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FINAL REPORT 
 
Executive Summary: 
  
Under this grant, we pursued two different routes that may help increase the efficiency and lower 
the cost of thin film silicon solar cells.  Our first approach (Track 1) is based on our unique 
ability to produce silicon nanocrystals in a low-pressure plasma-based synthesis reactor and to 
embed these nanocrystals 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 (Track 2), we study using such embedded 
nanocrystals as nuclei for seed-induced re-crystallization of amorphous silicon films.  We 
expected 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. 
 
The goals and objectives of this grant were achieved.  This research led to two major 
conclusions: 
 

1. The inclusion of Si nanocrystals into amorphous silicon leads to a mixed phase material 
that is more resistive to light-induced defect creation than standard amorphous silicon.  

 
2. The recrystallization of amorphous silicon seeded with nanocrystal grains enables to 

control the crystallization kinetics and electronic properties of the microcrystalline Si 
material produced. 

 
Project funding provided by customers of Xcel Energy through a grant from the Renewable 
Development Fund. 
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1. Introduction and Overview 
 

In 2009, about 86% of the market share of all photovoltaic modules sold were based on 
crystalline or amorphous silicon.1  While the lion share of the silicon solar cells produced are 
based on crystalline silicon, thin film amorphous and microcrystalline silicon cells are expected 
to play a more important role due to their cost advantages in manufacturing.2  Compared to many 
of the newly proposed non-conventional photovoltaic (PV) schemes, silicon technology has a 
number of indisputable advantages: silicon is a material that is abundant, non-toxic and 
environmentally benign.  Moreover, silicon PV cells offer (relatively) stable efficiencies over 
decades of use, and the knowledge-base and infrastructure of manufacturing silicon PV cells is 
well developed.  
 
The problem faced by Si PV technology, as well as any other PV-technology, is that the 
electricity generated is still about a factor of two more expensive than electricity obtained from 
conventional power plants. One route pursued to reduce the production cost of Si PV cells is to 
move from wafer-based single-crystal cells to thin-film technology utilizing amorphous or 
microcrystalline Si as the active photovoltaic material.  While the introduction of thin-film 
technology has reduced the materials cost in the overall cost of the cell to about 10%,3, 4 this 
saving is negated by the lower efficiencies and stability of thin-film Si cells as compared to 
single-crystal cells.  
 
Increases in the efficiency and improvements in the stability of amorphous Si thin-film cells have 
been achieved by controlling the micro-structure of the amorphous hydrogenated silicon.  This 
has been achieved by finding new recipes and optimizing the deposition conditions of films 
during plasma enhanced chemical vapor deposition (PECVD).  The stability problems of 
amorphous silicon were also addressed by moving to more stable microcrystalline silicon.  
However, at present the crystal grain sizes of microcrystalline silicon are too small to rival the 
electronic quality of wafer-based single-crystal silicon.  
 
In this project, we explored a new and radically different technique to control the microstructure 
of hydrogenated amorphous silicon and to improve the grain size of microcrystalline silicon thin 
films.  Our approach is based on our unique ability to produce silicon nanocrystals in a low-
pressure plasma-based synthesis reactor5, 6 and to embed these nanocrystals in amorphous silicon 
films.7 Our novel deposition process enables us to independently control the properties of the 
amorphous matrix and of the crystalline phase, including the films’ crystal fraction as well as the 
size of the embedded nanocrystals.  We explored using such embedded nanocrystals as nuclei for 
seed-induced recrystallization of amorphous silicon films.  We showed 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.   
 
Research under this grant was pursued in two different but interconnected tracks:    
 
Track 1:  Amorphous Si films with embedded Si nanocrystals were studied to understand 
whether the inclusion of Si nanocrystals may improve 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.     
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Track 2:  Seed-induced recrystallization of amorphous silicon films was studied as a means to 
achieve faster, more economic production of microcrystalline Si films with grain sizes 
approaching the thickness of the deposited films.  PV cells produced from such films may exhibit 
the stability and efficiency of wafer-based single-crystal PV cells with the large-area deposition 
advantages and low-cost of thin-film based cells. 
 
The overall goals of this project were: 
 
• Track 1: Embedded nanocrystal amorphous Si: Development of amorphous hydrogenated 

silicon films with improved stability through the inclusion of embedded silicon nanocrystals. 
  
• Track 2: Large-grain re-crystallized Si: Development of microcrystalline silicon films 

with large grain sizes through recrystallization of amorphous silicon with well controlled 
nanocrystalline silicon density.  

 
In order to achieve these goals, we pursued the following objectives: 
 
Track 1:  
• Further development of an approach to produce embedded nanocrystal amorphous Si films.  
• Optimization of the properties of such films.  
• Determination of the capabilities of this approach to produce amorphous Si films with 

excellent optical and electronic properties and improved resistance to the Staebler-Wronski 
effect (light-induced defect creation) as compared to standard amorphous Si films. 
  

Track 2:  
• Development of an approach of nanocrystal seed-controlled recrystallization of amorphous 

silicon.  
• Optimization of processing times and final grain size distribution for these films.  
• Determination of whether films produced with this new approach of seed- controlled 

recrystallization have superior optical and electronic properties and economic benefits 
compared to microcrystalline Si films produced by other methods.  

 
As will be discussed below, the goals and objectives of this grant were achieved.  Results of our 
studies have been presented in 11 detailed quarterly reports.  In this final report, we are 
summarizing the main findings of the entire project.  The reader is referred to quarterly reports 
for detailed progress descriptions. 
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2. Results and Findings: 
 
2.1 Track 1: Embedded nanocrystals in amorphous silicon 
 
The goal of this research track was to improve methods for the incorporation of silicon 
nanocrystallites (Si NCs) within a hydrogenated amorphous silicon (a-Si:H) matrix.  Recent 
reports indicated that mixed-phase films of a-Si:H containing Si nanocrystal inclusions (a/nc-
Si:H) have an improved resistance to light-induced defect creation (the Staebler-Wronski effect) 
without a corresponding decrease in the film’s opto-electronic properties.8, 9  Traditional 
approaches to the synthesis of mixed-phase a/nc-Si:H thin films involve increasing the gas 
chamber pressure and applied RF power density in a plasma enhanced chemical vapor deposition 
(PECVD) reactor, in order to promote particulate formation, while simultaneously diluting the 
reactive silane gas with hydrogen, in order to prevent formation of very large nanocrystallites in 
the plasma reactor.  The conditions necessary for nanocrystallite growth are very far from the 
deposition conditions that optimize the a-Si:H film quality.10 To this end, we have constructed a 
dual-chamber co-deposition system where nanocrystals are synthesized in one plasma reactor, 
where the nanocrystals size are determined by the chamber pressure and the gases residence time 
in the reactor.6, 7, 11  The newly formed nanocrystals are then entrained by an inert carrier gas 
(typically argon) and injected into a second PECVD reactor, in which the surrounding a-Si:H 
film is deposited at a lower pressure and RF power than employed in the first chamber.  A sketch 
of the dual-chamber system is shown in Fig. 1.        
  

The research in this Track addressed three 
questions crucial for the development of a/nc-
Si:H for photovoltaic applications: (1) what is 
the influence of the embedded nanocrystals 
on the electronic properties of the a-Si:H 
film?; (2) does the incorporation of Si 
nanocrystals shift the optical absorption edge 
of the a-Si:H, and is the an increase in mid-
gap defects due to the Si nc?; and (3) do the 
embedded silicon nanocrystals influence 
hydrogen diffusion, which is known to play a 
key role in light-induced defect formation in 
a-Si:H?    
 

Figure 1: (a) Schematic of particle synthesis 
chamber, and (b) of the dual plasma co-deposition 
system. 
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 We found that the incorporation of Si 
nanocrystals into a-Si:H can have a significant 
influence on the resulting thin film’s 
conductivity.  Using the dual-chamber system 
shown in Fig. 1, we synthesized a series of n-
type doped mixed-phase films ([PH3]/[SiH4] = 
6 x 10-4) where the embedded nanocrystallites 
have an average diameter of 10 - 20 nm (as 
determined by x-ray diffraction studies) and 
the volume fraction Xc of the film containing 
crystalline silicon, as determined by Raman 
spectroscopy, varies from Xc = 0% to 29%.  
The resulting dark conductivity of these films, 
plotted on an Arrhenius plot, is shown in Fig. 
2, over a temperature range of 470 to 80K (the 
data in Fig. 2 has been extended down to 10K, 
where a transition to Mott-variable range 
hopping is observed for films with Xc ≥ 
15%).12, 13  The dark conductivity is enhanced 
by many orders of magnitude with the 
incorporation of Si nanocrystals, and the 
conductivity shows a shift from thermally 
activated behavior for Xc = 0 and 7% to a 
power-law temperature dependence 
characteristic of multi-phonon hopping for Xc 
≥ 15%.  The conductivity of undoped a/nc-Si:H 
also shows a striking sensitivity to the presence 
of embedded silicon nanocrystals,7 as shown in 
Fig. 3.  In contrast to the results for n-type 
doped a/nc-Si:H, there is a non-monotonic 
dependence on Xc for the undoped films.  
These results have been interpreted as 
reflecting charge donation from the Si 
nanocrystals to the surrounding a-Si:H matrix.  
This is an exciting result as it suggests that the 
incorporation of Si nanocrystals can be used as 
a means to dope a-Si:H.  Different from 
chemical doping, this may enable doping 
without introducing additional defects into the 

material.  
 
In order to address the second question listed above, concerning the influence of Si nanocrystals 
on the optical absorption spectrum of the a/nc-Si:H, the optical absorption coefficient of these 
films was measured as a function of photon energy and the defect density, reflected in the mid-
gap absorption at low photon energies, and was studied as a function of crystal fraction.  The 
optical absorption was measured using a technique that is common to thin film semiconductors 

 
 
Figure 2:  Arrhenius plot of the dark conductivity 
of n-type doped a/nc-Si:H with increasing 
nanocrystalline concentration. 
 
 

 
 
Figure 3: Arrhenius plot of the conductivity of 
three a/nc-Si:H films grown in a single run.  The 
dark conductivity exhibits a non-monotonic 
dependence on crystal fraction.   The activation 
energies were 0.90, 0.64, and 0.91 eV for films 
with Xc < 1%, 1.4% and 18%, respectively.   
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called the Constant Photocurrent Method.14 This technique exploits the changes in the 
photocurrent that occur at different photon energies in order to ascertain the optical absorption 
coefficient.  Detection is accomplished with a low-frequency lock-in detection scheme using an 
SR530 Lock-in Amplifier.  The defect density is often characterized by measuring the optical 
absorption at 1.4 eV, a typical figure of merit in the literature.  As shown in Fig. 4, the optical 
absorption spectra, measured for the films shown in Fig. 3, finds that the optical absorption edge 
at ~ 1.8 eV, is essentially unchanged with increasing nanocrystal content. Moreover, the midgap 
defect density, reflected by the optical absorption coefficient at 1.4 eV is unchanged for the films 
with XC ~ 2 - 4 % and XC < 1 %.10 
 
However, the film with XC ~ 18%, deposited directly underneath the particle injection tube 
(location C in Fig. 1b) displays a higher dangling bond concentration than the substrates 
displaced radially from the outlet of the injection tube. Tapping mode-Atomic Force Microscopy 
confirms that the films deposited directly underneath the particle injection tube have a higher Si 
NC density than expected by a simple extrapolation from the densities found in the substrates 
located at greater separations.7  It is probable that a larger density of dangling bonds is associated 
with the higher nanoparticles densities in these films (possibly due to a higher microvoid 
fraction), consistent with the observed lower photosensitivity in these films.  These results 
suggest that the optimal dangling bond density, photosensitivity and dark conductivity are found 
in a/nc-Si:H films with Xc ~ 2 – 4%. 
 

To address the question of the influence of nc-Si 
on hydrogen diffusion in the a-Si:H matrix, the 
thermal equilibration of the defect structure, as 
reflected in relaxation curves in n-type doped 
a/nc-Si:H were measured.  The films were 
annealed at 470K and then rapidly quenched at 
~100K/min to slightly below the measurement 
temperature.  The temperature was then 
stabilized at the measurement temperature and 
the conductivity was monitored as a function of 
time as it slowly relaxes to a lower value.  The 
relaxation curves are generally fit to a stretched 
exponential time dependence:15 

 
 [ ]γτσσ )/(exp0 t−=  (2) 

where τ is the relaxation time and the exponent is 
γ < 1.  Assuming a time-independent mobility 
and using σ = neµ, this is a measurement of the 
carrier concentration as a function of time.  The 
conductivity relaxation curves are plotted in 
figure 5 for the same films as in the previous 
conductivity plots (figure 2), measured at a fixed 
temperature of 410K.  For mixed-phase films 
with a crystal fraction above 7%, the time for the 

 

 
 
Figure 4: Plot of the spectral dependence of the 
optical absorption coefficient as determined by 
CPM for the three mixed-phase films in Fig. 3.  
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conductivity to relax to a steady state value increases, and for the highest crystal fractions only 
an incomplete relaxation is recorded.   Consequently, for these films the current could not be 
normalized to both the initial and final values (as needed for a proper fit to a stretched 
exponential time dependence, precluding accurate determinations of γ and τ).  The data plotted in 
figure 5 is the current as a function of time, normalized to the current at an initial time of 1 sec. 
 

Slower H motion in mixed-phase films with higher crystal fractions, which would imply a 
reduction in the Staebler-Wronski effect, could be due to a phenomenon seen in films with large 
amounts of clustered hydrogen, where the hydrogen diffusion kinetics are slowed considerably 
due to trapping of the hydrogen in these clustered sites.16  The increase in the amount of 
hydrogen in either the clustered phase or the Si-H2 configuration as the crystal fraction increases 
is observed in the FTIR results.7  Comparisons of the increase in the FTIR absorption at  
2090 cm-1, compared to films with no nanocrystalline inclusions (produced under the same 
conditions, but with the particle reactor off) suggest that the additional hydrogen signature at 
2090 cm-1 comes from a heavily hydrogenated region surrounding the nanocrystallites; 
commonly referred to as the grain boundary region.  This identification is supported by FTIR 
experiments by other groups,17 which suggest that absorption at higher wavenumbers, in addition 
to being from clustered Si-H or Si-H2 in the amorphous phase, could be due to Si-H bonds on the 
crystallite surface. 
  

 
 
Figure 5: Conductivity relaxation plots at a fixed temperature (410K) for n-type doped a/nc-
Si:H films of Fig. 2, with differing crystal fractions, showing the increase in relaxation time as 
the crystal fraction is increased. The curves have been normalized to the current recorded at t 
= 1 sec.  
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Impact of the Track 1 studies: 
 
There are several significant impacts for the results described above.  Regarding the observed 
enhancements of the dark conductivity of a-Si:H with silicon nanocrystal concentration; one 
normally would have to add chemical impurities to a-Si:H in order to effect similar increases in 
the dark conductivity.  The significant impact of these studies is that the dark conductivity of a-
Si:H can alternatively be varied by the incorporation of silicon nanocrystals.  Unlike the situation 
with substitutional impurity doping, for Xc ~ 2 – 4% in undoped a-Si:H, there is no significant 
increase in mid-gap defect densities, nor a degradation in the photosensitivity, defined as the 
ratio of the photoconductivity to dark conductivity.  Doping by inclusion of Si nanocrystals may 
thus yield superior materials for solar cell applications.    
 
For the measured optical absorption spectra,10 the fact that there is no significant shift in the 
absorption edge, and that the mid-gap defect density does not increase for Xc ≤ 4%, indicates 
that these films will have a high photosensitivity.  Indeed the observed photosensitivity is 104 - 
105 for the Xc = 2 – 4% films,7 which display the largest enhancement in the dark conductivity 
(Fig. 3).  These films are thus suitable materials for photovoltaic applications. 

 
Finally, the observed slower hydrogen 
motion with increasing nanocrystal 
density, as reflected in the slower 
conductivity relaxation shown in Fig. 5, 
suggests that these films will have a 
suppressed Staebler-Wronski effect.18 
Measurements of the dark conductivity in 
the as-produced, annealed state A and 
following two hours of illumination with 
heat-filtered white light find that these 
films do indeed show an improved 
resistance to light-induced defect creation 
(Fig. 6).7  This observed reduction in 
light-induced metastability with 
nanocrystal concentration may lead to 
a/nc-Si:H-based solar cells with higher 
conversion efficiencies after long 
illumination times compared to pure a-
Si:H-based devices.  
 
  

 
 
Figure 6:  Arrhenius plot of the dark conductivity 
for the a/nc-Si:H films in Fig. 3, after annealing 
in the dark (filled symbols) and following 
extended illumination with white light (open 
symbols). 
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2.2 Track 2: Large Grain Microcrystalline Silicon 
 
As the properties of amorphous silicon are generally inferior to those of crystalline silicon, 
resulting in significantly more efficient solar cells from crystalline silicon, there are significant 
efforts underway to try to combine the cost advantage of amorphous silicon with the efficiency 
advantage of crystalline silicon.  The cost-efficient formation of microcrystalline silicon films 
seems to be an attractive route to achieve this objective.  For this purpose, researchers have 
proposed to deposit at high deposition rates amorphous silicon and then turn it into 
microcrystalline silicon through thermal annealing.  
 
In order to improve the properties of this annealed, also known as “recrystallized” silicon, two 
issues need to be addressed: 1) the size of the crystalline grains needs to be optimized and 2) the 
time until the first silicon crystals form in the annealed films, also known as incubation time, 
needs to be minimized.  Our new approach to addressing both of these issues involves implanting 
seeds for the microcrystalline film into the amorphous silicon film matrix. By implanting 
nanocrystal seeds, we hoped to remove the incubation time, as crystalline regions already exist in 
the film at the start of the annealing process. By controlling the density of the initial seeds, we 
also hoped to control the size of the microcrystals in the final films.   
 
In the experiments shown in Figure 7, we studied the crystal growth of small numbers of 
embedded seed crystals, as shown in the sequence of transmission electron microscope (TEM) 

 
 
Figure 7:  Transmission electron microscope images of the recrystallization of amorphous 
silicon that was seeded with 30 nm seed silicon crystals.  
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images.  Deposition of these films was performed in a plasma reactor similar to that shown in 
Figure 1, however, the plasma conditions were adjusted to create nanocrystals about 30 nm in 
diameter (darker dots in Figure 7).  These seed crystals were deposited onto a layer of ~ 100 nm 
of amorphous silicon and then covered by another layer of ~100 nm of amorphous silicon.  The 
samples were than heated up in the TEM and crystal growth was monitored in regular intervals. 
The sequence of images shows that each of the embedded seeds starts to grow into a bigger 
crystal grain.  The different levels of brightness of these grains correspond to different 
orientations of the crystals with respect to the electron beam in the TEM.  The TEM image series 
demonstrates that the transformation of the amorphous silicon into microcrystalline silicon is 
almost complete after 2 hours and 30 minutes.  These images prove the principle that seeding of 
amorphous silicon films with seed crystals can be used to produce microcrystalline Si, as in fact 
each seed crystal acts as growth site for a crystal grain. 
 

In studying the macroscopic crystallization kinetics, films were deposited on glass substrates 
and annealed in a quartz furnace under nitrogen flow at temperatures between 600 °C and 650 
°C, and characterized by Raman spectroscopy at regular intervals.  Films containing single layers 
of seeds at a concentration between 1 and 100 particles / µm2 of area were compared to films of 
equal thickness containing no seeds.  As seen below in figure 8 for a seed density of 6 particles / 
µm2, these studies showed that the introduction of the seed crystals provided a substantial 
enhancement of crystallization over unseeded films.  The crystallization growth rate of the 
seeded films was found to be typically 3 to 4 times faster than the rates measured for unseeded 
films.  Most importantly, the inclusion of seed crystals almost completely eliminates the 
incubation time, i.e., the time to form the first crystalline seeds to form, which is observed in the 
unseeded films.  While Figure 8 suggests that the unseeded films crystallize faster once 
incubation of seeds has occurred, this faster crystallization is more than outweighed by the long 
incubation time of the unseeded films. 

 

 
Figure 8:  Crystallization kinetics of seeded and unseeded a-Si:H films that were annealed at 
different temperatures.  The initial seed density was 6 seed particles / µm2.  
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An important question is how the seed density affects the crystallization kinetics.  Ideally, one 
would use the smallest density of seed crystals as that may lead to the largest average grain size.  
Figure 9 shows the observed crystallization kinetics for different seed densities.  It reveals a very 
interesting and unexpected trend in that films with lower seed density crystallize faster than films 
with high seed density.  Films containing relatively dense populations of seed crystals, and thus 
more growth sites for crystallization to originate from are intuitively expected to achieve full re-
crystallization before those with fewer initial seeds. However, while more heavily seeded films 
initially show a larger crystal fraction, more sparsely seeded films reach full crystallization 
faster.  
This behavior suggests that, within a certain range of initial seed densities, more heavily seeded 
films might create an environment in which crystal growth is hindered due to closely spaced 
seeds having to compete for growth space.  It is interesting to observe that the crystallization 
curves for different seed densities seem to cross-over at crystal fractions of ~ 10%.19, 20 This is 
very near the range of crystal fractions commonly referred to in solid-phase crystallization 
literature as the “percolation threshold”, or the minimum crystal volume fraction which must be 
present in order for nucleation sites to be able to connect to form large grain networks. This 
further supports the hypothesis that seed growth is dictated by competition, as mutual growth 
inhibition of the grains should occur near crystal fractions in which adjacent growth sites achieve 
significant contact.  

 

 

 
 
Figure 9: Top: Atomic force microscopy images of nanocrystal seed deposits with different 
seed densities.  Bottom: Crystallization kinetics of samples with different seed densities.   
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The final question addressed by our research was how the seed density affects the electronic 
properties of the annealed microcrystalline films.  Intuitively, it is expected that larger grains 
lead to better electronic transport, as charge carrier traps in microcrystalline Si are primarily 
located at the grain boundaries.  We also expect that fewer seeds lead to larger grains.  Figure 10 
shows that this hypothesis is well supported by our experimental observations.  The lowest seed 
density clearly yields the highest electrical conductivity in the dark.  This is particularly true after 
post-treatment of the annealed films in a hydrogen plasma, as the hydrogen from the plasma 
treatment terminates many defect states at grain boundaries.  These observations clearly show 
that seeding of amorphous silicon with silicon nanocrystals enables the growth of 
microcrystalline silicon with good control over the grain size and electronic properties of the 
films. 

 
 

  

 
Figure 10:  Dark conductivity of seeded recrystallized silicon films as function of the 
aerial seed density.  
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Impact of the Track 2 studies: 
 
Our studies have shown that seeding amorphous silicon with nanocrystal seeds is an effective 
way to control the properties of microcrystalline silicon.  Seeded amorphous silicon films can 
be fully crystallized in 1/3 to ¼ of the time that is required to produce microcrystalline Si from 
unseeded amorphous silicon.  In a production environment for PV cells using microcrystalline 
Si, this would lead to significantly reduced cost due to the reduced processing time and improved 
thermal budget.   
 
Beyond faster crystallization, we also found that using seed crystals is an effective way to control 
the microstructure of the films and their electronic properties.  Lower seed densities were found 
to lead to faster crystallization, since there was less of growth inhibition among competing 
grains.  Moreover, lower seed densities also yielded material of superior quality, as the larger 
grains led to a smaller density of grain boundary defects.  Hence seed induced recrystallization 
of amorphous silicon appears to be a promising route to the production of large grain 
microcrystalline silicon. 
 
 
 
 
3. Conclusions and Outlook 
 
This work has shown that the co-deposition of Si nanocrystals into amorphous silicon opens up 
two attractive routes towards producing more efficient, cost-effective photovoltaic cells: 
 

1. The inclusion of Si nanocrystals into amorphous silicon leads to a mixed phase material 
that is more resistive to light-induced defect creation than standard amorphous silicon.  

 
2. The recrystallization of amorphous silicon seeded with nanocrystal grains enables to 

control the crystallization kinetics and electronic properties of the microcrystalline Si 
material produced. 

 
At the time of inception of this project, these discoveries would have presented significant 
breakthroughs for thin film Si technology and possibly found immediate adoption by Si thin film 
solar cell manufacturers.  However, at the time of writing of this final support, the PV landscape 
has shifted significantly.  PV manufacturers in the US face tremendous market pressures, in 
particular from foreign manufacturers that are often supported by significant government 
subsidies.  These manufacturers have aggressively driven down the cost of wafer-based silicon 
solar cells.  In Nov. 2011, Unisolar, the major U.S. manufacturer of thin film Si solar cells has 
halted production due to tremendous competitive pressures from other PV manufacturers.  While 
the PIs of this grant feel that significant scientific progress has been made, the economic realities 
of the extremely competitive PV environment may limit the extent to which the findings of this 
project will find adoption by thin film PV cell manufacturers. 
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Lessons learned:  This project was based on an innovative manufacturing approach for the co-
deposition of silicon nanocrystals into growing amorphous silicon thin films.  The research, 
conducted in two tracks, demonstrated that the inclusion of a small fraction of silicon 
nanocrystals into the amorphous silicon matrix led to films with improved electrical 
conductivities and with reduced susceptibility to light inducted defect creation (track 1).  Track 2 
of the research showed that the seeding of amorphous silicon with nanocrystal seeds enabled the 
faster production of microcrystalline silicon through thermal treatment of the seeded amorphous 
silicon films.  The inclusion of nanocrystal seeds eliminated the incubation time for the seed 
formation, which is a main contributor to the overall processing time of unseeded films, and 
yielded better control over the crystal grain structure of the final microcrystalline films.  
 
Benefits:  The PIs believe that the outcomes of this research project may have significant 
benefits for the manufacture of thin film silicon solar cells.  The increased stability of amorphous 
silicon films with embedded silicon nanocrystals found under track 1 may lead to solar cells that 
better maintain their efficiency after prolonged solar irradiation.  Further, as the material is still 
predominantly based on the amorphous phase, which provides good optical absorption, the films 
can remain relatively thin.  These two effects may lead to a reduction of the manufacturing cost 
and increase in the stabilized efficiency that combined may reduce the cost of amorphous silicon 
solar cells by ~30%.  
 
The major finding of track 2 research was that the time needed for crystallization during 
microcrystalline silicon film production can be reduced by a factor of 3-4 when seed crystals are 
embedded into the initial amorphous silicon films.  This is a direct consequence of the 
elimination of the incubation time by seeding of the films.   This finding would allow for 
significantly faster production of microcrystalline Si with significantly reduced capital 
equipment cost.  While the formation of microcrystalline Si is only one of the factors 
contributing to the solar cell cost, the strongly reduced processing times may translate into 
estimated cost manufacturing savings of 20%.   
 
Usefulness:  At present, there are a number of competing solar PV thin film technologies, 
including technologies based on cadmium telluride (CdTe), copper indium gallium selenide 
(CIGS), and thin film silicon.  While the former two technologies face certain handicaps for 
significant scale-up, such as the toxicity of cadmium and the limited supply of tellurium and 
indium, silicon based technologies face none of these problem.  Since Si inherently is a less 
efficient optical absorber compared to CdTe and CIGS, it is important to be able to quickly 
produce thin Si films of sufficient thickness and good optical quality to reach the Department of 
Energy’s cost target for PV systems of $1 per peak Watt.  The PIs believe that the results of this 
grant may contribute towards this goal.  
      
Many experts believe that photovoltaic energy generation may achieve cost grid parity with 
conventional energy sources by 2016.  While currently the supply of solar cells outpaces the 
demand, this trend is expected to reverse when grid parity is achieved.21  At this point, it is 
expected that large-scale adoption of solar photovoltaic technology will lead to increasingly 
carbon-free generation of electricity, leading to a slowing of the global increase in emissions of 
greenhouse gases.   
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