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ABSTRACT 

This dissertation is the study of properties of a-Si:H using photoluminescence (PL) 

and photoconductivity (PC) measurements to shed light on understanding ofthe 

recombination and transport process of photogenerated carriers. Based on the field 

dependent PL measurement, we developed a model to explain the field quenching in PL at 

low temperatures (below 100 K). Our model showed that most radiative recombination 

occurs between geminate pairs. We determined the distribution of separations of geminate 

pairs from results ofthe field quenching in PL. The distribution does not change much 

with excitation energy. Results of simultaneous PC measurement also indicated the 

geminate pair recombination, even though it is not so apparent due to, probably, the 

existence of a fast non-radiative recombination process. Our results imply that there is no 

significant change in the distance between an electron and a hole in a geminate pair in 

bandtail states due to thermalization, which is contradictory to a generally accepted model. 

Field dependent PC measurements at various temperatures confirmed the validity ofthe 

concept of'effective temperature' invented for explaining field dependent PC in terms of 

temperature. Results from the measurements showed the existence of safe hole traps 

(SHTs), which might relate to light degradation. The intensity dependent PC 

measurements supported this conclusion. We also investigated phosphorous doped a-Si:H 

with above gap and sub gap excitation in order to study the effect of defects in a-Si:H. 

The results allow us to develop a possible recombination mechanism for defect related PL. 
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CHAPTER I 

INTRODUCTION 

Hydrogenated amorphous silicon (a-Si:H) is one of materials for devices based on 

semiconductors. This material is increasingly being used in devices such as photovoltaic 

solar cell. LeComber and Spear [1] showed for the first time that a-Si:H has good 

electrical transport properties with a fairly high density of carriers. Later, they also showed 

that a-Si:H could be doped with phosphine or diborane to be n-type or p-type material 

respectively [2]. Since then, several different dopants have been introduced so that it 

becomes possible to control the energy gap of a-Si:H. These mentioned properties make 

a-Si:H as a good substitute of c-Si. a-Si:H has several advantages in electronic properties 

and material characteristics compared to many other materials. The biggest advantage of 

using a-Si:H is the ability to coat large areas inexpensively compared with crystalline 

silicon (c-Si). 

Usually, unhydrogenated a-Si has no photosensitivity and a high defect density which 

prevents doping. As a result, a-Si was not being considered as a material for devices. The 

defect density is reduced by introducing a proper amount of hydrogen into the material 

during the growth process. The understanding the roles of H in the material itself is one of 

biggest issues in a-Si:H research. Although, the role of H is not well understood, it has 

been generally accepted that the hydrogen passivates the mid-gap defect density by 

making a bond with the dangling bond [3]. The amount of H is known to be a very crucial 

factor in order to obtain good quality a-Si:H. The unique characteristics of a-Si:H 
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compared with c-Si come fi-om its structure and the presence of H in a-Si:H Therefore, a 

simple modification of theories for c-Si is not appropriate to understand the properties of 

a-Si:H. 

One ofthe major drawbacks for a-Si:H is metastability, referred as to Staebler-

Wronski (S-W) effect [4]. Accordmg to the effect, photoconductivity and dark 

conductivity decrease during light illumination. It has been generally accepted that the 

effect is caused by generating defects by illumination of light. Although there have been 

several models proposed to explain this effect, the generation process is not well 

understood yet [5]. 

Many device properties, including solar cell efficiency, depend on the recombination 

kinetics of photogenerated carriers, which have been investigated by many methods. All of 

these methods have been carried out on a-Si:H films without general consensus as to the 

predominant recombination mechanism. Recombination processes of photogenerated or 

electrogenerated carriers in a-Si:H are believed to take place in the bandtail states and 

defect states so that the process is affected by these states [6]. Since the electronic and 

optical properties are determined by the gap states, the study of this process is important 

for practical purposes as well as for better understanding. 

One way to study the recombination process of photogenerated carrier is 

photoluminescence (PL) measurements. It is known that, in a-Si:H, the most of PL occurs 

through recombination between electrons in the conduction bandtail and holes in the 

valence bandtail, whereas, a very small portion of PL does occur through recombination at 
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defect states. Therefore PL measurements in a-Si.H give a good opportunity to stud\ the 

bandtail states as well as, the defect states in a-Si:H. 

Another method to characterize a-Si:H is photoconductivity (PC). After fi-ee charged 

carriers are generated by an excitation process, the carriers can contribute to PC while 

they are moving. This conductivity does not distinguish the nature of recombination 

process such as radiative or nonradiative recombination. However, as the transport or the 

number of free carriers with different experimental conditions changes conductivity, PC 

measurement is an indirect way to study recombination process. Since PL and PC are 

related to each other, studies of both quantities provide a superior opportunity to have a 

complete picture ofthe recombination processes in a-Si:H. 

The following discussion will expose generally accepted ideas about a-Si:H. First, we 

will introduce the structure of a-Si:H material and its effect on conduction of carriers in 

order to help to understand several experimental results and their interpretations in further 

discussion. Then, in order to explain some of important PL experiments and their 

interpretation, the recombination and relaxation process ofthe photogenerated carriers 

will be given. Finally, there will be some discussion about general PC. 

1.1 Characteristics of localized states 

1.1.1 Structure of a-Si:H 

Understanding of a-Si:H comes from an understanding ofthe structure of a-Si:H and 

its defects. The main features ofthe structure of a-Si:H may be categorized as the absence 

of long range order, presence of short range order and coordinate defects. 
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In a-Si:H, by the definition of'amorphous,' there is no periodic potential and it is 

impossible to predict the positions of atoms as illustrated in Fig. 1.1 [7]. As a result there 

is no translational symmetry m a-Si:H. The absence of this periodicity in the structure 

makes it impossible in applying the Bloch theorem to study the band structure of a-Si:H. 

The Bloch theorem is based on the translational symmetry or periodicity ofthe lattice, 

often referred to as a 'long range order.' As there is no long range order, the application of 

the Bloch theorem is not valid in a-Si:H for a theoretical approach and a different concept 

needs to be introduced. 

In fact, a-Si:H is not completely disordered. The first few nearest neighbors (NNs) 

distances are similar to those in c-Si. Its coordination number (the number of NNs), is 

ideally the same. The covalent bond of Si atoms in a-Si:H is nearly the same as in c-Si in 

terms of bond length and bond angles. The covalent bond is resulted from sp̂  

hybridization of four silicon valence electrons. In solid, the electron interaction splits the 

valence states into bonding and anti-bonding levels as shown in Fig. 1.2. Core level 

electrons do not participate in this process. As the energy level of bonding states is lower 

than that of anti-bonding states, chemical bonding occurs. In a-Si;H, the splitting of 

bonding and anti-bonding states can be equivalently described as an energy gap without 

considering the Bloch theorem because bonding and antibonding continuums of levels are 

separated by a band gap of approximately 1.7 eV. As a result, the bands are very different 

by the local configuration or short range order [8]. 

The major difference in the band structures of a-Si:H and c-Si is the shape of band 

edge. Due to deviation of bond length and bond angle, the band edge is not well defined as 



Figure 1.1: Amorphous structure containing atoms of different bonding coordinates, as 
indicated [7]. 
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Figure 1.2: Schematic molecular orbital model ofthe electronic structure of amophous 
silicon and the the corresponding density of states distrbution [7]. 
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in c-Si. Instead, the band edges are broad enough to extend into the bandgap that is 

forbidden in c-Si. These states in the bandgap are referred to as bandtail states and their 

density of states is lower than those ofthe bands. The most significant difference between 

characteristics ofthe two materials occurs at the band edges where the disorder creates a 

tail of localized states extending into the gap. The bandtail states, or localized states, play 

very important roles in electronic and optical processes in a-Si:H as mentioned before. The 

width ofthe tail which depends on the degree of disorder and on the bonding character of 

the states is typically 0.15 eV and 0.3 eV for conduction bandtail and valence band, 

respectively [6]. 

The distribution ofthe bandtails has been a subject of extensive study, but as of yet no 

distribution is generally accepted despite it's importance. However, an exponential 

distribution with different slopes is most common to analysis of data or theory involved. 

The continuous distribution of bandtail states starting from the band edges results in the 

ambiguity ofthe location ofthe energy gap at which the density of states (DOS) decreases 

suddenly. There have been two different definitions of gaps in a-Si;H. One is defined as an 

optical gap [9], derived from a equation as given by 

hva(hv) = A(hv-E^)\ (1.1) 

where, hv is an photon energy, a an absorption coefficient, and EG an optical gap 

respectively. The energy gap is obtained from fitting ofthe absorption coefficient as a 

function ofthe energy of photon and is about 1.7 eV. This method was derived by Tauc, 

et al. [9] and, therefore, the optical gap is often referred to as a 'Tauc gap.' The other 

definition of gaps is referred to as a mobility gap, where the mobility of carriers decreases 
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suddenly compared with that in the extended states. It is defined as the energy separation 

ofthe valence and conduction band mobility edges and generally is larger than the optical 

gap. On the other hand, in c-Si, these gaps are identical and are about 1.1 eV. 

In c-Si, any atom is a defect if the atom is out of place in a crystal. Examples of 

defects would be interstitial and vacancy. However, this definition of defects can not be 

applied to a-Si:H. The reason is that because there is no correct position of an atom, it is 

very difficult to decide which structure is defective. Therefore, it is necessary to introduce 

a different meaning of defects in order to describe them in a-Si:H. 

In ideal a-Si:H, all the Si is four-fold coordinated and all the hydrogen is singly 

coordinated. However, in real a-Si:H there is departure from the ideal amorphous network 

where all the bonds are satisfied. This concept brings the idea of a 'coordinate defect' that 

is a deviation of ideal bonding states [10]. The electrons in an ideal network are paired in 

bonding or non-bonding states. If an atom has a different number of coordination than the 

ideal, then the atom definitely has unpaired electrons. This type of defect will reveal 

different electronic states than the ideal network (4). The most important coordinate 

defect is a three-fold coordinated defect, referred to as a dangling bond. Defect states in 

the gap affect the electronic properties of a-Si:H as their electronic states are unstable so 

that their electron occupancy is changed by trapping and excitation of carriers or doping. 

While the covalent bond is split into bonding (valence band) and antibonding (conduction 

band) states, the defect states or non-bonding Si orbitals are not split by bonding 

interaction. This resuhs in those energy levels being located between conduction band and 
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valence band as shown in Fig. 1.2. The exact energy level ofthe defect depends on the 

local atomic structure. The distribution of defect states is still an open question 

Here is a summary of structure of a-Si:H. 

1. Absence of long range order: no periodicity, inapplicability of Bloch theorem; 

2. Short range order: covalent bond, energy gap; 

3. Deviation of short range order: bandtails; 

4. Coordination defects: defect states in the gap (dangling bonds). 

1.1.2 Localized states in a-Si:H 

In order to explain the effects of bandtail states on the photogenerated carriers in a-

Si:H, it is necessary to introduce the P. W. Anderson's theory of localization [11]. In his 

theory, the localization is a direct result of disordered potential. A weak disorder potential 

generates a small perturbation ofthe Bloch wavefunction and does scatter Bloch 

electrons. With an increase in disorder potential, the electron experiences more scattering. 

In an amorphous semiconductor, the disordering effect is strong enough for the 

wavefunctions ofthe electrons to lose the phase coherence within one or two atomic 

spacing ao. If the disorder exceeds a critical value, the wavefunction is confined to a small 

volume, which is referred to as the localization ofthe electron. 

In order to quantify the critical potential, Anderson used a model shown in Fig. 1.3. 

Basically he treated the disorder potential as a perturbation ofthe periodic potential. The 

crystal is considered as an array of identical atomic potential wells and the corresponding 

band of electronic states has a width ofB resulting from the interaction between atoms. By 
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Figure 1.3: Schemtic illustration of Anderson model [11]. Interatomic spacing a^ is 
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adding the random potential with average amplitude Voto the same array sites, he 

represented the disordered states. Considering these assumptions he concludes that as 

V(/B exceeds a critical value, there is zero probability for an electron to diffuse away. As a 

result, all the electron states are localized and there is no electrical conduction at zero 

temperature. 

Based on calculations, Anderson estimated the critical value for Vo/B of about 3. As 

the band width is 5 eV in a-Si:H, the disorder potential Vo should be about 15 eV, which 

is not realistic. In a-Si:H, due to the short range order, the disorder potential is too small 

to meet Anderson's criterion. However, Mott and Davis [12] considered that some ofthe 

states are localized and these lie at the band edges even when the disorder potential is not 

big enough to meet the criterion. The center ofthe band comprises of extended states at 

which there is strong scattering and the states at the edges ofthe bands are localized. The 

extended and localized states are separated by a mobility edge at energy Ec. At zero 

temperature only electrons above Ec are movable and contribute to conduction. With an 

increase in the degree of disorder, the scattering of carriers increases and their mobility 

decreases. In c-Si, the mobility of electrons at room temperature is about 1000 cm^ V ŝ'̂  

while the mobility in a-Si:H is about 2-3 cm^ V* ŝ'\ This mobility edge is provided as the 

definition ofthe mobility gap as mentioned before. 

The strong scattering in the bandtails causes a large uncertainty in the electron 

momemtum, through the uncertainty principle, 

Ak = n/Ax^h/a,^k, (1.2) 



12 

where Ax is the scattering length and a^ is the interatomic spacing. The uncertainty in k is 

similar to the magnitude of ̂ , so that momentum is not a good quantum number and is not 

conserved in electronic transitions [7]. As a consequence, E-k dispersion relation can not 

be used to describe the energy band but instead the density of states (DOS) distribution. 

Another consequence would be that the momentum selection rule is not valid so that the 

distinction is lost between a direct and an indirect-gap. Instead, the transitions take place 

depending on overlap of wavefiinctions. 

1.2 PLina-Si:H 

PL is a non-destructive technique for the determination of certain impurities in 

semiconductors. It is particularly useful for obtaining the information about the shallow-

level impurities, but also can be used for deep level impurities when radiative 

recombination dominates over nonradiative recombination. PL can be used for qualitative 

analysis of impurities. However, quantitative analysis is not very straight forward. PL can 

provide simultaneous information on many types of impurities in a sample. However, only 

those impurities that produce radiative recombination process can be detected. There are 

advantages and disadvantages in utilizing PL measurement as a characterization tool. 

The most obvious advantage of PL is the close connection of PL to a number of 

radiative devices as the semiconductor lasers, light emitting diodes, electroluminescence 

panels, cathodoluminescence of CRT's, and many others. In addition, PL is rapidly 

evolving into a major tool comparable to absorption measurements in importance. There 

are two reasons for this argument. One is the sensitivity ofthe technique. Features that are 
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just discernible in absorption are sometimes dominating in PL spectra and the converse 

also happens. The other is the simplicity of data collection. Absorption measurements 

require tedious sample preparation. Samples must be cleaved or polished to the proper 

thickness with parallel front and back surfaces. In contrast, front surface PL measurements 

can be made on bulk materials or thin epitaxial layers with ease. 

A disadvantage of PL technique is the increased remoteness ofthe raw data from the 

physical phenomena of interest. Sometimes considerable analysis is necessary to infer the 

spectral dependence or magnitude ofthe internal recombination rate from the radiation 

observed outside the sample. For experiments, often measurements below 20 K are 

necessary to obtain spectroscopic information by minimizing thermally activated non

radiative recombination processes and thermal line broadening. As the PL efficiency in a-

Si:H has a strong temperature dependence, it is important to do the PL measurement with 

a-Si:H at low temperature. However, thermal broadening is not an important factor as the 

PL spectrum in a-Si:H itself is quite broad. In addition, as there are no discrete impurity 

levels in a-Si:H regardless of their depth, the impurities are not a concem for us. Instead, 

as the broad bandtail states in the gap are responsible for the PL signal, it is more 

appropriate to consider the energy level of recombination center as a continuum. However 

the detail of the origin of PL in a-Si:H is not clearly understood yet. 

Application of PL measurements to a-Si:H is based on the fact that the radiative 

recombination occurs from transitions of carriers within localized states. These states 

include bandtail states and defect states, originated from the intrinsic disorder or defects. 

As mentioned before, the localized states determine the properties of a-Si:H. Therefore, if 
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the radiative recombination takes place between the extended states, the PL measurement 

is not useful because the PL can not reflect the properties ofthe localized states. 

Historically PL in a-Si:H was studied by Engemann and Fisher for the first time in 

1973 [13]. Since then, it has been known that the PL spectrum is composed of two peaks 

originated from tail-tail transition and tail-defect transition, respectively. The main band 

PL from tail-tail transition has a peak at 1.25 - 1.4 eV with a fiill width at half maximum 

(FWHM) of 0.2 - 0.3 eV, which varies with samples and experimental conditions [6, 13]. 

The main PL can dominate PL spectrum with above gap excitation in low defect density 

samples. The main PL band has a strong temperature dependence. The PL intensity almost 

disappears at room temperature. Therefore the PL measurements are performed at 

temperatures below 100 K [14]. The shape ofthe PL spectra also change with 

temperature. The peak shifts to longer wavelength with increasing temperature, showing a 

red shift [15, 16]. 

The defect band PL from tail-defect transition has a peak around 0.8 - 0.9 eV with a 

FWHM of 0.2 eV and can be detected in the samples with high defect density [17, 18]. 

The temperature dependence ofthe defect band PL is much weaker than that of main band 

PL. Compared with the main band PL, the defect band PL has been generally overlooked 

due to weak PL intensity from device quality samples with low defect density. With an 

above-gap excitation, the main PL intensity is about 100 times stronger than the defect 

PL. Therefore in most PL measurements, the PL from defects has been ignored. Recently, 

it has been found [19] that the defect band PL can be enhanced with an sub-gap excitation 

such as a 1064 nm line from a Nd-YAG laser. This enhancement has been explained in 



15 

terms of a 'two step process,' which has yet to be confirmed. In this work, study of defect 

band PL with sub-gap excitation in n-type a-Si:H will be discussed also. 

Study of PL can be sorted into two categories. One is the steady state measurement 

using continuous wave (CW) excitation [6, 13, 14]. The other is the measurement ofthe 

kinetics ofthe carrier employmg a pulsed laser [6, 20], known as time-resolved (TR) PL. 

By monitoring kinetics ofthe carriers, it is possible to determine the lifetimes ofthe 

carriers. On the other hand, the CW PL allows us to measure PL efficiency and PL 

spectrum. As these can reveal different physics involved in the recombination process, 

they are equally important. The PL process in a-Si:H is composed of a three step process: 

excitation, relaxation and recombination. In most cases, the relaxation is replaced by 

thermalization. The detail of these processes is quite different from those in crystalline 

material due to the existence of bandtails. PL measurements have provided the explanation 

of these processes. Each process has been the subject of much research and controversy. 

In this work, the effect of several experimental parameters e.g., temperature, electric field, 

excitation intensity and excitation energy on PL will be discussed. 

1.2.1 Basic PL theory and radiative recombination in a-Si:H 

PL is the optical radiation emitted by a physical system resulting from excitation to a 

nonequilibrium state by irradiation with light. The basic Hamiltonian H to describe these 

physical situation can be expressed by the interaction energy between the radiation field 

and the atomic system as [21], 

H=Y.-{'^l^c)A^-p^-{e^ llmc'')A^^ , (1.3) 
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where the sum is over all the electrons ofthe system, Aj is a vector potential and/7; is 

momentum of an electron. The recombination rate can be calculated based on the 

Hamihonian. The radiative recombination rate, P, for a transition between an upper energy 

(Eu) state to lower energy (Ei) state emitting a photon of energy hv , is given by the Fermi 

golden rule, 

P = (27r/h)\M''\S{Ei - E^ +hv) , (1.4) 

where Mis the matrix element ofthe transition and the S- function is for conservation of 

energy. The matrix element is 

M=M,Ji%,X), (1.5) 

where J is the overlap integral ofthe electron ( We) and hole ( WH) wavefunctions. 

The transition within localized states is strongly dependent on the physical separation 

r between an electron and hole and is of interest to understand PL in a-Si:H. According to 

Thomas et al.[22], the overlap integral J is 

J^expi-r/A), (1.6) 

where A is the localization length of an electron in a-Si:H. Therefore the transition rate P 

can be given as 

P(r) = P,exp{-2r/A), (1.7) 

where Po is the transition rate for completely overiapping wavefunctions and is about 10 

s"\ The transition is negligible ai r> 10 A. The rate of nonradiative recombination P„r(r) 

has the same functional form with a different prefactor coo of 10^^s\ as given by 

P„Xr) = co,exp(-2r/A). (1.8) 
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It is important to notice the difference in the two prefactors for further discussion 

Due to the nature ofthe exponential function, a transition between states with longer 

separation has a low transition rate and as a resuh, a long lifetime. The lifetime r of a 

certain transition is therefore given by 

r = To exp(2r / ^) , (1.9) 

where ro is 10' s. Lifetime distribution of carriers can usually be obtained by time-resolved 

(TR) PL measurements. The separation r, therefore, can be calculated with an assumption 

ofthe magnitude of A. This type of transition depends on the extent ofthe wavefunction 

of localized states, referred as a localization length. The localization length A depends on 

the binding energy ofthe states and is roughly given by [23], 

A(E) = (1.10) 'miE-EJj ' 

where E is the energy of a bandtail state, Ec the mobility edge, and n is about 0.5 - 1. The 

value of w is not well determined. As a result, the estimate ofthe localization length of 

electron in the bandtail varies, ranging from 3 - 20 A at low temperatures. Although the 

direct measurement ofthe length y4 has not been reported yet, the localization length of 10 

-12 A has been typically used. The localization length plays an important role to decide the 

transition rate of carriers. This recombination mechanism is referred as 'radiative 

tunneling' and is the dominant radiative process in a-Si:H. The radiative tunneling is 

observed in systems where recombination occurs between localized states. In radiative 

tunneling scheme, lifetimes of carriers are decided by the physical separation r only. 
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1.2.2 Thermalization of photoexcited carriers in a-Si:H 

Thermalization process is a process of losing an excess energy of photoexcited 

carriers. This energy loss process takes place in the extended states and localized states 

(bandtail states). Thermalization ofthe carriers down the band tails is a characteristic 

feature of amorphous semiconductors. 

In the extended states, thermalization occurs by emitting phonons. Mott and Davis 

[12] showed that the rate of energy loss, or the thermalization rate of carriers in the 

extended states is given by 

dE 
— = (h(Do)^,, (1.11) 

where coo is an optical phonon frequency. This result is based on the facts that the 

thermalization process is non-radiative and the rate of non-radiative transition is 

approximately proportional to the phonon frequency. The pump and probe experiments 

have determined the time scale ofthe thermalization process in the extended states [24]. 

The thermalization is an extremely fast process, in the picosecond (ps)-range, and depends 

on the density of induced carriers. Therefore after the carriers are excited by photons, they 

are trapped at the localized states within ps time scale. 

Thermalization of carriers in the bandtail states has been extensively studied by 

various methods such as time resolved (TR) PL measurements [6, 25] and CW PL 

measurements [15, 16]. Fig. 1.4 shows one of most important TR results of a-Si :H, 

performed by Tsang and Street [6]. The PL peak, Ep, moves to lower energies with 

increasing time delay from 10" s to 10" s. This shift in the peak results from the energy 
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loss of carriers due to thermalization .These longer times are believed to be associated 

with tunneling within bandtail states. After thermalization occurs, the weak Coulomb 

interaction between the separated electron and hole causes the shift ofthe peak. The PL 

energy in this regime is given by 

Ep-E^^e'^ I^nee^r , (112) 

where EQ is the energy in the absence of a Coulomb interaction. The Coulomb energy term 

in the Eq. (1.12) comes from the dependence ofthe decay time on the pair separation r. 

This Coulomb term is believed to be responsible for a structure around 10'̂  - 10"̂  s. The 

decrease in the peak energy in Fig. 1.4 is attributed to the decrease in the localization 

length^ which is smaller at deeper tail states as given in Eq. (1.10). Therefore, by Eq 

(1.11), the lifetime will be longer as the peak energy decreases at deeper level. 

CW PL measurements show interesting thermalization effects also. Fig. 1.5 shows the 

shift of PL peak with excitation energies [16]. At an excitation energy smaller than 1.8 eV, 

the peak of PL spectrum shifts with a decrease in the excitation energy. On the contrary, 

the PL peak is almost constant with excitation energies greater than 1.8 eV. At high 

energy, the electrons and holes are excited far into band where they always experience 

thermalization. As a result, the PL peak shows no memory of initial state. At low energy, 

the electron and hole are excited into bandtail states where thermalization can not occur or 

is negligible. In this case, the carriers have memory ofthe initial condition. This 

explanation is limited to a qualitative level because ofthe difficulty in detailed analysis as 

the excitation is related with density of states of both bandtails. In addition, basically PL 

can not distinguish the thermalization of electrons and holes. 
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Monroe [26] calculated the rate of energy loss due to tunneling, or thermalization rate 

in the bandtails with width kTo. According to the calculation, the thermalization rate 

decreases rapidly and is almost negligible at an energy 5 kTo below the mobility edge. This 

model also predicts the energy change of 50 - 100 meV between 10"̂  s and 10"' s, which is 

consistent with experimental resuhs in Fig. 1.4 at 12 K. 

As temperature increases, another thermalization process becomes more important. 

The rate of thermal emission ofthe carriers from the traps to the mobility edge will 

increase with increasing temperature, followed by retrapping. This is the multiple trapping 

(MT) mechanism that governs the dispersive carrier drift mobility at higher temperature as 

discussed before. The thermalization rate in MT regime is temperature dependent and is 

given by [26] 

dE/dt=o),kTexp(-E/kT) , (1.13) 

where Tis a temperature in MT regime. The MT rate is independent on the band tail 

slope, and this mechanism dominates the tunneling mechanism at temperatures above 200 

K for hole and above 50 K for electrons. For practical purposes, the tunneling mechanism 

is still a dominating process at temperatures up to 100 K for electrons. 

The PL peak energy Ep reflects the carrier distribution in the band tails and shifts to 

lower energy with increasing temperature, a red shift, shown in Fig. 1.6. According to 

Monroe [26], the time dependence of a demarcation energy ED which is the average trap 

energy ofthe carriers, is given by 

E^=kT\n{co,T^), (1.14) 

where TR is the recombination lifetime. Therefore the shift of Ep (T) can be expressed as 
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Ep{T)^Ep{0)-E^=Ep-kT\n{co,Tp), (1.15) 

where Ep(0) is the peak energy at lowest temperature. The red shift in peak energy might 

stem from temperature dependence ofthe bandgap energy. However, the temperature 

coefficient ofthe shift in Fig. 1.6 is about 20k and is much larger than that caused by 

temperature dependence ofthe gap energy. For TR of 1 ms and coo of 10̂ ŝ"\ Eq. (1.15) 

gives a temperature dependence for Ep (TJofllk, which has an excellent agreement with 

the data in Fig. 1.6. 

The experimental data presented so far have shown the validity ofthe model for 

carrier thermalization. In the process of thermalization, the photogenerated pair falls apart 

and the distance between the pair change with the thermalization process. The amount of 

separation during the thermalization process is not understood. 

In summary, thermalization in extended states occurs in less than 1 ps in the bandtail 

states. Thermalization occurs by the tunneling process below 100 K. This tunneling 

thermalization is overtaken by multiple trapping mechanism above 100 K. 

1.2.3 Recombination in a-Si:H 

As mentioned before, the recombination rate has a strong dependence on the 

separation r regardless of whether it is radiative or nonradiative. Due to the nature ofthe 

recombination rate (see Eqs. [1.7] and [1.8]), the recombination mechanism varies with 

the separation r to a great extent. Direct measurement ofthe separation r is most desirable 

but is impossible to do. Instead, there are several indirect ways to obtain the information 

ofthe separation. 
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In the radiative tunneling model, the separation r can be directly obtained from the 

lifetime distribution [27] by Eq (1.9). Therefore, the wide distribution rfr) ofthe lifetimes 

in 10" -10" s range ofthe carriers results from a corresponding wide distribution ofthe 

separations G(r). So far there has been no direct measurement of the Hfetime distribution 

T(r). For example, the distribution in Fig. 1.7 (b) is extracted from the PL intensity as a 

function of lifetime in Fig. 1.7 (a) by R. A. Street et al. using their model [6]. Once 

lifetime distributions ofthe carriers are obtained from TR measurements, it can be, in 

principle, converted into the distribution function G(r) by Eq. (1.9). However, the 

distribution varies with fitting models considerably. 

Based on the estimate ofthe distribution ofthe separation, there are two proposed 

models used to explain recombination in a-Si:H: the geminate pair model [6, 28] and 

distant pair model [29, 30]. In the geminate pair model, once an electron and a hole are 

excited by a photon, due to strong Coulomb interaction among them, the separation r is 

short enough for this geminate pair to recombine with each other after they are trapped in 

the bandtails. In this scheme, the radiative recombination process happens only among the 

geminate pairs. On the contrary, in the distant pair or non-geminate pair model, the 

separation r of an e' - h^ pair is so wide that the electron and the hole are randomly 

trapped in the bandtails and recombination takes place between any electron and hole 

regardless of their origin. The geminate pair model has been pertinent for an amorphous 

semiconductor and has been used for the interpretation of photoconductivity in a-Se. 

R. A. Street et al. [27] estimate the separation r of about 50 A assuming 10 A for the 

localization length. Based on this estimate, they considered that separation is short enough 
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to have geminate recombination. If geminate recombination occurs, the decay time is 

given by Eq. (1.9). The recombination is independent of excitation energy and is therefore 

monomolecular. However, it is very apparent that if the excitation intensity is high enough 

that different geminate pairs can overlap, and the recombination may no longer be 

geminate as shown in Fig. 1.8. In this case, the separation will be affected by excitation 

intensity and electrons will recombine with the nearest holes. As a result, the 

recombination will be bimolecular. Considering these facts, it can be expected that with an 

increase in excitation intensity, there will be a transition from geminate recombination to 

distant pair recombination at a certain intensity. 

The intensity measurement in Fig. 1.9 shows the clear transition from geminate to 

non-geminate transition [6]. At low excitation intensity, the relative intensity of PL decay 

at 1 ms is independent ofthe excitation intensity but decreases with increasing intensity. 

Both types of recombination take place at a pair density iV̂  of about 10 cm" . The mean 

distance Z) between pairs is approximately 7V̂ ^̂ , that is about 50 A. As the change in 

recombination mechanism occurs when D is comparable to the separation r, the estimate 

of 50 A represents a thermalization distance. This experimental resuh shows that the 

geminate pair recombination occurs at an intensity lower than 1 mW cm'̂ . 

Dunstan et al. have presented experimental evidence against the geminate pair model 

[29, 30] using the decay time resuhs with different intensities obtained by frequency 

resolved spectroscopy (FRS). Their measurement did not show the region where the 

decay at 1 ms is independent ofthe excitation intensity. In addition, their light induced 

electron spin resonance (LESR) measurement could not be explained by the geminate 
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recombination model. They also estimated the separation r of longer than 100 A, which is 

effectively distant pair separation. Since then, there have been numerous papers showing 

experimental evidence for [31, 32, 33, 34] or against [35, 36, 37, 38] the geminate pair 

model. In most cases, however, the measurements are an indirect way to decide the 

recombination process, which means that the interpretations need to be clear before 

making any final conclusions. The best way to resolve this dilemma is to find the 

distribution function G(r) properly. Considering the mobility ofthe photoexcited carriers 

in the extended states, apparently the pairs will separate during thermalization. However, 

whether thermalization in the localized states leads the separation ofthe pairs is unclear. 

Until now, only few theories show some validity and prediction about thermalization and 

recombination processes, confirmed by experiments partly because the theoretical 

formalism is very difficult due to the absence of a long range order. 

1.2.4 PL quenching 

It has been known that the PL intensity decreases with increasing temperature and 

increasing electric field [6, 15, 28, 33, 39, 40], a process referred to as quenching. There 

are several theories to account for PL quenching. Temperature quenching in PL has been 

attributed to the increased mobility ofthe carriers with increasing temperature. The 

"X I 

average radiative recombination rate Pr is about 10s", which is minimal compared to the 

nonradiative recombination rate P„r of 10̂ ^ s"\ The difference in the rates implies that a 

small number of non-radiative centers can completely dominate the radiative 

recombination, if the carriers are mobile enough to reach them. The theory of thermal 
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quenching, based on excitation of a carrier from a shallow trap, expects a thermal 

activation behavior [15]. 

In order to explain field quenching in PL, Paesler et al. [39] proposed that the 

quenching in sputtered a-Si:H is due to a Poole-Frenkel (PF) effect, which deals with a 

system of a positively charged donor and an electron in the presence of an electric field. In 

the PF model, the potential energy W(r) ofthe system is a sum of Coulombic potential 

between a donoriike trap and an electron and potential energy of an electron due to the 

external electric field, given as, 

f e' 1 W(r) = - -eFr, (1.16) 
yATres^rJ 

where e is the dielectric constant and r is the separation between the trap and the electron. 

The potential minimum occurs at r = rm, which is given by 

e i 
r = ( -y . (1.17) 

Therefore the maximum lowering in activation energy at r = r;„ is equal to 

&m'-j=(-^y=fiF' • (1.18) 

The external field lowers the activation energy pF required for the electron to be excited 

to a mobility edge in the PF effect. 

1.2.5 Phonon effects 

The effects of phonons on the recombination process have been discussed in the 

previous sections in terms of energy loss of photoexcited carriers during thermalization. 



32 
The main purpose in this section is to highlight the effects on PL spectra, which can be 

seen from experiments directly and have yet to be answered. PL generally occurs as the 

combined emission of a photon and some phonons in a very complicated manner. This is 

why the PL energy cannot be used immediately to find the energy distribution of tail 

states. Since the PL spectra represent the energy of photons, the PL does not necessarily 

correspond to the energy difference between the ground and excited states. The difference 

between the PL and absorption is called the Stokes shift, which is well understood by 

simple semiclassical analysis in terms of a configuration coordinate. According to the 

analysis, the absorption and emission bands have Gaussian line shapes with their peaks 

separated by 2 ^ as shown in Fig. 1.10, which is quadratically proportional to a linear 

deformation energy [8]. The magnitude ofthe shift varies with materials. The apphcation 

of Stokes shift to a-Si:H is questionable because measuring the magnitude ofthe Stokes 

shift in a-Si:H has proved to be difficult and controversial. One ofthe reasons is that there 

is a distribution of states in which band to band transitions has a continuum of possible 

excitation energies. The absorption band increases with energy because the joint density of 

states (JDOS) increases, as shown in Fig. 1.10. Another reason is that thermalization 

occurs in a-Si:H and excited carriers lose their energy by thermalization before 

recombination. As a resuh, there is always a difference in the energy ofabsorption and 

emission. 

The apphcation ofthe Stokes shifts to explain the PL spectrum of a-Si:H was 

proposed by R. A. Street [41]. Considering the detailed balance between an emission and 

its inverse absorption process, he estimated 0.4 eV as a Stokes shift in a-Si:H. On the 
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Figure 1.10: Predicted line shapes for luminescence and absorption in material with strong 
phonon coupUng when the excited state is (a) discrete or (b) part of a continuum [7]. 
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contrary, Dunstan et al. [30] argued that the PL spectrum and energy are determined b\ 

the bandtail shapes and the convolution ofthe one - electron density of states, without 

thermalization. In their model the JDOS is dominated by the valence band tail. The origin 

ofthe width ofthe PL spectrum is also not completely understood. There are two possible 

explanations for the broadening ofthe spectrum. One of them is the phonon broadening 

associated with the Stokes shift, which is reflected in the Gaussian distribution ofthe 

emission band. The other is disorder broadening due to the energy distribution ofthe 

bandtail states. No model has exclusive evidence. 

1.3 Photoconductivity (PC) in a-Si:H 

The generation process of photoconductivity in a-Si:H is the same as PL, where 

photoconductivity occurs when carriers are optically excited from non-conducting to 

conducting states. Photoconductivity can be generated by above gap excitation [33, 42] 

and subgap excitation [19] similar to PL. As we mentioned before, the conducting states 

could be the extended states or /and bandtails, depending mostly on temperature. 

Therefore photoconductivity measurement will provide information about a transport 

process in a-Si:H more clearly than PL measurements do. 

The photoconductivity study is particularly important to improve the quality of solar 

cells. Several materials have been proposed to be solar cell materials. The criteria for 

successful material are based on the cost per watt of power generated by the devices. For 

solar cells, a main factor to decide the quality is the charge collection efficiency that can be 

studied by photoconductivity measurements [43]. There are two types of 
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photoconductivity measurements: transient PC [44, 45] and steady state PC [33, 42], 

which are again similar to PL measurements. A transient PC study has often been done by 

employing pulsed lasers. These measurements give us information about the mobility (/i) 

or mobility x lifetime (//r), whereas continuous wave (CW) excitation has been used for 

steady state PC measurements. In order to measure the steady state PC, a dc or an ac 

technique has been employed. The ac technique uses a lock-in amplifier and a chopper to 

obtain good signal-to-noise (S/N) ratio. In the dc method, the photoconductivity is 

measured for a fixed time interval and averaged, which can reduce the S/N ratio. 

In photoconductivity measurements, the conductivity is not purely attributed to 

photoexcited carriers. This is due to the presence of thermally excited carriers, which will 

contribute to dark conductivity. The effect increases with increasing temperature 

obviously and varies with samples. At low temperatures, the magnitude of dark 

conductivity in a-Si:H is too small to measure whereas, the dark conductivity is 

measurable at room temperature. However, the ratio of photoconductivity to dark 

conductivity is still an order of 5 in device quality samples at room temperature with Air 

Mass 1 (AMI) illumination. The negligible dark conductivity in a-Si:H can be explained by 

the fact that a-Si:H is a wide gap semiconductor. The density of thermally generated 

carriers in a-Si:H is so small that that the dark conductivity is usually much smaller than 

the photoconductivity. Consequently, the photoconductivity, therefore, will always be 

treated without considering effects of dark conductivity unless mentioned specifically. 

Even though photoconductivity measurements are relatively easy, its interpretation is 

quite compHcated as mentioned before. Sometimes, it is even difficuh to decide the cause 
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of change in photoconductivity. There are two ways to change the magnitude of 

photoconductivity. One is changing the number, «, of free carriers which contribute to 

photoconductivity. The other is the change in the transport process itself such as mobility 

at a temperature. Extrinsic effects make the interpretation more complex. It has been 

reported that surface recombination can dominate when the bulk recombination rate is low 

[47]. These effects can be due to the presence of excess defects on the surface or a band 

bending that causes a field induced separation ofthe electron and hole distributions. 

1.3.1 Transport in a-Si:H 

In the presence of photoexcitation the conductivity, G, can be written as 

o-=(« + «Je//,+(/7 + /7^)e//^, (1.19) 

where n and/? are the electron and hole carrier concentrations under optical excitation 

respectively, no ondpo the thermal equilibrium concentrations in the dark, and ^ and /jp 

the mobility of electrons and holes, respectively. As dark conductivity is negligible at low 

temperature, the conductivity can be expressed in terms of photoconductivity aph. The 

conductivity ofthe hole is ignored in many cases, as the mobility ofthe hole is much 

smaller than that ofthe electron . The most important issue for theoretical purposes in 

studying the conductivity is to find the energy and temperature dependence of a (E) and 

the corresponding fi(E) in order to understand transport in a-Si:H. The theoretical study 

of mobility is based on the states in which the conduction of carriers takes place. This 

question has spawned considerable debate since early 1980's. As we mentioned earlier, 

there is conduction in the extended states and localized states, which are mainly decided 
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by temperature. Most ofthe theories so far have chosen one ofthe two states to develop 

the models. However, it seems that the transport occurs in both states to some extent. 

After electrons are excited above the gap, they are transported until they are trapped 

again. This is the multiple trapping (MT) mechanism as we mentioned before. In this 

model, carrier transport takes place at the mobility edges and states in the bandtail 

function only as traps or recombination centers. That is to say, electrons are trapped in the 

shallow states and move among the states only by thermal excitation to the band edge. 

The criterion to distinguish traps from recombination centers is made by a 'demarcation 

level.' At this level, the electron has same the probability of being captured by holes as of 

being thermally excited to the conduction band. States above the level will act 

predominantly as traps, those below as recombination centers. With an increase in 

temperature, the level will apparently shift to deeper states so that conductivity will 

increase. Due to the MT process, the drift mobility f^c is related to the extended state 

electron mobility //e as given by 

^l. = M.U + (g(EJ/g(EJ)exp(^^^)r' . (1.20) 

Figure 1.11 shows data from two different experiments ofthe temperature 

dependence of/i,/ for device quality glow discharge (GD) a-Si:H between 150 K and 450 

K [47]. At temperatures below 170 K the signal begins to decrease in amplitude and to 

show some anomalous dispersion effects (probably due to the dependence of/4 on field 

F), which make the measurements unreUable. Overall temperature dependence of/4 shows 

an agreement with Eq (1.20). According to the data, the mobility ofthe electron at room 
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Figure 1.11: The temperature dependence ofthe electron drift mobihty /4 in a-Si:H. 
Results from two different experiments are same, which can support the MT process [48]. 



39 
temperature is 1 ~ 2 cm V s'. Temperature dependence of/JcfT) has been considered by 

several methods. The most common dependence is that ^(T) is inversely proportional to 

temperature T. Based on this dependence, it has been decided that the range of//c is about 

7 ~ 13 cmV^s"\ For reference, the hole drift mobility /i/, is about 0.01 cm V̂̂ s"̂  and the 

extended state hole mobility ^y is about 0.5 cm^V's"̂  at room temperature [49]. 

Experiments at low temperature show that the electric transport of photoexcited 

carriers is quite different from that in MT regime. Figure 1.12 shows a drastic change in 

temperature dependence of//e obtained from measurements at low temperature [48]. In 

the figure, /4 due to MT mechanism decreases with decreasing temperature rapidly and it 

become negligible below about 150 K. However, the jUe begins to increase rapidly again at 

80 K at the onset of a new low temperature transport regime. The hole mobility /JH shows 

a similar behavior as jUe [50]. The magnitude of^h is at least order of 2 smaller than /Je. In 

order to explain the transport in the low temperature region. Spear et al. have used the 

hopping theory proposed by Mott. According to the nearest neighbor (NN) hopping 

theory in Ref [12], the mobility of/^ (E) associated with a hopping path around energy 

EH in the tail states depends on the hopping probability and is given by 

^e(^H) = ^P.=^yo^M-2^)^M-^/fcT) , (1.21) 

where Vo is 10̂ ^ s\ Wan activation energy of an electron to hop up and R is the average 

separation between sites in the hopping path. At low temperature, exp(-W/kT) is 

considered as 1. Spear [48] shows the agreement between the mobility from experiments 

and calculations based on Eq. (1.21). 
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Figure 1.12: The electron drift mobility //e in the low temperature regime for different 
excitations [48]. 
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1.3.2 Field dependent Photoconductivity 

In the previous section, we discussed the transport properties of carriers in a-Si:H in 

terms of mobility. As the conductivity is a function of several parameters shown in Eq. 

(1.19), the study of mobilities can not provide a complete picture of photoconductivity in 

a-Si:H. Therefore, it will be of interest to consider the observed low temperature steady 

state PC in Ught ofthe transport resuhs. 

PC measurements at low temperatures [11, 50, 51] show that below 40 K the PC 

becomes weakly dependent on temperature, and independent of doping and defect 

concentration, in contrast to the strong dependence on all these material parameters and 

temperature above 80 K. The similar behavior ofthe PC with different conditions at low 

temperature impUes that the conduction process relates to general features of amorphous 

semiconductors. Hoheisel et al. [50] studied the PC down to 4 K in doped and undoped a-

Si:H films using coplanar electrode geometry. The photoconductivity, rj/ur, (quantum 

efficiency of photoconductivity x//r) from their measurement is almost constant (10"̂ ^ 

cm^V )̂ at temperatures below 40 K and begins to increase rapidly above 40 K. Their 

interpretation ofthe resuhs is that the photogenerated carriers contribute to PC only 

during thermalization in the extended states. Therefore, the lifetime r is considered to be a 

typical extended state thermalization time of 10' s. With an assumption of an extended 

state mobility of 10 cm^V ŝ"\ they concluded that the 77 is about 1 at low temperature. 

Similar resuhs were observed by Johanson et al. [51]. However, according to an excitation 

energy dependent PC measurement by Vanecek et al. [52], PC is independent ofthe 

photon energy above the gap energy and decreases slowly as the photon energy is 
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decreased to values smaller than the gap. This result suggested that transport in the 

bandtail states contributes to PC, which is contradictory to the interpretation [50] by 

Hoheisel et al.. Furthermore, PC starts rising with temperature above 40 K where the 

probability ofthe thermal release is too small. In order to resolve this problem. Spear et al. 

[53] have measured 77 and //r separately, for which p. is obtained from Eq. (1.20). They 

found an excellent agreement between their and Hoheisel et al.'s results [50]. Considering 

the resuhs, they concluded that PC at low temperature should result from a carrier 

hopping transport through the tailstates. 

Recently, high field transport in a-Si:H has become the object of intensive studies in 

experiments and in theories. The study was triggered by the non-linear electric field effects 

in transient and steady state PC experiments by Devlen, Tauc and Schiff [54]. Since then, 

high field experiments show strong nonlinearity in field dependence ofthe carrier mobility, 

dark conductivity and PC (for a review see Ref [55]). The transient PC experiments [54, 

56] based on the time-of-flight technique have confirmed the influence of high fields on 

transport properties in a-Si:H and have identified the field enhancement ofthe mobility as 

the key parameter. However, the dependencies on quantum efficiency, mobility and 

lifetime in steady state PC experiments comphcate the identification ofthe origin ofthe 

field dependence of PC. As a result, there is no theory to explain the resuhs from recent 

experiments at high field consistently, in spite ofthe fact that the corresponding theory for 

low-field transport has been developed in all the temperature regime for the quantities 

mentioned above. 



43 

1.4 Scope of discussion 

In order to understand recombination and transport at low temperatures in a-Si:H, we 

have studied steady state PL and PC measurement by varying experimental parameters 

such as temperature, field, and exchation energy and intensity. This set ofthe parameters 

is almost complete as far as steady state experiments are concerned. The defect density is 

a good experimental parameter as well. However the effect of different defect density is 

known to be neghgible unless the density is higher than 10̂ ^ cm"̂ . In addition, intrinsic a-

Si:H with high defect density was not available for our measurements. Instead, we used a 

phosphorous doped a-Si:H in order to study the effects of defects. 

There are four major objectives of our measurements. 

1. Model of field quenching in PL. 

The Poole - Frenkel effect explained the general trend of field dependence of PL in a-

Si:H. However, there are still debates about the applicability ofthe effect to the a-Si:H 

system. Several groups have reported that the coefficient p (see Eq. [1.18]) in the model is 

not reasonable. In order to resolve this debate, we will check the validity ofthe effect and 

introduce an ahemative idea to the quenching mechanism. Understanding ofthe quenching 

mechanism could shed some light on the recombination mechanism as well. 

2. Clarify the nature of radiative recombination: Geminate or distant pair recombination. 

The nature of radiative recombination is still unclear. This study is very important for 

practical purposes as well as theoretically because it is related to the efficiency of solar 

cells. The anticorrelation in PL and PC is still a compelhng factor used to study the 
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recombination mechanism. We will employ excitation energy dependence of PL and PC 

measurements in addition to the field measurements to take care ofthe changes in PC due 

to the change in the transport mechanism with field. If the separation r depends on the 

excitation energies as given by Knights-Davis model [57] for a-Se, the PL will show an 

excitation energy dependence. Therefore, if the geminate recombination is the dominating 

process, then the photoconductivity will show an excitation energy dependence as well. If 

not, there will be no change in photoconductivity. 

3. Apply an effective temperature to interpret photoconductivity at high field. 

The concept ofthe effective temperature is quite new and is a hot issue in a-Si :H. 

This is a phenomenological theory and is invented to account for the field dependence of 

the conductivity in terms of a simple parameter, temperature. As there is no theory for 

high field conduction in a-Si:H presently, h is necessary to check the applicabilitiy ofthe 

effective temperature approach as a possible model. However, the validity ofthe concept 

needs to be confirmed. So far, the model seems to be verified by dark conductivity 

measurements. In order to generalize the concept, we will carry out PC measurements in 

the 30 K to 300 K temperature range. 

4. Study of defect PL. 

Until now, there are not many results of defect PL of doped a-Si:H available partly 

due to the difficulty in experiments. As a resuh, the theory of defect PL is not estabhshed. 

Before developing a model, it is important to obtain various reliable results from 
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experiments. In order to do so, we will employ a subgap excitation and measure PL. 

Interpretation ofthe resuhs will be presented. 
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CHAPTER n 

EXPERIMENTAL DETAILS 

2.1 Sample 

The experiments were performed on device quaUty a-Si:H films grown at University 

of Kaiserslautem in Germany. For different characterization purposes, samples were 

deposited on various substrates under the same conditions. 

There are two main fabrication methods used to prepare the films: glow discharge 

(GD) and sputtering. The GD system typically consists of a pumping module, temperature 

control module, gas control module, and RF discharge module. For intrinsic a-Si:H, a 

mixture of SiH4 and H2 was used. The details ofthe deposition conditions can be found in 

Table 2.1. 

In order to obtain high quality samples, several parameters should be controlled. Each 

parameter seems to have its own role for deposition of a-Si:H. For example, gas pressure 

determines the mean free path of gas molecules by controlling the collision rate ofthe 

molecules. The gas flow rate determines the residence time ofthe gases in the reaction 

chamber. The temperature ofthe substrate controls the chemical reaction on the glowing 

surface. The RF power controls the dissociation rate ofthe gases and film growth rate. 

Ground Coming 7059 glass was used for substrates of our samples. It has been generally 

accepted that the ground substrates eliminate interference fringes and enhance the PL 

intensity by minimizing muhiple internal reflections. 

46 



47 

c 
o 

c o o 
c o 

cu 
a. 

Si 

CA 

CA 

o 
CA 

O 
' • ^ 

CA 

•c 

ed 

ts 
oi 

E
ne

rg
y 

ga
p 

(e
V

) 

D
ef

ec
t 

de
ns

ity
 

U
rb

ac
h 

en
er

gy
 

(m
eV

) 

H
 

co
nt

en
t 

(a
t %

) 

D
C

 
vo

lta
ge

 
(V

) 

G
ro

w
th

 
ra

te
 

(A
/s

) 

Su
bs

tr
at

e 
te

m
p.

(°
C

) 

>D° 

G 

T
hi

ck
ne

ss
 

(A
) 

Sa
m

pl
e 

m 
vo 

6.
2E

16
 

53
.5

 
9.

7 

o 
cn 

3.
23

 
25

0 
5.

5E
4 

3.
44

E
-1

0 
1.

9E
-5

 
97

00
 

31
9 

VO 

2.
9E

16
 

52
.2

 
9.

8 

t s 

3.
12

 
25

0 
5.

9E
4 

2.
08

E
-1

0 
1.

3E
-5

 
88

00
 

32
0 

m 
vo 

5.
6E

16
 

52
.5

 
9.

1 

00 

ts 

3.
15

 
25

0 
5.

2E
4 

3.
69

E
-1

0 
1.

5E
-5

 
10

40
0 

32
1 

vo 

3.
1E

16
 

55
.4

 
10

.5
 

00 
cn 

2.
83

 
25

0 
2.

6E
4 

8.
04

E
-1

0 
1.

9E
-5

 
85

00
 

32
2 

vo 

7.
2E

16
 

64
.2

 
3.

6 
10

9 
1.

85
 

38
0 

8.
9E

3 
2.

48
E

-9
 

2E
-5

 
60

00
 

32
3 

ts 

5.
2E

16
 

61
.7

 
16

.6
 

cn 

3.
63

 
25

0 
4.

2E
4 

5.
8E

-1
1 

2.
8E

-6
 

10
90

0 
32

4 

m 
vo 

2.
1E

16
 

51
.6

 
9.

8 
vo 
m 

cn 

25
0 

8.
3E

4 
2.

22
E

-1
0 

2E
-5

 
90

00
 

|3
25

 



Si 

48 

The films were deposited on ground Coming glass substrates with a coplanar 

geometry of chromium electrodes separated by 0.5 mm (shown in Fig. 2.1) for 

concomitant PL and PC, and all the PL measurements. The Cr contact has been 

considered to provide a ohmic contact [32, 38]. The density of defects are in the range of 

2 x 1 0 - 6 x 1 0 cm', showing high photosensitivity. Energy gaps ofthe samples 

measured by a photothermal deflection spectroscopy (PDS) are about 1.65 eV regardless 

of defect denshies ofthe samples. Urbach energies from PDS measurement are about 55 

meV. Thickness ofthe samples is about 8800 A to 10400 A obtained by a Dektak Surface 

Profilometer. More details are presented in Table 2.1. 

2.2 Experimental set-up 

The experimental setup for PL and PC measurements is shown schematically in Fig. 

2.2. For simpHcity, the explanation will be divided into several parts. 

2.2.1 Monochromator and detectors 

The Spex 1680 0.22 m double spectrometer is used for spectral analysis. It has a grating 

with 600 lines/mm blazed at 750 nm and a dispersion of 1.8 nm/mm. The spectrometer is 

driven by Spex CD2A automatically or manually. Depending on the PL bands we have 

used two different detectors. For the main band PL, a Hamamatsu R2658 InGaAs side-on 

PMT is connected to the exit ofthe monochromator. This detector has its maximum 

response at 400 nm in a detection range of 185 nm to 1010 nm. The rise time ofthe PMT 

is about 1 ns. The PMT is cooled to -10^ C to reduce dark current. The output from the 
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1.0 mm o 

A. 

0.5 mm: gap 

a-Si:H thin film 

3.0 mm 

Cr electrode 

Coming ground glass 

Figure 2.1: Schematics ofthe sample configuration. Thickness ofthe sample is about 1 
|im. 
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Figure 2.2: A schematic ofthe experimental setup for PL and PC measurements. 
Equipment in brackets are for defect luminescence. 
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PMT is connected to a Keithley picoammeter which can provide an analog voltage signal. 

The level of PL signal is maintained at a maximum of 2000 pA during PL measurements 

even though the tolerance ofthe detector is higher. For the defect related PL, a EG &G 

Hquid nitrogen cooled Ge detector is used. Its detection range is 800 nm to 1500 nm and it 

has a maximum sensitivity at 1400 nm. In order to improve the signal level, a preamp is 

attached to the Ge-detector. Signals from the Ge-detector are digitized by a Keithley 

programmable muhimeter. The dark voltage after cooling is about -3.47 mV at 12 V of 

the preamp vohage. Signals from both detectors are delivered to an analog to digital 

(A/D) converter board mounted inside the PC. The performance ofthe detectors is subject 

to degradation when they are exposed to moisture, showing higher dark currents and less 

photosensitivity. In order to recover the full efficiency ofthe PMT detector, baking-out 

the necessary parts is essential. The detectors should always be placed in a darkroom to 

maintain their optimum performances. 

2.2.2 Sample chamber 

The sample is mounted on a Teflon sample holder. The holder is located in a vacuum 

chamber covered by an aluminum shroud, which has four quartz windows. The holder has 

two copper fingers to hold the sample vertically against a metal plate. The metal plate is 

located at the middle ofthe sample holder and connected to the cold head and heater 

directly in order to control the temperature ofthe sample accurately. The fingers also 

function as electrical contacts to the electrodes on the sample. Schematic ofthe sample 

holder is in Fig. 2.3. 
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Figure 2.3: Schematics ofthe sample holder. 
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2.2.3 Temperature controller 

A closed cycle heUum cryostat cooUng system was used to control temperatures from 

20 K to 470 K. In order to achieve low temperature without freezing inside the chamber, a 

vacuum level of not higher than 20 mtorr is maintained by an oil free roughing pump 

attached to the cooling system. An aluminum radiation shield covers space near the sample 

holder to reduce loss due to radiation at temperatures below 80 K. The temperature ofthe 

sample is controlled by a heater, which receives signals from temperature sensors near the 

sample. However this is not the exact temperature ofthe sample. When the sample is an 

insulator, this discrepancy becomes more severe in the presence of local heating by an 

excitation source. 

2.2.4 Cooling system 

Efficiency ofthe cooling system depends on the status ofthe vacuum chamber, 

especially the level of contaminants. Contaminants reduce the pumping rate ofthe 

roughing pump, and also cause outgassing when the heater is operating. Sometimes the 

decrease in the cooling efficiency is related to the change in the hehum pressure ofthe 

cooling system. In any cases, it is not recommended to open the sample chamber unless 

the temperature ofthe vacuum system reaches room temperature. In order to reduce any 

thermal fatigue ofthe cold head, turning on the heater before the cooling system reaches 

to maximum operating efficiency is not recommended. This procedure is especially 

important when a sample is annealed at high temperature ( > 400 K). Our coohng system 

reaches its maximum efficiency 30 minutes after it is tumed on. Therefore, in order to tum 
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on the heater to increase the temperature of a sample, it needs a 30 minute pre-cooling 

period. In addition, during annealing of a sample, the cooling system should be in 

operation. 

2.2.5 Excitation energy and intensity 

For above gap measurements of PL and PC of intrinsic a-Si:H, 1.96 eV and 2.28 eV 

He-Ne laser lines and 2.41 eV, 2.54 eV Argon ion laser lines with corresponding line 

filters were used. Excitation intensity was kept constant at 3 x 10 cm" s' by neutral 

density filters to ensure monomolecular recombination. For sub gap excitation, a 1064 nm 

Nd-YAG laser Hne was employed. The generation rate of carriers in this case is not well 

known due to lack ofabsorption coefficient data. The intensity of light can be roughly 

adjusted by neutral density filters, which are not supposed to have any spectral 

dependence. In order to achieve exactly same intensity and wavelength for each 

measurement, it is important to adjust the angle ofthe line filters correctly so that the 

incident angle ofthe laser Hne is constant. The real power of each light source was 

checked using a powermeter to ensure a correct intensity. 

2.2.6 Electric field 

Electric fields in the range of 1 x 10̂  Vcm"̂  to 1 x 10̂  Vcm"̂  were used for the PL 

and PC measurements. In order to apply such high field, it was absolutely necessary to 

have high voltage cables and connectors. The hermetically shielded MHV coimector and 

high vohage silver cable were used in order to apply a vohage above 2 KV. A regular 
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BNC connector was used at voltages below 2 KV. Any conducting sharp edge on the 

sample holder should be properly shielded with insulating tape. A surge protector for the 

picoammeter is recommended. As the cable is exposed to a drastic change in temperature 

and field, the cable is subject to fatigue, showing aging. Therefore, inspection ofthe cable 

was necessary before any high field measurement. Cracks on the surface ofthe cable 

require an immediate change ofthe cable. The stability ofthe power supply during the 

experiments was also important. Since the voltage reading from the power supply is 

sometimes misleading, calibration ofthe power supply was necessary on a regular basis. 

2.2.7 PC measurements 

The photoconductivity is measured by a Keithley model 485 programmable 

picoammeter and the signal was averaged using an IBM PC. For all the measurement 

presented here for intrinsic a-Si:H samples, the dark current is negligible. In order to get 

PC, we should know the exact geometry ofthe contacts. The change in PC with field 

A<jph(F) is defined as 

Aa,,(F) = 
^,»(0) 

(2.1) 

where CTph(0) is the photoconductivity at the lowest field. In order to get rehable PC, it is 

important to have good contacts between the electrodes on the sample and the metal 

fingers on the sample holder. The position ofthe laser beam on the sample is also 

important. 



CHAPTER m 

DATA ANALYSIS 

3.1 Correction of the raw PL data 

Raw PL spectmm, PLraw(^), from experiments must be corrected by a proper system 

spectral response R(^). The reason is that the PLraw(^) includes the spectral responses of 

all optical components involved in the optical pass ofthe PL signal PL(X), as given by 

PL,^AX)=PL{X)R{X) (3.1) 

Optical instmments have their own unique spectral responses independent of PL from 

samples, which can affect the PL data. Detectors, gratings in a monochromator, and cutoff 

filters are especially important for this consideration. The acquisition ofthe system 

spectral response requires a standard light source. We have used a Epply ES 8615 lamp as 

a standard lamp whose spectmm S(X) was provided by a commercial lab. After the 

emission spectra L(X) ofthe standard lamp from our system are obtained under the 

combination of possible optical components, the system spectral rtsponsQ R(X) can be 

given by 

R{X) = Z(A) / S(X) (3.2) 

By combining Eq. (3.1) and Eq. (3.2), the corrected PL, PL(A), can be obtained. An 

acquisition program employs this correction procedure and all ofthe PL spectra in this 

discussion have been corrected for corresponding spectral system responses. 
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3.2 Analysis of PL spectra 

Figure. 3.1 shows a typical PL spectmm of a-Si:H with above-gap excitation. From 

the PL spectra, we may obtain three important quantities: peak position, change in the 

shape ofthe spectmm, and PL intensity. Peak poshion is a wavelength where PL signal is 

maximum after the correction. The change in the poshion with temperature and field gives 

the information about the thermalization ofthe carriers. The change in the shape of spectra 

is normally investigated after normalizing ofthe PL spectra. The change apparently 

depends on temperature. On the other hand, the change due to field is controversial, which 

seems to relate to the quenching process. 

PL intensity, IPL, can be obtained from the area under the spectmm; 

/ „ = \pL{X)dX (3.3) 

Temperature dependence ofthe change in PL intensity IPL(T) is given by 

A/„(7) = (3.4) 

where IPL(0) is the extrapolated zero temperature PL intensity. PL in a-Si:H increases with 

decreasing temperature up to about 30 K. Below 30 K, the PL intensity becomes almost 

constant and temperature independent. For practical purposes, the IPL(0) is considered as 

the PL intensity at 20 K. 

In a similar way, field dependence ofthe change in PL intensity IPL(F) is given by 

A/,.(iO = 
IpL<0) 

(3.5) 
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Figure 3.1: A typical PL spectmm of a-Si:H with above gap excitation. 
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where IPL(0) is the PL intensity without the field. It is worth to note that AIPL(F) is always 

negative. 

3.3 Excitation intensity correction 

Recombination process in a-Si:H changes with generation rate of carriers. In the 

monomolecular recombination regime, the rate ofthe change is negligible so that results 

from PL measurements are almost independent ofthe generation rate. On the other hand, 

PC is directly dependent on the exchation intensity that determines the generation rate of 

carriers. As a result, it is important to know the exact magnitude ofthe intensity. For 

measurements with photons of energy hv, the generation rate can be maintained at a fixed 

value throughout the experiments by fixing the intensity ofthe light. As a result, relative 

comparison ofthe efficiency of PL and PC with experimental parameters can be done. 

However, the generation rate also changes with photon energy as the absorption 

coefficient, a, depends on photon energy. In order to incorporate the effect of absorption 

coefficients, the intensity/o (Tzvj of light is corrected as 

/c..=^o(^v).(l-^-). (3.6) 

where d is the thickness of a-Si:H thin film and hor is the corrected intensity. As <i is a 

constant, Icor is a function ofabsorption coefficients only. For our measurement, we 

obtained the absorption coefficient at different excitation energies from the absorption 

spectmm of a-Si :H [58]. 
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In order to check for possible field dependence ofthe absorption coefficient, we 

measured the transmittance as a function ofthe field. The measurement revealed no 

change in transmittance ofthe sample with field at a temperature. 



CHAPTER IV 

CONCOMITANT MEASUREMENTS OF PL AND PC 

4.1 Concomitant measurement of PL and PC at a excitation energy 

4.1.1 Objective and theoretical background 

The recombination process of photogenerated carriers decides the efficiency of an a-

Si:H based solar cell. Therefore, an understanding ofthe process is quite important from a 

practical as well as a theoretical point of view. As we mentioned before, two models have 

been proposed for the recombination process ofthe carriers in a-Si:H. In the geminate pair 

model, the generation and radiative recombination of an electron and a hole should 

originate from a same photon. On the other hand, in the distant pair model those processes 

occur without restriction ofthe origin of carriers. The temperature dependence and field 

dependence of PL in a-Si:H have been known since the introduction ofthe material. The 

understanding ofthe quenching of PL, however, is not achieved yet. 

The quenching of PL implies very important consequences. Depending on the 

quenching mechanism, we might explain whether radiative recombination takes place 

between the geminate pairs or not. The role of temperature and field varies with the 

recombination model, resulting in a different interpretation of PL quenching. In the 

geminate model, the decrease in PL should be related to the breaking of geminate pairs 

because only geminate pairs can recombine radiatively. When the number of geminate 

pairs decreases, the PL signal should decrease. In the distant pair model, the decrease in 

PL can be explained by several reasons, all of which focus on the increase in the rate of 

61 
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non-radiative recombination ofthe carriers. In this model, the separation between an 

electron-hole pair cannot play a role because the separation is initially so large that there is 

no interaction between the two carriers in the pair. 

In order to differentiate between these two models, it is necessary to check the 

relation between change in PL and change in PC simuhaneously. In the geminate pair 

model, as the electron-hole pair is so close to each other, h acts as a neutral particle until 

the pair recombines in the extended and tail states. As a resuh, geminate pairs can not 

contribute to PC unless they are separated and free. Therefore if the PL quenching is 

related to the separation ofthe pairs, the change in PC should be observed in the geminate 

scheme. This argument leads to an anticorrelation between change in PL and change in 

PC. On the contrary, this anticorrelation may not be expected from the distant pair model. 

The reason is that in the distant pair scheme, after exchation, the carriers are trapped in 

the tailstates whh random separations and therefore, are already independent to contribute 

to PC. This prediction can be tested with a concomitant measurement of PL and PC. 

In the past, the temperature dependence of PL and PC showed an anticorrelation 

[32]. The explanation ofthe anticorrelation in favor ofthe geminate model was that at 

higher temperature, the electrons and holes are more mobile to lose their correlation. 

However, h is also possible that the probability of a carrier for finding a nonradiative 

recombination center increases at higher temperatures. In this case, the quenching does 

not necessarily mean the breaking ofthe geminate pairs. Therefore the anticorrelation with 

temperature can be interpreted using both models and it seems difficult to choose the 

nature ofthe process from temperature dependence alone. The anticorrelation has been 
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nature ofthe process from temperature dependence alone. The anticorrelation has been 

observed from field dependence of PL and PC as well. The initial interpretation was based 

on the geminate pair model [32]. Since the mobility and Ufetimes ofthe carriers change 

with field, the vaHdity of this interpretation is still questionable [38]. 

In order to resolve this problem, we performed high field measurements of PL and 

PC simuhaneously. Considering resuhs ofthe measurements, we formulate a model for PL 

quenching, which implies the geminate pair model. Our quenching model is different from 

previously proposed ones. We will discuss it in more detail in this chapter. 

4.1.2 Experiments and Results 

The PL and PC were excited by 1.96 eV from a He-Ne laser. The excitation intensity 

1 /? 0 1 

was kept as a constant value of 3 x 10 cm" s" to ensure monomolecular recombination. 

Electric fields in the range of 10 Vcm" to 1 x 10 Vcm" were used for the measurements 

at various temperatures ranging from 20 K to 100 K. 

PL quenching due to electric fields and temperatures observed in our measurements is 

plotted in Figs. 4.1 and 4.2, respectively. Field dependent photoconductivity at different 

temperatures is shown in Fig. 4.3. Although we used several samples for the PL and PC 

measurements, the results did not show much change (see Appendix). This may be due to 

the fact that the defect densities ofthe samples ranged from 3 x 10 ̂ ^-7x 10*̂  cm*̂  It has 

been observed by other groups that PL and PC are almost independent of defect density 

below 10̂ ^ cm*̂  [38]. In our measurements, photoconductivity reveals two different field 

dependencies. At different temperatures, photoconductivity shows similar field 
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Figure 4.1: A comparison of PL spectra obtained at 25 K and 100 K. 
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dependencies in a low field regime, whereas h shows different field dependencies in a high 

field regime. In the low field regime, the magnitude of field dependence of 

photoconductivity decreases with increasmg temperature, which is commonly observed in 

a-Si:H. In the high field regime, the behavior of PC is quite different with temperature. At 

100 K, the PC begins to decrease with increasing field. The decrease in PC with increasing 

field at a temperature can be attributed to the presence of safe hole traps (SHTs) [59], 

which will be discussed in the Chapter V extensively. 

The shape ofthe PL spectmm changes whh both field and temperature as illustrated 

in Figs. 4.4 and 4.5. Comparison of normalized PL spectra at various temperatures and 

fields clearly shows that the PL peak shifts to lower energy with increasing temperature or 

field. In both cases, the quenching is not uniform and the higher energy region ofthe PL 

spectmm shows stronger quenching than the lower energy region. 

The temperature dependence of APL(T) shows a power law (shown in Fig. 4.6) 

according to the following relation; 

APZ(r) = r', (4.1) 

where APLfT) is defined as IPL(0)/IPL(T) - 1. The exponent y varies between 3 and 4. This 

power law behavior is valid at temperatures below 100 K and is in good agreement with 

previously reported value [40, 60]. Park et al. [60] explained this behavior assuming 

shallow radiative hole trap centers with power-law temperature dependent capture cross 

section. 

Figure 4.7 shows the effect of temperature on A1PL(F) in 25 K - 100 K range. As 

shown by Eq. (3.5), AJPL(F) represents the magnitude of PL quenching due to field. There 
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is an increase in PL quenching with increasing temperature and field. At high temperatures 

(80 K and 100 K), A1PL(F) shows a saturation at high fields. The rate of field quenching in 

PL is higher than one reported previously by Fuhs et al. [32, 38]. In their measurement, 

less than 10 % of field quenching was reported. 

The anticorrelation between change in PL and PC was observed as shown in Fig. 4.8. 

The slope ofthe curve decreases with increasing temperature, similar to that reported by 

the other group [32]. The anticorrelation is linear in the low field regime, whereas is 

superlinear in the high field regime. The superlinearity becomes less apparent with 

increasing temperature. 

4.1.3 Discussion 

As we discussed in the introduction, Paesler et al. [39] proposed that the field 

quenching of PL in sputtered a-Si:H can be explained by the Poole-Frenkel (PF) effect. 

According to their model, A1PL(F, T) should show an activation behavior with increasing 

field; 

Mp,{F,T) = Cexp(-A^^) = CexpC^^/j.), (4.2) 

where C is a constant. AlpifT) at zero and 30 kV/cm electric fields are plotted in Fig. 4.9. 

The slope of AIRL at F=30 kV/cm is smaller than that of A1PL(T) at F=0 kV/cm, showing 

decrease in activation energy with increasing field. We have found that even though the 

trend is m agreement with PF effect, activation energy AW is 4 meV, which is much 

smaller than the theoretical predicted value of 40 meV at 30 kV/cm. The other group [32] 
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also obtained unrealistic parameters of PF effect from field quenching in PL. Hence 

another explanation needs to be pursued. 

During the thermalization process, there are two ways to break up a geminate pair as 

illustrated m Fig. 4.10 [32]. If thermalization leads to localization in a state with r <rm, 

illustrated as the process (1) in Fig. 4.10, the pair can only be separated by thermal 

excitation to the mobility edge. The activation energy of this process is reduced by AW 

which is proportional to the electric field as shown in Eq. (1.17). This thermalization 

process develops a PF effect that was tumed out to be unsuhable in a-Si:H by previous 

arguments. Rather, it has been proposed that the electric field causes separation r of "̂ - h^ 

pairs before they are localized in deeper tail states [41]. If the carriers diffuse apart during 

thermalization in the extended states to intrapair distances r>rn„si critical radius, the 

geminate pairs will be separated [32]. The process (2) in the figure ihustrates this 

mechanism. In this process, r̂  can be a radius ofthe shorter of a temperature dependent 

Onsager radius ro[6l] and a field dependent radius r̂  [32], given as 

''0 = ArcsSokT 
and r = 

' e' 
^TtEEr^F 

(4.3) 
o^y 

respectively. Here e is a charge of an electron, EO permittivity of vacuum, and fthe 

dielectric constant of a-Si:H. 

In the radiative tunneling recombination process, the r2XtP(r) of radiative 

recombination is given by 

P{r) = v,^^-2rlA) , (4.4) 

v8 -1 
where Vo is a prefactor with a value of 10 s' . Therefore, if the assumption in Ref [32] is 
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valid, a carrier with a separation r > r̂  can not recombine radiatively and a carrier with a 

separation r Kr^ can recombine radiatively with a probabihty of P(r). Hence PL intensity 

IPL(F) is given by 

IpL^F) = (" P(r)Gir)dr = JT" vexp(-2r / A)G{r)dr , (4.5) 

where G(r) is the distribution function of separation r of electron - hole pairs in the 

bandtail states. As ro is equal to 150 A at 100 K and. r̂  is 120 A with the lowest field of 1 

X 10 Vcm", the critical radius r^ is determined by the field only in our experiments. 

Hence the critical radius r,,, is substituted by r̂  in Eq. (4.5). The relative change in PL with 

field, A1PL(F), can be given by (1PL(0) - IPL(F))/IPL(0), where IPL(0) is PL intensity without 

field in Eq. (4.4). In order to calculate IpifO), we used the Onsager radius ro as r̂  at a 

temperature. 

All the parameters in Eq. (4.5) are known except the distribution function G(r). In 

order to fit our data using Eq. (4.5), we have tried two well-known distribution functions , 

illustrated as curve (2) and curve (3) in Fig. 4.11. The distribution function shown as 

curve (2) was obtained according to the generally accepted recombination model proposed 

by R. A. Street [27]. According to this model, the photogenerated carriers thermalized in 

the bandtails by phonon emission until they are trapped at shes sufficiently deep in energy. 

Recombination is then completed by a radiative tunnehng transition. Curve (3) is a 

distribution predicted by a theory based on hopping transition of carriers in the bandtails 

[62]. Fitting results with these two distributions show much smaller quenching rates than 

the experimentally obtained one as shown in Fig. 4.12; therefore, we could not obtain 
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meaningfial fitting parameters. Recently Stachowitz et al. [63] performed frequency 

resolved spectroscopy (FRS) of a-Si:H in 10'"' s to lO'̂ s region. They analyzed their PL 

decay by assuming that in the geminate region the electron - hole pairs recombine without 

interacting. They treated the system as an ensemble of radiative centers with a distribution 

of radiative lifetimes and each lifetime corresponds to an exponential decay. The lifetime 

distribution analysis of their data gave two distributions with peaks at 1 ms and 1 î s. 

Although there is no proper interpretation ofthe resuhs, the fast component (1 \is) ofthe 

distribution has been related to a non-radiative recombination channel. According to their 

analysis, r = 10"̂  s corresponding to a pair separation r of 25 A and r = 10"̂  s corresponds 

to a pair separation r of 60 A. The distribution fiinction G(r) of electron-hole separation 

obtained by Stachowitz et al. [63] is shown as curve (1) in Fig. 4.11. 

The distribution extracted from the FRS experiment is much narrower than the 

previous distributions obtained from various experiments or theories as shown in Fig. 

4.11. To simulate the distribution from the FRS measurements, we have combined two 

Gaussian distributions. The distribution G(r) for fitting ofthe field quenching of PL is 

given as 

G(r) = GL{r)m + GS{r) = 
a^^TT 

r-r^ 1 ^-^s 2 
exp( ) m + r=exp( ) , 

0-, cr„V;r (J. 

(4.6) 

where r^, rs are peak poshions, and <JL, as are a half of FWHM of each Gaussian 

respectively. GL(r) represents a distribution of e" - h^ pairs with longer separations and 

GS(r) one with shorter separations. Here, mis a. constant showing a relative contribution 

of GL(r) to the total distribution G(r) with respect to GS(r). 



81 
Table 4.1 shows fitting parameters for distribution ofthe electron - hole pairs with an 

excitation energy 1.96 eV at various temperatures and Fig. 4.13 shows the distribution 

G(r) for the fitting. The experimental data and fitted data are compared in the Fig. 4.14. 

Although there is still some discrepancy between the fitted and experimental curves, 

especially at low temperature, to our knowledge, this is the first attempt to try various 

distribution models for explaining electric field quenching of PL in a-Si:H. The localization 

length A changes from 11 A to 9 A when the temperature is change from 30 K to 100 K. 

This is quhe reasonable and is related to the red-shift ofthe PL peak with temperature in 

a-Si:H. With an increase in temperature, the ri changes from 65 A to 54 A, resultmg in the 

shift of GL(r) to shorter separations while the rs is almost a constant (38 - 39 A). The 

widths of both decrease with increasing temperature. With an increase in temperature, m 

increases resulting in an increase in the relative contribution of GL(r). The distribution 

G(r) shifts to shorter separation and its width becomes narrower solely due to the 

temperature dependence of GL(r). These results might imply that the recombination 

becomes faster and the lifetime distribution becomes narrower with increasing 

temperature, which is in agreement with time-resolved PL results [6]. From the fitting 

resuhs, we have found that the magnitude of PL quenching A1PL(F) increases as G(r) shifts 

to shorter distance or the width of G(r) becomes narrower. Considering an agreement 

between the experimental results and calculated values from the model as shown in Fig. 

4.14, it is apparent that the appHed field reduces the rate of radiative recombination by 

breaking geminate pairs otherwise recombining radiatively with a probability P(r). 
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Table 4.1: Fitting parameters for A1PL(F) of 1.96 eV at different temperatures. 

parameter 
temperature (K) 
localization length (A) 
ri, rs(A) 
CTi, <Js ( A ) 

m 
Apl(F) w/ 100 kVcm-V%) 

magnitude 
30 50 80 
11 10.5 9.8 
65(38) 60(38.6) 56(39) 
11(10) 11 (8) 10(7) 
8 12 14 
42 55 80 

100 
9 
55 (39.3) 
9.5 (5) 
16 
95 
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At this point, the origin ofthe shape ofthe distribution should be explained. As 

mentioned before, the G(r) we employed is much narrower than the one based on carrier 

hopping in the bandtail states, and is composed of two peaks. The narrowness ofthe 

distribution can be attribute to at least two reasons. One is the nature of geminate pairs. 

Due to the strong Coulomic mteraction between an electron and a hole in a geminate pair, 

both carriers are bound each other, resulting a short separation and narrow distribution. 

The other is the presence ofthe fast non-radiative recombination process which can affect 

more on the pairs with longer separation. As a resuh, the carriers which reach to bandtail 

states have shorter separations. As the process is fast, the carriers involving the process 

can not contribute to photoconductivity either. The lifetime distributions from the recent 

experiments have revealed multi-peak structures, even though the number and the position 

ofthe peaks are not unanimously agreed upon [64, 65, 66, 67]. Most of them show that 

there are at least two peaks at 1 ms and at 1 ps, and the 1 ms-peak is larger in intensity 

than the other. 

As the models based on carrier hopping could not explain a muhi-peak structure, the 

study ofthe structure is very important to decide the recombination process and 

thermalization process in a-Si:H. In our measurements, the two distributions have different 

dependencies. In fact, our results of A1PL(F) can not be fitted without introducing a multi-

peak structure. We used two peaks in the distribution functions in order to reduce 

unnecessary fitting parameters even though we could have better fitting using more peaks. 

The 1 /zs-peak does very weakly depend on either experimental parameters, while the 1 

ms-peak strongly does. Based on these dependencies, we speculate that the 1 ps-peak 
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might be an intrinsic one, and show the general properties ofthe recombination process of 

carriers in a-Si:H. Several explanations about the multi-peak structure have been 

proposed. Stachowitz et al. considered that the 1 ps-peak reflects the final stage of 

thermalization rather than pair recombination [63]. Wang et al. [67] suggested that the fast 

recombination comes from Coulomb interaction between e' - h*, and the slow one is 

related to the multiple trapping of electrons. However, a model including the Coulomb 

interaction can not predict the two peaks [68]. Recently Kemp proposed that the 

thermalization of carriers in a-Si:H is due to self-trapping rather than a hopping transition 

[69]. In this model, the electron makes very few hoppings before recombining with holes. 

This explanation could support our assumption that there is no change in the distribution 

function ofthe separation due to hopping in the bandtail states. The distribution from the 

model revealed two peaks and is close to experimental results. However, the contribution 

of 1 ps-peak in the model seems to be larger than those from experiments, and initial 

conditions for the model calculation have yet to be confirmed. 

The distribution discussed so far is a distribution of geminate pairs. Only carriers 

escaping from the distribution can contribute to PC which is a function ofthe number and 

mobility of free carriers. As a result, the fate of free carriers depends on transport 

properties of a-Si:H. It is generally accepted that transport in a-Si:H at low temperatures 

occurs by hopping. According to our model, however, the hopping mechanism is vahd for 

free carriers only rather than for geminate pairs. As an electron and a hole are bound in a 

geminate pair, they are not free to hop. The hopping rate of free carriers seems to depend 

on temperature and electric field and will be discussed in detail in the next chapter. 
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A comparison of normalized PL spectra at different temperatures in Fig. 4.4 shows 

that the temperature quenching is more prominent towards higher energies. Due to the 

preferential temperature quenching, the width ofthe spectrum decreases slightly with 

increasing temperature. Whh an increase m field, the PL spectrum with an excitation 

energy of 1.96 eV shows a similar red shift and preferential quenching as shown Fig 4.5. 

These changes in the PL spectrum become more obvious with rising temperature. Similar 

resuh was reported [70]. We believed that the preferential quenching is due to the 

breaking of pairs trapped at less localized band tail states. As the temperature or field is 

increased, the electron-hole pairs at the shallower band tail states will have larger 

probability of breaking up than the pairs in the deep tail states. This will result in a 

preferential PL quenching at the high energy side ofthe spectra and a red shift in the PL 

peak energy as the temperature or field increases. This is also confirmed by comparing the 

change in localization length A and separation between pairs at different temperatures (see 

Table 4.1). When the temperature is changed from 30 K to 100 K, the localization length 

A decreased from 11 A and 9 A and the peak poshion ofthe longer separation ri 

decreased from 65 A to 55 A confirming the preferential removal of pairs, which are less 

localized and separated by larger distance, from participating in geminate recombination. 

In order to understand the anticorrelation between change in PL and in PC shown in 

Fig. 4.8, Fuhs et al. proposed a model [32] to calculate the quantum efficiency of 

photoconductivity ^/,. The recombination ofthe geminate pairs must have a radiative (a 

quantum efficiency of ^ )̂ and a non-radiative (a quantum efficiency of '̂̂ g) path. As a 

result, Cpf''^ Cg'^ C'g^^- ^^ ^p^ " eiphGpr, where G denotes the generate rate and pr 



mobility-lifetime product. Under the assumption that the pr and t^'g are independent of 
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the electric field. 

^^ph = ^PL 
o-o 

S PC 
(4.7) 

According to the equation (4.7), the photoluminescence intensity, IRL, and the 

photoconductivity, cTph, vary whh temperature and electric field because ofthe change in 

the quantum efficiencies. Eq. (4.7) describes the linear relationship shown in Fig. 4.8 and 

relates the slope ofthe straight lines to (ph. In our measurements, the quantum efficiency 

((ph increases with increasing temperature from 0.023 at 30 K to 0.189 at 100 K. The 

quantum efficiency of PL decreases whh increasing temperature accordingly. This is 

behavior for typical geminate pairs. However, the superlinearity at high fields cast a doubt 

to this interpretation [38]. One ofthe reasons for this superlmearity may be due to the fact 

that pr at high fields is not constant. Based on these facts h is concluded that the 

anticorrelation is not a proof of geminate recombination pairs and the increase in 

photoconductivity is solely due to the increase in //rwith increasing field [38]. 

Since the photoconductivity is a function ofthe number of free carriers as well as pr, 

h is possible that both parameters vary with field. The main idea of geminate pair 

recombination is that the carriers escaping from the pairs can contribute to 

photoconductivity. If the number of these carriers increases with decreasing PL, the 

geminate model is valid in a-Si:H regardless ofthe change in transport (or pr). In order to 

find out if electric field changes the number of free carriers, we have performed 

I 



89 
concomitant PL and PC measurements at several excitation energies because transport (or 

/ir product) is not a function of exchation energy. 

4.2 Concomitant measurements of PL and PC at different excitation energies 

4.2.1 Objective and theoretical background 

In the previous section we discussed a possible quenching mechanism based on 

breaking of geminate pairs. The anticorrelation has been observed from concomitant PL 

and PC measurements with both experimental parameters, temperature and electric field 

[28, 32, 38]. However, as PC might depend on transport as well as on the number of free 

carriers, the interpretation ofthe anticorrelation can not be unique [38]. In order to 

resolve this problem, it is necessary to understand the effect of fields on 

photoconductivity. However, the field dependence of transport is not known in our 

experiments. 

In 1974, Knights and Davis [57] proposed a model to calculate the variation of 

quantum efficiency of photoconductivity with photon energy hv in a-Se. Their model 

allows us to calculate the separation of a geminate pair during thermalization in the 

extended states. In their model, the process of separation involves the loss of excess 

kinetic energy ofthe carriers during thermalization. In any material with an interatomic 

spacing equal to the mean free path, the transport during the thermalization is considered 

to be diffusive, and the separation r at the end of a thermalization time / is given by 

r = y[Dl, (4.8) 
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where Dis a. diffusion constant. The excess kinetic energy (KE.) to be dissipated is now 

taken to be the excess over the local potential (Coulomb) rather than the excess over the 

bandgap Eg-. 

KE = (hv- E ) + e^ / AnEE^r (4.9) 

In the consideration ofthe relaxation of A:-conservation in inelastic scattering, the rate 

of loss of energy in an amorphous material reaches hs maximum of a phonon frequency 

times a typical phonon energy (see Eq. 1.10). As a resuh, the time / taken to dissipate this 

energy is given by. 

I 
t = KE /hv. (4.10) 

where v/> is an optical phonon frequency. Whh substitution oft into Eq (4.8), r can be 

obtained as a solution ofthe equation 

r 

D hv^ 
(hv- E^ + 

* 4;r€£.r 
(4.11) 

0 * ^ / 

The equation, in principle, can be solved by numerical methods ifD, VR and £ are 

known. The distribution from this model is expected to be a Gaussian with a peak at r. In 

order to. account for the change in PC with field. Knight and Davis [57] include an effect 

due to the appHed electric field in the model: the field lowers the Coulomb potential. 

Therefore Eq. (4.11) becomes 

r 
hv 

(hv- E^)^ 
AKee ^r 

+ eFr (4.12) 

-1 At an electric field of 1 x 10 Vcm', the maximum field for our experiments, the 

electric potential energy eFr in Eq. (4.12) is about 50 meV when separation r is 60 A, 
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which is at least a factor of 10 smaller than the excess energy (hv- Eg) caused by above-

gap excitation in our measurements. Therefore, the additional term, eFr, has been often 

ignored for simplicity unless the apphed field is considerably higher. As a result, the 

increase in the separation due to the electric field can not be considered as a main cause of 

field quenching of PL in a-Si:H. 

According to Knight and Davis's model [57], in a-Se, the change in the separation r 

can be achieved by different excitation energies without changing the transport. If this 

assumption is valid in a-Si:H, several phenomena can be expected from a concomitant 

measurement of PL and PC whh exchation energies in the geminate recombination scheme 

[71]. With an increase in excitation energy, more carriers will break the geminate pair so 

that PC will increase without changing the transport properties of carriers and the PL will 

decrease. 

On the other hand, if the distant pair model is correct, there will be no change in field 

dependence of PC with exchation energy, because it is highly unlikely that transport ofthe 

carriers changes with exchation energy. Several concomitant measurements of PL and PC 

have been conducted in the past [32, 38], but none of them have applied an exchation 

energy dependence. 

4.2.2 Resuhs 

Experiments conducted in this section are similar to the previous experiments, except 

that a 2.28 eV He-Ne laser line, and 2.41 eV and 2.54 eV Argon ion laser hnes were used 
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in addition to 1.96 eV line for excitation energy dependence measurements. The excitation 

intensity was kept constant at approximately of 3 x 10̂ ^ cm'̂ s"\ 

Figure 4.15 shows the plot of PL quenching versus temperature at different excitation 

energies and at zero field. The PL quenching (AIRL) increases with increasing temperature 

for all the excitation energies. However, at a particular temperature, PL quenching seems 

to be independent ofthe exchation energy. A large spread in the data points at each 

temperature may come from the uncertainty in calculating the intensity of light for 

different excitations. The magnitude of PL also did not change with excitation energy. 

Figure 4.16 shows the effect of electric field on PL quenching at 50 K. The rate of PL 

quenching decreases with increasing excitation energy. 

Excitation energy dependent photoconductivity measurements reveal unexpected 

results. The magnitude of photoconductivity decreases with increasing excitation energy at 

a certain temperature and field. Figure 4.17 shows the plot of change in photoconductivity 

(Aaph) versus electric field at various excitation energies. At low fields, Aaph seems to be 

independent of exchation energy. However, at high electric fields, Aaph decreases with 

increasing excitation energy. 

4.2.3. Discussion 

In our measurements, photoconductivity decreases with increasing excitation energy. 

This resuh is not predicted by either of geminate pair model and distant pair model. The 

geminate model predicted [71] an increase in PC with mcreasing exchation energy due to 

an increase in the number of free carriers escaped from geminate pairs. Whereas, the 
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distant pair model [29, 30] expected no correlation between photoconductivity and 

excitation energy. A decrease in photoconductivity with mcreasing excitation energy has 

been reported by other groups [71, 72] and has been considered as a proof against the 

geminate model [71]. This interpretation is contradictory to ours based on field quenching 

of PL, supporting the geminate pair model. In order to resolve this discrepancy, it is 

essential to investigate the basic assumption of criteria for geminate recombination. 

According to Knight and Davis [57], an average distance r, between an electron and a 

hole in a geminate pair is proportional to the exchation energy (see Eq. [4.12]). As a 

result, more carrier can break geminate pairs. Consequently, the number of free carriers 

which can contribute to photoconductivity increases. This model [57] successfully 

interprets photoconductivity in a-Se in which photoconductivity increases with increasing 

excitation energy, supporting the geminate pair model. However the applicability ofthe 

model [57] is questionable in a-Si:H. Some of PL and PC measurements revealed that the 

separation r is at best, very weakly excitation energy dependent. [73, 74]. Therefore the 

criteria for geminate recombination based on energy dependent separation is no longer 

valid. However h has yet to be explained why the model proposed by Knight and Davis 

can not be appHed to a-Si:H. 

One of possible explanations ofthe decrease in PC is the existence ofthe fast 

nonradiative recombination of carriers at defects in a time scale of lO'̂ ŝ [75]. Due to the 

nature ofthe fast recombination, the carriers recombine at defects without contributing to 

PC. 
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PL quenching at zero field shown in Fig. 4.15 is not a function ofthe excitation 

energy and depends only on temperature. However, when an electric field is apphed, the 

PL quenching seems to change with field, exchation energy as well as temperature. 

Photoconductivity, which can be measured only by applying a field also depends on field, 

exchation energy and temperature. Decrease in PL and PC with an increase in the 

exchation energy when the sample is subjected to an electric field can be explained by 

considering a field dependent non-radiative fast recombination process taking place in the 

extended states. As we have discussed before, the quantum efficiency for radiative and 

non-radiative recombination and PC are related as 

c + C ' + f M = 1 • (4.13) 

With the assumption that electric field does not influences the transport (//r-product) and 

^\, we obtained 

^^ph = ^PL 
(i-O pc (4.14) 

pc 

This expression should show an anticorrelation between Aaph and AIRL. However, we do 

not observe an anticorrelation at low temperatures (Fig. 4.8). In excitation energy 

dependence, we have assumed that //r-product does not change with excitation energy. 

Therefore, the only parameter which can change with electric field is ("g. We can now 

modify our expression of ^'^ as 

C = C(^)+C'W (4.15) 

We have already discussed the role oit^'/T) in quenching mechanism. Since 
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anticorrelation was observed at high temperatures (see Fig. 4.8), we believe that Cz(P) 

dominates at low temperatures, whereas ^\(T) dominates at high temperature (> 50 K) 

When carriers are excited in the extended states, the electric field will separate 

electron- hole pairs (depending on separation) before they thermalize into the band tail 

states. These separated electrons and holes will recombine at the defect sites with 

extremely fast non-radiative recombination rate (< 10̂ ^ s'̂ ). At a particular temperature, as 

the exchation energy is increased, the carriers are exched deeper in the extended states, 

and the probability of pair separation with an electric field increases, resulting in an 

increase in C\(F) and decrease in ^g and (ph. Experimentally we observe a decrease in the 

magnitude of PL and PC at a temperature and field when exchation energy is increased. 

Now, we will discuss the change in PL and PC when exchation energy is changed. As 

shown in Figs 4.16 and 4.17 at a field and temperature, Aaph and ALRI decreases with 

increasing excitation energy. The effect ofthe field on Aaph and ATRL is the strongest at the 

lowest excitation energy (1.96 eV) and the weakest at the highest excitation energy (2.54 

eV). It seems that Aaph and Mpi depend on the number of electron - hole pairs which 

escape the separation in the extended state due to the field and their distribution function 

G(r). With high excitation energy, pairs with large separation diffuse apart before reaching 

the band tail states, and recombine nonradiatively at the defect shes. The pairs which are 

left to be thermalized in the band tail states have small intrapair distances and can not be 

separated by an electric field resulting in a small change in PL and PC at high electric 

fields. When excitation energy is low, larger number of carriers remains as pair with much 

broader intrapair distance distribution when they reach the band tail states. The pairs with 
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large intrapair distances in the band tails can be separated by an electric field resulting in 

large change in PL and PC at high electric fields. 

Although we can explain the excitation dependent changes in photoluminescence and 

photoconductivity qualitatively, we are not able to explain the results quantitatively. In 

order to explain our results quanthatively, it is necessary to know the functional form of 

C^g(F), and how it wiU influence distribution function G(r). However, this is the first 

experimental study ofthe effect of electric field on fast nonradiative recombination 

processes. This study also gives us an indication that superlinear behavior observed in the 

anticorrelation between Aaph and AIRL (see Fig. 4.8) at low temperatures may be due to 

the field dependence of C\(F) ^̂ ^ ^ot due to the change in transport (pr) at high fields. 

This may be the reason for obtaining poor fit between experimental and theoretical curve 

shown in Fig. 4.14. at low temperatures. Our theoretical model (Eq. [4.5]) only 

considered the effect of field and temperature on PL and PC after the carriers reach the 

band tail states. 



CHAPTER V 

TEMPERATURE AND FIELD DEPENDENCE OF PHOTOCONDUCTIVITY 

5.1 Temperature dependence of PC 

5.1.1 Objective and theoretical background 

Shklovskii et al. introduced a new theoretical approach in order to formulate dark 

conductivity at high fields [76]. They described field induced, phonon-assisted tunneling 

transitions by replacing the electric field with an equivalent temperature, Tejj(F), given by 

7 ; . ( ^ ) = ^ . (51) 

where q is an electric charge, A is the localization length, k is the Boltzmann constant and 

Te^) is called as an 'effective temperature.' In order to obtain parameters to formulate 

the equation, they assumed that when an electric field is applied to the system at a 

temperature, an electron can increase hs local energy E by AE=eFx by hopping against the 

field F over distance x. This is illustrated in Fig. 5.1. In the figure, the density of states 

g(E) is assumed to be exponentially decaying with energy. This process is similar to 

thermal activation of carriers with a hopping rate v given by 

V = Vo ejq)(-2jc /A) = v, exp(-2AE I eFA) = v̂  exp[-AE IT^(F)] , (5.2) 

where Vo is a prefactor of 10̂ ^ - 10̂ ^ s"\ Therefore, at 7= 0, the conductivity at any field 

can be obtained by substituting T= 7;#into relevant equations. Later, Eq. (5.2) was 

modified [77] by the Monte Carlo simulation, assuming steady state dark transport due to 

hopping in exponential bandtails, which is given as 

100 
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Fieure 5.1: Electron hop agamst the electric field. Due to inclination ofthe conduction 
band a higher concentration of shallower localized states is available for the electron. The 
shaded are represents states (up to Ep) in the mobility gap [76]. 



T^ (F) = (0.67 ± 0.03)eF^ / k 
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(5.3) 

In order to extend this model to explain more practical cases when both the electric 

field and the temperature are finite, an effective temperature was obtained [79] from the 

same calculations as 

T^(T,F) = T'+ (0.61 eFA I k)' (5.4) 

where, T is 1 K to 4.2 K and A is assumed to be 10 nm. To test this relation, Nebel et al. 

[55] measured the field-enhanced dark conductivity and drift mobility over a wide range of 

temperatures from 10 K - 300 K, and electric fields of 10̂  Vcm"̂  -6x10^ VcmV Their 

results show satisfactory agreements between the theory and experiments. The empirical 

expression given by Eq. (5.4) is considered to be apphcable to much wider than dark 

conductivity and mobility. It was proposed [77] that photoconductivity in this region can 

also be described by such an effective temperature. However, no experiment has been 

done for this purpose. The verification ofthe applicability ofthe concept ofthe effective 

temperature to PC has an important meaning from the point of view of explaining field 

dependent conduction based on existing theories. The reason is that models for 

temperature dependent conduction can be used by only replacing temperature with an 

effective temperature in order to explain field dependence of conduction at a finite 

temperature, without further consideration. Since PC changes with excitation intensity, the 

measurement with different intenshies will provide more information about the behavior of 

the effective temperature. 
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5.1.2 Experiments and results 

The steady state photoconductivity as a function of temperature was measured on a 

number of films prepared with the glow discharge technique. The samples were excited by 

the 1.96 eV line from the He-Ne laser. The exchation intensity ofthe laser line was 

adjusted from 10̂ "* - 10̂ ^ cm"̂ s'̂  by using neutral density fihers. The electric field was 

varied from 2 x 10̂  - 1 x 10̂  Vcm"̂  at each temperature, ranging from 50 K to 200 K. In 

this temperature range, the transport in a-Si:H takes place by the hopping of free carriers 

through localized states and thermal activation from deeper states to shallower. Only the 

results from the sample with a defect density of 3.1 x 10̂ *̂  cm'̂  wih be shown here for 

consistency, as the results on other samples are similar. At a higher generation rate, we 

have verified that there is no degradation ofthe sample by monitoring the photocurrent 

and photoluminescence ofthe sample over various time intervals. This type of verification 

during the measurements is very important to obtain reliable data for several reasons. One 

of them is the possible degradation ofthe sample due to S-W effect by light illumination. 

The effect is proportional to the intensity ofthe light. As S-W effect has been reported in 

the temperature range used here, the possibility of occurrence ofthe effect should not be 

overlooked. Another important point is the degradation ofthe sample at high fields. In 

fact, we have experienced the breakdown of samples at high fields several times. The 

investigations ofthe samples after the breakdown showed a decrease in PC and increase in 

dark current. However, no change in PL was observed from the samples. 

Figures 5.2 , 5.3, and 5.4 show the variation ofthe steady-state photoconductivity as 

a function of temperature, with different apphed electric fields at photon flux of lÔ '* cm" 
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s', 10 cm' s", and 10̂ ^ cm'̂ s'̂  respectively. From these curves, it can be clearly seen 

that at a constant photon flux, the temperature (Tr„) at which the photoconductivity shows 

a maximum decreases with an mcrease in the electric field. The shift in T^ becomes more 

apparent on mcreasing the exchation photon flux from 10̂ "* cm'̂ s"̂  to 10̂ ^ cm'̂ s'V 

Although thermal quenching of photoconductivity has been reported by several groups 

[80, 81, 82], this is the first report on the effect of electric field on thermal quenching. It 

has been generally accepted that the thermal quenching is observed only in good quality 

samples, in which the defect densities are an order of 10̂ ^ - 10̂ ^ cm'̂  The decrease in 

photoconductivity with increasing temperature can not be explained with any model 

introduced so far in this discussion. The multiple trapping (MT) mechanism predicts 

contradictory temperature dependence of photoconductivity, in which photoconductivity 

should increase with increasing temperature. Therefore, the results lead us to consider a 

different mechanism. 

5.1.3 Discussion 

In order to explain the thermal quenching in the photoconductivity, McMahon et al. 

[59] proposed a safe hole trap (SHT) model illustrated in Fig. 5.5. It is known that the 

deepest valence band tail states have the lowest capture rate coefficient for electrons to 

trapped holes. The rate is about 7 x 10'''*cm ŝ'\ compared to lO'̂ cm ŝ'̂  associated whh 

danghng bonds [59, 81]. Therefore, the trapped holes reside for long times in the states, 

safe from recombination with electrons, as a resuh of which these states have been named 

as 'safe hole traps' (SHTs). According to the model, the energy location ofthe SHTs is 
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Figure 5.5: Schematics of SHTs (see Ref [59]). 
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about 0.4 eV above a valence band edge, which was determined by a dual beam 

photoconductivity [82] and a photomduced absorption measurement [83]. From the 

secondary photocurrent spectroscopy [81], it has been suggested that on increasing the 

temperature the holes trapped in SHTs are excited to shallower and less localized states 

located about 0.15 eV above the valence band edge, where they tunnel to dangling bonds 

(DBs) and complete the recombination process as given by 

h'+D- -^D' , (5.5) 

where D^ is a singly occupied DB and D' a double occupied DB. This results in the 

commonly observed low - temperature peak (Tm) in the PC versus temperature plot. 

Depending on the sample properties, the thermal quenching peak occurs in the 

temperature range of 130 K to 200 K. The change from high to low PC in temperature 

dependence occurs when with rising temperature, the hole demarcation level moves from 

below to above the SHT level. The demarcation level in this case is the energy level where 

the recombination rate and the releasing rate for holes are same. The temperature T^ 

where the demarcation level crosses the SHT level Et can be determined by setting the 

capture rate of an electron equal to the rate of thermal emission of hole to less localized 

states near the valence band edge located at Emi [79, 81]. Hence 

nC,N, = v,N,exp[-(E,-E,,)/kT„], (5.6) 

where Nt denotes the concentration of SHTs at Et, Ct is the capture coefficient for electron 

capture, n is the free electron concentration that is proportional to PC, and VQ is the 

attempt to escape frequency. As the energy of Etni is known to be about 0.15 eV, the 

activation energy of (Et - Etni) in Eq. (5.6) is considered as 0.25 eV [81]. With an increase 
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in the generation rate, the free electron concentration and, hence, the photoconductivity 

increases, and the temperature Tm has to increase to satisfy the equality in Eq. (5.6). In 

other words, as the generation rate increases the demarcation level moves towards the 

valence band edge and more thermal energy is required to move the demarcation level to 

the trap level. 

At the lowest field of 2 x 10̂  Vcm'\ the temperature Tm moves toward higher values 

on increasing in the photon flux in agreement with the previous results [49, 78, 79]. From 

this dependence of Tm on the generation rate at lowest field, we obtain an average 

activation energy of about 0.23 eV as shown in Fig. 5.6, which is comparable to 0.25 eV 

proposed by McMahon and Crandall [81]. 

It has been reported [81] that PC in a-Si:H shows an activated behavior with an 

activation energy, Ea, in the range of 0.04 - 0.05 eV in the temperature region before 

thermal quenching sets in as given by 

(^pk = <^o exp(-^, /kT) , (5.7) 

where ao is a prefactor of PC. The activation energy in this case refers to the energy 

separation between the quasi Fermi level for electrons and the conduction band edge. We 

find such an activated behavior with similar activation energy of 0.04 - 0.05 eV from PC 

shown in Figs. 5.2 - 5.4 regardless of fields. According to the effective temperature 

approach, an electron can increase its energy relative to the mobihty edge by hopping over 

some distance against the electric field in a process similar to thermal activation. Since this 

activation energy Ea does not change with the applied electric field F, the PC still foUows 

an activation behavior with the temperature replaced by the effective temperature and can 
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be expressed as 

<^ph=^o^M-EalKff) . 
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(5.8) 

where, r̂ jĵ is the effective temperature, which is a function ofthe actual temperature and 

the apphed electric field. As at the lowest field the effect ofthe field is negligible, the peak 

temperature (Tn) is the same as the effective temperature so that we can calculate the 

prefactor ao in Eq. (5.8). For all other fields, from the measured peak conductivity and ao, 

the effective temperature can be extracted accurately. We picked the peak temperature as 

the representative temperature for performing the calculations, but the results are valid at 

all temperatures in this range. Figure 5.7 shows the variation ofTeg/T-1 with F/T for 

electrons aiT= Tm at the three generation rates. The dotted line in the figure shows that 

the calculated 7eĵ  values according to Eq. (5.4) for/I = 1 nm. Since the F/T values for the 

three generation rates are similar, the three curves corresponding to Eq. (5.4) almost 

overlap each other. Hence, for clarity of presentation only the plot for the lowest 

generation rate is shown. From the comparison of this plot whh our extracted effective 

temperature values, h is quhe obvious that the relation in Eq. (5.4) is not suitable for our 

data and some other fianctional form needs to be pursued. 

From the experiment performed at high fields, it has been found [38] that the change 

in photoconductivity at high fields in coplanar geometry a-Si:H samples follows 

cT,h(E,T)-a^,(0,T) 

<^ph(0,T) 
= A(T)F'' , (5.9) 

where aph(F, T) is the photoconductivity at field F, aph(0, T) is the photoconductivity at 

zero field, A(T) decreases with an increase in temperature, and the value of r| is between I 
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a^,(F,T) = a^,(0,T)[\^A(T)F'] (5.10) 

In this temperature range, the term A(T)F^ is less than 1, and the photoconductivity shows 

an activated behavior. Thus, to a first-order approximation the Eq. (5.10) can be simplified 

as 

a^,(F,T) = a^,(0,T)expA(T)F'' 

Combining equations (5.7), (5.8) and (5.11), we can get 

(5.11) 

^0 e ^ P ( - J ^ ) = ^0 exp(-^)exp[A(T)F' ] (5.12) 

By comparing the exponents and using the fact that Ea is about 0.04 - 0.05 eV and kT 

0.01 - 0.015 eV, respectively, the equation can be simplified as 

T^^ = T+kT^A(T)F'' /E^ (5.13) 

The exact functional temperature dependence of A(T) is not known. However, as its value 

decreases with an increase in temperature, it will tend to complement the temperature 

dependence of 7̂ . Hence we decided to use a functional form 

T^=T+Cr^F''\ (5.14) 

where C is a constant that can be expressed in terms ofthe localization length of an 

electron in the bandtail states A(E), an electron charge e, and Boltzmann constant k by 

comparing with Shklovskii's relation in Eq. (5.1). From the least square fits using Eq. 

(5.14) we found the best fits for ;;, =-/^ andrj^ = Ys leading to 

L 'ff = 1 + 
^eFA(E)/2k^^ 

K T ) (5.15) 



From the best fits we obtain y4^; = 0.58, 1.04, and 1.44 nm for 10̂ ^ 10̂ ^ and 10̂ *̂  cm" 
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2_1 s , respectively. The change in the localization length with photon flux is quite reasonable 

by considering the fact that the A(E) depends on the depth from the band edge as we 

pointed out earlier in the introduction. An increasing localization length implies a 

decreasing localization ofthe electrons, which is consistent with the fact that with an 

increase in the generation rate, the quasi Fermi level moves toward the band edges, i.e., 

toward less localized states. 

The fiinctional form ofthe effective temperature we obtained is quite different from 

the one in Eq. (5.4). It is important to note that their derivation ofthe effective 

temperature is directly based on dark conductivity [76] and they have yet to provide any 

justification for the exact form of their effective temperature. Our relation is based on the 

actual PC measurements in coplanar geometry samples as opposed to numerical simulation 

of dark conductivity in their case. In addition, as there is a possibility that at high electric 

fields the space charge effects might cause systematic differences in conductivity between 

coplanar and sandwich geometry intrinsic samples, the physical consequences ofthe 

departure from their equation are difficult to interpret from our experiment alone. 

The peak photoconductivities for the curves with the same excitation intensity but 

different electric fields are different, suggesting that the number of holes needed for 

thermal quenching ofthe PC through recombination has to change accordingly. The holes 

trapped in SHTs can gain energy by moving in the direction ofthe field at a certain 

temperature. Since the activation energy for the release of holes from SHTs (Et-Etni from 

Eq. [5-6]) is not affected by the electric field, the effective temperature for holes can be 
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extracted in the same way as electrons using a proper activation energy of about 0.23 e\\ 

The variation of Te/T- 7 as a fiinction ofF/Jfor holes at T= Tm is shown in Fig. 5.8. 

We find that the hole effective temperature foUows 

V 

^eff , 'eFA(E)/2ky 
= 1+ ^-^ 

T J (5.16) 

where 77 = 2/3, 1, 4/3 with^^E; = 0.2, 0.65, and 1.19 nm for 10 '̂, 10̂ ^ and lO'̂  cm-V\ 

respectively. The variation ofthe hole effective temperature with actual temperature and 

field is identical in functional form to the effective temperature for electrons at the highest 

generation rate, but at other generation rates the dependence is different. This suggests 

that for holes trapped in deeper SHTs the effect of field is very small due to a significantly 

reduced density of states, larger separation between states, and a smaller localization 

length. At higher generation rates, the shallower SHTs become filled, where the density of 

states is larger, separation between the states is smaller, and the localization length is 

larger. Hence, at higher generation rates, the field effect is similar to those of electrons 

that are generally in less localized states as compared to holes due to the asjonmetry in the 

density of states. 

In conclusion, we have provided experimental evidence for the validity ofthe effective 

temperature approach to photoconductivity at moderate temperatures in a-Si:H for the 

first time. In these experiments, we find that with an increase in the electric field, the 

temperature Tm at which the thermal quenching sets in decreases and the corresponding 

peak photoconductivity changes. In the effective temperature approach, every temperature 

and field combination correspond to an effective temperature, and the PC has an activated 
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dependence on the effective temperature. The locaUzation lengths ofthe states in which 

the electrons and the holes reside determine the average hopping distance against field, 

and, hence, the energy gained by the carrier and its effective temperature. With an increase 

in the generation rate, the states in which the carriers reside become less localized and the 

effective temperature is higher. At higher generation rates, the effective temperatures of 

electrons and holes show identical functional dependence on the actual temperature and 

field. 

5.2 Intensity dependence of PC 

5.2.1 Obj ective and theoretical background 

Multiple-trapping is a dominating process responsible for the mobility of carriers at 

high temperature range (100 K to 300 K) in a-Si:H. As the PC is a fiinction of several 

other factors such as the number of carriers n and lifetime r, a complete picture has not yet 

emerged in spite of many studies of PC in a-Si:H. Among the unsolved questions, one of 

major interest is the dependence of photoconductivity aph on the photogeneration rate. In 

a-Si:H, it has been determined experimentally [49, 84] that the photoconductivity aph and 

the carrier generation rate G at any temperature shows a power law relation, as given by 

o-n* °c G' , ph (5.17) 

where ^is a non-integer constant. In most cases, a sublinear dependence is found and y 

has quhe complicated variations with temperature, photon energy and light intensity. To 

explain these properties, various models have been proposed. Among them, the model 

presented by Rose has often been used. 



In order to explain this power law, Rose [45] assumed that the traps show an 

exponential distribution in energy ofthe form given by 

N(E) = N^exp(-E^-E/kT^), 
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(5.18) 

where Nc is the density of states at the energy Ec ofthe conduction band edge, and kTc is 

the inverse slope ofthe bandtail. There is a similar expression for the density of states near 

the valence band edge with a characteristic energy kT^. The magnitude of kTc is about 

0.025 eV and that of kTy> is about 0.045 eV for a-Si:H. Based on the exponential 

distribution, he showed that the constant y is given by 

r = TJ(T+TJ. (5.19) 

The value of/varies from 0.5 to 1 depending upon the temperature and the slope of 

bandtail distribution. In his model the localized states are acting as traps or recombination 

centers depending on the light intensity. In order to distinguish traps from recombination 

centers, a 'demarcation level' has been introduced as illustrated in Fig. 5.9. An electron at 

this level will have the same rate of being thermally excited to the mobility edges as that of 

capturing holes. States above this electron demarcation level D„ will act predominantly as 

traps, those below as recombination centers. According to his model, the intensity 

dependence of PC can be a tool to investigate the distribution ofthe bandtail states. As we 

mentioned eariier, the distribution ofthe bandtail states in a-Si:H is controversial, even 

though the exponential distribution is more often used. 
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5.2.2 Experiments and results 

In order to study the intensity dependence of photoconductivity, we employed six 

different generation rates, using neutral density fihers (the optical density (OD) of orders 

of 2.0, 1.5, 1.2, 1.1, 1.0, 0.7). An excitation source is a He-Ne laser line at 1.96 eV and hs 

intensity is about 1x10̂ ^ cm'̂ s"' with a neutral density fiher (OD 1). The experiment was 

performed in a temperature range 40 K to 300 K. At each temperature, six different 

electric fields ranging from 2x10^ Vcm'' to 1 x 10̂  Vcm'' was applied and 

photoconductivity was measured at each field and temperature. The sample for this 

measurement is the same as the one for temperature dependent photoconductivity 

measurements. 

Fig. 5.10 shows the intensity dependence of photoconductivity with various fields at 

60 K. In order to determine the generation rate dependence of photoconductivity cSph, we 

use a linear regression for each intensity dependent photoconductivity based on Eq. 

(5.17). The field dependence ofthe exponent y obtained from the fitting is plotted in Fig. 

5.11 as a function of temperature. At the lowest field of 2 x 10̂  Vcm'', y varies from 0.75 

to 1.2 with temperature. The temperature dependence of y(T) at the lowest field shows a 

peak at around 180 K. Shnilar temperature dependencies of ^ were obtained during 

measurements at several higher fields. The peak occurs at lower temperatures with 

increasing field even though h is not systematic. The values of;' from our measurements 

are not in agreement whh the values expected from Rose's model. According to the 

model, h is impossible to obtain more than unity as a value ofy, whh which the slope of 

the bandtail is negative. 
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So far, in a-Si:H various temperature dependencies of f̂T̂  have been reported by 

other groups. A common feature ofthe temperature dependence of y(T) is that y(T) varies 

with samples. This complexity in y imphes that the y depends more on other parameters, 

not only the slope ofthe bandtail or distribution of traps. It is important to note that the 

relation in Eq. (5.18) is derived based on the presence ofthe exponential bandtail state in 

the gap. In a-Si:H, on the contrary, there are other defect states in the gap and these states 

are important for recombination and transport of carriers. Energy levels ofthe defect 

states are known to be dependent of their charge states. As we mentioned earlier, there are 

SHTs at about 0.4 eV above the valence band edge. Hence the actual distribution ofthe 

states in the gap is much more complex than that in Rose's model. In addition, conduction 

in a-Si:H occurs through the trapping - detrapping and recombination. As a resuh, it 

seems that the simple model can not account for the detail ofthe distribution ofthe states 

to explain various temperature dependencies of;' in a-Si:H. Hence, although Rose's 

relation provides a good starting point for the relationship between y and the distribution 

of bandtail states in a-Si:H, h needs an ahemative model in order to understand the 

intensity dependence of photoconductivity. 

5.2.3 Discussion 

Most recent experiments and theories consider several independent processes 

contributing to PC. Dual-beam-modulated photoconductivity (DBMP) by J. BuHot et al. 

[88, 89] has revealed the existence of several mdependent components that contribute to 

PC, each one being characterized by a specific relaxation time. One ofthe components 
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represents a process that is responsible for quenching of PC is the reduction in the density 

of electrons trapped in dangling bonds. In this process, hole is captured by doubly 

occupied D', as given by 

h*+D--^D'' (5.21) 

This process is normally seen in measurements whh samples that show the thermal 

quenching in PC. Therefore, the process in Eq. (5.21) is believed to be related to a 

mechanism responsible for the reduction in PC with increasing temperature. It has been 

reported [86] that in a temperature range where the thermal quenching occurs, the 

magnitude of ;'is more than unity, showing superlinear behavior of PC with excitation 

intensity. In the same measurement, the temperature dependent y(T) has shown a peak 

structure in the temperature regime, as can be seen from our results. Therefore, it is 

believed that y(T) in our measurements is a result ofthe thermal quenching process of PC. 

Previously we introduced the SHTs as an origin ofthe thermal quenching in PC. 

There are several reasons for us to consider the SHTs as the origin ofthe y(T). First, the 

recombination process of holes from SHTs is the same as the process in Eq. (5.21). 

Second, the process is senshive to photo-induced effects, in which defect density increases 

with light illumination. Experimentally, it has been known [87] that the disappearance of 

the thermal quenching of PC occurs when the density ofthe dangling bonds increases. 

According to McMahon [81], the disappearance is due to the conversion of SHTs to 

danghng bonds by light illumination. The quenching effect becomes smaller as the defect 

density increases, resulting in a decrease in y Considering experimental evidences 
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discussed so far, it is clear the SHTs are responsible for temperature dependence of y(T) in 

our measurement. 

In the last section, we found that the rate of hole release from SHTs at finite 

temperatures has a field dependence and we employed the effective temperature to explain 

the field dependence of Tm. Since the SHTs is responsible for the intensity dependence of 

PC, it is natural to apply the effective temperature in order to explain the field dependence 

of ;'as weh. In addition, we found that the demarcation level shifts to deeper tail states 

with increasing effective temperature, and with decreasing the excitation intensity. 

Therefore, it is speculated that the shift of a peak in y(T) with field can be a result ofthe 

shift ofthe demarcation level. The magnitude of y(T) in the temperature range of SHTs 

seems to also be related to the shift of demarcation level. 

Physically, the effective temperature concept represents the fact that at high electric 

fields electrons and holes in the band-tail states of a-Si :H can redistribute themselves by 

moving in the appropriate direction. Hence, the shift ofthe peak temperature Tm toward 

lower temperatures can also be interpreted as a shift ofthe effective trap energy Et toward 

lower energies, due to a redistribution ofthe trapped holes in SHTs in the presence of high 

electric fields. Thus, the occupation of holes in deeper SHTs, in which the hole residence 

times are longer, is either inhibited or significantly reduced due to the high electric field. 

The indirect evidence for this may be that in these experiments we do not see light 

degradation ofthe samples at higher generation rates. In addhion, y in the SHT regime 

increases with increasing field in our experiment as shown Fig. 5.11. This is important 

because, as we mentioned above, h has been reported [88] that exposure of sample to 
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photon flux of 7 x lo'^ cm'̂ s'' at 163 K causes degradation resultmg in a reduction in PC. 

The conversion of these deep SHTs into dangling bonds has been proposed as a 

mechanism for such light degradation of a-Si:H samples [88]. Since the high electric fields 

prevent the occupation of these deep SHTs by holes, the probabihty ofthe conversion of a 

SHT into a dangling bond is greatly reduced. This conclusion leads to a very important 

implication as far as devices are concerned. 

As we discussed in the introduction, one of drawbacks of a-Si :H material is the 

instability mainly due to the SW effect. By applying a high field to the a-Si:H based device, 

we can reduce the SW effect. Since the devices normally employ thin films of a-Si:H, a 

small vohage across the thin film generates high electric field throughout the active region 

ofthe devices, enough to reduce the SW effect. The effect of high electric fields on light 

degradation needs to be studied in more detail in order to verify this suggestion. More 

study ofthe characteristic of SHTs also necessary to achieve this goal. 

In conclusion, the intensity dependence of PC from our measurements seems to be so 

complex that the simple model by Rose can not explain the dependence. Our results 

support the model that several independent mechanisms contribute to PC. Intensity 

dependence of PC can be explained in terms ofthe SHTs and effective temperature in a 

qualitative level. From our results, h might be possible to reduce the SW effect by 

applying high fields to the devices. In order to understand the field effect, it is necessary to 

investigate the characteristics of SHTs. 



CHAPTER VI 

DEFECT PHOTOLUMINESCENCE 

6.1 Objective and theoretical background 

There are two possible channels for the radiative recombination in a-Si:H as 

mentioned in the introduction. These recombination channels are responsible for 

producing two PL bands [61]. The intrinsic PL band at about 1.3 eV has been attributed 

to the recombination ofthe electron-hole pahs at the conduction and valence band tails 

respectively. The quantum efficiency ofthe intrinsic PL in a high quality (low defect 

density) a-Si:H at low temperatures (< 50 K) is ofthe order of unity, but reaches to almost 

zero at room temperature. The PL efficiency for this band decreases with the increase in 

defect density and a second weaker band known as defect PL band emerges at 0.8 - 0.9 

eV [61, 90]. The origin ofthe defect PL band in intrinsic and doped a-Si:H is still 

controversial. There is a general agreement that the electron-hole recombination takes 

place through the transition from the band edges to the defect [61]. There are several 

models proposed for the specific radiative transhions involving defect states, including the 

direct capture of majority carriers into neutral danghng bonds [91], tunneling of bandtail 

electrons into charged defects [92], and recombination at defect-impurity complexes [93]. 

The defect band PL is usually weak in intrinsic a-Si:H when the excitation energy is 

larger than the optical gap. It appears as a shoulder to the main band PL making the 

analysis difficuh and unreliable. It has been shown in the past that sub-gap excitation 

causes a huge increase in the defect PL band intensity [17, 94] enabling the measurements 
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more rehable. It is also possible to detect the main PL band (1.3 eV) with sub-gap 

excitation making h possible to study both bands even m a material with low defect 

density [94, 95]. Saleh et al. [95] explained their subgap exchation results using a 'two 

step process' in which the transition takes place from occupied defects to the conduction 

band and from the valence band into empty defect states above the Fermi level. During 

these processes, the electrons and holes are created in the conduction and valence band 

respectively. Some of these carriers after thermalizing into the band tails produce main 

band PL through their tunneling assisted tail-to-tail recombination. The rest ofthe carriers 

will recombine radiatively or non-radiatively at defects. The most interesting result of their 

study for intrinsic a-Si:H was that the local distribution ofthe trapped carriers was very 

similar for both excitations. They also found that the temperature dependence of PL 

intensity was the same for both bands for the intrinsic material regardless ofthe quality of 

the material. However for phosphorous and boron doped films, the results were quite 

different. The temperature and defect density dependence for the main PL band intensity 

were similar for the intrinsic and doped films, whereas, the defect band PL intensity for the 

doped films showed much weaker temperature dependence. Also, the defect band PL 

intensity increased linearly when the doping induced defect density was increased by 

approximately three orders of magnitude. Usually for highly defective intrinsic films, both 

bands show PL quenching because ofthe increase in the non-radiative recombination at 

the defects. Based on their findings, they concluded that phosphorous or boron states are 

directly involved in both transportation and recombination in such films [94]. However, no 

details were discussed about how these states were involved. 
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Interestmg resuhs with sub-gap exchation were also reported by M. Tajima et al. [17] 

for P-doped a-Si:H. The defect PL band intensity was constant over the temperature range 

of 4.2 K to 295 K. From their observations, they concluded that the defect band is 

produced through the transhion of electrons between the defect states and the conduction 

band edge and strong electron-phonon couphng predominates in this transition [17]. 

In order to understand the recombination processes in P-doped a-Si:H, we have 

studied the temperature dependence of defect and main band PL intensity with sub-gap 

and above-gap excitation for lightly and moderately phosphorous doped a-Si:H films 

prepared by magnetron sputtering. A configuration coordinate diagram is used to explain 

the possible recombination mechanism for defect related PL. 

6.2 Experiments and Results 

Phosphorous doped a-Si:H were deposhed by magnetron sputtering at University of 

Kaiserslautem in Germany. The substrate temperature was 250° C. Hydrogen and argon 

partial pressures were kept constant at 0.6 mtorr and 2.2 mtorr, respectively. Two samples 

of thickness 1 |im were deposhed at PH3 partial pressures of 10"̂  mtorr and 10'̂  mtorr. 

The films were deposhed on rough glass substrate for PL measurement. The films 

deposhed on plain glass were used for optical absorption and photothermal deflection 

spectroscopy (PDS) measurements. The samples were illuminated with 632.5 nm line from 

the He-Ne laser for above gap exchation and with the 1.16 eV lines from Nd-YAG laser 

for sub gap exchation. Photon fluxes of 3xl0'^ cm'̂ s'' and 2xl0'^ cm'̂ s'' were used for 

above-gap and sub-gap exchation, respectively. Smce the absorption coefficient ofthe 
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films at 1.16 eV was much smaller than at 1.96 eV (10 cm'' at 1.16 eV and 1000 cm'' at 

1.96 eV, approximately), the generation rates with 1.16 eV excitations were very small 

and hence most ofthe hght is transmitted through the fihns. The main band PL obtained 

with 1.96 eV exchations was detected with a thermoelectrically cooled InGaAs 

photomuhipher tube, whereas, a liquid-nitrogen-cooled Ge detector was used for the 

detection ofthe defect band PL and main band PL with 1.16 eV excitation. The properties 

ofthe films studied in this work are listed in Table 6.1 

Figure 6.1 shows the PL spectra of sample 2003 whh 1.16 eV exchation. The main 

PL band (at 1.3 eV), as weU as, the defect PL band (at 0.85 eV) could be observed. These 

results are similar to those obtained for intrinsic and doped a-Si:H films by I. Ulber et al. 

[94] and Saleh et al. [95]. 

Figure 6.2 shows the temperature dependence ofthe defect band intensity with 1.16 

eV excitation for samples 2003 and 2004. The intensities were normalized at 20 K for the 

sake of comparison. The curves can be divided into three temperature regions, specifically 

for sample 2003; 20K to 150 K, 150 K to 250 K and 250 K to 400 K. In the first 

temperature range, there is a sharp drop in the intensity. In the second temperature region, 

the intensity was constant. The intensity decreases as the temperature increases in the third 

region. For sample 2004, the existence ofthe second region is less clear. Based on the 

temperature dependence ofthe defect PL intensity, we assume that there are two types of 

radiative centers involved in the recombination process of this band. 

To study the nature of these recombination processes, we subtracted the constant 

intensity (041) from the total intensity in 20 K to 250 K region for sample 2003. The 
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Table 6.1: Characteristics of samples with preparation conditions. 

Sample # 

2004 
2003 

Phosphine 
partial 

pressure 
(mtorr) 

10"* 
10-̂  

Dark 
activation 

energy 
E(eV) 
0.60 
0.39 

Urbach 
energy £„ 

(eV) 

69.5 
73.6 

Defect 
density ND 

(cm-̂ ) 

1.8 X 10'̂  
3.1 X 10 '̂ 

Optical gap 
Egap(eV) 

1.66 
1.67 
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subtracted intensity is plotted agamst temperature in Fig. 6.3. Also shown is the 

temperature dependence of main PL band intensity exched with 1.16 eV, as weh as, 1.96 

eV sources. All the intenshies were normahzed at 20 K for comparison. It is noteworthy 

that aU three curves follow the same trend. These curves also exhibit the temperature 

dependence similar to that of main and defect PL band for the intrinsic a-Si :H [17]. This 

confirms one ofthe two proposed recombination processes being similar to that for the 

main and defect PL band in the intrinsic material. The second recombination process in the 

high temperature region is similar to that observed by Tajima et al. [17] for highly P-

doped films, who observed a constant PL intensity over 4 K to 290 K range. 

In sample 2004, the intensity is not constant in the second range because ofthe 

dominance ofthe first recombination process as shown in Fig. 6.2. Since we know the 

temperature dependence of PL intensity for the first process independently, we can easily 

obtain the PL intensity from the second process in the high temperature region. We 

subtracted the main PL band intensity at various temperatures from the defect band PL 

intensity after normalizing the intensity at 20 K. The subtracted curve is shown by dots in 

Fig. 6.2. The PL intensity (about 0.2) from the second recombination process was 

constant in 130 K to 175 K region. In order to compare the PL intensity from the first 

recombination process for samples 2003 and 2004, we subtracted the constant intensity 

(about 0.2) from the normahzed defect band PL intensity (Figure 6.2) for sample 2004. 

The subtracted curve is plotted in Fig. 6.3 with three curves for sample 2003. It is 

interesting to note that within experimental uncertainty, all the curves follow same trend. 
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6.3 Discussion 

From the comparison ofthe temperature dependence of the defect band intensity for 

intrinsic films [94], moderately P-doped films (samples 2003 and 2004) and heavily P-

doped films [17] with 1.16 eV exchation, h can be said that for the intrinsic films, the first 

recombination process and for the heavily P-doped film the second recombination process 

is responsible for the defect band PL. For samples 2004 and 2003, both processes take 

place whh 80 % (for 2004) and 60 % (for 2003) intensity contribution from the first 

process and 20 % (for 2004) and 40 % (for 2003) for the second process. It seems that 

the recombination process changes completely from the first one to second one by doping 

the material heavily. 

Since the defect densities of intrinsic films are ofthe order of lO'̂ cm"̂  the high defect 

density (> lO'̂  cm"̂ ) for doped films is introduced in the process of doping. It is a well-

known fact that for P-doped films, phosphorous forms a donor band approximately 100 

meV below the conduction band, accompanied by a pronounced increase in the dangling 

bond density [96]. The majority ofthe excess electrons introduced by doping occupy the 

dangling bonds rather than shallow tail states. It is believed that most ofthe incorporated 

phosphorous is three fold coordinated (P î) and the remainder in the form of ionized 

donors (P^ )̂ [7] as shown by the following chemical reaction 

s i O + p O « p ; ^ D - , (6.1) 

where D' is the negatively charged dangling bond produced in the process of 

autocompensation. Although the dopants and defects form pairs in the sense of charge 

compensation, it is not necessary for them to be paired on adjacent sites. When the pairing 
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occurs at distant sites, the concentration of different states through the law of mass action 

is given by [7] 

Np^-N^=KN,Np^, (6.2) 

where the different Ns denote the density ofthe different states. No is the density of four

fold coordinates sihcon sites, and K is the reaction constant. When the doping efficiency is 

low (Np^ <^ft) "̂d ^p^ ŝ set equal to ND by charge neutrality, Eq. (6.2) becomes 

Np^=N^=K(NoNpX' (6.3) 

which shows that the dopant and defect denshies should increase as the square root ofthe 

phosphorous concentration. In case of defect pairing as adjacent sites, the chemical 

reaction is given by 

P , °+&:«(P;£>- )^ , (6.4) 

and the concentrations ofthe various species are given by [7] 

N^r = K,N„N,^ , (6.5) 

where KR is a corresponding reaction constant. According to this equation, the density of 

pairs should be proportional to the phosphorous concentration. 

For P-doping, although the dopant and defect densities in the films increase as the 

square root ofthe phosphorous concentrations in the gas, no clear cut relation was 

observed between the dopant and defect denshies in the films with the phosphorous 

concentration in the film [89]. For^j-doping a linear relationship was obtained between 

dopant and defect densities with the arsenic concentration in the film [94]. Although 

nearest neighbor pairing ofthe defect and donor states (P4^-D' pairs) has been suggested 
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as one ofthe plausible explanations for the observed defect density and dopant 

concentration dependence ofthe sohd phase dopant concentration [7], there are only few 

pubhcations in which the results have been interpreted in terms of P/-D' pair formation 

[97, 98]. 

We explain the temperature dependence of defect PL band intensity of P-doped a-

Si:H based on dopant-defect pairing model. We beheve that when a-Si:H is doped with 

phosphorous, the pairing occurs both at independent distant sites, as well as, at nearest 

neighbor sites at all phosphorous concentrations. However, at low P-doping distant pair 

concentration dominates over the nearest neighbor pairs. The recombination mechanism 

for distance pairs is similar to that for the defect PL band in undoped a-Si:H, whereas it is 

quite different for the nearest neighbor pairs. For distant pairs, the dopant and defect have 

no interactions with each other during the excitation and recombination process. The first 

recombination process, which dominates in low P-doped films (sample 2004) at low 

temperature, originates from these uncorrelated D' states. 

As mentioned before, main PL band (1.3 eV) and defect PL band (0.9 eV) both are 

observed with 1.16 eV excitation at low temperatures. Since both bandtails are populated, 

this can only occur in a two step process proposed by Saleh et al. [95] for intrinsic films 

(Fig. 6.4). When the film is exched by 1.16 eV light, the electrons are exched from D' 

states situated about 1.1 eV - 1.2 eV below the conduction band [97] to the conduction 

band converting them to D° state as shown below, 

hv + D- ^D'+e-^^ (6.7) 
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Simultaneously, the holes are created in the valence band by transition of an electron from 

the valence band to D^ state. Although electrons and holes are generated in absorption 

processes involving defect states, h has been found that the kinetic behavior ofthe main 

PL band is same for above - gap and sub-gap exchations [95]. Since the intra-pair 

separation was found to be similar in both cases, the recombination was expected to 

foUow a kinetics similar to the geminate-pair case with a distribution ofthe intra-pair 

separation as if they were generated in the same absorption process. According to the 

authors [94, 95], the enhancement ofthe defect PL band with 1.16 eV excitation takes 

place because the carriers are clustered around the defect from which they have been 

generated and mostly recombine through this defect. The electron - hole pairs which are 

more distant from the defect recombine radiatively by tunneling between the bandtails 

producing main band PL, whereas, carriers closer to the defect recombine via the defect 

either radiatively producing 0.9 eV defect PL band or, with a much higher probability, 

non-radiatively [94]. 

The PL quenching mechanism for the first type ofabsorption and recombination 

process for doped films described above is similar to that for main and defect band PL for 

the intrinsic films. The luminescence intensity drops rapidly when the defect density is 

above lO'̂  cm'̂  [7, 94]. This happens due to the fact that defects provide recombination 

paths for both radiative and non-radiative processes. At high defect densities (>10'* cm"̂ ), 

dominance of non-radiative recombination causes a drastic reduction in the PL intensities 

of both bands. 
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For the first recombmation process, PL quenchmg at high temperatures (> 50 K) is 

the same for both bands because ofthe foUowing reasons. As the temperature increases, 

the electrons and holes trapped in the band tails are thermaUy excited to the conduction 

and valence bands, respectively, and recombine at defects non-radiatively causing the 

decrease ofthe PL intensities of both bands. 

In the rest of this chapter, we wiU discuss the second recombination process observed 

only in the doped fihns. The defect PL band originated from this process has two 

characteristics when excited with 1.16 eV excitation. First, the relative PL intensity of 

defect band from second recombination process, with respect to both PL bands from the 

first process, increases with an increase in dopant concentration. Although we have not 

measured the dopant concentration directly, h is obvious from the shift in the dark Fermi 

level position (see Table 6.1) that the dopant concentration increased when the partial 

pressure of PH3 is increased from 10'̂  mtorr for sample 2004 to 10'̂  mtorr for sample 

2003. At very high doping levels [7], only defect band PL from second recombination 

process was observed. Second, the temperature dependence of PL intensity for defect 

band from second recombination process also depends on the doping level (Figure 6.5). At 

very high doping levels (Ep = 0.2 eV), Tajima et al. [17] found the PL intensity to be 

independent of temperature in 4.2 K to 295 K temperature range. For samples 2004 and 

2003 the PL intensity was constant up to 170 K and 240 K, respectively, and decreased at 

higher temperatures. In order to obtain the activation energy AE for the thermal 

quenching process at high temperatures for these two samples, we used the following 

equation: 
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resuh from M. Tajima et al. [17]. Sohd lines are obtained from the fitting based on Eq. 

(6.7). 
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l(T) = l,exp(-AE/kT) , (6.7) 

where Io and IfT) are constant PL intensity and PL intensity at temperature T respectively. 

The activation energies for samples 2004 and 2003 were 35 meV and 59 meV, 

respectively (Figure 6.5). 

As we mentioned before, we speculate that the second recombination process is a 

result of dopant-defect pairing at the neighboring sites when a-Si:H is doped with 

phosphorous. The luminescence resulting from this process may be similar to that 

observed in «-type GaAs at high dopant concentrations due to the formation of galhum 

vacancy (V)Ga - donor (D) complexes [99, 100]. Wilham et al. [100] assumed gaUium 

vacancy as an ionized acceptor. The donor atom is bound to the vacancy by a Coulomb 

force to form a [OOoa D^] neutral complex center. A broad luminescence band with a 

peak at 1.2 eV to 1.3 eV observed in doped GaAs originated from the radiative transition 

from an excited donor to the ground state acceptor. In P-doped a-Si:H, phosphorous 

donor P̂ ^ which is at the nearest neighbor she to the dangling bond state form a [P/-D'] 

complex by donating the electron to the dangling bond. The driving force for the complex 

formation is the strong Coulomb interaction between opposite charged states. The PL 

from these complexes can be explained using the configuration-coordinate (CC) model 

shown in Fig. 6.6. In w-type a-Si:H, the isolated donor states are assumed to be about 0.1 

eV below the conduction band [91, 96] and D' states at about 1.1 eV below the 

conduction band [94, 98]. The donor and acceptor states forming the complexes will be 

deeper than the isolated states. We assume that AE is the energy difference between the 

isolated P/ and complex forming P/ states. Similarly, we assume that D' states which 
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absorption and recombination processes. 
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form the complex will be approximately 0.1 eV deeper than the D' isolated states. 

Following the Frank - Condon principle, the electron transition between the ground 

state (Ec - 1.2 eV) and excited state (Ec - 0.15 eV) will be vertical. When the film is 

exched with 1.16 eV photons, an electron is directly exched from D' state to the P/. The 

PL emission resuhs from the transition of an electron from the donor to D'. Since the PL 

peak energy is about 0.85 eV, there is a Stoke's shift AW of 0.1 eV between EAbs and Eium 

(Fig. 6.6) showing a strong electron - phonon coupling associated with the transhion [17J. 

A 0.2 eV Stoke's shift (AW= AW]+ AW2) was verified by Tajima et al. [17] based on the 

fact that excitation ofthe film with energy < 1 eV reduces the intensity of defect band 

drastically. The PL quenching activation energy AE at high temperature for samples 2004 

and 2003 probably comes from the thermal excitation of electrons from P/ complex 

forming states (Ec - 0.15 eV) to P / isolated states (Ec - 0.1 eV), from where they are 

further thermaUy excited to the conduction band and recombine at the defect non-

radiatively. From Fig. 6.5, it is clear that the temperature at which the complex forming 

donors are ionized increases with the increase in the dopant concentration. This may be 

due to an increase in AE as the doping is increased. 

The present study of defect PL band with sub-gap exchation might provide an 

evidence for the formation of a [P/ - D' ] complex for the fkst time. As mentioned 

before the recombination mechanism for these complexes is different from that involving 

isolated defects. There is a distribution of lifetimes with a peak around 10'̂  s for intrinsic 

PL band in a-Si:H. We beheved that PL decay time for radiative recombination processes 
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for defect complexes wiU be fast (< 10'* s) because of their weak interaction with the 

surrounding lattice. This could be the reason for not detecting the donor states formmg 

defect complexes by light induced electron spm resonance and charge sweep out 

measurements [7]. It is not possible to measure the PL decay thne using techniques, e.g., a 

fast analog technique, because ofthe unavailability of fast detectors which are light 

sensitive below 1 eV. 



CHAPTER Vn 

CONCLUSIONS 

In this work, we have studied recombmation and transport of photogenerated carriers 

in hydrogenated amorphous silicon (a-Si:H) by photoluminescence (PL) and 

photoconductivity (PC) measurements by changing parameters such as temperature, 

electric field, excitation energy and exchation intensity on device quahty intrinsic a-Si:H 

thin films prepared by a glow discharged (GD) method. We have also studied 

phosphorous (P) doped a-Si:H films to investigate the origin ofthe defect luminescence 

We developed a model to explain field quenching of PL in a-Si:H at low temperatures 

up to 100 K. Our basic assumption ofthe model is that the photogenerated carriers are 

separated by electric field in the bandtail states and the distribution ofthe separation r of 

geminate pairs, generated by a same photon, in the extended state after field separation is 

the same as the one in the bandtail that participates in the recombination. The distribution 

function for electron-hole pair separation we employed has two peaks, at about 37 A and 

65 A, and is narrower than the ones obtained from the time-resolve (TR) measurement 

and from a theory based on a hopping mechanism of carriers in the bandtail states. The 

resuhs based on breaking of a geminate pair by the electric field suggest that the radiative 

recombination (photoluminescence) in a-Si:H can be explained by the geminate pair model 

rather than the distant pair model. Considering our resuhs, we conjecture that after the 

carriers thermalize in a sub picosecond time scale and reach the bandtails, they are 

localized in band tail states and do not hop until recombination. They lose their energy to 
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the lattice by slow relaxation in a-Si:H. Therefore, the thermalization mechanism based on 

the thermalization of carriers by hopping is not vahd in case of a-Si :H. 

From the exchation energy dependence of PL and PC measurements, we found that 

the relative change in PL and PC decreases with increasing excitation energy. We believe 

that the reason is field dependence of nonradiative recombination of geminate pairs. We 

also found that the exchation energy dependence of intrapair separation r is not valid in a-

Si:H, probably, because ofthe existence of fast nonradiative recombination processes in 

the extended states. 

Temperature dependent photoconductivity measurements with electric field and the 

excitation intensity show the vahdity ofthe effective temperature model which was 

invented to explain the field dependence ofthe dark conductivity in a-Si:H at very low 

temperatures. The results were explained from the temperature, field and intensity 

dependence of safe hole traps (SHTs) which are responsible for the reduction in 

photoconductivity in 130 - 200 K range and for light degradation in a-Si:H. Our results 

can expand the apphcability ofthe concept ofthe effective temperature to 

photoconductivity at higher temperatures, which has practical application. Generation rate 

dependent photoconductivity measurements also support these conclusions and suggest 

that by applying higher fields, we can decrease the light degradation rate in a-Si:H. 

Defect photoluminescence measurements were performed on phosphorous doped a-

SiH prepared by magnetron sputtering. We found two distinctive processes. The first one 

has a strong temperature dependence and is similar to that observed in undoped a-Si:H. 

The second recombination process is almost temperature independent. Based on the 
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temperature dependence of defect luminescence, we speculate that the [P* - D~] complex 

might be responsible for this process. 

In summary, thermalization of photogenerated carriers in the bandtail states occurs 

by loosing their energy to lattice but they do not hop. The carriers escaping from geminate 

pah-s are free to hop and contribute to PC. Its hopping rate, according to our result, 

depends on the effective temperature. From the defect luminescence, we show a possible 

existence of the [P/ - D~] complex for the first time experimentally. 

7.1 Recommendation for further research 

Our result supports that photoluminescence does occur through radiative 

recombination of geminate pairs in a-Si:H. This conclusion is based on a few assumptions 

we made previously. However we did not show conclusive evidences for these 

assumptions. In order to confirm the assumptions, we suggest a time-resolve (TR) 

experiment with various exchation energies at a time window ranging from sub 

picosecond to 1 second. Our TR measurement in the nanosecond range did not show any 

field dependence. As previous TR measurements revealed that the peak ofthe lifetime of 

the photoexcited carriers is located at 1 ms, h is very important to do experiments at this 

time range to study changes in the distribution G(r) due to temperature, field and 

excitation energy. 

Our model for field quenching is successful at an excitation energy. However in order 

to make h general, the functional form of (g"''(F) needs to be adopted to reflect the 

possible dependence ofthe excitation energy on the recombination process. 
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The formula for the effective temperature is obtamed extensively based on results 

from the experiment of PC. To understand more about field effects on the transport, a 

rigorous theoretical approach needs to be done. Our research reflects the role of safe hole 

traps on light degradation. In order to prove this experimentally, it is necessary to study 

the effect of high field under prolonged hght exposure on photoconductivity. 

Defect PL study suggests the existence of [P/ - D~] complexes. In order to verify 

their existence, fast PL decay measurements are necessary. 
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APPENDIX 

As mention in Chapter IV, samples measured show shnilar dependencies in PL and 

PC as a function of temperature and field. FoUowmgs are examples. 
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