H contacts are studied. The work also consists of computer 

simulation of both vertical thin-film transistor (VTFT), and space-charge limited cur

rents. 

The work includes a review of amorphous silicon, its history, electronic struc

ture, methods of preparation, and applications, and a review of thin film transistors, 

including history, materials, and structures. The properties and processing steps of a 

vertical thin-film transistor (VTFT) are demonstrated. 

The theory of space-charge limited current for multiple trap levels is estab

lished. The steady-state SCLC of a-Si:H is simulated using the Medici device simula

tion package. The effect of single and multiple traps, film thickness, temperature, etc. 

on the current-voltage characteristics is also studied. 

The /- V characteristics of intrinsic a-Si:H deposited on n-type crystalline sili

con was measured at room temperature and at low temperatures in a nitrogen cryostat 
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Abstract 

using different metal contacts. The intrinsic a-Si:H makes rectifying contacts with 

most of metals. The forward current is space-charge limited, and the thermionic 

emission conduction process is dominant under the reverse bias. The steady-state 

SCLC is used to investigate the density of states in the mobility gap of a-Si:H by dif

ferent methods. The barrier height at the metal a-Si:H contact is calculated using the 

reverse current. 

The field effect mobility of electrons in a-Si:H was measured using a struc

ture similar to that of an inverted-staggered TFT. The variation of field effect mobil

ity with gate voltage is studied. The field effect mobility has also been calculated 

from the frequency dependence of drain current. 

A vertical a-Si:H TFT was simulated using the Medici simulation package. 

Different sets of traps derived from SCLC measurement were used in a-Si:H and the 

effect of traps, channel length, thickness of gate oxide, and thickness of semiconduc

tor etc. on device characteristics were studied. 
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CHAPTER ONE 

INTRODUCTION 

In 1947 amorphous silicon (a-Si) was first reported by Haas [1], and in 1969 

Chittick, Alexander, and Sterling made hydrogenated amorphous silicon (a-Si:H) for 

the first time [2]. A-Si:H has become the favoured material for the thin-film transis

tors (TFTs). Because of high defect states, unhydrogenated a-Si does not have the 

more desirable characteristics of a useful semiconductor. It was shown that introduc

ing hydrogen in amorphous silicon reduces the defect states by removing dangling 

bonds, resulting in a material with high photoconductivity, good electrical transport 

properties, and with the possibility of doping [3, 4]. The means of doping the mate

rial was recognized by Spear and Le Comber [5], and this made possible the use of a

Si:H in the electronic devices, rapidly increasing the interest in this material. 

The density of states (DOS) in the mobility gap of a-Si:H has an important 

role in the operation of a-Si:H devices. Many researchers have investigated the DOS 

in the bandgap of a-Si:H by different methods, such as deep level transient spectros

copy (DLTS) [6, 7], field effect (FE) [8-10], space-charge limited current (SCLC) 

[11-27], and some other methods such as capacitance-voltage, capacitance-frequency, 
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Chapter 1. Introduction 

and capacitance-temperature measurements, etc. [24, 28]. The steady-state SCLC 

method is less dependent on the surface states and is more suitable for determination 

of the bulk density of states in intrinsic a-Si:H [29]. 

The first application of a-Si:H was in photovoltaic devices [30]. Just few 

years later, the first a-Si:H thin-film transistor was fabricated and was used as a 

switching element in the active matrix liquid crystal displays (AMLCD) [31]. Before 

that, CdSe was the main material used in thin-film transistor technology [32, 33]. 

CdSe TFTs present high electron mobility, and as a result, high operation speed, but 

it encountered some serious problems such as stability and toxicity problems [34]. 

Polycrystalline silicon or polysilicon (poly-Si) is another important semiconductor 

material for TFTs. It has the advantage of high carrier mobility, however, the high 

leakage current of poly-Si TFTs is a serious problem in their usage as pixel elements 

in AMLCDs [35-39]. Despite its low carrier mobility, a-Si:H is used to produce the 

pixel TFT in active matrix displays. This is because of its low leakage current and the 

fact that it can be deposited over large areas at low temperatures. 

The switching speed of ideal TFTs is proportional to j.J/L
2

, where p is the car

rier mobility and L is the channel length. There are two simultaneous efforts to im

prove the speed of a-Si:H TFTs. One effort is to increase the field effect mobility by 

improving the quality of semiconductor material and insulator interface. Electron 

field effect mobility as high as 5.1 cm
2
V-

1
s-

1 
has been reported [40]. Another and 

more effective method is to reduce the channel length by improving the lithography 

techniques. Introducing vertical TFTs (VTFT) is an efficient way to overcome the 

lithography limitations, in which the channel length can be reduced to submicron 

measures, independent of the accuracy of lithography equipment. It also reduces the 

active capacitances. 

Among the methods of deposition of a-Si:H, plasma enhanced chemical 

vapour deposition (PECVD) or glow discharge (GD) decomposition of silane gas is 

the most common. As deposition takes place at rather low temperatures, a-Si:H can 

be deposited on cheap glass substrates. This is one of the main advantages of a-Si:H 

TFTs compared to their poly-Si counterparts. The inverted-staggered structure with 

silicon nitride as insulator is the most common planar structure used for a-Si:H TFTs. 
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Chapter 1. Introduction 

This structure allows silicon nitride, intrinsic a-Si:H film, and n + a-Si:H contact 

layers to be deposited successively in the same chamber. 

The work presented in this thesis details the investigation of some major 

properties of a-Si:H, such as density of states, free electron mobility, field effect mo

bility, etc. that have essential roles in a-Si:H TFTs. The data so derived are then used 

in computer modelling of a vertical a-Si:H TFT, to achieve a better understanding of 

the device operation. Steady-state SCLC is the method used in this work to investi

gate the density of states. The SCLC of a-Si:H was simulated as an evaluation of va

lidity of methods. 

1.1 MOTIVATION AND THESIS ORGANIZATION 

The material and the structure are two key issues in any electronic device. Al

though about half a century has passed since the first arrival of amorphous silicon, 

this material and its application in electronic devices have always been of central in

terest. Therefore, it is appropriate to provide a brief description of a-Si:H and its ap

plications. Chapter 2 deals with a review of a-Si:H, its electronic structure, methods 

of preparation, and its application, especially in thin-film transistors. 

The steady-state space-charge limited current has extensively been used to 

investigate the density of states in the mobility gap of amorphous silicon. The meth

ods of investigation are based on the shape of the logarithmic plot of J- V characteris

tics. The theory of steady-state SCLC [41,42] has been extended to the case ofmul

tiple traps. An a-Si:H specimen has been simulated and the effect of density and en

ergy level of traps, temperature, etc. on the J- V characteristics is analyzed in chap

ter 3. 

It is shown that the dominant conduction process in the bulk of a-Si:H is 

space-charge limited. In chapter 4, the J-V characteristics of a-Si:H, measured at dif

ferent temperatures, are analyzed using different methods. The experimental data are 

also compared to the simulation results presented in chapter 3. 

Metal-semiconductor contacts are among the important Issues III a-Si:H 

devices. They have important potential for drain and source contacts in thin-film 
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Chapter I. Introduction 

transistors. Due to surface states, intrinsic a-Si:H makes a rectifying contact with 

nearly all metals [43-46]. Chapter 5 addresses this issue. The J- V characteristics of 

metal a-Si:H contact are measured using different metals and at different 

temperatures. The results show that the space-charge limited current is the dominant 

in forward bias, while in the reverse the dominant conduction process is thermionic 

emISSIon. 

The drain current in thin-film transistors is proportional to field effect mobil

ity. The presence of surface states means that this quantity is usually smaller than the 

bulk free carrier mobility. Using an a-Si:H structure similar to the inverted-staggered 

TFT, the field effect mobility is calculated from the measured characteristics. The 

methods and results are discussed in chapter 6. 

Computer simulation prior to the fabrication of device is a useful method in 

which the effect of various parameters on the device characteristics can be traced and 

analyzed. In chapter 7, a vertical a-Si:H TFT is simulated using the Medici device 

simulation package. The traps derived from the SCLC of a-Si:H discussed in chapter 

4 are used in the model. The effect of different parameters such as density and energy 

level of traps, channel length; thickness of gate oxide, etc. on the characteristics of a 

device is investigated. 

The last chapter, chapter 8, is dedicated to conclusions obtained from this 

work and gives suggestions for further work. 

1.2 EXPERIMENTAL TECHNIQUES USED IN THIS WORK 

Various equipment and experimental tools have been used in this work. The 

a-Si:H samples were prepared in a glow discharge cavity in Cambridge University. 

Silicon dioxide was grown in a high temperature furnace in the presence of oxygen. 

Metal contacts were deposited using a high vacuum evaporator and were annealed in 

a furnace in the presence of forming gas. Conventional photolithography techniques, 

lift-off process and wet etching were used in fabrication of field effect samples. 

The TFT characteristics were measured using a pc-controlled Keithly MOS 

measurement rig. A nitrogen cryostat linked to a pc-controlled Keithly IV rig was 
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Chapter 1. Introduction 

used for temperature dependent SCLC measurement. The pc-controlled Keithly IV 

rig was used for other SCLC measurements. A Fluke 41 OB high voltage power sup

ply, a Tektronix 2430A digital storage oscilloscope, and an ordinary signal generator 

were used for ac field effect measurements. 

The computer simulation of SCLC and the vertical TFT was performed using 

the TMA Medici version 2.0.2, two-dimensional device simulation package on Sun

Unix workstation. The masks for field effect devices were designed using Cadence 

on Sun workstation. 

1.3 CONTRIBUTIONS 

The following contributions were revealed in this thesis: 

• The Steady-state SCLC theory proposed by Lampert and Mark [42] for single 

trap level was extended to multiple trap case. The resulting theory can be used to cal

culate the density of discrete traps. 

• The steady-state SCLC regime was simulated using the Medici device simula

tion package. The effect of traps and other parameters on the SCLC IV plots was in

vestigated and analyzed. 

• The SCLC measurements were applied to very thin a-Si:H films (0.2-0.3 11m) 

and different methods were used to investigate the density of states in the mobility 

gap of a-Si:H. The results obtained from different methods were compared and ana

lyzed. 

• A new structure consisting of an intrinsic a-Si:H film on crystalline silicon (c

Si) substrate, without any n + contact layer was used for SCLC and Schottky contact 

measurements. 

• The IV characteristics of metal contact with a-Si:H were measured. It was 

found that intrinsic a-Si:H makes Schottky contact with all metals used in the ex

periments. The Schottky barrier height was calculated by different methods from the 

experimental data. It was concluded that the barrier height is nearly independent of 

metal work function and depends mainly on the surface states. 
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Chapter 1. Introduction 

• A vertical a-Si:H TFT was modelled using the Medici simulation package. 

The traps found from the SCLC measurements were applied to a-Si:H in this device. 

The effect of traps and other device parameters on the device characteristics were in

vestigated. 
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CHAPTER Two 

HYDROGENATED AMORPHOUS 

SILICON THIN-FILM TRANSISTORS, 

A REVIEW 

2.1 INTRODUCTION 

Hydrogenated amorphous silicon thin-film transistors (a-Si:H TFT) are widely 

used in various applications, especially in large area active matrix liquid crystal dis

plays (AMLCD). The low cost and ability to deposit on large areas at low tempera

ture, makes a-Si:H the most popular material for thin-film transistors. Despite its low 

carrier mobility, the a-Si:H TFT has the advantage of lower leakage current, compar

ing to its main counterpart in polycrystalline silicon, the polysilicon (poly-Si) TFT, 

providing a higher on-off ratio. 

In this chapter, the properties of a-Si:H and its applications are reviewed, with 

emphasis on the application to thin-film transistor manufacture. In the following 
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section, the properties of a-Si:H are described, including the historical background, 

its structure, conduction mechanisms, methods of preparation, and applications. The 

thin-film transistor is reviewed next. In this review, after a brief history, the general 

features of thin-film transistors, the basic materials used in TFTs, their application, 

and their structure are described, with emphasis on vertical structures. 

2.2 PROPERTIES AND ApPLICATIONS OF HYDROGENATED 

AMORPHOUS SILICON 

2.2.1 Historical Background 

The first amorphous semiconductors which were studied were chalcogenides. 

These materials, glasses fonned from the melt by cooling, contain the elements sul

phur, selenium, and tellurium and include As2Se3, GeS2, etc. Their structure is similar 

to the oxides, but they have a smaller band gap [1]. The study of chalcogenides led to 

introduction of xerographic copying machines. The first successful copying machine 

was made in 1956, using selenium as the photoconductive material [1]. In 1968, S. R. 

Ovshinsky used chakogenides for electronic switching [2]. 

Pure amorphous silicon was first reported by Haas in 1947 [3]. In 1958, Rich

ter and Breitling found that, due to the strong covalent bonding force, amorphous sili

con has almost the same tetrahedral short-range order as the crystalline phase [4]. Be

cause of very high defect density, pure amorphous silicon did not have the character

istics required for a useful semiconductor, and this led to introduction of the hydro

genated amorphous silicon [1]. 

Hydrogenated amorphous silicon was first made by Chittick and coworkers in 

UK in 1969, when preparing a-Si by plasma-enhanced decomposition of silane 

gas [5]. Later, Spear's group at the University of Dundee, using field effect experi

ments, found out that the density of states (DOS) in the forbidden band of a-Si:H 

made by glow discharge (GD) deposition technique was reduced [6-8]. The material 

had fairly high carrier mobility [9] and strong photoconductivity [10]. Paul and co

workers at Harvard were the first to recognize the role of hydrogen in amorphous 

11 



Chapter 2. Hydrogenated Amorphous Silicon Thin-Film Transistors, A Review 

silicon [11, 12]. They found out that adding hydrogen to the sputtering system could 

significantly reduce dangling bonds and, as a result, also the defect density in the for

bidden band of amorphous silicon. It was found that the hydrogen gives a similar im

provement in material properties for glow discharge a-Si:H [1]. 

Nand p-type hydrogenated amorphous silicon were developed by Spear and 

coworkers by addition of phosphine and diborane to the deposition gas [13]. The 

doping possibility, which can affect the electrical properties of hydrogenated amor

phous silicon over a wide range, resulted in huge increase in both basic research and 

application development based on this material [6]. 

The first research on a-Si:H devices was in 1976 by Carlson and Wronski at 

RCA laboratories who reported the first solar cell using a-Si:H [14]. In this year, 

Spear and coworkers made the first a-Si:H p-n junction [15]. The first a-Si:H thin 

film transistor and its application to active matrix liquid crystal displays (AMLCD) 

was first reported by Le Comber, Spear, and Gaith in 1979 [16]. The ability to de

posit and process a-Si:H over large areas is the main advantage of these devices. Re

search on large area electronic arrays of a-Si:H devices started in 1981 by the Dundee 

group [17]. Applications include liquid crystal displays, optical scanners, and radia

tion imagers [1]. The application of a-Si:H thin film transistors in memory devices 

was reported in 1982 [18]. 

2.2.2 Electronic Structure of Amorphous Silicon 

The main difference between amorphous and crystalline semiconductors is 

the disorder of atomic structure [1]. In a crystal, atoms are located in a periodic struc

ture and each atom has a covalent bond with its nearest neighbour with a specific 

bond length and bond angle. So crystals are ordered both over short and long dis

tances (short range order and long range order, respectively). Crystals have an elec

tronic structure with abrupt band edges, and in the absence of defects, there are no 

states in the forbidden band. The defects in crystal are mainly due to displacement of 

atoms from crystalline structure such as vacancies and interstitials, or structural de

fects. These defects introduce some states in the band gap. In practical crystalline 
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semiconductors, the defect states are so few that have virtually no effect on the con

duction mechanisms of semiconductors. 

Amorphous semiconductors are not completely disordered. In amorphous ma

terials, there are the same covalent bonds between atoms, the same number of 

neighbours, and the same average bond length and bond angle as in single crystals. 

They have almost the same short range order as single crystals, but do not have long 

range order [1]. A chemical bonding picture of interactions among atoms indicates 

that only the arrangement of nearby atoms (the short range order) will dominate the 

formation of electronic states in the material and its electronic structure [19]. Because 

the electronic structure of amorphous semiconductors are nearly the same as their 

crystalline counterpart, they have a considerable band gap. 

Due to variations of length and angle of bonds arising from long range disor

der, there are some localized states close to the conduction and valence bands of 

amorphous semiconductors that form band tails. So the abrupt band edges in crystal

line semiconductors are replaced by broadened band tails. In spite of relatively low 

concentration of states in band tails, they have an important role in conduction, be

cause electronic transport usually occurs at band edges [1]. 

The localized states in band tails and the extended states in the middle of 

conduction or valence bands are separated by a so-called mobility edge (Ec and Ev)' It 

has been named the mobility edge because at absolute zero temperature only elec

trons above E(. (or holes below E~.) are mobile and can take part in conduction. 

In crystalline semiconductors, the band gap E(j is defined as the separation of 

the conduction and valence band edges Ec and Ev: 

(2.1) 

Because there are not such abrupt band edges in amorphous semiconductors, the 

definition of band gap is not so straightforward. There are different definitions for the 

band gap or the optical gap in amorphous semiconductors. One definition is the 

separation of the conduction band minimum and the valence band maximum with the 

addition of a correction term called the exciton binding energy [20] 
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EG = Er - VBM + E xc' (2.2) 

where the threshold energy Er is the point of maximum slope in the yield spectrum, 

VBM (valence band maximum) is the extrapolation of the steepest descent of the 

leading edge of the valence band spectrum, and Ex, is the core level exciton binding 

energy [20]. The valence band maximum (VBM) and the threshold E1 are usually 

measured using photoelectron spectroscopy (or photoemission) techniques [20]. 

Reichardt, Ley, and Johnson have measured VBM and Er using synchrotron radia

tion [21]. The band gap calculated by them is 0.75 eV for unhydrogenated a-Si and 

0.85 eV, 1.40 eV, and 1.65 eV for a-Si:H with hydrogen content of 10,17, and 50 %, 

respectively. They have used the value of 150 me V for the core level exciton binding 

energy. 

Another technique to derive the optical gap introduced by Tauc, Grigorovici, 

and Vancu, is optical spectroscopy [22]. The value of optical gap derived from ab

sorption edge spectrum of a glow discharge a-Si:H sample prepared at 370°C is be

tween 1.6 to 1.85 eV, depending on the region used for linear extrapolation of the 

Tauc plot [23, 24]. For specimens evaporated or sputtered in the absence of hydro

gen, values of optical gap between 1.2 eV and 1.5 eV have been observed [25-30]. 

The term mobility gap, the separation of the conduction and valence mobility 

edges (Ec; = Ec - Ev)' is widely used in amorphous materials. The mobility gap can be 

measured from the activation energy of the dc conductivity measurements when the 

Fermi level is at midgap [31]. Beyer et al. have measured the mobility gap using this 

technique by studying the conductivity and thermoelectric power in a series of com

pensated a-Si:H films with different Fermi level positions [32]. The mobility gap 

measured by this technique is 1.74 eV which is in close agreement with the optical 

gap of 1.71 eV derived from the Tauc plot, extrapolated at zero temperature [33]. 

This close agreement between the optical gap and the mobility gap suggests that the 

localized state distributions near the mobility edges are relatively narrow (~ 0.1 eV). 

In a-Si:H, the hydrogen content is the main source of variation in the optical 

band-gap. Cody et at. have derived a linear relationship between optical band-gap 
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and hydrogen concentration of 10 to 30% in specimens prepared by RF glow dis

charge or sputtering: 

(2.3) 

where E(j is the optical gap in eV and cH is hydrogen concentration in per cent [24]. 

Matsuda et al. have obtained a similar linear relationship between Er; and cH for vari

ety of films prepared by reactive sputtering or glow discharge at deposition tempera

ture of 300°C with hydrogen concentration of 2 to 17% [34]: 

E(i = 1.48 + 0.0 19cH ' (2.4) 

that agrees well with the relationship derived by Cody et al. 

The optical gap is affected by annealing temperature in two ways: the loss of 

hydrogen with increasing the annealing temperature tends to a lowering of the optical 

gap, while the relaxation of the network lowers the absorption tails that are due to 

defects and thus increases the optical gap [20]. For samples prepared at deposition 

temperature TD ~ 200°C or at high deposition rates, due to high defect density, the 

defect density decreases with annealing by several orders of magnitude and E(i in

creases [35-37]. At an annealing temperature of TA ;::; 300°C the increase is domi

nated by the decrease in E(i due to the loss of hydrogen [37, 38]. For samples pre

pared at high deposition temperatures (TD ~ 200°C), there is no change in EG with 

annealing temperatures below 350°C, and E(j decreases as hydrogen begins to evolve 

above TA ;::; 3"50 °C [35, 39]. The temperature coefficient of the optical gap is 

4.3x104 eVIK [40]. 

In amorphous semiconductors, atoms are situated in a random network and 

each atom has a specific number of bonds with its nearest neighbour, which is called 

coordination [1]. The most important defect in amorphous semiconductors is the co

ordination defect, which an atom has too many or too few bonds (Fig. 2.1). This kind 

of defects introduces some states in the middle of mobility gap (Fig. 2.2). 
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Figure 2. J Coordination defect in amorphous semiconductors (after Street [I}). 
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Figure 2.2 The electronic structure of a typical amorphous semiconductor (after Street [I}). 
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The electronic structure of a typical amorphous semiconductor is shown in 

Fig. 2.2. The states in the middle of mobility gap are due to coordination defects, the 

presence of a forbidden band is because of short range order, and band tails are be

cause of long range disorder. These are the three principal features of amorphous 

semiconductors. 

An understanding of the band tail and gap states in a-Si:H is essential in order 

to understand and control transport and optical properties. There is clear evidence for 

band tails and reasonable agreement for the distribution of states within the tail (at 

least for the conduction band tail) in a-Si:H [40]. The long range disorder of the 

atoms in a-Si:H introduces first strong carrier scattering, which reduces the mobility 

of carriers, and eventually causes localization. In an ordered crystal, the electronic 

states "extend" throughout the crystal with a periodic potential energy. There is a 

constant phase relation between the wavefunction at different lattice sites and the 

wave function has a well defined momentum (1]. Therefore, these states are called 

"extended" states. In an amorphous semiconductor, however, the disordering effect is 

strong enough to cause such frequent scattering that the wavefunction loses phase 

coherence over a distance of one or two atomic spacings. Furthermore, in some states 

close to the band edge there is zero probability for an electron in a particular site to 

diffuse away and these states are "localized" through the material. The extended and 

localized states are separated by a mobility edge at energy Ec (Fig. 2.3) [1]. 

In addition to creating the distinction between extended and localized states, 

the disorder also influences the mobility of the electrons and holes beyond the mobil

ity edge. The carrier mobility is reduced by scattering, which increases with the de

gree of disorder [1]. The carrier mobility under conditions of weak scattering is pro

portional to the carrier mean free path, and the minimum of the latter in a disordered 

solid is the interatomic spacing. The electron mobility calculated for a-Si:H using the 

interatomic spacing for the mean free path is about 2-5 cm 
2 

V·
I 
S·I, which is close to 

the actual value [1]. However, the simple transport equations do not apply to strong 

disorder and the calculation of the mobility and conductivity near the mobility edge is 

complicated [1]. 
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Figure 2.3 The density o/states distribution near the band edge o/an amorphous semicon
ductor. (after Street [I)). 

Adler is against the band-tail interpretation and has argued that a defect re

lated band of states near the band edge is more likely [42]. 

Cohen, Harbison, and Wecht identified a band of defect states just above 

midgap (0.85 eV below the conduction band) as the second electron bound to the 

dangling bond defect [43]. Two peaks in density of states N(E) were found at 0.4 and 

1.2 e V below the conduction band edge using field effect measurements, where the 

lower energy peak is larger by an order of magnitude[44-46]. However, deep-level 

transient spectroscopy (DL TS) measurements indicate a much lower N(E) in the 

gap [47-51], suggesting that the field effect measurements may be influenced by sur

face states [19]. Lang, Cohen, and Harbison found a deep minimum in N(E) between 

OJ and 0.6 eV from the conduction band edge and a broad shoulder of states extend

ing from the valence band edge up to midgap[49]. Photoemission results [52-54] and 

a correlation of conductivity, photoconductivity, and photoluminescence [55] are also 

consistent with a large population of hole-trap states in the lower half of the gap. 

Photoluminescence experiments shows a dominant peak near 1.4 e V below the con

duction band [56, 59]. 

In a-Si:H, because of very low defect states, the surface states play an impor

tant role. The depletion layer width in a-Si:H is in order of 1 ~m, which is around or 
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greater than the typical sample thickness. So, good control of surface is essential for 

an understanding of the electrical properties [41]. 

There are two significant types of surface states in a-Si:H [41]. One of these 

is a fixed charge that can be introduced on the surface, giving strong band bending. 

One source of this fixed charge is adsorbed gas molecules, particularly water vapour 

or NH3 [41]. These surface states can change the conductivity by several orders of 

magnitude [60]. Annealing to 150°C can drive off the adsorbed gas and so remove 

the surface states produced by them [41]. The second type of surface state is a local

ized level within the band gap originating from an a-Si:H defect at the surface or in

terface. This kind of surface states is very important because of their influence on the 

field effect results. The field effect is very sensitive to the way the interface to the 

insulator was prepared, and this is attributed as being due to surface states [41]. 

The position of the Fermi level EF within the band gap depends on the density 

of states, doping, and temperature. In the intrinsic a-Si:H the Fermi level is not situ

ated in the middle of the band gap, because of the difference between the DOS below 

and above Er The Fermi level varies with temperature when it falls in a range of 

nonuniform DOS. In this case, as temperature changes, the number of states filled 

above EF differs from the number of emptied states below Ep according to the Fermi-

Dirac statistics. Therefore, by increasing the temperature, the Fermi level moves in 

the direction of decreasing DOS. This is referred as the statistic shift [20]. The shift 

of the Fermi level with temperature depends on the change in DOS. For a DOS that 

varies linearly in the neighborhood of the Fermi level as 

N(E) = N(E~)+m(E - E~) (2.5) 

the shift in EF is approximately given by [20] 

(2.6) 

where E is energy, N (E) is density of states, E~ = E,.. ( 0) is the Fermi energy level at 

OK, m is a constant, T is temperature, and k = 8.63x 10.
5 

eV K' is the Boltzmann 
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constant. For a density of states that increases by a factor of 100 over 100 me V (4 

kD, the shift in EF between 0 K and room temperature is only about 40 meV [20]. An 

implicit assumption usually made is that EF shifts linearly with T [20, 61]: 

(2.7) 

where /3= 2.2xl0-4 eVIK [31]. 

2.2.3 Role of Hydrogen in Hydrogenated Amorphous Silicon 

As seen in electron spin resonance (ESR) experiments, a-Si produced by sput

tering or evaporation, without hydrogen, contains a large number (~ 10
20 

cm-
3
) of 

dangling bonds [19]. Gap states associated with dangling bonds make a-Si insensitive 

to dopants. When hydrogen is added, hydrogen bonding to the dangling bonds re

moves the singly occupied states from the gap. In terms of the short range chemical 

picture, strong Si-H bonds replace weak Si-Si bonds and terminate dangling bonds 

and thus remove states from the gap [41]. Consequently, the optical gap increases 

with hydrogen content from about 1.5 eV in a-Si to around 2.0 eV at 30% hydrogen 

[56,57]. 

The photoemission experiments [62,63] and theoretical work [64] suggested 

that addition of hydrogen to the a-Si would remove states from the top of the valence 

band that causes widening of the gap. Increasing the hydrogen content yields to fur

ther widening of the gap by removal of states from the valence band edge [65]. This 

suggestion has been confirmed theoretically by comparison of the densities of states 

for structures that contain increasing amounts of hydrogen [66-68]. As hydrogen is 

added, the gap widens by receding the valence band edge as Si-Si bonds are replaced 

by stronger Si-H bonds, but the conduction band edge remains the same. This differ

ence may explain the large asymmetry in electron and hole mobilities, and also other 

observations which indicate a high concentration of states near the valence band 

edge [20]. 
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2.2.4 Conduction Mechanisms in Amorphous Silicon 

Because of the high density of states in the band tails, it is not possible to 

move the Fermi level beyond the mobility edge of amorphous semiconductors. In the 

doped a-Si:H the Fermi level moves into the band tails, but never closer than 0.1 eV 

from the mobility edge. So, there is no metallic conduction in amorphous material. 

There are three conduction mechanisms in the amorphous silicon: 

2.2.4.1 Extended states conduction 

This conduction mechanism is related to the thermally activated carriers in 

the extended states beyond the mobility edge (free carriers). The relationship for the 

conductivity in this case, in the absence of the space charge, uses the same Fermi

Dirac statistics as the crystalline semiconductors: 

where O'oe is the average conductivity beyond the mobility edge [1]. 

2.2.4.2 Band tail conduction 

(2.8) 

At zero temperature, there is no conduction in localized states. However, at 

higher temperatures tunnelling transitions occur between neighbouring localized 

states due to the spatial extent of the wavefunction. Hopping conduction in the band 

tail is given by 

(2.9) 

where ECT is the average energy of the band tail conduction path and is closer to EF 

than is Ec The prefactor O'ot depends on the density of states and the overlap of the 

wave function and is smaller than O'oe' However, the band tail conduction is signifi

cant, particularly at low temperatures where the larger exponential term has more ef

fect than the smaller prefactor [1]. 

2.2.4.3 Hopping conduction at the Fermi level 

Conduction at the Fermi energy level occurs by hopping from site to site 

when the density of states is large enough for significant tunnelling of electrons. The 
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conductivity is small but weakly temperature-dependent and consequently this 

mechanism is dominant at lower temperatures. The conductivity is dependent on the 

defect states at the Fermi level and in a-Si:H where the density of states in the middle 

of the bandgap is very low, hopping conduction is virtually suppressed [1]. 

2.2.5 Preparation of a-Si:H 

There are different methods for preparing a-Si:H among which the glow dis

charge (OD) decomposition of silane gas is the most common method. These meth

ods can be divided in two categories: chemical vapour deposition (CVD) and physi

cal vapour deposition (PVD). 

2.2.5.1 Chemical Vapour Deposition 

All CVD methods for the preparation of amorphous silicon are based on the 

decomposition of a silicon-hydrogen compound from gaseous phase. The following 

equation shows this reaction [6]: 

1 r 
Si(solid) + x- Hm < >SiHx(gaseous). 

m r' 
(2.10) 

The reaction is not only in the direction of deposition (decomposition of the gaseous 

phase) but also in the direction of etching of the solid (formation of the gaseous 

phase). The reaction factors rand r' are influenced by the temperature of the solid or 

gaseous phase, gas pressure, gas flux, etc. [69, 70]. 

The simplest CVD method is the thermal decomposition of silane gas. This 

method is used at high temperatures (above 850°C) to make polycrystalline or 

epitaxial silicon [1]. Amorphous films can be grown in this way if the temperature is 

less than about 550°C, but these films are mostly of low quality because the 

temperature is too high to retain the hydrogen [I]. However, to obtain a sufficient 

deposition rate a substrate temperature more than 500°C must be used [71]. At this 

temperature at most a few percents of hydrogen will be incorporated and a high 

defect a-Si (at higher temperatures also c-Si) will be deposited [6]. To enhance 

quality, post-hydrogenation is necessary [72], but the quality of these films is much 
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lower than GO material. Scott, Plecenik, and Simonyi in a method called 

homogeneous CVD (HOMCVO) used separate thermal decomposition and 

deposition steps at about 650°C and 300 °C respectively [73, 74]. The quality of 

a-Si:H obtained in this way is reasonable but the deposition rate is very low 
-I 

(0.1 ~m hr ). 

The usual method of depositing a-Si:H is the so-called plasma-enhanced 

CVO (PECVD). In this process the plasma is the source of energy to dissociate the 

silane molecule instead of the thermal energy, and so, the deposition can be per

formed at lower temperatures. The first plasma deposition system for amorphous sili

con was developed by Chittick, Alexander, and Sterling, in which a radio frequency 

(RF) induction coil outside a quartz chamber was used to create the plasma [5]. Al

though different plasma techniques have been used, the decomposition of silane in an 

RF GO is the most commonly used method [5, 75, 76]. The RF power can be sup

plied by capacitive or inductive coupling to the reactor chamber. For large area depo

sition, a capacitively coupled system is more suitable [6]. The deposition of the films 

takes place on both electrodes, however, the a-Si:H films obtained on the grounded 

anode have better quality [6]. There are many parameters in the deposition process 

which must be controlled to give good material, such as the reactor design, the proc

ess gas purity, the gas pressure, the gas flow rate, the RF power, and the temperature 

of the substrate [1, 6]. The deposition rate ranges from about 0.1 - 1 nrn S-I and is ap

proximately proportional to the RF power. The hydrogen content ranges from 8 to 

40% and decreases as the substrate temperature is raised. The hydrogen content also 

depends on the RF power and the composition of the gas. The defect density also de

pends on the substrate temperature and the RF power and can vary by more than 3 

orders of magnitude. The lowest defect density is obtained with the substrate tem

perature between 200 and 300°C and at low powers [1]. 

The energy needed for the dissociation of disilane or higher silane gases can 

also be supplied by ultra violet (UV) light or laser illumination in a process called 

photochemical vapour deposition (photo-CVO) [1, 6]. UV light can be used for the 

initial dissociation of the silane gas, which either excites the silane directly [1], or by 

energy transfer from mercury vapour introduced in the chamber [77-79]. 
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Subsequently laser excitation was used in the technique called laser-induced CVD 

(LiCVD) [80-82]. LiCVD has similarities to HOMOCVD [73, 74], however, the 

process gas is directly heated by laser beam absorption in front of the substrate. The 

advantages of photo-CVD and LiCVD are the absence of high energy particles, the 

bombardment of the growing film by ions from the plasma, and the selected 

excitation [1, 6]. However, they have the disadvantage of the low rate deposition and 

the complicated experimental arrangement. For this reason, these methods are only 

used for special very thin device layers [6]. 

2.2.5.2 Physical Vapour Deposition 

In the physical vapour deposition (PVD) methods, the amorphous silicon film 

is produced by a sputter or evaporation process. It is very simple to produce a-Si 

films with high deposition rate by these methods. However, obtaining a low defect a

Si:H material is not completely straightforward and needs further reactive processes, 

usually in the presence of a plasma [6]. 

In the reactive sputtering (SP) method of depositing a-Si:H, a silicon target is 

sputtered, usually with argon ions, in the presence of hydrogen. The sputtered silicon 

reacts with the atomic hydrogen in the plasma, forming SiHx radicals from which 

deposition takes place. The deposition process is very similar to glow discharge and 

the sputtered films have essentially the same properties as the plasma deposited mate

rials, however, the ion bombardment damage may be more because of higher energy 

of the ions reaching the surface [1]. Although the SP a-Si:H material has the same 

application potential as GD a-Si:H, the former suffers from more surface or interface 

problem. If the same material and device quality can be obtained, the dc sputtering 

technique would be favourable for large area applications as less energy, less poison

ous gas and no explosive gas are needed [6]. The properties of the SP a-Si:H films 

are sensitively dependent on the following parameters: argon and hydrogen partial 

pressure, base pressure, substrate temperature, target-substrate distance, and rf power 

[83]. 

Evaporation techniques (EV) have often been used for the preparation of a-Si 

and it is very difficult to grow a-Si:H by this method [6]. The deposition of a-Si:H 
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needs a reactive evaporation with an atomic hydrogen treatment [84, 85], however, 

the defect density in evaporated a-Si can be reduced by a hydrogen plasma annealing 

treatment [86] or by reactive evaporation in a hydrogen atmosphere [87]. 

2.2.6 Applications of a-Si:H 

The a-Si:H-based solid state devices are not comparable with their crystalline 

counterparts, regarding to precision, speed and power density. However, because of 

low cost fabrication, low temperature processing, and large area production, a-Si:H 

has a large number of applications. These applications range form photovoltaic de

vices or solar cells, photoreceptors, photoconductors, image sensors, optical re

cording, charge-coupled devices (CCD), and memory switches, to widely used TFTs 

in displays and high voltage TFTs used in printers [6, 88-90], among which the solar 

cells and thin-film transistors (TFT) have more importance. 

The first and one of the most important applications of a-Si:H is in solar cells 

because of its large absorption coefficient, high conversion efficiency, low cost, and 

its ability to be deposited over large areas by mass production [6, 15]. To obtain high 

conversion efficiency it is necessary to have a low DOS in the mobility gap and as a 

result a large mobility-lifetime product [6]. Different device structures have been 

used for the single junction solar cells, however, they can be classified into three 

main types, namely p-i-n, MIS, and Schottky barrier cells [6]. The higher conversion 

efficiency has been achieved from large area interconnected single-junction modules 

[91]. Even much higher conversion efficiency is attainable using tandem or multigap 

solar cells by depositing stacked solar cells with different optical gaps which enables 

a selective absorption of the sunlight [6]. 

Another important application of a-Si:H is in thin-film transistors (TFT) 

which are widely used in the active matrix liquid crystal displays (AMLCD). In the 

next section, the various aspects of the TFTs are described in more details. 
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2.3 THIN-FILM TRANSISTORS 

2.3.1 Historical Background 

The first thin film transistor was invented by Lilienfield [92-94] in 1925, 

many years before the invention of bipolar and field effect transistors [95]. Lilien

field's devices would not have worked, but Heil [96] made an apparently independ

ent patent application in 1935, describing a thin film field effect transistor [95, 97]. 

Heil proposed the use of tellurium, cuprous oxide, vanadium pentoxide and other 

similar materials, and may have built the first solid state amplifier [97]. In 1961 

Weimer described the first successful vacuum deposited thin film field effect transis

tor using CdS as the semiconductor [98]. Weimer and his group in RCA continued to 

work on the TFTs [99-101]. In 1967, Brody and Page in Westinghouse made Tellu

rium TFTs on paper, aluminium foil, and other flexible substrates [102-104]. A suc

cessful 180-stage thin film integrated circuit using CdSe TFTs was reported by 

Weimer in 1966 [105]. In 1979, Le Comber et al. proposed amorphous silicon thin

film transistors for device applications [106]. 

2.3.2 Materials Used in Thin-Film Transistors 

Although different materials such as tellurium and CdSe have been used in 

thin-film transistors [96], the main stream of the TFT technology is a-Si:H and poly

crystalline silicon, because of their low cost, ability to be deposited on large areas, 

and better electrical properties [107]. Polycrystalline silicon has the advantage of 

higher carrier mobility. However, it suffers from high leakage current [108-112]. Hy

drogenated amorphous silicon has much lower carrier mobility than polycrystalline 

silicon, but the leakage current of a-Si:H TFTs is lower and they provide higher on

off current [113]. Since a-Si:H deposition is performed at lower temperatures, it can 

be deposited on ordinary glass, making the device process cheaper [114]. There are 

some efforts to improve the carrier mobility of a-Si:H, and a parallel effort to reduce 

the leakage current of polysilicon TFTs. However, a-Si:H is the dominant material 

used in the pixel drive TFTs in liquid crystal displays, while polysilicon TFTs are 

mostly used in peripheral circuitry [115, 116]. 
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In the last decade, there has been a great interest in using organic semicon

ductors in thin-film transistors [117-121]. However, because of the low carrier 

mobility in these materials, more research on their quality is still needed to make the 

application of the organic TFTs as widespread as their a-Si:H counterparts. 

2.3.4 Applications of Thin-Film Transistors. 

The main application of thin-film transistors is as switch elements in the ac

tive matrix of liquid crystal displays. The other important applications are in large 

area electonics such as image sensors and printers, fundamental logic circuits [122-

126], and load device in static random access memories (SRAMs) [109, 127, 128]. 

The important applications of organic TFTs are in smart cards, flexible displays, and 

radio frequency identification tags [129]. 

2.3.5 Thin-Film Transistor Structures 

A wide variety of structures have been use for thin-film transistors. These 

structures can be divided to two main categories, planar and vertical structures. In the 

planar structures, the semiconductor film is in parallel with the substrate, while in 

vertical structures it is perpendicular to the substrate. There are different structures in 

each category that are described briefly in the following sections. 

2.3.5. J Planar Structures 

Basically, there are four types of planar structures depending on the order of 

deposition of the semiconductor layer, the gate insulator layer, the source and drain 

contacts, and the gate electrodes [130]. In the coplanar structures, all the gate and 

drain/source electrodes are situated in the same side of the semiconductor, while with 

staggered structures, the gate is in one side and drain and source contacts are located 

on the opposite side. In the inverted structure, the gate is underneath the insulating 

layer. The four different planar structures of thin-film transistors are shown in Fig. 

2.4. For each structure there are still many different TFT technologies [130]. The in

verted-staggered is the most popular structure for a-Si:H TFTs [130]. 
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Figure 2.4 Different planar TFT structures, (a) coplanar, (b) inverted-coplanar, (c) staggered, 
and (d) inverted-staggered. (after Powell [130}). 

2.3.5.2 Vertical Structures 

The speed of TFTs in a circuit is proportional to J1IL2 for zero gate overlap, 

where f.J is the carrier mobility and L is the channel length. The a-Si:H suffers from 

low carrier mobility and one method to increase the speed of a-Si:H TFTs is by re

ducing the channel length. However, the reduction in channel length is limited by li

thography. The vertical TFT (VTFT) structure can overcome this limitation, because 

the a-Si:H film is deposited vertically relative to the substrate. Therefore, the channel 

length is independent of lithography process. 

From the author's knowledge, the first a-Si:H vertical TFT was reported by 

Uchida et al. in 1984 [131]. Since then, different vertical structures have been pub

lished for both a-Si:H and polysilicon TFTs [132-137]. 

2.3.6 Demonstration of a Vertical a-Si:H TFT 

As an example, a vertical structure proposed by Prof. W. Eccleston for a-Si:H 

TFT is presented in this section. The structure is shown in Fig. 2.5. The drain and 
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Figure 2.5 A vertical a-Si:H thin-film transistor. 

source contacts are evaporated directly on the glass substrate and are defined by pat

terning and etching or lift-off process. Access to these contacts is at the end of de

vice. The intrinsic and n+ a-Si:H layers then are deposited on whole the surface. The 

top oxide can be deposited on the n + layer or grown by thermal oxidation. In the next 

step, the oxide n+ and intrinsic a-Si:H, and drain and source metals in unwanted ar

eas are etched dawn to glass substrate, successively. A thin layer of gate oxide is 

grown by plasma oxidation. The gate metal is then evaporated on the entire device, 

with overlaps to the glass substrates. 

They also provide heat sinks adjacent to the channel to prevent overheating 

due to lack of substrate connection. The channel consists of two parts, connected in 

series by the relatively thick n + bridge. Therefore, two combined channels appear as a 

single channel. The junction between the n + bridge and intrinsic channels inhibits the 

hole current when the transistor is turned off. The capacitance between gate and 

drain/source contacts depends on the thickness of drain/source contacts, and therefore 

is very small. The thick layer of top oxide reduces the capacitance between gate and 

n + bridge. The capacitance between gate and channel is very small when the channel 

is short. 

There may be a large leakage current through the bulk in the wide areas be

tween drain/source contacts and n+ bridge. To reduce this leakage current, the width 

of drain/source contacts should be decreased to minimum feature size. 
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In a planar TFT the minimum channel length is limited by the alignment er

ror. while in a vertical structure the channel length is determined by thickness of the 

a-Si:H layer. The speed of the TFT is proportional to lIL2. Ifa 5 J.lm alignment error 

is assumed, the channel length in a planar TFT can not be less than 5 J.lm. With a 

channel length of 0.1 J.lm, the vertical TFT is 2,500 faster than the planar one. This is 

equivalent to increasing the carrier mobility of a-Si:H to a value of the order of crys

talline silicon. 

2.4 SUMMARY 

The properties of hydrogenated amorphous silicon and a-Si:H thin-film tran

sistors have been reviewed. Pure amorphous silicon was reported first by Haas in 

1947, and a-Si:H was prepared by Chittick et al. in 1969. The first a-Si:H TFT was 

made by Le Comber, Spear, and Gaith in 1979. 

The atoms in a-Si:H have the same short range order as in crystalline silicon. 

Therfore, a-Si:H has a considerable bandgap. the long range disorder of atoms in a

Si:H introduces broadened band tails in the mobility gap, and the states in the middle 

of the mobility gap are produced by coordination defects. 

Introducing hydrogen into a-Si:H reduces the defect states in the middle of 

mobility gap by removing dangling bonds. The mobility gap is increased by incresing 

the hydrogen in the film. 

There are three different conduction processes in a-Si:H; conduction in the 

extended states, hopping conduction in localized states in band tails, and hopping in 

the states in the middle of mobility gap. 

There are different methods for preparing a-Si:H that can be divided in two 

categories; chemical vapour deposition (CVD), and physical vapour deposition 

(PVD). The most common method to prepare a-Si:H is glow discharge (GD) or 

plasma enhanced chemical vapour deposition (PECVD), which provides the best 

quality material. 

The main application of a-Si:H is in thin-film transistors. There are many 

other applications and the most important of them are solar cells. 
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The first thin-film transistor was invented by Lilienfield in 1925. The first a

Si:H TFT was proposed by Le Comber et al. in 1979. 

Polysilicon and a-Si:H are the main materials in thin-film transistors. In re

cent years there has been some interest in using organic semiconductors in TFTs. 

The main application of thin-film transistors is as a switching element in ac

tive matrix crystal displays (AMLCDs). Some other important applications are image 

sensors and printers. 

Coplanar, inverted-coplanar, staggered, and inverted-staggered are four struc

tures used in coplanar TFTs. among which the inverted-staggered structure is the 

most popular. Vertical TFT structures can provide submicron channel lengths, with

out any limitation due to the lithography process. 

The properties and process of a vertical a-Si:H thin-film transistor have been 

explained. 
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CHAPTER THREE 

MODELLING OF THE STEADY -STATE 

SPACE-CHARGE-LIMITED CURRENT 

IN HYDROGENATED AMORPHOUS 

SILICON 

3.1 INTRODUCTION 

The current-voltage measurements can be used to provide useful information 

about the properties of the hydrogenated amorphous silicon (a-Si :H) and its interface 

to the other materials. The experimental results, described in Chapter 4, suggest that 

the dominant conduction mechanism in the bulk of a-Si:H is space-charge-limited 

current (SCLC). The steady-state SCLC is a reliable method to investigate the density 

of states in the mobility gap of a-Si:H. The density of states is important in 

characterizing the quality of material grown by various methods and is a basis for 

understanding electronic devices. An understanding of the effect of the density and 

energy level of the trap states and the other parameters such as film thickness, metal 
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contacts, temperature, etc. on the current-voltage characteristics can help to solve the 

reverse problem, i.e. determining the density of states from the I-V plot. This chapter 

deals with the modelling of a device, similar to the one used in the experimental 

work to measure the J- V characteristics (chap. 4), using the Medici™ device 

simulation program. 

The steady state space-charge-limited current measurement has extensively 

been used in a-Si:H to provide information about the bulk density of states (DOS) in 

the mobility gap [1-17]. The method was first applied by den Boer, on glow

discharge (GD) deposited samples with an n+-i-n+ sandwich structure [1]. Later, the 

method was used by the other workers, mostly on the glow-discharge samples [2-14] 

and also on evaporated [15, 16] and sputtered [16, 17] samples to determine the DOS 

in the mobility gap. 

The basis of the SCLC method was established by the work of Rose [18] and 

Lampert and Mark [19, 20]. These authors have shown that the plot of current

voltage (1- V) characteristics reflects the distribution of trap levels and so, in principle, 

the trap parameters can be extracted from the non-linearities of this plot. Any distri

bution of traps in the mobility gap can produce a unique plot of 1-V characteristics, 

however, deriving the exact distribution of trap states from this plot is not straight

forward. All the methods of determining the density of states from the SCLC plot are 

based on some assumptions and a prior knowledge of the shape of energy distribution 

of traps [14]. In addition, mapping from the I-V characteristics to the density of 

states-energy plot is not unique, i.e. many distributions of traps may produce the 

same plot. Nespurek and Sworakowski have shown that discrete trap levels can be 

reproduced as bell-shaped distributions with half-widths of 3.5 kT [21]. One can ex

pect that this distribution produces the same J- V characteristics as does a discrete 

trap. The SCLC method has some other limitations that will be discussed in more 

detail in the present chapter, however, it is more appropriate for determining the bulk 

density of states in the intrinsic a-Si:H than other methods such as deep level tran

sient spectroscopy (DL TS) or the field-effect (FE) [22]. The latter is rather insensi

tive to the variations in the distribution function [23] and measures both bulk and 
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surface (interface) states [24]. The former is better suited to measuring doped mate

rial [22]. 

The SCLC measurements are mostly made on sandwich structures of metal

n+-i-n+-metal [1-3, 7, 9, 12-14,21] or metal-p+-i-p+-metal [10, 13] type. The heavily 

doped layers provide Ohmic contacts to improve the injection of electrons (n+-i-n+) 

or holes (p + -i-p +) into the intrinsic layer. Voltage applied to such structures estab

lishes a one-carrier current, which is the case in nearly all the investigations, since the 

analysis of two-carrier injection is more complicated. In the case of the n + -i-n + struc

ture, the electrons are injected from the n + layer (injecting contact) into the intrinsic 

region and the counter n + layer blocks the injection of holes (and vice versa for a p + -i

p+ structure). In most of the investigations, the space-charge-limited current was ob

tained using n + -i-n + structures where at sufficiently high voltages, the electrons in

jected from the Ohmic contacts and trapped in the states above midgap raise the elec

tron Fermi level. Dawson et al. [10], and Nebel and Street [13] have used p+-i-p+ 

structures in which the density and energy distribution of gap states below midgap in 

intrinsic a-Si:H are obtained from the SLSC of holes. Kriihler et al. [25] observed 

SCLC in a-Si:H using lightly doped materials in the form of P-TC-P structures. How

ever, since even light boron doping of a-Si:H introduces a large number of midgap 

defect states [26], the DOS determined using these structures does not correspond to 

that in intrinsic a-Si:H. Some of workers have used metal-semiconductor-metal struc

tures without heavily doped contact layers [6, 16], but providing a good Ohmic con

tact between metal and intrinsic semiconductor is not always possible, and these 

structures are usually used only in the case of doped materials. Gangopadhyay et al. 

[16] have used a Cr/a-Si/a-Si:H/a-Si/Cr configuration. They have claimed that the 

deposition of unhydrogenated amorphous silicon layers between the a-Si:H and 

chromium contacts has provided a good Ohmic contact without any phosphorous 

cross-contamination that can easily occur after deposition of highly phosphorous 

doped n+ layers in the same chamber. Weisfield [6] has also used an unhydrogenated 

a-Si layer on nichrome coated glass as a conducting back contact. Soh et al. [11] 

have used a-Si:H TFTs to measure SCLC in low gate voltages. 
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Throughout this text, only one-carrier (electron) injection will be discussed, 

as the experiments have been performed on the SCLC of electrons. The SCLC of 

holes can be performed by a similar manner. The two-carrier injection has rarely been 

used because recombination should also be considered making the problem more 

complicated. 

3.2 OUTLINE OF THE STEADy-STATE SCLC 

Space-charge-limited current arises from the situations where the injected 

charge carriers build up a non-uniform distribution of excess charge between the con

tacts or plates due to something such as low mobility or a high density of traps. This 

excess space charge results in a nonlinear electrical field across the sample, which 

produce a nonlinear relationship between voltage and current instead of a linear, 

Ohmic relationship. 

At low applied voltages the excess space-charge (and consequently the Fermi 

level shift) is negligible compared to the thermally-generated free electrons, and 

therefore there is an Ohmic relationship between current and voltage, or there is a 

slope of one in a 10gJ-Iog V plot (region a in Fig. 3.1). At higher voltages the injected 

electrons dominate the thermally-generated free electrons and the current becomes 

space-charge-limited and is proportional to V. Therefore, the 10gJ-IogV plot has a 

slope of two in the SCLC region. In the presence of traps, when the Fermi level lies 

below the trap energy level (shallow trap), some of the injected electrons occupy the 

trap states and the space-charge consists of both free and trapped electrons. However, 

the concentration of trapped electrons is usually much higher than that of free elec

trons and the current is mostly determined by the SCLC of trapped electrons (region 

b in Fig. 3.1). 

By increasing the applied voltage, the Fermi level shifts towards the conduc

tion band mobility edge Ec and the concentration of both free and trapped electrons 

increases by nearly the same rate. However, when the Fermi level is very close to the 

trap energy level (Fermi pinning) or higher than the trap energy level (deep trap), the 

free electron concentration increases with a higher rate than that of trapped electrons. 
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Figure 3. J A typical log-log plot of current density versus applied voltage in the case of 
space-charge-limited current. 

This causes the current to increase more rapidly with applied voltage, resulting in a 

rise in the slope of the curve in the 10gJ-IogV plot. In this case, the trap is virtually 

full, the trapped electron concentration is nearly constant, and increasing the applied 

voltage causes only the free electron concentration to be increased. This is called the 

trap-filled-limit (TFL) situation (region c in Fig. 3.1). 

In the case of multiple discrete trap levels, when the Fermi level approaches 

to the next trap level, the injected electrons occupy the new trap states and current 

will be space-charge-limited again (regions d and f in Fig. 3.1), and there will be a 

trap-filled-limit region after each SCLC region (regions e and g in Fig. 3.1). 

When the Fermi level is above the highest trap level, all trap states are virtu

ally filled, and by increasing the applied voltage only the free electron concentration 

increases. Above a certain point, the free electron concentration is much more than 

the concentration of total trapped electrons concentration, and the situation is similar 

to the space-charge-limited current with no traps. Hence, this region is called trap

free region (region h in Fig. 3.1). 
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3.3 THEORY OF SCLC 

The theory of SCLC is based on the work of Rose [18] and Lampert and 

Mark [19] and has been described in full detail by Lambert and Mark [20]. To study 

the conduction mechanism in different cases, a specimen is of thickness d is assumed 

to exist between two parallel electrodes with very large dimensions compared to d. 

Both contacts between electrodes and the specimen are assumed Ohmic. In the be

ginning, we consider the simplest case, a material with high conductivity and without 

any traps. 

3.3.1 A Trap-Free Material with High Conductivity 

A very conductive material is one with high concentration of free carriers and 

high mobility, like a metal or a doped semiconductor. Before applying any voltage, 

the thermally generated free carriers, for example free electrons, with concentration 

no are uniformly distributed throughout the material. By applying an external voltage, 

electrons will inject from cathode to the material and will produce a space-charge 

region. The width of the space-charge region is inversely proportional to the conduc

tivity of the material [20], and so there will be a very narrow space-charge region in 

the vicinity of the cathode electrode. In the rest of the specimen the concentration of 

the excess electrons is negligible compared to that of thermally generated free elec

trons, so the concentration of free electrons and consequently the position of Fermi 

level remain nearly unchanged. There is no significant diffusion current and the only 

current mechanism in the material is drift 

J = no q fl 0 [ = no q fl 0 (V / d) , (3.1) 

where J is the current density, q = l.6 x 10-19 C is the electronic charge, flo is the mo

bility of free electrons, [is the electric field intensity, V is the applied voltage, and d 

is the thickness of the specimen. Since no is nearly constant, the current density is 

proportional to the electric field density and t is constant throughout the material 

(Ohm's law). 
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3.3.1 The Perfect Insulator 

In the next step, we consider a perfect insulator with no traps and negligible 

thermally generated free carriers. When a voltage is applied across the sample, elec

trons are injected form cathode to the conduction band of the material and build up a 

space-charge region. The injected electrons are the only carriers that contribute to the 

current, because the thermal-free electrons are assumed negligible. The concentration 

of the injected electrons is maximum near the cathode and decreases with the dis

tance from cathode to anode. Hence, the free electron concentration n, and electric 

field density {are both functions of the distance from cathode to anode x. In the the

ory of SCLC the diffusion currents have always been neglected and only pure drift 

current has been used as total current. Diffusion currents have considerable values 

only in the immediate neighbourhood of the contacts and neglecting them does not 

have an essential role in deriving the bulk current [20]. With this assumption the cur

rent density can be written as 

J = n J (x )qJ.l 0 ('{x) = constant. (3.2) 

The electron concentration nJcan be found using Poisson's equation 

(3.3) 

where G = G,.Go is the permitivity of the material, Go = 8.85x 1 0.
14 

F/cm is the permitiv

ity of the vacuum, and G, is the dielectric constant. By substituting (3.3) into (3.2) 

J - ~'( )OC'(x) 
- Gf..lOL X , ox (3.4) 

{'can be found by integrating both sides of the equation 

(3.5) 

and V(x) can be found by integrating (3.5) 

(3.6) 

46 



Chapter 3. Modelling of the Steady-State SCLC in a-Si:H 

If d is the thickness of material, or the separation between cathode and anode, the 

voltage difference between anode at x = d and cathode at x = 0 equals the applied 

voltage V, and so 

(3.7) 

Equation (3.7) is the famous Child's law for a perfect insulator and indicates that in 

the SCLC regime, current is proportional to the applied voltage squared and 

10gJ-Iog V plot has a slope of two. 

Using (3.3) and (3.5), the variation of the free electron concentration with x 

can be found 

(3.8) 

In the above equations, as we have just been concerned about the absolute value of 

the variables, their polarity has been omitted. In Eqn. (3.8) the concentration of free 

electrons at x = 0 is equal to infinity, however nf has a limited maximum value that 

depends on the concentration of thermal-free electrons in the cathode contact. In 

Fig. 3.2, Electrical field intensity, voltage, and free electron concentration are plotted 
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Figure 3.2 Voltage V. electricjield intensity r: andfree electron concentration nfas afunction of 

distance x in a perfect insulator. 
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as a function ofx. It can be seen that nfhas a very steep slope only in the area close to 

the cathode contact, and so, neglecting the diffusion current does not have a signifi

cant effect on the bulk current. 

3.3.2 The Trap-Free Material with Thermal-Free Electrons 

Now we include the thermally generated free electrons with concentration no 

in the problem. The space charge in this situation is the excess injected electrons, or 

the difference between the total free electrons nf and the thermally generated free 

electrons no. The concentration of excess free electrons is maximum at x = 0 and ap

proaches zero as x increases. Poisson's equation in this case can be written as 

(3.9) 

It is impossible to find an exact analytical relation between current density and ap

plied voltage, instead they can both be expressed as functions of the parameter 

nc!nj..x) [20]. Lampert and Mark [20] have used a regional approximation to find such 

a relationship. A schematic plot of the concentration of total and excess free electrons 

is shown if Fig. 3.3 for a rather low applied voltage. For any value of current density 

.§ ... g 
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\,j 

§ 
u 
c: g 
~ 
til 

n (x) - no 
no 

0 

Figure3.3 The variation of excess injected electrons concentration and total electrons concen
tration between cathode and anode. (after Lampert and Mark [20}). 
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J, there is a plane at x = Xl between cathode and anode that the concentration of in

jected electrons is equal to the concentration of thermal-free electrons no' At X « xl' 

the concentration of thermal-free electrons no is much lower than that of injected 

electrons and can be neglected. The injected electrons concentration can be approxi

mated to the total electrons concentration and the Poisson equation (3.9) changes to 

(3.3). At the other extreme, at XI «x < d, the concentration of injected electrons 

compared to no is so low that the space-charge in this region can be neglected and 

Ohm's law can be applied. 

The current, in general, is neither pure space-charge-limited nor Ohmic, how

ever using the regional approximation, relationships between current and voltage can 

be found for two ranges of low and high applied voltages. Lampert and Mark [20] 

have calculated the distance X I as a linear function of current density 

(3.10) 

At low applied voltages, the current is very low, the space-charge region is very nar

row, and the concentration of free electrons in most of the film is approximately 

equal to constant value no' So, by neglecting this small region and small voltage drop 

across it, an Ohmic relationship between current and voltage can be found. By in

creasing the applied voltage the space-charge region extends towards the anode and 

at a specific value of applied voltage the concentration of the excess injected free 

electrons becomes equal to no (or XI = d). At higher voltages, the concentration of in

jected free electrons may be so much higher than no that the latter can be neglected. 

This situation is similar to the perfect insulator with negligible thermal-free electrons 

and the current becomes space-charge-limited. 

By equating the right hand sides of equations (3.1) and (3.7), voltage V X' the 

intercept of the Ohmic and SCL regions, will be found that can be considered as the 

onset of the SCL region 

(3.11 ) 
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Lampert and Mark [20] have calculated a critical voltage and current at which the 

concentration of excess free electrons at the anode becomes equal to the concentra

tion of thermally generated free electrons (or Xl = d) 

(3.l2a) 

(3.12b) 

The critical voltage is very close to Vx in equation (3.11). This is expected since they 

have the same physical significance. 

In section 3.3.1 it was mentioned that in a material with high conductivity the 

effect of space charge can be ignored. Eqn. (3.10) shows that when conductivity 

(- no Po) is very high, even at high currents Xl remains small enough to neglect the 

effect of space-charge, and current-voltage relationship is Ohmic at any current level. 

3.3.3 The Material with a Single Set of Shallow Traps 

In the next step we include a single set of traps with density of N, at the en

ergy level E" well above the Fermi level (shallow trap). When no voltage is applied, 

some of the trap states are occupied with thermally generated free electrons. In the 

thermal equilibrium condition, the concentration of free electrons no can be expressed 

by Boltzmann statistics 

(3.13) 

where Nc is the effective density of states at the conduction band mobility edge Ee' 

E
FO 

is the Fermi level for electrons, k = 1.38x I 0.
23 

JIK is the Boltzmann constant, and 

T is the temperature in Kelvin. The concentration of occupied traps (trapped elec

trons) in thermal equilibrium ntO is given by the Fermi-Dirac expression 

(3.14) 
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where g is degeneracy factor (statistical weight) for the traps. Lampert and Mark 

[20], throughout their text have assumed g = 2, while in the other publications about 

SCLC in a-Si:H, g has not appeared; it has been assumed equal to 1 or has been ig

nored. However, it can simply be shown that the difference between two values of g 

makes a difference equal to kT In 2 '" 0.7 kT in E
t 

- EFO which at 300 K is less than 

0.02 eV. Hence, throughout the present text, g is assumed equal to 1. 

When a voltage is applied, some of the injected electrons are captured by 

traps and the others remain in the conduction band. The density of total free electrons 

n, and total trapped electrons n
t 
can be expressed by 

(3.15) 

(3.l6) 

where nj , nt' and E[o' are functions of distance x. The uncompensated space-charge in 

this case is the difference between the total concentration of free and trapped elec

trons, nj + nt' and the total concentration of free and trapped electrons in thermal 

equilibrium prior to the application of voltage, no + ntO • The Poisson's equation can 

be written as 

( ) ( ) _~o2V(x)_eo{'(x) nj - no + n t - ntO - ::J 2 - • 
q uX q ox 

(3.17) 

The energy band diagram of the specimen at a rather low applied voltage is 

shown in Fig. 3.4a. The shape of energy band diagram depends on both the external 

field, due to the applied voltage, and the internal field, due to the space charge. The 

former bends the entire energy band, while the latter affects the position of the Fermi 

level relative to the conduction and valence bands. As we are concerned about the 

position of Fermi level, the energy band diagram has been redrawn in Fig. 3.4b with 

a flat Fermi level and band bending due to the external field has been omitted. 
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Figure 3.4 (a) Energy band diagram of a specimen with a single set of traps at a fairly 
low applied voltage. (b) Energy band diagram of (a) with flat Fermi level. (c) 
The concentration of free and trapped electrons versus distance between 
cathode and anode. 
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To find the current-voltage relationship, the regional approximation [20] can 

be used as in the trap-free case. At low applied voltages, for any value of current den

sity J there is a plane at x = X3 between cathode and anode, in which the concentration 

of injected excess free electrons n, - no is equal to the concentration of thermal-free 

electrons no (Fig.3.4c). The Fermi level at this point is very close to the one in ther

mal equilibrium prior to applying voltage, and so well below the trap energy level 

(shallow trap). For shallow traps, the Fermi-Dirac expression for concentration of 

occupied states, Eqn. (3.16), can be approximated by Boltzmann statistics 

(3.18) 

It can easily be shown that at x = x3' the concentration of excess injected electrons 

captured by traps, n, - ntO, is equal to ntO , the concentration of trapped electrons before 

applying voltage. In the region X3 < x < d, n,- no < no and n, - ntO < n,o' and n, - no and 

n, - n,o can be neglected. Therefore the space charge in this region is negligible and 

Ohm's law can be applied. For x < x3' no and n,o are much smaller than nj and n, re

spectively, and can be neglected. So 

(3.19) 

in which 

(3.20) 

is the ratio of the free electron to total electron concentration. 

There is a plane at x = x2 in which the Fermi level passes through the trap en

ergy level. From (3.16) it can be found that n, (x2) = N, 12. For x sufficiently larger 

than x
2
' when the Fermi level is a few kTs below the trap energy level, the exponen

tial term in Eqn. (3.16) is much greater than one, and Boltzmann statistics, Eqn. 

(3.18) can be used. By substituting (3.15) and (3.18) in (3.20) e can be calculated 

(3.21) 
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It can be seen that as long as the trap remains shallow, e is independent of the posi

tion of the Fermi level or applied voltage, and is constant at a constant temperature. 

Further, if ~exp[( Ec - E, )/kT]» 1, Eqn. (3.21) can be simplified as 
Nc 

(3.22) 

This is true in many real cases when the trap level is not very close to the conduction 

band mobility edge and the trap density is comparable with the effective density of 

states at the conduction band mobility edge. 

In the region between x2 and x3' the current is space-charge-limited mostly by 

the trapped electrons with n
f 

1 e instead of nf in the Poisson's equation. However, for 

x < x2' the Fermi level is above the trap energy level and the exponential term in Eqn. 

(3.16) is smaller than one. So, the Boltzmann approximation is not valid anymore 

and exact Fermi-Dirac statistics should be used. By decreasing x, n, - ntO :::: n, changes 

between n, (x2) = N,/2 and n, (0) = N" while nl - no increases exponentially. Not far 

from x2' when the Fermi level is just 3 kT above the trap energy level, about 95% of 

trap states are occupied by electrons and the trap is virtually full. So n, increases at a 

much lower rate than nf and saturates at N, - ntO :::: N,. Therefore e is no longer con

stant and increases greatly by decreasing x. 

There is a plane at x = XI in which n
l

- no = N,. At this point the trap is virtu

ally full and n, - ntO :::: n, :::: Nt. The region between XI and x2 in which the trap is virtu

ally full is called the trap-filled region. For X sufficiently smaller than xI' Nt is much 

smaller than n
f

- no and can be neglected, or (}:::: 1. The current in this region is space

charge-limited by the free electrons and the effect of trapped electrons is negligible. 

This is similar to the space-charge-limited current in the trap-free material and so the 

region is called the trap-free region. 

From Lampert and Mark [20], xI' x2' and X3 can be calculated 

(3.23a) 
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(3.23b) 

(3.23c) 

where the minimum constant () at x > x2 should be used. The relationship for x) in 

Eqn. (3.23c) is similar to that for XI in Eqn. (3.10) multiplied by (). From (3.23) it can 

2 2 
be found that XI / x2 = no / 2nrO "" () / 2 « 1 and x2 / x) = 2ntO / N, « 1, or 

XI «x2 «X3 [20]. At low applied voltages, all the four regions described above ex

ist in the material. However, since x2 « x) < d the contribution of trap-filled and 

trap-free regions (x < x2) in the current is negligible and only two regions at x> x2 are 

important. 

At very low applied voltages, the current is very low and from (3.23c), 

X3 «d. The space-charge is mostly in the region very close to the cathode and is 

negligible in most of the film. The current is carried out only by thermal-free 

electrons no - ntO and can be expressed by the Ohm's law. By increasing the applied 

voltage x) is increased and at a critical voltage becomes equal to d. Beyond this point 

the contribution of the Ohmic regime in the current is negligible and the current is 

dominated by the space charge described by Eqn. (3.19). Since XI « x 2 « x)' 

neglecting the narrow region at X < x2' the shallow trap approximation can be used 

and () can be considered constant. The current density can be calculated by solving 

the Poisson's equation similar to the trap-free case, using nf / () instead of nf' resulting 

in 

(3.24) 

which is the Child's law with the presence oftrap(s). 

Here it would be useful to define the effective drift mobility 

(3.25) 
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So Child's law, Eqn. (2.7) can be modified as 

(3.26) 

By increasing the applied voltage, X2 approaches to d, and at a critical voltage 

X2 becomes equal to d. Beyond this point, where the Fermi level is above the trap en

ergy level, the Boltzmann approximation for nt is no more valid and the exact Fermi

Dirac statistics should be applied. As stated above, with the Fermi level above the 

trap energy level, trap states are virtually full and nt approaches the maximum value 

Nt' the density of traps (deep trap). The free electron concentration, however, changes 

significantly by a slight shift of Fermi level. This results in a higher increase in cur

rent, or a steeper slope in the J- V plot, which is called trap-filled limit (TFL) region. 

In deriving Eqn. (3.26) it was assumed that e is constant at a constant temperature, 

while in this case e is no longer constant and (3.26) is not valid. Finding a relation

ship between current and voltage in the TFL region is not possible [20]. However, it 

is known that the slope of the log-log J- V plot is a function of Nt IN,. and the energy 

level of the trap [20]. 

With further increase of the applied voltage, there is a situation that XI be

comes equal to d, or the concentration of free electrons in all the film is more than Nt. 

So, the trapped electrons are negligible and only free electrons contribute to the 

space-charge, or e approaches to one and drift mobility approaches to the conduction 

band mobility Po. The current is space-charge-limited similar to the trap-free mate

rial, and so this region is called the trap-free region. A logarithmic plot of current 

density versus applied voltage for a material with a single set of traps is shown in 

Fig. 3.5, indicating four different regions. 

The intercept of the Ohmic and SCL regions or the onset of SCL regime can 

be found by equating the right hand sides of Eqns. (3.1) and (3.24) 

(3.27) 
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Lambert and Mark, using the regional approximation [20], have derived relationships 

for current and voltage at some critical points that can be considered as the intercepts 

of the different regions. These are 

v _ i qnod
2 

crl - 3 BE ' 

(3.28a) 

(3.28b) 

for the intercept of the Ohmic and SCL regions, which is very close to VI in (3.27), 

J(Jog) 
t 

I 

TFL 

SCL 

I , 

Trap-Free 
SCL 

(3.29a) 

~ v (log) 

Figure 3.5 A schematic log-log plot of current density versus applied voltage for a material 
with a single set of shallow traps. The different regions and their intercept are indi
cated in the figure. 
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v _ qN,d 2 

cr2 - 2& ' 

for the intercept of the SCL and TFL regions, and 

J _ 2q2 N/ f-Lod 
cr3 - & 

(3.29b) 

(3.30a) 

(3.30b) 

for the intercept of the TFL and trap-free SCL regions. The current and voltage at the 

intercept of the Ohmic and SeL regions, equations (3.27) and (3.28) above, are simi

lar to equations (3.11) and (3.12) derived for the trap-free case, with their right-hand 

side multiplied by 1/0. Lampert and mark suggest that the presence of shallow trap

ping delays the critical voltage and current corresponding to departure form Ohm's 

law by the factor of 11 0 [20]. However, some care should be taken since no in the ma

terial with traps differs highly from that in the trap-free material. 

3.3.4 The Material with Deep Traps 

Another possible situation is a material with one or more sets of electron traps 

well below the Fermi level (deep traps) prior to the application of voltage. Since the 

traps are virtually filled initially with thermally generated electrons, the Ohmic region 

joins directly to the steep TFL region without a square law SCL region. After that, 

like the previous situation, there will be a trap-free SCL region. The current and volt

age of the critical points for a single set of deep traps are 

(3.3Ia) 

v = qN, exp[(E, - EFO }/kT]d
2 ~ q(N, -n,o}d 2 

crt 2& 2& (3.3Ib) 

for the intercept of Ohmic and TFL regions, and 
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v = 4qN, exp[(E, -EFO )/kT]d2 ;:::: 4q(N, -n,o)d2 
cr2 3& 3& 

(3.32b) 

for the intercept of TFL and trap-free SeL regions [20]. In the above equations, the 

term N, - ntO is the empty trap states or the concentration of traps not occupied by the 

electrons. In the case of multiple deep traps, the sum of all empty trap states, or 

I( N" - n"o) should be used instead of N, - n,o' 

3.3.5 The Material with Multiple Traps 

In the case of multiple discrete trap levels, because the electrons occupy the 

vacant states in all trap levels, the problem is more complicated. If there are n traps 

with densities N,l' N'2' N'3' ... , NIn , at energy levels Ell' E12 , E13 , ... , Eln, and all traps 

are shallow, the concentration of trapped electrons at a distance x from cathode can 

be expressed by 

= Nil exp[-(Ell - EF)/kT]+ NI2 exp[-(EI2 - EF)/kT]+ ... 

= INI, exp[-(EI' - EF )/kT] , (3.33) 
n 

where n", n,2' .,. are the concentration of electrons trapped in the first, second, ... 

trap, respectively. By application of voltage, the injected electrons from cathode 

make a space charge whose density decreases by increasing x. Some of the injected 

electrons occupy the trap states, while others stay in the conduction band. Finding a 

universal relationship between current and voltage in general is not possible and the 

regional approximation in general is not applicable. The injected electrons occupy the 

states in all traps. Even when all traps are shallow, B is not constant and Poisson's 

equation can not simply be solved. The problem is more complicated in the regions 

where the Fermi level is above some trap energy levels (deep traps) and below some 

others (shallow traps). The lower traps are virtually full with a constant concentration 

of trapped electrons, while the concentration of electrons in the higher traps is varied 

by changing the position of Fermi level. At very low applied voltages, the space 
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charge is negligible and there is an Ohmic conduction. On the other hand, at a certain 

voltage all the trap states are filled with electrons and there is a trap-free square-low 

SeL current. Between the linear Ohmic region and square-low trap-free regions, the 

log-log current-voltage plot has a varying slope that is a function of the density and 

the energy level of all traps, the relative density of traps, the separation of trap levels, 

and the film thickness d. 

However, the regional approximation still can be used in an idealized case, by 

adding two other assumptions: 

1. The trap levels are widely separated or the difference between energy levels 

of two successive traps is much more than kT. In this case when the Fermi level is 

close to a particular trap, the concentration of electrons in the higher traps is negligi

ble. The best condition for this assumption is at very low temperatures where the zero 

temperature approximation can be used. From Fermi-Dirac statistics, Eqn. (3.14), at 

zero temperature a trap is completely full when the Fermi level is above the trap en

ergy level, and is completely empty when the Fermi level is below the trap level. 

2. The density of traps is greatly increased by increasing the trap energy level, 

i.e. the density ofa trap is much (many orders) greater than that of the immediate trap 

below it. In this case, when the Fermi level is close to a particular trap, the electrons 

occupied in the lower traps can be neglected. 

With these assumptions, the traps can be treated individually, i.e. when a trap 

is active, the effect of other traps is negligible and the problem is similar to the sin

gle-trap case. The regional approximation can effectively be used in the case of mul

tiple traps. At a rather low applied voltage, in a region close to the anode, where 

nfx) - no > no' the excess free and trapped electrons are negligible in comparison with 

no and ntO and the conduction is mainly due to the thermal-free electrons no' In the 

other regions, no and ntO do not have a significant effect and the excess free and 

trapped electrons forming space charge control the current. 

In a region adjacent to the Ohmic region where the Fermi level is below the 

first trap level, or Ep (x) < E,I' all the traps are shallow and the current becomes 

space-charge-limited. The space charge In this regIon equals 
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n, + n, = n, + n, I + n,2 + ... = n, + I nil = n fiB that according to the first assumption 
n 

is nearly equal to n, + n,l = nf I BI' in which BI = nr I( nr + nil) is nearly constant in a 

constant temperature. Next there is a TFL region where the Fermi level is above the 

first trap energy level and na < Nil (after that the nl2 is dominant and the SCL region 

of the second trap begins). In this region, the trap is virtually full and the effect of 

next traps is negligible. The space charge in this region equals n, + nil + n,2 + ... ~ 

There are two regions associated with each trap; the SCL region when the trap 

is shallow, and the TFL region when the trap is filled with electrons. For any trap i, 

the boundary between the SCL and TFL regions associated with that trap is where the 

Fermi level passes through the particular trap energy level, or EF (x) = Ell' At this 

point nll(x) = N,/2. The boundary between the SCL region of trap i and the TFL re

gion of trap ; - 1 is where the concentration of electrons in trap ; is comparable with 

the concentration of electrons in all deep traps, or nil (x) = I NIJ ::::: N,(,_I) . At this 
I-I 

point, n, (x) ~ O,nll(x) ~ O,N,(/_I)' Similarly, the boundary between the TFL region of 

trap; and the SCL of trap; + 1 is where the concentration of electrons in trap; + 1 is 

comparable with that of electrons in all traps below the trap i + 1. The space charge 

in the SCL region approximately equals to nf + n,; = nf I 0" where 0, = n
f 
I( n

f 
+ n

l
) is 

nearly constant at a constant temperature. In the TFL region, however, the space 

charge is approximately equal to nj + Nil and so, there is no constant B. 

In the region x < XI close to the cathode, where nAxl )= I Nil ,all the traps 
n 

are full and the concentration of free electrons is more than that of total trapped elec

trons and the region is virtually trap free. This is like the trap-free SCL region in the 

single-trap case and XI can be found from Eqn. (3.23a) by substituting N, with sum of 

the densities of all traps, or 

(3.34) 
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in which NI = I Nil' The region XI < X < x2' where E/x2) = EIII , is the TFL region 
n 

associated with the nth trap. The distance x2 can be calculated as 

(3.35) 

with NI defined as above, and On = nf / (nf + nln) is the constant ° in the seL region of 

the nth trap. The seL region associated to the nth trap is between x2 < X < x3' where 

ntn (x 3 ) = I Nil ~ NI(n-I) and 
n-I 

(3.36) 

In the same way, the width of TFL and seL regions associated with each trap can be 

calculated. For the ith trap these regions are 

(3.37) 

and 

GJ GJ 
WSCL/(J) ~ ( )2 ~ 2f) 2 N 2 • 

2 () 2 "N. 1 q 1(/-1)1-'0 
1 q L..J Ij f.lo 

1-1 

(3.38) 

where B, = nJ / (nl + n,) is the constant ° in the SeL region of the ith trap. The width 

of seL region for the lowest trap is 

() 
e.GJ 

WSCLI J ~ 2 2 2 • 
q no 1-'0 

(3.39) 

The important conclusion from the above equations is that W SCli » WTFL1 and 

the widths of the SeL and TFL regions associated with each trap are much bigger 

than those associated with the higher traps. When the right boundary of the SeL 

region for the lowest trap reaches the anode, the width of the other regions are so 

small compared with this region that their effect can be neglected. The current is 
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space-charge-limited and depends only on the parameters of the lowest trap. By 

increasing the applied voltage, when the right boundary of the TFL region for the 

lowest trap reaches to the anode, this region is dominant, and so on for the other 

traps. Therefore, each trap produces a square-law SCL region and a steep TFL region 

in the J- V characteristics similar to Fig. 3.1. 

Lampert and Mark [20] have calculated the voltage and current of some criti

cal points which are the intercepts of the different regions in the case of single trap. 

By the same method and using Eqns. 3.24 and 3.34 - 3.39, the current and voltage of 

these turning points can be calculated for the multiple-trap situation. In the following 

equations, J
SCLI 

and VSCLI are the current and voltage of the intercept of the Ohmic 

region and the SCL region, or the onset of the SCL region associated to the lowest 

trap level, JSCLI and VSCLI are for the onset of the SCL region associated to the ith trap 

level, J
TFLI 

and VTFlI for the onset of the TFL region associated to the ith trap level, 

and J
TF 

and V
TF 

are the current and voltage of the onset of trap-free square-law region. 

(3,40a) 

(3,40b) 

2O,q
2J.1o(L NI/)2d 28 2 N 2 d 

J 
_ i-I _ ,q J.Io I(i-I) 

SClI - -& & 
(3,41a) 

4qLNI,d
2 

4 N d 2 
I-I q I{/-I) V. --..:......:...--~ 

seLl - 3& 3& (3,4lb) 

(3,42a) 

(3,42b) 
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JTF = 
2q 2 f.1o N,2 d 2q2 f.1oN,!d 

~ 

& & 
(3.43a) 

VTF = 
4qN,d 2 4qNtnd

2 

~ 

3& 3& 
(3.43b) 

The above assumptions are not generally satisfied in the real cases. For in

stance, the energy level of two or more traps may be so close that the number of elec

trons captured by each trap is comparable. Hence, the J- V characteristics do not obey 

the square law in the SCLC region and the slope of its plot is more than two. There 

may be a case that no TFL region can be observed between two SCLC regions on the 

J- V plot, and two traps have the effect of a single trap. Even when the trap levels are 

widely separated, the density of higher traps may be so high that the concentration of 

electrons captured by these traps becomes comparable or even more than that in the 

first trap. If the density of a lower trap is not much smaller than that of higher trap, it 

can not be neglected in calculation of SCLC for the second trap, resulting in a slope 

of higher than two in the J- V plot. At the other extreme, if a higher trap has smaller 

density than the lower one, when the first trap is filled (TFL region) and the Fermi 

level approaches the next trap, there may be a slight decrease in the slope of the J- V 

plot and an increase in the slope afterwards, corresponding to the TFL region after 

the second trap is filled. In some cases, the change of slope may not be observable in 

the J- V plot. Therefore, the information about the second trap can not be investigated 

from the SCLC plot. 

3.3.6 The Material with a Continuous Distribution of Traps 

When there is a continuous distribution of traps, the problem IS more 

complicated. Because the trap levels are very close together, traps with different 

energy levels are being filled simultaneously and there is a continuous distribution of 

filled trap states below the Fermi level. Therefore, the J-V curve at each particular 

point has a slope that can not be treated as simple space-charge limited or trap-filled 

limit situations. In most experimental SCLC results reported for a-Si:H, no slope of 

two corresponding to the space-charge limited region can be observed, except the 
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SCLC region after the Ohmic region. In many of them, there is not even an apparent 

decrease in the slope. 

The variation of the current density with the applied voltage depends on the 

trap distribution function and deriving a relationship between current and voltage is 

not possible for any distribution function. Some authors have derived such expres

sions for special distributions of traps. Lampert and mark have derived expressions 

for the exponential and uniform distributions of traps [20]. For an exponential distri

bution of traps in the form of 

(3.44) 

they have derived 

with 1 = T:/T, (3.45) 

where No in cm·
3 

eV·
1 

is the density of states at the conduction band mobility edge, 

and Tc is a temperature parameter characterizing the trap distribution. The physical 

significance of parameter Tc is not exactly clear. Possibly, it corresponds to that tem

perature in the final cooling-down stage of the sample preparation at which annealing 

effectively ceases [20]. The crossover voltages with the Ohm's law, VcrI' and with the 

trap-free square law, Vcr2 ' are given by (2.46) and (2.47), respectively [20] 

_ qnod
2 (~)(/+1)/1 r{l + 1) 

VerI - & 21 + 1 I' (3.46) 

= qnod
2 rl[9(~)/(~)/+I]I/(I-1) 

Vcr2 & 8 I 21 + 1 ' 
(3.47) 

in which 

(3.48) 

For a uniform distribution of traps in the form of 
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Nt (E) = No = constant, (3.49) 

Lampert and Mark [20] have given 

(3.50) 

Orton and Powell [22] have presented the same expression for the uniform 

distribution of traps. For the exponential distribution of traps they have given 

and ignoring I in the parentheses, it is the same as (3.45). 

3.3.7 The Scaling Law 

Lampert and Mark [20] have shown that as long as the diffusion current is 

negligible, the J- V characteristics of the material, in any region and for any distribu

tion of traps, follows the scaling law in the form of 

(3.53) 

for fixed values of material constants. For instance, the J-V characteristics in the 

Ohmic region, trap-free square law region, and the SCLC region for single trap, ex

ponential distribution and uniform distribution, Eqn. (3.1), (3.7), (3.24), (3.45), and 

(3.50), all are in agreement with the scaling law. 

At low fields, the drift velocity is proportional to the applied field 

(3.54) 

and f.1.o is constant and independent of the applied field. However, above a critical 

field intensity {;, the acoustic phonon scattering is dominant and the drift velocity Vd 

varies with the square-root ofthe applied field [20] 

for (3.55) 
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At even higher fields, when the applied field is much greater than the critical field c;, 
the electrons are heated up by the field to optical phonon energy and the drift velocity 

is saturated at the value v, 

Vd = v, for (3.56) 

In general, the relationship between drift velocity and the applied field can be written 

as 

C' J-ac'a 
V d = Po cr • (3.57) 

With a = 1, 1/2, and 0, (3.57) is consistent with the equations (3.54-3.56) for low 

field, high field, and very high field (velocity saturation) respectively. 

It would useful to define a field dependent mobility 

-_~_ c'J-a('a-J 
P - t - Po J ' (3.58) 

which is equal to Po at low fields, PO[J 1/2 [-1/2 at high fields, and Poc;L'-J = v) (' at 

very high fields. 

If the current-voltage characteristics at low fields is indicated by 

J=!(V) for (3.59) 

and if the thermal relationship between free and trapped electrons is not strongly 

varied by the heating of the electrons, then the current-voltage characteristics at high 

fields for any trap model can be found [20] from the low-filled J-V characteristics 

simply by multiplying the latter by ([; djV)Jf2 for acoustic phonon scattering, and by 

(v, dj PoV) for velocity saturation 

(3.60) 

(3.61) 

In the other words, by substituting Po with the field dependent mobility ji in the cur

rent-voltage relationship, and using {' = V 1 d in (3.58), a universal J-V relationship 
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can be found which is valid for any applied field. The scaling law in this case can be 

written as 

(3.62) 

3.4 SIMULATION 

Device simulation is a useful tool to study the characteristics and behaviour 

of a device or the material used in it. Although it is not possible to predict and in

clude all the parameters of a real device in the model used in the simulation, how

ever, the simulation can provide useful information if a proper model is defined. The 

simulation would be more effective especially when it is used in conjunction with the 

experimental results. 

3.4.1 The Structure 

The structure of the device used in the simulation is shown in Fig. 3.6a, 

which is similar to the experimental structure described in chapter three. The struc

ture simply consists of an intrinsic a-Si:H film deposited on top of the n-type crystal

line silicon, with metal contacts provided on top and on the bottom. The width of the 

device is 200 /lm and the thickness of 200 nm has chosen for the n-type crystalline 

silicon layer to reduce the number of nodes. The thickness of a-Si:H layer is variable. 

The device simulation is two dimensional and current is calculated per unit depth. A 

nonlinear rectangular mesh has been defined with denser grids close to the junctions. 

Except stated otherwise, the parameters given in Table 3.1 have been used for all the 

simulations throughout this chapter. The concentration of donor atoms in the n-type 

crystalline silicon equals to IxlO
l8 

cm'3. For the parameters not specified in this table, 

the default values in Medici have been used. 

3.4.2 Simulation Results 

The device has been simulated and the effect of various parameters such as 

film thickness, position and density of traps, temperature, work function of metal 
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Figure. 3.6 The structure of the device (a) and the mesh (b) used in the SCLC simulation. 

contact, and the doping level of n-type crystalline silicon on the J- V characteristics of 

the device are studied. 
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I-< Value Q) 

0 Description 
~ a a-Si:H Crystalline Silicon 
~ 

Eg 1.75 eV [27] 1.15 eV [28] Mobility gap IBandgap at 300 K 

X 3.93 eV [29] 4.01 eV [29] Electron affinity 

Nc 7.9xlO
18 

cm-
3 

[30] 2.8xl0
19 

cm-3 [28] Density of states at the conduc-

tion band edge I mobility edge. 

Nv 8.2xl0 18 cm-) [30] 1.04xl0
19 

cm-3 [28] Density of states at the valence 

band edge I mobility edge. 

Jin 1 cm2y-1 S-l [31] Medici's default Electron mobility 

Jip 
0.1 cm2 

V-I S-I [31] Medici's default Hole mobility 

&r 11.7[31] 11.9 [28] Dielectric constant 

Table 3. J The parameters of a-Si:H and crystalline silicon used in the simulation. 

3.4.2.1 The trap-free material 

To better understand the role of traps, first the trap-free case is considered. 

The J- V characteristics of a sample with a 0.3 I-lm trap-free a-Si:H film, with a gold 

contact on the a-Si:H and aluminium contact on the crystalline silicon, calculated at 

300 K is shown in Fig. 3.7a. The more positive voltage is connected to the a- Si:H 

side. There is a rectification of more than 17 decades, due to large barrier at the 

a-Si:H and gold contact. The same characteristics with aluminium contact with both 

contacts aluminium is shown in Fig. 3.7b. The rectification is less than one decade, 

because of the very low barrier between aluminium and a-Si:H, neglecting the 

surface states. The device acts as a Schottky barrier diode, which is in forward bias 

when the more positive voltage is connected to the a-Si:H contact. The n-type 

crystalline silicon provides electrons to inject in the a-Si:H layer, when it is in a 

forward biased, and the Schottky barrier blocks the electrons in the reverse direction. 
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Figure. 3.7 The J-V characteristics of a OJ J.Ull a-Si:H film without traps with (a) gold and (b) 
aluminium contact, and (c) the log-log plot of J- V characteristics of the device with 
aluminium contact at positive applied voltages. 
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The log-log plot of current density versus voltage for the device of Fig. 3.7b, 

at positive applied voltages is shown in Fig. 3.7c. The curve shows a trap-free SCLC 

behaviour, with a slope one, Ohmic region, followed by an SCL square law region. 

The intercept of the Ohmic and SCL regions is approximately 1 V, from which using 

Equation (3.11), no = 8.09xl0
1s 

cm-
3 

can be found. Using (3.l2b) the mobility of free 

electrons is equal to J.Lo = 0.10 cm
2 

V-IS-I. The mobility of free electrons can also be 

found using (3.1) in the Ohmic region, and (3.7) in the SCL region, to be equal to 

2 -I -I d 0 19 2 V-I -I . I Th I I 0.14 cm V san. cm s, respectlve y. ese va ues, a though very close, 

are less than 1 cm
2 

V-Is-\ the value of mobility that has been set up in the program. 

The reason for this difference and also for very high electron concentration will be 

explained shortly in this section. 

The energy band diagram of a trap-free sample with infinite thickness of 

a-Si:H layer is shown in Fig. 3.8. In the Fermi equilibrium, the free electrons from 

the n-type layer have diffused to the amorphous silicon. So, there is an accumulation 

layer in the a-Si:H layer near the heterojunction with the n-type silicon. The width of 

the accumulation layer is proportional to the Debye length defined as [32] 

(3.63) 

in which n, is the intrinsic carrier concentration. For intrinsic a-Si:H without traps, 

L = 2.07 cm. Therefore, for a practical film thickness the accumulation layer extends 
/J 

through whole the film and the Fermi level for electrons moves towards the conduc

tion band. Only for films with thickness of more than few centimeters can the Fermi 

level lie at the intrinsic Fermi level. The same thing happens in the region close to the 

a-Si:H and metal contact, however the band bending could be upward or downward 

depending on the work function of the metal (Fig. 3.8). 

The energy band diagrams of the sample with thickness of a-Si:H layer equal 

to OJ Jlm, 10 Jlm, 1 mm, and 80 mm are shown in Fig. 3.9. Although some of these 

values are impractical, they can provide a better feeling about the effect of the Debye 

length in an intrinsic material. By increasing the thickness of the a-Si:H layer, the 

electrons Fermi level approaches the intrinsic Fermi level. However, even with a 
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Figure 3.8 The energy band diagram of a sample with infinite thickness of a-Si:H layer. 

thickness of 80 mm the Fermi level is still above midgap and the material can not be 

considered as intrinsic. Hence, the concentration of free electrons is much higher than 

the intrinsic carrier concentration and the material is virtually n-type. 

The low free electron mobility calculated from the simulation results can be 

related to this huge concentration of excess injected electrons. In the theory of SCLC, 
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Figure 3.9 The energy band diagram of the sample with thickness of a-Si:H layer equal to (a) 0.3 J.U1l. 
(b) I J.U1l. (c) I mm. and (d) 80 mm. 
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it is assumed that the diffusion current is negligible, while in this case the large varia

tion of electron concentration over a small distance produces a very large dn/dx so 

that the diffusion current may be effective. By increasing the film thickness, the elec

tron concentration, and consequently dn/dx are reduced, which results in the reduc

tion of the effect of diffusion current. For films with thickness of 0.1, 0.3, 1, 10, and 

100 J.lm, the free electrons mobility was calculated in the SCL region of J- V results as 

0.09, 0.15, 0.32, 0.43, and 0.52 cm
2
y.1 S·I. By increasing the film thickness, the mobil

ity approaches the set-up value of 1 cm
2
y.l s·l, which is in agreement with the above 

explanation. 

Variation with Film Thickness 

The log-log plots of J-V characteristics of the device for a-Si:H films with 

thickness of 0.1, OJ, 1,5,50, and 500 J.lffi are shown in Fig. 3.10. All the curves have 

a slope one Ohmic region followed by a square law seL region. The intercept of 

Ohmic and SCL regions, V X' equals to 0.5 V for the film with d = 0.1 J.lm, 1 Y for 

d= 0.3 J.lm, and then saturates to about 1.3 Y for the other films. From (3.11) and 

(3.63), it can be seen that for the films thicker than about 1 J.lm, the value of no J is 

- .. - ---<. _'----'-C-..L~l... -._ '-- .~_I.-I.----.>._Lll- 10.11 
\0 100 1000 

VM 

Figure 3.10 The J-V characteristics of the device for a-Si: H film thickness of 0.1 Ilffi, 0.3 J.1ffi, 
1 J.lIll, 5 J.lIll, 50 J.1m. and 500 Ilm 
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nearly constant and is proportional to n; LD2. 

The variation of J/d versus V/d
2 

is shown in Fig. 3.11. The SCL regions lie on 

the same line and agree with the scaling law, especially for thick films. However, as 

expected, the Ohmic regions do not follow the scaling law due to variation of free 

electron concentration with film thickness. 
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Figure 3.11 The variation of Jl d versus Vi el for a-Si: H films with thickness of 0.1 J.lffi, 0.3 J.lffi, 1 J.lffi, 
5 J.lffi, 50 J.lffi, and 500 J.lffi. 

Effect of Doping Level of Crystalline Silicon 

In the theory of SCLC, the electrodes are assumed as infinite reservoirs of 

carriers, and n + layers are usually used to provide a high level of carrier injection. The 

effect of doping level, or concentration of donor atoms in the n-type crystalline sili

con is shown in Fig. 3.12. The thickness of a-Si:H is 0.31lm and both contacts are 

aluminium. The concentration of donor atoms in the crystalline silicon, N
D

, is 

changed between 1 x 1 0
14 

to 1 x 10
22 

cm-
3

• The doping level does not have a significant 

effect on the SCL region, and the change of current in the Ohmic region is around 

one order of magnitude. However, at very low concentrations (lxlO l4 and 

1 x 1 016 cm-
3
) the characteristics are slightly away from the standard SCLC characteris

tics between applied voltages of 0.2 V and about 10 V. 
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Figure 3. J 2 Variation of J- V characteristic with the concentration of donor atoms in crys-
talline silicon. 

3.4.2.2 Material with a Single Set a/Traps 

In this section, a single set of traps is included in the a-Si:H layer and the 

variation of J-V characteristics with density and energy level of traps and also with 

temperature was investigated. The thickness and width of a-Si:H film are I J.lm and 

100 J.lm, respectively. The mobility was set equal to 0.1 cm
2y- l

s-
1 

for free electrons 

and 0.01 cm
2
y-ls-1 for holes. For each set of donor-like or electron traps above the 

intrinsic Fermi level, one set of acceptor-like or hole traps was set below the intrinsic 

Fermi level, with the same density and energy difference. The intrinsic Fermi level is 

used as zero energy. The simulation was performed at 300 K. 

Variation with Density of Traps 

A set of traps was set at the energy level of 0.2 eY, and its density was varied 

between lxlO
lS 

to lxl0
18 

cm-
3

• The calculated J-V characteristics are shown in 

Fig. 3.13a. Four different regions of the single trap SeLS, or the Ohmic, seL, TFL, 

and trap-free regions can be observed on all curves, especially on those with a higher 

density of traps. The free electron mobility was checked in the free-trap region and 

the SeL regions of different graphs, which was very close to the set value of mobility 

in the program. 
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Figure 3. 13 (a) The variation of J-V characteristics of a-Si:H with density of a single set of 
traps positioned at the energy level of 0.2 eV. and (b) the variation of voltage 
of the intercept points with trap density. 

The intercept voltage of different regions, calculated from Eqns. (3 .28b), 

(3.29b), and (3.30b) are shown in Fig. 3.13b. The onset voltages of both TFL and 

trap-free regions are proportional to the trap density. It can be shown that the slope of 

TFL region is proportional to log e, and therefore increases with increasing the trap 
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density. From Fig. 3.l3b, it can be seen that the onset of the trap-free region at all 

points is proportional to the trap density, while the onset of the TFL region is far 

away from theory at low trap densities. 

The energy band diagram of the a-Si:H layer is shown if Fig. 3.14 for four 

different trap densities. The injected electrons accumulate in the area near the con

tacts and build up a space charge layer. These electrons are mostly captured by traps. 

Due to the space charge layer, there is a band bending 'I, in electron volts, in a dis

tance W from contacts, after which the energy bands reach their bulk, neutral position 

(Fig. 3.14d). Lampert and Mark [20] have derived Was 

( J
I/2 

W = 287] 

qN, 
(3.64) 

With 7] = Eg / 2 = 0.875 eV, W = 0.034 Jlm for the highest trap density of 

N, = 1x1018 cm'3. However, for N, = 4.6x10
1s 

cm') the value of Wis equal to 0.5 Jlm, 

-c=-
r(·············· .: 
~ ~1 _________ _ 
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Figure 3.14 The energy band diagram of the a-Si: H film with a single set of traps at the en
ergy level of 0.2 eV, and densities of (a) lxl0 ls em'), (b) 3.2xlO1S em'), (e) 

16 ,) d d 1018 ,) 3.2xl0 em, an ~O Ix em. 
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or half of the film thickness, and for trap densities less than this amount the space 

charge regions overlap (Fig. 3 .14a, b). The simplified theory of regional approxima

tion is valid only if W is less than half of the film thickness [20]. With very low trap 

densities, the Fermi level is above the trap level throughout the film and all the trap 

states are virtually filled by the injected electrons (Fig. 3.14a). Therefore, the trap 

should be considered as a deep trap. Actually, a slope of two SeL regions can hardly 

be observed on the J- V curve corresponding to this trap density. It cab be seen that 

except for high trap densities, the Fermi level, prior to the application of voltage, is 

above midgap. Therefore, the condition at low trap densities is far away from as

sumptions in the regional approximation, and there is an error in applying Eqns. 

(3.29) and (3.30). 

From (3.28b), the voltage at the intercept of Ohmic and SeL regions is pro

portional to no / e = nl + no' Both values of n, and no depend on the position of Fermi 

level, which is influenced by many parameters, such as density and energy level of 

traps, and thickness of film, and therefore finding a trend for variation of the intercept 

voltage with trap density is very complicated. The variation of the onset voltage of 

seL region versus trap density is shown in Fig. 3.13 b. 

Variation with Trap Energy Level 

The J- V characteristics of a sample with a single set of traps with density of 

2xlOl7 cm
o3 

positioned at energy levels of 0, 0.1, 0.2, ... , and 0.8 eV is shown in Fig. 

3.15. The four different regions can be seen on most curves. For E, = 0.7 eV and 

E, = 0.8 eV the Ohmic region joins directly to the trap-free region like a trap-free 

case. In the other words, traps very close to the conduction band have less effect on 

the J- V characteristics, except when their density is comparable to the density of 

states at the conduction band mobility edge. 

The voltage at onsets ofTFL and trap-free regions are about 100 V and 120 V 

respectively, which differ with a factor of two less than the 150 V and 200 V calcu

lated from (3.29b) and (3.30b). 
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Figure 3.15 The variation of J- V characteristics of a-Si: H with the energy level of sin
gle set of traps with density of2x 10

17 
em,3, 

For E, = 0 and E, = 0,1 eV, there is a reduction of slope after the Ohmic re

gion, the reason of which is not well understood. One possible reason is that these 

traps act as recombination centers, which can reduce the concentration of free carriers 

and hence the current. 

Variation with Temperature 

The variation of J-V characteristics with temperature is shown in Fig. 3.16. A 

single set of traps with density of 1 x 10
17 

cm,3 positioned at energy level of 0.2 eV is 

used in this simulation and the temperature is varied between 250 K and 500 K. By 

increasing the temperature, the values of no' nt' and () will increase, resulting in an 

increase in current in the Ohmic and SCL regions. All the curves merge in the trap

free region, in which the current-voltage relationship is independent of temperature. 

At high temperatures, there is again a reduction in the slope of the J-V curves 

between the Ohmic and SCL regions, which is not well understood. 

3.4.2.3 Material with Multiple Sets o/Traps 

In this part multiple sets of discrete traps are set in the a-Si:H and the simula

tion results under different conditions are discussed. At the first stage two sets of 
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Figure 3,16 Variation of J-V characteristics of a-Si:H with temperature. A single set of trap 
with density ofl x l0·

7 em-) positioned at energy level of 0.2 eV ;s set. 

traps are set in the program, one with constant density of 1.2x 1 0
17 

cm-
3 

at zero energy 

level, or the middle of bandgap, and the density and energy level of the other traps is 

varied. The thickness and width of film are 0.2 /lm and 2 mm, respectively, and both 

contacts are aluminium. The mobility of electrons is set to 0.1 cm2 V· I 
S-I and that of 

holes is 0.01 cm2 
y-I S-I. The simulation is performed at temperature of250 K. 

The resulted J- V characteristics for N'2 = 1 x 10
16 

cm-
3

, 3 xl 0
16 -3 

cm , 

16 -3 17 -3 8 1 1017 -3 24 1018 -3 18-3 9xl0 cm, 2.7xl0 cm, . x cm,. x cm ,7.3xl0 em, and 

2.2xl019 cm-3
, are shown in Fig. 3.17a-f for energy levels of Et2 = 0.1 - 0.6 eV. 

When the energy level of the second trap is very close to that of the first one 

(Fig. 3.17a), both traps act like a single trap and the characteristics are like the single 

trap case. For higher energy levels, the effect of both traps is visible in the character

istics (Fig. 3.17b-e). However, by increasing the energy level of the second trap, its 

effect becomes less and less, and for energy levels more than 0.6 eY, the second trap 

has no effect on the characteristics (Fig. 3.17f), except when its concentration is very 

high (not included in the simulation). The first trap introduces an SCL region with 

slope of two only if its energy level is well separated from that of the second trap and 
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Figure 3. J 7 The J- V characteristics of a-Si: H with two sets of discrete traps. The first set with 
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em') at the center of the bandgap, second set at energy level of (a) 
0.1 eV. (b) 0.2 eV. (c) 0.3 eV. (d) 0.4 eV, (e) 0.5 eV. and (j) 0.6 eV. 

has much lower density than the other does. Otherwise, there is a slope of more than 

two in the SCL region corresponding to this trap. 

The critical voltages, the onsets of SCL, TFL, and trap-free regions for the 

higher trap, are with a factor of less that three smaller than the values calculated from 
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(3.41b), (3.42b), and (3.43b), while the values corresponding to the first trap differ 

with a factor between 4-10 from the theoretical values. The value of mobility calcu

lated from (3,7) in the trap-free region at V = 1000 V is equal to 0.10 cm2 V·IS·I, 

which is exactly equal to the value set in the program. 

The J- V characteristics of an a-Si:H film with one, two, three, and four sets of 

discrete traps are shown in Fig. 3.18. The uppermost curve corresponds to a single set 

of traps with density of2.7xl0
18 

cm,3 positioned at energy level of 0.74 eV. For the 

next lower one another trap with density of 1.2xl017 cm,3 is added. In the third one 

another trap with density of 2.4x 1 0
17 

cm,3 at 0.15 e V, and for the most lower one a 

trap with density of 1.7xl017 cm,3 at energy level of zero are added. The trap densities 

and energy levels are chosen so that the effect of each trap can be seen individually 

on the J- V characteristics. The simulation was performed at a temperature of 250 K. 

There is an SCL region and a TFL region for each trap, however, the slope of the 

SCL region is more that two as explained in section 3.3.5. The applied voltage has 

not been enough to reach the trap-free region, which begins at about 200 V. 

The effect of Temperature 

The J- V characteristics of a-Si:H with four traps as described in previous 

~ 
~ 
S 
"") 

0.1 10 100 
lOS r--~- -.----.-----,--r~---~~-----.--'~I----..-------,---,--r-'--,.....". lOS 
104 

lol 

102 

101 

10" 
10,1 

10'2 

10') 

10" 

10" 

104 

lol 
102 

101 

10" 
10,1 

10'2 

10') 

10" 

10" 

10" 

10'7 

10" 

10" 

IO,ID 

100 
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v [V] 

Figure 3. J 9 Variation of J- V characteristics of a-Si: H with four sets of discrete traps 
with temperature. 

simulation, are shown in Fig. 3.19 calculated at four temperatures between 200 K and 

350 K. The effect of each trap is more noticeable on the curves at low temperatures. 

All curves merge in the trap-free region for which the current-voltage relationship is 

independent of temperature. 

The Scaling Law 

In Fig. 3.20a the J-V characteristics of a-Si:H are shown with two sets of dis

crete traps with densities of2x10
ls 

cm-
3 

and 2.l8xlO
l6 

cm-
3 

positioned at 0.6 eV and 

0.51 eV below the conduction band mobility edge, respectively. The thickness of a

Si:H film has changed between 0.1 J.1m and 2 J.1m and the simulation was performed 

at a temperature of 150 K. It can be seen that for thick films the effect of each trap is 

completely distinguishable, while for a film with the thickness of less than 0.3J.1m, 

the slope of the SCL region corresponding to the lower trap is more than two. 

The variation of Jld versus VIi for the films with different thickness is 

shown in Fig. 3.20b. In the trap-free region and TFL region of the higher trap all 

curves are in good agreement with scaling law. However, in the other regions, 

separation between curves is noticeable. The reason is that in very thin films, many 

of the trap states are filled by injected electrons and the Fermi level is above the 
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center of bandgap. All the curves, except the curve for thickness of 2 J,lm, merge in 

the Ohmic region. 
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3.5 CONCLUSION 

The steady state space-charge limited current in a-Si:H was described and the 

theory of regional approximation proposed by Lampert and Mark [20] for a single 

trap was extended to multiple discrete traps. To gain a better understanding of space

charge limited currents in a-Si:H, especially in analyzing the experimental results, 

simulations were performed on the SCLC of a-Si:H in the presence of single and 

multiples traps. The variation of current-voltage characteristics with different pa

rameters such as density and energy level of traps, film thickness, temperature, etc. 

was investigated. 

In the case of multiple traps, when the trap energy levels are well separated 

and the density of higher traps is much more than that of lower traps, the effect of 

each trap is distinguishable, otherwise each region is influenced by the action of more 

than one trap. 

The traps that are close to the conduction mobility edge may have an effect 

only if their density would be enough high compared to the density of states in the 

conduction band mobility edge. 

The regional approximation and the other methods used in analyzing space

charge limited current are valid only if the diffusion current can be neglected. For 

that purpose it is necessary that the width of space charge region close to the contacts 

in a-Si:H is much smaller than film thickness. However, even in the worst case the 

error using a regional approximation is less than a factor of ten. 
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CHAPTER FOUR 

IV CHARACTERISTICS OF 

HYDROGENATED AMORPHOUS 

SILICON 

4.1 INTRODUCTION 

Current-voltage measurement provides useful information about the electrical 

properties of hydrogenated amorphous silicon (a-Si:H). The dominant conduction 

mechanism in a-Si:H is space-charge limited current, which is a useful method to in

vestigate the density of states in the mobility gap of a-Si:H[1-17]. As mentioned in 

Chapter 3, most researchers have used a sandwich structure of n+-i-n+ (p+-i-p+) [1-3, 

7, 9, 10, 12-14, 18], to measure the current-voltage characteristics. This structure 

needs many processing steps and there is the risk of dopant contamination remained 

in the chamber after deposition of highly doped n+ or p+ layers [19]. In the present 

work, a very simple structure has been used that needs only two process steps without 

any doped layer. 
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The steady-state SCLC has been used by many researchers to investigate the 

density of states (DOS) in the mobility gap of a-Si:H. However, since the property of 

material is highly dependent on the deposition and preparation conditions, the results 

may be different from one sample to another. Most researchers have used rather thick 

a-Si:H films (> 0.5 !lm) to eliminate the effect of diffusion current [2, 3, 6, 9, 10, 13, 

17]. However, there has been a great interest in using very short channel lengths in a

Si:H thin-film transistors, especially in vertical TFTs, to increase the speed of device 

[20-24]. The leakage current in a-Si:H thin-film transistors is mainly bulk dependent, 

and study of steady state SCLC which provides information about the bulk of a-Si:H 

would be beneficial for very short channel devices. In this work a-Si:H films with 

thickness of 0.2 and OJ !lm have been used and the validity of different methods for 

very thin a-Si:H films is investigated. 

In this chapter, after describing the experimental process, the measurement 

results will be presented. The steady-state space-charge limited current is used to in

vestigate the density of states in the mobility gap of a-Si:H, and different methods of 

determining DOS will be studied. The experimental results will be analyzed using 

different methods. 

4.2 EXPERIMENTAL 

The structure used for these measurements is shown if Fig. 4.1. Films of in-

Top Metal Contact 

Intrinsic a-Si:l-l 

Back Contact 

Figure4. J The device used for IV measurement. 
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trinsic a-Si:H with thickness of 0.2 and 0.3 ).lm were deposited on top of the n-type 

crystalline silicon wafers with resistivity of 2-3 Qcm, and then, aluminium, gold, ti

tanium, and chromium dots were evaporated as top metal contacts on different sam

ples. In most samples aluminium was evaporated on the back of the substrate as a 

back contact, but because of large contact area, there was no difference between the 

/- V characteristics of samples with and without aluminium back contacts. Although 

the contact between top metal and intrinsic a-Si:H film is usually rectifying, the 

n-type crystalline silicon can inject substantial number of electrons into the film 

when a more negative voltage is applied to the bottom contact. This structure simpli

fies the process, eliminating two deposition steps for doped layers. 

A ramp voltage was applied to the samples using a Keithly 230 programma

ble voltage source and the current was measured by a Keithly 617 programmable 

electrometer. The measurements were performed at room temperature (295 K). One 

sample was measured at different temperatures, cooled by a liquid nitrogen cryostat 

and heated by electric heater, and at pressure of 0.1 mbar. 

4.3 RESULTS 

The current density versus voltage for a sample, with 0.2 ).lm a-Si:H and gold 

circular dots as top contact, measured at room temperature is shown in Fig. 4.2a. The 

more positive voltage is applied to the a-Si:H side (top contact). The characteristics 

show about six orders of magnitude rectification at applied voltage of 15 V, which is 

caused by the Schottky barrier at the a-Si:H and gold contact. The logarithmic plot of 

J versus V with positive voltage applied to the gold contact (Schottky barrier forward 

biased) is shown in Fig. 4.2b. The characteristics have the shape of multi-trap space

charge limited current, with an Ohmic region followed by an SCL region with slope 

of two, and then a combination of TFL and SCL regions with varying slopes. The 

applied voltage has not been enough to reach to the trap-free region, because the 

current on the measurement system was limited to 20 mA. Even if the current was 

not limited, the high power dissipation at higher currents would cause the 

measurement to be unreliable. 
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Figure 4,2 (a) Current density versus voltage for a sample with 0.2 11m a-Si: H and gold contact, 
and (b) the log-log plot in the forward bias, 

4.3.1 Variation with Temperature 

The current-voltage characteristics of a sample with 0.2 /lm a-Si:H and gold 

contacts were measured at temperature range between 139 K and 376 K using a ni

trogen cryostat and electric heater under a pressure of 0.1 mbar. The characteristics 

are shown if Fig. 4.3. The curves at lower temperatures have more variation than 

those at higher temperatures, as more trap states are filled simultaneously in the latter 

case. Although most researchers have reported a continuous distribution of traps in 
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Figure 4.3 Variation of the J- V characteristics of a-Si: H with temperature. 

the mobility gap of a-Si:H, the curves, especially at low temperatures, are very simi

lar to that corresponding to multiple discrete traps. In fact, many trap distributions 

may produce similar SCLC characteristics. 

All curves at different temperatures merge at applied voltage of about 12 V. 

Theoretically, the curves should merge only in the trap-free region, that is the only 

region in which the current-voltage relationship is independent of temperature. This 

region is far below the trap-free region as the slope of curves is between 3 and 5. 

One reason that the curves merge at this voltage could be the presence of a high den

sity of trap states very close to the conduction band mobility edge. From Eqn. (3.21) 

it can be seen that when the energy level of traps is very close to the conduction band 

mobility edge, the variation of () with temperature is small. The presence of a high 

trap density close to the conduction band is in agreement with the theory of band 

tails. 

Another possibility is that the quasi-Fermi level has reached an exponential 

band tail. For an exponential distribution of traps, from (3.45), the slope of the J-V 

plot is inversely proportional to T. However, variation of the value of J with 
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temperature depends on both applied voltage and trap density. For any value of trap 

density, there is a voltage below which the current increases with temperature, while 

it decreases above that voltage. Therefore, in the presence of an exponential 

distribution of traps, the curves corresponding to different temperatures may meet at 

a point and diverge afterwards. In Fig. 4.3, it can be seen that at voltages above 12 V, 

the current at some lower temperatures is more than the current at higher 

temperatures, in agreement with the above discussion. 

The full analysis of the results is given in section 4.5 of the present chapter. 

4.4 METHODS OF DETERMINING THE DOS FROM THE SCLC 

MEASUREMENTS 

The SCLC curves contain useful information about the density of traps in the 

mobility gap of the material. However, the methods used to determine the density of 

states or the density of discrete trap levels in the mobility gap are not always accu

rate. The methods are usually based on some assumptions, so that there may be a 

large error in the results obtained when these assumptions are not satisfied. The fol

lowing are the general assumptions used in all the SCLC methods [14]: 

• the free electron mobility is field independent, 

• diffusion currents are negligible, 

• there is an infinite reservoir of free electrons at the injecting contact, and 

• there is a spatially homogeneous trap distribution throughout the intrinsic layer. 

However, Lampert and Mark has shown that the absence of these assumptions leads 

to densities of states that are overestimated by less than a factor or two [25]. The 

SCLC curve is a function of all the traps distributed in the mobility gap. This func

tion is not a unique function. In the other words, materials with different DOS may 

have similar SCLC curve. Ne~piirek and Sworakowski have shown that the SCLC 

curve obtained from a single discrete trap has reproduced a bell shape distribution, 

using the differential method [18]. 
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The methods for determining the DOS from the SCLC measurements can be 

classified into two categories, depending on the assumptions made about the distribu

tion of traps in the mobility gap: 

1. Discrete trap levels or discrete sets of traps, 

2. Continuous distribution of traps. 

The following briefly explains the methods. The methods for discrete traps are dis

cussed first, and the methods for continuous trap distributions are explained after

wards. 

4.4.1 Using the Intercept of the Different Regions 

In chapter 3, the currents and voltages of the intercepts of different regions 

are derived in Eqns. (3.40) to (3.43), for the case of n discrete sets of traps. The 

density of trap states can be found from the relations for current or voltage of the 

intercept points. These equations are based on some assumptions (section 3.3.5) that 

are not satisfied in all practical situations. They can give an overestimate of the 

density of states but are, on the whole, accurate if the measurements are performed at 

low temperatures. 

4.4.2 Using Gauss's Law 

The trap density can also be estimated using Gauss's law in the space-charge

limited region [26]. In this region, the total trapped charge in a specific set of traps is 

proportional to the change of voltage in this region 

and 

& 
Q = qn d = CoL1V = - L1V 

I I d' 

&L1V 
n, = qd2 , 
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where Q/ is the total trapped charge per unit area in a specific set of traps, Co is ca

pacitance per unit area, and L1 V is the change of voltage between the beginning and 

end of the space-charge-Iimited region. 

In the entire space-charge-limited region, the Fermi level is below the trap en

ergy level. If the Fermi level is assumed to be very close to the trap energy level, 

E/ - EF in (3.16) can be approximated to zero and this equation can be written as 

n/-;:::,N/2. So, 

(4.3) 

It should be noted again that in this equation is true only if the effect of electrons 

trapped in the higher states can be neglected. In addition, in this case the value of N, 

is an underestimate of the density of traps. 

4.4.3 The Temperature Dependency of J-V Characteristics 

In the methods mentioned earlier, only the density of traps can be determined 

from the J- V characteristics, and the energy level of traps must be found by the re

sults obtained from the other measurements. From the steady-state SCLC measure

ments at different temperatures, both the density and energy level of traps can be ex

tracted [27]. 

In the Ohmic region, the current can be expressed by Ohm's law, Eqn. (3.1), 

and the concentration of free electrons can be expressed by Boltzmann statistics, Eqn. 

(3.13). By substituting (3.13) in (3.1) the temperature dependency of current in the 

Ohmic region can be found 

(4.4) 

The current density is proportional to exp [111], therefore, assuming that the free 

carrier mobility does not change with temperature, the logarithmic plot of J versus 

liT at a constant applied voltage would be a straight line. The slope of this line is 
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proportional to Ec - EF and its intercept with the current density axis is proportional 

In the space-charge-limited current region, the current voltage relationship 

can be expressed by the Child's law, Eqn. (3.24). By substituting (3.22) in (3.24) the 

relationship for current versus temperature in the SCLC region can be found 

9N V 2 

J = __ c cpo -3 exp[- (Ec - E,)/ kT]. 
8 N, d 

(4.5) 

As in the Ohmic Region, the current density is proportional to exp [liT], therefore, 

the logarithmic plot of J versus liT at a constant applied voltage would be a straight 

line. The slope of this line is proportional to Ec - E, and its intercept with the current 

. ., . al Nc V2 B . h I f h' I' h densIty axIS IS proportlOn to - cpo -3' Y usmg t e s ope 0 t IS me t e trap en-
N, d 

ergy level, and by using its intercept the density of traps can be calculated. The value 

of Nc Po can be found directly from the Ohmic region. 

4.4.4 Step by Step (den Boer) Method 

This comparatively simple approach was adopted by den Boer [1] and relates 

the charge injected in a small interval of the applied voltage to the density of states. 

By changing the applied voltage from VI to V2, the quasi-Fermi level shifts from EF\ 

to EF2 resulting in a change in the current density from J I to J2 (Fig. 4.4). Using the 

den Boer relations 

(4.6) 

and 

(4.7) 
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Figure 4.4 Schematic J-V and N,(E) diagrams to illustrate the step-by-step method of analysis 

(after Mackenzie et al. [2]). 

the density of states can be traced out in a step-by-step process (Fig. 4.4). In the 

above equations, X, lying between 1 and 3 is a factor accounting for the non

uniformity of the internal space-charge field, and L1 V = V2 - VI' The starting position 

of the Fermi level can be obtained from the Ohmic part of the J-V characteristics, 

Eqn. (4.4). 

In the derivation of the above equations, in addition to the general assump

tions indicated at the beginning of this section, the density of states is assumed to 

change smoothly and continuously. 

4.4.5 The Differential Method 

This more elaborate method of analysis was introduced by Ne§purek and 

Sworakowski [18]. It requires an accurate knowledge of the slope of the J- V curve as 

a function of V, as m(V) = d(lnJ)/d(lnV) . The density of states and the energy level 

are then given by 

(4.8) 

and 
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(4.9) 

where 1 ~ K. ~ 2 and t ~ K2 ~ 1 are correction factors for the non-uniformity of the 

internal field and the carrier density. 

Further to the general assumptions described before, it is assumed in this 

method that [18]: quasi-equilibrium conditions are reached at any injection rate, and 

the occupancy of traps is determined by the position of a common quasi-steady-state 

Fermi level; the temperature is low enough to consider the quasi-Fermi level as a 

sharp demarcation line between filled and empty traps, and the density of states var

ies smoothly and continuously. 

4.4.6 Stocksmann's Method 

Both the step-by-step and differential methods have limitations in dealing 

with the spatial variations of the trapped and free electron densities and the field pro

file across the thickness of the film [14]. In the differential method, its validity rests 

on the assumption that the parameters K., 'S, and m are slowly varying functions of V. 

K. and 'S are not constants and their change with respect to V should be accounted 

for. In addition, the expression for N,(E) is not well behaved as m approaches unity, 

i.e., the derivation breaks down for data close to the Ohmic regime [14]. 

Stockmann [28] and later Wiesfield [6] have introduced an exact and more 

sophisticated method that uses the first, second, and third derivatives of the J- V char

acteristics. The only limitation is this method is that the variation of the density of 

states should be smooth and continuous. Stockmann's relations are described as 

(4.10) 

(4.11) 

where 
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(4.12) 

Constants Jo and Vo are introduced to ensure the quantities are dimensionless. The 

only limitation in the above equations is that the density of states should not vary rap

idly with energy. 

4.4.7 Exponential distribution 

In his original paper, Rose [29] discussed the case of an exponential distribu

tion of trapping states, which can be related analytically to the J- V characteristics. A 

more detailed treatment was given by Mark and Helfrich [30]. They showed that a 

distribution of the form 

N,(E) = ~ exp[-(Ec -E)/kTc], 
c 

(4.13) 

leads to the J-V relation in the SCLC regime 

(4.14) 

where N, is the total density of states involved. These are the same equations as Eqns. 

(3.44) and (3.45) presented by Lampert and Mark [25], described in chapter 3. Com

paring (3.45) and (4.14), it is obvious that both N, and Tc can be determined from the 

coefficient K and from v in Eqn. (4.14). This method is particularly suitable at the 

higher injection levels, where many authors suggested an exponential tail, and the 

J-V characteristics can be represented by a single value of v. 

4.5 ANALYSIS AND DISCUSSION 

The defect states in the mobility gap of a-Si:H are broadened rather than dis

crete [31], therefore the SCLC of a-Si:H should be analyzed using the methods based 

on the continuous trap distribution. However, there are some peaks or maximum 

points in the density of states distribution that can behave similarly to discrete traps. 

Therefore, using methods based on discrete traps can provide a good feeling for the 

peaks in the density of states distribution and their total density and position in the 
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mobility gap. In this section, the methods based on both discrete and continuous trap 

states are used to analyze the experimental data and the results from different meth

ods are compared. 

4.5.1 Analysis Based on Discrete Trap Methods 

The curves in Fig. 4.3, especially at low temperatures, have a shape very simi

lar to the SCLC curves with multiple discrete traps. The Ohmic region, three SCL 

and three TFL regions can clearly be seen on the curves at low temperatures, and it 

seems that there is an SCL region after 15 Y. The curves at higher temperatures 

change more smoothly, since the number of electrons captured by the trap states at 

higher energy levels is not negligible, even at low applied voltages. 

The current density J on a logarithmic scale versus 1 OOO/T for V = 0.02 Y and 

V = 0.1 Y in the Ohmic region is shown in Fig. 4.5. The data points approximately lie 

on straight lines, which are consistent with Eqn. (4.4). From the slope of the line 

corresponding to V = 0.02 Y, and its intercept with the vertical axis, Ec - EF = 0.64 eY 

and NcJ.Lo =2.3xlO·8 Y-·s-·cm-· can be found. The values of both Nc and J.Lo depend 

on the process condition and vary from sample to sample. Spear and Le Comber [32] 

have reported the value of NcJ.Lo =lx102°Y-·s-·cm-·, while Gangopadhyay et al. [16] 

have reported NcJ.Lo =lxl022 Y-·s-·cm-· which differs by two orders of magnitude 
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Figure 4.5 Current density versus IOOOIT in the Ohmic region. 
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from the former value. Rubinelli has reported Nc = 7.9xl0
18 

cm-
3 

[33] and using this 

2 -1·1 b ~ d value, f.io = 0.29 cm V s can e J.oun . 

The line corresponding to V = 0.1 V has nearly the same slope, giving an ac

tivation energy of 0.63 e V, and gives the same value for Nc f.lo' 

The mobility gap of a-Si:H depends on the preparation condition and atomic 

percent of incorporated hydrogen [34, 35], and varies from material to material. The 

reported values of mobility gap ranges from 1.5 eV to 1.75 eV [31, 34, 36]. As the 

material used in the measurement is intrinsic, in the first instant, it was expected that 

the quasi-Fermi level would lie on the intrinsic Fermi level, which is usually assumed 

in the middle of mobility gap. However, the activation energy obtained from tem

perature dependence in the Ohmic region is less than half of the minimum value for 

the mobility gap. The density of states above and below the midgap is not symmetri

cal, in either extended or localized states. The intrinsic Fermi level is not, therefore, 

necessarily in the middle of mobility gap. Its exact position depends on the density of 

states profile of the material. In chapter 3, section 3.4.2.2, it was explained that when 

electrons are injected into a film of small thickness, they occupy the trap states close 

to the intrinsic Fermi level, resulting in a rise in the position of Fermi level. Orton 

and Powell also found the activation energy of 0.6 eV in SCLC measurements [37]. 

The current density versus 1000lT for some other voltages is shown in Fig. 

4.6. The data points for each applied voltage lie on a straight line except for two 

points corresponding to the two lowest temperatures. By measuring the slope of each 

line and its intercept with the current axis at voltages in the SCL region, and using 

(4.5) the energy level and density of traps can be found, respectively. The results are 

shown in Table 4.1. The energy level of the first trap is 0.63 eV below the mobility 

edge and very close to the activation energy in the Ohmic region. Therefore, it can be 

said that, prior to application of voltage, the quasi-Fermi level is pinned to the first 

trap. 

The density of traps calculated using the intercept points and Gauss's law are 

also given in Table 4.1. It can be seen that in low applied voltages, corresponding to 

low trap energy levels, the trap densities obtained from different methods are in the 
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Figure 4.6 Current density versus 1 ooon for different applied voltages. 

same order. While at higher trap energy levels, the values found from temperature 

dependence method differ by many orders of magnitude from the values obtained 

from the other methods. This may be because the quasi-Fermi level is close to the 

exponential tail, where the temperature dependence of current on voltage differs from 

that of single trap. 

E -E 
Nt [cm-3

] 

Trap Set c F Temperature Onset of Onset of [eV] Gauss's Law Dependence SCL Regions TFL Regions 

1st. 0.63 2.19xlO
1S 

1.11xlO
l6 

1.35xl0
16 

2.96xlOi5 

2nd. 0.57 4.39xlO
16 

2.72xl0
17 

1.32xl01i 
1.02xl011 

3rd. 0.14 3.62xl0
21 

7.40xl0
17 

3.29xl0
17 

1.48xl0
11 

4th. 0.07 1.42xl022 - - -

Table 4.1 Density of traps obtained by different methods of investigation. 
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As mentioned before, this analysis does not mean that there are discrete trap 

states in the mobility gap of a-Si:H. However, rather that there are some peaks or 

maximum points in the density of states distribution at energy levels of 0.63, 0.57, 

and 0.14 eV below the conduction band mobility edge, and an exponential tail at 0.07 

e V below that. 

4.5.2 Analysis Based on Continuous DOS Methods 
The density of states distribution, for four different temperatures, derived 

from the characteristics of Fig. 4.3 using the step-by-step method is shown in Fig. 

4.7. The value of X in Eqn. 4.7 has been assumed equal to one. All curves have two 

apparent peaks. However their position in the gap and the densities of states at these 

points, change with temperature. The step-by-step method cannot be used in the 

Ohmic region, as M F is zero. The high density at the energy levels between 0.63 and 

0.64 eV below the conduction band is not realistic and is a result of the small values 

of !:::.EF near the Ohmic region. The actual value for density of states is much smaller. 

The density of states distribution increases at energy levels more than about 0.3 eV 

below the conduction band. It may approach another peak, or may join to the 
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Figure 4.7 The density o/states distribution obtained by the step-by-step method. 
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expnoential tail. 

The curves at lower temperatures are more broadened in energy and indicate 

slightly higher densities. In all methods based on the assumption of continuous den

sity of states, zero temperature statistics are assumed, and the methods are valid only 

when the temperature is low enough to consider the quasi-Fermi level as a sharp de

marcation between filled and empty traps [14]. The DOS obtained from the curves 

corresponding to lower temperatures seem to be closer, therefore, to the exact trap 

distribution. On the other hand, it has been assumed that the density of states distri

bution changes smoothly, while at low temperatures both J- V characteristics and the 

density of states have sharper changes that can produce further error. 

The density of states distribution, for four different temperatures derived by 

the differential method is shown if Fig. 4.8. The values of KI and 'S in Eqns. (4.8) 

and (4.9) are assumed to be equal to one. The curves have the same shape as those 

derived from the step-by-step method, but are more broadened at higher energies and 

have much smaller densities, by more than one order of magnitude. Cech has derived 

the density of states using a differential method which is larger than the value 

obtained by the step-by-step method, by a factor of four [14]. However, instead of 
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Figure 4.8 The density a/states distribution obtained by the differential method 
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using the slope of the J- V curve for m in Eqn. (4.9), he has used the slope of a line 

connecting each point in the J-V characteristics to a fixed point in the Ohmic region. 

The latter has a smaller slope than the J-V curve, resulting in a higher density. 

Although Nespurek and Sworakowsky in their original paper [18J on the differential 

method have defined m as the slope of J- V curve, however, the m used by Cech gives 

a density of states closer to those obtained by the step-by-step method. 

The differential method is not applicable in the Ohmic region, since m cannot 

be equal to one in Eqn. (43.9). The high density of states at energy levels less than 

0.6 eV below the conduction band are due to error encountered in the transition re

gion between Ohmic and SeL regions, in which m is very close to one. 

Stockmann's method is very sensitive to the measurement noise, because in 

this method in addition to the slope of the J-V curve, its second and third derivatives 

have also been used. A very small noise in the J- V curve can produce a huge change 

in the derivatives, especially on the second and third derivative, and consequently on 

derived DOS. The density of states distribution obtained by this method for two dif

ferent temperatures are shown in Fig. 4.9. A polynomial smoothing algorithm has 

been applied to the experimental data before analyzing, however the results are still 
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Figure 4.9 The density of states distribution obtained by StOckmann's method 
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very noisy. Applying higher degrees of smoothing or multi-step smoothing may cause 

the information in the original data to be lost. 

This method provides more detailed information about the density of states 

distribution, although many of these variations could be because of the enlargement 

of measurement noise. The values of the density of states distribution are very close 

to those in step-by-step method, and the energy levels are closer to the conduction 

band. 

The density of states distribution obtained from different methods at tempera

ture of 273 K are shown in Fig. 4.10. The results of step-by-step and StOckmann'n 

methods are closer, and have higher densities and are in deeper energies. This is in 

agreement with the results of Cech [14]. He has claimed that only StOckmann's 

method can provide a true DOS from SCLC characteristics. However, since it is very 

sensitive to measurement noise and sharp changes in the J- V curve, and the density of 

states obtained by this method are very close to step-by-step method, the latter would 

be enough accurate for many investigations. 

The trap densities calculated from the intercept of different regions, assuming 

discrete traps, are very close to the integral of DOS distribution derived by the 
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step-by-step method, around the maximum points. The values obtained for higher 

traps using temperature dependence are too high to be realistic. The energy levels of 

the two lower traps obtained from temperature dependence method are nearly close 

to the maximum points in the density of states distribution. However, the energy lev

els of higher traps are far away from the energy level of the maximum points in den

sity of states distribution. 

4.6 CONCLUSION 
The steady-state space-charge limited current methods were used to investi-

gate the density of states in very thin a-Si:H films. A simple structure using n-type 

crystalline silicon as the substrate, and different metal contacts was used. Different 

methods were applied to derive the density of states from the measured J-V character

istics. 

The shape of the J- V characteristics suggests that there are some peaks or 

maximum points in the density of states distribution, that can be treated as discrete 

traps. The densities of traps obtained from the intercept of different regions and from 

Gauss's law are close to the integral of DOS distribution around maximum points. 

The DOS distributions obtained from step-by-step and differential methods 

have the same general shape. However, the former is a few kT deeper in energy and 

its DOS is more than one order of magnitude higher than the latter. StOckmann's 

method produces a DOS with a value close to the step-by-step method, but is very 

sensitive to measurement noise. 

The J- V characteristics measured at low temperatures better satisfy the zero 

temperature approximation. However, for characteristics that have sharp variations 

the error in deriving the DOS distribution at low temperatures is more accountable. 

The density of states distribution can be used in modelling of a-Si:H devices. 

In chapter six the results of modelling a vertical TFT using the trap densities obtained 

in this chapter are presented. 
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CHAPTER FIVE 

THE METAL-AMORPHOUS SILICON 

CONTACT 

5.1 INTRODUCTION 

There has been a great interest in investigating the metal-a-Si:H contacts [1-

10]. The contact to a-Si:H has significant importance both in a-Si:H Schottky diodes 

and in other devices, the most important of which are a-Si:H thin-film transistors. 

Wronski and Carlson have shown that there are similarities in barrier formation be

tween a-Si:H and crystalline silicon [10]. It is found that the interface states, mainly 

due to the oxide layer formed on a-Si:H have the main role in the barrier formation 

[1, 2]. The main conduction mechanisms in a-Si:H Schottky contacts, especially at 

low voltages are thermionic emission across the barrier and drift/diffusion. However, 

tunnelling through the potential barrier by both field emission or thermally assisted 

field emission have been observed in a-Si:H at high electric fields [2,4]. 

The Schottky barrier is usually studied on n+-a-Si:H-metal structures [2-4]. 

However, some researchers have used metal-a-Si:H-metal sandwich structures with 

different front and back metal contacts [1]. In the present work a simple structure 
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using intrinsic a-Si:H on top of an n-type crystalline silicon as a substrate has been 

used. The metal evaporated onto the a-Si:H layer provides a rectifying contact with 

intrinsic a-Si:H. The current-voltage characteristics were measured in both directions 

with different metals and the reverse current has been used to analyze the contact 

properties. The dominant conduction mechanism in reverse bias has been found to be 

thermionic emission, and using Richardson's theory the potential barrier height with 

different metals have been calculated. The temperature dependence of the reverse 

current and the effect of annealing on chromium contacts with a-Si:H have also been 

investigated. 

5.2 THEORY 
When a metal is making contact with a semiconductor, because the Fermi 

levels in the two materials must align in thermal equilibrium, a barrier will be formed 

at the interface of the metal and semiconductor. This barrier prevents electrons 

(holes) with low (high) energy from entering the semiconductor, while the carriers 

can move easily from semiconductor to the metal, resulting in a rectifying behaviour 

at the contact. 

The current-voltage relationship, in general, can be described as [11] 

J = Jo[exp(qV 117kT)-I], (5.1) 

where Jo is the saturation current density, q = 1.6xlO
o19 

C is the electronic charge, 1'/ is 

the ideality factor, k = 1.38xlO
o23 

JIK. = 8.63xlOoS eVIK is Boltzmann constant, and T 

is temperature in Kelvino The saturation current depends on the barrier height and the 

conduction mechanism and is generally a function of temperature and applied voltage 

or electrical field 

(5.2) 

where fA is the barrier height and the prefactor Joo depends on the conduction process. 

The most common conduction process, especially at low electric fields in 

high mobility semiconductors is thermionic emission or Schottky emission, in which 

113 



Chapter 5. The Metal-Amorphous Silicon Contact 

the transport of electrons takes place over the potential barrier. The saturation current 

density in this case is given by [11] 

(5.3) 

where A* is the effective Richardson constant for thermionic emission. The barrier 

height fA is reduced with increasing reverse voltage by image-force barrier lowering 

or the Schottky effect. If the image-force barrier lowering is considered, (5.3) 

changes to [11] 

(5.4) 

where cis the electric field and &. is the permittivity of semiconductor. A logarithmic 

plot of Jc/A'r versus liT at any reverse voltage yields a straight line whose slope is 

proportional to the effective barrier height. 

In a-Si:H the space-charge mainly originates from the trapped electrons in the 

surface states or bulk states close to the interface. The excess charge density is equal 

to 

where n
f 

is the free electron concentration, n, is the concentration of trapped elec

trons, no and ntO are the bulk concentrations of free and trapped electrons, respec

tively, and B is the ratio of free electron to total electron concentrations. 

The space-charge can be approximated by p ~ qN, for x < W, and p ~ 0 and 

dVldx ~ 0 for x > W, where N, is the total density of traps and W is the depletion 

width. Solving the Poisson equation and using the boundary conditions yield 

(5.6) 

(5.7) 
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W = 2c .. (v. -V - kTJ N bl , q I q 
(5.8) 

where 

(5.9) 

is the maximum electric field at the interface, Vb; is the built-in potential, and V is the 

applied voltage. The maximum electric field is responsible for barrier lowering, since 

it takes place at the interface. Substituting Cin (4.4) by c: in (5.9) yields 

J = A'T2 ex (- q¢>b )ex {.!L[q3 Nt (Vb; - V - kT/ q )]1/4} 
o P kT P kT 8 2 3 • 7t Cs 

(5.10) 

At reverse voltages of more than a few tenths of a volt, the terms Vb; and kT/q are 

negligible and In Jo is proportional to Vv.. A logarithmic plot of Jo versus vv. yields a 

straight line whose intercept with the vertical axis can give an estimate of barrier 

height. 

Another conduction process is the drift and diffusion of electrons through the 

space-charge region, and the saturation current can be described by [11] 

(5.11) 

where v
D 

is the effective diffusion velocity and Po is the electron mobility. Consider

ing image-force barrier lowering, (5.11) changes to 

(5.12) 

When both thermionic emission and drift/diffusion conduction processes are present, 

the saturation current can be described as [11] 

(5.13) 
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where 

(S.14) 

is the effective surface recombination velocity. If vR « vD the thermionic emission is 

dominant and (S.13) changes to the Richardson equation (S.3), and if v
D 

« v
R 

the 

drift/diffusion process is dominant and (S.3) changes to (S.II). 

At higher electric fields, the conduction can occur by electrons tunnelling 

through the potential barrier, especially for highly doped semiconductors. The 

tunnelling or field emission is expressed by the Fowler-Nordheim equation [I I, 12] 

(S.1S) 

where n = l.OSx 10,34 Js is the reduced Plank constant and m· is the electron effective 

mass. The probability of tunnelling can be characterized by parameter [4] 

(S.16) 

where N is the space-charge density. For a doped material N is the impurity concen

tration, but for intrinsic a-Si:H it could, for example be the total density of traps. Eoo 

is the energy below (A where the tunnelling probability is e" [4]. If Eoo « kT 

thermionic emission dominates, and if Eoo» kT field emission dominates. In the in

termediate range where Eoo is in the same range as kT, thermionic field emission or 

tunnelling enhanced thermionic emission is the dominant process [4]. 

Another conduction mechanism is the generation-recombination of carriers 

through midgap states at the metal semiconductor interface or in the bulk states near 

the interface. This conduction mechanism may have an important role for very high 

surface or midgap density of states and for high barrier heights where tunnelling is 

not important [4]. 

5.3 EXPERIMENTAL 
The measurements are performed on the same structure shown in Fig. 4.1 and 

described in chapter three. There is a Schottky contact at the interface of the a-Si:H 
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film and top metal. The current versus voltage was measured using a Keithly 230 

programmable voltage source and a Keithly 617 programmable electrometer, both in 

forward and reverse directions. The measurements was performed at room 

temperature (295 K), and one sample was measured at different temperatures, cooled 

by a liquid nitrogen cryostat and heated by an electric heater, at the pressure of 0.1 

mbar. Aluminium, gold, titanium, and chromium were used as metal contacts. The 

samples were annealed at 200°C for one hour in the presence of forming gas, after 

metal evaporation. 

5.4 RESULTS AND DISCUSSION 
The linear and logarithmic plots of J- V characteristics of a sample with 

0.2 J.!m a-Si:H and a gold contact, measured at 300 K are shown in Fig. 5.1a, b. The 

dominant conduction mechanism in forward bias, as explained in chapter three, is 

space-charge limited current. However, in the reverse bias the current is limited by 

the Schottky barrier, which is discussed in this chapter. 

The variation of J versus V y. is shown in Fig. 5.2 where V is the reverse ap

plied voltage. For V greater than a few kT, the exponential term in (5.1) approaches to 

zero and J:::: Jo' The graph has a good fit with a straight line for voltages above 0.4 V, 

in agreement with thermionic conduction process, Eqn. (5.10). For this range of volt

age, the terms Vbi and kT/q in (5.10) are negligible. 

An estimate of barrier height can be found by interpolating the plot of J ver

sus V y. (Fig. 5.2) at V= 0 and using Eqn. (5.10). Unfortunately, there is no a priori 

theoretical knowledge about Richardson's constant in a-Si:H. The value of A· for 

electrons in free space is 120 A cm·
2 K2 [13]. For crystalline silicon it is 

79 A cm·2 K2 for holes and 250-265 A cm·
2 K2 for electrons [11]. Anderson and Guo 

have found A* = 223 A cm·2 K·2 for holes in a-Si:H from IV measurements [1]. An

drews and Lepselter propose that the value of A* for electrons in a-Si:H is approxi

mately four times that for holes [14], and Anderson and Guo [1] have assumed 

A* = 900 A cm·
2 K2 for electrons based on this suggestion. The barrier height found 

from the intercept point is not very sensitive to Richardson's constant. 
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Figure 5, J (a) The logarithmic and (b) linear J- V characteristics of gold-a-Si: H contact, 

For A* = 900 A cm-2 
K2 and A* = 500 A cm-

2 
K2 barrier heights of 0.93 eV and 0.92 

eV were found, respectively, with a difference about 0.01 eV. For A* = 120 A cm-
2 

K 

2 the value for electrons in free space, the barrier height is 0.88 e V. In the absence of , 
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Figure 5.2 Variation of reverse current density versus v'A for gold-a-Si:H contact. 

trap states, the barrier height q ¢J b can be related to the work function of metal q ¢J m 

and electron affinity of semiconductor qX by [11] 

(5.17) 

where qt1¢J is the change in the barrier height by image-force barrier lowering. With 

q¢Jm = 5.1 eV [11] for gold and qX = 3.93 eV for a-Si:H [15], the barrier height of 

1.17 e V was found, neglecting the barrier lowering. In the presence of interface traps, 

the barrier height depends mostly on the density of trap states, and the work function 

of the metal has little influence on the barrier height. 

In chapter 4, the activation energy of 0.63 eV was found for electrons in 

a-Si:H at zero bias. Using this value, the band bending at the interface of metal and 

a-Si:H is around 0.25-0.3 eV upwards. Aker et al. reported an upward band bending 

of about 0.2 eV, caused by the surface oxide due to negative charge in the oxide [16]. 

The direction of band bending is in agreement with results of Aker et al. [16] and 

also Anderson and Guo [1]. Anderson and Guo have found the barrier height of 

1.14 e V for a gold contact on p-type a-Si:H [1]. Drazin [17] has found the value of 

1.1 eV and Hara et al. [18] reported 1.07-1.1 eV for the barrier height of gold on 
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intrinsic a-Si:H. The barrier height obtained in the present work is about 0.2 eV less 

than the value for a clean surface. It suggests that the barrier height is more affected 

by interface states. 

The value of N" the total density of trap states close to the interface incorpo

rating in the space-charge, can be found from the slope of Jversus vv. (Fig. 5.2), us

ing Eqn. (5.10). The value of Nt = 4.13xl0
17 

cm·
3 

was calculated from (5.10) and is 

close to the total density of the first three traps found in chapter 4 (Table 4.1) using 

SCLC measurement. 

5.4.1 Variation with the Work Function of Metal 
The current density versus reverse voltage for a-Si:H with aluminium, gold, 

titanium, and chromium contacts is shown if Fig. 5.3. The characteristics are nearly 

the same, except for the sample with chromium contact that has higher current at low 

voltages but a lower rate of increase. The current density versus V\!4 corresponding to 

the previously mentioned graphs is shown in Fig. 5.4. It can be seen that all curves fit 

well with straight line, in agreement with thermionic conduction process. 

The values of barrier height calculated from the intercept of fitting lines with 
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Figure 5.3 The reverse J-V characteristics of a-Si: H contact with different metals. 
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Figure 5.4 The variation of J versus V ~ for a-Si: H contact with different metals. 

, .• ,2 -2 
J axIS, assummg A = 500 A cm K, are 0.92 eV, 0.92 eV, 0.91 eV, and 0.87 eV for 

gold, aluminium, titanium, and chromium, respectively. The barrier heights for all 

metals are nearly the same, except for chromium that is slightly lower. The barrier 

height for chromium is close to the values 0.83 eV reported by Nieuwesteeg et al. [3] 

and Wronski et al. [19], and 0.84 eV reported by Nemanich et al. [20]. 

In the presence of surface states, the relationship between barrier height and 

the work function of metal can be written as [11] 

(5.18) 

where 

& 
c= ' 

2 ' 
&j +q &Is 

(5.19) 

and ;0 is the potential difference between Fermi level and valence band at the surface 

before the metal semiconductor contact was formed, .A; is the image force barrier 

lowering, Ns is the density of surface states, and &j and 0 are the permittivity and 

thickness of interfacial layer, respectively. Without surface states, c = 1 and (5.18) 
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reduces to (5.17). With a very high density of surface states, C -+ 0 and therefore the 

barrier height is independent of the work function of metal. 

F or metal on n-type crystalline silicon, Sze [11] has found 

(A = 0.27¢m - 0.55 (5.20) 

from experimental results. For a-Si:H, Street [13] has quoted 

¢b = 0.28¢m - 0.44 (5.21) 

and Wronski and Carlson [10] have reported 

¢b = 0.25¢m - 0.33 (5.22) 

for electron barriers. However, Nieuwesteeg et al. [2] have found 

(5.23) 

which is completely different from (5.21) and (5.22). In the present work, the barrier 

height, except for chromium is independent of the work function of the metal and it 

seems that only the surface states are responsible for its value. Chromium is known 

to diffuse through the interface oxide layer [1] and makes a better metallic contact 

with a-Si:H. Therefore, a lower barrier height for chromium contact can be related to 

this effect. In Fig. 5.4, it can be seen that the curve for chromium has a lower slope 

than the others. From Eqn. (5.1 0) it can be concluded that the density of trap states 

incorporated in the space-charge is lower in this case. This may also be associated to 

diffusion of chromium atoms through the interfacial oxide layer. 

5.4.2 Effect 0/ Annealing 
Annealing the sample after metal evaporation has been found to stabilize the 

film characteristics. Anderson and Guo [1] have claimed that extensively annealing 

the samples with chromium contact can provide good metallic contact for near 

intrinsic a-Si:H. The effect of annealing on a-Si:H sample with a chromium contact is 

investigated in this section. Successive annealing process steps were performed on a 

sample with 0.3 ~m intrinsic a-Si:H and a chromium contact. Each process step 
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consists of 2 hours annealing at 200 °e in presence of forming gas, cooling at room 

temperature, and annealing again for one hour at 200 °e. 

The J- V characteristics of the sample at different annealing steps are shown in 

Fig. 5.5a. It can be seen that the reverse current changes extensively with annealing, 

as the current increases about four orders of magnitude after 12 hours annealing. The 

current density versus vY- is plotted in Fig. 5.5b. All the curves have a fairly good fit 

to a straight line, indicating a thermionic conduction process. The two lower curves 

have an increase in slope after a voltage of about 5 V, which possibly is because the 

value of drift-diffusion current has been significant at higher electric fields. This in

crease is not seen at the next curve, since the electric field in this case is not as strong 

as the previous, due to lower barrier height. The higher curve has a completely differ

ent shape, with a drastically higher slope that decreases at higher voltages. As the 

current level in this case is relatively high, the contact does not limit the current, and 

the bulk property may also affect the current. 

The variation of barrier height, calculated from the intercept of fitting lines 

with current density axis, versus annealing time is shown if Fig. 5.6, in which the 

barrier height decreases monotonically with annealing time. However, even with ex

tensive annealing there is a noticeable barrier height and the contact is still rectifying. 

The slope of the curves is lower than that of other metals (Fig. 5.4) and, ex

cept for the higher curve, decreases with annealing time. It suggests that the density 

of trap states incorporating in the space-charge reduces with annealing. 

5.4.3 Temperature Dependence 
In the thermionic conduction process, Eqn. (5.3), the current is dependent on 

temperature because of the term T in the prefactor and liT in the exponential term. A 

graph of JIT 2 versus liT therefore, should be a straight line whose slope is propor

tional to the barrier height. 

The reverse J- V characteristics for an a-Si:H sample with a gold contact, for 

some selected temperatures are shown in Fig. 5.7, and the variation of JIT 2 
versus 

liT for some applied voltages are shown in Fig. 5.8. The data points do not have a 
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Figure 5.5 The variation of (a) J- V characteristics and (b) J versus V Y< with annealing. 

perfect fit to a straight line. Instead, they can be fitted on two straight lines at high 

and low temperatures, and the line at low temperatures has a slightly smaller slope. 
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The barrier height calculated from the slope of the line at higher temperatures is 
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Figure 5.6 The variation of barrier height versus annealing time. 
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Figure 5.7 The variation of reverse current ofgold-a-Si:H contact with temperature. 

0.61 eV at applied voltage of 0.2 V, and reduces to 0.53 eV at voltage of 15 V. The 

variation of barrier height and change of barrier height with voltage are shown in 
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Fig. 5.9. The barrier lowering has the best fit with V 1/6.7. From (5.4) it can be con

cluded that the maximum electric field is proportional to V
I/3

.
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The values of barrier height derived from temperature dependence are very 
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Figure 5.9 The variation of barrier height and change in barrier height with reverse voltage. 
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different from the values calculated from Fig.5.2. The temperature dependence seems 

to be more accurate, however, the barrier height calculated by interpolation is closer 

to published values. The data were checked with other conduction mechanisms, but 

they did not match any mechanism, except thermionic conduction and drift/diffusion 

conduction. Both of these mechanisms result in the same barrier height. 

5.5 CONCLUSION 
The reverse current-voltage characteristics of metal-a-Si:H Schottky contact 

were investigated. The dominant conduction process in the reverse direction seems to 

be thermionic emission. The barrier heights of a-Si:H with different contacts were 

calculated using Richardson's equation. The barrier height was found to be nearly 

independent of the work function of metal. 

The effect of annealing on the chromiumla-Si:H contact was investigated. 

The barrier height linearly decreases with annealing time. In an extensively annealed 

sample, it seems that the current is affected by both the bulk and the contact. 

The temperature dependence of reverse current in a goldla-Si:H contact was 

analyzed. The barrier height at the contact from the temperature dependence of 

Richardson's equation is about OJ eV less than the barrier height calculated from the 

interpolation of J versus V ',4 • The reason for this is not well understood. 

Most metals make rectifying contacts with intrinsic a-Si:H. Chromium, after 

extensively annealing provides higher reverse current, however, the contact is still 

rectifying. 
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CHAPTER SIX 

THE FIELD EFFECT MOBILITY 

MEASUREMENT 

6.1 INTRODUCTION 

Carrier mobility in the surface of a semiconductor is different from the bulk 

because of additional surface scattering. In the bulk, carrier mobility is determined by 

scattering processes arising from the thermal vibrations of lattice atoms and from any 

impurities and lattice imperfection. Near the surface, in addition to the normal bulk 

scattering. free carriers are subject to scattering by the boundary surfaces. This addi

tional scattering generally reduces the carrier mobility below that in the bulk [I]. In 

addition. the interface may contain a number of surface states or traps, which act as 

scattering centers and scatter more strongly than the lattice [2]. By reducing the 

channel thickness, scattering of carriers by the surface becomes more frequent, re

sulting in lower mobility. 

The term "field effect" describes the change in sample electronic conduction 

taking place as a result of a capacitively field applied normal to the surface. In the 

presence of traps, some of the carriers induced by the applied field are captured by 
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the surface and bulk states. The density of mobile charge is less than the density of 

total induced charge, resulting in lower current. "Field effect mobility," is the effec

tive carrier mobility calculated assuming that all the induced charge is mobile. 

The structure usually used for field effect measurement is a field effect tran

sistor similar to inverted-staggered TFTs [3]. However, many researchers have used 

real TFfs for this measurement. In the present work, a structure similar to inverted

staggered TFf is used for measuring the field effect mobility. 

After the theory, the device fabrication and measurement procedure is ex

plained. The resulting data is presented and analyzed in the next section. Finally, the 

ac field effect mobility measurement is described. 

6.2 THEORY 

Displacement of mobile charge carriers near the surface of a semiconductor 

builds up a space-charge region. The space-charge region may be produced by an 

external electric field. or an electric field caused by proximity of another material 

with different work function. It may also result from the presence of a localized 

charged layer at the surface due to surface states [1]. 

6.2.1 The Semiconductor Surface 

Depending on the surface states, doping, and electrical field at the surface, 

there may be three conditions in the space-charge region; accumulation, when the 

majority carrier density in the space-charge region is greater than that in the bulk, de

pletion. when the majority carrier density in the space-charge region is smaller than 

that in the bulk. and inversion. when the minority carrier density in the surface ex

ceeds the majority carrier density in the bulk. In a-Si:H TFfs, the material is usually 

intrinsic and there are no majority or minority carriers. Therefore, the above defini

tions should be revised. However, since the free electrons are the main carriers in the 

a-Si:H TFfs, the terms depletion and accumulation can be used when the surface is 

depleted from or accumulated by the free electrons. Inversion has no meaning in the 

intrinsic materials. 
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Surface tate may be as ociated with the unfilled orbitals or dangling bonds 

of the urface atom. In covalent crystal , for example, a bulk atom forms four va

lence bond with it neare t neighbour , but a surface atom can form only three. The 

remaining unfilled orbital may thu be free to trap an electron [1]. In a-Si:H, the den-

ityof tate in the urface i much higher than the bulk defect den ity, 0 the exce s 

den ityof tate can be attributed to urface state [4]. 

The conductivity of the urface layer, or space-charge region depends not only 

on the carrier concentration , which is determined by the barrier height, but also on 

the carrier mobility at the urface. The carrier mobility at the surface is usually lower 

than that in the bulk, becau e of additional cattering at the surface. 

A film of a- i:H icon idered between two Ohmic electrode and an electri-

cal field i applied normal to the surface through an in ulator (Fig. 6.1). The film 

f bulk and urface layer that are approximately in parallel. The total re i -

tance of the film, with no applied field, i approximately equal to the bulk re i tance. 

By application f external field, the electron are accumulated in or depleted from the 

urface layer. When the field i trong enough, the electron accumulate at the sur

face and reduc th urface re i tance. Th urface conductance can be varied by ap

plying an external field n rmal to the urface. The change in total re istance i ap

pro imatel equal to the change in urface re i tance, becau e the bulk resi tance re

mam n arly unchanged by the variation of applied field. The field effect mobility 

can b found fr m th change in the urface re i tance by the appli d field normal to 

the ·urface. 

surface layer 
I -- bulk --

L 

Figure 6.1 The a-Si:H specimen with swface layer. 
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r metal 

insulator ~c - 1 -- ox 

semiconductor 

I 
(a) (b) 

Figure 6.2 (a) A MOS structure, and (b) the capacitors associated to the structure. 

A u ual MO tructure i hown in Figure 6.2a. Three capacitor may be as

ociated with thi tructur [1] . The pace-charge capacitance (per unit surface area) 

C" i defined a the ratio of the pace-charge density per unit surface area Q.,.c to the 

barrier height V, 

e" == IQ" IV,I· (6. 1) 

The urfa e- tate apaci tance e" i defined a 

e" == 1L1 Q" lV, I (6.2) 

where Q" reprc ent the change in surface- tate charge density by changing the bar

rier height from 0 to ,. The urface capacitance i defined as the ratio of the total 

change in urfa e harge den it Q to the barrier height V 
-'j .\ 

e, == I Q, IV,I = I(Q,t + Qss )IV, I = e,t + e" . (6.3) 

The ther capa itance in thi tructure i a ociated with the oxide layer. If a change 

Vo in the applied Itage b tween the gate and ub trate contact changes the barrier 

height by V" the chang in voltage acro the oxide layer will be Vo - ~" and the 

change in charge den ity p r unit urface area in the oxide will be equal to L1Q.f' 

Therefore, the xide capaci tor can be defined as 

(6.4) 
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and may be expressed as 

C = eox 

ox d 
ox 

(6.5) 

where e
ox 

and d
ox 

are the permittivity and the thickness of oxide, respectively. The 

effective surface capacitance Co can be calculated by combining (6.3) and (6.4) 

(6.6) 

and consists of oxide capacitance in series with the parallel combination of the space

charge and surface-state capacitors (Figure 6.2b). 

If the thickness of oxide layer is much more than the thickness of space

charge region, the effective surface capacitance approaches the capacitance of the 

oxide layer 

(6.7) 

6.2.2 Calculation of Field Effect Mobility 

When the voltage applied between the conducting contacts is low enough, the 

surface conduction can be assumed Ohmic. The conductivity of the surface can be 

approximated by 

(6.8) 

where n, is the mean free electron concentration at in the surface layer, q is the elec

tronic charge and JiFE is the field effect mobility. The charge in unit area in the sur

face equals to the charge in unit area induced in the oxide. A change in voltage of 

field plate, LlVG, results in a change in the charge in the surface layer 

Llnfqd,. z COLlVG (6.9) 

where d, is the effective thickness of surface layer. Using (6.8) and (6.9) the change 

in conductance of the surface layer, or equally the change in total conductance of the 

film can be found 
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(6.10) 

where Wand L are width and length of the .film, respectively. From (6.10) the field 

effect mobility can be calculated 

1 LtG 
f.1 FE = Co (W/L) LtV

G 

(6.11) 

The field effect mobility can also be found using the standard TFT equations 

[5-8]. The basic characteristics of the TFT and the methods of calculations of field 

effect mobility are presented in the following section . 

6.2.3 Characteristics of Thin-Film Transistors 

An inverted-staggered TFT structure with channel length L and channel width 

W is shown if Fig. 6.3. The typical output characteristics, ID versus VDS' the transfer 

characteristics, I D versus V GS in the saturation region , and logarithmic plot of I D ver

sus V GS are shown if Figs. 6.4a, b, and c, respectively. At low drain voltages and for 

Drain Source 

Semiconductor 

Gate Insulator 

Figure 6.3 A typical inverted-staggered TFT. 

V
CS

> V
T 

the drain current can be expressed by [2] 

(6.12) 

where 
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(6.13) 

P is named the device constant and V T is threshold voltage. For every value of VGS' 

the drain current reaches a maximum at V DS = V GS - V T At this point, the channel 

reaches pinch-off and after that the current remains nearly constant (saturation re

gion). 

In the saturation region. the drain current can be expressed as 

(6.14) 

The transfer characteristics, the variation of IDS versus VGS in this region, is shown in 

Fig. 6.4b. The slope of transfer characteristics is defined as transconductance gm' 

- dl DS _ p( ) _ (R )X gm --;--V - Vcs -VT - 2~IDS • 
a GS 

(6.15) 

At very low drain voltages. the term VDs"12 III (6.12) is much smaller than 

(VI;s - Vr) VIJS and can be neglected. The relationship between In and VDS in this region 

is Ohmic. 

(6.16) 

The slope of output characteristics in the Ohmic region or channel conductance is 

defined as 

(6-17) 

The transconductance in the Ohmic region equals the derivative of ID with respect to 

VIiS in (6.16) 

(6.18) 

The region where the gate voltage is below Vr is called the subthreshold re

gion. The subthreshold swing is an important parameter in TFTs since it describes 

the change of gate voltage needed to tum the transistor on and off. Low values of S 
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are obviously desirable. The drain current in this region varies exponentially with VGS 

[9]. The logarithmic plot of ID versus VGS' usually called a subthreshold plot, is a 

straight line (Fig. 6.4c). The subthreshold swing S, by definition, is the inverse slope 

of the subthreshold plot, or the gate voltage swing needed to change the drain current 

by one decade. 

(6.19) 

where k is Boltzmann constant and T is temperature in Kelvin. The surface capaci

tance C. defined in (6.3) is the parallel combination of space charge capacitance and 

surface states capacitance. The space charge capacitance is defined in (6.1) and 

equals to [9. 10) 

1/2 

C =(qEJn
" J = (EN)1/2 " ?v q ., " - , 

(6.20) 

where "" is the space charge per unit volume and N" is the space charge density per 

unit volume per electron volt. The surface states capacitance is defined in (6.2) and 

can he described as 

(6.21) 

where N" is surface states density per unit area per electron volt. Substituting C", Cu ' 

and Cd' in (6.19) yields to [11) 

s = kT InlO.[I+ qd,,\ (~EJN" +qN,,)l. 
q 10", IJ 

(6.22) 

The subthreshold swing depends on both oxide thickness and the density of surface 

states. Because of high density of surface states at the interface of a-Si:H and insula

tor. the subthreshold swing in a-Si:H TFTs is much smaller than that in crystalline 

silicon MOSFETs. The values of S for a-Si:H TFTs reported in the literature ranges 

from 0.3 to 2.5 V/decade [II). 

Another important parameter in TFTs is the on-off ratio, which is the ratio of 

the currents associated with the maximum and minimum gate voltage applied to the 
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transistor. The on-off ratio is usually expressed in orders of magnitude or decades. It 

should be noticed that when the transistor is turned off by applying a negative volt

age. the off-current is usually higher than the minimum current in the TFf. 

6.2.4 Derivation of Field Effect Mobility from TFT Characteristics 

Many researchers have used the TFf characteristics to calculate the field ef

fect mobility [5-8). In the saturation region, the drain current is fairly independent of 

drain-source voltage and can be expressed by Eqn. (6.14). A plot of (ID)'h versus VGS 

would be a straight line whose slope is proportional to (j.1FEt and its intercept with 

the voltage axis equals V r The field effect mobility can be found from the slope of 

this line 

_ 2 [au [) y/2 ]2 
f.1 H-: - C (W/L) av. 

"X (,S 

(6.23) 

In the Ohmic region. the channel conductance can be found from the slope of 

output characteristics and is given by (6.17). The channel conductance is proportional 

to V(i' and a plot of g" versus Vc;s is a straight line. The intercept of this line with the 

V(;S axis equals Vr and the field effect mobility can be found from its slope 

1 dg" 
f.1 fF = C (W/L) dV 

0'\ GS 

(6.24) 

This equation is similar to equation (6.11) in section 6.2.2. 

The field effect mobility can also be found from equation (6.18). the 

transconductance in the Ohmic region [12) 

(6.25) 

Although most researchers have used the saturation region to calculate the 

field effect mobility [5-8). the field effect found from the Ohmic region seems to be 

more reliable. since the transverse field is minimum in this case. 
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Another method of detennining the field effect mobility is by applying an ac 

signal between the drain and source biased in the Ohmic region. The mobility can be 

related to the electric field by the drift velocity of electrons 

(6.26) 

For a specimen with length L the drift velocity equals to 

(6.27) 

where 11 is the time needed for an electron to travel from one side of specimen to the 

other side. With an ac signal applied between drain and source, and the period of sig

nal less than a critical time T .. corresponding to the frequency J;., the electrons can not 

reach the other end and the ac current will drop. By measuring this frequency and 

using (6.26) and (6.27) the field effect mobility can be estimated 

(6.28) 

where V is the amplitude of ac signal. 
", 

6.3 EXPERIMENTAL 

The structure used for field effect mobility measurement is shown in Fig. 6.5. 

A layer of 0.5 ~m silicon dioxide was thermally grown on an lHype crystalline sili

con substrate. A film of 0.3 ~m GD intrinsic a-Si:H was deposited on the oxide layer. 

Aluminium with thickness of 300 nm was evaporated on the back of crystalline wafer 

as gate contact. A film of 200 nm aluminium was evaporated on the a-Si:H layer, and 

drain and source contacts were defined by photo-lithography and lift-off of alumin

ium. The samples then were annealed for 2 hr at 200 °C [13] in the presence of 

forming gas. The mask used for defining drain and source contacts contains devices 

with different drain and source areas and different aspect ratios. The dimensions of 

drain and source contact areas for the device discussed in this chapter are 1500 ~m by 

270 ~m with separation of I 0 ~m. 
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Drain and Source Contacts 

Intrin ic a-Si:H 

n-type c-Si 

Gate Contact 

Flgllre 6.5 The S(Tllctllre used for field effect mobility measurement. 

The output and tran fer characteristic. were measured at room temperature 

(295 K) u:ing a Keithl 230 programmable voltage ources and a Keithly 617 pro

grammable ele tromet r controlled by a per onal computer. 

The . t-up f r a mea. uremenL is sh wn in Fig. 6.6. The gate voltage was 

applied b a luk 410B high oltage de power supply, and an ordinary ' ignal gen

erat r pro ided the d and ac drain voltage. The drain current wru calculated by 

measuring th Itage a roo s reo i. tance R u. ing a Tektronix 2430A digital storage 

+ 

> v + ,/ , 
VII 

R ~ 0 

VG 
I I 

Flgllre 6.6 The set-lip for ac measurement. 
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6.4 RESULTS AND DISCUSSION 

The output characteristics of the device for gate voltages of 50 to 100 V are 

shown in Fig. 6.7a. At VDS less than about 1 V, the current is slightly negative due to 

oxide leakage. The maximum value of leakage is 1.28xlO-
7 

A, which is about two 

orders of magnitude less than the channel current with the same gate voltage. There 

is also an offset of about I V in VDS that relates to the oxide leakage. The transfer 

characteristics and the subthreshold plot of the device are shown if Figs. 6.7b and 

6.7c. respectively. From Fig. 6.7c, the subthreshold swing was found equal to 

18.5 V /decade. and on-off ratio is just more than two decades. The low on-off ratio 

could be due to oxide leakage. However, the on current is also low, possibly because 

of the Schottky barriers at drain and source contacts. The subthreshold swing is much 

higher than the published values of 0.3 to 1.5 V /decade [11]. Deane and Powell have 

claimed that the transfer characteristics of an a-Si:H TFT depend mainly on the fixed 

charge at the interface with the gate insulator [14]. Ignoring the space charge, the 
11 -' -I 

value of 1.36xl0 cm - eV can be found for the surface states density from (6.22). 

This value is more than the maximum value of surface density of states reported [11] 

by at least a factor of two. If the space charge is taken into account, the density of 

surface states would be smaller than the value calculated. The high value of sub

threshold swing can also be related to the low on current. 

6.4.1 Calculation of Field Effect Mobility 

The plot of channel conductance ~d versus V(iS is shown in Fig. 6.8. The data 

points ahove the threshold voltage point lie on a straight line. The threshold voltage 

and the maximum value of field effect mobility can be found using (6.24) from the 

intercept of this line with VGS axis and its slope, respectively. The threshold voltage is 

equal to 68 V and the maximum value of field effect mobility equals to 1.77xlO - 2 

cm~V - \ I. The field effect mobility is a function of the gate voltage and can be cal

culated for each gate voltage using (6.11) or (6.24). The variation of field effect mo

hility versus V(;S is shown in Fig. 6.9. The field effect mobility increases with VGS and 

then saturates to a maximum value. 
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Figure 6.8 The channel conductance versus VCS' 

Some authors have derived relationships between field effect mobility and the 

bulk extended states mobility. The field effect mobility can be defined as the ex

tended states mobility, #0' times the ratio of free charge to the total induced charge in 

the channel [2, 11, 15] 
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(6.29) 

qn, is the free charge per unit area and the total induce charge can be expressed as 

(6.30) 

where V
FB 

is the flat band voltage. In crystalline silicon, the field effect mobility de

creases by increasing VGS [9]. In a-Si:H, IJFE increases by increasing VGS as the in

duced charge fills the trap states and a larger fraction of this charge resides in the 

conduction band and is mobile. The field effect mobility can be expressed by the 

Shur-Hack approximation as [16, 17] 

(6.31) 

where K is a fitting parameter. Lee et al. [18] and Shur et al. [19] have presented an

other relationship for field effect mobility as 

1 1 1 
-=-+----
IJFE IJo Kp IVGTE r (6.32) 

where VGTE :::::: VGS - VT for VGs> VT and VGTE :::::: 2kT/q for VGs> VT' and Kp and m are 

constant fitting parameters. For low values of gate voltage, the field effect mobility is 

approximately proportional to I VGTt(, while for large gate voltage f..Io dominates and 

IJF/: saturates to the extended states mobility. One should notice that at low gate volt

age, with m =~, Eqn. (6.32) is the same as Eqn. (6.31). 

The curves fitted to Eqns. (6.31) (dashed line) and (6.32) (solid line) are 

shown in Fig. 6.9. It can be seen that both curves fit well with experimental data 

(square dots). The fitting parameters from (6.31) are VI' = 58.5 V and IJo K = 2.95 

- 3 2 V - 'I, - I F (6 32) V 58 7 - 2 2 - I - I 
X 10 cm s. rom. T = . V, IJo = 6.3xl0 cm V s ,Kp = 

2.3 xl 0 - 3, and m = 0.66 was found. The threshold voltages found from both equations 

are very close and are about 10 V less than that obtained from gd plot. The value of IJo 

is much lower than the typical values given in the literature and it seems that there 

exists a current limiting process. 

145 



Chapter 6. The Field Effect Mobility Measurement 

A plot of 10" versus VGS in the saturation region is shown in Fig. 6.10. The 

data points above the threshold voltage lie on a straight line that meets the horizontal 

axis at Vr = 48 V. This value is about 20 V less than that found from gd plot. The 

field effect mobility found from the slope of this line, using (6.23), equals to 

4.71 x 1 0 - 3 em 2V - IS-I which is, with a factor of about 4, smaller than the value ob

tained from gd plot. 

The drain current in the Ohmic region is proportional to V DS and VGS - Vr The 

channel conductance, gm' therefore, should be proportional to Vos as shown if Eqn. 

(6.18). The field effect mobility can be calculated from the plot of gm in the Ohmic 

region versus Vos using (6.25). The transconductance is calculated by measuring the 

slope of transfer characteristics above threshold for different values of Vos' A plot of 

gm versus Vns is shown in Fig. 6.11. The data points lie on a straight line passing from 

the origin for low values of VDS' and then the slope decreases for higher values of Vos' 

The data points deviate from straight line at very low drain voltages due to the effect 

of oxide leakage. At very low values of VDS' the oxide leakage current is comparable 

to the channel current and therefore can affect the total current. The field effect mo

bility calculated from the slope of the curve using Eqn. (6.25) equals to 
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in the Ohmic region. 

1.57x 10. 2 cm2y. IS· I, which is close to the value calculated from the gd plot. 

6.4.2 AC Measurement Results 

The ac drain current versus frequency is shown in Fig. 6.12. The gate voltage 

is 100 V, and an ac voltage with amplitude of 0.5 V with a dc offset of 3V is applied 

between drain and ground (Fig. 6.6). The series resistor R is 100 kn. The frequency 
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Figure 6. J 2 The variation of ac drain current with frequency. 
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response has a cut-off frequency of 6 kHz and the current reaches the minimum level 

at a frequency of about 100 kHz. Applying the cut-off frequency to Eqn. (6.28), the 

mobility of j.Jf~ = 6x 10 - 3 em 2y - IS-I is calculated. 

6.5 CONCLUSION 

The field effect mobility was measured using a simple device similar to the 

inverted-staggered TFT. The methods of calculating field effect mobility in the Oh

mic and saturation regions were explained, and the field effect mobility of electrons 

was measured using different methods. The sample has a very low on-off ratio and 

high subthreshold swing that could be due to the low on-current. It is concluded that 

the Schottky contacts at drain and source are responsible for the low current. 

The calculated values of field effect mobility range from 4.71 xl 0 - 3 to 

1. 77 x 10- 2 em 2y IS - I. The field effect mobility increases with the gate voltage to

wards the extended states bulk mobility. 

6.6 REFERENCES 

[I] A. Many, Y. Goldstein, and N. B. Grover, Semiconductor Surfaces, North
Holland Publishing Company, Amsterdam, 1965. 

[2] A. C. Tickle, Thin-Film Transistors, John Wiley & Sons, New York, 1969. 

[3] A. Madan, P. G. LeComber, and W. E. Spear, "Investigation of the density oflo
calized states in a-Si using the field effect technique," Journal of Non-Crystalline 
Solids, vol. 20, pp. 239-257, 1976. 

[4] R. A. Street, Hydrogenated Amorphous Silicon, Cambridge University Press, 
1991. 

[5] V. SMid, J. J. Mares, N. M. Dung, L. Stourac, and J. Kristofik, "The role of inter
face states in the evaluation of density of states from field effect measurements in 
dc-sputtered a-Si:H," Journal of Non-Crystalline Solids, vol. 77-78, pp. 311-314, 
1985. 

[6] K. C. Lin, and S. C. Lee, "A novel process for growing gate aluminium oxide in 
amorphous silicon thin film transistor," Journal of Electrochemical SOCiety, vol. 
142. no. 12.pp.L228-L229. 1995. 

[7] H. C. Lin, W. J. Sah, and S. C. Lee, "Crystalline pMOS inverter using amorphous 
thin film transistor as active load," Electronics Letters, vol. 27, no. 23, pp. 2180-
2181.1991. 

148 



Chapter 6. The Field Effect Mobility Measurement 

[8] Y. Kuo, "Plasma etching and deposition for a-Si:H thin film transistors," Journal 
of Electrochemical Society, vol. 142, no. 7, pp. 2486-2507, 1995. 

[9] S. M. Sze, Physics of Semiconductor Devices, John Wiley and Sons, New York, 
1981. 

[10] S. D. Brotherton, "Polycrystalline silicon thin film transistors," Semiconductors 
Science and Thechnology, vol. 10, pp. 721-738, 1995. 

[11] C. Y. Chen and 1. Kanicki, "High field-effect-mobility a-Si:H TFT based on 
high deposition-rate PECVD materials," IEEE Electron Device Letters, vol. 17, 
no.9,pp.437-439,1996. 

[12] M. J. Powell, "The physics of amorphous silicon thin-film transistors," IEEE 
Transactions on Electron Devices, vol. 36, no. 12, pp. 2753-2763, 1989. 

[13] J. C. Anderson and H. Guo, "Metal-semiconductor contacts on hydrogenated 
amorphous silicon films," Philosophical Magazine B, vol. 54, no. 4, 317-329, 
1986. 

[14] S. C. Deane and M. J. Powell, "Field-effect conductance in amorphous silicon 
thin-film transistors with a defect pool density of states," Journal of Applied 
Physics, vol. 74, no. 11, pp. 6655-6666, 1993. 

[15] M. S. Shur, M. D. Jacunski, H. C. Slade, and M. Hack, "Analytical models for 
amorphous-silicon and polysilicon thin-film transistors for high-definition
display technology," Journal of the Society for Information Display, vol. 3, no. 4, 
pp. 223-236, 1995. 

[16] M. Shur and M. Hack, "Physics of amorphous silicon based alloy field-effect 
transistor," Journal of Applied Physics, vol. 55, pp. 3831-3842, 1984. 

[17] S. M. GadelRab, and S. G. Chamberlain, "The effect of metal-n+ interface and 
space charge limited condition on the performance of amorphous silicon thin
film transistors," IEEE Transactions on Electron Devices, vol. 41, no. 3, pp. 462-
464,1994. 

[18] K. Lee, M. Shur, T. Fjeldly, and T. Ytterdal, Semiconductor Device Modelling 
for VLSI, Prentice Hall, New Jersey, 1993. 

[19] M. S. Shur, M. D. Jacunski, C. Slade, and M. Hack, "Analytical models for 
amorphous-silicon and polysilicon thin-film transistors for high-definition
display technology," Journal of the Society for Information Display, vol. 3, no. 4, 
pp. 223-236, 1995. 

149 



CHAPTER SEVEN 

MODELLING OF A HYDROGENATED 

AMORPHOUS SILICON VERTICAL 

THIN-FILM TRANSISTOR 

7.1 INTRODUCTION 

There has been a great interest in fabrication of vertical a-Si:H thin-film tran

sistors (VTFf) [1-4]. The operating speed of a TFf is proportional to mobility and 

channel length. As a-Si:H suffers from low mobility, an alternative to increase the 

speed of operation is reduction of channel length. In the conventional planar struc

tures. reducing the channel length is limited by the alignment error in the lithography 

process. The vertical TIT allows submicron performance without the need for critical 

lithography. 

Computer modelling provides an understanding about the performance of the 

device to optimize the TFf prior to fabrication. In the present work, the two

dimensional device simulation package, Medici, has been used to model a vertical 

TIT structure. 
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The structure and simulation set up is described in the next section. The de

vice was simulated without traps and by application of different sets of traps, based 

on the experimental results of SCLC measurements. The influence of density and en

ergy level of different traps are studied. The effect of various physical dimensions of 

device, such as channel length, thickness of oxide, etc., and the type of metal used for 

drain and source on the performance of the TFf is investigated. 

7.2 THE STRUCTURE 

The vertical TFf tructure used for simulation is shown in Fig. 7.1. The ac

tual TFf can be made on gla substrate u ing the following process steps. A thick 

layer of aluminium i evaporated onto the glass substrate and the gate area can be de

fined by patterning the aluminium layer and by lift-off or etching the unwanted area. 

The oxide layer then is grown using aluminium anodization or plasma oxidation of 

aluminium. The drain and source contact areas are made by shadow evaporation that 

ensure, the presence of a gap between drain and gate oxide. Chromium is a good 

choice for drain and ource contact. since it provides the best contact with intrinsic a-

i:H [5]. Finally. the a-Si:H is depo ited over the whole urface. Access to drain and 

source contacts can be made by lift-off or etching the a-Si:H using a second mask . 

The dimen, ions of the device are given in Table 7.l. As Medici is a two-

a-Si:H Source 

Gate Oxide 

Drain 

Glass Substrate 

Figure 7.1 The vertical TFT structure used for simlliatioll. 

151 



Chapter 7. Modelling of an a-Si:H Vertical Thin-Film Transistor 

dimensional simulation package, all calculations are made per unit depth. The 

parameters of a-Si:H are the same as those given in Table 3.1, except for mobility the 

values of 0.1 and 0.01 cm
2
V -IS-I are used for electron and hole mobility, respectively. 

All the simulations are performed at 300 K, and the effect of different parameters 

such a~ channel length, thickness of oxide, metal work function, and the density and 

energy level of traps on the characteristics of device is considered. 

'(;alc Thickness of gate metal 51lm 

w. 
(Iale Width of gate metal 51lm 

L Channel length = 'Gale 51lm 
I , 

)I!(l\ 
Thickness of gate oxide O.lllm 

i 
, Thickness of top oxide 0.51lm 11)\ 

I 
i 

'.I-SIII Thickness of a-Si:H layer 0.151lm I 
I 
I , 

I 
f lJls I Thickness of drain or source contacts 0.051lm 

I 
\I. illS I Width of drain or source contacts 51lm 

f--- I Gap space between drain and gate oxide , s O.lllm , 

Tah/I' 7./ The dime1lsio1ls or del'ice IIsedfor simulation. 

7.3 SIMULATION RESULTS 

In the first step. the device without traps in the a-Si:H was simulated. Alu

minium was used for drain and source contacts. As the work function of aluminium 

i~ close to the electron affinity of a-Si:H, without the presence of surface states, the 

contact between aluminium and intrinsic a-Si:H is non-rectifying. This makes it pos

sible to model the device with Ohmic contacts without any need for n + layers. 

7.3.1 The Device with Trap-Free a-Si:H 
The output characteristics and the subthreshold plots of the device are shown 

in Figs. 7.2a and b respectively. Prior to application of any voltages, electrons are in

jected from the drain and source contacts, and due to the very large Debye length in 

intrinsic a-Si:H without traps. are accumulated in the whole of the semiconductor. 
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Figure 7.2 (a) The output characteristics and (b) the subthreshold plots for the 
de~·ice without traps. 

Therefore. as it can be seen in the subthreshold plots, at zero gate voltage the semi

conductor is very conductive and the transistor is on. By applying a positive gate 

voltage. more electrons are induced in the semiconductor, in the region close to the 

gate. resulting in an increase in drain current. However, since the concentration of 
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free electrons in the semiconductor is comparable to the induced electron concentra

tion, the change in drain current is not huge. When a negative voltage is applied to 

the gate, the semiconductor is depleted of electrons and its conductivity decreases 

significantly. The device has a negative threshold voltage equal to - 0.3 V, calculated 

from the I D V. versus V GS curve in the saturation region [6-9]. 

The device has an on-off ratio about ten orders of magnitude and a subthresh

old swing of 0.1 V/decade. As there are no surface states defined in the model, the 

surface charge consists of only space charge. From Eqn. (6.19), the ratio of space 

charge capacitance to oxide capacitance equals to 0.67, and using (6.20) the average 

concentration of electrons making up the space charge is about 6xlO15 
cm- 3. This is 

consistent with the free electron concentration calculated from the drain current for 

zero gate voltage. The reason for the low off-current is that the a-Si:H layer is very 

thin. and therefore. a fairly small negative gate voltage can repel the free electrons 

from the entire semiconductor. The subthreshold plots for a very thick semiconductor 

layer (few microns) are shown in Fig. 7.3. In this case, the off-current is about 9 or

ders of magnitude higher than the case with thin film of a-Si:H, because the gate 

voltage is not sufficient to repel the free electrons from whole the semiconductor. 

~ 
· · 

E 
:::1. 

~ --- 1(19 r 
· r 

10'0 [. 
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fiRllre 7.3 The sllbthreshold plots for the device without traps and very thick a-Si:H layer. 
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Consequently. the threshold voltage is much lower (-5 V) and the subthreshold 

swing has increased significantly. 

7.3.2 The Effect of Traps 
To examine the effect of traps on the behaviour of device, different trap sets 

were applied to a-Si:H. To preserve the symmetry of states in the mobility gap, for 

each electron trap set above midgap, a trap with the same density and relative energy 

level was set in the lower half of the mobility gap. In the first stage, a trap with den

sity of I x 101
; cm - \ was set in the middle of the bandgap. Next, another trap with 

density of I x IOI~ cm- \ was set at 0.6 eV below the conduction band. This is the first 

trap derived from the SCLC measurements discussed in chapter 4. Then, three other 
. . 1.\ 14 14 - ~ 

traps wJlh densJly of 4x 10 . 1.5x 10 , and 6x 10 em were added at energy levels 

of 0.05.0.1. and 0.15 eV above midgap. respectively. These traps provide a density 

of state with exponential growth in the middle of bandgap. The distribution of these 

traps. called trap set 1. is shown in Fig. 7.4. 

None of the simulation results of all these stages were significantly different 

to the trap-free case. The only effect of these traps is the increase of off-current by 
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Figure 7.-1 The distribution of traps ill trap set 1. 
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less than one order of magnitude. This increase can be explained by the effect of 

trapped electrons. Some of the injected electrons from drain and source fill the traps. 

However, due to the low density of traps, the concentration of free electrons is much 

more than the total concentration of trapped electrons, assuming that all traps are 

filled. When a positive voltage is applied to the gate, the concentration of free elec

trons increases due to induced free electrons, and the situation is similar to the trap

free case. With negative voltage applied to the gate, both free and trapped electrons 

are repelled from semiconductor. The presence of traps causes the Fermi level to be 

in higher energy level compared to the trap-free case, resulting in the higher free 

electron concentration and higher conductivity. 

In trap set 2, another trap with density of 2.18x 10
16 

cm -3 is added to the trap 

set I (Fig. 7.5). This is the second trap derived from the SCLC measurements in 

chapter 4. The subthreshold plot of the device with trap set 2 in a-Si:H for Vos = 5 V 

is shown by solid line in Fig. 7.6. The trap-free case is also given by the dotted line in 

the figure for comparison. With this set of traps the on-current has decreased slightly, 

and the subthreshold swing has increased to 0.28 V Idecade. The threshold voltage 

has also increased to about 0.7 V. Since most of the injected electrons are captured 
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Figllre 7.6 The sllbthreshold plots for trap set 2 (solid line). trap set 3 (dashed line), 
and trap-free case (dotted line). 

by traps. the drain current at zero gate voltage has dropped by about three orders of 

magnitude comparing to the trap-free case. It means that the concentration of free 

electrons has reduced by the same order. A fraction of electrons induced by applica

tion of positive gate voltage fills the traps and the remaining produce the channel. 

Therefore. the subthreshold swing and threshold voltage have increased and the on

current has reduced slightly. 

To investigate the effect of traps at higher energy levels, in trap set 3, another 

trap with density of 2x I O~O cm- .1 and at the energy level of 0.15 e V is added to trap 

set 2 (Fig. 7.7). The subthreshold plot associated with this trap set for VDS = 5 V is 

shown by dashed line in Fig. 7.6. At low gate voltages, since the concentration of 

electrons captured by the high energy trap is very low, this trap is virtually empty and 

does not affect the current. Therefore. the characteristics at low gate voltages have 

not changed significantly compared to the plot associated with trap set 2. At high gate 

voltages. however. the lower traps are full and the high energy trap is effective. Due 

to the high density of this trap. many of the induced electrons have been captured by 

trap states. resulting in the reduction of free electron concentration and consequently 

decrease in drain current. 
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In the next stage, in trap set 4, three other traps with density of lx1020 cm- 3, 

lx1021 cm - 3, lx1022 cm- 3, are added at energy levels of 0.1, 0.05, and 0.01 eV below 

the conduction band, respectively (Fig. 7.8). These traps make an exponential 
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distribution that can be a model for the band tail in a-Si:H. The simulation result does 

not have a significant change compared to the results of trap set 3. This is because of 

the presence of a trap with very high density just below these traps. A simple 

calculation shows that the concentration of electrons in the three higher traps is less 

than 40 percent of the electron concentration in the trap below them. Therefore, the 

presence of higher traps does not have a significant effect on the device 

characteristics. The trapped electrons are distributed among the trap states at different 

energy levels. and the four higher traps behave virtually like a single trap level. With 

usual gate voltages. it would be very difficult, if not impossible, to move the Fermi 

level above the band tail. in the extended states. This suggests that the band tail can 

be modelled by a single discrete trap in the middle of tail. 

Trap set 5. shown in Fig. 7.9. was another trap set used in the simulation. This 

trap set is similar to trap set 4. but the density of lower energy traps has increased to 

provide a distribution with an exponential decay. The subthreshold plot associated 

with this trap set is shown if Fig. 7.10 by the solid line. The plots related to the trap

free case and trap set 4 are shown for comparison by the dotted line and dashed line, 

respectively. The main difference that can be seen is the increase of threshold voltage 
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to 1.5 V. The subthreshold swing has also increased to 0.36 V /decade. Because of the 

high density of traps in the middle of the bandgap, the trap states are not completely 

filled by electrons and the Fermi level is close to the midgap. At low positive gate 

voltage, the induced electrons are captured by empty states in traps. Therefore, the 

concentration of free electrons does not change significantly and the drain current is 

very low. By increasing the gate voltage, the Fermi level moves more slowly towards 

the conduction band, compared to the case of trap set 4, resulting in a higher sub

threshold swing. The increase of trap density in the middle of bandgap does not have 

a significant effect on drain current at high gate voltages. The midband trap states are 

full and only the higher energy traps are effective in this situation. 

For the other simulations in this chapter, trap set 5 is assumed in the a-Si:H. 

7.3.3 Variation with Channel Length 
The channel length was varied between 5 and 0.1 J..l.m with values of 0.1, 0.2, 

0.5. 1. 2. and 5J..l.m. the subthreshold plots of the device are shown if Figs. 7.11a and 

b, for V D5 = 0.1 and 5 V, respectively. For V D5 = 5 V, the short channel effect [10] can 

be observed, especially for channel lengths less than 0.5 J..l.m. The short channel effect 

occurs with short channels and high drain voltage, when the longitudinal field is 
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comparable to the tran ver e field. Thi re ults in the shift of threshold voltage and 

increa e of off-current [10]. 

The drain current i inversely proportional to the channel length L, as de

cribed by Eqn. (6.12-6.14) in chapter 6. A plot of drain current versus IlL, therefore, 
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should be a straight line. The plot of 10 versus IlL for VGS = 1 V and Vos = 5 V is 

shown in Fig. 7.12a. As the longitudinal field in this case is much more than trans

verse field, the drain current increases rapidly with reducing channel length. 
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The same plot for V GS = 20 V and V DS = 5 V is shown in Fig. 7.12h. In this case, even 

for the shortest channel length, the transversal field is greater than the longitudinal 

field, and no short channel effect is observed. However, the drain current changes by 

a lower rate with IlL for small values of channel length. This effect is because of se

ries resistance between drain/source and the channel. The drain and source do not 

have direct contact to the channel because of the top oxide and the gap between drain 

and gate oxide (Fig. 7.1), so that a serie resistance can be associated with each one. 

For long channels, their effect can be neglected. However, when the channel length is 

comparable to the length of these areas, a part of the drain-source voltage drops 

aero s these regions that causes the drain current to reduce. 

7.3.4 Variation with Thickness of Gate Oxide 
The subthreshold plots of a trap-free device for VDS = 5 V with different 

thickness of gate oxide, t gox = 0.05, 0.1 , 0.2, 0.3, 0.5, and I ~m, are shown in 

Fig. 7.13. Except for the thickness of I ~m, the other curves have the same threshold 

voltage and subthreshold swing. Since the change in induced charge depends on the 

oxide capacitance and the change in gate voltage, and because the oxide capacitance 

is proportional to l/tg", ' for a thick oxide more negative voltage is needed to repel the 
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free electrons and tum the transistor off. Therefore, it has a lower threshold voltage. 

The drain current is proportional to Co' the series combination of oxide ca

pacitance and surface capacitance. When the gate oxide is thick enough, the oxide 

capacitance is much smaller than the surface capacitance, the total capacitance can be 

approximated by the oxide capacitance Cox' and drain current is proportional to 1/tgox• 

A plot of I D versus lItgox is shown in Fig. 7.14. It can be seen that for oxide thickness 

greater than 0.1 flm the data points lie well on a straight line. For thinner oxides, the 

surface capacitance is comparable to the oxide capacitance, resulting in reduction of 

Co and consequently drain current. 
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7.3.4 Effect of a-Si:H Film Thickness 
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The subthreshold plots of a device with thickness of a-Si:H equal to 0.15, 0.5, 

and 5 flm for V DS = 5 V are shown in Fig. 7.15. The thickness of the semiconductor 

mainly effects the off-current, which takes place through the bulk. When the 

transistor is on, the channel is more conductive than the bulk, and therefore, the on

current is independent of the semiconductor thickness. However, for unusually large 
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thickness of 5 ~m the conductivity of bulk is so high that it has a dominant effect on 

the on-current. 

·10 
Hr' 

Hr· ~ , 
,,,' f 
10 II 

t 

E III" r 
~ ~ 
~ III" r 
~ _ .... 

III" r 
, 

10 I~ r-

11111"> r 
,. 

JII I -

-10 -, 

".,.-
, •• .,.._.---.--•••• -----.---.-.-.----•• -'. 10--

10- 111 

Hr" 

Hr" 

IIrl4 

.•. , L..... .• ,...~ ... ~ .... ,~ , J ::::: 
o 10 15 "0 

FiRllre 7. J 5 Variation of sllbthreshold plot with thickness of'semiconductor. 

7.3.5 Effect of Top Oxide 
The top oxide that has been used for insulating drain and source provides a 

parasitic series resistance between source and the channel. This resistance is influ

ence by both the gate field and the space charge close to the source contact, which is 

a function of voltage between drain and source. From the point of view of dc device 

operation, it is beneficial to reduce the thickness of oxide as much as possible. How

ever. a thicker oxide provides smaller gate-source capacitance and improves the ac 

characteristics of device. 

The subthreshold plots of devices with different thickness of top oxide, 

t,,,, = 0.1,0.3,0.5, and 1 ~m, for Vos = 0.1, 1, and 5 V are shown in Fig. 7.16. For 

thickness of less than 0.3 ~m, even with very low Vos' the characteristics are nearly 

the same and do not change significantly. For thickness of 0.5 ~m, with Vos = 0.1 V, 

the threshold voltage and subthreshold swing are increased and the on-current is 

slightly reduced. However, there is no significant change for Vos ~ 1 V. For thickness 
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of 1 J.lm, the top oxide has a considerable effect on the characteristics of the device at 

low V
DS

' and the threshold voltage, subthreshold voltage and on-current have changed 

significantly. This effect is less remarkable for higher VDS' It is concluded that for 

proper operation of the TFf the thickness of top oxide should be less than 0.5 J.1m. 

7.3.6 Effect of Gap between Drain and Channel 
The gap between drain and gate oxide is produced by shadow evaporation. If 

the shadow evaporation does not ensure that there is no short circuit between drain 

and source, it may be necessary to perform the evaporation of drain and source in two 

separate steps by using a proper mask. The minimum gap size in this case depends on 

the alignment error in the photolithography process. 

The effect of this gap is rather similar to the effect of top oxide, discussed in 

the previous section. However, this region is less influenced by the gate field and its 

size is more critical. The subthreshold plots of the device with gap size of 0.1, 0.2, 

0.5 and I J.lm, for Vos = 0.1, 1, and 5 V are shown in Fig. 7.17. For VDS = 0.1 V and 

Vos = 1 V, with gap size of 0.5 and 1 J.1m, the transistor is virtually off with positive 

voltage applied to gate. This is the same case for Vos = 5 V with gap size of I J.lm. 

Even with gap size of 0.2 J.lm, the current has reduced at low drain voltages. With 

larger gap size, the threshold voltage and subthreshold swing increases significantly. 

It is suggested that the gap size be kept at the minimum value possible. In fact, the 

drain metal edge is not abrupt and some conducting metal is found near to the chan

nel. The above estimates are, therefore, an overestimate of the effect of this phe

nomenon on the drain current. However, the gap size should be kept less than 0.2 J.lm 

for proper operation of the TFf. 
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7.3.7 Effect of Metal Work Function 
Without the presence of surface states, aluminium makes non-rectifying con-

tact with a-Si:H. At zero bias condition, the electrons injected form drain and source 

fill the trap states and accumulate in the space charge region close to contacts. When 

a metal with larger work function is used, the drain and source contacts would be 

rectifying. Especially, when the work function of the metal is more than that of a

Si:H, such as gold, the electrons are depleted from the a-Si:H close to the contacts. 

When both contacts are rectifying, by applying a voltage between drain and source, 

the drain is always forward biased and the source is reverse biased for electrons. 

Here a situation is investigated where the source contact is aluminium and 

drain contact is gold with work function of 5 e V. Therefore, the source contact is 

non-rectifying, and the Schottky contact between drain and a-Si:H is forward biased. 

In the simulation, in addition to the usual set up, the drain and source contacts were 

interchanged, and the top contact was used as drain. The subthreshold plots for three 

different situations are shown in Fig. 7.18 for Vos = 0.1 V and VDS = 5 V. The upper 

curve is for the case where both contacts are aluminium. In the lower curve, gold has 

been used for drain contact, and the middle curve is for the case that source and drain 

are interchanged and the gold contact at top has been used as drain. 

Although the gold Schottky contact is in forward bias, the transistor cannot 

tum on at low drain voltage. With an aluminium contact, the series resistance of the 

gap and the top oxide regions is low, because electrons are accumulated in the space 

charge region close to the drain or source and extend towards channel. With a gold 

drain contact, the concentration of free electrons in the space charge region is very 

low, resulting in a higher series resistance that reduces the drain current. The tran

sistor has worse characteristics when the drain is on the bottom and the depletion 

layer associated with the drain contact has extended into the gap. 
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7.4 CONCLUSION 

A vertical a-Si:H TFT was modelled using the Medici device modelling 

package. The effect of different trap states with various trap density and trap energy 

170 



Chapter 7. Modelling of an a-Si:H Vertical Thin-Film Transistor 

levels is investigated. The variation of device characteristics with channel length, 

thickness of gate oxide, thickness of semiconductor, thickness of top oxide, and the 

gap size was also studied. 

Different trap sets were applied to the model and the effect of each trap set 

was studied. The trap sets were built up by the traps derived from SCLC measure

ments, an exponential distribution in the midgap, and an exponential distribution 

close to the conduction (valence) band representing the band tail. The low energy 

traps influence the threshold voltage and subthreshold swing, while the higher energy 

traps reduce the on-current. The off-current is also increased by the presence of traps. 

The drain current is proportional to lIL for large channel lengths. The short 

channel effect was observed for the channel lengths less than I !lm. 

The drain current is inversely proportional to the thickness of gate oxide. 

However, for very thin oxides the linear relationship is not satisfied due to surface 

capacitance effects. 

The thickness of the semiconductor affects only the off-current. However, the 

on-current increases if the thickness of semiconductor is much increased. 

The top oxide and the gap between drain and gate oxide produce parasitic se

ries resistances that may influence the characteristics of the transistor. Thick top ox

ide layers or large gap size increase the subthreshold swing and threshold voltage and 

reduce the on-current. The gap size is more critical and if it exceeds a certain value 

the transistor can not be turned on. 

The device was modelled using aluminium for drain and source contacts that 

provides non-rectifying contact. The effect of gold that makes Schottky contact with 

a-Si:H is also studied. 
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CHAPTER EIGHT 

CONCLUSIONS 

AND RECOMMENDATIONS 

FOR FURTHER STUDY 

In this thesis, some electrical properties of hydrogenated amorphous silicon 

(a-Si:H) and their application in thin-film transistors (TFfs) were studied. A part of 

the work consists of investigation of some key parameters of a-Si:H such as density 

of states (DOS) in the mobility gap, field effect mobility, and metal a-Si:H contacts. 

Another part is the theoretical establishment of space-charge limited current (SCLC) 

and its computer modelling. The experimental results were used in computer simula

tion of a vertical a-Si:H thin-film transistor. 

8.1 MAIN CONCLUSIONS 
After a review of various aspects of a-Si:H and thin-film transistors, a novel 

vertical a-Si:H TFf is demonstrated in chapter 2. The main features and processing 

steps of this device has been described. 

The theory of space-charge limited current for a single discrete trap, proposed 

by Lampert and Mark, is presented in chapter 3 and has been extended to the multiple 

discrete trap case. Steady-state space-charge limited current was simulated using the 

Medici device simulation package with single and multiple set of traps. The structure 

used in this simulation is similar to the one used for experimental SCLC 
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measurements, described in chapter 4. In this chapter, the effect of density and energy 

level of traps, film thickness, temperature, and injection level of electrons has been 

analyzed. 

The J-V characteristics of very thin intrinsic a-Si:H was measured using a 

new structure consisting of intrinsic a-Si:H film on n-type crystalline silicon substrate 

at different temperatures. It is shown that the dominant conduction mechanism in the 

bulk of a-Si:H is space-charge limited current. In chapter 4, the resulting data were 

used to investigate the density of states in a-Si:H, using different methods of investi

gation. The methods based on both assumptions of discrete trap levels and continu

ous density of states were used for the investigation. By comparison of experimental 

results with simulation results, it was found that the existence of peak points in the 

density of states of a-Si:H has nearly the same effect of discrete trap levels set at the 

peak energy levels. It is concluded that the DOS obtained using the step-by-step 

analysis or den BOer's method is more reliable than the results obtained from some 

more sophisticated methods. 

The metal a-Si:H contact is studied in chapter 5. It has been shown that a

Si:H makes Schottky contact with all metals used in this study. The conduction 

mechanism of the contact in forward bias is space-charge limited, and in the reverse 

bias, thermionic emission is the dominant conduction mechanism. The barrier height 

of the contact was measured using the reverse characteristics and temperature de

pendence. It has been shown that the barrier height is rather independent of type of 

metal contact and mainly depends on the surface states. The effect of annealing has 

also been studied for chromium contacts. The reverse current showed an increase by 

annealing, indicating the reduction of barrier height. 

Chapter 6 reports the field effect mobility measurement, using a structure 

similar to an inverted-staggered TFf. The field effect mobility was calculated from 

the output and transfer characteristics of the sample, and its variation with gate volt

age was discussed. The field effect mobility was also calculated from the frequency 

dependence of drain current. 
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A vertical a-Si:H thin-film transistor was computer simulated and the results 

have been presented in chapter 7. Different trap sets derived from the SCLC meas

urements in chapter 4 were used. The lower energy traps influence the subthreshold 

swing and threshold voltage, while the higher energy traps affect the on-current. The 

effect of channel length, thickness of gate oxide and top insulating oxide, thickness 

of a-Si:H film, the gap size between drain and channel, and the type of drain and 

source metal contacts were studied. For very small channel lengths, the short channel 

effect was observed. The thickness of the top insulating oxide and the gap size be

tween drain and channel have critical values. Above these values, the threshold volt

age and subthreshold swing increase and the on-current reduces significantly. 

8.2 FURTHER WORK 
In the simulation of space-charge limited current and the vertical TFf, the 

surface states were ignored. Although SCLC is not sensitive to surface states, how

ever, they affect the barrier height and can therefore influence the thermal equilib

rium quasi-Fermi level for very thin a-Si:H films. In the TFf, the charge at the inter

face of a-Si:H and gate oxide has an essential role on the device characteristics. It is 

recommended that the surface states and interface charge be added to the models. 

Another useful effort is to put the other published densities of states in the model to 

have a more realistic simulation. However, the maximum number of trap energy lev

els in Medici is limited to 21 and maybe this number would not be adequate to finely 

define any density of states distribution. 

The TFf with Schottky drain and source contacts is an interesting device, in 

which the leakage current of TFf is limited to the reverse current of Schottky con

tact. The simulation of this kind of device can provide valuable information about the 

operation of device. The image force barrier lowering and tunnelling parameters 

should be well defined in such a simulation. This aspect needs further work. 

In the SCLC measurement, thin films of a-Si:H with two different thicknesses 

were used. These are not enough to study the effect of film thickness on SCLC re

sults, and to analize the scaling law. It would be beneficial to use a-Si:H films with 
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different thicknesses, with as similar processing history as possible, to be able to 

compare the results of very thin films with those of thicker films. 

In the field effect mobility measurements, silicon dioxide was used as the gate 

insulator. Silicon nitride is known to produce less surface states in the inverted

staggered structure. A device with silicon nitride as the gate insulator would provide 

a good comparison between two types of insulator. The device has a fairly large 

threshold voltage and subthreshold swing. This may be because of charge at the inter

face of the silicon dioxide and a-Si:H. Another possible reason could be presence of 

a Schottky barrier at drain and source contacts. Providing n + a-Si:H contact layers on 

the device and comparing the characteristics of the new device with the current de

vice would help to find out the effect of Schottky contacts on the device characteris

tics. 

Vertical TFTs could overcome the limitated speeds of a-Si:H thin-film tran

sistors, without needing high technology lithography equipment. Laboratory fabrica

tion of structures presented in chapters 2 and 7 could be subject of a new work. 

Based on this work an optimum vertical TFT process should be developed 

and characterized. 
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