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MILESTONE REPORT 
 
Executive Summary: 
  

Under this grant, we pursue 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 ena-
bles 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 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 the current project period, efforts under track 1 have focused on understanding the 
role of embedded nanocrystals in an n-type doped amorphous silicon film on the hydrogen mo-
tion in the films.  A strong change of the hydrogen mobility is observed for crystal fractions ex-
ceeding 15%.  We also observe a significant change in the conductivity relaxation with increased 
nanocrystal content in that films with higher crystal fraction show a conductivity that shows less 
relaxation over time. Infra-red absorption measurements suggest that hydrogen motion is imped-
ed by clustering of hydrogen at the nanocrystal surfaces.  The reduced hydrogen mobility with 
increased nanocrystal fraction appears to be beneficial for the stability of the films’ electronic 
properties. 

In track 2 we worked on introducing a generalized metric that would enable comparing 
the crystallization dynamics of our seeded films with microcrystalline films produced by other 
methods. We introduced the annealing factor as such a figure of merit.  According to this metric, 
we find that crystallization kinetics of our nanocrystal seeded films is highly competitive with 
films crystallized by other methods.  This demonstrates that our paradigm of nanocrystal seeding 
is a viable alternative compared to other solid phase crystallization methods.  

Project funding provided by customers of Xcel Energy through a grant from the Renewa-
ble 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 nano-
crystals on the optical and electronic properties of hydrogenated amorphous silicon (a/nc-Si:H).  
This quarter we have investigated the hydrogen motion in n-type doped a/nc-Si:H thin films.  A 
major limitation of hydrogenated amorphous silicon (a-Si:H) devices that limits them from ful-
filling their technological potential, is the light-induced defect creation effect, also known as the 
Staebler-Wronksi effect. While the microscopic mechanism underlying the Staebler-Wronski 
effect in a-Si:H has not been definitively elucidated, most models posit that the motion of bonded 
hydrogen plays a central role in either the formation or stabilization of the light-induced defects. 
Hydrogen motion also influences the electronic properties of doped a-Si:H films even in the ab-
sence of light exposure, through “thermal equilibration” effects.  The electronic properties of 
doped a-Si:H are found to be independent of thermal history above a kinetically determined 
“equilibration temperature” (often denoted TE), and are characterized by a metastable equilibri-
um below TE, displaying many of the characteristics of glasses, such as history dependent con-
ductivities (whose values are sensitive to the cooling rate following annealing above TE) and 
slow, stretched exponential relaxations [1,2]. Considerable evidence indicates that the motion of 
bonded hydrogen in doped a-Si:H underlies these glassy dynamics [2]. This report is a follow-up 
of the preliminary results described in quarterly report 8 (Q8). 
 
The films used in this study were grown in a two-chamber co-deposition system, described in the 
first quarterly report (Q1), in which the nanoparticles are synthesized in a plasma reactor using 
silane (SiH4), argon and phosphine (PH3).  The doping level was set at [PH3]/[SiH4] = 6 x 10-4 
for all of the films studied here.  The nanocrystallites are grown in the particle reactor chamber, 
which are then entrained by the argon and injected into a second PECVD chamber where a-Si:H 
is deposited using the residual silane/dopant gas mixture from the first chamber. The films re-
ported here have crystalline contents ranging from < 1% to 29%, as determined by Raman spec-
troscopy measurements described below.  The low temperature electronic properties of these 
films were reported in the previous quarterly report (Q9).  
 
The crystalline content of the a/nc-Si:H films is analyzed via Raman spectroscopy, using a Witec 
Alpha 300R confocal Raman microscope, equipped with an UHTS 200 spectrometer and an ar-
gon ion excitation laser of wavelength 514.5 nm at a power of 5 mW focused to an area of ~ 2-3 
µm diameter.  The crystal fraction is quantified using the typical formula: 
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Here, I480 and I520 represent the areas under the amorphous (480 cm-1) and crystalline (520 cm-1) 
TO peaks respectively, indicated in Fig. 1a.  The nanocrystalline TO mode, while near 520 cm-1, 
is typically shifted by several wavenumbers, due to a variety of effects, including quantum con-
finement, stress, and surface states of the nanocrystals.  
 



 

The hydrogen bonding in these mixed-phase films is characterized by Fourier transform infrared 
spectroscopy (FTIR) using a Nicolet Magna 750 Fourier Transform Infra-Red (FTIR) spectrome-
ter.  The infra-red absorption for wavenumbers near 2000 cm-1 results from excitation of the Si-H 
stretching mode.  Often two distinct peaks can be observed in the FTIR spectrum, indicating dif-
fering local environments of the Si-H bonds. While the peak at 2000 cm-1 is ascribed to the iso-
lated Si-H stretch mode, the mode at 2090 cm-1 has been attributed to either the presence of Si-
H2 modes or clustered Si-H modes. A sample plot for films grown in our deposition system can 
be seen in figure 1b.  As XC is increased, an increase of the absorption of the 2090 cm-1 peak rel-
ative to the 2000 cm-1 peak is observed, which is often associated with higher amounts of struc-
tural disorder in the film.  
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Figure 1: Raman spectrum (a) and Fourier Transform Infra-red Absorption Spectrum (b) for doped a-Si:H 
with no nanocrystalline inclusions (XC = 0%, green/gray) and for a crystalline content of XC =  29% 
(black).  The data is normalized to the baseline of the amorphous TA, LO and LA peaks (a) or the absorp-
tion at 1900 cm-1 (b).  
 
 
To measure and quantify the thermal equilibration properties of the electronic transport in the n-
type doped a/nc-Si:H films, the temperature dependence of the conductivity is measured as a 
function of quench-rate from a high temperature anneal.  In addition, the slow, time-dependent 
relaxation of the conductivity at a single temperature below the equilibration temperature is rec-
orded.  The former is identical to tests used by Kakalios and Street [1], while the latter are equiv-
alent to sweep-out measurements described in Kakalios et al [2].  
 
For the conductivity measurements, the films were annealed at 470K for 30 min and then 
quenched to room temperature at varying cooling rates, ranging from 0.1K/min to 100K/min. 
The conductivity of the film was then measured under vacuum in the dark upon warming at a 
constant rate of 1K/min.  For a conventional, doped a-Si:H film with no nanocrystalline inclu-
sions, below TE (~400K) the conductivity magnitude and activation energy is sensitive to the rate 
at which the sample is cooled from the high temperature anneal, while above this temperature the 
conductivity is independent of thermal history [1]. In order to characterize the magnitude of the 
thermal equilibration effects, we define a “conductivity gap” as the ratio of the magnitude of the 
dark conductivity following a fast (100K/min) cool to that resulting from a slow (0.1 K/min) cool 
at a particular temperature.  In the absence of any thermal equilibration effects, this ratio should 



 

be unity, that is, the dark conductivity will be insensitive to the rate at which the film is cooled 
from a high temperature anneal.   The results are plotted in figure 2.  There is relatively little 
change in the “conductivity gap” for the low crystalline content films, followed by a dramatic 
decrease to values near unity for films with crystalline content in the 10 – 20% range.  The data 
in figure 2 is for the dark conductivity measured at 350K, though the same trend is observed for 
other temperatures below 400K. 
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Figure 2: The conductivity gap, defined as the ratio of the dark conductivity at 350K measured after rapid 
quenching at 100 K/min from a high temperature anneal to the conductivity measured at the same temper-
ature after slow cooling at 0.1 K/min cool, for varying crystal fractions.  
 
   
For the relaxation measurements, the film was again 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. For temperatures below the equilibration temperature, the conductivity slowly relaxes to 
a lower value.  The relaxation curves are generally fit to a stretched exponential time dependence 
[2]: 
 

 [ ]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 3 for the same films as in the previous con-
ductivity plots (figure 2), measured at a fixed temperature of 410K.  For mixed-phase films with 
a crystal fraction above 7%, the time for the conductivity to relax to a steady state value increas-
es, 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 3 is the current as a function of time, normalized to the cur-
rent at an initial time of 1 sec. 
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Figure 3: Conductivity relaxation plots at a fixed temperature (410K) for n-type doped a/nc-Si:H films 
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.  
 
Slower H motion in mixed-phase films with higher crystal fractions, which would imply a reduc-
tion in the Staebler-Wronski effect, could be due to a phenomenon seen in films with large 
amounts of clustered hydrogen, where the hydrogen kinetics are slowed considerably due to 
trapping of the hydrogen in these clustered sites [3]. 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 (figure 1b).  Previous studies of undoped a/nc-Si:H, produced in a similar 
fashion in a dual-chamber co-deposition system, found that the microstructure fraction increased 
with increasing crystalline content [4]. Comparisons of the increase in the FTIR absorption at 
2090 cm-1, compared to films with no nanocrystalline inclusions (produced under the same con-
ditions, 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 re-
ferred to as the grain boundary region.  This identification is supported by FTIR experiments by 
other groups, 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 [5]. Studies are underway to further elucidate the details of hydrogen diffusion in doped 
a/nc-Si:H thin films. 
 
 
Track 2: Large-grain re-crystallized Si 

The second track of the project aims at applying the growth model of seeded enhanced 
crystallization to films with different seed density, as well as studying the effect of furnace an-
nealing on the stress values of the films. In quarter 9, efforts were focused primarily on devel-
opment of the growth model of seed enhanced crystallization, where the induced silicon nano-



 

crystal seeds serve as pre-existing nucleation sites, and the growth originating from the seeds can 
be divided into two stages: the initial grain growth originated from the seeds before adjacent 
growth fronts meet with each other, and a second stage in which growth fronts collide, and 
growth can only proceed in the remaining amorphous gaps between grains.  

In this quarter, we studied the macroscopic crystallization kinetics, with 200 nm films of 
varied seed population density deposited on top of Corning glass substrates and annealed at 650 
°C under nitrogen flow in a quartz furnace. Crystal grain growth was monitored by the progres-
sion of the Raman crystal volume fraction (Xc) which was measured by Raman spectroscopy at 
regular time intervals. Crystal fractions were subsequently calculated using the technique of Smit 
et al [6]. Films containing single layers of cubic seeds with seed crystal population densities be-
tween 20-90 particles/µm2 were compared to films of equal thickness containing no seeds. 

As seen in Figure 4, the introduction of the seeds provides a substantial enhancement of 
crystallization over non-seeded films with full elimination of the amorphous incubation time. By 
increasing the seed density from 1 particle/µm2 to 20 particle/µm2, interestingly the crystalliza-
tion rate decreases. As re-iterated in past quarters, these results are fortuitously un-expected. 

 
Figure 4: Plot of volume of crystalline fraction as a function of annealing time, for seeded and unseeded 
films. 

 
Specifically, intuition tells us that sparsely seeded films should produce relatively larger 

grains, while more heavily seeded structures should crystallize faster on account of having more 
growth sites. As seen in figure 4, however, an entirely contrasting trend occurs, with more 
sparsely seeded films crystallizing faster than their more heavily seeded counterparts. By fitting 
the crystallization curves with the growth model outlined in the previous quarter, a quantitative 
analysis of the seeded film grain growth rate can be conducted, as seen in Table 1. These values 
are critical in that they allow estimations to be made of the maximum seed spacing that can be 
used while still maintaining a grain structure dictated only by seed crystals. 

 
 
 
 
 
  



 

 

Seed density 
(part./ µm2) 

Grain growth rate Vg (nm/min) 

Stage 1 Stage 2 

1 4.15 4.46 

4 2.92 3.57 

12 2.44 2.87 

20 1.49 3.01 

Table 1: Growth parameters of the seeded films fit with the proposed growth model.  
 

For instance, since native nucleation of our purely amorphous films occurs after an incu-
bation period of approximately 250 min at this temperature, a sample seeded at 1 particle per 
square micron will be able to grow to a maximum size of 1 micron before the emergence of na-
tive grain clusters. As can be seen in figure 5, a 1 micron thick film with these grain dimensions 
would serve as a very effective absorber layer in a PIN junction device. As figure 5 illustrates, a 
comparison of the most successful annealed, polysilicon based devices show that open circuit 
voltage (the primary metric by which absorber layer quality is compared) depends little on aver-
age grain diameter, in fact the highest performing device has only a 1 micron average grain di-
ameter. Rather, recent studies show that the ability to maintain high crystalline quality and elec-
tronic transport in the film thickness dimension is more crucial to film performance [7].  Studies 
measuring the electronic transport in the thickness dimension of the seeded structure are current-
ly underway in quarter 11. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Compilation of the best open circuit voltage values obtained with thin polysilicon solar cells, 
plotted as a function of grain size [8]. 

 
Furthermore, grain orientation is argued to be important as well, with many suggesting an 

ideal structure to consist of grains having (110) or (220) directions normal to the film surface, 
since these grains form lower-angle grain boundaries. This has traditionally proven difficult for 
most of the methods which produced the devices of figure 5, mainly because they rely heavily on 



 

crystallization mechanisms which default to other orientations; typically distributions of various 
orientations.   

Due to our unique ability to vary seed crystal shape and thus surface orientation, howev-
er, our seeded structures carry unique potential for grain orientation control [9-12]. X-ray diffrac-
tion studies are currently underway in quarter 11 to determine the orientations yielded by various 
seeded structures. 

In further evaluating the viability of our seeded structures relative to other methods, it is 
also beneficial to compare annealing requirements. Since different methods utilize different tem-
peratures, times, and film sizes, a basic comparison can be made using the metric developed by 
Nguyen et al. [13], defined as the “annealing factor” , given as: 

 

 
 

where T is the annealing temperature in Celsius, t is the annealing time in minutes, and d is the 
thickness of the film in nanometers. Lower annealing factors indicate a more desirable process. 
A comparison of annealing factors between seeded film structures, the top performing devices 
shown in figure 5, and other popular crystallization methods can be seen in figure 6. Since main-
taining a low deposition temperature is also crucial to low cost processing; allowing cheaper sub-
strates on top of reducing overall thermal budget, the annealing factors in figure 6 are plotted 
with respect to deposition temperature. This illustrates the common sacrifice of low cost poly-
silicon production, wherein lowering the thermal budget of annealing, usually comes at the ex-
pense of a deposition process requiring relatively high temperatures. Subsequently, more optimal 
processes should reside in the lower left corner of the graph, where it can be seen that our seeded 
film structures exhibit a clear advantage over even the highest performing absorber layers. It 
should also be noted that the data points coming closest in performance, method 4 utilizes an 
Aluminum induced crystallization technique known for leaving metallic impurities in the result-
ing grain structures, which have been shown to reduce cell performance drastically. 
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Figure 6. Plot of annealing factor vs. film deposition temperature for various literature and top performing 
techniques of polysilicon fabrication. Most optimal processes should occupy regions closest to the origin. 
Process values taken as follows: 1-[14],2-[15],3-[13],4-[16],5-[17],6-[18],7-[19],8-[20]. 

 
Since our seeded films consist only of silicon-based components, impurity levels are neg-

ligible.  
Ultimately, progress in quarter 10 has effectively developed a means for quantifying the 

grain growth rate in our seeded film structures, which has in-turn, enabled preliminary assess-
ments to be made on the viability of our films relative to the most popular and top-performing 
methods. Furthermore, efforts to determine the relevant electronic quality are underway in con-
cert with investigating ways to further exploit the crystal synthesis technologies unique to our 
group to control film properties such as grain orientation, which have yet to be manipulated re-
producibly in polysilicon literature. 
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