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MILESTONE REPORT 
 

Executive Summary: 

  
More than 90% of the market share of all PV modules sold in 2005 were based on crys-

talline or amorphous silicon [1, 2]. This market share is unlikely to decrease in the near future, 
since current worldwide investments in new PV cell factories are mainly in the area of silicon 
technology [2]. 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 ten too expensive to be competi-
tive with that obtained from conventional coal-fired power plants [3]. One route pursued to re-
duce 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% [4, 5], this saving is negated by the lower efficiencies and stability of 
thin-film Si cells as compared to single-crystal cells.  For this reason, single-crystal Si PV cells 
still hold more than 75% of the market share of all PV devices, while thin-film Si cells have a 
market share of ~ 16% [1, 2].  

Under this grant, we study a new and radically different technique to improve the stabil-
ity 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 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, including the films’ crystal fraction as well as the 
size of the embedded nanocrystals.  We study using such embedded nanocrystals as nuclei for 
seed-induced recrystallization 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. 

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 nanocrystals 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 recrystallization of amorphous silicon films may lead to a faster, more economic produc-



 

tion 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. 

During the current project period, efforts have focused on accurately characterizing the 
embedded nanocrystal density in amorphous silicon thin films (track 1). In track 2, the emphasis 
has been on studying the crystallization kinetics during the thermal annealing of seeded amor-
phous silicon films as function of the seed-crystal density. 

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 nanocrystal in amorphous Silicon 
 
In this quarter, work continued on determining the properties of amorphous silicon films with 
embedded nanocrystals.  As described in the first quarterly report (Q1 report), a dual plasma sys-
tem was used to produce silicon nanocrystals in a first plasma, and embed them into the amor-
phous silicon films grown in a second plasma reactor.  
 
As discussed in our proposal, we had previously performed transmission electron microscopy 
(TEM) studies to 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 forming within the silane plasma in the CCP chamber.  
High-resolution TEM images were recorded using a Tecnai F30 field-emission gun (300 kV) mi-
croscope.  The samples shown in Figure 1 were prepared from several hundred nm thick films 
that were cross-sectioned to image the bulk of the film.  As ion milling can affect the structure of 
the films, a small angle cleaving technique (SACT) [6]was employed to obtain the cross-section 
views of these samples.  The films in Figure 1 were deposited with particles injected from the 
side of the CCP chamber with no thermal gradient (that is, both grounded and RF electrodes at 

250°C).  These films in Figure 1 are grown under identical conditions, with the exception of the 
RF plasma in the particle synthesis reactor being turned off in Figure 1a, and on in Figure b.  
Crystalline inclusions are clearly seen in Figure 1b; focal series imaging of the sample confirm 
the presence of crystalline material. The absence of crystalline material in Figure 1a confirms 
that the source of nanocrystals in the films comes from the particle synthesis reactor, and not 
from the capacitive plasma.  The particle size distribution and the particle crystallinity were also 
analyzed by TEM. This analysis confirms that the nanocrystallites are present throughout the 
thickness of the a/nc-Si:H films, and the nanocrystallites’ average diameter is around 3 nm (the 
a/nc-Si:H films described in the following sections were deposited under slightly different condi-
tions, and the average nanocrystal diameter is 5 nm).  Focal series imaging demonstrate that the 
lattices fringes are not microscope artifacts. 
 



 

Figure 1. a) TEM images shows only the amorphous film with the particle reactor 
turned off. b) When the particle reactor is turned on, we see that the nanoparticles 

are embedded in the amorphous matrix. 

 
 
 
       
 
  
While high-resolution TEM provides direct evidence of nanocrystalline inclusions, it is not par-
ticularly useful for quantifying the crystalline content. This is due to the fact that only particles 
with lattice planes that are properly aligned with respect to the electron beam can be observed 
directly in TEM.  In Fig. 2, we compare the Raman spectra of the a/nc-Si:H films from the three 
different positions of the CCP chamber (see Q1 report), corresponding to low, intermediate and 
high nanocrystalline concentrations as indicated by the tm-AFM observations.  The Raman spec-
tra are measured with a Witec Alpha 300 R confocal Raman microscope equipped with a UHTS 
200 spectrometer using an Argon ion excitation laser of wavelength 514.4 nm.  The depth of 
field of the confocal microscope is approximately 500 nm, comparable to or larger than the 
thickness of the films being measured.  Raman spectra are recorded from several different loca-
tions along the film surface, to ensure that the results are characteristic of the material and do not 
reflect a local fluctuation in nanocrystal concentration.    The curves are normalized and offset to 
fit onto a single plot.    
 



 

 
Figure 2: Raman absorption spectrum of a/nc-Si:H films as a function of nanocrystalline concen-

tration. The curves are offset vertically for clarity. 
 

 
The crystalline fraction is the percent, by volume, of the mixed phase film that is crystalline 
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+  λAam]. 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  λ = 1.0, the films presented in the 
Figure 2 have a  crystalline fraction Xc equal to 10, 2 and less than 0.4 at %  for the mixed-phase 
films  grown at the position E, C and A respectively (see Q1 report for a figure of system). 
 
We currently started to perform first measurements of the optical absorption properties of the 
films as a function of the nanocrystal concentration. These measurements are ongoing and will 
be reported in the next progress report. 
 
 

Track 2: Large-grain recrystallized Si 

 
The second track of the project aims at forming large grain microcrystalline silicon films through 
seeding of amorphous silicon films with silicon nanocrystals and their consecutive thermal an-
nealing.  While we had presented preliminary results of the seeded crystal growth in the Q1 re-
port, we have made more quantitative studies during this quarter and studied the crystal growth 
kinetics as a function of initial seed crystal density.   
 
Annealing of the co-deposited films was carried out in a tube furnace at 600˚C under N2 atmos-
phere, and measured by Raman spectroscopy. The time successive spectra for the first 10 hours 
of annealing at 600˚C are plotted for three separate initial crystalline fractions in Figure 3 (a)-(c). 
Prior to annealing, all films show a significant contribution from the amorphous Si signal at 480 
cm-1, while the crystalline contribution varies with the sample location during the deposition, 



 

also seen in Figure 3. Upon annealing, the samples in Figure 3 (a) and (b) showed clear growth 
of the crystalline component in the film. For (a), the delay in the appearance of the crystalline 
component is likely due to the initially low density of seed crystals (discussed further on). The 
sample in (b) most clearly exhibits immediate growth of the crystalline fraction, which continued 
all the way to complete crystallization of the sample, as did the sample in (a). A very unexpected 
behavior was observed for the highest initial XC, sample (c) in Figure 3. During the first hour of 
annealing, the crystalline signal increased noticeably, but remained constant for subsequent an-
nealing times, never reaching complete crystallization. This is even more clearly shown in the 
crystallization plot in Figure 4, plotting the crystalline fraction against annealing time. For the 
film with initial XC = 0.25, the crystallization process did not proceed to completion, but was 
stopped at around XC = 0.40.  
Also in Figure 4, a comparison of the unseeded film (XC = 0) to the very low concentration film 
(XC < 0.01) shows the effect of even a very low density of nanocrystals initially embedded in the 
film, clearly reducing the overall time required to crystallize the film. As the initial XC was in-
creased to 0.02, the process was apparently enhanced even further, as the film crystallized even 
faster. This would be expected since additional nucleation sites should crystallize a similar vol-
ume of amorphous film in a shorter time. In order to compare the mechanisms of seeded and 
non-seeded crystallization, these data points were fit with an appropriate model.  
 

 
 

 

(a) XC < 0.01 



 

 

 
 

Figure 3: Raman spectra of co-deposited films annealed at 600˚C with inital XC values of (a) < 
0.01, (b) 0.02, and (c) 0.25. 

(b) XC = 0.02 

(c) XC = 0.25 



 

 
 

Figure 4: Kinetic plot of Raman crystalline fraction vs. annealing time for various 

initial XC. Dashed lines added to aid to the eye. 

 
The data in Figure 4 clearly demonstrate that seed-enhanced crystallization of the amorphous 
silicon leads to a significant speed up of the crystallization kinetics. For instance, films with 2% 
seed crystal fraction reach a 50% crystal fraction through annealing about 5 times faster than un-
seeded films.  This observation in itself needs to be seen as a success of the seed-induced crystal-
lization proposed under this grant.  
 
Work is now in progress to characterize the grain sizes of the annealed micro-crystalline films as 
well as to study the optical and electrical properties of the films. 
 
 

 

Additional Milestones:  Work is in progress towards milestone 3.  

 

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.  

 



 

Appendix: Milestone 2 
 
 
To be completed 6 months after the Contract Start Date  

 

Track 1: Embedded nanocrystal amorphous Si  - Continue to establish conditions that yield 
films with suitable microstructure for high-quality embedded nanocrystal amorphous 
films. Complete determination of relation between optical absorption and nanocrystal 
density. 

Track 2: Large-grain recrystallized Si  - Continue characterization of recrystallized Si pro-
duced through high-temperature annealing of nanocrystal-seeded amorphous Si.  
Study microstructure, including grain sizes and void fraction. Finalize parameters 
amenable for producing material suited for seed-controlled recrystallization. 

 

Deliverable 2 

 
Submission of Milestone Report detailing completion of Milestone 2 requirements to RDF repre-
sentative. 
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