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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 (Track 1) is based on our unique ability to produce sili-
con 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 (Track 2), 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.

During this quarter, studies in track 1 focused on characterizing the electronic properties
of amorphous silicon thin films with embedded nanocrystals. The electronic structure of these
mixed-phase films was explored with conductivity and thermopower measurements. Briefly, one
typically measures different activation energies for thermopower and conductivity in amorphous
semiconductors and this difference is generally ascribed to the potential fluctuations that are be-
lieved to exist in the material. As the conductivity is determined from a closed circuit measure-
ment, the electrons must surmount the largest potential fluctuation they encounter, while for
thermopower measurements in open circuit, this is not the case.

In track 2 efforts were focused primarily on micro-scale understanding of the crystalliza-
tion process through an investigation of secondary trends suggesting “seed competition based”
growth behavior as well as a more in-depth and quantitative characterization of the film stress
state induced by seeding. Our studies suggest that while higher initial seed concentrations lead
to faster initial crystal growth, the crystal growth speed for these films is smaller than for those
with lower seed density. Measurements of the film stress showed that compared to the stress



values observed in literature for unseeded silicon films, the intrinsic tensile stress of the seeded
films exhibited a much higher magnitude due to the existence of extrinsic seeds.

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 nanocrystals in hydrogenated amorphous silicon. This quarter, we have shifted focus
from the optical properties to the electronic properties of the mixed phase amor-
phous/nanocrystalline films (a/nc-Si:H). Previous measurements of the conductivity already re-
vealed interesting results [1] and this quarter we present the first measurements of thermopower
(also known as the Seebeck coefficient) in a/nc-Si:H. As described in the first quarterly report
(Q1), a dual plasma system has been used to produce silicon nanocrystals in one plasma deposi-
tion system. The particles generated in this system are then entrained by a carrier gas and in-
jected into a second plasma deposition system. These nanocrystals are embedded into a hydro-
genated amorphous silicon film being grown in a second plasma.
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Figure 1a: The thermopower measurement system. 1b: The potential energy landscape of
a-Si:H.

Thermopower measurements are based on the Seebeck effect; when a temperature gradi-
ent is applied to a metal or semiconductor, charge carriers are transferred between the hot and
cold ends. When the measurement is done in open circuit mode, a voltage difference is devel-
oped; in closed circuit, a current flows. Generally, the voltage difference is measured as a func-
tion of temperature and will display an activated behavior for amorphous semiconductors. A
sketch of the measurement system can be seen in figure la. There are two copper blocks, sepa-



rated by a gap, with the film bridging the gap between the blocks. The temperature of each block
can be independently controlled by a heater/thermocouple combination to create a hot side of the
film at temperature Tpo and a cold side at Teolq. Several temperature differences can be measured

at each average temperature, (ThortTcold)/2, to ensure that the voltage is linear with the applied
temperature difference.

The thermopower in amorphous semiconductors has provided a great deal of insight into
the transport mechanisms [2], because it provides an alternate and complimentary method of
probing the charge transport. Briefly, one typically measures different activation energies for
thermopower and conductivity in amorphous semiconductors and this difference is generally as-
cribed to the potential fluctuations that are believed to exist in the material. As the conductivity
is determined from a closed circuit measurement, the electrons must surmount the largest poten-
tial fluctuation they encounter, while for thermopower measurements in open circuit, this is not
the case. A cartoon of this situation can be seen in figure 1b, with Eg and E; being the activation
energies for thermopower and conductivity respectively.

In figure 2, we present the thermopower and conductivity measurements for a few of the
a/nc-Si:H films, as well as an undoped a-Si:H and doped a-Si:H film for comparison. Due to the
large difficulty in measuring such small voltages (~1 mV) across high impedance films (50 — 200
GQ at 350K) only a few films could be measured. In table 1, the activation energies for both
conductivity and thermopower as well as the activation energy, AE, are listed. The mixed phase
films are denoted by their respective crystal fraction (XC).
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Figure 2: Plots of the thermopower (left) and conductivity (right) for two films of differ-
ing crystal fractions with a doped and undoped a-Si:H sample for comparison.



Film Undoped 6*10-5 XC XC
[PH3/SiH4] ~ 1% ~ 18%

Es 0.91 0.41 0.90 0.72
(eV)

Es 0.50 0.36 0.43 0.45
(eV)

AE 0.41 0.05 0.47 0.27
(eV)

Table 1: The different activation energies for each film.

Efforts are underway to measure doped mixed-phase films, to be presented in the next
quarterly report. As the impedance of the doped films is lower, we should be able to ascertain
the Seebeck coefficient for a broader range of mixed phase films.

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 “seeds” for crystal grain growth. In quarter 6,
efforts on the macroscopic front of seeded film application and performance focused mainly on
enhancing the conductivity of seeded, recrystallized films through successful development of a
customized hydrogen grain boundary treatment procedure. On the microscopic front, the con-
tinuing effort to understand the unique science of this new crystallization process continued with
studies revealing more about important stress effects induced by the embedded seeds on their
surrounding film. In quarter 7, efforts were focused primarily on micro-scale science of the crys-
tallization process through an investigation of secondary trends suggesting “seed competition
based” growth behavior as well as a more in-depth and quantitative characterization of the film
stress state induced by seeding.

As discussed in the summaries of quarters 5 and 6, a very interesting and unexpected secon-
dary trend emerged in the crystallization kinetic plots of seeded films suggesting that a “competi-
tion-based” behavior dictates the growth of embedded seeds. 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. How-
ever, the first study of crystal growth rate vs. seed density in quarter 5 consisting of a comparison
of films containing three different initial seed densities, gave evidence to suggest otherwise. Spe-
cifically, although the most heavily seeded film followed the expected behavior of being first to
achieve full recrystallization, the most sparsely seeded film showed faster recrystallization than
the film having a seed density of “medium” concentration.

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. In order to investigate this hypothesis further,
another study of crystallization rate vs. initial seed population density was performed, this time
comparing three seeded films spanning a wider range of initial seed densities, so as to reduce po-
tential scatter. All three samples were annealed in simultaneous intervals along with a fourth un-



seeded control sample, with their initial seed population densities confirmed by atomic force mi-
croscopy (AFM) measurements. Both AFM and crystallization rate results are depicted in figure
3 below, where a very clear trend emerges corroborating the competition based growth behavior
that was subtly suggested by quarter 5’s analogous study. Indeed, although samples having lower
seed population densities initially lag behind more heavily seeded samples, beyond a certain
point in the annealing process they appear to “accelerate” past more heavily seeded samples in
crystal volume fraction.

It is also interesting to note that the inflection point at which this appears to occur is between
crystal fractions of 10-15%. 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 [3,4]. This further supports the hypothesis that seed growth is dictated by
competition, as it would make sense that the inflection point would occur near crystal fractions in

which adjacent growth sites would be able to achieve significant contact.
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Of the several factors of film composition that affect crystal growth in an amorphous silicon
film, film stress is perhaps the most important structural influence. With seeded films specifi-
cally, the stress induced by the embedded crystals on the surrounding amorphous film may be
another key factor in the competition-based growth behavior observed in the crystallization ki-
netics. In quarter 6 studies of film stress focused on visual, scanning electron microscopy (SEM)
analysis of the geometric effects of seed embedding on the amorphous film, showing that em-
bedded seeds appeared to produce conic regions of stress in the surrounding film environment. In



quarter 7, in-depth quantitative studies of the film stress state were carried out for seeded films of
varying hydrogen content, for various stages in the annealing process. Comparison of samples
having various initial hydrogen concentrations was of interest because it is believed that the crys-
tallization of a-Si:H films is strongly dependent on the hydrogen content, which is related to the
residual stress in the film [5-7]. The thermal energy provided by annealing is used to relieve the
initial stress in the film and initiate the crystallization process. The total stress is calculated by
the Stoney equation [8]:
_ E‘SZLS2
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where Eg is the Young’s modulus of the substrate, ts is the substrate thickness, vsis Poisson’s
ratio of the substrate, R is the beam radius of curvature and tg is the film thickness. Several
mechanisms can contribute to the total film stress. The primary component is the intrinsic stress
oj, which is produced by film growth processes and defects in film structure. Two remaining
contributors are external stress and thermal stress. External stress, which can be introduced dur-
ing film processing and handling, is kept negligible. The thermal stress, which arises from the
difference between the thermal coefficients of expansion of the substrate and the film, can be
subtracted from the measured total stress to yield the intrinsic stress o; [9],
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where Er is the Young’s modulus of the film, v is the Poisson’s ratio of the film, as and af are
the thermal coefficients of expansion for the substrate and film, respectively, and T4 and Ty, are
the deposition and curvature measurement temperatures. The values of the physical parameters

in equations above are as follows: Eg = 7.09X1010Pa, vs = 0.23, o5 = 3.76><10'6°C'1, Er =
17x10'"Pa, vr = 0.22, and o = 0.40x10°°C".

The film curvature is measured by profilometer and calibrated with the bare substrate curva-
ture. The residual stress variation of amorphous silicon during annealing (600 °C) has been re-
ported in literature [10], where a transition from highly compressive to highly tensile stress is
shown including an initial rapid increase, a period of latency, a quasi-linear increase and a final
level. The initial rapid increase has been explained due to dehydrogenation effects at the begin
stage of annealing. The next two steps correspond to the incubation period and the volume con-
traction during crystallization phases, respectively. Finally when the silicon film is completely
crystallized, the stress stays constant (roughly 400Mpa).

The local residual stress in pc-Si:H film could also be calculated using Raman spectrometry
in resonance with the silicon direct band gap [11], where a spatial resolution of less than 1um
can be obtained. Compared to profilometer probes, Raman measurement has certain advantages
or features.

First, Raman frequency shifts, caused by residual stress in silicon film are usually very small,
with a Raman shift of about 0.08cm™ typically corresponding to 40MPa stress variations [12],
which indicates better accuracy. Also Raman has better spatial resolution on the micrometer
scale, which could avoid the effect of the substrate and thermal stress.

Mechanical strain may affect the frequencies of the Raman modes, or:

o(Mpa) = —250Aw(ecm™?),



where Aw = w, — w,. 0 is the wave number of the stress free single crystal (520.5cm™) and o,

is the wave number of the stressed sample. A peak shift towards lower wave numbers indicates
tensile stress, and a shift towards higher wave numbers is related to compressive stress.

The laser beam in Raman measurement can cause local bulk heating of the investigated
area, which causes a peak shift to lower wave numbers; similar to tensile stress. Thus the laser
power should not exceed 2.5mW to keep the tensile stress due to local heating below 0.01cm™.
Also the integration time should be long enough to provide sufficient signal to noise (S/N) ratio
for accurately fitting the Raman peak with a Lorentz curve.

The total stress in seeded silicon films before and after annealing is measured using a Tencor
P10 profilometer, where the film curvature is calculated from the surface roughness. A prelimi-
nary study on the variation of residual film stress throughout the annealing process was carried
out on three films of equivalent seed density and composition, but of varying initial hydrogen
content (achieved through variation of film deposition temperature). The intrinsic stress of
seeded films was calculated by subtracting the thermal stress from total stress. Compared to the
stress values observed in literature for unseeded silicon films, the intrinsic tensile stress of the
seeded films exhibited a much higher magnitude due to the existence of extrinsic seeds. Seeded
films do exhibit a behavior similar to literature reported unseeded films, however, in terms of a
decreasing stress with anneal time. Figure 4 below shows the results of this study, with the red
plots showing the progression of film stress throughout the annealing process, and the blue plots
show the corresponding Raman crystalline fraction.
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Figure 4: Time-series plots of Raman crystalline fraction & residual stress vs. annealing time for seeded films at
different deposition temperatures

In conclusion, the studies completed in quarter 7 have produced significant insights into the
parameters affecting the unique growth kinetics of seeded films. Since maximization of grain
size (and essentially electronic transport) while minimization of annealing time is ultimately a
desired result of this effort, this quarters results showing lower seed density films exhibiting
faster recrystallization is evidence that these two goals may not be as mutually exclusive as ex-



pected. Furthermore, new insight into the interlinked roles of hydrogen and film stress of seeded
films has been quantitatively characterized, with studies currently underway to characterize the
effects of varying seed population density on film stress. As stated in quarter 6, studies focused
on characterizing the variation of electrical transport properties across the film are near comple-
tion, along with studies attempting to characterize the extent and nature of grain boundary and
grain structure influences on the electronic properties within recrystallized films.

Project Presentations: Two separate presentations showcasing results from the recent track 2
studies were presented at the 2010 Gordon Conference on Plasma Physics within the last quarter.

Additional Milestones: Work is in progress towards milestone 8.

Project Status: The project is on schedule.

LEGAL NOTICE
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PORT HAS NOT BEEN APPROVED OR DISAPPROVED BY NSP NOR HAS NSP
PASSED UPON THE ACCURACY OF ADEQUACY OF THE INFORMATION IN THIS
REPORT.



Milestone 7

To be completed 21 months after the Contract Start Date

Track 1: Embedded nanocrystal amorphous Si — Continue to establish main parameters affect-
ing optical and electronic properties of the embedded nanocrystal amorphous films. Begin de-
termining effect of amorphous matrix deposition conditions on film properties for given nanoc-
rystal size and density.

Track 2: Large-grain recrystallized Si - Continue to establish main parameters affecting the
crystal growth kinetics, incubation time, and grain size distribution. Begin to determine influence
of hydrogen-content of amorphous matrix on recrystallization.

Deliverable 7

Submission of conference paper or technical lecture. Submission of Milestone Report detailing
completion of Milestone 7 requirements to RDF representative.
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Appendix A

Conference poster presentations presented at the 2010 Gordon Research Conference on
Plasma Processing Science, Colby-Sawyer College, New London, NH, July 11-16, 2010.



Crystallization Enhancement of Amorphous Silicon Films with
Embedded Silicon Nanoparticles

Lin Cui, Jason Trask, Andrew Wagner, Curtis Andersen, Uwe Kortshagen

Motivation

- Improvements in the efficiency and the slablllty of amorphous Si thin-film cells
have been achieved by of th
hydrogenated silicon.

- Anew i by 1anocrystals in silicon

films as nuclei for seed induced crystallization.

 The layer-by-layer method enables elimination of amorphous incubation time and
fast of p y: Si films with possible grain size.
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Left: Schematic of dual plasma chamber.

Right: Schematic of nanoparticle synthesis plasma chamber used to produce 20-30 nm single
crystals.

Left: Cubic Nanocrystals. (4 sccm Ar, 3 sccm SiH4/He, 140W RF, 1mm orifice, Filamentary
mode) (From Curtis Anderson. PhD thesis, 2008 )

Middle: Spherical Nanocrystals. (2 sccm Ar, 6 sccm SiH4/He, 130W RF, 1mm orifice,
Diffusion mode)

Right: Amorphous particles. (4 sccm Ar, 3 sccm SiH4/He, 10W RF, 2 mm orifice, Diffusion
mode)

High Temperature and Plasma Lab

Mechanical Engineering

Seeded Film Measurement

TEM images of as-deposit films:

(a) Bright-field TEM image of cubic nc-Si embedded
into a-Si:H film.

(b) Bright-field TEM image of spherical nc-Si
embedded into a-Si:H film.

(c) Bright-field TEM image of a-Si particles embedded
into a-Si:H film.
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Top: Time series of confocal Raman spectra of a-Si:H film
embedded with cubic nc-Si. (T=650°C, furnace annealing)

Bottom: Kinetic plots of Raman crystalline fraction vs.
annealing time for seeded and non-seeded films at two
annealing temperatures.

Enhanced crystallization mechanism

Top: Time series of heating stage
TEM images of a-Si:H film embedded
with cubic nc-Si annealed at 650°C.

Left: Bright-field TEM image after 2.5
hours annealing at 625°C, showing
selected area electron diffraction.
TEM reveals growth of seed particles
dominates recrystallization and native
nucleation in bulk a-Si not largely
observed. (From Curtis Anderson.
PhD thesis, 2008)
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Dark conductivity vs. initial seed density for annealed films having various
initial seed densities, along with an unseeded control film.

Key Results

1 Manage to seed amorphous Si film with different types of silicon
nanocrystals which eliminate the amorphous incubation time during
crystallization.

control the of the matrix and the
crystalline phase, including crystal fraction of the film as well as the size
of the embedded nanocrystals.

3 Maximization of crystal growth speed and grain size, and other film
properties including further electrical characterization in progress.
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Seed Enhanced Crystallization of Amorphous Silicon
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