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MILESTONE REPORT 
 
Executive Summary: 

  
More than 90% of the market share of all photovolatics (PV) modules sold in 2005 were 

based on crystalline or amorphous silicon.  The problem faced by silicon (Si) PV technology, as 
well as any other PV-technology, is that the electricity generated is about a factor of five too ex-
pensive to be competitive with that obtained from conventional coal-fired power plants.  Under 
this grant, we pursue two different routes that may help increase the efficiency and lower the cost 
of silicon solar cells.  Our first approach is based on our unique ability to produce silicon nano-
crystals in a low-pressure plasma-based synthesis reactor and to embed these nano-crystals in 
amorphous silicon films.  Our novel deposition process enables us to independently control the 
properties of the amorphous matrix and of the crystalline phase, which we hope will enable us to 
improve the electronic quality of amorphous silicon that is used in thin film solar cells.  In the 
second approach, we study using such embedded nano-crystals as nuclei for seed-induced re-
crystallization of amorphous silicon films.  We expect that controlling the seed concentration 
will enable us to grow microcrystalline Si films faster and with grain sizes larger than possible 
with other deposition approaches.  This may enable the cheaper production of solar cells based 
on microcrystalline silicon. 

We expect that our research will lead to two avenues for improving current thin-film pro-
duced Si PV cells. These avenues are pursued under two tracks of research:  Track 1: Amor-
phous Si films with embedded Si nano-crystals may have a better stability with respect to light-
induced defect creation, leading to improvements in the conversion efficiency of amorphous Si 
PV cells.  Use of such stabilized amorphous Si films may lead to PV cells which retain more of 
their initial conversion efficiency even after long-term exposure to sun light.    

Track 2:  Seed-induced re-crystallization of amorphous silicon films may lead to a faster, 
more economic production of microcrystalline Si films with grain sizes approaching the thick-
ness of the deposited films.  PV cells produced from such films may exhibit the stability and ef-
ficiency of wafer-based single-crystal PV cells with the large-area deposition advantages and 
low-cost of thin-film based cells. 

During the current project period, efforts have focused on accurately characterizing the 
microstructure of amorphous silicon with embedded nanocrystals through Fourier Transform In-
frared spectroscopy.  To our surprise, we found that the inclusion of silicon crystals leads to a 
behavior quite different from pristine amorphous silicon.  While in pristine amorphous silicon, 
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there is a strong correlation between the so called microstructure factor, the fraction of silicon-
dihydride bonds compared to the total number of all silicon hydride bonds, such a correlation 
was not found in the amorphous silicon with embedded silicon crystals.  Further studies of this 
effect are needed.  

In track 2, the emphasis has been on studying the crystallization kinetics during the ther-
mal annealing of seeded amorphous silicon films as function of the seed-crystal density.  We 
found that seeded amorphous silicon films crystallize significantly faster than unseeded films.  
We also found that seeded amorphous silicon films after crystallization exhibit superior electrical 
conductivity. 

Project funding provided by customers of Xcel Energy through a grant from the Renew-
able Development Fund. 

 
Technical Progress:  
 

Both tracks of the project have made good progress and achieved the milestone set in the con-
tract. The progress made on both tracks will be discussed below. 
 
Track 1: Embedded nanocrystals in amorphous silicon 

 
Within this research track, we are continuing to study the effects of the embedded silicon nanoc-
rystals.  This quarter, our focus is examining the nc/a-Si:H film’s microstructure through the use 
of Fourier Transform Infrared Spectroscopy (FTIR).  As described in the first quarterly report 
(Q1), a dual plasma system has been used to produce silicon nanocrystals in one plasma deposi-
tion chamber tube.  The particles generated in this system are then entrained by a carrier gas and 
injected into a second plasma capacitively-coupled deposition chamber.  These nanocrystals are 
embedded into a hydrogenated amorphous silicon film being grown in the second PECVD sys-
tem.  In the previous quarterly report (Q3), we obtained rough estimations of the defect densities 
through optical absorption measurements at 1.5 eV, showing a possible minimum of the defect 
density at a non-zero crystal fraction   
 
FTIR measurements are of vital importance to amorphous silicon research, as they provide a 
simple way to evaluate the microstructure of the film.  In particular, we are interested in the hy-
drogen bonding characteristics, which can be observed through the vibrational modes that differ-
ent bonding structure generate.  Hydrogen can be bonded in many ways within a-Si:H – as sim-
ple Si-H bonds, as Si-H2 bonds and as a variety of other more complicated structures. [1] We are 
primarily concerned with the ratio of Si-H2 to Si-H bonds, which have absorption peaks in the 
FTIR spectrum at 2090 cm-1 and 2000 cm-1 respectively.  The presence of Si-H2 bonds is associ-
ated with increased long-range disorder in the amorphous semiconductor, and correlates with 
inferior opto-electronic properties. [2] The FTIR data we obtained on the a/nc-Si:H mixed-phase 
thin films are fitted with two Gaussians, where the number of bonds in each bonding structure is 
proportional to the area under its respective curve.  The figure of merit that is used to character-
ize the hydrogen bonding structure is called the microstructure fraction R which is defined as: 
 

  (1) 
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where I2000 and I2090 are the areas under the 2000 cm-1 and 2090 cm-1 peaks respectively.  In a-
Si:H, a smaller ratio of Si-H2 to Si-H (smaller R) is usually indicative of superior film quality. [1] 
However, the same may not necessarily be true in a/nc-Si:H, as the addition of embedded nanoc-
rystals may affect the hydrogen distribution.  This quarter’s work seeks to address this issue.  
 
The FTIR spectra for a complete series of films are shown in Figure 1 below.  It is clearly seen 
that as the crystal fraction is increased (from (a) to (c)), the ratio of the Si-H2 to Si-H increases, 
indicating a relative increase in the number of Si-H2 bonds.  We believe this is due to an accumu-
lation of hydrogen atoms in the grain boundary regions surrounding the nanocrystallites.  Figure 
2 gives the microstructure fraction for a variety of films, grown under nominally identical condi-
tions.  There is a clear trend of increasing microstructure fraction with increasing nanocrystalline 
content.  These results do not correlate well with results of the conductivity, which shows a non-
monotonic dependence on the crystal fraction.  Thus, for nc/a-Si:H, the microstructure fraction 
may not be a reliable measure of the film quality, as it is in a-Si:H.   
 

 
Figure 1: FTIR spectra of a complete series of films.  The relative height of the 2090 cm-1 peak 
clearly increases as crystal fraction increases. 
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Figure 2: Variation of microstructure fraction with crystal fraction, showing an upward trend. 
 
 

Track 2: Large-grain re-crystallized Si 

 

The second track of the project aims at controlling the grain structure and reducing the re-
crystallization time of micro-crystalline films through the annealing of amorphous silicon films 
in which silicon nano-crystals are embedded as crystallization “seeds”. The previous quarter’s 
report introduced a new generation of seeded film structure and synthesis with substantial bene-
fits over the structures studied during the first two quarters. The originally studied “co-
deposition” film structure consisted of relatively small (2-5nm in diameter), roughly spherical 
crystallites dispersed throughout the volume of an amorphous film. Although these films pro-
vided an enhanced crystallization effect over unseeded films, controlling crystallite concentra-
tion, and size proved difficult.  

Subsequently, a new process was developed in which films were deposited in a sandwich 
structure consisting of layers of crystallites existing between layers of pure amorphous film. This 
layered approach allows for the crystallite and amorphous plasmas to operate more independ-
ently, thus allowing greater control over particle size, shape, and concentration. Specifically, the 
new process allows for the production of much larger particles, which theoretically translates to 
faster crystallization according to thermodynamic growth principles. The resulting films under 
study in quarters 3 and 4 consist of films in which a single layer of crystallites is deposited be-
tween two amorphous silicon layers. The crystallites are predominantly cubic in shape, with edge 
lengths averaging 25nm. The larger particle size also provides a larger crystallite/amorphous in-
terface with which the crystallization mechanism can be more closely analyzed with high resolu-
tion transmission electron microscopy (TEM).  
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Resulting TEM studies uncovered that such films exhibit a drastically different mechanism 
of crystallization than the original co-deposition films, or from traditional mechanisms discussed 
in literature. In-situ imaging of the annealing process under TEM showed that voids with a partly 
crystalline and partly amorphous surface are formed at the seed/film interface. These voids move 
through the film with high velocity while “pulling” behind them a trail of crystalline material 
which acts as an additional crystallization site, leading to significantly enhanced crystallization 
kinetics.  Similar experiments were performed using amorphous rather than crystalline particle 
inclusions. Although these films also exhibited void formation at the particle/film interface, the 
crystallization process was substantially slower, with voids only propagating once a crystalline 
surface was formed behind them.  

 In order to further quantify the advantages of the new film structure, fourth quarter studies 
characterized the macroscopic crystallization rate of the new seeded films as compared to co-
deposition films and unseeded films. The electrical conductivity of microcrystalline films an-
nealed from seeded structures was also studied in order to make inferences on grain structure and 
electronic performance. Furthermore, since the evolution of hydrogen atoms during annealing is 
believed to be a key factor in the crystallization process, efforts were also made to controllably 
vary the Hydrogen content within the films.  

In studying the macroscopic crystallization kinetics, films were deposited on glass sub-
strates, annealed in a quartz furnace under nitrogen flow and characterized by Raman spectros-
copy at regular intervals. Films containing single layers of seeds at a concentration between 4 
and 10 particles per square micron of area were compared to films of equal thickness containing 
no seeds. As seen below in figure 3, such studies showed that the introduction of the larger seeds 
provided a substantial enhancement of crystallization over non-seeded films. Furthermore the 
crystallization growth rate of the new larger particle films was found to be over ten times faster 
than the rates measured in the smaller-particle, co-deposition films. The growth velocity of the 
new seed structure films vs. unseeded films is plotted as a function of temperature in figure 5 be-
low. The exponential trend shown in the plot is indication that the seeded films follow an Ar-
rhenius relationship, meaning that crystallization rate begins steeply increasing once enough 
thermal energy is available, equal to what is referred to as the growth velocity “activation en-
ergy” (Ea) [3]. 

Although the seedless films have a higher growth rate, each seeded film (as seen in figure 4) 
is nearly fully crystallized before the onset of growth occurs in their seedless counterparts. More 
importantly, the activation energy required for seeded film growth is nearly half of that observed 
for seedless films. This reduction follows naturally from fundamental nucleation and growth 
theories when crystallite nuclei of substantial volume are introduced into the formulae. This is 
further evidence to suggest that the growing grain structure is in fact controlled by the seeds and 
not native nucleation. Ultimately, the incorporation of the larger particles using the layered tech-
nique is observed as providing enhancement over seedless films with a drastically lower number 
of particles and easier processing conditions than the co-deposition process. The lower required 
number of particles is a crucial factor in producing large grain microcrystalline films, as fewer 
seed growth sites allows for each seed to grow without competition over larger film regions. 
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Figure 3: Plot of volume of crystalline fraction as a function of anneal time, for seeded   

and non-seeded films at 600 °C and 625 °C 

 
Figure 4: Plot of volume of crystalline fraction as a function of anneal time, for seeded   

and non-seeded films at 600 °C and 625 °C 

 
In order for micro-crystalline from seeded films to show a viable benefit, aside from en-

hancing crystallization rate, the final grain structure must consist of larger grains than film re-
crystallized from non-seeded films, as larger grains provide the benefit of improved electronic 
transport. As such, in our initial studies of film quality, dark electrical conductivity measure-
ments were compared between films re-crystallized from seed structures and films annealed from 
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pure amorphous structures (seedless). In the first study, three of each type of film was synthe-
sized and annealed at each of three temperatures: 600 °C, 625°C, and 650 °C.  Each seed film 
contained an equivalent, single layer deposition of 25nm crystallites at a density between 4-10 
particles per square micron of layer area.  The results, as seen in figure 5 below, showed a mildly 
decreasing conductivity for the seedless films with increasing anneal temperature.  

This is consistent with classical theories and simulations which show that the density of 
grain growth sites in amorphous films increases with anneal temperature [5]. The seeded films, 
however, showed a trend in which their conductivities gradually improved with anneal tempera-
ture, exhibiting superior conductivity over seedless films at a 650 °C anneal temp. A follow up 

study in which three samples of each type of film were all annealed at 650 °C, confirmed the ex-
act reproducibility of this result. This is most likely due to the fact that the seeded films do not 
experience an increase in grain growth site density with temperature, as there exists a fixed num-
ber of seeds controlled at deposition. Furthermore, since crystal growth rate increases exponen-
tially with temperature, the seed films only experience this increase in crystallization speed with-
out the added detriment of competition from the emergence of additional growth sites. 

 

 
Figure 5:  dark conductivity for films fully re-crystallized from either seeded or non-

seeded initial structures; for three separate annealing temperatures 

 
 As a result of this study, further studies are being done to characterize film behavior at 650 

°C by comparing the Raman crystallization kinetics and electrical conductivities of films re-
crystallized from a variety of initial seed densities. This will provide evidence that the final grain 
structure is indeed controlled by the initial seed concentration. If the seeds were the only active 
sites of crystal growth, then samples with lower initial seed concentrations should exhibit larger 
grain sizes and subsequently larger electrical conductivities. The values for conductivity shown 
so far are within common ranges of those observed in the literature for intrinsic microcrystalline 
silicon thin films. However, many of these literature films exhibited substantially larger anneal-
ing times, with limited control over final structure and often required post-anneal hydrogen 
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treatment processes to enhance electronic transport. With a further reduction in initial seed den-
sity and similar treatment processes, the electronic transport properties of our films can 
potentially be enhanced even further. Studies are also currently being conducted to characterize 
optical band gap, long-range film ordering, and grain size. 

Furthermore, the evolution of hydrogen atoms during annealing is believed to be a key factor 
in the crystallization process. The H evolution from nano-crystalline silicon films has been stud-
ied previously [6] as a function of annealing temperature, suggesting that H is preferentially re-
leased from the grain boundaries around 400˚C and from the bulk film between 600˚C – 650˚C. 
Therefore, it could be assumed that the relatively small addition of H atoms at the seed bounda-
ries evolves during the very early stages of the annealing and it does not significantly affect the 
bulk film. The duration of the amorphous incubation period is associated with the initial hydro-
gen content of the film, wherein less H has shown faster onset of crystal growth. With the rela-
tively high H concentration in the as-deposited films (~12%), it is possible that the 25nm crystals 
act as diffusion barriers where H can cluster together to form such large voids at the nanocrys-
tal/amorphous interface. 

In the case of PECVD films, the deposition conditions have direct effects on the H incorpo-
ration and the amorphous film microstructure. By now we managed to control the H content of 
the film from 9%-17% by varying the deposition temperature and applied hydrogen dilution dur-
ing deposition and hydrogen plasma treatment after deposition. The H concentration is measured 
using Forward Recoil Spectrometry (FReS) in which a MeV He ion beam is impinged on the 
sample surface and forward recoil target-atoms are directly detected to analyze hydrogen and its 
isotopes. In figure 6, a clear trend shows that by increasing deposition temperature of amorphous 
silicon films the bulk hydrogen content decreases accordingly. 

 
Figure 6: The hydrogen concentration in seeded films with different deposition temperature. 

 

      To study the effect of hydrogen content on the macroscopic crystallization kinetics, films 
containing single layers of seeds were deposited on glass substrates, annealed in a quartz furnace 
under nitrogen flow and characterized by Raman spectroscopy at regular intervals. In figure 7, it 
is shown that films with higher deposition temperature or lower hydrogen content in the amor-
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phous film, which means lower mismatch in the amorphous matrix or less competition between 
the growth sites, would provide a substantial enhancement of crystallization. 

 
Figure 7: Plot of volume of crystalline fraction as a function of anneal time, for seeded 

films at 650 °C with different deposition temperature. 
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Project Publications: An abstract for a conference publication has been submitted to the Mate-
rials Research Society spring 2009 symposium. The abstract is attached in appendix A. 
 

Additional Milestones:  Work is in progress towards milestone 5.  
 

Project Status:  The project is on schedule. 
 
 

 

 

 

 

 

 

LEGAL NOTICE 

 

THIS REPORT WAS PREPARED AS A RESULT OF WORK SPONSORED BY NSP.   

IT DOES NOT NECESSARILY REPRESENT THE VIEWS OF NSP, ITS EMPLOYEES, 

OR THE RENEWABLE DEVELOPMENT FUND BOARD.  NSP, ITS EMPLOYEES, 

CONTRACTORS, AND SUBCONTRACTORS MAKE NO WARRANTY, EXPRESS OR 

IMPLIED, AND ASSUME NO LEGAL LIABILITY FOR THE INFORMATION IN THIS 

REPORT; NOR DOES ANY PARTY REPRESENT THAT THE USE OF THIS INFOR-

MATION WILL NOT INFRINGE UPON PRIVATELY OWNED RIGHTS.  THIS RE-

PORT HAS NOT BEEN APPROVED OR DISAPPROVED BY NSP NOR HAS NSP 

PASSED UPON THE ACCURACY OF ADEQUACY OF THE INFORMATION IN THIS 

REPORT.  
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Milestone 4 
 
To be completed 12 months after the Contract Start Date 
 
Track 1: Embedded nanocrystal amorphous Si – Complete establishment of conditions that yield 
films with suitable microstructure for high-quality embedded nanocrystal amorphous films. De-
termine hydrogen bonding in film using Fourier Transform Infrared absorption to gain informa-
tion about void fraction. 
 
Track 2: Large-grain recrystallized Si - Complete characterization of recrystallized Si produced 
through high-temperature annealing of nanocrystal-seeded amorphous Si. Study microstructure, 
including grain sizes and void fraction. Compare results to thermally annealed unseeded films. 
 
Deliverable 4 
 
A journal publication (submitted, Appendix A) and conference presentation (Appendix B). Sub-
mission of Milestone Report detailing completion of Milestone 4 requirements to RDF represen-
tative. 
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Appendix A 

 

 

 

 
Manuscript of a paper submitted to Journal of Applied Physics
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Structural and Electronic properties of dual plasma co-deposited mixed-phase   amor-

phous/nanocrystalline thin films 

 
Y. Adjallah1, C. Anderson2, L.R. Wienkes1, U. Kortshagen2 and J. Kakalios1 

 
1School of Physics & Astronomy 

2Dept. of Mechanical Engineering 
University of Minnesota, Minneapolis, MN 55455 

 
Abstract 

 

A novel dual-plasma co-deposition system capable of synthesizing thin films of mixed-phase 

materials consisting of nanoparticles of one type of material embedded within a thin film semi-

conductor or insulator matrix is described.  This co-deposition process is illustrated by the 

growth of hydrogenated amorphous silicon (a-Si:H) films containing silicon nanocrystalline in-

clusions (a/nc-Si:H).  A capacitively coupled flow-through plasma reactor is used to generate 

silicon nanocrystallites of diameter 5 nm, which are entrained by a carrier gas and introduced 

into a capacitively-coupled plasma enhanced chemical vapor deposition reactor with parallel 

plate electrodes, in which a-Si:H is synthesized.  The structural, optical and electronic properties 

of these mixed-phase a/nc-Si:H films are investigated as a function of the silicon nanocrystal 

concentration. At a moderate concentration (crystalline fraction .02 – .04) of silicon nanocrystal-

lites, the dark conductivity and photoconductivity are enhanced by up to several orders of magni-

tude compared to mixed phase films with either lower or higher densities of nanoparticle inclu-

sions.  These results are interpreted in terms of a model whereby in films with a low nanocrystal 

concentration, conduction is influenced by charges donated into the a-Si:H film by the inclu-
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sions, while at high nanocrystal densities electronic transport is affected by increased disorder 

introduced by the nanoparticles. 

PACS number(s):73.63.Bd, 73.61.Jc, 78.30.Ly, 81.05.Gc 
 
 
 
 

 

 

 

 

 

Introduction 

 

Composite materials that make use of varying length scales, from the nanometer-scale to 

the macroscopic, can exhibit structural and opto-electronic properties not easily realized in ho-

mogeneous thin films.  Mixed phase materials consisting of nanocrystallites embedded in an 

amorphous matrix have found application in such diverse areas as high efficiency solar cells (Si 

crystals in amorphous Si),1-3 non-volatile memory and electron-emitters (Si crystals in SiO2),
4-7 

electroluminescent devices (Si crystals in SiN3)
5 and photonic bandgap materials (SiO2 in Si).9 

Processes to grow these materials range from plasma CVD under conditions of nanocrystal for-

mation in the gas phase,4,10-12 surface nucleation of crystals during plasma CVD,2,3,13-15 deposi-

tion and subsequent annealing of non-stoichiometric material (such as SiOx<2) leading to crystal 

formation via phase segregation16,17 and direct plasma deposition in a capacitively-coupled 

plasma enhanced chemical vapor deposition (PECVD) system, using high gas pressures and a 

heavily hydrogen-diluted silane precursor.2,3,18,19  

 

There has recently been considerable interest in the opto-electronic properties of hydro-

genated amorphous silicon thin films containing silicon nanocrystalline inclusions for photovol-
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taic applications.  It is well-known that the electronic proprieties of hydrogenated amorphous 

silicon (a-Si:H) degrade following light exposure, owing to the photo-creation of metastable 

dangling bond defects (traditionally referred to as the Staebler-Wronski effect (SWE)).20  These 

light-induced defects reduce the solar conversion efficiency of a-Si:H based photovoltaic de-

vices, and are seen as a major barrier to amorphous silicon fulfilling its technological potential in 

thin film solar cell applications.  Amorphous silicon thin films containing silicon nanocrystallites 

(a/nc-Si:H) have been reported to exhibit a resistance to light-induced defect formation.1 These 

nanostructured silicon films may be synthesized in a plasma-enhanced chemical vapor deposition 

(PECVD) system operated at elevated gas-chamber silane pressures of at least 1000 mTorr and at 

high RF power densities, so that particle nucleation within the silane plasma can proceed.  This 

process requires the heavy dilution of the reactive gas with hydrogen, in order to control the size 

of the particles formed within the plasma. The single-chamber process poses limitations for the 

production of a/nc-Si:H, since (1) the concentration of the crystalline particles in the resulting 

mixed phase a/nc-Si:H film are not easily controlled and (2) the gas-chamber conditions neces-

sary for nanoparticle creation are not conducive to growing high quality amorphous material, 

wherein optimal electronic properties of a-Si:H are typically found in films deposited at lower 

gas chamber pressures and RF power levels.   

 

  In this paper we describe a dual-plasma co-deposition system where the nanocrystalline 

particles are synthesized in an upstream flow-through tube reactor, and are then injected into a 

second capacitively-coupled plasma deposition system in which a-Si:H is grown.  This process 

enables the independent control of the diameter of the nanocrystals, their concentration in the 

mixed phase film, and the properties of the surrounding amorphous semiconductor matrix.  The 
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structural, vibrational, optical and electrical properties of a/nc-Si:H films produced by this new 

method are reported. 

 

Sample Preparation 

 

A schematic of the plasma reactor used to generate silicon nanocrystals is shown in Fig-

ure 1. The particle synthesis reactor, shown in Figure 1a, consists of a 3/8-inch diameter quartz 

tube fitted with two ring electrodes.21 Using an Advanced Energy RFX-600 signal genera-

tor/amplifier and a p-type matching network, the excitation voltage at 13.56 MHz was applied to 

the upper ring electrode in Figure 1a, while the lower ring electrode is grounded. By varying the 

deposition conditions, in particular the gas chamber pressure and pulsing the time that the rf 

plasma is ignited, the diameter of the silicon nanocrystals can be controlled.  The gas flow of si-

lane is set at 10 sccm of 5% silane pre-diluted in 95%helium.   As a carrier gas to entrain the 

nanoparticles and deliver them into the second plasma deposition chamber, 50 sccm of argon 

was used, for a total pressure of 1.5 Torr.  Using ~50 W of RF power, a discharge is produced in 

the tube that extends for a length of around 5 cm, and is extinguished as the tube feeds into the 

grounded, second deposition chamber (Figure 1b).  The size of the particles is directly related to 

the gas residence time in the plasma21 which was approximately 3 ms under these flow condi-

tions. The average diameter of the particles under the above conditions was between 5-6 nm. 

TEM studies confirm the ability of this reactor to produce small nanocrystals, evidenced by the 

appearance of lattice fringes in bright-field TEM that are consistent with Si (111) lattice planes.24 

Details of how the nanocrystal diameter depends on the chamber gas pressure and plasma resi-

dence time have been published previously.21 
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Concurrent with the continuous injection of silicon nanocrystals, a-Si:H is deposited in 

the lower, capacitively-coupled plasma (CCP) chamber, shown in Figure 1b.  The flow of silane 

in the second chamber is 20 sccm of 5%-silane in helium, introduced through a separate gas 

feedthrough from the side of the chamber (not shown in fig.1b).  The total pressure in the second 

chamber is 600 mTorr, and the RF (13.56 MHz) power applied across the two electrodes (elec-

trode area of 175 cm2, fixed separation of 5 cm) is 5 W. The temperature of each electrode can 

be independently controlled, in order to vary the thermophoresis force that acts upon the 

nanoparticles within the silane plasma.  For the films described here the grounded electrode, 

upon which the substrates reside, is kept at 250°C while the top RF electrode is unheated.  The 

two inlets to the CCP chamber can be reversed, so that the silicon nanocrystallites can be in-

jected from the side of the CCP chamber, and the silane for the a-Si:H deposition is introduced 

through the top electrode.  

 
For the films investigated in this paper, the nanocrystalline particles are introduced into 

the second chamber through the top electrode, as shown in Figure 1b. One method by which the 

concentration of silicon nanocrystals in the a-Si:H matrix film can be varied is by convection of 

the argon carrier gas in which the particles from the particle synthesis reactor are entrained.22 

The quartz tube providing the nanoparticle aerosol is fed into the CCP chamber to within a  dis-

tance of 2.5 cm from the grounded electrode surface.  The gas flow from the particle synthesis 

reactor impinges on the grounded electrode and the flow diverges towards the electrode periph-

ery.  Substrates are placed radially outwards from the center position of the tube exit, labeled al-

phabetically from the electrode periphery inwards, as shown in Figure 1b.  The substrate labeled 

A is located 5 cm horizontally from the quartz tube injection tube, while the substrate labeled C 
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is a distance of 2.5 cm from the particle injection tube, and the substrate labeled E is directly un-

derneath the quartz tube opening.   This reactor geometry takes advantage of the fact that the 

nanoparticles are transported to the substrate surface by diffusion from the gas phase, and that 

the deposition rate of particles decreases radially outwards from the center position of the elec-

trode. We thus have a unique way of studying the effect of crystalline fraction on the film prop-

erties.  As the lower grounded electrode, on which the substrates reside, is the heated electrode, a 

positive temperature gradient between the CCP electrodes creates a thermophoretic force di-

rected away from the substrates. The film is deposited onto Corning 7059 glass or crystalline 

silicon substrates. The film thickness, measured by a profilometer, varies from 200 to 700 nm for 

plasma deposition times of 60 minutes with a deposition rate of ~1 to 2 Å/sec. The film depos-

ited near the particle tube (location E) is always the thickest (around 700 nm) while the film de-

posited at 5 cm away (location A) from the particle tube is thinnest, with a film thickness of ap-

proximately 200 nm. 

 

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).22 

Figure 2 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 1b), 

around 80 mm-2 at 5 cm. The density increased to 120 mm-2 at 2.5 cm, for the substrate labeled C 

in Figure 1b. The difference in particle deposition rate is apparently not linear with electrode dis-
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tance, as the center sample (Fig. 2 (c)), labeled substrate E in Figure 1b, appears to contain up to 

one monolayer of particles, whereas slightly less than that could have been expected based on the 

samples at the outer electrode locations (Figures 2 (a) and (b)). 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.  

 

 
 

Experimental Methods 

 

The presence and concentration of silicon nanocrystals in the mixed phase thin films syn-

thesized in the dual chamber co-deposition system is confirmed by measurements of the Raman 

spectrum.  Raman spectra are recorded 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 at a power of 5 mW focused to an area of 700 nm diameter. The depth of field of the 

confocal microscope is approximately 500 nm, comparable to or larger than the thickness of the 

films being measured.  By varying the depth of field for thicker films, we have confirmed that 

the observed nanocrystalline signal is characteristic of the bulk of the film.  The Raman spectra 

presented are taken using a low incident laser power to avoid any shifts of the peak due to ther-

mal annealing of the sample.  Raman spectra are recorded from several different locations along 

the film surface, to ensure that the results are characteristic of the material and do not reflect a 

local fluctuation in nanocrystal concentration. 
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The crystalline fraction is the percent, by volume, of the mixed phase film that is crystal-

line silicon, and can be defined as the ratio of the area under the crystalline silicon peak over the 

sum of the area under the crystalline silicon peak and the area of the amorphous silicon peak,  

Xc = (Anc)/[Anc+ lAam].  

Comparing the area under the crystalline silicon peak located at 512 cm-1 (and at 500 cm-

1 for the film with the highest nanocrystalline concentration) 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 phase of l = 1.0, the films presented in the Figure 3 have a crystal-

line fraction Xc equal to 0.10, 0.02 and less than 0.04 for the mixed-phase films grown at the po-

sition E, C and A respectively.  The ratio of the Raman backscattering cross-section factor l is 

determined from comparisons of Raman spectra for bulk crystalline silicon to pure a-Si:H films; 

values frequently cited in the literature range from l = 0.8 to l = 0.88.25-27  When we use a cross-

section factor l of 0.8 - 0.88, the calculated Xc increases by a small amount.  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 un-

derstood, we have made the simplifying assumption of l = 1.0 for our Raman data. 

 
 
 

The nature of the Si-H bonding is another important feature of the co-deposited films. A 

common figure of merit regarding film quality is taken from the relative amounts of clustered H 

and isolated Si-H bonds, measured by the vibrational bond-stretching modes with either IR ab-

sorption28,29 or Raman spectroscopy.30 The microstructure fraction R is calculated as  

  R= I2090/ (I2090+I2000)     
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where I2090 and I2000 are the integrated intensities of the peaks centered at the respective wave-

number value. The peak centered at around 2000 cm-1 is attributed to the excitation of vibrational 

modes of isolated Si-H bonds in the film.28 The absorption peak around 2090 cm-1 can come 

from several Si-H configurations, including clustered Si-Hx bonds in a-Si:H,28,29  as well as sur-

face hydrogen modes found in crystalline Si28 and is typically associated with higher amounts of 

structural and electronic disorder.28,29,31 The infrared absorption spectra for the mixed-phase 

a/nc-Si:H films deposited onto crystalline silicon substrate are collected with a Nicolet Magna 

750 FTIR spectrometer. 

 
For measurements of the electronic transport properties of the mixed-phase films, two 

coplanar chromium electrodes typically 1 cm long and separated by a gap either 2 mm or 4 mm 

wide are evaporated onto the films, which yield linear current-voltage characteristics.  The sam-

ples are placed in a vacuum chamber and annealed at 450 K for 120 minutes, in order to remove 

any influence of light-induced defects or surface adsorbates.  The films are then slowly cooled 

(cooling rate ~ 1 K/min) to room temperature, where the annealed state (State A) dark conductiv-

ity is then measured upon warming (heating rate ~ 1K/min) back up to 450 K.  Upon returning to 

room temperature, the sample is then reheated to 320 K, and the photocurrent is measured during 

a two hour exposure to white light from a W-Ha heat filtered white light.  This light soaked state 

is termed State B.  The temperature dependence of the dark conductivity of the a/nc-Si:H films 

are then measured in State B, under the same conditions as before. 

 

To investigate the density of states and optical absorption coefficient for the a/nc-Si:H 

mixed-phase films, the absorption spectra was measured using the Constant Photocurrent 

Method (CPM), developed by Grimmeiss and Ledebo32 and adapted for a-Si:H films by Vane-
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cek.33  In CPM, the absorption of sub-bandgap light is measured through the induced photocur-

rent in the semiconducting thin film.  As the density of photo-excited charge carriers increases 

for higher photon energies, the quasi-Fermi energy level shifts closer to the mobility edge, 

changing the occupancy of mid-gap states that may act as recombination centers.  In order to 

avoid complications in extracting the optical absorption coefficient from the photocurrent due to 

variations in the recombination lifetime with absorbed photon energy, the incident light intensity 

is varied at each wavelength in order to maintain a constant photocurrent.  In this way the quasi-

Fermi energy is unchanged with photon energy, and the recombination lifetime is constant dur-

ing the measurement.    

 

The CPM set-up consists of an LPS 220 adjustable lamp power supply with a tungsten 

halogen source, and an Oriel 77250 monochromator with a stepper motor.  The incident light 

passes through a chopper and the photocurrent is detected with an SR530 lock-in amplifier and 

Ithaco 564 Low Noise Pre-amplifier. All measurements were preformed at room temperature and 

nominal vacuum (~50 mTorr). 

 

Structural Characterization 

 

 
 In an earlier preliminary report21 we have described Transmission electron microscopy 

(TEM) studies that verify that silicon nanocrystals are indeed introduced into the amorphous sili-

con matrix in this co-deposition system, and moreover that these crystallites are produced in the 

particle synthesis reactor, rather than formed within the silane plasma in the CCP chamber. As 

ion milling can affect the structure of the films, a small angle cleaving technique (SACT)24 was 
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employed to obtain the cross-section views of these samples.  The particle size distribution and 

the particle crystallinity were analyzed by high resolution TEM, confirming that the nanocrystal-

lites are present throughout the thickness of the a/nc-Si:H films. Focal series imaging demon-

strate that the lattices fringes are not microscope artifacts.23 

 

While high-resolution TEM provides direct evidence of nanocrystalline inclusions, it is 

not particularly useful for quantifying the crystalline content. This is due to the fact that only par-

ticles with lattice planes that are properly aligned with respect to the electron beam can be ob-

served directly in TEM.  In Fig.3, we compare the Raman spectra of the a/nc-Si:H films from the 

three different positions of the CCP chamber (Fig. 1b), corresponding to low, intermediate and 

high nanocrystalline concentrations as indicated by the tm-AFM observations.  The curves are 

offset to fit onto a single plot.    

 

The a/nc-Si:H film deposited in position A in Fig. 1b, has a Raman spectrum with a broad 

peak at a wavelength  shift of 480 cm-1 corresponding to the TO mode of a-Si:H.  A similar 

broad peak at 480 cm-1 is the only peak observed in the Raman spectra in the corresponding 

wavenumber regime of homogeneous a-Si:H films deposited in the same system with the particle 

synthesis reactor turned off. This is expected since the deposition rate of nanoparticles (inferred 

from the tm-AFM measurements) suggests that a crystalline fraction (defined below) much less 

than 0.01 would be found.  We see that the mixed-phase film deposited in position C (Figure 1b), 

with intermediate nanocrystallite concentration, has two peaks; one corresponding to the TO 

mode of a-Si:H at 480 cm-1 and another small crystalline peak at 512 cm-1.  The film deposited in 
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the position E in figure 1b (highest nanocrystallite concentration) has the same two peaks but an 

enhanced intensity of the 512 cm-1 peak and third peak near 500 cm-1.  

 

  Bulk crystalline silicon has a sharp peak in the Raman spectrum centered at 518-520 cm-

1. The position of the peak can shift to lower wavenumbers due to quantum confinement ef-

fects.25 A peak at 512 cm-1, equivalent to a downward shift of approximately 6 cm-1 is consistent 

with a nanocrystalline size of ~4 nm25,26 in diameter, while TEM analysis indicates a diameter 

around 5-6 nm.21 We also see in the high nanocrystallite concentration samples another small 

peak at around 500 cm-1, which has been attributed to the grain boundary region surrounding the 

nanocrystals.27 

 

 Assuming a crystallite diameter of 5-6 nm and a crystalline fraction of 0.10 for the film 

with higher nanocrystallite concentration, the nanocrystallites in the film deposited at the posi-

tion E have an average spacing of ~13 nm, while the nanoparticles in the film with lowest crys-

talline fraction have an average separation > 40 nm. Again it is noted that the trend in the crystal-

line fraction is not linear with electrode distance, similar to the AFM deposition rate measure-

ments in Figure 2. Even so, this deposition technique demonstrates a novel method for the inclu-

sion of nanocrystals into amorphous films, with some level of control over their number density. 

This is already a significant contribution towards the understanding of mixed phase films, since 

this level of morphology control has not been previously reported. 

 

Figure 4 shows the infra-red spectra in the range 1900 – 2200 cm-1 for the films deposited 

in the A, C and E positions as indicated in Figure 1b, the curves are normalized and offset verti-
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cally for clarity.  The FTIR spectra can be fit using two peaks, one at 2000 cm-1, and another at 

2090 cm-1 representing the SiH2 stretching mode.  There is a clear increase in infra-red absorp-

tion at 2090 cm-1 as the nanocrystalline concentration in the a/nc-Si:H films increases.  

 

  The infra-red absorption spectra in Figure 4 are consistent with an increase of Si-Hx 

bonding in the grain boundary region surrounding the nanocrystalline inclusions.  For samples 

located far from the electrode center, the Si-H spectra was identical to that observed for pure a-

Si:H, where no particles were injected into the plasma, showing a microstructure fraction around 

R = 0.26; the additional Si-Hx bonds for the sample at 5 cm from the particle injection tube (la-

beled sample A in Figure 1b) associated with the nanocrystal surfaces were too few to be de-

tected. As the particle concentration was increased toward the center, R also increased, up to R = 

0.34 with a corresponding crystallinity of XC = 0.24 for the center sample deposited closest to 

the particle injection tube. Coupled with the fact that the value of R with no particles injected 

showed no dependence on substrate location, these data support the interpretation that the addi-

tional signal from clustered Si-Hx at 2090 cm-1 comes from the H atoms at the grain boundaries 

of the embedded particles.  

 

 The deposition of mixed phase films as in Figs. 3 and 4 have been repeated several 

times.  There is a run to run variation in the exact concentration of silicon nanocrystals embed-

ded within the a-Si:H matrix, even when the deposition conditions under which the mixed phase 

a/nc-Si:H films are nominally unchanged.  For one particular deposition run, there was essen-

tially no change in the microstructure factor for the films synthesized at positions A and C as in 

Fig. 2, but for the film grown directly underneath the particle injection tube the microstructure 
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factor was nearly 0.9. The general trend is an increase in the silicon nanocrystal concentration, 

accompanied by an increase in the infra-red microstructure factor R, with the largest change in R 

generally found for films with the highest nanocrystal density.   

 

Opto-Electronic Characterization 

 

The structural studies described above confirm that we can generate silicon nanocrystals 

in one plasma chamber that can be homogenously incorporated into a hydrogenated amorphous 

silicon matrix synthesized in another plasma deposition reactor.  Moreover, we have a unique 

platform to investigate the influence of increasing the nanocrystalline inclusion concentration on 

the optical and electronic properties of mixed phase a/nc-Si:H films, as the co-deposition system 

enables the simultaneous synthesis of a-Si:H with a varying density of nanoparticle inclusions 

(Figures 2 and 3).  The surrounding a-Si:H tissue is the same for films deposited in a single run, 

and the nature of the nanocrystals generated in the Particle Synthesis Chamber (Fig. 1a) is un-

changed during the deposition. Consequently the only difference for the a/nc-Si:H films grown at 

the positions A, C and E in Figure 1b is the density of nanocrystals embedded within the films.  

The non-linear sensitivity to nanoparticle concentration of the optical absorption spectra and 

temperature dependence of the dark conductivity, described below, is consequently not likely to 

be due to any variations in the quality of the surrounding a-Si:H.  

 

The temperature dependence of the dark conductivity in state A is well described by the 

Arrhenius function s = s0exp[-EA/kBT], where EA is the activation energy and s0 is the conductiv-

ity prefactor, as shown in Figure 5.  This figure shows Arrhenius plots for films from a single 
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deposition run with increasing nanocrystalline concentration, along with an a-Si:H film deposited 

in a separate run with no nanocrystals included, for reference. The corresponding crystalline 

fractions are indicated on the plot.  For the a/nc-Si:H film with XC  < 0.01, the electrical behavior 

is very similar to that of a-Si:H films deposited without embedded nanocrystals, with a room 

temperature dark conductivity s  ~  10-10 W-1 cm-1 and an activation energy EA = 0.89 eV.  The 

activation energy is fitted to the temperature dependence of the dark conductivity near room 

temperature.  There is a slight downward kink at higher temperatures evident above 430 K for 

some of the mixed phase films investigated, which is a hallmark of thermal equilibration effects 

in undoped a-Si:H.  As the crystalline fraction is increased to 0.02, the conductivity increases by 

several orders of magnitude, along with a reduction of the dark conductivity activation energy to 

EA = 0.64 eV. This trend does not continue with increasing crystalline fraction, as the conductiv-

ity for XC = 0.10 is intermediate to samples between 0 and 0.02 over the range of temperatures 

investigated, with a measured activation energy of EA = 0.91 eV.  

 

The results from Figure 5 are unanticipated.  In order to confirm that the dark conductiv-

ity is indeed non-monotonic with nanocrystalline concentration, this deposition run was repeated 

five more times. These data are summarized in Table 1, which lists the six runs (the data in Fig. 5 

is for Run 1), the nanocrystalline concentration as determined by Raman spectra as in Fig. 3, the 

dark conductivity at 320 K and the activation energy in State A measured near 320 K, the ratio of 

state B to state A dark conductivity (the Staebler-Wronski effect) and the photosensitivity, de-

fined as the ratio of the photoconductivity to the state A dark conductivity.  
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In all trials the general behavior of an enhancement of the dark conductivity, with a de-

crease in the measured activation energy for the a/nc-Si:H film containing a crystalline fraction 

of XC ~ 0.02 – 0.04, as determined by Raman spectroscopy measurements, was observed.   

 

The co-deposition system shown in Fig. 1 always yields a higher nanocrystalline concen-

tration in the films directly underneath the particle injection tube (location E) than for the films 

grown at locations A and C.  For certain deposition runs the dark conductivity of the a/nc-Si:H 

film with the highest nanocrystal concentration was closer to that of the material with the lowest 

density of nanocrystals. There is scatter in the precise conductivity and activation energies ob-

served between differing runs, for films deposited under nominally identical conditions.  The gas 

convection in the second chamber, employed to vary the concentration of nanocrystals supplied 

to the different substrates can lead to variations in the precise concentration of nanocrystals in 

the mixed phase films, as determined by Raman spectroscopy measurements. Despite run-to-run 

variations, in all cases the dark conductivity followed the trend exhibited in Figure 5.   

 

The initial motivation for investigating mixed phase a/nc-Si:H films was the reports that 

these materials exhibited improved resistance to light-induced defect formation (the Staebler-

Wronski effect).  In order to investigate these materials’ sensitivity to light-induced defect crea-

tion, the films in Table 1were exposed at 320 K to heat-filtered white light from a W-Ha lamp 

for two hours.  The temperature dependence of the dark conductivity is then re-measured, and 

the light soaked condition is labeled state B.  The ratio of the state B to state A dark conductivity 

at 320 K, listed in Table 1, is observed to be close to unity for a/nc-Si:H films with an increasing 

concentration of embedded nanocrystals, while films with lower concentrations of nanocrystals 
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displayed a reduction of the dark conductivity due to the Staebler-Wronski effect of nearly an 

order of magnitude.  

 

A plot of the photosensitivity, defined as the ratio of the photoconductivity initially re-

corded to the state A dark conductivity at 320K against crystalline silicon fraction for all of the 

a/nc-Si:H films of Run 2 is shown in Figure 6. Comparable data is observed for all of the a/nc-

Si:H mixed phase thin films, as listed in Table 1.  The decrease in the photosensitivity with in-

creasing nanocrystalline concentration for the films is shown in Figure 6 suggests that these films 

contain a higher density recombination centers, most likely mid-gap dangling bond defects.  

These dangling bond defects may possibly be associated with the inclusion of the nanoparticles 

during film growth.   

 

The optical absorption coefficients for the a/nc-Si:H mixed phase films from Run 1 as 

measured using the Constant Photocurrent Method (CPM) are shown in Figure 7.  The absorp-

tion edge, typically defined in amorphous semiconductors as the photon energy for which the 

absorption coefficient has a value of a = 104 cm-1 (which corresponds to ad = 1 for a one micron 

thick film) is ~ 1.8 – 2.0 eV as the nanocrystalline concentration varies.  The Urbach slope, rep-

resenting the width of the band tail states arising from strained Si-Si bonds, increases from 

around 75 meV for the low nanocrystal density film to 100 meV for the film with the highest 

nanocrystalline concentration.  It is not surprising that materials with large concentrations of 

nanocrystalline inclusions will contain a significantly higher density of strained Si-Si bonds, re-

flected in broader band tail slopes.  However, there is significant excess optical absorption for 

photon energies around 1.9 eV for the a/nc-Si:H film with a crystal fraction XC = 0.02, leading to 
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a very steep Urbach slope of 50 meV.  This excess absorption is consistently observed in all 

other a/nc-Si:H films deposited with crystal fractions of 0.02 – 0.04. 

 

The low energy absorption coefficient near 1.5 eV, which is interpreted as reflecting ab-

sorption either from or into mid-gap dangling bond defects, does not exhibit a monotonic de-

pendence on nanocrystalline concentration. Material with nanocrystalline densities of XC = 0.10 

– 0.12 have roughly an order of magnitude higher mid-gap absorption coefficients than those 

films deposited in location A in Figure 1b which have crystal fractions of less than a percent. 

However, we find that the lowest defect absorption, suggesting the lowest dangling bond densi-

ties, 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,41 we conclude that films deposited directly under the particle 

injection tube (location E in Figure 1b) have defect densities of approximately 1018 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 C in figure 

1b.  

 
 

Discussion 

 

By varying the substrate position relative to the particle injection tube in the second reac-

tor 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 
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and tm- AFM.  We now discuss how this variation in nanocrystal density can account for the 

opto-electronic properties described above.  We begin with a consideration of the structural char-

acteristics of the films, in particular, the Raman and FTIR spectra. 

 

The Raman peak attributed to the silicon nanocrystals in Fig. 3 is shifted to a wavenum-

ber of approximately 512 cm-1, while bulk crystalline silicon exhibits a TO Raman peak at 518 – 

520 cm-1.  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 par-

ticles is less than 10 nm, owing to quantum confinement effects.25-27  From Viera, Huet and 

Boufendi’s data,25 the shift of approximately 6 – 8 cm-1 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.  

Measurements of the infra-red absorption spectra (Figure 4) find an increase in absorption at 

2090 cm-1 in films with the highest nanoparticle density. Films deposited when the particle syn-

thesis reactor is off show no variation in the 2090 cm-1 absorption intensity with substrate posi-

tion in the second plasma chamber.  Figure 4 suggests that the region surrounding the nanocrys-

tals is heavily hydrogenated, rich in Si-H2 bonds.34,35 Unlike the investigations of Viera, Huet 

and Boufendi,25 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 250°C employed, entails significant hydrogen diffusion 

and structural relaxation.  Elucidation of the role that the specific deposition conditions play on 
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the observed shift in the Raman crystalline TO mode requires additional systematic investiga-

tion. 

 

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 1. 

 

  There is no single, generally accepted mechanism underlying metastable defect forma-

tion. One popular model posits that the Staebler-Wronski effect involves the breaking of strained 

Si-Si bonds due to the non-radiative recombination of photo-excited electron-hole pairs.36 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 is in-

voked to stabilize 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 spatially separate the newly formed defect pair.  In this case the two broken Si bonds are 
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likely to reform, inhibiting metastable defects from being added to the material following illumi-

nation.  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.37 In these mate-

rials 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.38 

 

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 8.  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.39  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 ma-

terial, and the valence band of the nanoparticle is ~0.3 eV above the a-Si:H valence band edge.39 

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.40 It is 

therefore reasonable that the hydrogen rich shell surrounding the silicon nanocrystal has a band-

gap of approximately 2.0 eV.  This is admittedly a rough estimate, but the exact value of the en-

ergy gap of the hydrogen rich shell surrounding the nanocrystal is not crucial for the argument 

below. For simplicity it is assumed that the energy band of the shell region is equally offset from 

the a-Si:H conduction and valence band edges.   
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 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 CPM measurements of the mid-gap optical absorption coefficient (Figure 7) indicate 

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 1017 cm-3.41   If the silicon nanocrystal has a diameter of  ~ 5 

nm, then it will be comprised of roughly 104 Si atoms. A crystal fraction of 0.02 (corresponding 

to the films deposited at an intermediate distance from the particle injection tube, located at posi-

tion C in figure 1b) then implies a density of 1 x 1017 cm-3 nanocrystals.  If each nanocrystal do-

nates 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 1017 cm-3.  These excess charges will fall into the dan-

gling 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 
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edge, and will reside in the minimum between the dangling bond band and the exponential con-

duction band tail states, as indicated in Figure 9.  

 

This enhancement in the dark conductivity by the excess charge donated by the nanocrys-

tals is negated by the addition of defects when the nanocrystalline concentration is further in-

creased.  As indicated in the tm-AFM images (figure 2), films deposited on substrates located 

directly underneath the particle injection tube have a higher concentration of nanoparticle inclu-

sions 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 concentra-

tion 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 

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 nanoparticle densities in these films, consistent with the observed enhanced midgap opti-

cal absorption (Figure 7).  This would explain why the photosensitivity (defined as the ratio of 

the initial white light photoconductivity to the dark conductivity in the annealed state A) de-

creases with crystal fraction, as shown in Figure 6.  Dangling bond defects act as recombination 

centers, and the higher their concentration, the lower the photoconductivity.  The data in Figure 7 

indicate that when the crystal fraction is 0.10, the dangling bond density is on the order of 1018 

cm-3, compared to roughly 1017 cm-3 for the film with Xc = 0.02 crystal fraction.41 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 ~5 x 1017 cm-3.  Consequently, the excess 

charges donated by these inclusions would not be sufficient to maintain the dark Fermi level at 
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its position closer to the conduction band edge (see Figure 9b) and the dark conductivity activa-

tion energy will return to a value similar to that observed in films with less than Xc < 0.01 crys-

tal fraction (see fig.9c).   

 

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, re-

sulting in the conduction band edge moving to higher energies, which would also tend to in-

crease the dark conductivity activation energy and lower the conductance of these films.31 Ideally 

one would compare the temperature dependence of the thermopower and dark conductivity to 

elucidate the role that increased long-range disorder by the nanocrystalline inclusions.  However, 

the materials investigated here, which are undoped, are too resistive for accurate determinations 

of the thermopower.  Experiments are underway to compare the conductivity and thermopower 

of phosphorus doped a/nc-Si:H films. 

 

 Finally, the donation of excess charges to the a-Si:H matrix by the nanocrystalline inclu-

sions may also account for the optical absorption coefficients observed for films with crystalline 

fractions of a few percent.  These later films exhibit a midgap absorption coefficient that is lower 

than for a film with a negligible nanocrystal density. It is conceivable that the addition of a mod-

erate concentration of nanocrystals to the mixed phase a/nc-Si:H films decreases the dangling 

bond density, in some way relieving strain in the network and passivating existing defects.  Films 

deposited directly underneath the particle injection tube (location E in Figure 1b) have higher 

concentrations of nanoparticles and a concomitant higher density of dangling bond defect states.  
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One must assume that any network relaxation effect present when the crystal fraction is XC ~ 

0.02 – 0.04 is negated when XC ~ 0.10.   

 

Alternatively, it may be possible that the lower absorption coefficient observed when XC 

~ 0.02 – 0.04 is due to the fact that in these films there is sufficient donated excess electrons 

from the nanoparticles to transform nearly all the dangling bond states from unoccupied (labeled 

D+) to singly occupied (Do).  The optical absorption coefficient for photons of energy hn is de-

termined by the product of the density of initially occupied states at an energy E and final unoc-

cupied states at an energy higher by E = hn, and the square of the transition matrix element con-

necting the final and initial states.41 Previous investigations have concluded that there is no sig-

nificant energy dependence to the transition matrix elements as the photon energy is varied from 

hn = 1.5 up to 3.5 eV .42  This indicates that the electric dipole matrix element is essentially the 

same for transitions from extended states to extended states or when either the initial or final 

state is localized.  This result is consistent with the Random Phase Approximation for the nature 

of extended states at the mobility edges of disordered semiconductors.43 These investigations 

were unable to consider the transition matrix element for optical excitation from or to D+ states 

to or from the extended states, relative to identical optical transitions for Do states.  It is known 

that both states lie at roughly the same location in the mobility gap44, but if the transition matrix 

element for Do states were approximately by factor of two smaller that than for D+ states, which 

would lower the optical absorption coefficient at hn = 1.5 eV in the Xc = 0.02 films, when all the 

dangling bond defects are converted from D+ to Do.   
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 The excess optical absorption at hn = 1.9 eV observed for the films with Xc = 0.02 and 

0.10 in Figure 7 may arise from additional absorption in the hydrogen rich shell region presumed 

to surround each nanocrystal.  The broader Urbach slope observed for the film with the highest 

nanoparticle density indicates a higher density of strained Si-Si bonds in these films, which is 

reasonable as the material attempts to accommodate a large concentration of inclusions.  The 

sharper Urbach slope for the XC = 0.02 film may be simply an artifact of the absorption coeffi-

cient decreasing from the elevated value at 1.9, returning to the same values found in the lower 

nanocrystal concentration film.  The density of strained bonds in these films would not be ex-

pected to be lower than for the films deposited with the lowest nanoparticle density (XC < 0.01).  

More study is required to elucidate the mechanisms responsible for the observed optical absorp-

tion coefficient in these low-density mixed phase materials.   

 

Summary 

 

Mixed phase thin films consisting of a hydrogenated amorphous silicon film in which 

silicon nanocrystals are embedded have been successfully synthesized in the novel, dual chamber 

co-deposition system described here.  By controlling the plasma conditions in one chamber, 

monodisperse 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 sub-

strate 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 nanoc-
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rystal density does indeed decrease as the substrate separation from the particle injection tube is 

increased. 

 

At a moderate concentration (crystalline fraction Xc ~ 0.02 – 0.04) of silicon nanocrystal-

lites, the dark conductivity is enhanced by up to several orders of magnitude compared to mixed 

phase films with either lower or higher densities of nanoparticle inclusions.    Moreover, the op-

tical absorption coefficient for these moderate nanocrystal concentration films has a lower mid-

gap absorption value than film containing lower crystalline fraction.  We propose that charges 

donated into the a-Si:H film by the nanocrystalline inclusions shift the Fermi energy closer to the 

conduction band edge, increasing the dark conductivity of these films.  By converting the unoc-

cupied dangling bond states to singly occupied, without an accompanying significant increase in 

defect density, the moderate nanocrystalline films exhibit a lower midgap absorption coefficient.  

Films containing much higher nanocrystalline concentrations also have higher dangling bond 

densities, which negate the doping effect of the nanocrystalline inclusions.   
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Figure Captions 

 

Figure 1: (a) Non-thermal plasma reactor used to produce Si nanocrystals for co-deposited a-

Si:H film samples, and (b) Sketch of the dual-chamber system that synthesizes mixed phase a/nc-

Si:H thin films.  The nanoparticles are grown in the particles synthesis reactor at high pressure, 

which are then injected into the second chamber.  The a/nc-Si:H films are deposited at a lower 

pressure onto the three glass substrate.  The concentration of silicon nanocrystals in the films de-

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

 

Figure 2: AFM images of nanoparticles deposited under typical plasma conditions for 1 minute 

onto c-Si substrates located (a) 5 cm, (b) 2.5 cm, and (c) 0 cm from the electrode center. 

 

Figure 3: Raman absorption spectrum of a/nc-Si:H films as a function of nanocrystalline con-

centration for Run 2 as listed in Table 1. The curves are offset vertically for clarity. 

 

Figure 4: Infrared absorption spectra of the mixed-phase films as function of crystalline concen-

tration for Run 1 as listed in Table 1.  The curves are offset vertically for clarity. 



Figure 5: Arhennius plot of the dark conductance of a series of a/nc-Si:H mixed phase films for 

Run 2 as listed in Table 1, with low (XC < 0.01); medium (XC = 0.02) and high (XC = 0.10) crys-

tal fractions.  For comparison, the conductivity of a pure a-Si:H film without nanocrystalline in-

clusions is also plotted.   

 

Figure 6: Plot of the photosensitivity, defined as the ratio of the initial white light photoconduc-

tivity to the dark conductivity at 320 K in the annealed state A against crystalline fraction as de-

termined for Run 2 as listed in Table 1 (denoted by different symbols) of mixed-phase a/nc-Si:H 

films. 

 

Figure 7:  Plot of the optical absorption coefficient measured using the constant Photocurrent 

Method against photon energy for a/nc-Si:H mixed-phase thin films with a silicon nanocrystal-

line inclusion density of Xc < 0.01 (square data points), 0.02 (triangle data points) and 0.10 (cir-

cle data points) for Run 1 as listed in Table 1. 

 

Figure 8:  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. 



Figure 9:  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. 9a).  For XC = 0.02 

– 0.04 (Fig. 9b), 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. 9c), the number of addi-

tional 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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Controlled Crystallization of Hydrogenated Amorphous Silicon Thin Films by Nanocrys-

tallite Seeding 
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University of Minnesota, Mechanical Engineering 
 

Large grain microcrystalline silicon thin films have attracted much attention in recent 
years in active matrix-liquid-crystal displays and photo-voltaic solar cells. This is due primarily 
to their superior transport over amorphous alternatives while maintaining a significantly lower 
manufacturing cost over conventional wafer-grown silicon. The general goal of current mi-
crocrystalline development efforts is to achieve further enhanced transport properties by creating 
films with larger grains. Recently, numerous studies have shown that the highest quality mi-
crocrystalline thin films are obtained from solid-phase-crystallization of hydrogenated amor-
phous thin films at sub-melting point temperatures.  

Control of final grain structure is often attempted through control of the nucleation rate, 
with lower nucleation rates typically yielding larger final grain sizes. However, since nucleation 
rate is sensitive to several factors, reproducible control of final grain structure through annealing 
of pure amorphous films can often be difficult. Furthermore, the time required to form and grow 
grains from native nucleation sites is relatively long. 
 In this paper, we discuss a new method for more effectively controlling the crystallization 
of hydrogenated amorphous films, through seeding of the bulk matrix with nano-crystallites. 
Films were deposited through PECVD methods using a system in which two plasmas were oper-
ated to produce crystallites and amorphous films separately. Unlike previous methods in which 
both plasmas have been run simultaneously to produce a somewhat continuous crystallite distri-
bution throughout the amorphous film, the current method utilizes a multi-stage process in which 
particle and film plasmas are run at separate times. This layered approach allows for separate 
conditions to be present in each plasma, thus allowing for greater control of particle size, shape, 
and concentration within the film. The resulting films consist of a structure in which a single 
layer of crystallites exists between two layers of hydrogenated amorphous film.  
  Several single “seed-layer” films were deposited with varying concentrations of cubic 
structured seed crystallites with sizes ranging between 20-30nm in edge length. Samples were 
subsequently annealed, along with unseeded control samples, in a quartz furnace under nitrogen 
flow for extended time periods, and crystallization kinetics were monitored through Raman spec-
troscopy. Results showed that all seeded samples showed substantially reduced crystallization 
compared to non-seeded samples, with crystallization onset in seeded samples monotonically 
decreasing with increasing seed density. Furthermore, films crystallized from seeded structures 
exhibited a monotonic decrease in electronic transport with increasing initial seed density, sug-
gesting that final grain size is controlled by seed concentration. 
This work was supported by the Xcel Renewable Development Fund under grant RD-3-25 and 
by NSF under grant DMR-0705675. 


