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CHAPTER 1  

INTRODUCTION 

1.1 Background 

The semiconductor hydrogenated amorphous silicon (a-Si:H) is found in many 

technological applications, such as solar cells, thin film transistors, and focal plane arrays1. One 

of these is as an infrared detector, where the sensing of infrared radiation is accomplished 

through bolometric means. Cameras based on a-Si:H detectors are marketed by a number of 

companies such as L-3 Communications2, Sofradir3 and ULIS4. Detectors manufactured using a-

Si:H are preferred due to ease of manufacture and compatibility with silicon manufacturing 

processes, leading to low cost.  In this type of infrared detector, the thermal energy is captured, 

warming the sensor and producing a change in the resistivity of the material. Therefore, a 

better understanding of electrical conduction mechanisms in a-Si:H is important for 

improvement in the performance of these devices. 

Over the past two decades, both undoped and doped a-Si:H have exhibited interesting 

temperature dependent conductivity. This conductivity was first described by Mott5, where the 

electrical conduction was shown to take place via the hopping of charge carriers from 

electrically-active defect states (traps) to other traps with binding energies in the vicinity of 

Fermi level. In the Mott model, the density of states (DOS) is assumed to be constant. This Mott 

variable range hopping (M-VRH) model has been extensively used to explain electrical 

conduction in a-Si:H6,7,8. In addition, researchers studying different disordered material systems 

have also adopted the M-VRH model to describe the temperature-dependent conductivity in 

their materials. 
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As measurements of disordered materials improved, other carrier hopping mechanisms, 

such as the Efros Skhlovskii-variable range hopping (ES-VRH), nearest neighbor hopping (NNH), 

and thermal activation processes have been used to describe the temperature dependence of 

the conductivity in various disordered semiconductors9,10,11 in temperature regimes where M-

VRH did not provide an adequate  description. For example, Narjis et al12 observed a transition 

between ES-VRH and M-VRH in a hydrogenated amorphous silicon-nickel alloy at low 

temperatures. Similarly, various different materials, Sn O213, InGaN14, PbSe11, a-SiGe15  show 

variable range hopping mechanisms with cross-over between Mott and ES, or NNH and ES.  In 

addition, Yildiz et al16 reported a cross-over from NNH to ES-VRH in n-type a-Si:H. For p-type a-

Si:H, Crupi et al17 reported only seeing thermal activation in PECVD (plasma enhanced chemical 

vapor deposition) grown, boron doped a-Si:H in a temperature range 275K to 400K, indicating 

the conduction occurs only through extended states. For a-Si thin films, Savvides18 reported on 

a comprehensive study of the effects of boron doping and H-dilution. In his work, the samples 

were prepared by magnetron reactive sputtering, with boron doping accomplished using B2H6. 

The thickness of the film ranged between 5000-10000 Å, and the growth temperature was 225ᵒ 

C. For the boron doped samples, it was observed that the M-VRH alone described the 

temperature dependence of the conductivity. Other undoped samples with hydrogen content 

between 0 to 30 at. % exhibited thermal activation at temperatures above 400K. However, at 

lower temperatures, M-VRH was not sufficient to describe the electrical conduction. Thus, the 

nature of electrical conduction in a-Si and similar disordered materials is complex and in need 

of further investigation.  
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Raman spectroscopy is another tool that can be  used to understand disordered materials 

such as a-Si:H.19,20 It has been well established that an increase in  the line-width of  transverse 

optical (TO) mode is associated with an increase in the silicon bond angle deviation, which is 

associated with a decrease in the Short Range Order (SRO) of the a-Si network. The integrated 

intensity of the transverse acoustic (TA) mode is used as a measure of mid-range order (MRO), 

as it is related to the density of fluctuations in the dihedral angle between the adjacent silicon 

tetrahedrons21,22,23.  Z. Li et al24 indicated that there is improvement in structure with an 

increase of Ar dilution with SiH4 in the n-type amorphous hydrogenated silicon thin film. 

Recently, A.J. Syllaios et al25 observed in the Raman spectra of  a-Si:H that an increase in 

Boron doping broadens the TO mode, indicating a retardation in the formation of microcrystals 

in the film, resulting in an increase in structural disorder. Due to the dopant gas, new bonding 

states appear in the thin film that increase the number of energy states in the thin film matrix.   

In this work, extensive resistivity measurements obtained from samples of varying 

thickness, Boron doping, and H-dilution show that the electrical conductivity in a-Si is 

dominated by M-VRH. This assignment is further supported by a resistance curve derivative 

analysis (RCDA) of the electrical conductivity, confirming the temperature dependence 

predicted by the Mott conduction mechanism.  However, for highly doped, lower dilution 

samples at lower temperatures, the conductivity deviates from that predicted by M-VRH and 

can be explained by a superposition of the M-VRH and ES-VRH conductivity mechanisms.  

Raman spectroscopy measurements have been carried out on a representative set of a-Si:H 

samples to obtain information on the structural properties of the thin films which affect the 

electrical conduction. Raman results show that the SRO in a-Si improves with the increase of H-
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dilution (RH), and degrades with addition of boron. Samples grown at the higher substrate 

temperature show better SRO compared to the samples grown at the lower substrate 

temperature. The information obtained concerning SRO and MRO has provided new insight on 

the natures of the trap states that control the electrical conductivity.  It has been observed by 

multiple internal reflections (MIR) infrared spectroscopy26, that it is the boron residing in the a-

Si matrix in non-substitutional sites, which contribute to trap states rather than substitutional 

acceptor impurities, increasing the trap states that contribute to electrical conduction. 

This work both builds on and expands that of past studies, extending the range of a-Si 

samples investigated to include a much larger range of boron  concentrations, H-dilutions, 

thicknesses, and substrate growth temperatures to provide a more detailed understanding of 

the role of doping and H-dilution in the trap states in a-Si:H. 

Chapter Two details the electrical properties of a-Si:H. Temperature dependent electrical 

conductivity measurement will be presented and discussed in detail. In chapter three, the 

results of Raman spectroscopy measurements will be presented and discussed including 

correlations between Raman results and conductivity. Finally, in chapter four, the conclusions 

and a discussion of the future direction of this research will be presented. 

1.2  Phase Diagram of a-Si:H Thin Film Growth Evolution 

The material properties, including the electrical and optical characteristics of a-Si:H thin 

films depend strongly on growth parameters like temperature, growth conditions, and the 

addition of impurities. For PECVD prepared films, the following diagram shows the evolution of 

a-Si:H thin film growth. 
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As shown in Figure 1-1, an increase in H-dilution (RH) results in a transition from amorphous 

to microcrystalline material, and the deposition rate decreases27. The amorphous to 

microcrystalline phase boundary depends both on the dilution ratio RH= [H2]/[SiH4] and the 

thickness of the film. As the thickness increases, ordered regions grow.  

 

Figure 1-1. The phase diagram showing growth evolution of a-Si:H thin films28 
As shown in Figure 1-1, the transition from amorphous to amorphous and microcrystalline 

(a+μC) is indicated by the dashed blue line and the transition from (a+μC) to microcrystalline 

(μC) transition by the dashed red line. Thus, a variety of phases can be present in a-Si:H thin 

films and the presence of each will modify the electrical conduction properties. For the 

investigations here, care is taken to grow thin films near the amorphous to (a+μC) transition, 

where the samples are almost completely amorphous. 

In amorphous materials, trap states are present due to defects, dangling bonds, voids and 

microvoids, and impurities. A trap is a localized imperfection that is capable of capturing charge 

carriers. Traps affect the freedom of motion of the carriers.29 At low temperatures in 

disordered materials, conduction occurs by the migration of charge carriers from one trap state 

to another in the vicinity of the Fermi level. If a variety of trap states exist, the distance from 
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one trap to another varies throughout the material, and the mechanism responsible for carrier 

transport is called “variable range hopping (VRH)”.  

The states near the Fermi energy level, EF, originate from defects and impurities, and 

hence the conductivity varies with the trap density. The effective band gap in a-Si:H is 

influenced by dangling bonds, bond energy distributions, voids, and strained bonds, all of which 

will influence the electrical properties. Hydrogen passivates the dangling bonds, reducing the 

total trap density that, in turn, affects the conductivity. In the next section the density of states 

for a-Si is discussed, including the influence of dopant and defect states. 

1.3  Density of States (DOS) 

In the case of amorphous silicon, there is no finite band edge as there is no well-defined 

periodicity of the potential energy. This results in the formation of “so called” band tails. As a 

result, amorphous silicon exhibits a quasi-continuous density of states that extends into the 

band gap, resulting in no well-defined valence or conduction band edge. Instead, there exists a 

“mobility edge”, which separates the extended states and the localized states. The difference 

between the energies of mobility edges in the valence and conduction bands is called mobility 

gap1 and its value is close to 1.85 eV (Figure 1-2). Thus, the DOS is characterized by three 

regions: (i) extended states above the mobility edge of the conduction band, (ii) extended 

states below the mobility edge of the valence band, and (iii) localized states between the 

mobility edges, as shown in Figure 1-2. 
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Figure 1-2. Density of state for the p-type a-Si:H, showing the mobility gap energy1 

The dopant states reside in the valence band tail, as shown in Figure 1-2, and the Fermi 

level (EF) is shown by the dotted vertical line. The dopant and the defect states influence the 

transport properties since they influence the carrier concentration at thermal equilibrium and 

determine the position of the Fermi level. These defect states also act as traps and 

recombination centers. Such traps influence the motion of charge carriers and thus the 

electrical properties. 

1.4 Bonding Of Hydrogen With Silicon Atoms in a-SI:H 

The addition of hydrogen in a-Si changes the electrical properties due to modifications 

of mobility gap as there is passivation of dangling bonds. There will also be a decrease in the 

dangling bonds as other bonds are formed (e.g., B-H, and Si-H2, (Si-H2)n) in the amorphous 

silicon matrix. The quantity determining the incorporation of hydrogen in the a-Si matrix is the 

average binding energy of the hydrogen atom with respect to the lowest energy transport path 

in the amorphous network. This transport path is the motion of a single hydrogen atom via a 

FF 
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so-called ‘bond center’ (BC) site, where the hydrogen atom inserts itself symmetrically between 

its two nearest neighbor silicon atoms30. 

 

Figure 1-3. Structural configuration of hydrogen in a-Si:H30 

Figure 1-3 illustrates how the monohydride (Si-H) and dihydride (Si-H2) are arranged. In 

addition, there is a chain-like structure of polysilane (Si-H2)n, the interstitial molecules H2 and 

H2*, and hydrogenated voids.  These voids and microvoids are dependent on the method of 

growth and the deposition conditions, and can be measured by the SIMS30 and the ellipsometry 

techniques31. The hydrogen is randomly dispersed with concentration of 2-3 at %, and the void 

surfaces comprise either Si-H or Si-H2 bonds33.The effects of voids and microvoids are 

manifested through the hydrogen bonding details that were studied by MIR-IR26. Hydrogen will 

reduce the dangling bonds by forming the Si-H bonds and break the weak bonds to Si-Si if there 

are not enough dangling bonds in the film to absorb the extra hydrogen.  As a result, hydrogen 
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is capable of modifying the silicon bonding network during the deposition process. The 

introduction of hydrogen changes the structural, and hence optical and electrical properties of 

a-Si because hydrogen reduces the trap defect density via the reduction of dangling bonds. The 

formation of the Si-H bond causes an increase in the energy gap because the Si-H binding 

energy is greater than that of the Si-Si bond32. Different varieties of bond configurations (as 

seen in Figure 1-3) can exist in the silicon matrix, resulting in a wide range of binding energies (1 

to 3.4 eV). The structural disorder of amorphous silicon introduces a large density of traps for 

isolated hydrogen. These traps capture hydrogen and form Si-H bonds. In Figure 1-3, the silicon 

forms a rigid non-equilibrium structure, whereas hydrogen has a mobile equilibrium structure. 

Hydrogen can be incorporated into the Si, and the stable bond Si-H is formed either by 

attaching to a dangling bond or through the breaking the weak Si-Si bond33. Further, two 

phases of hydrogen in a-Si:H are dilute and clustered, as evidenced in proton magnetic 

resonance34 (Xunming et al, 2003) so that in a dilute phase a particular hydrogen atom is about 

1nm away from any other hydrogen atom, and in the clustered phase there are two or more 

hydrogen atoms in close proximity. The H-dilution involves several effects, such as (i) atomic 

hydrogen etches a growing film there by removing strained weaker bonds, which located in 

energetically unfavorable locations, (ii) surface diffusivity of adatoms and the hydrogen atoms 

can move around to more energetically stable position and form stronger bonds, and (iii) 

atomic hydrogen diffuses into the network and improves the structure34. It is indicated by the 

ab initio method that the mobile hydrogen atom breaks strained silicon bonds to form Si-H and 

Si-H235. 
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1.5 Boron in a-Si: H  

In 1975, Spear and LeComber used diborane [B2H6]36 to introduce boron into a-Si:H by the 

method of glow discharge. The acceptor, boron, enters substitutionally into the a-Si matrix, 

occupying sites of tetrahedral coordination. Although the boron atom of B2H6 has a four-fold 

coordination, the bonding is distorted from a tetrahedral configuration37 in a-Si:H. When 

incorporated into the a-Si matrix, there is formation of three coordinated groupings, such as 

BSi3 and Si2BH. Infrared studies by Chen and Cardona38  and Tsai37 indicated that there are 

three main vibrational stretching modes: Si-B (1400 cm-1), B-H (2475cm-1), and Si-H or Si-H2 

around 2000-2100 cm-1. The B-H intensity is seen to increase with the addition of boron, 

whereas the Si-H and Si-H2 vibrational modes intensity decrease. Therefore, a competition 

between boron and silicon to capture a hydrogen atom26 exists. By comparing the silicon and 

boron peaks of Auger spectra37, it is shown that the incorporation of boron as compared to 

silicon is independent of the growth temperature.   

Referring to the Figure 1-2 the localized mid gap states are commonly associated with 

dangling bonds and band tail states in the valance and conduction bands. The tail states act as 

trapping centers. The dangling bonds are the defect states and Gaussian distribution were used 

to model the dangling bond states distribution27. A dangling bond can be neutral (D0), positive 

(D+) and negative (D-). The dangling bonds can acts as acceptor for p-type material. These states 

could also contribute to the non-active boron doping configurations39. This doping results from 

the presence of intrinsic hole traps, which are associated with highly distorted bond angles in 

the a-Si:H matrix39.  The densities of dopant and defect states are controlled by the position of 

the Fermi level40, for boron doped material the EF lies in the valance band tail and with the 
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increase of disorder due to boron, the width of band tails are broader. Defect states in the mid 

gap also get broader with the increase of disorders in the material. Wave functions of the 

defect and tail states are localized within the structure. 

By first principle calculations, it has been proposed that a boron with three silicon and one 

hydrogen neighbors ((B (3, 1)) is the most energetically favorable doping configuration41. 

1.6 Highlights Of The Results of The Dissertation 

The electrical transport properties were analyzed in various samples prepared by PECVD, 

which differ in H-dilution and boron doping. The study shows that in the hydrogenated 

amorphous silicon materials the electrical conductivity mechanism is best described by the 

Mott VRH mechanism; however, at low temperatures there is evidence of Efros-Shklovskii 

conduction.  The TCR is also described by M-VRH in high temperature regime and at low 

temperatures by the combination of TCR_ES and TCR_Mott.  

The structural properties obtained by Raman spectroscopic technique indicate that the SRO 

improves for higher H-dilution and degrades with the addition of boron. In addition, the growth 

temperature plays an important role in the structural properties, indicating that higher growth 

temperature shows better both SRO and MRO. The incorporation of boron degrades the SRO 

due to the formation of different B complexes. The IR technique26 also shows that there is 

inverse relationship between H-dilution and boron doping, in agreement with the Raman 

results. A competition between boron and silicon to capture a hydrogen atom is seen and 

assists in the understanding of the correlation between SRO by Raman results with electrical 

resistivity. This may ultimately provide a new method for determining electrical conduction 

properties from purely optical measurements.  
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CHAPTER 2  

ELECTRICAL CHARACTERIZATION OF a-Si:H THIN FILMS 

2.1 General Introduction and Theory of Electrical Conduction in Amorphous Semiconductors 

This chapter will focus on the theory of the electrical properties in a-Si:H, which includes 

models from the temperature dependence of the conductivity, and temperature coefficient of 

resistance (TCR). Following this discussion, the experimental methodology and results from 

transport measurements will be presented and discussed.  

In a-Si:H, electric transport can take place through extended states in the conduction 

band, valence band and states in the mobility gap. Near the Fermi energy, if the states are 

localized, the probability “P” that carriers ‘jump’ from one localized state to another localized 

state of higher energy depends on three factors5 .These are (a) the attempt frequency ν (ph), 

which occurs in range of 1012-1013 s-1 (b) the wave function of the electron and (c) the 

probability of finding a phonon with excitation energy (w) large enough to accomplish the hop. 

The probability rate of an electron jump is given by, 

 𝑃𝑃 = 𝜈𝜈(𝑝𝑝ℎ)𝑒𝑒−2𝛼𝛼𝛼𝛼𝑒𝑒−𝑤𝑤/𝑘𝑘𝑘𝑘 Eq. 2-1 

                                                     
where ξ =1/α is the decay length of localized wave function, R is the spatial distance 

between the two hopping sites, w is the energy difference between two states, and k is the 

Boltzmann constant. From the product of α and R the hopping conductivity can result from 

Nearest Neighbor Hopping (NNH) or Variable Range Hopping (VRH). The energy levels of a p-

type semiconductor are affected by potential fluctuation. Charge carriers hop from one to 

another site with the assistance of a phonon.  The most probable form of hopping is between 
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nearest neighbor atoms and is designated NNH. The temperature dependence of conductivity 

due to NNH is similar to that of thermal activation, where the magnitude of activation energy 

corresponds to the potential fluctuation. They have similar temperature dependence (i.e., the 

characteristic exponent (“p”=1) though the conduction mechanism is different. Depending on 

the energy of the carrier, it can migrate from one site to another site at various distances, and 

the resulting conductivity will deviate from NNH to VRH. The NNH conduction is expected if αRo 

>>1 where Ro is the average distance to the nearest neighbor. If αRo ≤1, VRH is expected. The 

hopping distance R increases with decreasing temperature5; as a result, NNH is expected to 

dominate at higher temperatures and VRH at lower temperatures. The hopping mechanism of 

electrical conduction corresponds to low mobility as the carrier jumps are associated with a 

weak overlap of the wave functions. As a result, the conductivity has an exponential 

dependence with temperature44.  

 

Figure 2-1. Hopping between the two localized states separated by distance R and energy E12, 
and R0 is the localization length33 

Figure 2-1 shows the carrier hopping between the two states separated by the distance 

R and energy E12.  

Using Einstein’s relation, 
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           Mobility,  𝜇𝜇 = 𝑒𝑒𝑒𝑒
𝑘𝑘𝑘𝑘

 Eq. 2-2 
 

where,  𝜇𝜇 =
𝑃𝑃𝑅𝑅
6

2

. 
Eq. 2-3 

 

 The conductivity can be written as,      

 𝜎𝜎 = (1/6)𝑒𝑒2𝑃𝑃𝑅𝑅2 𝑁𝑁(𝐸𝐸𝐹𝐹). Eq. 2-4 

Here 𝑁𝑁(𝐸𝐸𝐹𝐹) is the DOS at Fermi level and 𝑁𝑁(𝐸𝐸𝐹𝐹)𝑘𝑘𝑘𝑘 is the number of charge carriers that 

are involved in the electrical conduction. Combining with Eq. 2-1, the conductivity can be 

written as,   

 𝜎𝜎 = (1/6)𝑒𝑒2𝑅𝑅2𝜈𝜈𝑝𝑝ℎ 𝑁𝑁(𝐸𝐸𝐹𝐹)𝑒𝑒𝑒𝑒𝑒𝑒(−2𝛼𝛼𝛼𝛼)𝑒𝑒𝑒𝑒𝑒𝑒(−𝑊𝑊/𝑘𝑘𝑘𝑘) Eq. 2-5 

With a decrease in temperature, the number and energy of phonons decreases and 

more energetic phonon-assisted hops become less favorable. Carriers will try to hop larger 

distances to get to sites that lie energetically closer than the nearest neighbors, resulting in a 

variable range for the hopping distance between traps. The exponential term 𝑒𝑒𝑒𝑒𝑒𝑒(−2𝛼𝛼𝛼𝛼 −

𝑊𝑊/𝑘𝑘𝑘𝑘) will not have its maximum value for the nearest neighbor. Mott used an optimization 

procedure to get the most probable hopping distance. If the DOS is expressed in units of 

volume per unit energy 𝑁𝑁(𝑊𝑊), then the possible number of states within the ΔW in a distance 

R from particular atom is given by, �4𝜋𝜋
3
�𝑅𝑅3𝑁𝑁(𝑊𝑊)𝑊𝑊. The charge carrier can leave its original site 

if there exists at least one vacancy or site for its hop, and in such case the average energy 

spacing between the states in the vicinity of the Fermi level is,       

 𝑊𝑊 = �
3

4𝜋𝜋
�

1
𝑅𝑅3𝑁𝑁(𝐸𝐸𝐹𝐹) Eq. 2-6 
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And, the jump probability is,  

         

 𝑃𝑃 = 𝜈𝜈𝑝𝑝ℎexp (−2𝛼𝛼𝛼𝛼 −
3

4𝜋𝜋𝑅𝑅3 𝑁𝑁(𝐸𝐸𝐹𝐹)𝑘𝑘𝑘𝑘
) Eq. 2-7 

The most probable jump distance is found by minimizing the exponent as a function of R 

given by,       

 𝑅𝑅 = {
9

8𝜋𝜋𝜋𝜋 𝑁𝑁(𝐸𝐸𝐹𝐹)𝑘𝑘𝑘𝑘
}0.25 

Eq. 2-8 

  

The general expression for a hopping mechanism (obtained from the hopping 

probability) can be written as,        

 
p

o

T
T

oe






−

= σσ  
Eq. 2-9 

where, oσ is the conductivity prefactor, T0 is the characteristic temperature and “p” is a 

characteristic exponent that distinguishes between various conduction mechanisms. As the 

hopping conduction of charge carriers occurs between the localized states in the vicinity of the 

Fermi level (EF), the details of DOS, in the vicinity of EF, is an important consideration in the 

determination of the temperature dependence of conductivity. Mott considered a constant 

DOS in the vicinity of the EF and determined the value of p=1/4 for a three dimensional system.  

However,  Efros and Skhlovskii44 considered the long range Coulomb interaction and 

found that it reduces the DOS to zero at the Fermi level, thereby creating a so-called “Coulomb 

gap (CG)” at low enough temperatures. This form of hopping conductivity results when an 

electron migrates from one site to another site leaving a positively charged vacancy.  For 
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hopping to occur, the charge  carrier must have sufficient energy to overcome this Coulomb 

interaction between the electron and the hole; and thus, a “Coulomb gap”, defined by this 

interaction, appears42. The temperature dependence of conductivity, which can be described 

by Eq. 2-9, is still valid, but the characteristic exponent now becomes p=1/2 in this case. 

Mott5 neglected the long-range Coulomb interaction and assumed that the DOS was a 

constant at the Fermi energy. In general, the DOS, N(E) ~ (E-EF)n. For the Mott hopping 

conduction, n=0 and the DOS is constant, yielding an expression for the conductivity of the form 

of Eq. 2-9 with p=1/4. For ES conduction, n=2, and yields an expression for the conductivity of 

the form of Eq. 2-9 with p=1/2. For large value of n, p~1 in the Eq. 2-9 and corresponds to NNH 

conduction. Each of these hopping mechanisms and their range of validity will be briefly 

discussed below. 

a) When the power p=1/ 4, the conduction mechanism is described by the Mott5 model    

 
4
1









−

= T
T

oMM

oM

eσσ  
Eq. 2-10 

Where T0M   is the Mott characteristic temperature given by,                                

 30 )( ξ
β

F
M EkN

T =  Eq. 2-11 

Here, N(EF) is the density of states at the vicinity of the Fermi level, k is the Boltzmann 

constant and β=18.  

For the Mott theory to be valid, the charge carrier must “hop” an average distance that is 

considerably more than the nearest neighbor trap separation and considerably greater than the 

localization length “ξ”.  
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Using the expression for MT0  as shown above, an equation for the hopping distance and 

hopping energy are given, respectively as9,       

 𝑅𝑅ℎ𝑜𝑜𝑜𝑜,𝑀𝑀 =
3
8

(
𝑇𝑇0𝑀𝑀
𝑇𝑇

)0.25 ∗ 𝜉𝜉 Eq. 2-12 

And, 

  
𝑊𝑊ℎ𝑜𝑜𝑜𝑜,𝑀𝑀 =

1
4

(𝑘𝑘𝑘𝑘)(
𝑇𝑇0𝑀𝑀
𝑇𝑇

)0.25 Eq. 2-13 

Correlations with the values of the hopping distance and energy obtained for samples 

differing in doping and H-dilution will be given in the results section of this chapter. 

b) For the power p=1/2, the conductivity equation results from the Efros-Shklovskii-VRH44  

which is,  

 
2
1

0

0







−

= T
T

ESES

ES

eσσ  
Eq. 2-14 

Where σ0ES is the prefactor and T0ES is the characteristic temperature for the ES-VRH given 

by,  

  𝑇𝑇0𝐸𝐸𝐸𝐸 =
𝛽𝛽′𝑒𝑒2

𝑘𝑘 𝜀𝜀𝜀𝜀
 Eq. 2-15 

with β’=2.8 and ε is the dielectric constant of the medium, ξ is the localization length10.  
For the ES theory, the average hopping distance must be greater than the nearest neighbor 

distance and greater than the localization length. In this case, when the Fermi energy lies in a 

range of energies where the states are localized, the Coulomb interaction results in a zero in 

the density of states at the Fermi level that leads to the formation of a Coulomb Gap (CG)9,43. 

The appearance of the CG by electron correlations can be considered the minimum energy 
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required for a hopping conduction process to occur between the localized states with finite 

energy and spatial distribution15, 44. 

c) When p=1, the conductivity can be expressed as,         

 






−

= T
T

o

o

eσσ  

Eq. 2-16 

  

The conduction results from hopping between nearest neighbor sites, referred to as the 

nearest neighbor (NNH) model11. 

2.2 Temperature Coefficient of Resistance (TCR) 

The TCR is a measure of the rate at which the conductivity changes with temperature. For 

certain applications, such as a bolometric sensor, the TCR is a figure of merit, because an 

increase in the TCR correlates with an increase in the bolometric response. The nature of the 

TCR can be understood and described by the specific mechanisms controlling electrical 

conduction. 

The TCR is defined as8,          

 
dT
dTCR σ

σ
1

=  Eq. 2-17 

where σ is the conductivity of the material at temperature T.   
For a conductivity described by Eq. 2-9, the general equation connecting the TCR with the 

power “p” is given by,   

 1
01

+== p

p

T
T

p
dT
dTCR σ

σ
 Eq. 2-18 

It is sometimes convenient to write the Eq. 2-18 in the following form,  
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 TCR
p
T

T
T p −=)( 0  Eq. 2-19 

where, the values of p lie between 0 and 1.  
For NNH, Eq. 2-18 becomes,     

 
2
0

T
T

TCRNNH =  
Eq. 2-20 

  

In the case of the M-VRH, the value of p= ¼, then TCR is given by,    

 
4/1

54
1








=
T
T

TCR oM
M  Eq. 2-21 

Similarly, the TCR for ES-VRH (with p=1/2) is given by, 

 
2/1

32
1








=
T

T
TCR oES

ES  Eq. 2-22  

 

In terms of the conductivity and its prefactor 𝞼𝞼0, the general TCR can be expressed as,   

 𝑇𝑇𝑇𝑇𝑇𝑇 =   𝑝𝑝
1
𝑇𝑇

(𝑙𝑙𝑙𝑙𝜎𝜎0 − 𝑙𝑙𝑙𝑙𝑙𝑙) =  𝑝𝑝
1
𝑇𝑇

(𝑙𝑙𝑙𝑙(𝜌𝜌𝜌𝜌0) Eq. 2-23  

This shows that, the TCR is directly proportional to the resistivity. In the discussion section, 

the experimental results from the reprentative samples will be discussed with TCR values 

obtained by numerical differentiation of the conductivity data. 

2.3 Sample Information 

The sample and device structure for the electrical measurements are given below in 

Figure 2-2 and Figure 2-3 respectively. 
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Figure 2-2. Sample structure showing different insulating layers and the sandwiched active 
material a-Si:H  

 

 

 
 

Figure 2-3. Schematic of device structure fabricated at L-3 Communications 

20 



Figure 2-3 shows the sample test structures developed at L-3 Communications for 

electrical measurements. The amorphous silicon thin films were grown by PECVD using 

capacitively-coupled 13.56 MHz plasma with the substrate on the ground electrode. The growth 

temperatures for the samples studied were 275 ᵒC and 365 ᵒC. The source gases are silane 

(SiH4) and hydrogen in Argon.  The films were deposited on Si wafers with an insulating SiO2 

layer and a silicon nitride film Si3H4 layer as shown in Figure 2-2. The thickness of the a-Si: H 

layer range from approximately 500 Å to 3000 Å.  The films were doped p-type by using boron 

trichloride (BCl3) as a dopant precursor to incorporate boron in the thin films. The doping ratio 

is defined as “r” = [BCl3]/[SiH4], and H-dilution as “RH”=[H2]/[SiH4]. 

Standard photolithography techniques were used to prepare two, three and four terminal 

test structures. Aluminum pads shown as “Al” are the contacts made for electrical 

measurements. Samples from the wafer were die-attached onto ceramic carriers and wire-

bonded for temperature dependent electrical measurements.   

2.4 Electrical Conductivity and TCR Measurements 

Resistivity measurements were obtained by recording the current–voltage (I-V) 

characteristics, determining the Ohmic region, and extracting the resistance. Four terminal 

measurements were also performed by the Van der Pauw technique to cross check the 

resistivity obtained by two terminal measurements.  When measuring high resistance films, an 

electronic card with high impedance buffers (Rbuffer >> Rsample) was used so that measurement 

electronics did not affect the measured voltages. The block diagram used for Van der Pauw 

resistivity and Hall Effect measurements is shown in Figure 2-4. The equipment consists of a 

Keithley 6221 current source, 2182A nanovoltmeter, 6485 picoammeter, 7001 switch system 
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with 7065 hall card, and electromagnet including power supply. The setup can be modified or 

rearranged depending upon the resistance of the sample to measure, as it has the capacity to 

measure either high or low resistivity materials. The conductivity was measured using a 

sufficient wait time (15 minutes) after reaching the set temperature to make sure that the 

sample was in thermal equilibrium with the cold finger of the cryostat at a particular 

temperature.  

 

Figure 2-4. Block diagram of equipment used to measure Van der Pauw resistivity, two terminal 
resistivity and Hall Effect. 
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Figure 2-5. Resistivity and Hall Effect measurement Equipment (photograph). 
Resistivity can be also be determined by using the Van der Pauw technique45,46. This 

consists of four small Ohmic contacts located about the perimeter of a homogeneous and 

contiguous sample. Eight voltage measurements are made about the perimeter of the sample 

to account for any offsets. Van der Pauw showed that the sheet resistance of samples with 

arbitrary shapes can be determined from resistances Ra and Rb by using the expression, 

  1// =+ −− SbSa RRRR ee ππ   Eq. 2-24  

The corresponding resistivity is determined by dRS ×=ρ , where d  is the thickness of the 

sample. 

2.5 Results and Discussion  

The conductivity versus temperature plot for samples representing a wide range of doping 

and H-dilution prepared at the growth temperature of 365 ᵒC is shown in Figure 2-6.  
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Figure 2-6. Temperature dependent conductivity of various samples differing in boron doping 
and H-dilution 

The results shown indicate that the conductivity increases with the boron doping and 

decreases with  increasing hydrogen (RH). Samples with the lowest RH and highest “r” have the 

highest conductivity. To better illustrate the effect of hydrogen on conductivity is shown in the 

Figure 2-7.  
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Figure 2-7. Room temperature conductivity vs. RH for fixed boron doping r = 0.32 (highest 
doping) 

 

Figure 2-7 illustrates the decrease of conductivity with the increase of H-dilution for the 

highest doping ratio. More about the bonding energy between different elements will be 

discussed shortly. 

Figure 2-8 shows the experimental results obtained for samples having two different boron 

doping ratios (r=0.17 and 0.32), two different dilutions (RH=40, and 55) and thickness close to 

1000 Å. 
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Figure 2-8. Conductivity of a-Si:H thin film (~1000 Å thick) for different H-dilution (RH) and boron 
doping ratio ®. 

 

Figure 2-8 clearly shows that for a fixed dilution if the doping is increased the conductivity 

increases. Furthermore, for a fixed doping, if the RH is increased the conductivity decreases. The 

room temperature resistivity values for these samples are in the Table 3.  

These general features due to hydrogen and boron incorporation can be described as 

follows: The mobility gap of a-Si increases with the increase of RH due to the passivation of 

dangling bonds47,48,49, which results in a decrease in conductivity. The mobility gap increase 

results from the introduction of hydrogen due to the formation of the higher bonding energy of 

the Si-H bond over that of the weaker Si-Si bonds47. This effect is evident in a-Si grown by Glow 

discharge50( P. J. Zanzucchi et al) and reactively sputtered51 (B. von Roedern et al) techniques 

and should be expected on PECVD-grown a-Si:H. 
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With the addition of boron there is an increase of conductivity due either to the activation 

of the boron substitutional acceptor in the a-Si:H matrix or by the “gettering’” of hydrogen by 

boron, leading to the reduction of hydrogen available to passivate the dangling bonds. An 

increase in the number of Si-B bonding results in the increase of electrical conductivity due to 

reduction of the gap, because the Si-B bonding energy (2.1 eV) is smaller than Si-Si (2.2 eV) and 

Si-H (3.4 eV) bonding energies52,53. 

Figure 2-9 shows the experimental results of the samples with fixed H-dilution (RH =60) of 

three different levels of boron doping (r=0.12, 0.17, and 0.32) where the conductivity vs. 

temperature is plotted.  

 

Figure 2-9. Conductivity of a-Si:H thin film (~500 Å thick) for fixed RH and different boron doping 
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As mentioned earlier, the graph clearly shows that the conductivity increases with the 

increase of the boron concentration. To determine which conductivity mechanism dominates in 

these samples, the log of the conductivity versus T -¼, T-1/2, and T-1 has been plotted in Figure 

2-10. 
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(b) 

 
 
 

Figure 2-10. (a) Log conductivity vs. T-1/4 and (b) Log conductivity vs. T-1/2  
© Log conductivity vs. T-1 
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In order to determine the conduction mechanism, as shown in Figure 2-10, the Log 

conductivity vs. T-1/4 and T-1/2 are fit by the Mott and ES VRH conduction models. It is seen that 

the Mott expression provides only a slightly better fit to the data points, as evidenced by the 

higher R2 value. From the conductivity vs. T-1/2 the R2 value is 0.9996 and from conductivity vs. 

T-1/4 the R2 value is 0.9999. However, the difference in R2 values is small, making it difficult to 

distinguish the best between the Mott and ES VRH models.  

In order to better delineate which conductivity mechanism dominates, a Resistance Curve 

Derivative Analysis (RCDA)54, 9 method was performed on the data shown in Figure 2-11. This 

method allows one to extract the power value “p” directly from the analysis and thus the 

transport mechanism. In the RCDA method, the log of the conductivity data versus temperature 

is numerically differentiated, and the quantity “𝑤𝑤”, is determined.   

where ,  
 𝑤𝑤 =

𝑑𝑑 (log 𝜎𝜎)
𝑑𝑑 (𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)

 Eq. 2-25 

From Eq. 2-9, the quantity “w” can be expressed as, 

  
Eq. 2-26 

 

The expression can be written in the straight line form as, 

  
Eq. 2-27 

 

comparing with straight line equation y = mx+b, the value “p” is obtained from the slope 

and the y- intercept value “A” can be used to get the characteristic temperature by using the 

equation,   

p

T
Tpw 






= 0

( ) TpTpw
p

logloglog 0 −=
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Eq. 2-28 

 

Recalling the TCR relation with “p” and combining with the “𝑤𝑤” we obtain a simple expression 

which, relates TCR and “w” with temperature.  

 𝑇𝑇𝑇𝑇𝑇𝑇 =  
𝑤𝑤
𝑇𝑇

     Eq. 2-29 
 

Figure 2-11 shows the plot of log w vs. log T for a representative sample. 

 

Figure 2-11. Illustration of the RCDA method  
 

By the RCDA method, for S-140 (r=0.12) the “T0”and the “p” values are 1.1x109 K and 

0.274 respectively. Similarly the “T0” and “p” values for S-143 (r=0.17) are obtained as 1.0 x109 

K and 0.249 respectively and for the S-114 (r=0.32) “T0” is 8.2 x108 K and “p” is 0.249. Given 

below (Figure 2-12) are all three samples with RH=60 having three different boron levels. The 

derived “p” values are also indicated by the slope of the linear fit. 
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Figure 2-12. RCDA of a-Si:H samples for fixed RH and various doping levels 

Since all values of “p” are close to or equal to 0.25, the dominant conduction mechanism is the 
Mott-VRH in these samples. From Eq. 2-26 and Eq. 2-28 the TCR is a function of “p” as well. 

 

As mentioned earlier, the TCR is determined by taking the derivative of conductivity data 

and dividing by the conductivity. For the set of samples the numerical derivative of the 

experimental values of the conductivity with respect to the temperature was performed and 

compared to the predictions of the Mott-TCR model in Figure 2-13.  There is a good agreement 

between the experimental results and the model, further validating the Mott mechanism of 

conduction for these samples.  
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Figure 2-13. TCR of the samples with fixed RH and three different “r” values 

Table 1 shows the Mott- parameters along with the TCR_Mott values at room temperature 

for the set of samples with fixed RH and varying boron doping ratios. 

Table 1. Parameters determined by Mott-fitting of conductivity and TCR data at room 
temperature 

ID [“r”] [RH] Thickness(Å) RT 
Resistivity 

(Ω-cm) 

σ0M 
(Ω cm)-1 

To(K) |TCR_Mott| Value 
of “p” 

S140 0.12 60 523 3267 8.33E+15 1.10x109 3.81 0.274 
S143 0.17 60 521 2336 2.37E+15 1.02 x109 3.68 0.249 
S114 0.32 60 519 1360 4.10E+14 8.20 x108 3.48 0.249 

 

The table indicates that, with an increase of boron doping for fixed RH, the TCR decrease as 

the Mott parameter decreases. Once the analysis has determined the conduction mechanism, 

the TCR can be predicted and compared to the TCR calculated from the temperature-

dependent conductivity data. That the values of “p” for various doping values are close to ¼ 

indicates that the mechanism is according to the Mott-VRH. Comparing the values obtained by 

RCDA method within the Table 1, it  can be clearly seen that the “p”  values are in excellent 
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agreement and the power values are very close to ¼ in this set of samples, confirming that the 

conduction mechanism is the M-VRH in the temperature range studied (~200 K-450 K). Further, 

the TCR values by numerical differentiation and the TCR_Mott are in reasonable agreement as 

shown in the Figure 2-13. At low temperatures, the conductivity is seen to deviate from M-VRH 

as shown in Figure 2-14, for a low dilution, highly doped sample, indeed indicate that the 

conductivity deviates from solely M-VRH conductivity. The conductivity can be described in 

terms of a combination of M-VRH and ES-VRH, where the total conductivity is given by 𝜎𝜎 =

𝜎𝜎𝑀𝑀 +𝜎𝜎𝐸𝐸𝐸𝐸. 

 

Figure 2-14. Conductivity vs. T-1/4  
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The results of the analysis are shown in Figure 2-15  and Figure 2-16.  Each shows 

contributions from both the M-VRH and the ES-VRH, as represented by the blue line and the 

black lines respectively. The red line is the sum of the Mott and the ES conductivities and shows 

the fit to the data points. The derived conductivity parameters are tabulated in Table 2.  

 
Figure 2-15. Temperature dependent conductivity for RH=4, showing the contributions  of 

Mott and ES conductivity and the fit to the experimental results. 
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Figure 2-16. Temperature dependent conductivity for RH 16, showing the composite of Mott 
and ES conductivity fits the data. 

 

Table 2. Conductivity prefactors and characteristic temperatures for the Mott and Efros-
Shklovskii mechanisms 

ID [“r”] [RH] RT 
resistivity 

(Ω-cm) 

𝞼𝞼0M 

(Ω-cm)-1 
𝞼𝞼0ES 

(Ω-cm)-1 
T0M 

(K) 
T0ES 

(K) 

MMC5 0.32 4 103 1.71x1010 0.0011 1.87 x108 4360 
MMC2 0.32 16 211 3.10 x1011 0.0088 3.04 x108 10600 

 

In Figure 2-17 for the sample with the lowest RH, the TCR and conductivity are plotted with 

respect to temperature. It can be seen that for an increase in temperature the conductivity 

increases and the TCR decreases, as expected. The fitted TCR by the solid line shows that the 

composite TCR (Eq. 2-30) fits with the numerically obtained values by the derivative of 

conductivity data.  

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1 2 3 4 5 6 7 8 9 10 11 12

Co
nd

uc
tiv

ity
 (Ω

-c
m

)-1

1000/T (1/K)

data

Mott

ES

Mott+ES

Cond vs. 1000/T 

T~ 90-450K

RH=16,r=0.32

36 



The numerical derivative provides a more sensitive measure of the contributions to the 

conductivity than the conductivity alone. Thus, fitting the TCR and the conductivity data assures 

the most accurate determination of the parameters that best describe the experimental results. 

Table 2 shows the related conductivity prefactors and characteristic temperatures for the set of 

samples having fixed boron doping and RH=4, and 16. 

It can be seen from the diagrams above that, there is a contribution of both the Mott and 

the ES to the conductivity, which is represented by the red curve. For the TCR data as well, 

there is a contribution of the ES at low temperatures and need to account it to add in to the 

TCR_Mott by the formula, 

  |𝑇𝑇𝐶𝐶𝐶𝐶|𝑡𝑡𝑡𝑡𝑡𝑡 =
𝜎𝜎𝑀𝑀

𝜎𝜎𝑀𝑀 + 𝜎𝜎𝐸𝐸𝐸𝐸
|𝑇𝑇𝑇𝑇𝑇𝑇|𝑀𝑀 +

𝜎𝜎𝐸𝐸𝐸𝐸
𝜎𝜎𝑀𝑀 + 𝜎𝜎𝐸𝐸𝐸𝐸

|𝑇𝑇𝑇𝑇𝑇𝑇|𝐸𝐸𝐸𝐸   Eq. 2-30 

An example of this approach is shown in Figure 2-17, which has wide coverage of 

temperature on measurement of conductivity. 

 
Figure 2-17. Conductivity and TCR vs. Temperature, showing fit to TCR obtained from 

experimental conductivity 
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As indicated in Figure 2-17, the numerically obtained TCR by conductivity data (red squares) 

and the TCR fit according to the Eq. 2-30 are in excellent agreement. Hence, the data is best 

described by combination of the Mott and the ES mechanisms. In the following section, a detail 

presentation of the several conduction mechanisms associated TCR is presented. 

The Figure 2-18 represents the compilation of the TCR results along with the sample having 

highest H-dilution. The solid lines are the fit according to Eq. 2-30 to the numerically derived 

TCR data. The highest dilution sample, which solely follows the Mott fit. 

 

 
Figure 2-18. TCR data and the TCR fit for samples having fixed r and varying RH  

Hence, Figure 2-18 shows that the combination of the TCR_Mott and the TCR_ES best 

describe the TCR data obtained by experiment. The highest dilution sample shown is described 
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TCR, as expected. The Mott parameters are presented in Table 3 along with the TCR_Mott 

parameters at room temperature (RT). 

The determined parameters are mentioned in the Table 2 for Mott and Efros parameters. 

As the conductivity is controlled by different mechanism in different temperature regimes, a 

comparison of TCR_Mott with TCR_ES using Eq. 2-21 and Eq. 2-22 can be made. If the ToM (1E8 

K) and ToES (1E4 K) values are considered then the ratios of TCR_Mott to TCR_ES is close to 2 at 

room temperature. It can be concluded that the TCR_ES will be less by a factor of 2 and it will 

be less compare to TCR_Mott in the range of temperature studied 80-450 K. Mott VRH is the 

dominant conduction mechanism for the temperature range. Hence, from the material 

prospective follow of Mott mechanism is better than ES mechanism for the devices like 

microbolometer from the performance point of view. 

For the fixed boron doping ratio (r=0.32) the TCR values at RT are plotted against RH and 

boron doping and shown in Figure 2-19. 
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(b) 

Figure 2-19.  (a) TCR_Mott  vs. RH at fixed “r”=0.32 and (b) TCR_Mott vs. “r” at fixed RH=60 and 
(b) different boron doping “r” (0.12, 0.17, 0.32) 

 

Figure 2-19 shows  a linear relationship between TCR_Mott and RH, which is due to the 

increase of resistivity with the increase of RH. Additionally,  TCR_Mott vs. “r” shows the inverse 

behavior, as the resistivity decreases with an increase of the boron doping. This implies that 

there is a competition between boron and silicon to capture hydrogen.  

Figure 2-20 shows the expected increase in the TCR_Mott with an increase of resistivity for 

fixed “r” and indicates that the TCR linearly increases with an increase in resistivity. 
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Figure 2-20. TCR_Mott  vs. resistivity for fixed boron doping (highest doping r = 0.32 in the 

family of samples), indicating a trend of increase in TCR as the resistivity increases due to the 
increase in RH. 

 

Figure 2-21 shows the plot for TCR vs. Log ρ for different samples with various doping and 

dilutions and, as indicated by Eq. 2-23, shows that TCR is proportional to the log of resistivity. 
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Figure 2-21. TCR_Mott vs. RT resistivity of various samples having different RH and “r” 

From this graph a comparison with the general equation of TCR, (Eq. 2-23) can be made. 

Comparing y = 0.004ln(x) + 0.006 with the equation  𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑝𝑝
𝑇𝑇

ln 𝜎𝜎0 + 𝑝𝑝
𝑇𝑇

ln 𝜌𝜌 , at room 

temperature there is a difference by a factor of five between the slope obtained from Figure 

2-21 with the value of p/T.   

 

y = 0.004ln(x) + 0.006
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Figure 2-22. Ln σ0M plotted against T0M. The straight line represents the least- squares fit to the 

data. 
 

The graph of  𝑙𝑙𝑙𝑙 𝜎𝜎0𝑀𝑀 𝑣𝑣𝑣𝑣. 𝑇𝑇0𝑀𝑀0.25 gives the equation by experimental data as,   

 
     𝑙𝑙𝑙𝑙 𝜎𝜎0𝑀𝑀 = 0.1961 𝑇𝑇0𝑀𝑀0.25 + 0.4922 

 
Eq. 2-31 

 As the value 𝜎𝜎0𝑀𝑀 depend on the T0M, the conductivity prefactor will not be a constant.  
A correlation between conductivity prefactor and activation energy is known a Neyer-

Neldel rule. In this case the relation can be written as, 

𝜎𝜎0 = 𝜎𝜎00𝑒𝑒
( 𝑇𝑇0
𝑇𝑇𝑀𝑀𝑀𝑀

)𝑝𝑝  

Here, TMN is called the Meyer-Neldel temperature. Combining this equation with general 

conductivity Eq. 2-9 and using Eq. 2-18, TCR expression including Meyer-Neldel temperature 

can be derived as, 

y = 0.1961x + 0.4922
R² = 0.9959
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𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑝𝑝
𝑇𝑇
∗

1

1 − � 𝑇𝑇
𝑇𝑇𝑀𝑀𝑀𝑀

�
𝑝𝑝 {ln 𝜌𝜌+ln𝜎𝜎00} 

 

Eq. 2-32 

Then at room temperature T=295 K, and using the slope of the Figure 2-22 , 
𝑇𝑇𝑇𝑇𝑇𝑇 =   0.25

295(1−0.1961∗2950.25)
{𝑙𝑙𝑙𝑙 𝜌𝜌 + 𝑙𝑙𝑙𝑙𝜎𝜎00)= 0.0045 {𝑙𝑙𝑙𝑙 𝜌𝜌 + 𝑙𝑙𝑙𝑙𝜎𝜎00) 

The graph (Figure 2-21) of TCR vs. ρ gave the equation experimentally as;  

𝑇𝑇𝑇𝑇𝑇𝑇 =   0.0042𝑙𝑙𝑙𝑙 𝜌𝜌 + 0.006 

Hence the slope value 0.0042 is in close agreement with the value calculated by the modified 

equation Eq. 2-33. It can be seen for fixed “r” (for e.g., r=0.32) slopes are close to that shown in 

Figure 2-20. Recently, Dalvi et al55 presented and alternate model to describe the conductivity 

of a variety of disordered materials using a hopping Meyer-Neldel rule. Thus, although the 

conductivity follows M-VRH behavior, the TCR reveals that the conductivity prefactor has a 

temperature dependence following a variable range hopping Meyer-Nedel rule. 
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Figure 2-23. Resistivity vs. T0M at RT of various samples showing an increasing trend of resistivity 

with the increase of Mott characteristic temperature 
 

The Figure 2-23 shows, the RT resistivities vs. Mott characteristic temperatures for 

different samples varying in RH at different boron dopings, which shows that there is a trend in 

increase of resistivity with the increase of the Mott characteristic temperature (an analogical 

term similar to activation energy). Further, it can be seen that as the ToM increases both 

resistivity and TCR increase in similar manner. These values are presented in the Table 3. 
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Table 3. Sample properties - various parameters described in the text. 

# sccm ID “r” RH Thick 

(Å) 

Resistivity  

(Ω-cm)_by IV 

TCR_Mott 

(%/K) 

σ0-M 

1/ (Ω-cm) 

T0M  (K) 

1 0.7 S140 0.12 60 523 3267 3.81 8.33 x1015 1.10 x109 

2 1 S063 0.17 55 1092 2433 3.5 3.23 x1014 8.47 x108 

3 1 S143 0.17 60 521 2336 3.68 2.37 x1015 1.02 x109 

4 1.9 S150 0.32 100 518 2170 3.75 5.3 x1015 1.11 x109 

5 1.9 S114 0.32 60 519 1360 3.48 4.10 x1014 8.20 x108 

6 1 S064 0.17 40 1060 1081 3.4 2.15 x1014 7.50 x108 

7 1.9 S103 0.32 49 2071 1062 3.45 3.30 x1014 8.00 x108 

8 1.9 S192 0.32 55 1060 800 3.15 1.45 x1013 5.52 x108 

9 1.9 S176 0.32 40 1071 650 3.08 7.99 x1012 5.06 x108 

10 1.9 MMG7-B 0.32 49 3270 543 3.1 2.80 x1014 7.22 x108 

11 1 270A 0.17 10 518 262 2.86 1.70 x1012 3.95 x108 

12 1.9 MMC2 0.32 16 3352 211 2.7 3.10 x1011 3.04 x108 

13 1.8 s30 0.3 16 505 199 2.62 9.60 x1010 2.70 x108 

14 1.9 MMC5 0.32 4 2778 103 2.4 1.71 x1010 1.87 x108 

15 1.8 2791 0.3 0.1 560 81.8 2.34 1.00 x1010 1.69 x108 
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Figure 2-24. T0M vs. RH 
The Mott characteristic temperature T0M, shows almost a linear trend with the increase of 

RH. 
The increase of T0M (this depends again on RH) results in reduction of the conductivity, 

which is due to the increase of localization length (ξ). This increase is due to the reduction of 

numbers of traps as a result of better short range order in the a-Si:H matrix. Quantities that 

correlate with the Mott characteristic temperature are the localization length, hopping distance 

and energy. The localization length, Rhop, and hopping energy can be calculated by using the 

standard Mott expression. They are given by the wave function localization length,  

         𝜉𝜉 = �
18

KBToM𝑁𝑁(EF)
�
1/3

 Eq. 2-33 

The hopping distance and hopping energy are, respectively,     

1.0E+08

3.0E+08

5.0E+08

7.0E+08

9.0E+08

1.1E+09

1.3E+09

0 20 40 60 80 100 120

T0
M

(K
)

RH

48 



 𝑅𝑅ℎ𝑜𝑜𝑜𝑜 =
3
8 (

T0M
T )1/4 ∗ ξ 

Eq. 2-34

  

and,                          𝑊𝑊 ℎ𝑜𝑜𝑜𝑜 = 1
4 (kT)(T0M

T )
1/4

 Eq. 2-35 

The values obtained at 300K, assuming a density of state of  1x 1020 cm-3 eV-1 is  presented 

in Table 4, which summarize the values obtained using Eq. 2-33 to Eq. 2-35 for the samples 

having four different RH values at fixed boron doping ratio “r”= 0.32.  

Table 4. Calculations of wave function localization length, hopping distance and energy at 300K 
for various RH values using the Mott characteristic temperature assuming the density of state as 

indicated. 
N(Ef) 

[1 /cm3 eV] 

Temp RH T0M(K) loc length (ξ) 

(Å) 

Rhop(Å) (W)hop, 

(meV) 

at 300K, 

Rhop/ξ 

1x1020 300K 4 1.87x108 2.2 23.6 182 10.5 

1x1020 300K 16 3.04x108 1.9 22.6 205 11.9 

1x1020 300K 49 7.22x108 1.4 21.0 255 14.8 

1x1020 300K 100 1.11x109 1.2 20.3 284 16.4 

 

The graphs in Figure 2-25 shows that with the increase of RH, the T0M increases and the 

localization length decreases.  In chapter 3 this will be correlated with the structural 

configuration of these samples according to the amount of hydrogen. As the structural order 

improves, there will be less defects states (electrically-active defect states), resulting in an 

increase in the activation temperature and ultimately increases the resistivity and conductivity 

prefactors, as previously discussed. 
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Figure 2-25. ToM and localization length vs. RH for the samples having fixed doping ratio “r”=0.32 
The localization length, hopping distance and hopping energy (Whop) at 300 K calculated are 

comparable with values reported by Khan56 for amorphous silicon nanoparticles prepared by 

physical vapor condensation method. It is clear from the values presented in the Table 4 that, 

the hopping energy increases with the increase of the H-dilution and so does the value “Rhop/ξ”.  

In the same way, the parameters obtained for various boron doping at fixed RH (60) are 

presented in Table 5.   
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Table 5. Calculations of wave function localization length, hopping distance and energy at 
300K for various boron doping using the Mott characteristic temperature  

N(Ef) 

[1 /cm3 eV] 

Temp Boron 

doping 

“r” 

T0M(K) loc length (ξ) 

(Å) 

R hop(Å) (W)hop (meV) at 300K, 

Rhop/ξ 

1x1020 300K 0.12 1.10x109 1.2 20.3 283 16.4 

1x1020 300K 0.17 1.02x109 1.3 20.4 278 16.1 

1x1020 300K 0.32 8.20x108 1.4 20.8 263 15.2 

 

Figure 2-26 shows how the T0M and localization length changes with the change in the 

boron doping for fixed RH (60). Since there are more states available due to boron doping, the 

value of Mott characteristic temperature decreases, and the electrical conduction increases. 

Accordingly the localization length increases slightly. 

 

Figure 2-26. ToM and localization length vs. boron doping for fixed RH=60 
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Unlike in the case of RH, in this case as the boron doping increases, the Mott parameter 

(T0M) decreases, whereas the Rhop and localization length both increase only slightly. This may 

be an indication that the effect of hydrogen is strong compared to the boron incorporation. The 

hopping energy decrease with an increase of boron, as can be seen from the Table 5 and this is 

in the opposite direction to the RH, as indicated by the Table 4. Hence, the structural re-

arrangement in the a-Si:H matrix due to boron and hydrogen is playing the role in the electrical 

conduction due to  localized states in these samples. This can be understood as a competition 

of boron and silicon to trap a hydrogen atom, as previously discussed. More about the 

structural changes will be elaborated on chapter 3. 

The calculations of localization length, hopping distance and the hopping energy by using 

the ToM value and a nominal value for DOS57 of N(EF) ~1x1020 cm-3eV-1 for the sample set having 

(a) fixed boron with different   RH, and (b) fixed RH with different boron doping levels show that 

the conditions required for VRH are fulfilled. The conditions as described in the references by 

Yildiz16, Khan56. The condition for hopping is given as, 

 𝑊𝑊ℎ𝑜𝑜𝑜𝑜 ≥ k T  

 sample thickness (d) ≫ 𝑅𝑅ℎ𝑜𝑜𝑜𝑜  

 
𝑅𝑅ℎ𝑜𝑜𝑜𝑜
𝜉𝜉

≥ 1  

Therefore, it can be concluded that the conditions for the hopping are fulfilled, which 

indicate that the mechanism is VRH in the material system in the temperature range studied. 

Also the values obtained for the VRH parameters are close to those found in variety of 
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disordered systems. In addition, H Overhof58 in his “Mott memorial lecture” reported that the 

ToM values lie within the range of 1x108 K to 1 x109 K and our values in all the samples are in this 

range. Therefore, the values obtained in this research for ToM are in excellent agreement with 

the reported values by different authors. As discussed previously, this parameter is directly 

linked with the wave function localization length (𝜉𝜉). Thus Table 4 shows that, with the increase 

of RH, the 𝜉𝜉 value decrease and hence decreases of Rhop. The wave function is more localized in 

the traps, making it difficult to hop to other traps, resulting in increase of resistance and hence 

the resistivity. Of course, this phenomenon depends on temperature, and can be seen an 

increase in Rhop with a decrease in temperature. The larger value of T0M represents that larger 

energy is required (in the form of activation temperature,T0M 0.25) to hop from one site to 

another for conduction, which make the material more highly resistive. A similar conclusion can 

be made for boron dependent samples in Table 5 in which the resistivity is less for higher boron 

doping, due to availability of substitutional sites for hopping due to doping. 

2.6 Summary and Conclusion  

The electrical conductivity and TCR studies show that, for most of the temperature range 

investigated, the temperature dependent conductivity is described by the Mott variable range 

hopping (VRH). The Mott conductivity prefactor (σ0M ) and characteristic temperature (T0M) 

decrease with increasing boron doping for fixed H-dilution and increase with increasing dilution 

for fixed doping. The values of T0M lie in the range of 1x108 K to 1 x109 K which agrees well with 

literature.58 For samples with low H-dilution, the conductivity is seen to deviate from Mott VRH 

and can be described by contributions from both Mott VRH and Efros-Shklovskii VRH. The total 

TCR is given by combination of both TCR_Mott and TCR_ES. In addition, a study of conductivity 
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prefactor with the Mott characteristic temperature leads to evidence of a “hopping” Meyer-

Neldel rule recently discussed as a “universal” conduction model55. Finally the changes in the 

structural properties due to changes in hydrogen and boron in the a-Si:H matrix affect the 

electrical properties. This will be better quantified in chapter 3. 
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CHAPTER 3  

OPTICAL CHARACTERIZATION 

3.1 Raman Spectroscopy 

When a monochromatic radiation of very narrow frequency band is scattered by matter, 

the scattered light not only consists of the radiation of incident frequency but also of 

frequencies above and below that of the incident light frequency. This process results from  an 

inelastic collision of an incident photon and matter where, as a result of collision, the 

vibrational or rotational energy of the matter is changed by an amount 𝛥𝛥E. This form of 

scattering, in which the frequency of incident beam undergoes a definite change, was observed 

and studied by C.V. Raman in 1928 and is known as Raman Effect.     

The scattering process under consideration involves the interaction of light with the 

vibrational modes of the material under investigation. Let (=h𝞶𝞶i) and (=h𝞶𝞶f) be initial 

energy of incident photon and final energy of the scattered photon with liberation of a phonon 

(or, several phonon modes). Also, let ω1, ωs and  be frequency of incident radiation, 

scattered and the difference between initial and final state respectively. If, as is the case for the 

measurements presented here, <  , then ωs = ω1 - , where  is the frequency of the 

scattering phonon. In the Raman spectra several peaks can be observed, corresponding to the 

active phonon modes of the material under investigation59, 29. 

iE fE

MΩ

fE iE MΩ MΩ
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Figure 3-1. (a) Raman Spectrometer (UNT-CART) (b) Raman sample structure 
Raman spectroscopy is one of the most widely used techniques to understand the local 

crystal structure of amorphous materials since it provides information about the bonding 

network order in such materials.  It is a nondestructive measurement which provides 

information about the short range order (SRO) and mid-range order (MRO)60,61,62. The SRO of 

an amorphous material is usually associated with the nearest neighbor coordination63 and the 

MRO involves the topology of the network at the level of third or fourth nearest neighbor and 

described by the size and distribution of rings of constituent atoms33. Various groups have used 

Raman spectroscopy to study the changes in the local crystal structure of a-Si:H by investigating 

the changes in the transverse optical (TO) and transverse acoustic (TA) modes of 

vibration23,64,65,66. These studies show that the intensity ratio of the TA and TO modes (ITA/ITO), 

full width half maximum of the TO mode (ΓTO), and the central wavenumber (ωTO) of the TO 

modes depend on growth method, growth temperature, and hydrogen content. In plasma 

enhanced chemical vapor deposition (PECVD) growth, the structural configuration of a-Si 

depends on the H-dilution of the silane precursor and the thickness of the thin film, and can 
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yield different states such as amorphous, nano/micro crystalline and polycrystalline phases28,67. 

In addition, structural changes in a-Si:H films due to hydrogen incorporation and doping have 

been reported68,26,69,70. The addition of boron results in local structural changes resulting from 

the formation of chemical bonds, such as B-Si and B-H-Si69, results in an increase in bond angle 

and bond length, leading to a degradation of the SRO. Specifically, it has been shown that 

hydrogen diluted crystallization is mediated by insertion of H atoms into Si-Si bonds through 

the formation of a Si-H-Si bonding configuration when H atoms diffuse in a-Si:H matrix, 

resulting in improved crystallinity, i.e., improvement in SRO70. Infrared spectroscopic results26,38 

have shown that, with the addition of boron, there is a competition between boron and silicon 

to form bonds with the hydrogen, resulting in an increase in B-H stretching mode bonds and a 

decrease in Si-H bonds as the boron concentration is increased.  

In preliminary work by our group25, it was observed that an increase of Boron doping 

broadens ΓTO, indicating retardation in the formation of microcrystals in the film, resulting in an 

increase in structural disorder. It was also shown that higher growth temperature and higher H-

dilution promotes improvement in the atomic order of boron-doped a-Si:H films grown by 

PECVD.  

In this work, room temperature Raman spectra from boron doped p-type a-Si:H thin films 

prepared by PECVD at two growth temperatures for various levels of H-dilution and boron 

doping will be presented, and the effect of these parameters on the phonon modes of vibration 

will be discussed. It is found that there is a strong relationship between the local structural 

order and the growth parameters of temperature, H-dilution and boron doping. The results 

show that, with either an increase of H-dilution or with increased growth temperature, the SRO 
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and MRO of the a-Si:H films improve, as evidenced by a decrease of both ΓTO and the intensity 

ratio (ITA/ITO) of the TA and TO vibrational modes22. In addition, the effect of H-dilution on SRO 

and MRO decreases at increased sample growth temperature and, for samples with fixed H-

dilution, an increase in boron doping results in a decrease in the SRO.  Finally, the electrical 

resistivity of the samples prepared at the higher growth temperature correlates with ΓTO and 

ωTO, where the resistivity increases with decreasing ΓTO, and increasing ωTO results from the 

improvement in SRO.  

3.2  Experimental 

Several a-Si:H thin films were grown by PECVD at the substrate temperatures of 275 ᵒC 

and 365 ᵒC. The thickness of the films investigated ranged from approximately 1000 Å to 3000 

Å. The flow rate ratio of boron to silane, defined as “r” = [BCl3]/[SiH4], and H-dilution to silane 

ratio “RH”=[H2]/[SiH4], were varied to produce films with differing hydrogen and boron 

concentrations. The samples reported here were grown at RH values ranging from 4 to 55 and 

with “r” values of 0.17 and 0.32. A Thermo Electron Almega XR Raman Spectrometer with a 532 

nm laser as an excitation source and a 2.5 micron spot size was used to obtain room 

temperature Raman spectra. 

3.3 Results and Discussion 

The Raman spectra for different growth temperatures and H-dilutions for a fixed flow rate 

ratio of boron r = 0.32 are shown in the Figure 0-2. In agreement with the growth phase 

diagram28, increasing H-dilution for a fixed boron doping and growth temperature results in a 

decrease in ΓTO, indicating better structural order with an increase of H-dilution.  Specifically, 

Figure 3-2(a) shows spectra obtained for a fixed H-dilution of RH = 16 for films grown at 275 ᵒC 
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and 365 ᵒC. It is clearly seen that when either RH, growth temperature, or both increase, ΓTO 

narrows, indicating an improvement in SRO. In addition, the intensity ratio, ITA/ITO, decreases, 

indicating an improvement in the MRO. The spectra shown in Figure 3-2(b) better illustrate the 

effects of H-dilution on the improvement in local structural order. At the lower growth 

temperature, an increase in hydrogen concentration results in a substantial improvement in the 

local structure (i.e., SRO and MRO), as evidenced by a decrease of both ΓTO and the intensity 

ratio (ITA/ITO) of the TA and TO vibrational modes. This improvement in local order is further 

supported by the spectra shown in the inset, which shows that, at higher H-dilutions, the TO 

peak shifts to higher wavenumber.  
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Figure 3-2. Representative Raman spectra for the doping level r = 0.32 (a) for a fixed H-

dilution at growth temperatures 275 oC and 365 oC  (b) for the H-dilutions of RH = 4 and 49 at a 

growth temperature of 275 oC and (c) For the H-dilution (RH = 49) at growth temperatures 275 

oC and 365 oC, showing deconvoluted Raman peaks from left to right: TA (ω=155.5cm-1), LA 

(ω=312.1 cm-1), LO (ω=425.5 cm-1), TO(ω=477.8 cm-1), 2LA (ω=625.6 cm-1), tentative 2TO 

(ω=895.8 cm-1). 

Figure 3-2© illustrates effect of growth temperature on the ability of hydrogen to improve 

the short- and mid-range order of the a-Si:H thin film. This figure shows spectra obtained for 

the highest H-dilution of RH = 49 for films grown at 275 ᵒC and 365 ᵒC. At this high H-dilution the 

Raman spectra obtained at both growth temperatures are virtually identical.  This can be 

understood in terms of changes in the amorphous structure due to bonding nature of silicon 

with hydrogen. Higher H-dilution affects the growth structure as the kinetics of atom 

incorporation changes by changing the constituent elements by the formation of either Si-H or 

Si-H2. It has been shown by ab initio calculations that mobile hydrogen atoms break strained 

silicon bonds to form Si-H and Si-H235. From the infrared spectroscopy it has been reported that, 

with the increase of H-dilution, silicon monohydride absorption peaks increase in strength 

whereas silicon dihydride absorption peaks decrease26. For fixed doping and dilution, the silicon 

monohydride absorption peak is significantly larger for lower growth temperature,71 which can 

be attributed to additional hydrogen atoms being absorbed. On the other hand, the higher 

growth temperature adds surface mobility to the absorbed reactant species, which increases 

the likelihood of lower energy bond configurations. Further, the higher growth temperature 

increases the desorption or dissociation of weakly bonded species, reducing the net deposition 
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rate and increasing the likelihood that stronger bond configurations are prevalent. Thus, the 

improvement in SRO and MRO at each growth temperature due to the formation of Si-H and Si-

H2 bonds overcomes any action of the higher growth temperature to decrease the absorption 

of hydrogen. It has been shown in glow discharge grown undoped a-Si:H that mechanical stress 

is not primary factor for the change of central frequency position of the TO mode72. As a result, 

it is concluded that the improvement in the local order results primarily from the increase in H-

dilution.  

As previously discussed, growth temperature and H-dilution causes significant changes in 

the structural order of a-Si:H thin films. To better quantify the observations shown in Figure 

0-2©, Gaussian deconvolution was performed on each spectrum, using 6 Gaussian peaks 

representing the TA, LA, LO, TO phonon modes and replica peaks of the LA and TO phonon 

modes, respectively. The results are shown in Figure 0-3.  Table 6 shows the Raman parameters 

measured for various samples.  
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Figure 3-3(a) shows ΓTO plotted with respect to the H-dilution ratio (RH) for both growth 

temperatures. As the H-dilution is increased, ΓTO decreases, indicating improvement in the SRO.  

It can be seen from Figure 3-3(a) that, the effect of growth temperature on structural order 

decreases with increasing H-dilution. Figure 3-3(b) shows a gradual decrease in the intensity 

ratio ITA/ITO with an increase of H-dilution, indicating a trend of gradual improvement in the 

MRO. It can be speculated that the topology of the network improves with the increase of H-

dilution33. 

Figure 3-4 shows the influence of boron doping on the SRO, illustrated for two H-dilutions 

(RH =40 and 55) and two different boron doping levels (r = 0.17 and 0.32)   
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Figure 3-4. (a) ΓTO vs. boron incorporation, “r”, and (b) ΓTO vs. H-dilution, RH. 
As is seen in Figure 3-4(a) for both H-dilutions shown, ΓTO increases with increasing boron 

concentration, indicating degradation in SRO. Illustrated differently, as shown in Figure 3-4(b), 

ΓTO decreases with increasing H-dilution for each boron concentration, indicating that an 

increase in hydrogen concentration overcomes the effects of boron on the SRO. This suggests 

that there is a competition between boron and silicon to capture a hydrogen atom and that the 

degradation in SRO results from a rearrangement of chemical bonding in a-Si:H.  

(b) 
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Table 6. Raman parameters (TO frequency, TO line width and intensity ratio ITA/ITO) for 
measured a-Si:H thin film samples. 

        Growth 

Temperature (°C) 

Thickness       

(Å) 

Boron 

doping 

[BCl3]/[SiH4] 

H-dilution 

[H2]/[SiH4] 

ωTO (cm)-1 ΓTO (cm)-1 ITA/ITO 

365 2778 0.32 4  473.1±1.9 72.9±2.6 0.83±0.17 

365 3199 0.32 16 474.1±1.9 68±2.4 0.73±0.15 

365 3199 0.32 30 477.5±1.9 68.4±2.4 0.63±0.13 

365 3162 0.32 45 475.2±1.9 66.8±2.3 0.67±0.13 

365 2986 0.32 49 477.2±1.9 65.2±2.3 0.68±0.14 

275 3000 0.32 4 473.8±1.9 76.8±2.7 0.91±0.18 

275 3000 0.32 16 473.8±1.9 73.3±2.6 0.75±0.15 

275 3000 0.32 30 477.0±1.9 67.3±2.4 0.82±0.16 

275 3000 0.32 45 475.3±1.9 66.7±2.3 0.73±0.15 

275 3000 0.32 49 477.8±1.9 68.9±2.4 0.6±0.12 

365 1060 0.32 55 472.0±1.7 74.4±2.2 0.34±0.02 

365 1071 0.32 40 471.9±1.7 81.9±2.5 0.44±0.03 

365 1092 0.17 55 479.0±1.7 69.3±2.1 0.52±0.04 

365 1060 0.17 40 476.5±1.7 74.4±2.2 0.48±0.03 

 

The Raman results show that the structural properties depend strongly on growth 

temperature and the plasma chemistry. It is well known that hydrogen passivates the dangling 

bonds of a-Si33. However as seen from Figure 0-2© and Figure 0-3(a), increasing the hydrogen 

supply in the plasma at the higher growth temperature has little effect on the Raman spectra. 

This indicates that the growth kinetics of PECVD a-Si:H favor hydrogen incorporation into the a-

Si thin film at lower growth temperatures. The results presented here agree with and extend 

those obtained at lower temperatures73 which showed that the development of the local 
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structure (SRO and MRO) in a-Si:H depends on the initial ordering of the amorphous network 

which, in turn, is determined by the growth temperature.   
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Figure 3-5. Line width and central frequency of TO mode vs. RT resistivity for “r” = 0.32, 
showing improvement in SRO and higher resistivity for higher H-dilution at 365 °C 

Figure 3-5 shows a correlation of electrical resistivity with ΓTO and ωTO. In Figure 3-5, ΓTO and 

ωTO are plotted with respect to resistivity for various H-dilutions from 4 to 49 for samples with 

fixed boron doping (r = 0.32) and growth temperature (365 ᵒC).  The decrease in the linewidth 

and shift to higher wavenumber of the TO peak with increasing H-dilution indicate that there is 

a continuous improvement in the structure of the amorphous network on the short range scale. 

Thus, the increase in resistivity can be understood as a result of the improvement in the local 

order of the a-Si:H thin film. Similar results in fluorinated a-Si:H prepared by the glow discharge 

deposition method was reported by relating the central frequency of TO mode with the dark 
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conductivity74. It will be interesting to determine if this applies to growth conditions other than 

H-dilution.   

3.4 Summary and Conclusion 

The effects of H-dilution and boron doping on the structural properties of amorphous silicon 

thin films prepared by plasma enhanced chemical vapor deposition are reported and discussed. 

The results of Raman measurements obtained from a variety of samples of differing hydrogen 

and boron concentrations grown at two temperatures show that the short- and mid-range 

order improves with either an increase of H-dilution or higher growth temperature. The effect 

of growth temperature on the ability of hydrogen to improve the short- and mid-range order 

decreases as the growth temperature is increased. This is attributed to dissociation of weakly 

bonded species at higher growth temperature, leading to less hydrogen absorption. For fixed H-

dilution, an increase in boron doping results in a decrease in the short-range order, indicating 

that boron rearranges the a-Si:H matrix either by the appearance of B-H bonds, or Si-H or B-H-Si 

complex. Finally, a direct correlation is seen between the electrical resistivity and the short-

range order for samples of differing H-dilution grown at the higher growth temperatures.  

The competition to capture hydrogen by silicon and boron by MIR-IR data26 agrees with the 

Raman results as explained. Finally, a direct correlation is seen between the electrical resistivity 

and the short-range order for samples of differing H-dilution grown at the higher growth 

temperatures. Such a correlation, if sufficiently quantified, could lead to the use of purely 

optical measurements to determine the electrical conduction properties of a material.  
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CHAPTER 4  

SUMMARY/ CONCLUSION/ FUTURE DIRECTIONS 

The objective of the research was to understand the electrical conduction mechanism in the 

amorphous silicon thin films, which were prepared at different growth conditions. Variation of 

boron doping and H-dilution was used with different thicknesses of the samples, which are 

prepared by PECVD method. It was found that the film resistivity increases with the increase of 

H-dilution and decreases with the increase of the boron doping. The increase of hydrogen 

increases the mobility gap, which increases the resistivity of the materials, and TCR. It is shown 

that, TCR increases with the increase of resistivity and resistivity is the quantity affected with 

the combination of doping and dilution. 

In almost all samples, it was observed that the electrical conduction mechanism is 

dominated by the Mott variable hopping mechanism. However, at lower temperatures there is 

evidence of an Efros Skhlovskii-variable range hoping in addition to the M-VRH. That the 

conductivity mechanism deviates from M-VRH to ES-VRH is due to the appearance of a 

Coulomb gap in the vicinity of the Fermi level. In such a case, the total conductivity is described 

by the sum of M-VRH and ES-VRH contributions, and this combination also described well the 

TCR results. 

From the electrical results, it was found that, with the increase of H-dilution, the Mott 

characteristic temperature (T0M) increases and hence the TCR increases. The Mott conductivity 

prefactors also are found to increase with the increase of H-dilution or decrease of boron 

doping. The localization wave function, hopping distances and hopping energies were also 

calculated and shown to be in agreement with the VRH mechanism. The characteristic 
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temperature calculated lies between 1x108 K to 1x109 K, which agrees with the literature for 

most of the amorphous silicon materials prepared by different growth methods.   

The results presented here show that the electrical properties are strongly influenced by 

the structural changes in the materials due to the addition of boron and hydrogen and the 

growth conditions. 

To better correlate the structural and electrical properties, Raman spectroscopy was used 

to obtain the structural changes resulting from the addition of boron, hydrogen and/or growth 

conditions.  This was accomplished through the study of the transverse optical (TO) and 

transverse acoustic (TA) Raman modes to relate changes in short- and mid- range order to the 

effects of boron and hydrogen incorporation. The Raman results show that with an increase of 

hydrogen and/or growth temperature, both short and mid-range order improve, whereas the 

addition of boron always results in the degradation of short range order due to the formation 

of different boron/Si complexes. These results correlated well with the measured values of 

resistivity. 

The increase of H-dilution affects the bonding nature of hydrogen in the a-Si:H matrix and 

Si-H bonding is the main cause for the structural improvement in the samples rather than Si-H2 . 

Infrared spectroscopy measurements26 have recently revealed a counter dependence of the B-

H and the Si-H chemical bond on the boron dopant supply and on the H-dilution, resulting in a 

competition between boron and silicon to capture a hydrogen atom. Raman spectra also show 

the inverse effect between boron doping and hydrogen dilution in a-Si:H samples in agreement 

with electrical conductivity data. 
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A continuation of these studies can be a future direction for upcoming researchers in similar 

fields. Nano-composite materials may be developed by addition of nano dots, wires, or rods 

into the amorphous silicon matrix there by creating heterostructure materials with adjustable 

hopping conduction leading to improvement in IR detection based on bolometric detection. 

Connecting the conduction mechanism with their influence on electrical noise would also be an 

interesting future direction. For devices like IR detectors in which TCR and noise are important 

quantities, such composite materials may be tailored to reduce noise and enhance TCR.  Such 

results would have impact on many applications other than IR detectors, such as solar cells, thin 

film transistors, and photon detectors as sensors. 
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APPENDIX 

X-RAY PHOTOELECTRON SPECTRA (XPS) of REPRESENTATIVE AMORPHOUS SILICON THIN FILM
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X-ray photoelectron spectroscopy (XPS) was used to identify the chemical species contained 

in the sample. A bi-layer (a-Si/SiN (bi-layer: a-Si/siN/Si) sample’s  XPS spectra is shown as an 

example. 

 

Figure . XPS spectra for bilayer of a-Si/SiN (bi-layer: a-Si/siN/Si) on silicon. The etch rate is 40 Å/ 
minute.  

The spectra shows about 10 % of boron in the a-Si layer and nearly stoichiometric of silicon 

and nitrogen in the SiN layer. The calculation shows that the boron concentration is about 

1.3x1022 cm-3. Not all these boron atoms participated in conduction. 
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