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ABSTRACT 

 

The opto-electronic properties of amorphous/nanocrystalline hydrogenated silicon (a/nc-

Si:H) mixed-phase thin films are investigated.  Small crystalline silicon particles (3-5 nm 

diameter) synthesized in a flow-through reactor are injected into a separate capacitively-

coupled plasma (CCP) chamber where mixed-phase hydrogenated amorphous silicon is 

grown by Plasma Enhanced Chemical Vapor Deposition (PECVD) deposition techniques. 

This dual-chamber co-deposition system enables the variation of crystallite concentration 

incorporated into a series of a-Si:H films deposited simultaneously. The structural, 

optical and electronic properties of these mixed-phase materials are studied as a function 

of the silicon nanocrystal concentration. That is, we compare a sequence of films 

deposited in a single run, where the location of the substrate in the CCP chamber 

determines the density of embedded nanocrystals. Raman spectroscopy is used to 

determine the volume fraction of nanocrystals in the mixed phase thin films. At a 

moderate concentration of silicon crystallites, the dark conductivity and 

photoconductivity are consistently found to be up to several orders of magnitude higher 

than in mixed phase films with either low or heavy nanocrystalline inclusions. These 

results are interpreted in terms of a model whereby for low nanocrystal concentrations 

conduction is influenced by the disorder introduced into the a-Si:H film by the inclusions, 

while at high nanocrystal densities electronic transport is described by a heterojunction 

quantum dot model.  The thermopower of the undoped a/nc-Si:H has a lower Seebeck 

coefficient, and similar temperature dependence, to that observed for undoped a-Si:H.  In 

contrast, the addition of nanoparticles in doped a/nc-Si:H thin films leads to a negative 

Seebeck coefficient (consistent with n-type doping) with a positive temperature 

dependence, that is, the Seebeck coefficient becomes larger at higher temperatures.  The 

temperature dependence of the thermopower of the doped a/nc-Si:H is similar to that 

observed in unhydrogenated a-Si grown by sputtering or following high-temperature 

annealing of a-Si:H, suggesting that charge transport may occur via hopping in these 

materials. 

   



   

iii 

 

 

Dedication 

 

I dedicate this thesis to my daughter. To her, I just want to say: “Pursue your dream and 

conquer your goals.” 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

iv 

 

 

 

Table of contents  iv   

Acknowledgements        i 

Abstract         ii 

Dedication         iii 

List of Tables         vi 

Lists of figures        vii 

1 INTRODUCTION        1 

2 Materials Preparation       8 

2.1 Sample preparation      8 

2.2 Structural characterization     10 

2.2.1 Transmission Electron Microscopy   10 

2.2.2 Tapping mode AFM     13 

2.2.3 Infra-Red Spectroscopy    16 

2.2.4 Raman spectroscopy     19 

2.2.5 Profilometry      26 

3. Opto-Electronic Characterization Techniques    28 

3.1 Dark conductivity      28 

3.2  Photoconductivity      30 

3.3 Thermoelectric effect      32 

            3.4   Comparisons of the Thermopower and Dark Conductivity 39 

 3.5 Optical Absorption Coefficient by the Constant   41 



   

v 

 

 Photocurrent Method (CPM)   

3.5.1 Optical Absorption Coefficient   42 

3.5.2 Optical Gap      43 

3.5.3 Urbach Slope      44 

3.5.4 Defect Density      46 

3.5.5 Measurement Procedure    46 

4. Results         47 

4.1 Undoped hydrogenated amorphous/nanocrystalline  51 

 silicon  

    4.1.1 Dark conductivity     51 

4.1.2 Photoconductivity     53  

4.1.3 Thermopower in undoped a-Si and    55 

mixed phase a-Si    

4.1.4 Optical Absorption Coefficient – Constant  59 

 Photocurrent Method 

4.2  Doped hydrogenated amorphous/nanocrystalline  61  

silicon 

5- Discussion         67 

6- SUMMARY        77 

7- REFERENCE        79 

 

 

 

 



   

vi 

 

 

List of tables         Page 

1: Activation energy values obtained from conductivity and thermopower  58 

 measurements of undoped and doped a-Si:H films. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

vii 

 

 

List of Figures                                                                          Page 

 

1. The amorphous phase lacks the long range in crystalline phase   2 

and continuous random network in gas phase . 

2. Hydrogen passivated mid-gap dangling bond defect states.   5 

3. The dual chamber produces the nanoparticles in the particles   8 

synthesis reactor at high pressure, then injected into the  

second chamber. The a/nc-Si films are deposited at a  

lower pressure onto three glass substrates. The concentration  

of silicon nanocrystals in the films depends on the substrate  

position relative to the particle synthesis reactor’s injection tube. 

4. a-TEM images shows only the amorphous film with the particle  12 

 reactor turned off 

b- When the particle reactor is turned on, we see that the    12 

nanoparticles in the amorphous matrix 

5. AFM is a surface probe technique. It operates in Tapping mode   13 

when the tip oscillates with respect to the sample or in contact mode  

 where the tip in constant contact with the film. 

6. The particles synthesized in the particles reactor, injected in   14 

the second chamber, are driven by gas convection towards the substrates  

labeled A, B and C. The AFM image shows that highest  

nanoparticles concentration is in the sample at the position C  and the  



   

viii 

 

least at the position A. The size of the particles is 3-5 nm. 

7. Infrared absorption spectra of the mixed-phase films as function   19 

of crystalline concentration .The curves are offset vertically for clarity. 

8. An example of the Raman data collected for one set of samples  22 

 grown simultaneously at the position A, B, C. The sample C (red graph) 

 shows the crystalline signal, the sample C (blue graph) displays  

a small crystalline intensity while A (green graph) has only the amorphous 

 peak. 

9. Deconvolution of the Raman spectra with 4 or 5 Gaussian peaks and  23 

a linear baseline, with an algorithm based on the Levenberg-Marquardt  

method. The thin line corresponds to the fitting. 

10. Raman absorption spectrum of a/nc-Si:H films as a function of  25 

 nanocrystalline concentration. The curves are offset vertically for clarity.  

11. The Microstructure fraction grows as the concentration of    26 

the silicon nanocrystallites embedded in the films increase. 

12. The sample thickness is determined by moving a sensitive diamond  27 

tipped stylus over the substrate and then onto the surface of the thin film 

 coating. The jump of the measurement tip determines the thickness 

 of the film.The net flow of the charged carriers is oriented in the  

cold end direction. At equilibrium, the built-in voltage is proportional  

to the temperature gradient applied to the material. 

13. The net flow of the charged carriers is oriented in the cold    32 

direction .At equilibrium , the built-in voltage is proportional 



   

ix 

 

 to the temperature gradient applied to the material. 

14.  Sketch of the electrode configuration for a thermopower measurement.  36 

The thermopower S is measured between the two upper leads.  

 The conductivity measurement is done with the lower electrical leads. 

15. The temperature pattern used for the thermopower measurement,  37 

for example at the average set temperature Tave = 100
o
C, the two  

heaters   generate a temperature gradient of -8,-4, 0, +4 and +8K. 

16. The linear fitting of the voltage induced vs. the temperature shows  38 

 a thermopower S=-.605mV/K.The negative sign of the slope means  

the majority of the charge carriers are electrons. 

17. Compare thermopower and conductivity to characterize influence  41 

 of long-range disorder in the doped films 

18. Density of states of amorphous silicon with different regions of  43 

 contribution to the absorption coefficient )hv(  

19. The absorption coefficient )hv( provides the concentration   44 

of the dangling bonds in the films and the degree of disorder in 

 the amorphous films. 

20. The set up of the CPM experiment. The lock-in connected to   49 

the chopper helps reduce the noise in the measurement.  

The monochromator attached to a step motor changes the 

 wavelength while the operator controls the power of the Xenon  

lamp to maintain the constant current. 



   

x 

 

21. Arrhenius plot of the dark conductivity of thin film before    52 

(filled symbol) and after light exposure (open symbol). 

22. The highest conductivity is always in the films with the sample   52 

with intermediate nanocrystalline concentration around 2-4%. 

23. Photosensitivity plot against the crystallinity decreases with   53 

increasing silicon nanoparticles concentrations in the films. 

24. The dark conductivity ratio is usually close to unity. The films  55 

 with silicon nanoparticles inclusion increase the resistance of the 

 films to the light induced defects in the samples. 

25. Arrhenius plot of the dark conductivity (Fig. 24a) and of   57 

 the temperature dependence of the thermopower (Fig. 24b) 

 for undoped a-Si:H and mixed-phase a/nc-Si:H films,  

deposited in a dual chamber co-deposition system for films  

containing 1% and 18% crystalline fraction, as  

determined by Raman spectroscopy measurements. 

26. Plot of the optical absorption vs. photon energy for the films   60 

deposited in the same condition show the high concentration  

(open triangle) with the highest density  of defects compared to  

the medium (open square) and the lowest concentration (filled cirles) 

27. Arrhenius plot of the dark conductivity (Fig. 26a) and of   63 

 the temperature dependence of the thermopower (Fig. 26b) for 

 n-type doped a-Si:H films as a function of gas-phase doping  

concentration. The filed symbols in the conductivity represent 



   

xi 

 

 the isothermal dark conductivity while the Seebeck conductivity  

is represented by the open symbols. 

28. The dark conductivity activation energy decreases with    64 

nanocrystalline inclusions for a range of doping levels. 

29. The temperature dependence of the thermopower of the doped   66 

a/nc-Si:H is similar to that observed in unhydrogenated sputtered  

 or annealed a-Si films, suggesting that charge transport may occur  

via hopping through localized states in these materials. 

30. Sketch of the energy band diagram proposed for a silicon nanocrsytal,  71 

  surrounded by an a-Si-Hx rich shell within an a-Si:H matrix.  A  

  thermally excited electron (filled circle) in the nanoparticle can easily 

   overcome the 0.2 eV barrier and can be donated to the a-Si:H film,  

  while the corresponding open circle in the silicon nanocrystal can not  

  overcome the larger barrier to be injected into the a-Si:H valence band. 

31. Sketch of the density of states in the upper half of the mobility gap   73 

for a/nc-Si:H mixed phase films.  For low nc density, the Fermi  

energy resides in the middle of the gap, and only a fraction of the 

dangling bond states are occupied (shaded peak in Fig. 31a).  For 

 XC = 0.02 – 0.04 (Fig. 31b), the embedded nanocrystals donate  

sufficient excess electrons to the surrounding a-Si:H matrix that 

 the dangling bond band is fully occupied, shifting the Fermi energy 

 closer to the conduction band edge.  For higher nanocrystal 

 concentrations (Fig. 31c), the number of additional dangling  



   

xii 

 

bonds increases faster than the excess charges donated by the  

nanocrystals, and the Fermi energy again resides in the middle of the gap.



   

1 

 

1. Introduction 

 

 

Hydrogenated amorphous silicon, the prototypical disordered semiconductor, has 

attracted considerable research interest as a test system to investigate the role of strong 

disorder on semiconductor electronic transport.  In addition, the ability to deposit 

amorphous silicon over large areas has made it an attractive material for low cost, large 

area technological applications.  Recent advances in deposition techniques have made 

possible the synthesis of mixed-phase materials consisting of an amorphous 

semiconductor matrix in which nanocrystalline inclusions are embedded.  In this thesis I 

will describe the synthesis and characterization (structural, optical, and electronic) of thin 

film hydrogenated amorphous silicon in which silicon nanocrystallites are embedded.  

The goal of this dissertation is the elucidation of the effect of the presence of the silicon 

nanocrystallites on the opto-electronic properties of these nixed-phase films.  

 

Amorphous silicon lacks the long range order present in the crystalline form of silicon, 

nor can it be described as an equilibrium disordered phase such as a gas, as indicated in 

the cartoon sketch in Figure 1.  There is no translational symmetry seen in crystal, and 

thus one would not expect Bloch states to be present as in crystalline solids. Bands of 

possible states do exist in amorphous solids, described by a generalized tight-binding 

formalism.  There is a large concentration or band of possible energy states that are 

normally occupied at low temperatures (the amorphous analog of the valence band in a 

crystal) and a corresponding band of normally empty states at a higher energy (the 
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conduction band analog).  However, the non-periodic nature of overlapping states results 

in poorly defined band edges, with tails of states extending throughout t the energy region 

separating the filled valence band and empty conduction band.  As there is a continuous 

distribution of states with energy, one does not have band structure with an energy gap in 

the conventional sense as in crystalline solids.  Rather, as the mobility of a charge carrier 

is relatively high in these bands, and much lower in the “localized” band tail states, one 

typically refers to a “mobility gap” in amorphous materials, which plays a similar role as 

the gap in density of states in a crystal.  Throughout this thesis I will refer to conduction 

and valence bands in a-Si:H, but the reader should recall that these “bands” 

  

 

actually denote regions where the mobility of a free charge carrier is higher (by up to 

several orders of magnitude) than when in a band tail state.  

 

The band tail states mentioned above arise from strained silicon-silicon bonds, 

while those atoms which, owing to topological constraints, can only form three covalent 

 

 

 

Figure 1: The amorphous phase lacks the long range in crystalline phase and 

continuous random network in gas phase  
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bonds with neighboring atoms will possess a unterminated or dangling bond atomic 

orbital. These dangling bond states do not have the low energy of bonding orbitals (in the 

valence band) nor the high energy of anti-bonding orbitals in the conduction band.  The 

presence of an unterminated silicon orbital thus introduces a state near the middle of the 

mobility gap, and the higher the density of dangling bonds in the material, the larger will 

be this band of midgap defect states. 

 

         These dangling bond states can be passivated by bonding with hydrogen, which 

forms a strong Si-H bind, removing the defect state from the mobility gap.  Moreover, 

hydrogen can insert into strained Si-Si bonds, forming Si-H binds and relieving strain in 

the network (thereby reducing the density of states in the localized band tails). The 

incorporation of bonded hydrogen into a-Si can reduce the dangling bond density by 

several orders of magnitude, as shown in the density of states as determined by field 

effect measurements in Figure 2.  The resulting structure is more ordered, and has sharper 

band tails and significantly lower density of dangling bond defects, improving the carrier 

concentration and the transport proprieties of the amorphous films.  As amorphous 

semiconductor deposited by the glow discharge decomposition of silane (SiH4) have 

typically ten at. percent hydrogen, these materials are more appropriately described as an 

alloy of silicon and hydrogen, as reflected in the notation a-Si:H for hydrogenated 

amorphous silicon. It is believed that excess hydrogen in the silane plasma also etches the 

growing semiconductor surface with heavy hydrogen dilution eliminating a large part of 

the disordered configuration [1].  
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As it is easy and relatively inexpensive to grow over large areas on a wide variety 

of substrates, a broad range of technological applications, from input scanners to imaging 

devices to thin film displays to photovoltaic devices, employ plasma deposited 

hydrogenated amorphous silicon (a-Si:H). However, extended illumination of 

hydrogenated amorphous silicon (a-Si:H) films to white light leads to decreases of the 

photoconductivity and dark conductivity; the later may exhibit a decay of up to four 

orders of magnitude compared to the dark conductivity before the light exposure. The 

initial state can be restored by annealing above 150 °C.  This process is called the 

Staebler-Wronski Effect after the scientists who first observed this phenomenon in 1977 

[2,3]. This effect reduces the solar conversion efficiency of a-Si:H based photovoltaic 

devices, limiting the effectiveness of this material in this technologically important 

application.  Recent reports that the inclusion of silicon nanocrystallites within the a-Si:H 

matrix yields material with enhanced resilience to light-induced defects formation has 

therefore attracted considerable attention [4].  While the initial interest in nanocrystalline 

inclusions in a-Si:H was motivated by reports of an improved resistance to the Staebler-

Wronski effect (without a corresponding degradation in the opto-electronic properties), 

there are many more applications of mixed-phase semiconductors, including non-volatile 

memories and electroluminescent devices that justify interest in this class of materials.  

 

Initial studies of mixed-phase hydrogenated amorphous silicon containing nanocrystalline  
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silicon inclusions (a/nc-Si:H) were of material synthesized in a single  PECVD chamber 

operated a high silane gas pressure, where silicon particulate formation within the silane 

from Takahashi & Konagi, Amorphous Silicon Solar Cells 

Figure 2: Hydrogen passivated mid-gap dangling bond defect states. 
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plasma occurs [2,5].  The a/nc-Si:H films are  synthesized by increasing gas chamber 

pressure during PECVD film growth, and heavily dilution of  the silane with hydrogen  

controls the size of the particle. A thermal gradient applied across the plasma can control 

the concentration of nanoparticles incorporated into the growing film surface. The 

disadvantages of this technique are: (i) poor control of nanocrystalline particle 

concentrations, (ii) poor quality of films grown owing to the fact that the plasma 

conditions necessary for nanoparticle growth are far from the optimal conditions for high 

electronic quality a-Si:H deposition, and (iii). one can only grow crystalline silicon in an 

amorphous silicon matrix in a single PECVD chamber. To address these limitations, we 

have developed a novel dual chamber co-deposition system for the synthesis of mixed 

phase thin films. 

 

Amorphous silicon films with the lowest dangling bond density and sharpest band 

tails (indicating a low concentration of strained Si-Si bonds) are grown when the plasma 

chamber pressure is about 250 mTorr and the RF power density is approximately 0.03 W/ 

cm
2
, corresponding to a deposition rate of  about 1 – 3 Å/sec.  However, in order to 

synthesize silicon nanocrystallites within the silane plasma, the gas chamber pressure 

must be higher, about 750 – 1000 mTorr and the RF power density at least an order of 

magnitude higher.  In order to prevent the nanoparticulates to agglomerate into larger 

particles, one typically heavily dilutes the silane with hydrogen.  The hydrogen plasma 

etches the silicon surface, keeping the nanoparticles from growing too large. The 

presence of large of silicon crystallites region in the film is associated with grains 

boundaries that affect the electronic proprieties of the films.  Thus, the conditions 
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necessary to form silicon nanocrystallites in the silane plasma are very different from 

those employed to deposit high electronic quality a-Si:H.   This situation motivated the 

construction of a dual chamber co-deposition in Prof. Uwe Kortshagen’s laboratory in the 

Dept. of Mechanical Engineering at the University of Minnesota, described in detail in 

section 2, that can simultaneously accommodate these two deposition conditions. Here 

the nanoparticles are created in the one plasma deposition chamber, and are entrained by 

a convection gas, and are then injected into a second PECVD chamber where the 

surrounding a-Si:H matrix is produced. In this thesis, I describe the transport properties 

of mixed-phase films grown in this dual chamber co-deposition system, as the 

concentration of embedded silicon nanocrystallites is varied, keeping the average 

diameter of the nanoparticles fixed.  The properties of both undoped and n-type doped 

a/nc-Si:H films are reported.   
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    2 Materials Preparation 
 

 

2.1 Sample Preparation 
 

All the films examined in this study were synthesized in a dual-chamber, configured as 

sketched in figure 3. The nanocrystalline particles are produced in the particle synthesis 

reactor, which consists of a 3/8 inch diameter quartz tube with two fitted ring electrodes, 

connected to a 13.56MHz power supply and a matching network. Silane gas diluted with 

 
 

 
 

an inert carrier gas (helium or argon) flows through this tube, and an RF plasma is ignited 

by connecting the metal ring electrodes to an RF power supply and matching network 

 

 

 

Figure 3: The dual chamber produces the nanoparticles in the particles 

synthesis reactor at high pressure, then injected into the second chamber. 

The a/nc-Si films are deposited at a lower pressure onto three glass 

substrates. The concentration of silicon nanocrystals in the films depends 

on the substrate position relative to the particle synthesis reactor’s 

injection tube. 
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(the details of the particle synthesis plasma reactor are described elsewhere [5]).The 

silicon nanocrystals are generated with a silane pressure of 1.5 Torr, an applied RF power 

of 15W, and a gas flow ratio (silane/helium) = 5sccm/95sccm. High-resolution 

transmission electron microscopy (HRTEM) studies confirm that the particles generated 

in the first chamber are indeed crystalline, with a size distribution set by the plasma 

conditions [6]. An additional flow of argon is typically employed to entrain the silicon 

nanoparticles into the second plasma deposition chamber.  The substrates in the second 

PECVD chamber sit on the lower grounded electrode that is resistively heated at 523K.  

The upper RF electrode is not heated. There is thus a temperature gradient between the 

electrodes in this plasma chamber that creates a thermophoresis force on the particles, 

away from the grounded substrates. When the nanoparticles enter the second chamber, 

they are driven by Argon gas towards the substrates labeled A, B and C as shown on 

figure 3.  The gas chamber pressure in the second chamber is 600 mTorr, the RF power 

applied to the electrode (electrode area of 315 cm
2
) is 1 – 5 Watts. The films are 

deposited onto either Corning 7059 glass for opto-electronic and Raman measurements or 

crystalline silicon substrates for infra-red spectroscopy measurements.  Separate 

deposition runs are employed to generate samples for atomic force microscopy or 

HRTEM studies described below.  The thin films thickness measured by a profilometer 

and ellipsometer vary from 200 to 700 nm for plasma deposition times of 60 minutes 

with a deposition rate of 1 to 2 Å/sec.  
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2.2 Structural Characterization 

 

 2.2.1 Transmission Electron Microscopy 

      A high resolution Transmission electron microscopy (TEM) [6,7] image of an a/nc-

Si:H film, identifying the regions of crystallinity, is shown in Fig.4 below.  The TEM 

imaging is on a 10nm thick a/nc-Si:H film deposited onto crystalline silicon wafers, 

which were then cross-sectioned using small cleaving techniques [8] in order to avoid 

structural damage created by ion milling. 

 

The image of the film deposited when the particle synthesis chamber off, so that 

no nanoparticles are synthesized while the silane plasma is on in the second PECVD 

chamber is shown on Fig.4.a.  There is no evidence of nanoparticles incorporated into the 

surrounding amorphous silicon. A HRTEM image of the resulting film deposited with the 

particle synthesis chamber on (Fig. 4b) indicates the clear presence of nanocrystallite 

inclusions, confirming that the nanocrystallites in the a/nc-Si:H result from the particle 

synthesis chamber and do not arise from the plasma in the second PECVD system [9]. 

These and other studies, described below, find that the silicon nanocrystals are embedded 

into the amorphous matrix only when the particles synthesis reactor is on.  The particle 

size distribution and the particle crystallinity were also analyzed in detail by HRTEM 

[6,10].  The HRTEM studies also confirm that the nanocrystallites are present throughout 

the thickness of the a/nc-Si:H films.  For the deposition conditions in the p[article 

synthesis chamber employed in this thesis, the nanocrystallites  average diameter is 

around 3nm, though a series of films is investigated with nanocrystallite diameter of 5 
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Figure 4 a: TEM images shows 

only the amorphous film with 

the particle reactor turned off. 

nm.  Focal series imaging confirms that the lattices fringes are due to the presence of 

crystallites and are not an artifact of the HRTEM system [10]. The high-resolution TEM 

images were done by Julia Nowak and C. Barry Carter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 b: When the 

particle reactor is turned 

on, we see that the 

nanoparticles in the 

amorphous matrix. 
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 2.2.2 Tapping mode AFM 

 

In order to verify that the concentration of embedded nanocrystallites varies with 

the location of the substrate (Fig. 3) relative to the injection tube form the particle  

 

 

synthesis reactor, tapping-mode Atomic Force Microscopy (tm-AFM), a surface probe 

microscopy technique was employed. In this characterization technique a flexible 

cantilever, with a sharp probe, is mounted on one end of a cylindrical piezoelectric tube. 

The piezoelectric tube is rigidly mounted near the top of the microscope. When the tip is 

Figure 5: AFM is a surface probe technique. It operates in Tapping mode 

when the tip oscillates with respect to the sample or in contact mode 

where the tip in constant contact with the film.  Courtesy: Nanofabrication 

Center, U of Minnesota 
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brought into proximity of a sample surface, forces between the tip and the sample lead to 

a deflection of the cantilever. The angular displacement of cantilever results in one 

photodiode (see figure 5) collecting more light than the other photodiode. The output is 

the differential voltage between the two photodiodes. One can use the tip as seen on the 

sample on figure 5 below in “tapping mode” when the tip oscillates near its resonance 

frequency with respect to the sample or in “contact mode” where the tip in constant 

contact with the film. The tip probe is brought into contact with the surface of the thin 

film, giving topography information in the depth of the film as high as 5800nm. 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/Force
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As shown in Figure 6, tm-AFM verifies that the nanoparticle concentration in the 

a/nc-Si:H thin films synthesized in the dual chamber co-deposition system is sensitive to 

the substrate location relative to the particle injection tube. Tapping mode Atomic Force 

Microscopy (AFM) [9] analysis shows that the majority of the nanoparticles deposited is 

in the sample labeled C in Figure 6, so-called here the high concentration (conc.) film, 

Figure 6: The particles synthesized in the particles reactor, injected in the second 

chamber, are driven by gas convection towards the substrates labeled A, B and C. The 

AFM image shows that highest nanoparticles concentration is in the sample at the 

position C and the least at the position A. The size of the particles is 3-5 nm. 
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and the lowest concentration of the nanoparticles is observed in sample A, defined as the 

low concentration.  

 

Confirmation that the nanoparticle concentration in the a/nc-Si:H films is 

sensitive to the substrate position relative to the nanocrystal injection tube is provided by 

measurements of the particle deposition rates, determined by tapping-mode atomic force 

microscopy (tm-AFM) [9].  Figure 6 shows tm-AFM images for particles deposited for 

one minute under plasma conditions similar to the film growth conditions, with the 

exception that the SiH4/He feed gas is replaced by pure He, so that no surrounding a-Si:H 

film is deposited. In this way all effects of temperature, gas drag, and particle charging 

were reproduced. The observed area density of particles was the lowest in the periphery 

region of the electrode (the substrate position labeled A in Figure 6), around 80 m
-2

 at 5 

cm. The density increased to 120 m
-2

 at 2.5 cm, for the substrate labeled B in Figure 6.  

These particle density values are the average of several measurements across the surface 

of each substrate. The difference in particle deposition rate is apparently not linear with 

electrode distance, as the center sample (Fig. 6) labeled substrate C, appears to contain up 

to one monolayer of particles. Based on the samples at the outer electrode locations  A 

and B on figure 6, a slightly lower particle density would have been expected. This 

suggests that deposition by direct impaction may also play a role for films deposited near 

the electrode center. The larger features seen in the tm-AFM images could likely be due 

to particle agglomerates that formed in the gas phase upon leaving the synthesis plasma.  
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2.2.3 Infra-Red Spectroscopy 

Infra-red spectroscopy provides qualitative and quantitative structural information 

concerning vibrational modes in amorphous silicon. In hydrogenated amorphous silicon, 

the absorption spectrum displays absorption peaks corresponding to excitations of Si-H 

bonds [11-13], including the Si-Hn stretching modes in the range of 2000 cm
-1

 to 2200 

cm
-1

, Si-H bending modes around 800-950 cm
-1

 the wagging (sometimes referred to as 

rocking modes) modes around 640 cm
-1

.  For a-Si:H films deposited at substrate 

temperature slower than the optimal 250°C, there are clearly observed absorption peaks 

for the stretching mode of Si-H (~2000 cm
-1

), Si-H2 (~2090 cm
-1

) and Si-H3  (~2140 cm
-

1
) as well as (Si-H2)n. Examine of the infra-red absorption spectra for a-Si:H and a/nc-

Si:H mixed-phase films as a function of silicon nanocrystalline concentration can provide 

important information concerning changes to the bonding structure of the a-Si:H matrix 

and the region surrounding the nanocrystalline inclusion.   In the films investigated here, 

for a/nc-Si:H deposited at 250°C, the infra-red absorption signal corresponding to Si-H3 

modes is negligible.    

 

In order top avoid infra-red absorption from the glass substrates, the samples for 

infra-red spectroscopy were deposited onto the polished side of a crystalline silicon wafer 

substrate (the other side of the wafer is roughened, which removed unwanted interference 

fringes arising from the 0.5 mm substrate).  Coherent reflection in the c-Si substrate can 

be avoided by reducing the resolution of the instrument to 4 cm
-1

 or less.  For thin films 

of a-Si:H or a/nc-Si:H of thickness of few microns, the same result is achieved by using a 

single polished side crystalline silicon substrate [11]. Crystalline silicon is not infra-red 
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active to first order because of its tetrahedral symmetry. Moreover it will not have any ir 

absorption spectrum due to silicon hydrides modes any possible hydrogen contamination 

is well below the spectrometer detection limit.  

 

The vibrational spectrum is obtained using a Nicolet Magna 750 Fourier 

Transform Infra-Red (FTIR) spectrometer. The measurement is made using a single beam 

mode of operation in an opened chamber at room temperature.  The charge-couple device 

(CCD) detector is cooled to liquid nitrogen temperatures to improve sensitivity. A blank 

crystalline silicon wafer similar to the ones employed for the sample deposition is used to 

collect first the background ir spectrum that is subtracted from the spectrum collected 

from the sample. The FTIR spectrum from 1900 cm
-1

 to 2200 cm
-1

 shown on figure 7, 

displays two peaks, one at 2000 cm
-1

 identified as the Si-H bond-stretching vibratioanl 

mode and a second peak at 2090 cm
-1

 corresponding to the Si-H2 stretching mode.  The 

presence of the infra-red peak at 2090 cm
-1

 has been associated with higher amounts of 

structural and electronic disorder.  Origin™ software is used to deconvolute the ir spectra 

from 1900 cm
-1

 to 2200 cm
-1

 with two Gaussian peaks and a linear baseline, with an 

algorithm based  on the Levenberg-Marquardt method. The form of the fitting function is 

 



()  exp[(  0)
2 /2 2]                                                (2.2.3.1) 

 

where the intensity of the peak is defined by  the amplitude A. 

 

The microcrystallinity fraction R is defined as  
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RIR  (2090cm
1) [(2000cm1)  (2090cm1)]                            (2.2.3.2) 

 

and serves as a quantitative tool to evaluate the concentration of hydrogen rich region in 

the films.  Previous studies have found that for a-Si:H films deposited under a wide range 

of growth conditions, that the lower the R value, the better the opto-electronic quality of 

the film.  Films deposited at low substrate temperatures or high RF power levels (which 

result in high deposition rates), have greater amounts of compositional morphology (such 

as hydrogen clusters) that degrade the film’s electronic transport properties. 

 

In the figure 7, the infra-red spectrum for a series of a/nc-Si:H films deposited as 

in Fig. 6 are shown.  The three a/nc-Si:H films are synthesized in the same deposition 

run, and the variation in the nanocrystalline concentration is determined by the substrates 

position relative to the particle injection tube in the second PECVD chamber.  The   

microcrystalline fraction R increases with nanocrystalline concentration, indicating the 

presence of excess hydrogen associated with the inclusion of the nanocrystallites. 
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2.2.4 Raman spectroscopy 

Raman spectroscopy is employed to verify and characterize the crystalline 

fraction in the mixed-phase a/nc-Si:H films.  When light is scattered from an atom or 

molecule, most photons are elastically scattered (Rayleigh scattering) with the same 

energy (frequency) and wavelength as the incident photons. However, a small fraction of 

the scattered light has an energy shifted up or down from the incident photons. This shift 

corresponds to that of the lattice vibrations of the solid.  Changes in the wavelength of the 

scattered light appear as spectral peaks corresponding to different energies of lattice 

excitation.  The negative shift when the photon is released is defined as Stokes Raman 

scattering while the positive shift when a photon is absorbed is termed anti-Stokes Raman 

scattering. 

 

Figure 7: Infrared absorption spectra of the mixed-

phase films as function of crystalline concentration 

.The curves are offset vertically for clarity. 
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The Raman spectrum of hydrogenated amorphous silicon exhibits a broad peak at 

480 cm
-1

 corresponding to the Transverse Optical (TO) Si-Si mode. The increase in the 

TO band linewidth is related to an increase in the Si bond angle deviations in the 

amorphous phase. The Raman measurement also exhibits a Longitudinal Optical (LO) 

mode near 390 cm
-1

, a Longitudinal Acoustical (LA) mode around 320 cm
-1

 and a 

Transversal Acoustical (TA) mode near 170 cm
-1

.  The intensity of the TA mode is used 

to determine the medium range order, and is connected to the density of the dihedral 

angle between the adjacent silicon tetrahedrons. The Raman spectrum also displays a 

secondary LA mode at 620 cm
-1

 and a secondary TO mode around 960 cm
-1

[11].  The 

Raman spectra of mixed phase a/nc-Si:H films exhibit an additional peak at 520 cm
-1

 

related to the TO mode of crystalline silicon. For smaller crystalline silicon grains, the 

crystalline signal position is shifted towards smaller wavenumbers due to quantum 

confinement effects. The relationship between the frequency shift and the position of the 

peak is given by: 



v(D)  A(a /D)





where  is the shift from the bulk silicon crystalline peak, D is the diameter of the 

crystalline grain, A and  are fitting parameters determined experimentally  [14,15]

and a 

is the silicon lattice constant (a = .543 nm).

The Raman spectra of the a/nc-Si:H will also 

display a peak near 500 cm
-1

, which has been attributed to the grain boundaries region 

surrounding the silicon nanocrystalline inclusion. 





   

21 

 

The crystalline fraction Xc [16-18] is defined as the ratio of the area under the 

crystalline silicon peak and the grain boundaries region to the sum of the area under the 

crystalline silicon peak Ac, the area under the grain boundaries Ag and the area of the 

amorphous silicon peak Aa multiplied by the ratio y [17] of the Raman diffusion cross-

section of the crystalline and the amorphous phase is expressed as 
cay  . Values of 

y vary from .88 to 1.0 and also depend on the nanoparticle size.  As we are interested in 

comparing the effects of a relative increase in nanocrystal concentration, and given that 

the role that quantum confinement plays on the Raman backscattering cross section is not 

well understood, we have made the simplifying assumption of y = 1.0 for our Raman 

data.  Consequently the expression for Xc is given by 

 

                     



C  (C G) [C G  y*A
]                                     (2.2.4.2) 

 

 The peak around 500 cm
-1

 is not consistently observed, and in those situations the 

area under the crystalline silicon peak located at 512-518 cm
-1

 in to the area of the 

amorphous silicon matrix peak at 480 cm
-1

 is used to ascertain the crystalline fraction in 

the mixed phase films.  That is, 

 



C  (C ) [C A
]                                                        (2.2.4.3) 

 

In order to quantify the area of the peaks in the Raman spectrum of the a/nc-Si:H 

films due to crystalline, grain boundary and amorphous phases, Origin™ software is used 
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to deconvolute  the Raman spectra from 250 to  600 cm
-1

 with four or five Gaussian 

peaks and a linear baseline, using an algorithm based on the Levenberg-Marquardt 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

method [19], as shown on the figure 8.  The form of the fitting function is 



()  exp[(  0)
2 /2 2]                                               (2.2.4.4) 

Figure 8: An example of the Raman data collected for one set of 

samples grown simultaneously at the position A, B, C. The 

sample C (red graph) shows the crystalline signal, the sample C 

(blue graph) displays a small crystalline intensity while A (green 

graph) has only the amorphous peak. 

 

LO at 390 cm-1

LA at 320 cm-1

TA at 160 cm-1

TO crystalline 

at 514cm-1

TO at 480cm-1

Grain boundaries

at 495 cm-1
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where A is the area under the peak at the frequency o  and ω is the half-width. The peak 

under each frequency o corresponds to different phase present in the samples as shown 

below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Deconvolution of the Raman spectra with 4 or 5 

Gaussian peaks and a linear baseline, with an algorithm 

based on the Levenberg-Marquardt method. The thin line 

corresponds to the fitting. 
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The Raman spectrum of the mixed-phase films is measured with a Witec Alpha 

300 R confocal Raman microscope equipped with a UHTS 200 spectrometer, using an 

Argon ion excitation laser of wavelength 514.4 nm. The data are taken in backscattering 

mode at room temperature with the DV41 CCD detector cooled to – 60°C.  In Fig.10, we 

compare the Raman spectra from 200 to 600 cm
-1

, of the a/nc-Si:H films from the three 

different positions of the CCP chamber (Fig. 6) ,equivalent to low, intermediate and high 

nanocrystalline concentrations. The a/nc-Si:H film deposited in position A (low 

nanocrystalline concentration) on Fig. 10, has a Raman spectrum with a broad peak 

corresponding to the TO mode at 480 cm
-1

.  This broad peak at 480 cm
-1

 is the only peak 

observed in the Raman spectrum for a a-Si:H film deposited in the same system with the 

particle synthesis reactor turned off. We see that the mixed-phase film deposited in 

position B, with intermediate nanocrystallite concentration, has two peaks; one 

amorphous at 480 cm
-1

 and another small crystalline peak at 512 cm
-1

.  The film 

deposited in the position C (highest nanocrystallite concentration) has the same two peaks 

but an enhanced intensity of the 512 cm
-1

 peak.  A peak at 512 cm
-1

, equivalent to a 

downward shift of 8 cm
-1

 from the sharp TO peak at 520 cm
-1 

observed in bulk crystalline 

silicon is consistent with a nanocrystalline size of 3 nm [14] in diameter.   

 

All of the Raman spectra presented in the Figures  9 and 10  are taken using a low 

incident laser power of 5 mW to avoid any shifts of the peak due to thermal annealing 

[20,21] of the sample.  Comparing the area under the crystalline silicon peak located at 

512 cm
-1

 to the area of the amorphous silicon matrix peak at 480 cm
-1

 and assuming a 

ratio of the Raman backscattering cross-section of the crystalline and the amorphous 



   

25 

 

phase of 1.0, the films presented in the Fig.10 have a crystalline fraction Xc equal to 10, 

2 and less than 0.4 at % for the mixed-phase films grown at the position C, B and A 

respectively.  Assuming a crystallite diameter of 5-6 nm and a crystalline fraction of 10% 

for the film with higher nanocrystallite concentration, the nanocrystallites in the film 

deposited at the position C have an average spacing of 13-14nm, while the nanoparticles 

in the film with lowest crystalline fraction are separated by at least 37nm. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

The structural ordering of the films can be characterized by comparing the ratio r 

of their integrated intensity TA mode intensity to TO mode [22].             



r  area() area()                                                     (2.2.4.5) 

Figure 10: Raman absorption spectrum of a/nc-Si:H 

films as a function of nanocrystalline concentration. 

The curves are offset vertically for clarity.  
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The smaller this ratio, the higher the medium range order of the film (characterized as 

bond length and bond angle values comparable to those in crystalline silicon over length 

scales of 2 nm) while an increase in the ratio means an increase in the short range order. 

In order to confirm that there is a correlation between the hydrogen content and 

the concentration of silicon nanocrystallites in the film, we compare the 

microcrystallinity and the crystallinity fraction on figure 11. We see that as more 

crystalline silicon are embedded in the film, the intensity of the dihydride signal at 2090 

cm
-1

 in the FTIR grows. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: The Microstructure fraction grows as the 

concentration of the silicon nanocrystallites embedded in the 

films increase.   
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  2.2.5 Profilometry 

The Surface Profiler is used to make accurate measurements of small vertical 

features ranging in height from 100 Ångstroms to 65.5 microns.  The sample thickness is 

determined by moving a sensitive diamond tipped stylus over the substrate and then onto 

the surface of the thin film coating. The jump in the height of the measurement tip 

determines the thickness of the film.  For example on the figure 12 below, the thickness 

of the filn ia around 1500 nm. This measurement technique was employed to measure the 

film thickness, enabling a determination of the deposition rate in the CCP chamber.  

 

 

Figure 12: The sample thickness is determined by moving a 

sensitive diamond tipped stylus over the substrate and then onto 

the surface of the thin film coating. The jump of the measurement 

tip determines the thickness of the film. 
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3. Opto-Electronic Characterization Techniques 

3.1 Dark Conductivity 

The electronic conductivity is a measure of the average charge transport and 

depends on the carrier density and its mobility. 

        ne 

The dark conductivity of a semiconductor can be expressed in terms of the differential 

conductivity of single electron by 

  

                dE T)]f(E,-T)[1T)f(E,(E,T)g(E,),()(  edETET               

 

Where ),( g is the density of states at the energy level E, ),(   is the electron 

mobility 



f () 1 (1 exp[( F ) /kB])  is the Fermi function, with F  the Femi 

energy, kB is the Boltzmann constant  and T is the temperature in Kelvin (K).  When 

electronic transport occurs in the conduction band, with the energy separation C - F  

large compared to kT, the equation (3.1.2) simplifies to 

 

  dE  T])/kE- exp[-(E (E) g(E) e=  (E)dE =  (T) BFC   

       



 eexp[(C F ) /kB]g(EC )(EC )kBTC  

          



0 exp[(EC  EF ) /kBT]                                           (3.1.3) 

With 



0  eg(EC )(EC )kBTC  
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By definition, the definition 



EA  EC  EF   (
VF EE  ) is the activation energy of an n-

type (p-type) semiconductor. 

 

Hopping transport through states in the mobility gap near the Fermi energy or 

through localized band tail states can also contribute to the dark conductivity.  However 

this is a small contribution to the total electrical conduction and is weakly temperature-

dependant.  Hopping transport typically plays a significant role in amorphous 

semiconductors below room temperature, for temperatures below 150K. 

 

  The dc dark coplanar conductivity of a/nc-Si:H films (200 to 700 nm thick) is 

measured using two-probe technique.  The amorphous thin film is deposited atop 

chromium electrodes pre-deposited onto Corning 7059 glass substrates at temperatures at 

523K. The electrodes are typically 1 cm long and are separated by a gap either 1 mm or 4 

mm wide. The sample resides in a vacuum conductivity chamber on a copper block that 

can be heated via two embedded 100W cartridge heaters. A Lakeshore 330 or 336 

temperature controller monitors the temperature read by the platinum resistance or type T 

thermocouple attached onto the electrodes or on the Cu block. The voltage to the film is 

supplied by a HP E2631A DC power supply or Keithley 6417A, and the resulting current 

is recorded via a Keithley 6417A.   

 

The conductivity is measured using the following protocol, typically employed by 

the Kakalios lab to characterize the conductance of thin film hydrogenated amorphous 

silicon. The amorphous sample is annealed at 450K to remove in vacuum the adsorbed 
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moisture and the reversible photoelectronic effect from films previously exposed to air 

and light. The films are then cooled to 320K at 1K/min, bringing the film into an 

annealed state A. The dark conductivity is measured upon warming from 320K to 450K.  

    A good approximation of the dark conductivity of the n-type semiconductor is  



(T) 0 exp(Ea kBT)                                                       (3.1.4) 

where 
aE is the activation energy measuring the separation of the Fermi energy and the 

conduction band edge (
CF EE  ). If long-range order is present at the mobility band edge, 

then in order to create a flow of current, the charges carriers must overcome the highest 

potential barriers [23,24] on their path.  

 

Conductivity measurements below room temperature, down 150K are also 

performed by flowing cooled nitrogen gas through a cooling line embedded in the copper 

block. The nitrogen gas is cooled by flowing nitrogen gas through a copper coil placed in 

a dewar filled with liquid nitrogen. 

 

3.2  Photoconductivity 

In semiconductors, electronic conduction is enhanced by the generation of photo-

excited charge carriers due to the absorption of photons with energy hv  greater than the 

band-gap energy gE . The electron moves to the conduction band where it contributes to 

the conductivity, or it may be trapped in the localized states.  In general, the 

photoconductivity is expressed as  
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 ph  e(nee  npp )       (3.2.1) 

     

           
ee Gn    and   pp Gn   

where G is the generation rate, that is, the number of charged carriers generated per unit 

time per unit volume,  and   is the average recombination lifetime.  The recombination 

lifetime in turn is sensitive to the density of localized states, in particular dangling bond 

defects, in a-Si:H. 

 

In hydrogenated amorphous silicon typically the electron mobility is several times 

larger than that of holes, in which case equation (2) can be written as   

 

   



 ph  enee  eG ee                                                     (3.2.2) 

 

The photoconductivity of the sample is measured at 320K. The film is illuminated 

with a heat-filtered 100 W/cm
2
 tungsten-halogen lamp positioned above a window 

located on the top of the chamber, with a typical exposure time of several hours.  The 

dark conductivity is measured again following 120 minutes illumination to determine the 

effect of light-induced degradation; this light-soaked condition is referred to as state B 

[2,3] . The dark current is again measured every 3 degrees while warming the film to 

451K.  We compare the conductivity between the two states. When the state B 

conductivity is lower than the state A, the change is due to defects creation by the light. 

This effect is called Steabler-Wronski effect (SWE). On the other hand when the state B 
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conductivity is higher, possibly due to charge trapping that shifts the Fermi energy closer 

to the conduction band edge, the effect is themed Persistent photocurrent (PPC).
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3.3 Thermoelectric effect 

 

Thermopower measures the average energy transported by charge carriers with 

respect to the Fermi energy in response to a thermal gradient. When a temperature 

gradient is generated between two electrodes on a conducting film, more electrons in the 

film move from the hot electrode (T + T) towards the cold end (T) than in the opposite 

direction. The temperature difference generates a concentration gradient of the charged  

 

 

 

 

 

 

 

 

 

 

 

 

carriers.  In an open circuit configuration, that is, when a current is not allowed to flow in 

an external circuit, a net charge builds up on at the cold end while a depletion of carriers 

occurs at the hot electrode. An internal electric field is generated and grows until its 

strength is enough to balance the flow of the carriers of charged carriers. At equilibrium, 

Figure 13: The net flow of the charged carriers is oriented in the 

cold end direction. At equilibrium, the built-in voltage is 

proportional to the temperature gradient applied to the material. 
 

 



   

34 

 

the built-in voltage is proportional to the temperature gradient applied to the material. 

The coefficient of proportionality is called thermopower coefficient or Seebeck 

coefficient S at the average temperature T 

 

                                  



V  ST                         

 

The Seebeck coefficient is related to an intrinsic property of the material. It is very small 

in most metals (few KV ) and a larger for semiconductors (on the order of few mV/K). 

Peltier discovered that when an electrical current flows through a junction of dissimilar 

materials, heat is either lost or absorbed depending on the direction of the current. This 

effect is called Peltier effect. The Peltier coefficient   is the energy carried per unit 

charge e.  

 

One can derive the expression of the thermopower using the Onsager’s relation 

between the Peltier coefficient   and the thermopower at a set temperature 

                                            
eT

E

T
S





                                                    (3.3.1) 

Since the Peltier coefficient is defined with respect to the Fermi energy F , and 

for a n-type material, the electrons which are contributing the conduction are above the 

conduction band edge, the energy difference is 



E  C  EF  S .
 

 The equation (3.3.1) becomes for an electron  

                             
eT

 E-E

T
S FC
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or                          
Tk

 E-E

e

k
S

B

FCB                                                        (3.3.2) 

 

The sign of the induced voltage and the thermopower S will depend on the sign of 

the majority of the charges carriers. This measurement therefore allows one to determine 

whether the majority charge carriers are electrons or holes. The thermopower is given by 

the formula [25,26]: 

                                   S = [kB/e] (ES/kBT + A)            (3.3.3) 

where ES is, for a n-type conductor, given by EC – EF, and EF = EV for a p-type conductor, 

kB is the Boltzmann constant   and  kBTA  is the average energy of conducting electrons 

above the conduction band. A depends on the form of conductivity above the conduction 

band. A is equal to unity when the conductivity is constant and it is greater than unity 

when the conductivity is energy dependant.  It has been suggested that scattering and 

trapping at the grain boundary regions near nanocrystalline inclusions in the mixed-phase 

a/nc-Si:H films primarily affects low energy carriers.  Thus the inclusion of embedded 

nanocrystallites may lead to an enhancement in the average energy transported by the 

charge carriers in a thermopower measurement.  

 

When measured in short-circuit mode, the nonuniform distribution of charges 

carriers due to the temperature gradient gives rise to diffusion current, creating the so-

called the Seebeck conductivity, given by 

 

                 



 s(T)  g /[R(T)]   
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where R(T) is the resistance of the film at the given temperature gradient. By Ohm’s law, 

R(T) is the ratio of the voltage induced by a temperature difference T to generate an 

induced current  ,  





V I*R(T) 





 s(T)  g*I /V                                                   (3.3.4) 

By dividing the top and the bottom of the equation (1.6.3) by T , we get   

 



s(T)  g*(I /T)* (T /V )                                   (3.3.5) 

Here we have again the Seebeck coefficient TVS   and the ratio   is 

the slope of the plot of the Seebeck current versus the temperature gradient. 

 

For the thermopower measurement [27], two 50W cartridge heaters are embedded 

in two copper blocks, 4mm apart, in a vacuum chamber maintained at 15 mTorr.  The 

temperature of each block is controlled independently with a Lakeshore 336 temperature 

controller. A sample with coplanar 4 mm gap electrodes is placed across the blocks. On 

each electrode a type T (copper/constantan) thermocouple is attached, in order to read the 

temperature of the block. Each thermocouple is connected to one input of the controller. 

The electrical leads connected to the other side of the electrodes are used for the 

conductivity and thermopower measurement. All the electrical contacts are attached to 

the pre-deposited chromium electrodes with silver paint. The film is scratched with a 

diamond scribe transverse to the electrodes as shown on fig. 14, in order to electrically 

isolate the current leads from the thermocouples. The temperature of each block is 

controlled independently via a loop on the temperature controller 336. The electrical 
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leads attached to the other end of the electrodes, as shown on figure 14, are used for the 

conductivity and Seebeck coefficient measurements. The electrical leads for the 

measurement are connected to a 617 or 6517A Keithley Programmable electrometer. The 

whole system is controlled by a PC, which sets the temperature of the blocks. When the 

computer imposes different temperatures for the blocks, a thermoelectric voltage is 

created across the film. The voltage induced measured by the electrometer is the 

difference of potential between the two copper leads. The electrometer can also be 

switched to resistance or current mode to measure the electrical current induced or the 

resistance of the sample with the two lower leads. Figure 14 shows the setup of the 

thermopower experiment. 

 

 

 

 

 

 

 

 

 

 

   

 

 

Figure 14:  Sketch of the electrode configuration for a 

thermopower measurement. The thermopower S is measured 

between the two upper leads.  The conductivity measurement is 

done with the lower electrical leads. 
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To measure the thermopower at one average temperature 



Tave  (T1  T2) 2 , we 

choose the temperature of the blocks 1T and 2T such that is their average is 
aveT . By 

creating a temperature gradient 



T  T1 T2 , a thermoelectric voltage is induced between 

the electrodes. That voltage is measured by the electrometer in voltage mode, recorded 

and we adjust to the new temperature gradient, always maintaining the same average set 

temperature aveT . For each average temperature, we generate thermal gradients, for 

example T= ± 8K, ± 4K, and 0.  For example on the figure 15, the temperature gradient 

is given by the difference between the temperature of the blocks 1 and 2 while the 

average  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: The temperature pattern used for the thermopower 

measurement, for example at the average set temperature Tave = 

100
o
C, the two heaters   generate a temperature gradient of -8, -4, 

0, +4 and +8K. 
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temperature is always 100
o
C. At the far left, the temperature difference is -8K, while at 

the far right the thermal gradient would be +8 K. 

 

The slope of the graph V vs. T on the figure 16 is the thermopower at the 

average temperature Tave = Co100 . The same technique is used to measure the Seebeck 

conductivity when the electrometer is set in current mode. We then proceed to measure 

the thermopower at the next average temperature, which is either 5
 
K or 10

 
K higher.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: The linear fitting of the voltage induced vs. the 

temperature shows a thermopower S = -0.605 mV/K. The 

negative sign of the slope means the majority of the charge 

carriers are electrons. 
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Before any measurement is done, the films are annealed at 450K for 2 hours to 

remove any surface adsorbates or the effects of any previous light-soaking. The sample is 

then cooled to 350K at a rate of 1K/min.  The dark conductivity and the thermopower are 

measured between 350K and 450K with a 5K or 10K average temperature increment. For 

the measurement of the voltage or resistance, at least 60 readings are averaged at a given 

temperature to minimize the effect of any minor temperature fluctuation. For high 

impedance materials, the measurements are done in guard mode to minimize the leakage 

currents. The Arrhenius plot of the conductivity ( )ln( ) and the linear plot of the 

thermopower S*ke B  plotted against the inverse of temperature. The slopes are 

respectively defined as the activation energy of the dark conductivity 
E and the 

Thermopower 
SE . 

  

3.4   Comparisons of the Thermopower and Dark Conductivity 

 

As described above, both the thermopower and the dark conductivity provide 

independent determinations of the activation energy.  In amorphous semiconductors the 

activation energies obtained from these two techniques do not agree, with the difference 

between the two values being as large as several hundred meV, depending on the 

materials properties. The structural inhomogeneities such as compositional modulations 

and the potential fluctuations caused by the charged defects can cause a long-range order 

at the mobility edge in a-Si:H. These fluctuations create an energy profile, with a series 

of maxima and minima at the mobility edge.  Conductivity measurements are always 

done in short-circuit mode, so they are sensitive to the highest energy barrier to charge 
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transport.  Thermopower, in contrast, is measured in open circuit, and thus provides a 

measure of the average energy of the charge carriers residing in the minima of the energy 

barriers.  The difference between the two activation energies thus provides a measure of 

the magnitude of the long-range disorder affecting charge transport in the amorphous 

semiconductor.  

 

 The conductivity activation energy E is obtained from an Arrhenius plot of the 

dark conductivity in short-circuit mode. The activation energy from the thermopower ES 

is obtained in an open circuit configuration.  One way to compare the two measurements 

is through the Q-function expression, defined by Overhof and Beyer [28,29] as  

 

                         



Q | e
kB
* S | ln( )        (3.4.1) 

   



 e kB [(C F ) T] ln(0 exp[(C F ) kB T])  

       



Q0 Q kB T                                                          (3.4.2) 

where Q  is defined as SQ   .       (3.4.3) 

 

In the amorphous a-Si:H materials EQ is used to characterize the magnitude  of a 

long range disorder [28,29].  Films deposited under non-optimal conditions have lower 

conductivities, higher defect densities, and higher concentration of bonded hydrogen in 

Si-H2 modes, as reflected in FTIR measurements.  For these films one finds a 

corresponding increase in EQ, indicating that this parameter does indeed track with the 

degree of long-range disorder in the thin film amorphous semiconductor.  
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3.5 Optical Absorption Coefficient by the Constant Photocurrent Method (CPM) 

 

Measurements of the optical absorption spectra provide crucial information about 

the concentration of the defects states in the forbidden gap of amorphous semiconductors.  

Conventional transmission spectroscopy is only sensitive for absorption coefficients 

corresponding to d ~ 1.  As most a-Si:H films are quite thin (film thickness typically are 

less than one micron), this effectively limits transmission techniques to photon energies 

for which  ~ 10
4
 cm

-1
.  In order to measure lower values of the optical absorption 

coefficient, which correspond to transmissions from or to localized states to band edges, 

alternative techniques need to be employed.  One such technique used to study the optical 

absorption spectrum in thin film amorphous semiocnductors is the constant photocurrent 

Figure 17: Compare thermopower and conductivity to characterize 

influence of long-range disorder in the doped films 
Courtesy: H. M. Dyalsingh and J. Kakalios, PRB 54, 11 (1996) 
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method (CPM) [30-32].  As in the case of photoconductivity, the CPM involves 

generation, transport and recombination of excess photo-excited carriers. The basic idea 

of the CPM is that when the photocurrent is fixed at a constant value, the so-called target 

current, the intensity of the light absorbed is adjusted at each wavenumber in order to 

maintain the same constant excess carrier density (photocurrent) assuming the quantum 

efficiency is independent of the frequency.  The photocurrent for the CPM is measured as 

function of the wavelengths from 500-1200 nm. 

 

3.5.1 Optical Absorption Coefficient 

 

For a thin film semiconductor films of reflectivity r and thickness d, assuming a 

constant quantum efficiency  , the photocurrent for an applied electric field E is 

 

   



  Ne(1 r)(1 exp[d])E    

 

where  is the recombination lifetime,   is the absorption coefficient and N the flux of 

photons absorbed  In the limit where we neglect the reflection of the light and for 1d

, the Taylor expansion of  (3.5.1) yields 

 

 



  NedE                                                         

The absorption coefficient will vary with photon energy, but so may the 

recombination lifetime .  This is because the density of photo-excited charge carriers 
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depends on the number of absorbed photons, and this in turn affects the occupation of 

localized states in the mobility gap that act as recombination centers.  Consequently there 

are two factors in equation (3.5.2) that can vary with photon energy.  In order to eliminate 

any variation in , what one measures in the Constant Photocurrent Method is the light 

intensity, as a function of wavelength, necessary to maintain a constant photocurrent.   

 

In this case the density of photo-excited charge carriers is constant, as will the 

location of the quasi-Fermi energy in the gap and hence the density of recombination 

 

Figure 18: Density of states of amorphous silicon with different 

regions of contribution to the absorption coefficient )hv(  
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centers.  This technique provides the relative variation in the absorption coefficient as a 

function of absorbed photon energy.  In order to convert these relative values to absolute 

absorption coefficient values, a one-point conversion, using the optical absorption 

coefficient measured using a conventional transmission measurement at high photon 

energies is performed. 

 

The spectral variation of the absorption spectrum comes arises from different 

regions in the gap.  The band-to-band absorption (region A) corresponds to absorption of 

a photon with an energy larger than the band energy. The band-tail absorption (region B)  

occurs for photon’s with an energy equal to the spacing between the localized band tails 

and the band edge.  Measurements of the absorption from the defects states near the mid-

gap (region C) provides information about the concentration of the dangling bonds in the 

films. 

 

 

 

 

 

 

 

  

 

 

Figure 19: The absorption coefficient )hv(

provides the concentration of the dangling bonds in 

the films and the degree of disorder in the 

amorphous films. 
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3.5.2 Optical Gap 

 

The optical gap in crystalline semioconductors corresponds to the gap in the 

density of states between the filled valence band and empty conduction band.  In 

amorphous semiconductors, where there is a continuous distribution of states throughout 

the mobility gap, alternative definitions of an “optical gap” have been employed.  One of 

the simplest ways to define the “effective” optical gap of an amorphous semiconductor 

for which the density of states varies continuously in the gap is to take the photon energy 

E04 that yields an absorption coefficient of  = 10
4
 cm

-1
, which for a one micron thick 

film is equivalent to d = 1, where d is the film thickness. 

 

In 1966, Tauc, Grigorovici and Vancu [33] proposed a method where they assume 

that in the strong absorption regime, the absorption coefficient can be written 



(hv)  const
|M |2

hv
gV (E)gC (hv  E0  E)dE0

hvE0

                            (3.5.3) 

The constant factor reflects the degree of overlap of the wave functions of the initial and 

final states [34].  If the density of states )(N   exhibits a power law variation in energy 

with the conduction (valence) band of states given by nNc  (Nv ~ 
m

) then 



N()  (h ) * h  A*(h  EG )
nm1

                                             (3.5.4) 

where GE  is defined as the band gap energy (sometimes referred to as the “Tauc gap”). 
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If we assume that both the conduction (valence) band increases as square root of 

the energy from their respective band edge 2/1N , the equation (3.5.4) becomes 



N()  (hv) * hv  A*(hv  EG )
2                                                                           

(3.5.5)
  

The zero intercept of the plot of 2/1)*hv(   against photon energy hv determines 

the band gap energy.  

 

3.5.3 Urbach Slope 

 
  

The band-tail absorption (region B on figures 18 and 19) probes the localized 

states that are ascribed to strained Si-Si bonds, and thus provides a measure of the degree 

of disorder in the material. The absorption coefficient of amorphous silicon material in 

this sub-bandgap region is described by an exponential dependence on photon energy, the 

origin of which in a-Si:H is is due to the exponential energy dependence of the bandtail 

states themselves (Fig. 18).  Measurements of this region of the optical absorption 

spectrum thus provides information as to how shallow or broad the exponential band tail 

states are, which in turn is a measure of the degree of strain in the thin film.   For photon 

energies less than the Tauc gap or Eo4, one finds that the absorption coefficient can be 

described by 



(hv)  Aexp[(hv  E1) E0]                                                   (3.5.6) 

The energy 1E  is close related to the optical band gap.  The logarithmic slope 



E0   (hv)  is defined as the Urbach slope and is an important figure of merit for the 

opto-electronic quality of the mixed-phase a/nc-Si:H films. 
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3.5.4 Defect Density 

 

At photon energy below 1.5 eV, the absorption coefficient tends to become 

independent of energy, as the absorption at depends on optical excitation from mid-gap 

defects states to the band edges.   The magnitude of the absorption coefficient for lower 

photon energies is a measure of the density of dangling bond defects.  Correlations of the 

defect density determined by electron spin resonance with the mid-gap absorption 

coefficient find that a linear dependence between the  value at h = 1.3 eV and defect 

density.  An  (h = 1.3 eV) = 10 cm
-1

 corresponds to an defect density of roughly 10
17

 

cm
-3

.  

 

3.5.5 Measurement Procedure 

 

The sample is mounted onto a thin piece of glass attached to copper bloc in a 

cryostat as shown on figure 16. A heater is embedded in the copper for annealing 

purposes. A K-type thermocouple or platinum resistor is mounted on the glass to monitor 

the temperature. Two electrical leads are connected with silver paint to the two chromium 

electrodes previously deposited onto the film. One of the leads is used to apply a voltage; 

the second one is connected to the electrometer or lock-in amplifier to measure the 

voltage or current. The electrodes on the sample are positioned parallel to the incoming 

light, maximizing the photon flux striking the sample.  The Sample is first annealed at 

425K for ten minutes and cooled to room temperature at 1K/min, all in the dark to 
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prevent the creation of light-induced defects. All measurements were performed at room 

temperature and under vacuum (~50 mTorr).   

The light source, cryostat and monochromator were placed inside a dark room to 

reduce stray light.  We used a LPS 220 adjustable power supply to run a tungsten halogen 

source, capable of output power of up to 120W, which is then passed through an Oriel 

77250 monochromator with a stepper motor. The dark current 
darkI  is recorded with the 

light window closed. The Constant Photocurrent phI  is next measured with a target 

photocurrent corresponding to the highest light intensity at 640 nm. This target current is 

maintained manually as we change from high wavelengths to low wavelengths, recording 

the power necessary to maintain the photocurrent at each set wavelength. The 

photocurrent measurement for the CPM is done as the wavelength is varied from 500-

1200 nm. 

 

   To minimize the noise effects on the results we used a SR530 lock-in amplifier 

and Ithaco 564 Low Noise Pre-amplifier.  The second step is to measure from high to low 

wavelength, the signal from a silicon photodiode detector 
diodeI  and from a blank 

substrate mounted on the same silicon photodiode detector as sampleI  at each wavelength 

and its corresponding power previously recorded, which gives us a measure of the light 

intensity after we have accounted for the responsive signal of the detector.  We calculate 

then an absorption coefficient on an arbitrary scale as  

 

    Ia = (Iph – Idark)/Idiode      (3.5.7)  
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To convert the coefficient   to an absolute scale at each wavelength , we take a 

transmission measurement of the absorption coefficient at 620 nm wavelength and 

perform a one point conversion as  

 

      



(  620) 
1

d
ln( Idiode Isample)                                 (3.5.8) 

The multiplication factor is the ratio 

 

          



K  (  620) /a (  620)                                   (3.5.9) 
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The optical absorption coefficient at each wavelength is then converted into absolute 

units ( 1cm ) by multiplying the value of the equation (3.5.1) by this factor K.  

 

 

 

 

 

 

Figure 20: The set up of the CPM experiment. The lock-in 

connected to the chopper helps reduce the noise in the 

measurement. The monochromator attached to a step motor 

changes the wavelength while the operator controls the power of 

the Xenon lamp to maintain the constant current. 
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 4. Results 

 

4.1  Undoped hydrogenated amorphous/nanocrystalline silicon 

 

 

  4.1.1 Dark conductivity 

 

Arrhenius plots of the dark conductivity



(T) 0 exp[Ea kBT] where 
a  is the 

activation energy) of the dark conductivities of the films are shown in the fig.21-a. The 

sample at position A (lowest nanocrystalline density as verified from AFM and Raman 

measurements) has essentially the same conductance and activation energy as 

homogeneous amorphous silicon films deposited with the particle reactor turned off. The 

highest conductivity and the lowest activation energy are seen in the films with the 

sample with intermediate nanocrystalline concentration (crystalline fraction around 2-4% 

as determined by Raman) as shown on figure 10. The dark conductivity of the films with 

the highest density of the nanocrystalline particles has been consistently between the A 

and C films. The result shown on figures 21 and 22 corresponds to different  deposition 

run. We also observe that the conductivity measured in the annealing state A (by filled 

symbols on figure 21-a) measured is not far from the conductivity after light-soaking 

(opened symbols) as displayed on figure 21-b. The light-soaking barely affects the 

conductivity of the films, indicating that there is essentially no light-induced defect 

creation in these films [2,3].  A similar result is displayed on figure 22 .It is possible that 

recombination of the photo-excited charge carriers occurs at or near the nanocrystalline 

inclusions in these mixed-phase films, leaving the surrounding amorphous silicon matrix 

relatively free of light induced defects. 
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Figure 21:  Arrhenius plot of the dark conductivity of thin 

film before (filled symbol) and after light exposure (open 

symbol). 

 

Figure 22: The highest conductivity is always seen in 

the films with the sample with intermediate 

nanocrystalline concentration around 2-4%. 

 

 



   

54 

 

 

 

  

4.1.2 Photoconductivity 

 

The photoconductivity of the mixed-phase a/nc-Si:H films is two to five orders of 

magnitude larger than the dark conductivity. The photosensitivity, defined as the ratio of 

the photoconductivity to dark conductivity in the annealed state, provides a figure of 

merit of the photoconductivity of the thin film semiconductors.  Figure 23 shows a plot of 

the photosensitivity of six separate runs of the a/nc-Si:H as a function of the crystalline 

fraction Xc as determined by Raman spectroscopy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Photosensitivity plot against the 

crystallinity decreases with increasing silicon 

nanoparticles concentrations in the films. 
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Extended illumination with white light of a-Si:H leads to a decrease in the 

conductivity of up to several orders of magnitude. This metastable decrease in 

conductance, is reversible upon ananealing at 150°C and is termed the Staebler-Wronski 

effect [3].  This effect has been ascribed to the formation of dangling bond defects due to 

non-radiative recombination of the photo-excited electron-hole pairs at strained Si-Si 

bonds. Figure 24 shows a plot of the ratio of the dark conductivity in the annealed state A 

to the dark conductivity after illumination for two hours with heat-filtered white light in 

six separate deposition runs of a/nc-Si:H synthesized in the dual chamber co-deposition 

system as a function of the crystalline concentration, as determined by Raman 

spectroscopy.  A ratio equal to unity would indicate that the dark conductivity after light 

exposure is identical to the annealed state value, while a ration larger than one indicates a 

light-induced decay in the dark conductivity.  For the mixed phase films measured here 

there is either no Staebler-Wronski effect or a degradation of under an order of 

magnitude.  A few films with higher nanocrystalline content display a small enhancement 

in the dark conductivity following illumination.  
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4.1.3 Thermopower in undoped a-Si and mixed phase a-Si 

The dark conductivity and thermopower for an undoped a-Si:H film, as well as 

undoped mixed phase films of a-Si:H containing silicon nanocrystallite inclusions (XC = 

1% and XC = 18%), are shown in Figure 28.  The high impedance of the undoped a-Si:H 

and a/nc-Si:H films makes accurate thermopower measurements difficult.  The data in 

 

Figure 24: The dark conductivity ratio is usually close to unity. 

The films   with silicon nanoparticles inclusion increase the 

resistance of the films to the light induced defects in the samples. 
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Fig. 28 is only the second report of the thermpower of undoped a-Si:H.  The value of the 

thermopower and activation energy reported here is consistent observed with this 

previous measurement [35, 36].    Accurate thermopower data was not possible for a 

complete series (A, B, and C) as in Figures 21 and 22. The mixed phase 

amorphous/nanocrystalline materials (a/nc-Si:H) contain crystallites whose diameter is 5 

nm; the crystalline concentration is determined by Raman measurements.  

 

The activation energy obtained from Arrhenius plots of the dark conductivity 
E

is larger than that found from thermopower measurements Es. The difference between the 

activation energy obtained from isothermal dark conductivity measurements and the 

temperature dependence of the thermopower is ascribed to the influence of long-ranged 

disorder on electronic transport at the mobility edge [1,37], polaron hopping [1,1,38], or 

electronic hopping transport through band tail states [39].  The difference between the 

activation energy
FCs EEE  from Seebeck coefficient measurements and the 

activation energy obtained from Arrhenius plots of the dark conductivity 



E  EC  EF , listed in the table 1, increases with the phosphine doping level, as 

reported by other groups [40,41], and is consistent with an increase in long range 

potential fluctuations with doping [24,42] , due to the incorporation of charged dopants 

and oppositely charged dangling bonds associated with the doping mechanism in 

amorphous semiconductors [37,37].  In a short circuit measurement, such as isothermal 

or Seebeck conductivity, the current must pass over the largest potential barriers blocking 

charge transport. In contrast, thermopower measurements are done in an open circuit 
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configuration, and the average energy per charge carrier reflects the average separation 

between the Fermi energy and the minima of the disorder-induced variations in the 

mobility edge.  The difference in the activation energies as determined from conductivity 

 

 

 

 

 

 

 

 

 

 

 

and thermopower measurements is noticeably larger for the undoped a-Si:H film, which 

is nominally homogeneous and the mixed phase materials compared to the n-type doped 

films, as summarized in Table . 

 

 

 

 

 

 

 
 

Figure 25: Arrhenius plot of the dark conductivity (Fig. 25a) and of the temperature 

dependence of the thermopower (Fig. 25b) for undoped a-Si:H and mixed-phase a/nc-

Si:H films, deposited in a dual chamber co-deposition system for films containing 1% 

and 18% crystalline fraction, as determined by Raman spectroscopy measurements. 
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It is surprising that the difference between 
CC  from conductivity and 

thermopower is largest for a nominally homogenous unintentionally doped film. While 

there is well known compositional morphology in the hydrogen microstructure in 

undoped a-Si:H, these are also present in doped material. In addition, doped a-Si:H is 

known to contain positively and negatively charged localized states that would induce 

large scale potential fluctuations. It has been suggested that undoped a-Si:H contains a 

considerable density of positively and negatively charged dangling bond defects, in 

additional to neutral (singly occupied) defect states. The large activation energy 

difference observed here could be due to such large-scale long-range potential 

fluctuations, though a definitive identification of the source of this activation energy 

difference requires much more investigation. 

 

 

 

Table 1: Activation energy values obtained from conductivity and 

 thermopower measurements of undoped and doped a-Si:H films. 
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4.1.4 Optical Absorption Coefficient - Constant Photocurrent Method 

 

Figure 26 shows a plot of the optical absorption coefficient for a series of a/nc-

Si:H mixed phase films all synthesized in the same deposition run in the dual chamber 

co-deposition system.  The optical gap does not show a string variation with 

nanocrystalline concentration, when calculated using either the Eo4 method or through a 

“Tauc plot.”  The Urbach slope, representing the width of the band tail states arising from 

strained Si-Si bonds, ranges from around 50 meV for the medium concentration film to 

100 meV for the highest particle concentration films.  The lower value is comparable to 

Urbach slopes observed in a-Si:H films deposited with the particle synthesis chamber off.  

It is not surprising that materials with large concentrations of nanocrystalline inclusions 

will contain a significantly higher density of strained Si-Si bonds, reflected in broader 

band tail slopes.    
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The defect densities, obtained from the low photon energy tail of the absorption spectrum 

in Fig. 26, display a non-montonic dependence on nanocrystalline concentration.  

Material with nanocrystalline densities of XC = 0.10 – 0.12 have roughly an order of  

 

 

Figure 26: Plot of the optical absorption against photon energy 

for the films deposited in the same condition show the high 

concentration (open triangle) with the highest density of defects 

compared to the medium (open square) and the lowest 

concentration (filled cirles). 
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magnitude higher mid-gap absorption coefficients than those films deposited in location 

A in Figure 3 which have crystal fractions of less than a percent. However, we find that 

the lowest defect absorption, suggesting the lowest dangling bond densities, are not in the 

films with the lowest concentration of nanocrystalline inclusions, but in the mixed-phase 

materials containing crystal fractions of 0.02 – 0.04.  Using the conversion factor 

determined by Amer and Jackson [43], we conclude that films deposited directly under 

the particle injection tube (location C in Figure 3) have defect densities of approximately 

10
18

 cm
-3

, while materials synthesized at greater distances from the injection tube have 

defect concentrations of (1–5) x 10
-17

 cm
-3

, with the lower values corresponding to the 

films grown in location B in figure 3.  

 

4.2  Doped hydrogenated amorphous/nanocrystalline silicon 

 

The dark conductivity and thermopower of doped a-Si:H and doped a/nc-Si:H 

thin films have been investigated.  These films are much less photosensitive, and the 

magnitude of the photoconductivity is too low to be able to employ CPM to measure the 

optical absorption spectrum. In contrast to the undoped films reported above, the doped 

materials show a monotonic enhancement in the dark conductivity with nanocrystalline 

content.  The thermopower of these films, on the other hand, is highly anomalous, as 

described below.  In order to avoid contamination in the dual chamber system in which 

the undoped films are grown, the doped materials are synthesized in a separate dual 

chamber PECVD system.  The configuration of this system is slightly different from that 

in Fig. 3, where the particle synthesis chamber injects particles into the side of the second 
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CCP chamber, rather than down through the top as in the undoped system.  Consequently 

we cannot grow multiple films with varying crystal fraction simultaneously in this 

system, and separate runs are needed for each crystal fraction.  By changing the diameter 

of the orifice connecting the particle synthesis chamber to the second plasma chamber, 

the concentration of nanoparticles injected into the second chamber can be varied.   

 

Before describing the influence of nanocrystalline inclusions on the elecronic 

properties of a/nc-Si:H, I describe measurements of the influence of phosphorus doping 

on a-Si:H.  As shown in Fig. 27, the dark conductivity increases with doping level, 

reaching a maximum for a gas-phase doping concentration of 



[PH3] [SiH4 ]  6.2x10
3

.  

When the doping level is increased to



[PH3] [SiH4 ]  6.2x10
2

, the conductivity is lower, 

and the activation energy is slightly higher than for the lower doping level (Table 1). This 

phenomenon has been observed earlier [44,45] and reflects the fact that, as first 

explicated by Street [1,37], the doping mechanism in amorphous silicon does not occur 

by substitutional doping as in crystalline semiconductors. Most of the phosphorus 

impurities incorporated into the a-Si:H film are three-fold coordinated and do not act as 

donors.  Only those over-coordinated ( 

4P ) atoms accompanied by a negatively charged 

under-coordinated silicon atom 
3Si  act as active dopants. Consequently the 

concentration of phosphorus in the a-Si:H film at the highest gas-phase doping 

concentration leads to the formation of a silicon-phosphorus alloy, with a wider bandgap 

than a-Si:H. For lower doping levels, the dark conductivity activation energy decreases as 

the Fermi energy is moved toward the conduction band edge. In contrast, for the highest 
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doping level in Fig. 27.a, the activation energy increases as the conduction band energy 

recedes from the Fermi energy. 

 

 

 

 

 

 

 

 

 

The dark conductivity for the doped a-Si:H films has been measured in two ways 

– by applying an external bias at each temperature and recording the resulting current 

drawn (termed the isothermal conductivity), and by imposing a temperature gradient 

across the film and measuring the short-circuit current resulting at the average 

temperature. The latter is referred to as the Seebeck conductivity  [24,27], and is noted in 

Fig. 27 by the open symbols, while the full symbols in Fig. 27 represent the isothermal 

conductivity. The agreement between the conductivity values measured in these two 

methods is such that for some of the doping levels it is difficult to discern that two 

different symbols are being plotted. 

Figure 27: Arrhenius plot of the dark conductivity (Fig. 27a) and of the temperature 

dependence of the thermopower (Fig. 27b) for n-type doped a-Si:H films as a function 

of gas-phase doping concentration. The filed symbols in the conductivity represent the 

isothermal dark conductivity while the Seebeck conductivity is represented by the 

open symbols. 
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As described above, the conductivity enhancement in undoped a/nc-Si:H films 

synthesized in the dual chamber co-deposition system is non-monotnic, in that the largest 

increase in the dark conductivity is observed for films with Xc = 2 – 4 %, and a higher 

crystalline content lowers the dark conductivity (though not below the value observed for 

a-Si:H with no nanocrystalline inclusions).  In contrast, as shown in Fig. 28, the dark 

conductivity activation energy shows a smooth decrease, and the dark conductivity 

increases with crystal fraction. 

The dark conductivity and thermopower for doped mixed phase 

amorphous/nanocrystalline materials (a/nc-Si:H) are shown in Figure 29.  An 

enhancement of the electrical conductivity and Seebeck coefficient from the 

nanocrystalline silicon inclusions is also observed. The doped a/nc-Si:H exhibit a modest 

increase in the dark conductivity at room temperature for a nanocrystalline content of Xc 

 

Figure 28: The dark conductivity activation energy decreases 

with nanocrystalline inclusions for a range of doping levels. 
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= 0.15, compared to the Xc= 0 film, but a dramatic rise of nearly two orders of magnitude 

for the Xc = 0.21 a/nc-Si:H film. The doped film with Xc = 0 has an activation energy of 

0.31 eV, which decreases to 0.13 eV for the Xc = 0.21 film. The thermopower of the 

doped a/nc-Si:H films remains negative and is reduced in magnitude compared to the n-

type Xc = 0 a-Si:H. However, the slope of the thermopower becomes positive with the 

addition of nanocrystallites, that is, the Seebeck coefficient is lower at room temperature 

than at 450 K, in contrast to the temperature dependence observed in the n-type a-Si:H Xc 

= 0 film. 

 

 For unhydrogenated films grown by DC sputtering, the density of the defects 

sates in the forbidden gap is so high that the electrons can hop near the middle of the gap. 

The conductivity of the sputtered films follows the Mott law (



log()T1/ 4
).  A similar 

behavior, with a negative magnitude and a positive temperature dependence has been 

observed in sputtered a-Si films grown without hydrogen, and for a-Si:H films annealed 

for extended periods at temperatures at 925K, for which all of the bonded hydrogen has 

evolved [30,32]. In these latter two systems charge transport occurs by hopping through a 

high density of localized defect states in the mobility gap.  We also know that adding 

hydrogen to the films during glow discharge deposition passivates the dangling bonds in 

the gap; allowing electronic transport to occur through the extended states. The electrical 

conductivity is represented by activated behavior with activation energy getting smaller 

when the film is doped. The thermopower of unhydrogenated a-Si films is inversely 

proportional to the temperature with negative slope and as seen in the figure 25 and 27 

above. However mixed phase doped hydrogenated amorphous nanoparticles where the 
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nanoparticles in amorphous matrix are doped, we see a behavior similar to sputtered films 

as reported above.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29: The temperature dependence of the thermopower of the 

doped a/nc-Si:H is similar to that observed in unhydrogenated sputtered  

or annealed a-Si films, suggesting that charge transport may occur via 

hopping through localized states in these materials. 
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5- DISCUSSION 

 

     By varying the substrate position relative to the particle injection tube in the second 

reactor chamber where the a-Si:H is deposited, a series of films can be grown in a single 

deposition run in the dual chamber co-deposition system, where the nanoparticle 

concentration varies from below  Xc < 0.01 to over Xc = 0.10 crystalline fraction, as 

determined by Raman spectroscopy and tm- AFM.  We now discuss how this variation in 

nanocrystallite density can account for the electronic properties described in section four.  

We begin with a consideration of the structural characteristics of the films. 

 

The Raman peak attributed to the silicon nanocrystals is shifted to a wavenumber 

of approximately 512 1cm , while bulk crystalline silicon exhibits a TO Raman peak at 

518 – 520 1cm .  Various studies have demonstrated, by growing bulk films comprised 

solely of silicon nanocrystals (that is, with no surrounding amorphous silicon matrix), 

that there is a pronounced shift in the Raman TO peak to lower wavenumbers when the 

diameter of the nanocrystalline particles is less than 10 nm, owing to quantum 

confinement effects [14,46,47]. From Viera, Huet and Boufendi’s data [14] ,the shift of 

approximately 6 – 8
1cm  observed here would indicate that the nanocrystals in these 

mixed phase films have a diameter of approximately 3 – 4 nm, smaller than the 5 – 6 nm 

expected for the deposition parameters employed in the particle synthesis reactor.   
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Measurements of the infra-red absorption spectra find an increase in absorption at 

2090
1cm

 in films with the highest nanoparticle density. Films deposited when the 

particle synthesis reactor is off show no variation in the 2090



cm1
 absorption intensity 

with substrate position in the second plasma chamber.  These results suggest that the 

region surrounding the nanocrystals is heavily hydrogenated [48,49]. Unlike the 

investigations of Viera, Huet and Boufendi [3], the nanoparticles in our system must 

traverse a silane plasma before reaching the deposition substrate, and only then are 

incorporated into the growing amorphous silicon film, which, at the deposition 

temperature of C250 o employed, entails significant hydrogen diffusion and structural 

relaxation.  Elucidation of the role that the specific deposition conditions play on the 

observed shift in the Raman crystalline TO mode requires additional systematic 

investigation. 

 

The presence of a hydrogen rich shell surrounding the silicon nanocrystalline 

inclusions may also play a role in the enhancement of the dark conductivity observed in 

a/nc-Si:H films having crystalline fractions of a few percent, as explained below.  

Moreover, if a large proportion of the bonded hydrogen in these mixed phase films does 

indeed reside in the shells surrounding the nanocrystalline inclusions, then this could 

account for the reduced light induced conductance degradation presented in Table I. 

 

  There is no single, generally accepted mechanism underlying metastable defect 

formation. One popular model posits that the Staebler-Wronski effect involves the 
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breaking of strained Si-Si bonds due to the non-radiative recombination of photo-excited 

electron-hole pairs [50-52]. These broken bonds are stabilized by the insertion of 

hydrogen, forming at least one Si-H bond with the newly created silicon dangling bond 

states.  Alternatively hole trapping could weaken a Si-Si bond, such that subsequent 

recombination with an electron or hydrogen insertion from diffusion hydrogen atoms 

could result in metastable defect formation.   

 

In most models for the Staebler-Wronski effect, the motion of bonded hydrogen 

plays a central role in either the creation or stabilization of the newly created dangling 

bond states.  If the majority of bonded hydrogen is in the region immediately surrounding 

the nanocrystalline inclusions, then if bond-breaking takes place in the surrounding 

amorphous silicon matrix, there is less chance for a nearby hydrogen atom to participate 

in metastable defect formation.  In this case the two broken Si bonds are likely to reform, 

inhibiting metastable defects from being added to the material following illumination.  

This argument is similar to one put forward to account for the enhanced stability against 

light induced defect creation in a-Si:H synthesized using the Hot Wire technique [53,54].
  

In these materials the hydrogen content is much lower than in glow discharge deposited 

material.  Nuclear Magnetic Resonance studies indicate that nearly all the bonded 

hydrogen in the Hot Wire a-Si:H resides in clusters of hydrogen, such as in the inner 

surface of a divacancy, and there is a low concentration of hydrogen in the bulk of the 

semiconducting material [55].  
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It is possible that, in the mixed phase films, the bonded hydrogen predominately 

(though not exclusively) resides in the region surrounding the nanocrystalline inclusions.  

A nanocrystal with a diameter of 5 nm contains roughly 3300 silicon atoms, and for a 

film with an Xc = 0.1, this implies a nanocrystal density of 1.5 x 10
18

 nc/ 1cm .  If we 

assume that the “grain boundary” region extends about 0.25 nm from the surface of the 

nanocrystallite, then each grain boundary volume can accommodate about 1,000 atoms, 

of which potentially half could be hydrogen atoms.  This would correspond to a bonded 

hydrogen density within the shells surrounding the nanocrystals on the order of 1.5 at. %.  

High electronic quality PECVD a-Si:H typically has a bonded hydrogen content of 8 - 10 

at. %, while films deposited under non-optimal conditions have higher hydrogen 

concentrations.  The above is only meant as a rough order of magnitude estimate 

indicating that there appears to be sufficient space in the grain boundary region 

surrounding each nanocrystalline inclusion to accommodate a significant fraction of the 

bonded hydrogen in the mixed phase material. 

 

A possible energy band diagram for the a-Si:H in the vicinity of a silicon 

nanocrystalline inclusion with a over-hydrogenated silicon shell is illustrated by the 

sketch in Figure 30.  If the silicon cores of the nanocrystals embedded in the a/nc-Si:H do 

indeed have an average diameter of ~5 nm, then calculations suggest that the bandgap of 

the silicon nanoparticles is increased to about 1.4 eV, due to quantum confinement effect 

[14]. These same simulations suggest that if such a particle is surrounded by 

hydrogenated amorphous silicon, which has a mobility gap of 1.8 eV, then the conduction 

band edge of the nanocrystal is roughly 0.1 eV below that of the a-Si:H material, and the 
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valence band of the nanoparticle is ~0.3 eV above the a-Si:H valence band edge  [53,54]. 

It is well known that increasing the hydrogen content above ~10 at % normally found in 

glow discharge deposited a-Si:H increases the optical gap of the amorphous 

semiconductor [56] . It is therefore reasonable that the hydrogen rich shell surrounding 

the  

 

 

 

 

 

 

 

 

silicon nanocrystal has a bandgap of approximately 2.0 eV.  This is admittedly a rough 

estimate, but the exact value of the energy gap of the hydrogen rich shell surrounding the 

nanocrystal is not crucial for the argument below. For simplicity it is assumed that the 

Figure 30:  Sketch of the energy band diagram proposed for a silicon 

nanocrsytal, surrounded by an a-Si-Hx rich shell within an a-Si:H matrix.  

A thermally excited electron (filled circle) in the nanoparticle can easily 

overcome the 0.2 eV barrier and can be donated to the a-Si:H film, while 

the corresponding open circle in the silicon nanocrystal can not overcome 

the larger barrier to be injected into the a-Si:H valence band. 
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energy band of the shell region is equally offset from the a-Si:H conduction and valence 

band edges.   

 

 At room temperature, there will be many electron-hole pairs thermally excited 

within the silicon nanocrystal.  The electron experiences an energy barrier of 

approximately 0.2 eV from the a-Si:H conduction band edge, while the corresponding 

hole in the nanoparticle has a larger barrier of 0.4 eV inhibiting its motion into the a-Si:H 

valence band.  It is thus reasonable that an electron thermally generated within the 

nanocrystal can escape to the surrounding a-Si:H film.  The accompanying hole will 

remain trapped within the nanoparticle, leaving the nanocrystal positively charged.  This 

positive charge inhibits additional electrons from escaping from the nanocrystal.  We 

therefore propose that for every silicon nanocrystal embedded within the a-Si:H, one 

excess electron is donated to the surrounding material. 

 

 The photosensitivity measurements suggest that films deposited in the A and B 

locations have comparable dangling bond densities, while the films deposited in position 

C have higher, by roughly an order of magnitude, defect densities.  These results are 

consistent with measurements of the spectral dependence of the optical absorption 

coefficient for the mixed phase films, described in detail in a separate publication. The 

CPM results suggest that the films with the lowest nanocrystalline concentration (that is, 

those deposited at a location in the second plasma chamber at the greatest distance from 

the particle injection tube) have a dangling bond density of roughly 10
17

 3cm  [57]. If the 

silicon nanocrystal has a diameter of  ~ 5 nm, then it will be comprised of roughly 3300 
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Si atoms. A crystal fraction of 0.02 (corresponding to the films deposited at an 

intermediate distance from the particle injection tube, located at position B in figure 3) 

then implies a density of 3 x 10
17

 3cm  nanocrystals.  If each nanocrystal donates an 

excess electron to the surrounding a-Si:H, then the density of excess negative charge 

introduced to the a/nc-Si:H film is also 3 x 10
17

 3cm .  These excess charges will fall into 

the dangling bond defects in the middle of the energy gap of the a-Si:H.  At a crystal 

fraction of 0.02, the density of donated charges is roughly comparable to the density of 

native dangling bond defects; consequently all of the unoccupied dangling bonds 

(positively charged) will become singly occupied (neutral).  The dark Fermi energy will 

thus be shifted up towards the conduction band edge, and will reside in the minimum 

between the dangling bond band and the exponential conduction band tail states, as 

indicated in Figure 31.  
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This enhancement in the dark conductivity by the excess charge donated by the 

nanocrystals is negated by the addition of defects when the nanocrystalline concentration 

is further increased.  As indicated in the tm-AFM images (figure 6), films deposited on 

substrates located directly underneath the particle injection tube have a higher 

concentration of nanoparticle inclusions than would be expected by a simple 

extrapolation from the densities found in the substrates located at greater separations.  

Moreover, it is likely that films with high nanocrystal concentration contain more small 

nanocrystal agglomerates, which may form either in the gas phase or by crystals 

depositing onto or next to other crystals that are already residing on the substrate.  These 

 

Figure 31:  Sketch of the density of states in the upper half of the mobility gap 

for a/nc-Si:H mixed phase films.  For low nc density, the Fermi energy resides 

in the middle of the gap, and only a fraction of the dangling bond states are 

occupied (shaded peak in Fig. 31a).  For XC = 0.02 – 0.04 (Fig. 31b), the 

embedded nanocrystals donate sufficient excess electrons to the surrounding a-

Si:H matrix that the dangling bond band is fully occupied, shifting the Fermi 

energy closer to the conduction band edge.  For higher nanocrystal 

concentrations (Fig. 31c), the number of additional dangling bonds increases 

faster than the excess charges donated by the nanocrystals, and the Fermi 

energy again resides in the middle of the gap. 
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agglomerates are more likely to lead to small voids due to shading effects during the 

amorphous film deposition.  It is thus probable that a larger density of dangling bonds is 

associated with the higher nanoparticles densities in these films, consistent with the lower 

photosensitivity (Figure 23).  Dangling bond defects act as recombination centers, and the 

higher their concentration, the lower the photoconductivity.  When the crystal fraction is 

0.10, the dangling bond density as determined by the mid-gap optical absorption 

coefficient is ~ 1810x3 , compared to roughly 1710 3cm  for the film with Xc = 0.02 crystal 

fraction [56]. However, if 10% of the mixed phase material is crystalline, then with 

nanoparticles of diameter ~5 nm, this implies a density of nanocrystalline inclusions of ~ 

1810 3cm .  Consequently, the excess charges donated by these inclusions would not be 

sufficient to maintain the dark Fermi level at its position closer to the conduction band 

edge (see Figure 31b) and the dark conductivity activation energy will return to a value 

similar to that observed in films with less than Xc < 0.01 crystal fraction (see fig.31c).   

 

In addition, the higher density of nanoparticles in the films deposited directly 

underneath the particle injection tube will likely increase the long range disorder at the 

mobility edges, resulting in the conduction band edge moving to higher energies, which 

would also tend to increase the dark conductivity activation energy and lower the 

conductance of these films [23]. The temperature dependence of the thermopower and 

dark conductivity can be used to elucidate the role, if any, of  increased long-range 

disorder by the nanocrystalline inclusions has on the electronic properties of the mixed 

phase films.  
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 The observed difference between the thermopower and conductivity activation energy 

for nominally homogenous undoped a-Si:H is much larger than for n-type doped a-Si:H; 

we have confirmed this result on several undoped films made in differing deposition runs. 

The conventional interpretation of the activation energy difference, though by no means 

universally accepted, is that the difference results from the influence of long-range 

disorder on the electronic transport properties.  Alternative explanations for this difference 

include polaron hopping [3,5], or electronic hopping transport through band tail states [1]. 

The activation energy difference between conductivity and thermopower measurements is 

essentially unchanged for the Xc = 0 and Xc = 0.01 a/nc-Si:H films (0.41 eV and 0.46 eV, 

respectively), consistent with the changes in the conductance resulting from the addition 

of free electrons from the nanoparticles, which are trapped by midgap defects in the a-

Si:H matrix, shifting the dark conductivity activation energy.  In contrast, the activation 

energy difference is 0.27 eV for the a/nc-Si:H film with Xc = 0.18.  This result is 

surprising, as one would expect the addition of a density of approximately 1810.3  

nanocrystals/ 3cm  to result in a significant increase in the long-range disorder at the 

mobility edge, which has traditionally been ascribed as the source of this activation energy 

difference.  Experiments are in progress to systematically investigate the activation energy 

difference as a function of nanocrystalline concentration.  

 

 We now address the effect of nanocrystalline inclusions on the electronic transport 

properties of n-type doped a/nc-Si:H thin films.  The conductivity of the doped mixed-

phase a/nc-Si:H is higher than for the Xc = 0 doped a-Si:H, suggesting that a similar 

mechanism of electron donation to the surrounding a-Si:H matrix occurs in the doped 



   

78 

 

mixed phase films.  The very low conductivity activation energy of 0.13 eV for the Xc = 

0.21 a/nc-SiH film indicates that the Fermi energy resides in a high density of bandtail 

states just below the conduction band mobility edge in this film.  Calculations suggest that 

the conduction band edge for the Si nanocrystal is approximately 0.1 eV below that for the 

a-Si:H [4,58], roughly at the location of the Fermi energy in the Xc = 0.21 film.  The 

average spacing between nanocrsytallites for the Xc = 0.21 film is roughly 7 nm, on the 

same order as the localization length of bandtail states at this energy in the mobility gap.  

Moreover, the P4
+
 doners are believed to reside just below the conduction band edge, 

masked by the large density of band tail states [1, 37].  For a doping level of 6 x 10
-4

 

PH3/SiH4, the average spacing between eleonically active doner states is expected to be 

3.3 nm. The temperature dependence of the thermopower for the Xc = 0.15 and 0.21 films 

is similar to that observed in unhydrogenated a-Si, where transport occurs via hopping 

through a high density of dangling bond defects. We thus speculate that the transport in 

the doped mixed phase a/nc-Si:H is via hopping motion, possibly through the bandtail 

states as well as electronically activated donors and nanocrystalline inclusions, though 

more work on the possible transport mechanism is needed.  
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6- Summary 

Mixed phase thin films consisting of a hydrogenated amorphous silicon film in 

which silicon nanocrystals are embedded have been successfully synthesized in a dual 

chamber co-deposition system described here.  By controlling the plasma conditions in 

one chamber, silicon nanocrystals of a given diameter are grown, which are then injected 

into a second chamber in which the a-Si:H is deposited.  By varying the location of the 

deposition substrate relative to the outlet of the particle injection tube, one can fabricate 

several films with the silicon nanocrystal concentrations ranging from below 0.01 to 

above 0.10, in a single deposition run.  In this way the role of increasing nanocrystal 

density can be accurately compared.  Raman spectroscopy and tapping mode atomic 

force microscopy measurements confirm that the nanocrystal density does indeed 

decrease as the substrate separation from the particle injection tube is increased. 

 

Infra-red absorption spectroscopy finds that the Si-H stretching mode associated 

with hydrogen in the grain boundaries surrounding th enanocrystalline inclusions does 

indeed increase with crystalline fraction (as determined by Raman spectroscopy).  It is 

plausible that the silicon nanocrystallites are surrounded by a thin region of overly 

hydrogenated silicon.  This grain boundary region would have a slightly larger mobility 

gap than the surrounding hydrogenated amorphous silicon matrix. 

 

At a moderate concentration (crystalline fraction Xc ~ 0.02 – 0.04) of silicon 

nanocrystallites, the dark conductivity of undoped a/nc-Si:H films is enhanced by up to 
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several orders of magnitude compared to mixed phase films with either lower or higher 

densities of nanoparticle inclusions.  Optical absorption spectroscopy measurements find 

that the mid-gap defect density in the mixed-phase films is comparable for films with Xc 

< 0.01 up to Xc = 0.02 – 0.04.  Films with higher nanocrystalline concentrations have 

larger defect densities, by a factor of five to ten, compared to the lower nanocrystallite 

density films.  We propose that electrons are donated into the a-Si:H film by the 

nanocrystalline inclusions, which are then trapped by the existing dangling bond states in 

the surrounding a-Si:H matrix.  These excess charges provided by the nanocrystalline 

inclusions shifts the Fermi energy closer to the conduction band edge, through the 

occupation of dangling bond states in the mid-gap, increasing the dark conductivity of 

these films. Mixed-phase films with higher nanocrystalline concentrations also have 

higher dangling bond densities.  These excess dangling bond states, introduced as an 

unintended side effect of growing the a/nc-Si:H films, are able to absorb all of the excess 

charges introduced from the nanocrystalline inclusions.  The Fermi energy thus remains 

in the middle of the mobility gap for these high nanocrystalline content films.   

 

An alternative explanation for the changes in the dark conductivity with the 

addition of nanocrystalline inclusions in the a/nc-Si:H films is that the embedded 

nanoparticles affect the location of the conduction band edge, through the variations of 

the long ranged disorder.  To test this proposal we have measured and compared the  

temperature dependence of the dark conductivity and thermoelectric power (Seebeck 

effect) of undoped mixed phase a/nc-Si:H thin films.  The activation energy difference 
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between that obtained from Arhennius plots of the dark conductivity and the 

thermoelectric power have been interpreted as a measure of the long range disorder at   

the  mobility edge in doped a-Si:H films.  We have reported the thermopower for high 

impedance undoped a-Si:H, and compared these data to that for undoped a/nc-Si:H films.  

There is essentially no change in the activation energy difference for a a/nc-Si:H film 

with Xc = 0.01, compared to a nominally homogenous a-Si:H film.  However we find, 

contrary to expectations, that the activation energy difference decreases in a mixed phase 

film with Xc = 0.18, compared to undoped a-Si:H without nanoparticle inclusions.  While 

this result is unanticipated (and further studies are underway to elucidate the origin of the 

activation energy diffrerence decrease), it indicates that the increases in the dark 

conductivity activation energy observed in a/nc-Si:H films with Xc > 0.10 is not due to a 

shift in the energy of the mobility edge in these materials. 

 

The opto-electronic properties of n-type doped a/nc-Si:H films have also been 

investigated.  While the dark conductivity of undoped a-Si:H with embedded silicon 

nanocrystallites displayed a striking non-montonic dependence on crystal fraction, the 

addition of silicon nanocrsytallites is found to enhance the dark conductivity of the n-type 

doped a/nc-Si:H, independent of the doping level.  This result is consistent with the 

addition of electrons from the nanocrystallites to the surrounding a-Si:H.  Measurements 

of the optical absorption spectra of the undoped a/nc-Si:H found that there was a 

significant increase in mid-gap absorption (associated with a higher density of dangling 

bond defects) for films containing nanocryystalline densities Xc > 0.1.  However, the 
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doping mechanism in amorphous silicon involves the addition of a compensating 

negatively charged dangling bond for every positively charged phosphorus atom which 

acts as donor.  Consequently the additional dangling bonds introduced by the inclusions 

of nanocrystallites may be insufficient, compared to those defects resulting from the 

doping process, to have a major influence on the dark conductivity.     

 

Without a counter-balancing effect from excess defect creation, the result of 

increasing the nanocrystalline fraction in doped a/nc-Si:H films is to shift the Fermi 

energy closer to the mobility edge, in some cases nearly 100 meV from the conduction 

band edge.  Normally one would have to heavily dope a-Si:H in order to reduce the 

conductivity activation energy to this low value.  The temperature dependence of the 

thermopower for the n-type doped a/nc-Si:H is anormalous.  While the negative value of 

the Seebeck coefficient indicates that electronic transport is indeed by electrons (as 

expected for phosphorus doped a-Si:H), the temperature dependence is characteristic of 

that observed in p-type doped a-Si:H.  A similar thermopower temperature dependence 

for electron transport is observed in unhydrogenated sputter deposited a-Si, as well as 

PECVD synthesized a-Si:H which is annealed at temperatures above 625°C (at these 

temperatures all of the bonded hydrogen is evolved out of the thin film amorphous 

semiconductor).  In both of these cases the very high density of mid-gap defects pins the 

Fermi energy in the middle of the band gap, and conduction occurs through thermally 

activated hopping between these dangling bond states.  In the case of doped a/nc-Si:H 

films, the very low activation energy suggests that the Fermi energy resides in a high 
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density of band tail states, right below the conduction band mobility edge.  This location 

of the Fermi energy also corresponds to the position of the positively charged donor 

states and the conduction band edge of the silicon nanocrystallites.   The thermopower 

data suggests that electronic transport in doped a/nc-Si:H occurs via hopping through 

bandtail states in these mixed phase thin films, as opposed to thermal excitation to a 

mobility edge.  Additional studies will help elucidate the nature of electronic transport in 

these technologically and scientifically interesting novel materials. 
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