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Hydrogenated amorphous silicon thin films manufactured by plasma deposition techniques are widely used in 
electronic and optoelectronic devices. The optical and electrical properties of undoped and doped hydrogenated amorphous 
silicon (a-Si:H) thin films determine the importance and characteristics of the final film structure of practical devices. In 
particular, a-Si:H thin film solar cells and optical sensors have many industrial and technical advantages, such as being light 
weight, low cost, and having a large deposition area. The a-Si:H thin film is one of the candidates for flexible solar cells for 
use in space. This article reviews the optical and electrical properties of double donor Se-and S-doped a-Si:H thin films, 
which can be considered as an alternative to wide bandgap absorbing layers in the next generation of optoelectronic devices. 
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1 Introduction 

 
1.1 Silicon (Si) 

 Silicon is the 8th most common element in the 
universe by mass, but very rarely occurs in nature as 
the pure free element. It is more widely distributed in 
dusts, sands, planetoids and planets, as various forms 
of silicon dioxide (silica) or silicates. In the Earth's 
crust, silicon is the second most abundant element 
after oxygen (46.6%), making up 27.7% of the crust 
by mass1,2. Silicon is the principal component of most 
semiconductor devices, most importantly integrated 
circuits or microchips3. Also, its native oxide is easily 
grown in a furnace, and forms a good semiconductor/ 
dielectric interface4. Pure silicon is not a conductor, 
because there are no free electrons; all the electrons 
are tightly bound to neighbouring atoms. To make 
silicon conducting, producers combine or ‘dope’ pure 
silicon with very small amounts (1 millionth atom) of 
other elements, like boron (B for p-type), or 
phosphorus (P for n-type). Phosphorus has five outer 
valence electrons. When three silicon atoms and one 
phosphorus atom bind together in the basic silicon 
crystal cell of four atoms, there is an extra electron 
and a net negative charge5-8. Boron is then 
incorporated into a threefold coordinated site, and 
bonds to the neighbouring Si atoms much like any Si 
atom, except that it has one less nuclear charge and 
one less electron. Thus, a shallow acceptor state is 
created near the valence-band edge and there is one 
fewer electron to fill the electronic states. Thus, at 

least at low or moderate temperatures as more B is 
incorporated, the Fermi level moves down towards 
the valence-band edge9,10. 
 
1.2 Crystalline silicon (c-Si) 

 Crystalline silicon (c-Si) is the foundation of 
today’s rapidly growing photovoltaic (PV) industry11, 
and is available in the form of crystalline wafers for 
practical devices. Silicon appears to be the near-ideal 
PV material, as it is abundant, non-toxic, and benefits 
from an enormous knowledge base and industrial 
infrastructure. The c-Si films can be readily grown by 
depositing amorphous silicon (a-Si:H) on glass, and 
subsequently annealing the films12 at 550-600°C for 
6-24 h. The greatest challenge is likely to be the high 
interfacial reactivity of the Si and SiO2. Nonetheless, 
silicon epitaxy has been achieved on a number of 
foreign substrates13. Photovoltaic solar cells will 
likely require epitaxial thickening to 2-10 µm and 
effective light trapping to reach efficiencies of 15% or 
higher14. 
 
1.3 Amorphous silicon (a-Si) 

 The term ‘amorphous’ is commonly applied to non-
crystalline (non-ordered) materials prepared by 
deposition from gases. The chemical bonding of 
atoms in non-crystalline materials is nearly 
unchanged from that in crystals15. Amorphous 
materials are disorderly varied in the angles between 
the bonds and the regular lattice structure is 
eliminated. Interest in amorphous semiconductors 
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developed around the chalcogenides, which are 
materials containing the elements sulphur (S), 
selenium (Se) and tellurium (Te); examples are 
As2Se3, and GeS2. In the seventies, it was discovered 
that amorphous silicon (a-Si) is suitable as a 
semiconductor in solar cells, although lower yields 
are achieved with it. Amorphous silicon was different 
from crystalline (ordered) silicon (c-Si), in terms of 
device characteristics. At the point when no crystals 
need to be formed, a material that could be processed 
at far lower temperatures (~200°C) onto a variety of 
substrates offered some unique capabilities for a 
variety of electronics16-20. The loss of structure results 
in defects, such as dangling bonds and distorted Si-Si 
bonds (in both lengths and angles). Defects yield 
energy levels in the energy gap where electrons 
recombine with holes, thus limiting the flow of 
current21-26, which could be suppressed by the 
incorporation of hydrogen. 
 
1.4 Hydrogenated amorphous silicon (a-Si:H) 

 Silicon (Si) and hydrogen (H) are extremely 
abundant in nature. Hydrogen incorporation in silicon 
layers prepared by PECVD using silane (SiH4) 
dilution reduced the defects in amorphous silicon27-29. 
The hydrogen caused a similar improvement in the 
material properties, as was found for glow discharge 
a-Si:H, with a high photoconductivity, low defect 
density and calm doping30-32. Research on both glow 
discharge and sputtered a-Si:H has continued33-35, but 
the glow discharge technique has become increasingly 
dominant, because it seems to give slightly better 
material properties36-40. The material is easily 
(although not efficiently) doped with both p- and  
n-type using boron9,41 and phosphorus41-43 sources, 
respectively. The material possesses low dark 
conductivity and excellent photoconductivity. The 
material allows bandgap profiling by alloying with 
different elements; bandgap can be decreased to  
1.0 eV by alloying44-46 with Ge (a-Si,Ge:H); and can 
be increased to as high as 3.6 eV, by alloying46-50 with 
C (a-Si,C:H). The material allows easy deposition of 
heterojunction structure51-59.  
 Hydrogenated amorphous silicon is a promising 
material since it was introduced in the seventies, and 
its usefulness has continued to date, for hybrid solar 
cells39,45,53,60-64, switching devices65, digital X-ray and 
optical imaging66, visible photoluminescence47,67-70, 
thin film transistors71-73, photosensors for the 
detection of bio-molecules74,75, micro-electro-
mechanical systems76,77 (MEMSs), gas sensors78,79, 
pixel detectors for high energy particles80,81, 

photodetectors59, and so forth. Hydrogenated 
amorphous silicon thin films and its alloys are 
promising contenders for the realization of advanced 
opto-electronic devices. Fig. 1 shows schematic 
illustrations of crystalline silicon [Fig. 1(a)] and 
hydrogenated amorphous silicon [Fig. 1(b)]. In the 
case of ideal a-Si:H, all the hydrogen is singly 
coordinated and the silicon is four-fold coordinated. 
Many properties of amorphous materials can be defect 
controlled, such as magnetic properties, 
optoelectronic behaviour, vibrational properties and 
mechanical characteristics. For some materials such 
as chalcogenide glasses, it is impossible to 
experimentally achieve the ideal amorphous state, as 
structural defects are present even in thermal 
equilibrium in the melt, and are consequently frozen-in 
on solidification.  
 
1.5 Advantages of a-Si:H over c-Si 

 Hydrogenated amorphous silicon (a-Si:H) based 
technology for optoelectronic devices is relatively 
simple and inexpensive, compared with crystalline 
silicon (c-Si) based technology82. For a given layer 
thickness, a-Si:H absorbs much more energy83 than  
c-Si (about 2.5 times the amount). Much less material is 
required to prepare a-Si:H films, which are lighter in 
weight, and less expensive. Hydrogenated amorphous 
silicon can be deposited on a wide range of substrates, 
including flexible, curved, and roll-away types. The 
disordered atomic structure and the presence of 
hydrogen combine to give new phenomena, which are 
strikingly different from those in the crystalline 
semiconductors. The structural disorder results in 
localized band tail states that are characteristic of 
amorphous materials, which are reflected in the 
optical, transport and recombination properties; while 
the hydrogen gives unique defect, doping and 
metastability effects84-86. Recently, experimental 
modules have been introduced of hydrogenated 

Si atom

Covalent bond

H passivated
dangling bond

Un-passivated
dangling bond

(a) (b)

 
 
Fig. 1 — Schematic illustration of the atomic structure of  
(a) single crystal silicon (c-Si) (b) hydrogenated amorphous 
silicon (a-Si:H) 
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nano/micro-crystalline silicon (n/µc-Si:H) solar 
cell38,87-90, which are based on a combination of a-Si:H 
solar cells. Table 1 presents the basic properties 
(bandgap, density, work function, electron/hole 
mobility) of crystalline silicon and hydrogenated 
amorphous silicon. 
 
1.6 Advantages of double donor Se-and S-doped a-Si:H 

 It has been recognized that the lengthy lighting of 
a-Si:H with bandgap light reduces 
photoconductivity91. It has been suggested that light-
induced reduction in photoconductivity may be 
caused by the creation of metastable recombination 
centers in the gap. This behaviour can be a limiting 
factor in optoelectronic applications of a-Si:H. Based 
on the data for crystalline silicon (c-Si) doped with 
chalcogens92,93 and the passivation of these dopants by 
hydrogen, the qualitativety94,95 of a-Si:H can be 
understood. With the application of band-gap light, it 
has been assumed that these donors can be activated 
optically. This involves the optical alteration of S sites 
that have been passivated by hydrogen. Again, 
judging from the c-Si, the optical activation should be 
more efficient for sulphur than for P (group V 
element). As a result of this activation, the 
illumination increases the dark and photo 
conductivities, and the Fermi level moves towards the 
conduction band edge. This metastable increase is 
similar to that which is termed as persistent 
photoconductivity, which occurs in some 
compensated films of Se and S doped96 a-Si:H, 
modulated films97, and multilayer heterostructures98-100 
of a-Si:H. The energy levels are even shallower  
(80-135 meV) for S-related complexes101 in Si. These 
data clearly indicate that there are several possibilities 
for the incorporation of sulphur as a donor in  
a-Si, Sx:H alloys. Indeed, the hydrogen passivation of  
S2 (double donors) is much more effective than the 
group V donors102 (for example, P and As). The 
doping of double donors of group VI elements such as 
Se or S in a-Si:H showed significant reduction in the 
degradation of photoconductivity103-105. Sharma  
et al.106,107 have investigated the effect of Se or S 
doping on a-Si:H and studied the change in 

conduction mechanism with temperature. The use of 
Se and S as dopants in a-Si:H thin films grown by 
capacitively coupled RF glow discharge 
decomposition of silane (SiH4), hydrogen sulphide 
(H2S) and hydrogen selenide (H2Se) diluted in helium 
(He) results in silicon dangling bonds being 
terminated in the same way as hydrogen108. 
Hydrogenated amorphous silicon is the basis of an 
expanding large-area-electronics industry, which 
started with solar cells for consumer electronic 
devices, and today covers an expanding number of 
applications. The effect of composition and annealing 
on the optical properties of Se or S-doped a-Si:H 
should be considered when evaluating their 
operational characteristics109. 
 

2 Experimental Details  
 
2.1 Growth of the films 

 A variety of deposition techniques can be used for 
the deposition of hydrogenated amorphous silicon 
thin films. Most of these techniques are slight 
variations of the main processing technologies, 
namely chemical vapour deposition (CVD), pulsed 
laser deposition (PLD), laser ablation deposition 
(LAD) and sputtering techniques. Among these 
techniques, CVD is the most frequently utilized 
family of techniques, which at high deposition 
temperatures produces the crystalline phase and at 
low deposition temperatures yields the amorphous 
phase. Plasma-enhanced chemical vapour deposition 
(PECVD) is the most commonly used process from 
the CVD family for the deposition of a-Si:H. There 
are other studies that report on the deposition of thin 
film a-Si:H using Hot Wire Chemical Vapour 
Deposition110 (HWCVD) and Electron Cyclotron 
Resonance (ECR) CVD. The HWCVD approach, 
besides permitting low substrate temperatures, 
features resistive heating of the ‘hot’ wire and 
accordingly catalytic decomposition of the precursor 
gases on the wire as a parameter to control the ion-
free deposition of a-SiC:H with implications in the 
tuning of its bandgap111.  
 
2.1.1 Plasma-enhanced chemical vapour deposition (PE-CVD) 

 This process was used to deposit hydrogenated 
amorphous silicon thin films from a gas state (vapour) 
to a solid state on a substrate at a specified substrate 
temperature. The chemical reactions were involved in 
the process, which occur after creation of plasma of 
the reacting gases. The plasma is,generally, created by 
RF (ac) frequency or dc (direct current) discharge 

Table 1 — Properties of a-Si:H and c-Si 
 

Material Density  
(g/cm3) 

Band gap 
 (eV) 

W 
(eV) 

Electron  
mobility  
(cm2/Vs) 

Hole  
mobility  
(cm2/Vs) 

 
c-Si 2.30 1.1 3.6 1350 480 

a-Si:H 2.25 1.7 4 ~ 4.8 2 ~ 5 0.005 
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between two electrodes, the space between is filled 
with the reacting gases. Hydrogenated amorphous 
silicon-sulphur and silicon-selenium alloy (a-Si,S:H 
and a-Si,Se:H) thin films were prepared by glow 
discharge (13.56 MHz) plasma-enhanced chemical 
vapour deposition (PE-CVD) decomposition of 
hydrogen selenide (H2Se) and hydrogen sulphide 
(H2S) vapours mixed with silane (SiH4) to produce n-
type amorphous silicon105-109,112,113,. Depositions were 
performed on Corning 7059 highly clean glass 
substrate at a temperature of 230°C. The base pressure 
of the chamber was manipulated to be low 10-7 mbar 
range. The silane flow rate was kept constant at  
10 sccm, while the gas phase doping concentration was 
controlled by varying the H2Se or H2S/H2 flow rate. 
The pressure of the gas mixture during deposition was 
about 0.1 to 0.3 torr and low RF power was employed 
to obtain deposition rates of 1-2Å/s.  
 
2.1.2 Pulsed laser deposition (PLD) 

 Conceptually and experimentally, pulsed laser 
deposition (PLD) is an extremely simple technique, 
probably the simplest among all thin film growth 
techniques. It consists of a target holder and a 
substrate holder housed in a vacuum chamber. A 
high-power laser is used as an external energy source 
to vapourize materials and deposit thin films. A set of 
optical components is used to focus and raster the 
laser beam over the target surface. The decoupling of 
the vacuum hardware and the evaporation power 
source makes this technique so flexible that it is easily 
adaptable to different operational modes without the 
constraints imposed by the use of internally powered 
evaporation sources. The advantages of pulsed laser 
ablation are flexibility, fast response, energetic 
evaporants and congruent evaporation. The process of 
PLD can,generally, be divided into four stages:  
(i) laser ablation of the target material and creation of 
a plasma, (ii) dynamic of the plasma, (iii) deposition 
of the ablation material on the substrate,  
(iv) nucleation and growth of the film on the substrate 
surface. However, this technique can be usually used 
for ceramic materials thin films (YBCO, PZT, SBN 
etc.), hard coatings114-118 (diamond/diamond like films 
e.g. TiC, SiC, CN, SiO2, TiN, BN, etc.). Lengsfeld et 

al
119. used to deposit a-Si:H with a hydrogen content 

of 10 at.% which were crystallized employing a step-
by-step crystallization method. 
 
2.2 Characterization of the films 
 The selenium-silicon and sulphur-silicon 
concentrations (Se/Si and S/Si) were determined by 

electron microprobe measurements. The thicknesses 
of the films as measured by surface profiler 
(DekTaK3), were in the range 2.21-5.44 µm for 
selenium and 0.24-2.27 µm for sulphur samples. 
Bonding structure in the alloy was investigated using 
IR absorption spectra. The IR spectra revealed that the 
main effect of S and Se alloying is a strong increase in 
the strength of the mode at approximately 480 cm−1, 
which corresponds to Si-S bond120 and at about  
390 cm−1, corresponding to Si-Se bond121. Table 2 
presents the detail of the samples for example the 
doping gas ratio (H2Se/SiH4 and H2S/SiH4) and the 
selenium/silicon (Se/Si) and sulfur/silicon (S/Si) 
concentrations.  
 
2.2.1 X-ray diffraction 

Amorphous materials are often defined operationally 
by their diffraction patterns. That is, the diffraction 
patterns consist of a few broad halos rather than sharp 
Bragg reflections. However, markedly different 
structures can also lead to qualitatively the same 
diffraction patterns. A small crystallite size, strains, 
imperfections, broaden the normally sharp crystallite 
reflections and as the crystal size gets smaller a point 
is reached where the crystalline reflections overlap 
and the diffraction pattern appears like that for an 
amorphous materials. The crystalline size at which the 
diffraction pattern appears amorphous has been 
discussed by Germer and White122 and Piggott123 and 
is approximately four unit cells in diameter for 
monatomic close packed materials. Thus, diffraction 
cannot distinguish between a random arrangement of 
atoms, as suggested by Bernal124 for monatomic 
systems and Zacharison125 for polyatomic systems, 
and a microcrystalline one, where each micro 
crystalline contains approximately two hundred 
atoms. Indeed, because of this, microcrystalline 

Table 2 — Details of the samples prepared: the selenium and 
sulphur concentrations (Se/Si and S/Si), doping gas ratio 
(H2Se/SiH4 and H2S/SiH4) [Ref.109] 

 
 Sample H2Se/SiH4  

(Doping gas ratio) 
Se/Si gas (Doping  
Concentrations) 

 
 Se-1 1.0×10−1 2.50×10−1 

a-Si,Se:H Se-2 1.0×10−2 2.01×10−2 
 Se-3 1.0×10−3 2.18×10−3 
 Se-4 1.0×10−4 1.60×10−4 
    

  (H2S/SiH4) S/Si 
 S-2 2.0 ×10−2  

a-Se,S:H S-4 1.0×10−4 1.20×10−3 
 S-5 1.1×10−5 1.80×10−4 
 S-6 6.8×10−7 1.70×10−6 
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models for the amorphous state had been proposed for 
polyatomic system by Valenkov and Porai-Koshits126 
and for monatomic system by Mott and Khalid127,128. 
The absence of sharp peaks in X-ray diffraction (XRD 
Phillips-Holland Diffractometer, model X pert PRO) 
patterns of Se and S-doped a-Si:H films confirmed the 
amorphous nature of the films. 
 

2.2.2 Ultraviolet-visible (UV-VIS) spectroscopy 

 UV-Vis spectroscopy refers to absorption/ 
reflectance spectroscopy in the ultraviolet-visible 
spectral region (200-700 nm). This means it uses light 
in the visible and adjacent (near-UV and near-infrared 
(NIR)) ranges. UV-VIS spectroscopy is routinely used 
in the quantitative determination of solutions of 
transition metal ions highly conjugated organic 
compounds and biological macromolecules.  
 For the determination of optical properties, the 
transmission spectra of Se- and S-doped a-Si:H films 
were taken, using a UV-Vis double beam 
spectrophotometer (Shimadzu 260) having a 
resolution of ±1 nm in the wavelength107,109 range 
190-1100 nm. Fig. 2(a and b) shows the typical 
transmission spectra with a typical gas ratio of 
H2Se/SiH4 and H2S/SiH4=1×10−4, respectively. The 
transmission spectra were recorded in the as grown 
and annealed thin films109. 
 UV-Vis spectrometer can also be used for the 
determination of thin film thickness of transparent 
films with Fourier-algorithms by using the 
phenomenon of white-light interference. The 
interference occurs at the optical boundaries of the 
transparent layers when a portion of light is reflected, 
and two or more light rays from the broadband light 
source interact with each other. Interference occurs if 
the layers are transparent, smooth, and parallel, 
allowing both reflected signals to interact. The 

resulting interference pattern varies according to the 
phase difference of the light waves, where different 
layer thicknesses induce varying phase differences of 
the back-scattered light129.  
 
2.2.3 FT-Raman spectroscopy 

 Raman spectroscopy is a method of determining 
modes of molecular motions, especially vibrational 
and rotational energy level structure. It is 
predominantly applicable to the qualitative and 
quantitative analyses of covalently bonded 
molecules130. As opposed to fluorescence methods, 
which require the addition of a separate fluorescing 
molecule as a ‘tag’ attached to the actual molecule of 
interest, Raman spectroscopy allows direct detection 
of a molecule with no chemical alteration131-133. 
 
2.2.4 X-ray photoemission spectroscopy (XPS) 

 XPS is the most widely used surface analysis 
technique because of its relative simplicity in use and 
data interpretation. The sample is irradiated with 
mono-energetic X-rays causing photoelectrons to be 
emitted from the sample surface. An electron energy 
analyzer determines the binding energy of the 
photoelectrons. From the binding energy and intensity 
of a photoelectron peak, the elemental identity, 
chemical state and quantity of an element are 
determined. XPS spectra are obtained by irradiating a 
material with a beam of X-rays while simultaneously 
measuring the kinetic energy and number of electrons 
that escape from the top 0 to 10 nm of the material 
being analyzed. XPS requires high vacuum  
(10−8 millibar) or ultra-high vacuum (UHV; pressure  
< 10−9 millibar) conditions, although a current area of 
development is ambient-pressure XPS, in which 
samples are analyzed at pressures of a few tens of 
millibar134. 
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Fig. 2 — Typical transmission spectra of Se- and S-doped hydrogenated amorphous silicon (a-Si,Se:H and a-Si,S:H) thin films  
in the wavelength range from 600 to 1100 nm for as grown and the annealing temperatures in the range from 100° to 500°C  
(a) H2Se/SiH4 =1×10−4 and (b) H2S/SiH4 =1×10−4. Reproduced with permission from the authors of ref. 109; Copyright 2010, Elsevier 
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 XPS is a useful tool for analyzing the elemental 
composition of undoped and doped hydrogenated 
amorphous silicon. X-ray irradiation-and annealing-
induced structural changes in undoped hydrogenated 
amorphous silicon (a-Si:H) and pure amorphous 
silicon (a-Si) have been investigated in detail by  
X-ray photoemission spectroscopy (XPS). The 
irradiation-induced shifts of both the Si2s and Si2p 
peaks of a-Si:H are found to be unstable even at room 
temperature. They can be reversed by annealing, 
following a stretched exponential time dependence 
with a lower activation energy than that for the meta 
stable changes in electronic properties135 (Staebler-
Wronski effect). Toneva et al

136. recorded the  
XPS-spectra of a-Si:H films of as-grown and light 
soaking by white light illumination (100 mW/cm2) 
and observed Si2p, O1s and C1s elements. The 
change of the position and intensity of the Si2p peak 
was observed after light soaking and explained by the 
transformation of the Si-H bonds.  
 

 Yelon et al
137. measured XPS-spectra of a-Si:H 

film after white light illumination and detected the 
shifting of both peaks Si2p and Si2s to lower binding 
energies by equal amounts. They calculated the 
preliminary density function on a simple model of  
a-Si:H and occurred the metastable expansion, such as 
elongations of the length of compressed Si-Si bonds 
and variations in the Si-Si-Si dihedral angle. The 
metastable expansion associated to be shift of XPS 
peak unidirectional. The chemical composition of  
n-doped a-Si:H films was evaluated by XPS up to five 
SiN layers (R = NH3/SiH4 = 2, 3.5, 4.5, 7.7, 10) 
deposited on p-type CZ c-Si substrates138,139 (ρ =  
100 Ωcm- NA=1.4×1015 cm−3). Anandan et al

140. 
investigated the interfacial reactions between 
aluminium and native-oxide-covered hydrogenated 
amorphous silicon. Core-level spectra of silicon and 
aluminium indicated the reduction of the native 
silicon oxide by the deposition of aluminium. The 
presence of a graded interface of suboxides of silicon 
acted as a diffusion barrier for further reaction. Sheng 
et al

141. performed the depth profiling measurements 
across the back n-layer/transparent conducting oxide 
(n/TCO) interfaces for substrate p-i-n solar cells to 
examine differences between amorphous silicon  
(a-Si:H) and microcrystalline silicon (�c-Si:H) n-layer 
materials as well as TCO materials ZnO and ITO in 
the chemical, microstructural and diffusion properties 
of the back interfaces. They observed n-a-Si:H 
interfaces better with ITO, while n-�c-Si:H, with 
ZnO. 

 By including the doping impurities of Se/S, the 
neutral bonding defects are unstable with respect to 
lattice distortion which induces the valance alteration 
pairs (VAP) consisting of negatively charged singly 
bonded Se/S and positively charged triply bonded 
Se/S. If these same bonding states occurred in S/Se-
doped a-Si:H, both donors and acceptors would be 
present in the same film thus making the properties of 
these films similar to boron-phosphorous120 
compensated a-Si:H.  
 
2.3 Electrode preparation for electrical properties 
 Aluminium contacts of approximately 100 nm in 
thickness were deposited on the films in a coplanar 
configuration by thermal evaporator in a vacuum 
(1×10-5 torr). The samples were taken out from the 
vacuum chamber after 2 h of evaporation. The 
contacts were further verified for their Ohmic nature. 
Then the samples were loaded in a specially designed 
vacuum cryostat. A schematic illustration of the 
cryostat142 is shown in Fig. 3. 
 Initially the films were annealed at 200°C in a 
vacuum cryostat to remove surface adsorption and 
metastable defects in the Se and S-doped a-Si:H thin 
films. The samples were then cooled slowly  
(1-2°C/min) to room temperature. A constant dc 
voltage from a highly stabilized power supply was 
applied across the samples and the current was 

 
 

Fig. 3 — Schematic illustration for the cryostat 
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measured. The dark conductivity was measured once 
again upon warming. The measurements of 
conductivity variation were carried out in 
vacuum106,108 in the temperature range 27-200°C at 
the rate of heating of 2-3°C/min. The 
photoconductivity was measured by illuminating the 
white light of a tungsten halogen lamp of intensity of 
100 mWatt/cm2. The lamp was calibrated using a 
standard detector (Hamamatsu S. 2281, Photodiode), 
in a vacuum in the temperature range 27-200°C. 
Intensity dependent on photoconductivity and 
persistent photoconductivity were also measured at 
room temperature, using a series of optical density 
filters105. Schematic illustrations for dark and 
photoconductivity measurements of thin films are 
shown in Fig. 4(a and (b). The value of the dark 
conductivity109,143 was calculated from the relation: 
 

1 1cm
i L

V t w

− −×
σ = Ω

× ×
  …(1) 

 
where L is the distance between the electrodes in cm,  
t is the thickness of the film in cm, w is the width of 
the film in cm, V is the applied voltage in volts (V) 
and i is the measured current in amperes (amp). The 
voltmeter and ammeter (Kaitheley) were connected as 
shown in Fig. 4. The details of the samples used for 
the experimental study of the electrical properties are 
given in Table 2. 
 
2.4 Annealing effect on optical and electrical properties 
 After the deposition of Se-and S-doped a-SI:H thin 
films, all the samples were taken out of the deposition 
chamber and annealed in a microprocessor controlled 
furnace at temperatures in the range 100°-500°C in a 
vacuum (~1×10−6 torr) for an hour. The transmittance 
responses of these samples were measured after each 
annealing. The optical properties (bandgap, 

absorption coefficient, refractive indices etc.) were 
determined from the transmission spectra and 
compared with as-grown samples109. For conductivity 
measurements, all the procedures were used as 
mentioned above143. The band gap of a-Si:H can be 
varied from 1.7 to 2.0 eV by varying S and Se 
concentrations. The bandgap of Se and S-doped a-
Si:H thin films was observed to be the highest at an 
annealing temperature of 300°C for both types of film 
and for all doping concentrations. Compared for a 
particular dopant concentration (or called impurities 
concentrations) of a gas ratio of H2Se/SiH4 and 
H2S/SiH4 =1×10−4 at an annealing temperature of 
300°C, the bandgap was observed to be 1.85 eV in a-
Si,Se:H films and 1.97 eV in a-Si,S:H films, 
respectively121,144. 
 
3 Optical Properties 

 Various methods have been used to determine the 
optical parameters of hydrogenated amorphous silicon 
thin films. These methods are classified into two 
groups: the first depends on the transmission or 
reflectance measurements145, while the other 
comprises interferometric methods with two and 
multiple beam interferometry146, and prism coupling 
technique147. For optoelectronic devices, an accurate 
determination of the optical constants, such as 
bandgap, absorption coefficient, refractive index, 
extinction coefficient with doping concentration and 
wavelength of semiconductor thin films, are important 
to precisely model their spectral response. The optical 
properties of S and Se alloyed hydrogenated 
amorphous silicon thin films (a-Si,S:H and a-Si,Se:H) 
have been reviewed and compared with other dopants. 
 
3.1 Absorption coefficient 

 The absorption coefficient, α, can be calculated 
with an accuracy of ±2% in the weak and medium 
absorption regions, using the relation148-150.  
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Fig. 4 — Schematic illustration for conductivity measurement setups of Se and S-doped a-Si:H thin films for (a) dark conductivity and (b) 
photoconductivity 
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(1 / ).[ln(1/ )]d Tα =  
 
where d is the thickness of the films and T is the 
transmittance. The optimization procedure minimized 
differences between the experimental and theoretical 
transmittance in the broad spectral region including 
the region in the vicinity of the absorption edge151, 
and the Tauc-Lorentz dispersion model for refractive 
index and extinction coefficient152 that is currently 
employed for the parameterization of the spectral 
optical properties of amorphous materials153. 
 
3.2 Bandgap 

 The optical bandgap is one of the optical 
parameters that can be measured by using optical 
techniques based on transmission and reflection, for 
example Tauc’s plot. A Tauc’s plot is one of the 
methods to determine the optical band gap in 
semiconductors108,109,154-159. Other methods can be 
used to evaluate the bandgap of the materials, for 
example, ellipsometry37, and the electrical energy gap 
method160 (it can be measured under operation in an 
integrated device for many devices, for example 
lasers and solar cells). Tauc’s relation is: 
 

g/ ( )B h h E
γα = ν ν −  …(2) 

 
where B is a constant, Eg the optical bandgap energy, 
hν the photon energy and γ depends on electronic 
transitions in k-space, and takes the values 1/2 for 
direct and 2 for indirect bandgap. The square root of 
the product of the absorption coefficient and photon 
energy (αhν)1/2 is plotted versus photon energy (hν). 
The curve should have a section of straight line. If 
extended to the x-axis, the x-intercept of this line 
gives the optical band gap. Fig. 5 shows the 
extensions of the intercepts on the x-axis to determine 
the value of the bandgap. As seen, the bandgap of  
a-Si, Se:H is lower than that for the case of a-Si, S:H 
for the same dopant concentration. This is due to the 
large binding energy of Si-S bond161 (148 k cal/mol), 
as compared121 to that of Si-Se (127 k cal/mol) and  
Si-Si bond (76 k cal/mol). 
 
3.3 Refractive Indices 

 In the optical sciences, the refractive index is the 
most fundamental parameter in an optical medium. 
The refractive index determines the refraction and 
reflection occurring at the boundary between two 
media. In modern semiconductor materials, silicon is 
the most interesting material as a detector, reflector or 

absorber, where its refractive index is of primary 
importance. The refractive index of Se and S-doped  
a-Si:H thin films were determined by using 
transmission spectra in the weak and medium 
absorption region using the following 
expressions107,109: 
 

( )
1/21/22 2

n N N s� �= + −
� �� �

 

 
where  
 

2
M m

M m

1
2

2

T Ts
N s

T T

−+
= +   …(3) 

 
where s is the refractive index of the substrate, and TM 
and Tm are the maxima and minima of the fringes of 
transmission spectra as shown in Fig 2. The refractive 
index was determined to an accuracy of 1-2%. Dusane 
et al

112. have shown that in p-doped a-Si:H, bond 
angle deviation increases sharply with increasing 
dopant concentrations. Increase in bond angle 
deviations causes internal strain in an amorphous 
network. The decrease in refractive index for Se- and 
S-doped a-Si:H might be due to the increase in 
internal strain, as in the case of p-doped a-Si:H film. 
The refractive index of a semiconductor has a strong 
dependence on the value of the bandgap: the higher 
the bandgap, the smaller the refractive index162,163. 
The refractive index, n (at a particular wavelength, 
λ=750 nm) as a function of bandgap for various 
semiconductors107 is shown in Fig. 6. It is interesting 
to note that the values of refractive index for our 
samples a-Si,Se:H and a-Si,S:H lay almost on the 

 
 
Fig. 5 — Typical plot of bandgap versus energy by Tauc’s plot for 
Se-doped a-Si:H thin films. Reproduced with permission from the 
authors of Ref. 107; Copyright 2002, WILEY-VCH Verlag GmbH 
& Co. KGaA 
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curve. Table 3 presents the values of optical 
constants, such as absorption coefficients, α, 
refractive index, n, and bandgap, Eg. The optical 
constants of intrinsic, Se-, S-, P- and B-doped a-Si:H 
have been compared.  
 

3.4 Defect density of a-Si:H 

 Hydrogenated amorphous silicon is a disordered 
semiconductor, whose optoelectronic properties are 
governed by the large number of defects present in its 
atomic structure. The silicon atoms have the same 
number of neighbours and on average, the same bond 
lengths and bond angles. One can represent the 
disorder by the atom pair distribution function, which 
is the probability of finding an atom at a distance r 

from another atom.  
 The defect density (Nd) was obtained from the 
magnitude of the sub-gap absorption shoulder, using 

the same conversion factor164 as that used for a-Si:H. 
Figure 7 shows the defect density of intrinsic and  
Se-, S-, p-doped a-SiH films. Sharma et al

107. 
investigated the linear rise of Nd from about 3.3×1016 
to 9.3×1016 as the doping gas ratio (H2S/SiH4) 
increased from 6.8×10−7 to 1.0×10−4 for S-doped 
films, and from 3.2×1016 to 2.1×1017 as the doping gas 
ratio (H2Se/SiH4) increased from 1.0×10-4 to 1.0×10-1 
for Se-doped films. It is evident that the defect density 
in Se-doped films was smaller than that for S-doped 
films for the same dopant gas ratio (RV = 10−4). This 
also explains the observed higher conductivity of  
Se-doped films, as compared to S-doped films. The 
defect density165 was compared with intrinsic and  
p-doped a-Si:H films and the comparisons are shown 
in Fig. 7. 
 
4 Conductivity 

 The conductivity is a macroscopic quantity, which 
represents an average property of the carriers as they 
move from one site to another. The carriers (electrons 
or holes) in extended states are conducting, and in 
localized states are non-conducting. The conduction 
mechanism involves the transfer rate, scattering and 
trapping processes, as well as the appropriate average 
over the distribution of states. The conductivity is the 
product of the carrier density and the carrier 
mobility166: 
 

neσ= µ  …(4) 

 
 The total conductivity at a finite temperature can be 
written as: 

 
 

Fig. 6 — Refractive index versus bandgap for various 
semiconductor materials. Reproduced with permission from the 
authors of Ref. 107; Copyright 2002, WILEY-VCH Verlag GmbH 
& Co. KGaA 
 

Table 3 — Comparison of optical constants: absorption 
coefficient (α), bandgap (Eg) and Refractive index (n) for 
similar doped a-Si, Se:H and a-Si,S:H films and other dopants 
in a-Si:H 

 
S. No. Films Absorption 

coeff. 
α (eV) 

Bandgap 
Eg (eV) 

Refractive  
Index 

(n) 
 

1. a-Si:H >1000 1.70 4.30 
2. a-Si,S:H 2037.80 1.79 2.58 
2. a-Si,Se:H 3527.35 1.96 2.98 
3. a-Si,P:H  1.81  
4. a-Si,C:H  1.95  
5. a-Si,Ge:H  1.52  

 

 
 

Fig. 7 — Defect density of intrinsic and doped a-Si:H thin films 
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( )
E

f E
dE

E

∂
σ= σ

∂�  …(5) 
 

where σE is the conductivity for states with energy E 
and f(E,T) in the Fermi-Dirac distribution function is 
given by: 
 

( )
( )F

1

1 exp /
f E

E E kT
=

+ � − �� �
  …(6) 

 

 The integral contains contributions from electron 
transport above Fermi level (EF) and hole transport 
below EF. Using the relationship: 
 

( )
( )

( )1 f Ef E
f E

E kT

� − �∂ � �= −
∂  …(7) 

σ, can be written as: 
 

( ) ( ) ( ) ( )1e N E E f E f E dEσ = � µ � − �� �  
 

where, µ(E) and N(E) are the mobility and density of 
states, respectively at an energy E.  
 

4.1 Thermal Equilibration Temperature (TE) and Barrier 

Energy (EB) 

 The equilibration of the material represents a 
considerable simplification on our understanding of  
a-Si:H, because thermodynamic models can be used 
to predict the electronic properties. It may seem 
surprising to apply thermal equilibrium concepts to 
amorphous silicon, because the amorphous phase of a 
solid is not the equilibrium phase. However, a subset 
of bonding states may be in equilibrium, even if the 
structure as a whole is not in its lowest energy state. 
The attainment of equilibrium is prevented by 
bonding constraints on the atomic structure. 
Equilibrium is calculated from the formation energies 
of the various states by minimizing the free energy. 
The kinetics are described by a relaxation time, τR, 
required for the structure to overcome the bonding 
constraints. τR is associated with an energy barrier, 
EB, which arises from the bonding energies, and is 
shown in Fig. 8 (c) by a configurational coordinate 
diagram. The lower energy well may represent the 
fully coordinated network, and the higher energy well 
dangling bond defects. The energy difference is the 
defect formation energy, Ud, and determines the 
equilibrium defect density. The equilibration time, on 
the other hand, is given by the barrier height166: 
 

1 BexpR o

E

kT

− � 	
τ = ω 
 �

� 

 …(8) 

 A larger energy barrier obviously requires a higher 
temperature to achieve equilibrium in a fixed time. 
The formation energy U and the barrier energy EB are 
often of very different magnitudes. Figure 8(a) shows 
the energy barrier, which exhibits high temperature 
equilibrium and a low temperature frozen state. The 
temperature, TE, at which freezing occurs was 
calculated from Eq. (1) by equating the cooling rate 
with dT/dτR: 
 

2
o E B

E
C B

ln
k T E

T
R E k

� 	ω
=
 �

� 

 …(9) 

 

where RC is the cooling rate. An approximate solution 
to Eq. (2) for a freezing temperature in the vicinity of 
500K is: 
 

( )
B

E
C

=
30 ln

E
k T

R−
 …(10) 

 

 Below TE, the equilibration time is observed as a 
slow relaxation of the structure towards the 
equilibrium state107,166. Figure 8(b) shows the typical 
Arrhenius plot of Se-doped a-Si:H films for the 
highest and lowest dopant concentrations. It is seen 
from Fig. 8(b) that the conductivity is a function of 
thermal history i.e. rate of cooling of the samples 
below a certain temperature, known as the thermal 
equilibration temperature (TE). The conductivity is 
found to be activated above TE. It is observed from 
Fig. 8(b) that the room temperature conductivity 
varies by an order with the cooling rates. The 
conductivity was enhanced by quenching the samples. 
The barrier energy, EB as a function of cooling rate, 
RC is calculated by Eq. (3). The variations of EB 
versus doping ratio for different Se and S doping 
concentration and cooling rates (slow and rapid 
cooling) are shown in Fig. 8(d). This shows that the 
barrier energy for slow cooled films is slightly higher 
than for rapid cooled films. 

 
4.2 Mayer-Neldel rule 

 The Meyer-Neldel Rule (MNR) is an exponential 
relation between the activation energy and the  
pre-exponential factor, for the measurement of 
conductivity with temperature106,167. It has been 
observed in a large range of materials from 
amorphous/crystalline semiconductors106,168,169, to 
organic solids170-173. Thermally activated conductivity, 
σ, via extended states in a-Si:H can be described 
experimentally by the Arrhenius equation:  
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aexpo

E

kT

−� 	
σ = σ 
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� 

 …(11) 

 

where σo is the conductivity prefactor, Ea the 
activation energy, k the Boltzmann constant and T is 
the absolute temperature. The Meyer-Neldel Rule 
proposed that167: 
 

a
o oo

MN

exp
E

E

� 	
σ = σ 
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� 

  …(12) 

 

where σoo and 1/EMN are the MNR prefactor and the 
MNR slope, respectively174,175. The observed values 
for the characteristic energy EMN in various materials 
and processes175 have been measured to be between 
25 and 100 meV. A combination of Eqs (1 and 2) 
gives a general expression for σo as: 
 

oo a
MN

1 1
exp E

E kT

� �� 	
σ = σ −� �
 �

� �� 
� �
 …(13) 

This implies a single crossing point for the different 
activation energies at an isokinetic temperature TMN 
determined by the MNR, TMN=EMN/k. At this 
temperature, σ is independent of the activation 
energy. Different models have been applied for 
explaining the Meyer-Neldel rule, which includes the 
density of states (DOS) model, which is related to a 
systematic change in DOS in the mobility gap and 
statistical shift of Fermi energy EF(T), and is 
responsible for the application176-178of MNR. In a plot 
of ln(σ) versus inverse temperature, the curves of 
different doped samples should show one common 
intersection at TMN. It is found that the Arrhenius plot 
deviates from a linear behaviour in the form of 
continuous bending176-181. The origin of the non-
linearity varies from experiment to experiment. Yoon 
and Lee182 argued that statistical shift of Fermi level 
can cause the bending. The conductivity due to 
variable range hopping of electrons between localized 
states as proposed by Mott183, is given by: 

 

 
Fig. 8 — (a) Schematic illustration of thermal equilibrium model, (b) Arrhenius plots for slow and rapid cooling of the systems,  
(c) schematic illustration for energy barrier model, and (d) barrier energy versus doping gas ratios of Se and S-doped a-Si:H thin films. 
Figs. 8(b) and (d): reproduced with permission from the authors of ref. 108; Copyright 2003, Taylor & Francis Ltd 
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where σho and Ta have been given by Hill et al., as: 
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where vph is the photon frequency at Debye 
temperature (~10+13 s−1), k Boltzmann’s constant, 
N(EF) is the density localized states for electrons, α  
the range of the wave function localized state and λ is 
a dimensionless constant (~16). Several researchers 
have found184,185 a linear dependence of ln(σ) versus 
T

−1/4 at low temperature (300-370 K), indicating that 
variable range hopping conduction of localized 
electrons in Se and S-doped a-Si:H thin films occurs 
in this range of temperature. Two other Mott’s 
parameters, hopping distance R, and the average 
hopping energy W, can also be evaluated using the 
relation as: 
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k T N E
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 …(17) 

 

3
F

3

4 ( )
W

R N E

� 	
= 
 �

π� 
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 A good linearity between ln(σT
1/2) and T

−1/4 plots 
confirms Mott’s equation for any given data, and for 
VRH to be the Mott’s constants, αR > l and W > kT 
must be fulfilled.  
 The electrical conductivities of Se and S-doped  
a-Si:H thin films have been analyzed as a function of 
temperature and dopant concentration. The MNR has 
been found to be satisfied for thermally activated 
conductivities in Se and S doped a-Si:H films. It is 
also observed that there exists a strong correlation 
between the MN conductivity prefactor and activation 
energy. The origin of this correlation can be attributed 
to the statistical shift of the Fermi energy in band gap. 
The characteristic energy EMN (= kTMN) for Se and  
S-doped a-Si:H films is 54 meV and 50 meV, 
respectively. This corresponds to a characteristic 

temperature of 616 and 591 K, respectively, where the 
conductivity data becomes independent of dopant 
concentrations106. The conductivity due to variable 
range hopping of electrons between localized states at 
low temperature has been observed for all 
compositions of the films and is described in Table 4. 
 

5 Photoconductivity 

 Photoconductivity (PC) plays a dominant role to 
study the hydrogenated amorphous silicon (a-Si:H), 
because of optoelectronic device applications142,186. 
This is the increase in electrical conductivity of a 
photosensitive material when it is exposed to 
electromagnetic radiation. This occurs when carriers 
are optically excited from non-conducting to 
conducting states. Certain crystalline/amorphous 
semiconductors, such as silicon (Si), germanium (Ge), 
lead sulphide (PbS), and cadmium sulphide (CdS) and 
the related semi-metal selenium (Se), are strongly 
photoconductive. The study of photoconductivity in 
hydrogenated amorphous silicon (a-Si:H) is a 
valuable tool for achieving a good understanding of 
the recombination processes and for obtaining basic 
information on the localized states that control the 
recombination of free carriers in this material. The 
photoconductive effect is the result of several 
processes whereby photons cause electrons to be 
ejected from the valence band and injected into the 
conduction band as shown in Fig. 9. The parabolic 
curves are shown in the schematic illustration which 
represent the conduction band (EC), metastable band 
(EM) and valance band (EV). During illumination, the 
electrons are excited, and reach the conduction band 
edge, as represented by the optical absorption (∆EOpt) 
in the diagram.  
 The numbers of conduction electrons and holes 
increase simultaneously, and the effect is called 
intrinsic photoconductivity. When electrons from a 
filled band are injected into vacant impurity levels, 
the number of holes increases; this effect is referred to 

Table 4 — Mott’s parameters for Se and S-doped hydrogenated 
amorphous silicon films (Ref.2) 

 
Gas Ratio Sample N(EF) α R W 

 

6.8×10−7 1.248×1027 3.510×1010 7.494×10−10 0.454 

1.1×10−5 1.965×1022 7.364×108 3.127×10−8 0.397 

 
H2S/SiH4 

1.0×10−4 6.508×1020 2.365×108 9.738×10−8 0.397 

1.0×10−4 2.217×1021 3.539×108 6.480×10−8 0.396 

1.0×10−3 2.344×1013 7.768×105 2.953×10−5 0.396 

1.0×10−2 6.596×1019 7.044×107 2.336×10−7 0.284 

 
H2S/SiH4 

1.0×10−1 0 7.342×10−15 6.990×1014 0.089 
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as p-type extrinsic photoconductivity. If electrons are 
ejected from impurity levels and injected into the 
conduction band, the effect is known as n-type 
extrinsic photoconductivity. The combined excitation 
of intrinsic and extrinsic photoconductivity is also 
possible. Such combined excitation is called exciton-
induced photoconductivity, and occurs when the 
excitation of intrinsic photoconductivity leads, as a 
result of the ensuing processes of carrier trapping to 
the occupation of impurity centers, and consequently 
to the occurrence of extrinsic photoconductivity. 
 
5.1 Steady-State Photoconductivity 

 Steady state photoconductivity measurements give 
information about the nature of defects, mobility-
lifetime products and the transport and recombination 
kinetics of photogenerated carriers. Since the states 
between quasi-Fermi levels act predominantly as 
recombination centres, steady state photoconductivity 
is sensitive to both the density and the nature of these 
states. Steady state photoconductivity involves three 
mechanisms: (i) Absorption of photons by the 
material, and generation of free electron-hole pairs. 
(ii) Separation of electrons and holes, and transport of 
the mobile photo-generated carriers. (iii) 
Recombination of excess free electrons and holes via 
recombination centers, which are located between the 
quasi Fermi levels for electrons and holes, 
respectively186-191.  
 Under the action of absorbed light, the densities of 
charge carrier electrons (n) and holes (p) increase, as 
compared with their values at thermal equilibrium. If 
no and po denote the equilibrium densities of electrons 
and holes, then, in the presence of photo-excitation, 
the bulk conductivity contains two components: the 
dark conductivity (for an n-type sample) and µn, is the 
electron mobility in the conduction band (extended 
states for electrons). 

oσ=σ + ∆σ , where, o nneσ = µ  …(19) 
 
 The excess conductivity or photoconductivity can 
be expressed as:  
 

n p( )e n p∆σ = ∆ µ + ∆ µ  …(20) 
 

where ∆n is the additional photo-excited electron 
density, with charge e and mobility µn. Similarly, ∆p 
is the additional photo-excited hole density with 
mobility µp. At low temperature, the value may be 
considerably higher than the equilibrium value.  
 
5.1.1 Temperature dependent photoconductivity 

 The exposure of intrinsic and extrinsic a-Si:H films 
to white light at an intensity of about 100 mW cm-2 
for several hours (light soaking) induces changes in 
the temperature dependence of the photo-
conductivity105,192-194. The actual photoconductivity 
(σph) of a-Si:H thin films at room temperature can be 
calculated by this relation: 
 

ph ill dcσ = σ − σ  …(21) 
 

where σill→ conductivity measured during 
illumination, σdc → conductivity measured in darkness, 
which can be measured directly by using the relation 
given in Eq. (21). The parameters used for calculation 
are shown in Fig. 4. 
 The temperature dependence of photoconductivity 
of a-Si:H thin films for the conduction mechanism is 
assumed to be: 
 

�



	


�

�
−=

kT

Ea
o expσσ  …(22) 

 
where Ea is the temperature independent activation 
energy and σo is the pre-exponential factor for 
conductivity. Typical temperature dependence of 
photoconductivity of a-Si,Se:H and a-Si,S:H thin 
films105 is shown in Fig. 10. 
 The σph of S-doped a-Si:H films was lower than the 
σph of Se-doped a-Si:H films as compared at a similar 
dopant concentration (H2Se/SiH4 and H2S/SiH4 =  
1 × 10−4). At room temperature, the σph was much 
higher than the dark conductivity at each of the 
dopant concentrations, due to light soaking. The light 
soaking introduced effective recombination centers 
other than the normal dangling bond (DB), with 
relatively low concentrations. The recombination 
induced weak bond breaking with successive 

 
 

Fig. 9 — Schematic configuration coordinate diagram for the 
energy bands, ground state and excited states 
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hydrogen mediated separation of the DB. It is clear 
that the DB separation process becomes less effective 
at lower temperatures. The temperature dependence of 
σph for Se and S-doped a-Si:H films is also similar to 
that observed for p-doped films195. The activation 
energy in photoconduction decreased from 0.31 to 
0.23 eV, as the gas ratio (H2S/SiH4) of S-doped films 
increased from 6.8 × 10-7 to 1.0 × 10-4. The activation 
energy decreased from 0.21 to 0.20 eV, as the gas 
ratio (H2Se/SiH4) of Se-doped films increased from 
10-4 to 10-3; and then increased to 0.28 eV, as the gas 
ratio increased to 10-1. Thus the σph is found to be 
activated in the temperature range 27°-200°C. For 
higher dopant concentration, H2Se/SiH4 = 10−1, σph 
was observed to be lower than the dark conductivity 
for a temperature greater than 170°C. As the Fermi-
level in n-type a-Si:H is located above the position of 
Do states (neutral dangling bonds, which is equal to 

o
o otN n N≈ + , where o

oN  is the concentration of Do in 
the dark and nt is the concentration of electron trapped 
by the conduction band tail states196,197, which seems 

to be determined by o
oN ), o

oN  would be increased 

with respect to temperature and correspondingly σph 
would be decreased. 

 
5.1.2 Intensity dependence of photoconductivity 

 Intensity dependence of photoconductivity is one  
of the properties of the steady-state photoconductivity 
of semiconductors and is dependent on the intensity 
of the illumination. Intensity dependence of 

photoconductivity105,186,198, σph, is directly related to 
the intensity of illumination, F, as given below:  
 

ph F
γσ ∝  …(23) 

 

where the exponent γ is equal to either 1, 
corresponding to monomolecular recombination 
mechanisms, or 0.5, corresponding to bimolecular 
recombination. However, as in many amorphous 
semiconductors, particularly a-Si:H, γ is a constant 
and intermediate values of the exponent γ are found 
i.e. 0.5 ≤ γ ≤ 1. It is defined differentially as: 
 

( )
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phln
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d

d G

σ
γ =  …(24) 

 
 The dependence of the photoconductivity on the 
excitation intensity is a well-known fact in crystalline 
solids186. Consider a simple model of a semiconductor 
with only one type of recombination center. If an 
excess electron density ∆n is established by light 
excitation, then, assuming the material to be intrinsic 
(no=po) and that charge neutrality exists (∆n = ∆p), 
one has: 
 

( ) ( )[ ]2
onorn nCnnNCG

dt

nd
−∆+−=

∆
 …(25) 

 
where no is the density of thermal carriers available to 
recombine with the excess carriers, Cn the  
capture coefficient and Nr is the concentration  
of the recombination centers. In the steady state, 
d(∆n)/dt = 0, and 
 

( )nnnCG on ∆+∆= 22  …(26) 

 
This relation gives a direct insight into the 
dependence of ∆n on the generation rate, and 
consequently on the light intensity, which is 
proportional to G. In the regime no>>∆n (this 
condition is satisfied if the resistivity is small or for 
low illumination intensities), 
 

( )
n o

monomolecular
2

G
n

C n
∆ =  …(27) 

 
and the photocurrent varies linearly with the 
excitation intensity. When no << ∆n, 

 
 
Fig. 10 — Photoconductivity versus inverse temperature of  
Se-doped for the gas ratio from H2Se/SiH4=10−4 to 10−1, and  
S-doped for the gas ratio from H2S/SiH4=6.8×10−7 to 1.0×10−4, 
and the dark conductivity for Se-doped, H2Se/SiH4 = 10−1, a-Si:H 
thin films. Reproduced with permission from the authors of  
ref. 105; Copyright 2009, Elsevier 
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and the photocurrent is proportional to the square root 
of the light intensity. This case applies to low 
temperature and high excitation, when the 
photoconductivity exceeds the dark conductivity. 
 The typical intensity105 dependence of σph of Se and 
S-doped a-Si:H thin films is shown in Fig. 11. The σph 
as a function of the intensity of the exciting light is 
very similar to that commonly observed in a-Si:H, 
which is observed to obey a power-law relation,  
Eq. (6). The value of γ is found to be ≈ 0.75 for the 
gas ratio H2Se/SiH4 = 10−4 to 10−3, indicating a 
mixture of monomolecular and bimolecular 
recombination mechanisms and from the gas ratio 
H2Se/SiH4=10−3 to 10−1, decreases to 0.51, indicating 
the bimolecular mechanism. This is consistent with 
the results that heavily doped samples are more 
resistive, and so bimolecular recombination is 
predominant in these films. For the S-doped films, γ 
has been found to be ≈ 0.73 as the gas ratio 
(H2S/SiH4) increased from 6.8×10−7 to 1.0×10−4, 
indicating a mixture of monomolecular and 
bimolecular recombination mechanism. The 
illumination was performed at room temperature, with 
IR-filtered white light whose intensity was  
100 m-watt/cm2. The photosensitivity (σph/σd) of  
a-Si,Se:H films decreased as the gas ratio H2Se/SiH4 

increased from 10-4 to 10−1. The photosensitivity of  
a-Si,S:H films increased as the gas ratio H2S/SiH4 
increased from 6.8×10−7 to 1.0×10−4.  

5.2 Transient Photoconductivity 

 The transient photoconductivity is determined by 
using time dependence of the photocurrent, which is 
the carrier excitation of a short pulse of illumination 
in samples with a coplanar electrode configuration. 
There are three generic aspects of transient 
photoconductivity: carrier photo generation, carrier 
mobility and carrier recombination processes. This is 
also well suited for lifetime analysis of 
amorphous/crystalline semiconductor material, since 
p-n junction formation is not required199-202. The 
transient photoconductivity of polymers or organic 
semiconductors implies the existence of a well-
defined internal field: carrier sweep-out, which is 
proportional to the magnitude of the internal field and 
limited by the carrier mobility203-205. 
 
6 Persistent Photoconductivity 

 Persistent photoconductivity (PPC) is a photo-
induced conductivity or excess conductivity in 
semiconductor materials, which persists for a period 
after the termination of the illumination. It can also be 
defined in terms of the defect clusters developed 
during illumination in semiconductors, which may 
cause persistent photoconductivity. This can provide 
valuable information about the metastability of 
impurities, the mechanisms for carrier storage and 
relaxation, and the transport properties in disordered 
systems. It is important for electronic and photonic 
device applications to find out the cause of PPC in a 
semiconductor system206,207.  
 
6.1 Observation of persistent photoconductivity 

 There has been a considerable amount of 
experimental and theoretical efforts directed towards 
the understanding of persistent photoconductivity, 
which has been observed in a variety of 
semiconductors, for example, hydrogenated 
amorphous silicon208-210 (a-Si:H), rough silicon 
membrane211 nanostructured212-214 ZnO, III-V 
compound semiconductors215-217, SrTiO3/LaAlO3 
heterostructures218, chalcognides219,220, quaternary 
alloys221-223, and so on. The PPC has been investigated 
by various models, among which the Large-Lattice-
Relaxation model, Macroscopic Barrier model, and 
Random Local Potential Fluctuations model are the 
most well-known for the explanation of PPC in 
semiconductor thin films224,225. The large lattice 
relaxation model involves photoexcitation of electrons 
from deep-level traps (DX centers), which endure a 
lattice relaxation, to shallow effective-mass 
states226,227. An electron-capture barrier is created by 

 
 

Fig. 11 — Intensity dependence of photoconductivity of Se- and  
S-doped a-Si:H thin films for various dopant concentrations. 
Reproduced with permission from the authors of Ref. 105; 
Copyright 2009, Elsevier 
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lattice relaxation, preventing recapture of electrons by 
DX centers. At low temperatures, thermal energy is 
not enough to defeat the capture barrier, and the 
electrons remain in the shallow states, resulting in 
PPC. Another model for PPC is the spatial separation 
of photo-excited electrons and holes by macroscopic 
potential barriers, due to band bending at surfaces or 
interfaces228. The last model to describe PPC is the 
random local-potential fluctuation (RLPF) model. In 
this model, the spatial separation between photo-
excited charge carriers by random local-potential 
fluctuations induced by compositional fluctuations229 
is responsible for PPC. 
 

6.2 Persistent photoconductivity effect 

 The PPC effect has been observed in undoped,  
n-type and p-type a-Si:H thin films, as well as in other 
materials. Kakalios et al

230. detected excess 
conductivity after a brief light exposure at room 
temperature. This effect might be attributed to the 
spatial separation of photo carriers by the pn junction 
fields, which was electronic or optical tuning, and is 
dependent on the magnitude of the internal electric 
fields. Choi et al

231. verified that the PPC can 
disappear after annealing at 500°C, i.e. the deep traps 
defect can be removed completely. PPC creation 
could also be related to sample inhomogeneity. 
Hamed99 explained the PPC effect in p-n multilayers 
of a-Si:H. The equilibrium Fermi level of the 
multilayers was observed closer to the conduction 
band in the depletion zones of the n-type regions, 
causing an increase in the conductance, due to the 
excess carrier concentrations generated by light, 
rather than to the field-separated photocarriers. The 
results indicated that the depletion zones of a 
multilayer, where the Fermi level lies closer to mid-
gap, have a lower concentration of defects, and 
perhaps a higher doping efficiency, than the bulk or 
non-depleted zones.  
 Wang et al

95. found a persistent photoconductivity 
(PPC) in a-Si,S:H films, whose effect on both the 
conductivity and photoconductivity is opposite to the 
Staebler-Wronski effect. Therefore, it was expected 
that the presence of the PPC effect might increase the 
stability of the materials and devices. Wang et al

232. 
added S impurities to a-Si:H thin films, which 
increased the dark conductivity and decreased the 
activation energy. In the case of low dopant 
concentration (less than 10-3), the photoconductivities 
are about 10−3 Ω−1cm−1 under one-sun light intensities. 
Taylor233 detected deleterious metastabilities, which 
were known loosely and collectively as the Staebler-

Wronski effect by the addition of chalcogen elements 
(S and Se) into a-Si:H. S-and Se-doped a-Si:H films, 
which resulted in a decrease of the degradation of 
conductivity and photoconductivity. Mehra et al

120. 
observed that the PPC at room temperature increased 
with increasing illumination. Photodegradation results 
indicated that a-Si,Se:H films would be more stable 
than a-Si,S:H films, as the compensation of the 
photodegradation due to PPC is larger in the case of 
Se-doped films. Sharma et al

105. also investigated 
similar phenomena for both Se and S-doped a-Si:H. 
The typical Arrhenius plot of a-Si,Se:H films for the 
particular doping gas ratio H2Se/SiH4 = 10-3 with 
different illumination time, showed that the 
conductivity increased and activation energy 
decreased as shown in Fig. 12. 

 
7 Annealing of a-Si:H 

 The stability of amorphous silicon alloys with 
respect to heating and light soaking is of considerable 
scientific and technological interest234-236. Annealing 
and outgassing of a-Si:H appears to remove many of 
the defects and structures that are responsible for the 
low efficiencies and poor stability of amorphous 
silicon solar cells. Heating also reduces the hydrogen 
concentration of the films, and this could be a 
disadvantage for photovoltaic performance, unless  
the dangling bonds are also removed in the process,  
or by subsequent annealing143. These effects, 
therefore, require further investigation as a possible 
means of improving the performance of a-Si:H solar 
cells.  

 

 
Fig. 12 — Typical Arrhenius plots for excess conductivity with 
various illumination times. Reproduced with permission from the 
authors of ref. 105; Copyright 2009, Elsevier 
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8 Conclusions and Future Prospects of Se and  

S-doped a-Si:H 

 The dopant concentration in silicon was observed 
to increase with increasing doping gas ratios in 
chamber during depositions. A smaller bandgap was 
observed in the case of the a-Si,Se:H films with a 
similar gas ratio, this may be because of larger 
binding energy of the Si-S bond than that of the Si-Se 
bond. The absorption coefficient and extinction 
coefficient are higher, in the case of Se-doped a-Si:H 
films. Therefore, better optoelectronic properties for 
Se-doped a-Si:H can be obtained for a lower doping 
concentration of Se, as compared to S-doped samples, 
which is a great advantage. The defect density in  
Se-doped films was smaller than that for S-doped 
films for the same dopant gas ratio. 
 The barrier energy for slow cooled films is slightly 
higher than for rapid cooled films. The MNR has been 
found to be satisfied for thermally activated 
conductivities in Se and S doped a-Si:H films. The 
origin of this correlation can be attributed to the 
statistical shift of the Fermi energy in band gap. The 
conductivity due to variable range hopping of 
electrons between localized states at low temperature 
has been observed for all compositions of the films. 
 Light incident on a-Si:H causes metastable Si 
dangling bond (DB) defects to form with the result of 
increased carrier trapping and decreased 
photoconductivity. Much theoretical and experimental 
effort has been put into understanding the SWE, but a 
comprehensive explanation has yet to be achieved. 
The photoconduction in hydrogenated amorphous 
silicon (a-Si:H) is sensitive to doping concentration 
such as chalcogens (Se and S). Doping can also have 
an effect on the temperature dependence of 
photoconductivity, as well as on dc dark conductivity. 
The photosensitivity of a-Si,Se:H films decreased as 
the gas ratio increased, while the photosensitivity of 
a-Si,S:H films increased as the gas ratio increased. 

 Remarkable progress and improvement in the 
optical and electrical properties of double donor (Se 
and S) hydrogenated amorphous silicon thin film 
should be considered as an alternative to wide band 
gap materials for the absorbing layers in 
optoelectronic devices. Values of the optical and 
electrical parameters are the highest achieved for  
a-Si,Se:H and a-Si,S:H thin films, as compared with 
pentavalent element-doped a-Si:H films. It is expected 
that during illumination, the excess electron will 
contribute in the conduction to the electron collecting 
electrode.  
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