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As the global effort dedicated to “green growth and low-
carbon society” has opened a new era for the renewable
energy technology like solar cell, expected solar cell produc-
tion capacity is expected to exceed 50GW in 2013. Recent
technical breakthrough in traditional wafer silicon, thin-film
solar cells, and new concept of solar cells contributed to lower
prices and higher efficiencies for PV energy. There has been
great amount of investment in solar cells and subsequent
technical breakthough. One of the key technologies is based
on incident light trapping for better output power gain in
various solar cells such as c-Si, mc-Si, a-Si, III-V, II-VI, CdTe,
and CIGS. The sharing of new ideas and information in an
open forum will allow even greater progress to be made in
solar cell research and development. Potential topics include,
but are not limited to: silicon surface texture methods and
technologies, TCO light trapping related approaches for thin
film soalr cells, plasmon related light path lengthmodulation,
substrate (glass, metal, and plastic) surface light trapping
structure, high efficiency approaches and technologies with
solar cell light trapping, novel solar cells related new process,
material, and structure of light trapping, low cost related
material, device, and process, and other novel solar cell mate-
rials and devices.

The papers collected together in this special issue have
been sourced in two ways: firstly; roughly one-third of the
papers were presented during the Global Photovoltaic Con-
ference 2012 (GPVC 2012) that was held at Busan, Korea, in
November 2012. Around 400 papers were presented at this

conference, with outstanding presentations invited to be sub-
mitted as full-length version papers for this special issue.
Secondly, an open call wasmade to the photovoltaics commu-
nity to submit new and interesting results related to, but not
restricted to, silicon based photovoltaics. The high standard
expected is reflected in that only approximately a little less
than half of submitted papers were accepted for publication
in this issue.

The range of topics considered in the papers is con-
siderable, spanning intensive studies of conventional crystal
growth technologies, novel production methods for conven-
tional silicon solar cells, nanoinspired architectures, and even
a new characterization approach. We, the editorial team,
expect, due to the high quality of the papers included in this
issue, that not only will good representation of the state of
research in silicon based photovoltaics be achieved, but also
further efforts will be spurred on by the discoveries reported.

Junsin Yi
Bhushan Sopori

C. W. Lan
Donghwan Kim

Stephen Bremner
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In the framework of the third generation of photovoltaic devices, the intermediate band solar cell is one of the possible candidates
to reach higher efficiencies with a lower processing cost. In this work, we introduce a novel processing method based on a double
ion implantation and, subsequently, a pulsed laser melting (PLM) process to obtain thicker layers of Ti supersaturated Si. We
perform ab initio theoretical calculations of Si impurified with Ti showing that Ti in Si is a good candidate to theoretically form an
intermediate band material in the Ti supersaturated Si. From time-of-flight secondary ion mass spectroscopy measurements, we
confirm that we have obtained a Ti implanted and PLM thicker layer of 135 nm. Transmission electron microscopy reveals a single
crystalline structure whilst the electrical characterization confirms the transport properties of an intermediate band material/Si
substrate junction. High subbandgap absorption has been measured, obtaining an approximate value of 104 cm−1 in the photons
energy range from 1.1 to 0.6 eV.

1. Introduction

Currently our energy model has proven once and again to be
incompatible with a sustainable development of our society.
Massive fossil fuels consumption has environmentally jeop-
ardized our planet. For this reason, the scientific community
is devoting a tremendous effort to the development of new
energetic alternatives based on renewable energy sources.
Specifically, in the field of photovoltaic solar energy, a third
generation of solar cells based on news concepts to increase
the efficiency of solar cells is emerging.The intermediate band
solar cell (IBSC) is one of these candidates [1]. The concept
was first proposed in 1997 [2], and, since then, an important
work has been dedicated to describe its physical properties
and to produce practical devices that can demonstrate its
operational principles [3, 4].

An IBSC is based on an intermediate band (IB) material.
This new material consists of a semiconductor with its stan-
dard conduction and valence band, having a new energy band
of allowed states that takes place within the semiconductor
bandgap. With this scheme, this kind of material would
be able to take advantage of the sub-bandgap photons to
promote charge carriers from the valence band to the IB and
from the IB to the conduction band. In this sense, the IB
would work as an intermediate step, allowing for an increase
in the final solar cell photocurrent and, as a consequence, for
a higher efficiency.

There exist some different manufacturing approaches to
obtain an IB material, like the quantum dots [5] or the
highly mismatched alloys [6]. In this paper, we are going
to deal with the deep levels impurities approach. It con-
sists in the introduction of a great amount of deep levels
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impurities in a host semiconductor material. Deep levels
impurities are well known to create discrete deep energy
levels in the bandgap of the host semiconductor. However,
a different phenomenon takes place when the concentration
of impurities overcomes the so called Mott transition limit
[7]. Due to the closer spatial proximity between impurities
and to the Pauli Exclusion Principle, an energy splitting
of the discrete deep levels would occur. This phenomenon
would lead to a localization-delocalization transition similar
to the insulator-metal transition and, thus, a band of allowed
states would be formed within the band gap of the host
semiconductor. As a consequence of this new band of allowed
states, the nonradiative recombination would be reduced.
This concentration limit has been theoretically calculated to
be approximately 6 × 1019 cm−3 [8].

In this research, we have chosen Si as host semiconductor,
since the know-how of the Si solar cell industry is very
mature. As impurity we have chosen Ti, because theoretical
studies have shown it to be an excellent candidate to form an
IB in Si [9].

At this point, an important technological challenge
appears. The concentration limit to form an IB is 5 orders of
magnitude over the solid solubility limit of Ti in Si (1014 cm−3)
[10]. Fabrication techniques in the thermodynamic equi-
librium would not be suitable to overcome this challenge.
To get over these difficulties, ion implantation and pulsed
laser melting (PLM) processes are the suitable techniques.
By means of ion implantation we, are going to be able to
introduce in the Si lattice the high Ti concentration required.
PLM is the most recommended process in order to recover
the crystalline structure after ion implantation, thus allowing
for a higher solute trapping of Ti in the Si lattice [11].

Regarding this issue we have achieved important results
in the study of Ti implanted and subsequently PLM Si layers.
Structurally, we have obtained a higher crystal quality in the
final processedmaterial [12].We have exhaustively character-
ized electrically the Ti implanted-Si substrate bilayer, finding
unusual electrical transport properties that have been well
explained in the framework of the IB material theory. We
have developed an analytical model to successfully explain
and simulate the electrical results [13]. Also, by means of the
ATLAS code, we have been able to simulate the transport
properties of the bilayer [14]. Finally, by means of photo-
conductivity measurements, we have measured an increase
in the photoresponse of the material for sub-bandgap pho-
ton energies, which has been found to be related to an
increase in the carrier lifetime as predicted by the IB theory
[15].

However, all these positive results have been obtained for
a very thin layer of nomore than 70 nm. For any photovoltaic
applications, it is convenient to obtain a thicker layer of
the active optical material so that it may absorb the highest
amount of incident light. In this work, we present a double
implantation process at different ion energies in order to
obtain a thicker layer of the final processedmaterial. Next, we
will discuss the theoretical calculations for Ti hypersaturated
Si as well as the experimental work showing the structural,
electrical, and optical properties.
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Figure 1: Calculated density of states for interstitial (Tiint) and
substitutional (Tisub) Ti in Si compared with that of bulk Si.

2. Theoretical Calculations

An ab-initio theoretical study for Si impurified with Ti at
different concentrations has been made. Here, we present
results for a Ti concentration of 1020 cm−3 which is the closest
to the experimental results. Our calculationsweremade using
spin-polarized Density Functional Theory (DFT) [16, 17]
with the generalized gradient (GGA) approximation and the
Perdew-Wang 1991 functional [18]. The plane-wave Vienna
Ab initio Simulation Package (VASP) code [19] with projector
augmented wave (PAW) potentials [20, 21] was used. The
valence configurations for the pseudopotentials used in this
work were 3s2 3p2 for Si and 4s1 3d3 for Ti. Unconstrained
relaxations of ions and cells with a convergence tolerance of
0.01 eV/Ang for atomic forces were carried out for all systems.
From the resulting converging wave functions, electronic and
optical properties were computed [22]. The energy cutoff
established for the basis set was 245 eV. The sampling used
to describe the Brillouin zone for a 512 atom cell, which
corresponds to the abovementioned Ti concentration, was a
Γ centered 2 × 2 × 2 grid. Detailed energy balances have been
also presented [22].

Our results show that although both interstitial and
substitutional Ti implantation processes are thermodynam-
ically unfavorable, interstitial Ti is less unstable. Here, we
present in Figure 1 the electronic density of states (DOS)
diagram for substitutional and interstitial Ti configurations
compared with semiconductor Si spectra. The substitutional
Ti DOS diagram shows two empty eg-type doublets which
appear approximately at 0.5 eV above the valence band.
However, these empty states are not consistent with the
experimental results that show an extremely high carrier
concentration related to Ti. The interstitially implanted Ti
atoms relax into sites which give a majority spin completely
filled triplets and a partially filled minority spins triplets at a
higher energy level within the band gap. As a consequence,
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this theoretical result predicts that the presence of interstitial
atoms can generate a semifilled band which is compatible
with the experimental findings [23] which complies with the
characteristic requirements of an appropriate IB photovoltaic
material.

3. Materials and Methods

Samples 1 × 1 cm2 in size of n-type Si (111) with a thickness
of 300 𝜇m (𝜌 ≈ 200Ωcm; 𝜇 ≈ 1500 cm2V−1s−1; and 𝑛 ≈
2×10
13 cm−3 at RT)were implanted in a refurbishedVARIAN

CF3000 Ion Implanter. One set was single Ti implanted at
25 keV with a 1015 cm−2 dose whilst the other set was double
Ti implanted at 35 keV and 150 keV with doses of 1015 cm−2
and 4 × 1015 cm−2, respectively. All samples were implanted
using a 7∘ tilt angle to reduce possible channeling effects. After
implantation, all the samples were PLM processed with one
20 ns long pulse at an energy density of 0.8 J/cm2 for the single
implantation case and 1.8 J/cm2 for the double implanted
samples. The system was a KrF excimer laser (248 nm) at
IPG Photonics (New Hampshire, USA). Finally, we e-beam
evaporated 4 contacts in the corners sample to electrically
measure it using the van der Pauwmethod.The contacts were
made of 100 nm Ti plus 200 nm Al.

Electrical characterization was made at variable temper-
ature (100–300K) placing the samples inside a homemade
liquid nitrogen cryostat. In order to avoidmoisture condensa-
tion, the cryostat was attached to a vacuum pump. A Keithley
SCS 4200model with four source andmeasure units was used
to perform the sheet resistance and Hall effect measurement
with the van der Pauw configuration. This assumes a parallel
electrical conduction scheme. Namely, the current flows
between electrodes both through the processed layer and the
Si substrate. To analyze the Ti depth profile, time-of-flight
secondary ionmass spectrometry (ToF-SIMS)measurements
were carried out in a ToF-SIMS IV model manufactured by
ION-TOF, with a 25 keV pulsed Bi3+ beam at 45∘ incidence.
A 10 keV voltage was used to extract the secondary ions
generated, and their time of flight from the sample to the
detector was measured with a reflection mass spectrometer.
Cross sectional transmission electron microscopy (TEM)
images were obtained by a JEOL-2010 working at 200 keV
and by a JEOL JEM-2000FX working at 200 keV at C.A.I.
de Microscopı́a (Madrid, Spain). Simultaneously with the
TEM measurements, electron diffraction (ED) patterns with
a selected area of diffraction of about 50 nm were obtained.
The ED images provided information of the crystalline mor-
phology of the implanted layer. Optical characterization was
carried out by transmittance and reflectance measurements
using a Perkin Elmer Lambda 9 UV-VIS-IR spectropho-
tometer in the 0.55–1.2 eV range. Additionally, for reflectance
measurements, we used an integrating sphere photodetector
in the same energy range.

4. Results and Discussion

In Figure 2, we can observe the Ti depth profile obtained
from ToF-SIMS measurements of the two sets of implanted
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Figure 2: ToF-SIMS Ti concentration depth profile for the single
implanted samples and for the double implanted samples before and
after PLM.The single implanted set of samples were PLM processed
at 0.8 Jcm−2 and the double implanted were PLM processed at
1.8 Jcm−2.

samples before and after the PLM process. We can observe
that for the two full processed samples we obtain a Ti
concentration over the Mott limit and then, theoretically, an
IB material would be formed in the top layer. Specifically, we
obtain a Ti concentration around 4 × 1020 cm−3 in a layer of
20 nm for the single implanted sample and a thicker layer of
135 nm for the double implanted sample. In this figure, we can
appreciate the effect of the PLM process since we can observe
a push out effect of the Ti profile towards the surface of the Si
substrate. In spite of this push out effect, the Ti concentration
that remains in the Si lattice is well above the theoretical limit
to form an IB material.

Since, the solid solubility limit of Ti on Si has been
surpassed in 5 orders of magnitude, it would be interesting
to study the crystalline quality of the processed samples.
Figures 3(a) and 3(b) show TEM images for the single
implanted and double implanted sample, respectively.We can
observe in Figure 3(a) an excellent crystalline structure for
the 1015 cm−2 single implanted samples after the PLMprocess.
A single crystalline layer is obtained in spite of the high Ti
concentration (5 orders of magnitude over the solid solubility
limit). In addition, no differences between the electron
diffraction pattern of the implanted layer and the Si substrate
are observed. However, this crystalline Ti supersaturated Si
layer with a Ti concentration above theMott limit is obtained
in a thin layer of 20 nm. From the ED pattern in Figure 3(b),
we observe that the double implanted layer presents also
a single crystalline structure; however, from TEM images,
we observe that some regions appear slightly defective. We
observe that this slightly defective layer presents a thickness
of 123 nm. This thickness corresponds with the observed
depth in Figure 2 that presents a Ti concentration over the
Mott limit. Additionally, in a detailed Raman spectroscopy
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Figure 3: TEM and ED pattern of the two implanted and PLM processed samples; (a) corresponds with the single implanted while (b)
corresponds with the double implanted samples.
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Si reference substrate is used for comparison purposes. Inset shows
a schematic 3D view of the final processed sample and the van der
Pauw set-up for electrical characterization.

characterization, no evidence of secondary phase formation
(like Ti silicides) has been observed in samples with similar
Ti concentrations [24].

As commented above, the electronic transport properties
can give us information about the IB formation. In Figure 4,
we represent the sheet resistance of the two implanted
samples and of a Si reference substrate as a function of the
temperature. In the inset of Figure 4, we present a schematic
3D view of the van der Pauw set-up used for the sheet
resistance measurements. For the Si reference sample, we
observe the expected behavior of the decrease of the sheet
resistance as the temperature decreases due to the reduction

of the optical phonon scattering. However, the two sets of
implanted samples show an unusual behavior. At a given
temperature of 225K for the double implanted sample and of
180K for the single implanted one, the sheet resistance begins
to increase over the sheet resistance of the Si substrate as the
temperature decreases. This is not the expected behavior if
we assume a parallel electrical conduction scheme (implanted
layer—Si substrate) since the sheet resistance of the bilayer
cannot exceed the sheet resistance of one of the conduction
layer (Si reference substrate). Then, an electrical decoupling
between the implanted layer and the substrate seems to take
place as we are only contacting electrically the Ti implanted
layer. This electrical decoupling effect has been related to
the properties of the bilayer formed by the IB material
and the Si substrate [25]. A transversal electrical resistance
between the two layers increases as the temperature decreases
and, at a low enough temperature, the electrical transport
between the two layers is completely blocked. Then, at low
temperatures, we are onlymeasuring the transport properties
of the IB material.

In Figure 5, we can observe theHallmobility as a function
of the temperature for the two implanted samples and for a Si
reference substrate. The sign of the Hall voltage is negative,
resulting in electron mobility for all the temperatures. We
observe the expected tendency of an increase in the mobility
as the temperature decreases. However, as it was the case
with the sheet resistance, we observe that the two implanted
samples show a different behavior at the same temperature
of 225K for the double implanted sample and of 180K for
the single implanted one. An important decrease in mobility
appears as the temperature decreases, reaching a small, an
almost constant, value. This performance has been also
explained as an electrical decoupling of the bilayer in cor-
respondence with the electrical decoupling quoted above for
the sheet resistance. Thus, the tendency of the mobility mea-
surements indicates that only themobility of the Ti implanted
layer for temperatures low enough is measured [26].
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for the single implanted and the double implanted samples. A Si
reference substrate is used for comparison purposes.

The authors have previously developed an analytical
model by means of which this electrical decoupling process
has been studied. This analytical model is implemented
according with the theoretical electrical transport properties
of an IB material—Si substrate bilayer [13]. Since we have
been able to associate the electrical decoupling process with
the formation of an IB material, we can suggest that the IB
material has been obtained for both technological processes,
but for different thicknesses. The technical details of the
analytical model and the simulation can be obtained from
[13, 25, 26].

Although the electrical characterization points to the IB
formation in the implanted layer by means of the analytical
model, an optical characterization is required to elucidate
if this material could have a potential photovoltaic use. In
Figure 6, we show the product 𝛼il𝑤il for the two samples,
according to the mathematical procedure showed in [27]. 𝛼il
refers to the absorption coefficient on the implanted layer
and 𝑤il refers to the thickness of the implanted layer. We
observe that the two samples exhibit notable sub-bandgap
absorption. This sub-bandgap absorption cannot be related
with defects, since by TEM measurements we have observed
an almost perfect lattice reconstruction after the PLMprocess
(Figures 3(a)-3(b)). Moreover, in [27], we have observed that
more defective samples present less absorption than samples
with good crystalline quality, thus suggesting that this high
sub-bandgap absorption is not related with the presence of
defects, nor can this absorption be explained by free carrier
absorption, since this mechanism has dependence with the
sub-bandgap photon energy opposite to the one shown in
Figure 6 [28–30]. Then, this optical absorption could be
related with the formation of an IB in the processed layer,
which might be increasing the absorption process through
optical transitions involving the IB. It is important to note that
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Figure 6: Product of the absorption coefficient of the implanted
layer (𝛼il) and the thickness of the implanted layer (𝑤il) as a function
of subbandgap photon energies for the single implanted and the
double implanted samples.

the absorption coefficient for a pure Si sample is negligibly in
the sub-bandgap region. Finally, we can estimate a value for
the absorption coefficient using the thickness of implanted
layer that presents Ti concentrations over the theoretical
limit to form an IB material. From Figure 2, we can estimate
20 nm for the single implanted and 135 nm for the double
implanted sample. From this approximation, we can deduce
an absorption coefficient of about 104 cm−1 for both samples
on Figure 6. This high sub-bandgap absorption would be an
important positive feature to take advantage from in any
future photovoltaic application.

5. Conclusions

In conclusion, a double ion implantation followed by a PLM
process has been presented in order to obtain thicker layers
of IB material. Ab-initio theoretical calculations predict the
formation of an IB material in Ti supersaturated Si. The
structural, electrical, and optical properties of the double
implanted layers have been compared with those of the
thinner layers obtained by a single implantation process.
By ToF-SIMS, these layers show a Ti concentration well
above the theoretical limit to form an IB material. TEM and
ED patterns have shown a single crystalline structure, and
few structural defects have been observed for the double
implanted sample as well as a nearly perfect recovery for the
single implanted sample in spite of the high Ti concentration.
Sheet resistance and mobility measurements as a function
of temperature have shown similar electrical decoupling
processes for both sets of samples (single implanted and
double implanted samples). By means of the analytical model
presented in [13], we have been able to associate the electrical
decoupling process to the formation of an IB in the processed
layer. Important sub-bandgap absorption has been measured
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for the two sets of samples. All these results point out
that we have implemented a double implantation process in
order to obtain thicker layers of the IB material with very
high crystalline, electrical, and optical qualities. Focusing on
a prospective third generation of solar cells, the need for
these thicker layers of the active IB material should become
mandatory.
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Fe distributions were simulated by using impurity-to-efficiency simulator for the analysis of phosphorus diffusion gettering and
confirmed the dependencies of the electron lifetime on the various gettering conditions. It was observed that iron atoms in the Si
wafer could bemore efficiently gettered if the temperatures were provided to the wafer in two different steps.That two-step gettering
process was applied to an upgraded-metallurgical grade (UMG) Si wafer, and the electron lifetimes of theUMG-Si wafer were 3 𝜇sec
by applying the second temperature profile at 600∘C for 420min. It was also confirmed that the efficiency of the UMG-Si solar cell
increased 0.53% due to two-step gettering process.

1. Introduction

In order to reduce manufacturing costs, solar cells are
usually produced with a multicrystalline silicon wafer, which
inherently contains many impurity atoms and defects. In
addition, many researchers have proposed that a further
decrease in manufacturing costs could be obtained by using
a UMG silicon wafer for the crystalline silicon solar cell
[1]. However, more impurity atoms and defects remain in
the cost-effective UMG silicon wafer than in the usual
multicrystalline silicon wafer. UMG silicon wafers with 5N
purity include various kinds of transition-metal impurities.
The high impurity concentration does not allow for the direct
use of the UMG-Si wafers for solar cells. Thus, a variety
of efforts have been devoted to increasing the purity of
the UMG-Si wafers to the level of solar-grade silicon (SG-
Si) wafers [2]. Transition-metal impurities, such as Fe, Ni,
Cu, and Co, severely degrade the charge carrier lifetime
by forming recombination centers in the band gap. Due to
the generally high charge carrier recombination activity of
transition metals and their precipitates, the presence of such
contaminationmay limit the electrical performance ofUMG-
Si wafers and solar cells [3]. Generally UMG-Si is three orders
ofmagnitude less pure comparedwith electrical-grade silicon

(EG-Si), but the performance of high-quality UMG-Si solar
cells has been demonstrated to be comparable to that of
typical EG-Si counterparts [4].

The gettering process has been a widely used method
for reducing unintentional metal impurities in the electri-
cally active zones of semiconductor devices. In addition to
extrinsic gettering bymeans of phosphorus diffusion, various
alternative methods such as scratching, sand-blasting, and
ion implantation of various elements have been developed.
Phosphorus diffusion gettering, which can efficiently reduce
transition-metal impurities in the bulk of UMG-Si wafers
and enhance the charge carrier lifetime, is a well-known
process for improving the performance of solar cells in the
PV industry [5].

In spite of the enormous studies on the phosphorus
gettering process, a clear explanation on the mechanism has
not been announced so far. However, it was confirmed exper-
imentally [6] and theoretically [7, 8] that the segregation
of iron to phosphorus doped layer was the main factor to
determine the efficacy of the phosphorus diffusion gettering.
Hofstetter et al. developed the impurity-to-efficiency (I2E)
simulation tool and calculated changes in the distribution
of iron and phosphorus atoms during annealing [9]. In
the simulation with I2E simulator, iron is considered as
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the dominant lifetime-limiting impurity, and this approxima-
tion is accurate in many regions of a standard mc-Si ingot.
The I2E simulator was also used to predict the final solar
cell performance with given inputs of material quality, cell
processing conditions, and cell architecture.

In this study, a phosphorus diffusion process was em-
ployed to getter the metal impurities in UMG-Si wafers. The
distribution of iron atoms, the charge carrier lifetime of the
UMG-Si wafer, and the efficiency of the cell were compared
with the predicted values from the I2E simulator.

A double side emitter was formed by using a POCl
3

source to diffuse phosphorus at the front and back sides
of UMG-Si wafers. An increase in the electron lifetime was
confirmed by using the quasisteady state photoconductivity
(QSSPC) measurement, and the efficiency of the UMG-Si
solar cells was measured to determine the effectiveness of
phosphorus diffusion gettering.

2. Experiments

P-type UMG-Si wafers with areas of 2.54 cm × 2.54 cm and
thicknesses of 180–220 𝜇m were used. The particles and the
organic compounds on their surfaces were removed with
RCA-1 solution mixed with NH

4
OH, H

2
O
2
, and deionized

(DI) water. The surface texturing was carried out using
HNO

3
and HF solutions, and the metal impurities on the

surface were removed using RCA-2 solutionmixed with HCl,
H
2
O
2
, and DI water. The n+ emitter was formed by diffusing

phosphorus into the wafer in a tube furnace. Phosphorus
diffusion was performed by using liquid POCl

3
as the dopant

source carried by N
2
gas. The temperature and time were

varied in the ranges of 600–850∘C and 0–550min during
phosphorus diffusion. The effects of time and temperature
on the MCLTs of the silicon wafers were compared with the
values after the standard diffusion which generally processed
at 850∘C for 10min. Phosphorus silicate glass (PSG) formed
after phosphorus diffusion was removed by dipping the wafer
in a 0.1M HF solution for 40 seconds, and the emitter sheet
resistance was measured using the four-point probe method.
An antireflection coating (ARC) of silicon nitride (SiNx:H)
with a thickness of approximately 70 nm was then deposited
by using a plasma-enhanced chemical vapor deposition
(PECVD) in order to reduce the surface recombination veloc-
ity. The rear surface of the silicon wafer was also passivated
by depositing the same SiNx:H film for the measurements
of the QSSPC. The surface passivation by using iodine was
also performed, but significant differences were not obtained
compared with the passivationmethod by using the PECVD-
SiNx:H film. An aluminum layer with a thickness of about
2 𝜇m for the back contact of the cell was deposited by RF-
sputtering, and a silver electrodewas formed on the front side
by screen-printing.TheRF-sputtered aluminum layer and the
screen-printed silver were fired using a belt furnace at 800∘C
to form the front and back contacts.

The average characteristics of the electron lifetime were
obtained by using the QSSPC measurement system: a Sinton
WCT-120 tester according to the carrier density at an injec-
tion level of 2 × 1014 cm−3. After gettering process, impurities

in the bulk of the wafer move to the surface region. And,
before measuring the electron lifetime, the surface of the
UMG-Si was removed by chemical etching.

3. Simulation Process

The typical Fe concentration in the UMG silicon wafer was
reported to be 27 ± 8 ppmw by Degoulange et al. [10].
Some of these iron atoms exist at the interstitial sites or
Fe-B pairs, and the rest of the iron atoms remained as
precipitates in the wafer. During the solar cell fabrication
process at high temperature, iron atoms in the bulk of the
silicon wafer segregate to a diffused phosphorus layer and
are dissolved from iron silicide precipitates. Figure 1 shows
the I2E simulation results for the distribution of phosphorus
and Fe concentrations after the gettering process at 700∘C
for 300min. The phosphorus concentration on the surface
of the wafer was set to 3 × 1020 atoms/cm3 and the initial
concentrations of Fe were 1 × 1015 and 1 × 1012 atoms/cm3 for
the total and the interstitial Fe concentrations, respectively.
That initial value of the total Fe concentration was assumed
considering the total Fe concentration in the UMG-Si wafer.
The segregation of iron atoms is described by Gafiteanu et al.
[11] as

𝜕𝐶
𝑖

𝜕𝑡
=
𝜕

𝜕𝑥
[𝐷Fe (
𝜕𝐶
𝑖

𝜕𝑥
−
𝐶
𝑖

𝜎

𝜕𝜎

𝜕𝑥
)] , (1)

where 𝐶
𝑖
is the dissolved iron concentration, 𝐷Fe is the

temperature-dependent diffusion coefficient of iron in sili-
con, and 𝑥 is the depth from the surface of the wafer. The
first term on the right represents Fick’s law of diffusion, while
the second term involves a space-dependent segregation
coefficient, 𝜎(𝑥), which is characterized by the reactions
between Fe interstitials, Si vacancies, andPdopant atoms [12].
Also, the dissolution of precipitated iron atoms is modeled by
Ham’s law [13]:

𝜕𝐶
𝑖

𝜕𝑡
= 4𝜋𝑁𝑟𝐷Fe (𝐶eq,Fe − 𝐶𝑖) , (2)

where𝑁 is the precipitate density, 𝑟 is the precipitate radius,
and 𝐶eq,Fe is the temperature-dependent solid solubility of
iron in silicon.The dissolved iron atoms from the precipitated
sites diffused to the P-abundant region, and the distribution
of the Fe concentration in the Si evolved as shown in Figure 1.
Secondary ion mass spectroscopy (SIMS) analysis was used
to confirm the real distribution of iron atoms in the UMG-
Si wafer annealed at 700∘C for 5 hours after the P-diffusion
process, as shown in Figure 1(e). The difference to the sim-
ulation results was mainly from the higher concentration of
iron atoms in the UMG-Si and the slightly different gettering
temperature and time.

After calculating the Fe distribution in the silicon, the I2E
simulator determines electron and hole lifetime throughout
the wafer thickness. Shockley-Read-Hall recombination is
represented by the charge carrier lifetime [14] as

1

𝜏
𝑖

= 𝐶
𝑖
𝜎
𝑐
Vth, (3)
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Figure 1: Calculated distributions of P dopant concentration, total Fe concentration, interstitial Fe concentration, and electron lifetime (from
the upper graph) after the gettering process at 700∘C for 30min.The lowest graph is the bulk Fe concentration bymeans of SIMSmeasurement
of the UMG-Si gettered at 700∘C for 5 hours.

where 𝜏
𝑖
is the minority carrier lifetime limited by interstitial

iron or Fe-B pairs, 𝜎
𝑐
is the minority carrier capture cross

section, and Vth is the thermal velocity of minority carriers.
Recombination at iron silicide precipitates also contributes to
the charge carrier lifetime by the following expression [15]:

1

𝜏
𝑝

= 4𝜋𝑟
2
𝑁
𝑠𝐷/𝑟

𝑠 + 𝐷/𝑟
, (4)

where 𝜏
𝑝
is the minority carrier lifetime limited by precip-

itates, 𝐷 is the minority carrier diffusion length in silicon,
and 𝑠 is the carrier recombination velocity at the precipitate
surface. Figure 1(d) shows the electron lifetime obtained
using the I2E simulator under the distributions of the P and
Fe concentrations. In the figure, the electron lifetimewas con-
firmed to be determined largely from the Fe concentration in
the silicon. However, it is not clear which is the main factor
between the total and the interstitial Fe concentrations in
Figure 1.

4. Results and Discussion

Figure 2 shows the simulation results of the total Fe concen-
tration averaged throughout the Si wafer after the gettering

process. The initial concentrations of the total and the
interstitial iron atoms were assumed to be 1 × 1015 and 1 ×
1012 atoms/cm3, respectively, and uniformly distributed in the
wafer.The total Fe concentration reduced almost linearlywith
the gettering time, and the reduction rate rapidly increased
with the temperature, which was due to the diffusion of iron
atoms to the P-abundant surface layer in the Si wafer.

On the other hand, the dependence on the temperature of
the interstitial Fe concentration was different from that of the
total Fe concentration as shown in Figure 3. At the gettering
temperature of 750∘C the interstitial Fe concentration slightly
increased and then was saturated along with the time.
However, at gettering temperatures above 750∘C, the rapid
increases within a fewminutes were observed for the intersti-
tial Fe concentrations.The interstitial Fe concentration in the
Si wafers processed below 750∘C decreased with elapsed time
and was finally saturated as shown in Figure 3. In the case of
the single-crystalline silicon, the amount of the iron atoms
transferred to the interstitial sites is very small compared
to those that moved to the diffused phosphorus layer from
the interstitial sites, due to the initially low concentration of
iron atoms in the bulk. Meanwhile, there are several orders
of magnitude more iron atoms in the UMG-Si at interstitial
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Figure 2: Calculated total Fe concentration averaged throughout
the Si wafer after the gettering process with different temperatures
and times. The initial concentration of the total iron atoms was
assumed to be 1 × 1015 atoms/cm3. The total Fe concentration
decreased more rapidly with gettering time for higher temperature.

or nondissolved precipitate sites in the bulk, compared with
those in the single-crystalline silicon. This means that the
amount of the iron atoms transferred to the interstitial sites
competes with that moved to the diffused phosphorus layer
from the interstitial sites and the interstitial Fe concentration
may increase at the high gettering temperature in case of the
Si wafer with a large amount of iron atoms.

Equations (3) and (4) assert that the charge carrier
lifetime in the Si wafer is determined from the distribution
of the Fe concentrations, which exist at the interstitial sites
or as precipitates. Figure 4 shows the averaged electron
lifetime calculated from the distributions of the iron atoms.
Comparing with the Fe concentrations in Figures 2 and 3,
it is clear that the electron lifetime was strongly dependent
on the interstitial Fe concentration but not on the total Fe
concentration. Most of the iron atoms precipitated in the
Si wafer did not directly affect the charge carrier lifetime.
On the other hand, only a portion of the iron atoms at the
interstitial sites mainly determined the charge carrier lifetime
in the Si wafer.Thismeans that the reduction of the interstitial
Fe concentration is more important to enhance the charge
carrier lifetime and the efficiency of the solar cell.

In order to efficiently getter iron atoms and increase
the charge carrier lifetime, a two-step gettering process was
introduced in this study. The two-step gettering process
involves an annealing process at a high temperature followed
by a similar annealing process at a lower temperature. In
this simulation, the first step of the temperature profile was
fixed to 850∘C and 30min, and the temperature and the time
were varied during the second step of the gettering process.
Figure 5 shows the interstitial Fe concentration and the
electron lifetime with the temperature and the time during
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Figure 3: Calculated interstitial Fe concentration averaged through-
out the Si wafer after the gettering process with different tem-
peratures and times. The initial concentration of the interstitial
iron atoms was assumed to be 1 × 1012 atoms/cm3. For higher
temperatures than 750∘C, the interstitial Fe concentration increased
with time,whichmight be originated from the increase of iron atoms
migrated from the precipitate sites at higher temperature.

8

6

4

2

0

El
ec

tro
n 

lif
et

im
e (

𝜇
s)

1 2 3 4 30 40 50
Time (min)

900∘C
850∘C
800∘C
750∘C

700∘C
650∘C
600∘C

Figure 4: Variation of the averaged electron lifetime calculated from
the distributions of iron atoms using I2E simulator. It was strongly
dependent on the distribution of the interstitial Fe concentration.

the second step of the gettering process.The duration time of
the second stepwas 30min for the analysis of the temperature
dependency (Figure 5(a)), and the evolution of the interstitial
Fe concentration and the electron lifetime with the gettering
time of the second step was simulated at the temperature of
600∘C (Figure 5(b)), where iron atoms were most efficiently
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Figure 5: Calculated interstitial Fe concentration and the electron lifetime with (a) the temperature and (b) the time during the second step
of the gettering process. The electron lifetime showed the highest value at the temperature of 600∘C, where the interstitial Fe concentration
indicated the lowest value. On the other hand, with the increase of the time they were saturated above 50min.

gettered. The interstitial Fe concentration reached below 2 ×
1010 atoms/cm3, and the electron lifetime was more than
8 𝜇sec. Compared with the results of Figure 4, the two-step
gettering process was evidently more advantageous for the
UMG-Si wafer.

Figure 6 shows the electron lifetime of the UMG-Si wafer
processed with the two-step gettering. The first step of the
temperature profile was fixed to 850∘C and 50min. During
the second step, the temperature varied between 600 and
750∘C for 420min (Figure 6(a)) and also the gettering time
increased to 540min at the temperature of 600∘C. Aside
from the measured values of the electron lifetime, the overall
behavior was very similar to the simulated electron lifetime
as shown in Figure 5. The electron lifetime of the bare
UMG-Si wafer was about 1 𝜇sec and slightly increased to
1.5 𝜇sec after only the first temperature profile of the two-
step gettering process. A further increase in the electron
lifetime to 3 𝜇sec could be obtained by applying the second
temperature profile at 600∘C for 420min. The difference
in the values between the simulated and observed electron
lifetime was originated from the higher total concentration of
iron atoms in the UMG-Si wafer than in the sample assumed
in this simulation.The grain boundaries in theUMG-Si wafer
might be considered as the most important source of the
impurities and act as precipitate sites. During the gettering
process at high temperature, the precipitated iron atoms in
the grain boundaries diffused into the interstitial sites and
limited the further increase of the electron lifetime of the
UMG-Si wafer.

Figure 7 shows the I-V characteristics of the UMG-Si
solar cells processed with one-step and two-step gettering.
The efficiency of the cell with one-step gettering was 9.67%,
and two-step gettering improved the efficiency of the cells to
10.2%. In this study, the fabrication process of the crystalline
silicon solar cell was not optimized for the high-efficiency
cell; instead the effect of phosphorus diffusion gettering on
the efficiency of the cell was the main concern. The increase
in the cell efficiency due to two-step gettering was 0.53%,
which was largely due to increases in the short circuit current

density, 𝐽sc. On the other hand, open circuit voltage, 𝑉oc, of
the cell processedwith the two-step gettering did not increase
compared with 𝑉oc of the cell processed with the one-step
gettering in spite of the increase of the electron lifetime imme-
diately after the gettering process.The two-step gettering was
very effective to enhance the electron lifetime of the silicon
wafer, which was due to the decrease of the interstitial Fe
concentration not of the total Fe concentration.Thus, during
the cell fabrication process at the high temperature after the
gettering process, the interstitial Fe concentration which was
closely related to the electron lifetime of the wafer might
increase and 𝑉oc of the cell was not improved for the two-
step gettering. This means that the low-temperature process
is very important after the gettering process, especially for the
UMG Si wafer which contains a large amount of impurities.
Lin et al. reported that the gettering process may improve
the diffusion length of a cell but had little influence on the
efficiency of the cell [16], and the one-step gettering may also
provide a gettering effect on the UMG-Si wafers. This points
to the difficulties in obtaining a high-efficiency cell with low-
quality material like the UMG-Si wafer.

5. Conclusion

In this work, the Fe distribution and the electron lifetime
of the Si wafer were calculated using I2E simulator for
the analysis of phosphorus diffusion gettering. The total Fe
concentration in the bulk of the Si wafer decreased with
gettering time at the whole temperature range of 600–
900∘C suggested in this simulation scheme. Also, the total
Fe concentration decreased more rapidly with gettering time
for higher temperature. On the other hand, the interstitial Fe
concentration, which largely determined the charge carrier
lifetime in the Si wafer, increased with the gettering time at
temperatures above 750∘C and was saturated within a few
minutes. In order to enhance the efficiency of the gettering,
the two-step gettering process was introduced. The first
step of the temperature profile at 850∘C was followed by
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Figure 6: Electron lifetime of the UMG-Si wafer processed with two-step gettering. The first step of the temperature profile was fixed to
850∘C and 50min, and during the second step (a) the temperature and (b) the time were varied. The highest electron lifetime was obtained
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Figure 7: I-V characteristics of the UMG-Si solar cells processed
with one- and two-step gettering. The increase in the cell efficiency
due to two-step gettering was 0.53% compared with that from one-
step gettering.

the second step at a lower temperature. At temperature of
600∘C for the second step, the electron lifetimewas optimized
to 8 𝜇sec. This two-step gettering process was applied to
the UMG-Si wafer, and it was observed that the electron
lifetime of the UMG-Si wafer increased to 3 𝜇sec after
the two-step gettering process, compared with the electron
lifetime of 1.5 𝜇sec after the one-step gettering process. The
improvement of the electron lifetime had a significant effect
on the efficiency of the UMG-Si solar cell, and the increase
in the cell efficiency due to two-step gettering process
was 0.53% compared with that from one-step gettering
process.
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and R. Einhaus, “Solar cells from upgraded metallurgical grade
(UMG) and plasma-purified UMG multi-crystalline silicon
substrates,” Solar Energy Materials and Solar Cells, vol. 72, pp.
49–58, 2002.

[2] K. Prettyman and G. Pfeiffer, “Solar cell production using UMG
silicon,” in Proceedings of the 24th EUPVSEC, p. 21, Hamburg,
Germany, 2009.

[3] A. Bentzen and A. Holt, “Gettering of transition metal impu-
rities during phosphorus emitter diffusion in multicrystalline
silicon solar cell processing,” Journal of Applied Physics, vol. 99,
Article ID 093509, 2006.

[4] D. Kohler, B. Raabe, S. Braun, S. Seren, andG.Hahn, “Upgraded
metallurgical-grade silicon solar cells: a detailed material anal-
ysis,” in Proceedings of the 24th EUPVSEC, p. 1758, Hamburg,
Germany, 2009.

[5] H. Nagel, A. G. Aberle, and S. Narayanan, “Method for the
evaluation of the influence of gettering and bulk passivation
on non-uniform block-cast multicrystalline Si solar cells,” Solid
State Phenomena, vol. 67-68, pp. 503–508, 1999.

[6] M. B. Shabani, T. Yamashita, and E. Morita, “Study of gettering
mechanisms in silicon: competitive gettering between phos-
phorus diffusion gettering and other gettering sites,” Solid State
Phenomena, vol. 131–133, pp. 399–404, 2008.

[7] A. A. Istratov,W.Huber, and E. R.Weber, “Modeling of compet-
itive gettering of iron in silicon integrated circuit technology,”
Journal of the Electrochemical Society, vol. 150, no. 4, pp. G244–
G252, 2003.

[8] M. Seibt, A. Sattler, C. Rudolf, O. Voß, V. Kveder, and W.
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A new method for fabricating crystalline silicon solar cells with selective emitters is presented. In this method, shallow trenches
corresponding to metal contact area are first formed by screen printing and chemical etching, followed by heavy doping over the
whole front surface of the silicon wafer. After a polymer mask is pasted by aligned screen-printing to cover the shallow trenches,
the silicon wafer is etched such that the heavy doping remains at the shallow trench area, while other areas become lightly doped.
With the presented method, two screening printing steps are required for obtaining a selective emitter structure on a solar wafer.
Compared with existing etch-back methods, the presented one is believed to be able to easily conform with present industrial
process. Experimental results show that optical responses at the short and long wavelengths were both improved by applying the
proposed selective emitter technique to fabricate solar cells with an a-Si:H film deposited on the back surface.The selective emitter
cell with a-Si:H back surface deposition had improvements of 1.66mA/cm2 and 1.23% absolute in 𝐽sc and conversion efficiency,
respectively, compared to the reference cell that had a homogeneous emitter and no a-Si:H on the back surface.

1. Introduction

In the field of silicon wafer based solar cells, selective emitter
structures are attracting attention to a great extent because
of enhanced light-to-electricity conversion, especially at the
short-wavelength range. The enhancement of light-to-elec-
tricity conversion results from the suppressed carrier recom-
bination due to lowered concentration of dopant impurity
at the illuminated area as well as the reduced contact resis-
tance due to the high dopant concentration at the contact-
semiconductor interface. In principle, the suppressed carrier
recombination leads to increases in both the open-circuit
voltage and short-circuit current, while the reduced contact
resistance improves the fill factor.

Selective emitter is not a new concept. It originates during
the development of work record silicon solar cells [1]. Various
studies have been carried out [2–15] and notable efficiencies
of cells with selective emitters utilizing industrial compatible
processes have been reported [11, 13]. An industrial selective
emitter processing sequence may involve the coating of

selected regions of the front of a p-type silicon substratewith a
phosphorus-containing paste via screen printing [3]. At high
temperature, the paste is used as a source for direct-diffusion
and gas-phase outdiffusion into the substrate. Thus, the
region coveredwith the coated layer becomes a heavily doped
region by direct diffusion and the other region becomes a
lightly doped region through gas-phase outdiffusion. Thus,
the heavily doped region and the lightly doped region are
formed simultaneously. Yet, precise control of uniform diffu-
sion is required for obtaining target doping concentrations.
An alternative process of using doped silicon ink for selective
emitter formation developed by Innovalight has proved to be
viable in a mass production test [4].

Another industrial selective emitter processing sequence
may involve lightly doping the entire front surface of a p-type
substrate with phosphorus followed by the standard antire-
flection application process and completed by screen printing
a silver paste containing phosphorus through the front
contacts [7, 8].During the firing process, ametal front contact
is formedwhile the phosphorus diffuses into the front surface
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to form heavily doped regions in the contact regions. The
advantage is that this method is compatible with common
mass production technique of using silver paste to form the
front contact. However, silver would diffuse into the substrate
faster in the presence of phosphorus worsening the leakage
current.

A third selective emitter approach will be the use of
etch-back method, whereby the entire front surface of a p-
type wafer will be heavily doped [10, 12, 13] followed by
a masking step to mask selective regions from subsequent
etch-back while the rest of the front is etched resulting in a
lightly doped surface. An etch-back technology developed by
Schmid’s group has been recently commercialized by using
an inkjet-printed wax mask for selective emitter formation
[12]. The advantage of etch-back methods lies in the use of
one diffusion step.

The fourth approach is to cover the front surface of awafer
with a patterned masking layer of silicon dioxide or silicon
nitride through PECVD before doping [2, 5, 11]. Then, a
dopant is doped into the substrate through high-temperature
diffusion to form a heavily doped region and a lightly doped
region at one time. The disadvantage of this method is the
requirement for a mask layer, which is usually coated by a
high-priced facility.

A widely used approach in the industry to date is the
use of laser [14, 15] to selectively diffuse phosphorus into
the substrate surface such as that used in mass produced
Pluto solar cells [16]. The metal contact is then formed
via a self-aligning plating process. The advantage of this
technique is the avoidance of precise alignment. However, the
platedmetal requires a different interconnectionmethod, not
conventional used in the industry.

Despite the limitation of selective emitter in its contribu-
tion to boosting performance of commercial solar modules
due to the absorption of short wavelength light by the
standard EVA encapsulation material, it is still imperative
to consider the selective emitter technology as new pho-
tovoltaic module encapsulation material emerges such as
polydimethylsiloxane (PDMS) silicone. This appears to have
better moisture proof and optical transmission properties
than EVA in particular in the 300 to 500 nmwavelength range
[17, 18].

In this paper, we present an alternative to the present
selective emitter formation methods. In the presented
method, an as-doped textured silicon substrate is first pro-
cessed to obtain multiple shallow trenches which correspond
to the front metal contact area on the front surface. The
substrate is then doped in a high-temperature diffusion
furnace to obtain a heavily doped layer with an opposite
electric type to the substrate. Then the shallow trench area is
coveredwith an acid-resistantmask layer, while the other area
is not. An etch-backmethod with acid etching is then applied
to obtain a selective emitter structure over the front surface.
That is, the unmasked area becomes lightly doped, while a
high dopant concentration remains at the trench area. The
presented method differs from Schmid’s etch-back method
and any other existing etch-back method in two points.
First, shallow trenches are obtained and then heavy doping
is applied in the presented method, while heavy doping is
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PSG removal

ARC coating

Metallization

Edge isolation

Selective emitter formation

a-Si:H deposition

steps detailed by Figure 2

Group 1 Group 2 Group 3

Cofiring

Figure 1: Fabrication steps for 3 groups of samples in this study.

applied first and then followed by an etch-back in Schmid’s
and other methods. Secondly, there are shallow trenches with
a depth of several 𝜇m or more for metal contacts in the
presented selective emitter structure, while no trenches are
dug by using Schmid’s and other methods.

2. Fabrication Method

2.1. Preparation of Reference Samples. The main steps for
fabricating the selective emitter solar cells in the presented
method are depicted in Figure 1. In the fabrication, 125 ×
125mm2 pseudosquare solar-grade (100) p-type Cz silicon
wafers with a thickness of ∼180 𝜇m and a resistivity of 1
to 3Ω cm were cleaned through an SC1 cleaning procedure
followed by a double-side alkaline texturization and were cut
into pieces of 30 × 30mm2 dimensions afterwards. These
smaller pieces, named as-textured wafers here, were divided
into three groups. As-textured wafers of group 1 followed a
standard cell-fabrication procedure in our lab. This standard
procedure contains the steps of phosphorus doping on the
front side, phosphorous glass removal, deposition of anti-
reflection coating (ARC) on the front side, metallization
on both sides, cofiring to obtain an ohmic contact on the
front surface and back surface field on the rear side, and
edge isolation. This group was considered as a reference in
this study. The front-side contact was screen printed with
silver paste to form a finger-grid pattern with a single central
busbar, while the rear side contact was screen printed with
aluminum paste all over the back surface. The phosphorus
doping was performed in a quartz-tube furnace in nitrogen
ambient. For the reference samples, phosphorus pentoxide
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wafers were used as a dopant source at the temperature of
880∘C to obtain a sheet resistance of ∼55Ω/◻ (measured by
a four-point probe method). The ARC was SiNx deposited
by PECVD at 300∘C and has a thickness of 103 nm for
obtaining the lowest average optical reflectivity. The cofiring
was performed by using a high-temperature oven following
these steps: (1) elevating the temperature up to 830∘C; (2)
slightly opening the oven door and putting the sample toward
inside slowly; (3) closing the oven door and maintain at
800∘C for 20 seconds; and (4) slightly opening the oven
door and moving out the sample slowly from the hot zone.
These steps weremanually controlled in precise timemode to
ensure that all samples experience cofiring under an identical
condition. The cofiring temperature was increased from the
room temperature up to an almost constant temperature
at 800∘C during a time period of 15 seconds, maintained
at 800∘C for 20 seconds and then decreased to the room
temperature again during a 20-second time period.

The second group of as-textured wafers was also pro-
cessed in the same fabrication procedure asmentioned above,
except that there was a thin layer of hydrogenated amorphous
silicon (denoted as a-Si:H) deposited on the rear side before
metallization. This group (i.e., group 2) is denoted as a-
Si:H deposited samples here. The a-Si:H layer was grown by
PECVD at 285∘C and had a thickness of 5 nm. The a-Si:H
layer was supposed to containmany Si–Hbonds as deposited,
whereas a part of these bondsmight break during the cofiring
step resulting in hydrogen leakage. It is noted that group
2 was also used as a reference for samples of group 3 that
have a selective emitter formed by the presented method.
As-textured wafers of group 3 were processed following the
selective emitter formation method presented below.

2.2. Selective Emitter Formation. As-textured wafers of group
3were processed following the steps shown in Figure 2, where
step (a) shows an as-textured wafer. The as-textured wafer
wasmasked at its front surface with a patterned acid-resistant
masking layer by screen printing (step (b)). A masking layer
was also screen printed all over the back side of the wafer.The
masking layerwas a resin-basedmaterial, containing a certain
proprietary binding components to resist chemical etching.
The wafer was then dipped in an acid etching solution mixed
with HF, HNO

3
, and deionized water (step (c)). The regions

covered by the masking layer on both sides of the wafer were
protected against the chemical, while the regions not covered
by themasking layer on the front side of thewaferwere etched
to a certain depth inside the wafer. The Multiple shallow
trenches were thus formed at the etched regions. These
shallow trench areas were prepared to be contact formation
regions. After the formation of the trenches, the masking
layer was removed by dipping the wafer in an ultrasonic
cleaner with acetone as a solvent. Then the wafer was heavily
doped to form an n++ layer all over the front surface, as shown
in step (d). A sheet resistance of ∼28Ω/◻was obtained at this
step. Curve A of Figure 3 shows concentration-depth relation
of the phosphorus doping, measured by SIMS. As can be
seen from this figure, there exists a very high concentration
at the front surface, leading to an expectable low contact

resistance. For regions between contacts, a part of silicon was
removed, in an etch-back process, to a certain depth by again
chemical etching and this resulted in a sheet resistance of
110Ω/◻. In the etching-back process, an acid-resistant mask
with the same type of resin-based material used for trench
formation was screen printed onto the shallow trenches only,
as shown in step (e), followed by a chemical etching. The
chemical etching solution for this etching-back was a mixed
HF/HNO

3
/CH
3
COOHsolution of the ratio 1 : 40 : 200. Curve

B of Figure 3 shows the concentration distribution inside
the wafer after etching. After removing the masking layer
with acetone in an ultrasonic cleaner, we obtained a selective
emitter structure as shown in step (f) of Figure 2. Then, a
silicon nitride ARC coating was deposited over the front
surface using PECVD (see step (g), Figure 2), followed by a
metallization process to obtain front contacts in the shallow
trenches and a rear contact. Silver paste was screen printed
into the shallow trenches in good alignment (see step (h),
Figure 2), while the rear side of the wafer was screen printed
with aluminum paste over the whole rear surface. In this
study, the shallow trenches were 300𝜇mwide for fingers and
2mm wide for the central busbar, while the front contact
lines were 180𝜇m wide for fingers and 1.8mm wide for the
central busbar, as shown in Figure 4(d). The widths of the
heavily doped areas are 2.2mm for the busbar and 360 𝜇m
for the fingers. Cross-sectional SEM views for a 2𝜇m deep
trench and a 15 𝜇m deep trench both filled with silver paste
are, respectively, shown in Figures 4(a) and 4(b), while a
prospective view for the 15 𝜇m deep trench is shown in
Figure 4(c).

A part of these selective emitter structured wafers was
processed by PECVD deposition to form a 5 nm-thick a-
Si:H layer on the rear side before metallization (see step (h),
Figure 2). Another part of these selective emitter structured
wafers was not processed by PECVD deposition of a-Si:H for
comparison. A cofiring step was afterwards applied to obtain
an ohmic contact on the front and a BSF (as indicated in
Figure 5) on the rear side.

2.3. Some Concerns. The presented etch-back method inev-
itably needs one additional alignment step for metal contact
formation compared to self-aligning methods used for Pluto
and buried contact cells. An alignment in printing usually
needs a good enough visual image contrast. In our case, the
trenched region is light blue on the dark blue background,
afterARC is deposited.This visual contrast is good enough for
printing when using high-resolution cameras. The advantage
of the proposed method lies in the use of one diffusion step
for selective emitter formation.

Another concern is on the surface reflectivity when the
above etching is applied to remove high-density dopant.
Original surface morphology may be changed and this may
increase the optical reflectivity due to too much possible
etching on the pyramids formed in the texturization process.
To clarify this concern, we used the same etching condition
to etch a phosphorus-doped textured wafer without forming
trenches upon for 2, 4, and 12 minutes and compared the
optical reflectivity with an as-textured wafer. Figure 6(a)
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Figure 2: Fabrication steps for selective emitter solar cells in this study.

shows the measured optical reflectivities for the samples
that were etched and not etched over the wavelength span
from 400 nm to 1000 nm. The inset in this figure shows the
difference in greater detail over the 700 to 800 nm span. It
can be seen that the difference in optical reflectivity between
any two samples is slight. In particular, when the sample
is etched for only two minutes, which is the case for our
etching back process, the increase in optical reflectivity is
only ∼0.05%. After being deposited with an ARC layer, this
sample shows no difference in optical reflectivity (as shown
in Figure 6(b)) from the sample without etching, indicating
that the above etching-back step for forming lightly doped
regions is of no harm to the surface morphology as well as
the optical reflectivity.

3. Experimental Results

3.1. Comparison between Homogeneous Emitter and Trenched
Selective Emitter Cells. Table 1 shows the resultant sheet
resistances of the lightly doped emitter and the corresponding
solar cell parameters measured under the standard testing
condition (i.e., AM 1.5 at 25∘C) for 5 sets of selective emitter
solar cells with different etching-back time periods (using
Oriel/Newport SOL 3A solar simulator and Keithley 400
source meter). As the sheet resistance of the lightly doped
emitter was increased from 56 to 110Ω/◻ (with the etching
time period varying from 64 to 120 sec), 𝐽sc increased from
35.42mA/cm2 to the maximum 36.9mA/cm2 accompanied
by a slight increase in 𝑉oc. As the sheet resistance was
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Figure 3: Concentration-depth relation of the phosphorus doping,
measured by SIMS, for shallow trench area (curve A) and region
between contacts (curve B).

Table 1: Resultant sheet resistances and light-to-electricity param-
eters for five sets of selective emitter cells after applying different
etching-back time periods.

Etching
time
(sec)

Sheet
resistance
(Ω/◻)

𝐽sc (mA/cm2) 𝑉oc(mV) F.F. (%) 𝜂 (%)

140 159 ± 23 34.30 572.8 71.08 13.9
120 110 ± 10 36.90 589.3 77.53 16.9
100 82 ± 9 36.59 589.0 77.10 16.6
80 68 ± 5 35.90 588.8 76.67 16.2
64 56 ± 5 35.42 589.0 76.63 16.0

increased to 159Ω/◻, the built-in field at p-n junction was
greatly weakened and resulted in reduced 𝐽sc and 𝑉oc. That
also caused a reduced fill factor (F.F.) because of an increase
in the emitter resistance. The best conversion efficiency 𝜂
achieved among these sets of selective emitter cells was 16.9%.
Two-minute time period was chosen for etching-back in
forming the lightly doped region throughout this study.

The conversion efficiencies of reference cells (i.e., the cells
with a homogeneous junction), selective emitter cells, and
homogeneous-junction cells with 5 nm thick a-Si:H on the
back surface are listed in Table 2, together with their electrical
parameters. Here it is noted that the performance of selective
emitter cells with a 5 nm a-Si:H film on the rear side is also
shown in the table (the last row). It can be seen that the
deposition of an a-Si:H layer on the rear side increased 𝐽sc and
𝑉oc with respect to the reference cells. A conversion efficiency
of 16.2% for this type of cells was obtained. The selective
emitter cell had a better 𝐽sc and F.F. but a worse 𝑉oc than the
a-Si:H deposited cell. It is known that the selective emitter
technique enhances the UV-to-visible optical response, while
a-Si:H deposition improves the longer wavelength response.
Our measurements of external quantum efficiency (EQE)
for the three kinds of cells mentioned above confirm these
characteristics. Figure 7 shows the measured EQE versus
optical wavelength.

Table 2: Electrical parameters and conversion efficienciesmeasured
for a reference cell (Ref.), a selective emitter cell (S.E.), a back-surface
a-Si:H deposited cell (a-Si:H), and a selective-emitter cell with back-
surface a-Si:H deposition (S.E. + a-Si:H).

𝐽sc (mA/cm2) 𝑉oc (mV) F.F. (%) 𝜂 (%)
Ref. 35.38 589.1 76.54 16.0
S.E. 36.90 589.3 77.53 16.9
a-Si:H 35.42 602.1 76.13 16.2
S.E. + a-Si:H 37.04 602.3 77.23 17.23

It should be noted that the depths of the trenches was
not controlled and ranged from 2 to 15𝜇m in this study
and that a small variation of 𝐽sc among the group was
observed. A deeper trench resulted in slightly larger 𝐽sc for
most selective emitter cells in this study. The best efficiency
16.9% reported here was derived by the type of cells with
a trench depth of ∼15 𝜇m. Compared with these cells, the
conversion efficiency of the cell with 2 𝜇m deep trenches was
only reduced by 0.1∼0.2% absolute. It is worth noting that
the trenched selective emitter cell, for deep trench cases, has
basically a buried contact structure with screen printedmetal
contact. However, it is not easy to form trenches as narrow
as several tens of microns by wet etching, as in the laser
drilling process for conventional buried contact structures.
We believe at this moment that the cells with trenches of
2 𝜇m depth can be considered to have a conversion efficiency
essentially equivalent to a selective emitter structure without
trenches as studied by other techniques. A future work may
be focused on the effect of deeper trenches formed by the
presented method and on the exploration of performance
upgrade by narrow trenches achievable with a wet etching
method.

A selective emitter solar cell with a-Si:H deposited on
the back surface is, without a doubt, a good choice for
improving the optical response at both shorter and longer
wavelengths and accordingly 𝐽sc, compared to the reference
cell. The dashed curve in Figure 7 shows the spectral EQE for
the selective emitter cell with back surface a-Si:H deposition.
As shown in the last row of Table 2, the selective emitter
cell with a-Si:H back surface deposition had an improved
𝐽sc of 37.04mA/cm2 that was 1.66mA/cm2 higher compared
to the reference cell. 𝑉oc of the cell was about the same as
that of the a-Si:H deposited cell, being 602.3 V, while F.F.
was enhanced to 77.23%, which was higher than that of the
reference cell owing to a reduced contact resistance. The
conversion efficiency of the selective emitter cell with a-Si:H
back surface deposition was accordingly increased to 17.23%.
This efficiency is still much lower than those obtained by
Pluto and Schmid’s technologies. This low efficiency may
be attributed to two reasons: the possible contamination in
the process and the imperfect sintering in the cofiring step.
The former is indicated by the low value of 𝑉oc, which may
result from a contaminatedwafer surface through the cofiring
process. The imperfect sintering caused a lower fill factor,
which could be expectable as an unprofessional cofiring
process was used in the study.This efficiency achieved here is
by no means high enough for attracting industry’s attention.
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(a) (b)

(c)

2.2mm

360𝜇m

(d)

Figure 4: Cross-sectional SEM views for (a) a 2𝜇m deep trench and (b) a 15𝜇m deep trench, both being filled with silver paste. (c) is a
prospective view for the silver-filled 15𝜇m deep trench, while (d) indicates the top view dimension for the busbar/gridline pattern.

Figure 5: Cross-section of the rear side of the solar cell fabricated
in this study.

However, the experimental results suffice to demonstrate the
feasibility of the new selective emitter formation method.

Note that the trenched region has no texture in the
presented method. The reflection of the trenched region not
covered by metal contact is around 10% (11% down to 8%
for 500 nm to 1000 nm, as Figure 6(a) reveals), while the
reflection of the textured region ranges from ∼0.5% to ∼2.7%,
as Figure 6(b) indicates. As long as the area of the trenched
region not covered by the metal contact is kept as small as
possible, the higher reflection of the trenched region causes
little effect on the photogenerated current. In our study, the

width of the trenched region is 300 𝜇m, which can be further
made smaller to reduce the reflection. An example would be
200𝜇m trench width and 120 𝜇mmetal contact width, which
are both obtainable by using screening printing. For the
case of 2300𝜇m finger line spacing, the reflection increases
only by 0.28% (relative) if an average reflection of 2% for a
textured surface is assumed. Such increase in reflectionwould
cause a reduction in photogenerated current and henceforth
conversion efficiency of <0.05% (absolute), a loss which is
negligible with respect to the gain from the selective emitter
formed in the trenched region.

The width of the heavily doped area is 360 𝜇m for the
fingers in this study, suggesting that an extra 60𝜇m width of
blue response is lost for each finger. The blue response loss
may be kept as small as possible by reducing the additional
width of the heavily doped region that is not covered by
contact. However, such additional width is required for
ensuring that screen printed contacts do not contact the
lightly doped region. Use of a high-resolution aligning tool
can reduce the additional width.

3.2. Effect of Back Surface a-Si:H on Homogeneous Emitter
Cells. To clarify the effect of back surface a-Si:H deposition,
we have carried out a different set of experiments with
commercial pseudosquare 125 × 125mm2 silicon solar wafers
used. They were p-type (100)-oriented Cz solar wafers with a
resistivity of 1 to 3Ω. The experiments were conducted in a
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Figure 6: Optical reflectance versus wavelength for wafers (a) without ARC deposited and (b) with ARC deposited. The legends refer to the
etching time, with 0min denoting an as-textured wafer, that is, a wafer that does not go through an etch-back process.
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Figure 7: External quantum efficiency (EQE) versus optical wave-
length for a reference cell (—), a back surface a-Si:H deposited cell
(∘ ∘ ∘), a selective emitter cell () and a back surface a-Si:H
deposited selective emitter cell (- - -).

cell manufacturing company, following a standard commer-
cialmanufacturing sequence, except that a sequence of a-Si:H
deposition was added. The wafers were first cleaned in an
SC1 cleaning process, followed by a double-side alkaline tex-
turization. These textured wafers after regular POCl

3
doping

in an 880∘C diffusion tube were cleaned and then processed
by PECVD to form silicon nitride antireflection films on
their front surfaces in the cell manufacturing company.Then,
the wafers were sent to our institute, where 5 nm thick a-
Si:H films were deposited on the rear sides by PECVD. The
deposition temperature was 285∘C, followed by an annealing

Table 3: Electrical parameters and conversion efficiencies mea-
sured, in a different set of experiments, for a reference cell (Ref.), and
back-surface a-Si:H deposited cells annealed at 285∘C (a-Si/285∘C)
and 400∘C (a-Si/400∘C). All of these cells have a homogeneous
emitter.

𝐽sc (mA/cm2) 𝑉oc (mV) F.F. (%) 𝜂 (%)
Ref. 36.84 625 78.56 18.09
a-Si/285∘C 36.7 629.9 79.5 18.38
a-Si/400∘C 36.79 630.1 79.51 18.43

step at either 285∘C or 400∘C for 10 minutes. After that,
the wafers were sent back to the company for subsequent
processing.

Table 3 shows the electrical parameters and conversion
efficiencies of a reference cell (Ref.), and a-Si:H deposited
cells annealed at 285∘C (a-Si/285∘C) and 400∘C (a-Si/400∘C),
for this set of experiments. It is noted here that the cells
in these experiments are superior to the foregoing cells
owing to the use of standard industrial processing facilities
for these cells. The reference cell was obtained following
a standard commercial manufacturing sequence without a-
Si:H deposited on the rear side. The two annealed a-Si:H
deposited cells have a higher 𝑉oc than the reference cell.
This is believed to result from the reduction in back surface
recombination velocity, which is reflected by the increased
effective lifetime measured for these samples, as shown in
Figure 8. The effective lifetime, measured by the microwave
photoconductivity decay (𝜇-PCD) technique, reads 19.03 𝜇s
and 23.27 𝜇s for the two annealed cells and 9.7 𝜇s for the
reference cell. An optimal annealing temperature is expected
in that the hydrogen atoms in a-Si would acquire sufficient
energy to move toward the crystalline Si and form Si–H
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Figure 8: Effective lifetimes of the reference cell (reference), the cell
with 5 nm a-Si deposited on the rear side and annealed at 285∘C (a-
Si/285∘C) and at 400∘C (a-Si/400∘C).

bonds thus passivating the dangling bonds at the a-Si/c-
Si interface at a proper temperature, but most hydrogen
atoms would be released from Si–H bonds at an elevated
temperature, especially at the cofiring temperature. Since
the high-temperature cofiring process only lasted for several
tens of seconds, one may expect that the hydrogen leakage
could not be so severe though. And this theory may support
the long wavelength improvement in the EQE response.
Nevertheless, a more sophisticated study may need to verify
this. Note that the data given in each row of Table 3 were an
average taken from measurement on 4 cells.

Questions may arise as to whether the 5 nm a-Si:H was
consumed byAl alloying reaction at 800∘C at the cofiring step
and whether the a-Si still remained in the amorphous state or
was crystallized. Even the a-Si might have been crystallized
during the cofiring step, a part of the hydrogen atoms residing
in the back side of the as-deposited wafer might still exist at
the interface through a high-temperature soaking of a short
time period. In this case, the wafer was passivated on the
back side. On the other hand, perhaps there is another phe-
nomenon occurring, such as the oxidation of the amorphous
silicon layer during the aluminum alloying process. In that
case, such a rear oxide layer may be offering some additional
surface passivation. These questions may be further clarified
by high-resolution SEM or TEM measurement in a future
work. However, from the data we have obtained, we can now
infer that the a-Si layer would still have surface passivation
ability or otherwise similar effect through the cofiring (lasting
for only several tens of seconds at the peak temperature) step.

4. Conclusion

A new fabrication method for selective emitter solar cells
has been presented in this study. In the method, shallow
trenches corresponding to front contact area were formed
using a chemical etchingmethod, followed by a heavy doping
all over the front surface of the wafer. After screen printing a
chemical-resistant mask to cover only the shallow trenches,
the wafer was dipped into an etching solution to remove a
part of silicon at the area not covered by themask and thereby

form a lightly doped region on the front surface.We observed
an enhanced optical response for the selective emitter cells in
the UV-visible range. With a-Si:H deposited on the rear sides
of the selective emitter cells, we further observed an improve-
ment in the longer wavelength response. The experimental
results show that selective emitter cells fabricated by the
presentedmethod are undoubtedly superior to homogeneous
p-n junction cells.The purpose of experimental results here is
to only demonstrate the feasibility of the new selective emitter
formation method.

The conversion efficiency of selective emitter solar cell
fabricated here is by no means high enough for attracting
industry’s attention. However, the presented technique can be
considered as an alternative to current selective emitter tech-
niques and this new technique can be adopted by industries
as they only need to procure wet etching and screen printing
facilities.
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Optimization of p-type hydrogenated microcrystalline silicon oxide thin films (p-𝜇c-Si
1−𝑥

O
𝑥
:H) by very high frequency plasma

enhanced chemical vapor deposition 40MHz method for use as a p-layer of a-Si:H solar cells was performed. The properties of
p-𝜇c-Si

1−𝑥
O
𝑥
:H films were characterized by conductivity, Raman scattering spectroscopy, and spectroscopic ellipsometry.Thewide

optical band gap p-𝜇c-Si
1−𝑥

O
𝑥
:H films were optimized by CO

2
/SiH
4
ratio and H

2
/SiH
4
dilution. Besides, the effects of wide-gap

p-𝜇c-Si
1−𝑥

O
𝑥
:H layer on the performance of a-Si:H solar cells with various optical band gaps of p-layer were also investigated.

Furthermore, improvements of open circuit voltage, short circuit current, and performance of the solar cells by using the effective
wide-gap p-𝜇c-Si

1−𝑥
O
𝑥
:H were observed in this study. These results indicate that wide-gap p-𝜇c-Si

1−𝑥
O
𝑥
:H is promising to use as

window layer in a-Si:H solar cells.

1. Introduction

At present, solar cell technologies are becoming one of the
most promising clean energies. For commercial use, solar cell
modules can be divided into wafer based crystalline silicon
(c-Si) and thin films. In the case of thin film, solar cell tech-
nologies are cadmium telluride (CdTe), copper indium gal-
lium (di) selenide (CIGS), and amorphous silicon (a-Si:H).
Themultijunction silicon-based thin film solar cells are attra-
ctive candidates for further low-cost and highly efficient
solar cells. The development of thin film silicon solar cells
which were suitable to use in tropical climate region has been
reported by our group [1–3]. Therefore, the optimization of
single-junction a-Si:H solar cells is necessary to obtain higher
efficiency in amorphous silicon oxide/amorphous silicon
(a-SiO:H/a-Si:H) or in amorphous silicon/microcrystalline
silicon (a-Si:H/𝜇c-Si:H) tandemcells. Several reports demon-
strated that a heterojunction p/i interface was important to
achieve high efficiency in a-Si:H and 𝜇c-Si:H solar cells [4–
6]. Normally, the hydrogenated amorphous silicon carbine
(a-SiC:H) and amorphous silicon oxide (a-SiO:H) films were

used in the p-layer as wide band gap material [7–11]. Mean-
while, the wide optical band gap hydrogenated microcrys-
talline silicon oxide p-type (p-𝜇c-Si

1−𝑥
O
𝑥
:H), which could be

a mixture of SiO microcrystallites and Si microcrystallites,
a mixture of amorphous SiO and Si microcrystallites, or a
mixture of amorphous SiO and SiO microcrystallites, was
promising material for use as the p-layer in p-i-n structure
silicon-based solar cells due to the low absorption coefficient
and high conductivity. The oxygen-rich phase was effective
in increasing the optical band gap and the silicon-rich phase
contributed to high conductivity [12, 13]. In our previous
work, we studied the effect of p-layer band gap on the
performance of 𝜇c-Si:H p-i-n type single-junction solar cells
by theoretical and experimental analysis [6]. The advantage
of the p-𝜇c-Si

1−𝑥
O
𝑥
:H film compared with p-𝜇c-Si:H film

is a wide optical band gap (𝐸
04
), which is effective in the

enhancement of light absorption and has built-in potential
in i-layer. The strong built-in potential could reduce the
recombination between p-i interface and in the bulk material
[14]. Therefore, photovoltaic parameters could be improved,
resulting in the increase of solar cell efficiency. However,
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Table 1: Deposition condition for p-𝜇c-Si
1−𝑥

O
𝑥
:H films.

Parameters Values
Gas flow

SiH4 2.4 sccm
H2 200–360 sccm
TMB (3%) 1.2 sccm
CO2 0–1.2 sccm

Power density 83mW/cm2

Deposition pressure 500mTorr
Substrate temperature 180∘C

it was found that the conductivity of the p-𝜇c-Si
1−𝑥

O
𝑥
:H

film seems to be lower than that of the p-𝜇c-Si:H at the
same optical band gap. In order to obtain solar cells with
high conversion efficiency, it is necessary to improve p-𝜇c-
Si
1−𝑥

O
𝑥
:H with high conductivity and wide optical band gap.

In this paper, we present our experimental study to
improve the properties of wide optical band gap p-𝜇c-
Si
1−𝑥

O
𝑥
:H films and investigate the effect of wide-gap p-𝜇c-

Si
1−𝑥

O
𝑥
:H layer on the performance of a-Si:H solar cells.

2. Experimental Details

2.1. Preparation of p-𝜇c-Si
1−𝑥

O
𝑥
:H Films. Firstly, the opti-

mization of p-𝜇c-Si:H and p-𝜇c-Si
1−𝑥

O
𝑥
:H films was per-

formed.The p-𝜇c-Si:H and p-𝜇c-Si
1−𝑥

O
𝑥
:H films were depo-

sited on Soda-lime glass substrates by 40MHz very high fre-
quency plasma enhanced chemical vapor deposition (VHF-
PECVD) in a multichamber with a parallel plate configu-
ration. We used silane (SiH

4
), hydrogen (H

2
), and carbon

dioxide (CO
2
) as reactant gases and 3%-hydrogen-diluted

trimethylboron (TMB: B(CH
3
)
3
) as a doping gas. The tem-

perature, pressure, and power density for deposition were
kept at 180∘C, 500mTorr and 83mW/cm2, respectively. The
deposition conditions are summarized in Table 1. After that,
effects of CO

2
/SiH
4
ratio and H

2
/SiH
4
dilution on the film

properties were investigated.
The dark conductivity (𝜎

𝑑
) and activation energy (𝐸

𝑎
)

were measured with Al coplanar electrode configuration.
Spectroscopic ellipsometry was used to determine the optical
properties and thickness of these films. The measurement
data were fit and analyzed using the Tauc-Lorentzmodel [15].
The Fourier transform infrared spectroscopy (FTIR) absorp-
tion measurement was used to estimate the concentration of
oxygen (C[O] at.%) and hydrogen (C[H] at.%)within the film
measurements on polished monocrystalline high-resistance
silicon wafer samples [16]. The structural properties of the
films were characterized by Raman scattering spectroscopy.
The crystalline volume fraction (𝑋

𝑐
) was calculated from

𝑋
𝑐
= (𝐼
510
+𝐼
520
)/(𝐼
480
+𝐼
510
+𝐼
520
), where 𝐼

520
, 𝐼
510

, and 𝐼
4800

were integrated intensities corresponding to the crystalline,
intermediate, and amorphous phase in the material, respec-
tively [17, 18].

2.2. Fabrication of a-Si:H Solar Cells. The a-Si:H solar cells
with p-𝜇c-Si:H and p-𝜇c-Si

1−𝑥
O
𝑥
:H window layer were

fabricated. The intrinsic hydrogenated amorphous silicon (i-
a-Si:H) was prepared by 60MHz VHF-PECVD and output
power density was kept constant at 37.5mW/cm2. The pres-
sure deposition of i-layer was kept at 500mTorr. The dark
conductivity and optical band gap (𝐸opt) of i-a-Si:H film
were 2.02 × 10−9 S/cm and 1.80 eV, respectively. The 𝜇c-Si:H
n-layer was doped by 3%-hydrogen-diluted phosphine (PH

3
)

and prepared by 60MHz VHF-PECVD with a power density
of 66mW/cm2. The dark conductivity, activation energy, and
optical band gap (𝐸

04
) of 𝜇c-Si:H film was 5.3 S/cm, 0.05 eV,

and 2.10 eV, respectively. The fabrication temperature of a-
Si:H solar cells was kept at 200∘C. The a-Si:H solar cells had
a structure of glass/SnO

2
/ZnO:Al/p-𝜇c-Si

1−𝑥
O
𝑥
:H (35 nm)/i-

a-Si:H (400 nm)/n-𝜇c-Si:H (35 nm)/ZnO:Al/Ag. The active
area of the solar cells was divided by laser scribing into 1 cm2.
The photovoltaic parameters of the solar cells have been
investigated under standard conditions (AM 1.5, 100mW/
cm2, and 25∘C)with a double light source solar simulator.The
quantum efficiency (QE) of the solar cells has been character-
ized by spectral response measurements.

3. Results and Discussions

3.1. Effects of CO
2
/SiH
4
Ratio. The effects of CO

2
/SiH
4
ratio

on the optical and electrical properties of p-𝜇c-Si
1−𝑥

O
𝑥
:H

films were investigated. The CO
2
was used as the source

gas for O atom in the deposition of the p-𝜇c-Si
1−𝑥

O
𝑥
:H

film. The samples were prepared by increasing CO
2
/SiH
4

ratio from 0 to 1.2 with the thickness of about 100 nm as
well as by keeping H

2
/SiH
4
and TMB/SiH

4
at 116 and 1.5,

respectively. Figure 1 shows the dependence of the dark
conductivity and activation energy on the CO

2
/SiH
4
ratio

for p-𝜇c-Si
1−𝑥

O
𝑥
:H films. By increasing the CO

2
/SiH
4

ratio from 0.0 to 0.5, the dark conductivity decreased from
2.66 × 10

−1 S/cm to 2.17 × 10−4 S/cm, while the activation
energy increased from 0.05 eV to 0.28 eV. In this study,
the band gap of p-layer was calculated from the optical band
gap. 𝐸

04
, the photon energy which corresponds to absorption

coefficient of 104 cm−1, was used to define the band gap
of p-layer. For comparison, absorption spectra of p-𝜇c-Si:H
and p-𝜇c-Si

1−𝑥
O
𝑥
:Hmeasured by Spectroscopic ellipsometry

are shown in Figure 2. It can be seen that in the case of
p-𝜇c-Si

1−𝑥
O
𝑥
:H film, the optical absorption edge is shifted

towards higher photon energy compared to conventional
p-c-Si:H film. With increasing CO

2
/SiH
4
ratio, the optical

band gap (𝐸
04
) increased from 2.08 eV to 2.18 eV. The

optical band gap became wider because of increased Si–O
bonds in amorphous silicon oxide (a–SiO) phase [5, 6]. To
clarify this result, the FTIR measurement was performed.
Figure 3 shows infrared absorption spectra of p-𝜇c-
Si
1−𝑥

O
𝑥
:H films as a function of CO

2
/SiH
4
ratio with oxygen

and hydrogen concentration. The increasing of CO
2
/SiH
4

ratio was not only to increase the oxygen concentration,
but also to increase the hydrogen concentration. As result,
with CO

2
/SiH
4
ratio of 0.0 to 0.5, the oxygen and hydrogen

concentration were increased from 0.5 at.% to 14.5 at.%
and 9.3 at.% to 28.3 at.%, respectively. From this result,
it is clearly seen that the increase of CO

2
/SiH
4
ratio played



International Journal of Photoenergy 3

0 0.1 0.2 0.3 0.4 0.5

D
ar

k 
co

nd
uc

tiv
ity

 (S
/c

m
) 

0.04

0.08

0.12

0.16

0.2

0.24

0.28

0.32

Ac
tiv

at
io

n 
en

er
gy

 (e
V

)

CO2/SiH4

10
0

10
−1

10
−2

10
−3

10
−4

Figure 1: Dependence of the dark conductivity and activation
energy on the CO

2
/SiH
4
ratio for p-𝜇c-Si

1−𝑥
O
𝑥
:H films.

1.5 1.8 2.1 2.4 2.7
Photon energy (eV)

0.2
0.3
0.4
0.5

10
5

10
4

10
3

p-𝜇c-Si : H
p-𝜇c-Si1−xOx : H
(CO2/SiH4)

Ab
so

rp
tio

n 
co

effi
ci

en
t,
𝛼

(c
m

−
1
)

Figure 2: Dependence of the absorption coefficient on the CO
2
/

SiH
4
ratio for p-𝜇c-Si

1−𝑥
O
𝑥
films.

the role to improve the optical band gap of the p-𝜇c-
Si
1−𝑥

O
𝑥
:H films. However, this method leads to the

deterioration of the electrical property of the filmswhichmay
be due to the increase of dangling bond and microcrystalline
phase; this was prevented during the deposition process.
Figure 4 shows dependence of the crystalline volume
fraction of p-𝜇c-Si

1−𝑥
O
𝑥
:H films on the CO

2
/SiH
4
ratio.

The crystalline volume fraction decreased from 49% to 4%
as the CO

2
/SiH
4
ratio increased. From these results, it was

clear that there was a tradeoff between optical and electrical
properties as well as film structure when the oxygen atoms
participate in the films. Therefore, p-𝜇c-Si

1−𝑥
O
𝑥
:H films

should be further optimized.
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2
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O
𝑥
:H films.

3.2. Effects of H
2
/SiH
4
Dilution. To further improve the

properties of p-𝜇c-Si
1−𝑥

O
𝑥
:H film, the effects of H

2
/SiH
4

dilution on the optical and electrical properties of p-𝜇c-
Si
1−𝑥

O
𝑥
:H film were studied. The H

2
/SiH
4
dilution was

varied from 83 to 150.The CO
2
/SiH
4
dilution and TMB/SiH

4

were kept at 0.2 and 1.5, respectively. Figure 5 shows the
dependence of the dark conductivity and activation energy on
the H

2
/SiH
4
dilution. The dark conductivity increased from

5.35 × 10
−7 S/cm to 2.33 × 10−2 S/cm while the activation

energy decreased from 0.3 to 0.07 eV as the H
2
/SiH
4
dilution

increased. Besides, the absorption spectra of these films were
not clearly changed in the optical band gap as shown in
Figure 6. Figure 7 shows the FTIR results of p-𝜇c-Si

1−𝑥
O
𝑥
:H

films deposited with various H
2
/SiH
4
dilution. In viewing

this graph, it can be seen that the oxygen concentration
slightly changed between 5.7 at.% and 6.6 at.%; meanwhile
the hydrogen concentration was decreased from 20.3 at.%
to 18.5 at.% with increasing H

2
/SiH
4
dilution from 83 to

100. Hydrogen concentration first increased from 18.5 at.% to
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Figure 6: Dependence of the absorption coefficient on the H
2
/SiH
4

ratio for p-𝜇c-Si
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O
𝑥
:H films.

26.0 at.% in the phase transition region and then decreased to
21.3 at.% when films changed to the microcrystalline mixed
phase as can be seen from Raman spectral in Figure 8.
Figure 8 shows dependence of the crystalline volume fraction
of p-Si

1−𝑥
O
𝑥
:H films on the H

2
/SiH
4
dilution.The crystalline

volume fraction increased from 0% to 43% as the H
2
/SiH
4

dilution increased.
In this work, the optimum condition for p-𝜇c-Si

1−𝑥
O
𝑥
:H

film was obtained at CO
2
/SiH
4
ratio and H

2
/SiH
4
dilution of

0.2 and 150, respectively. By using this optimum condition,
excellent film properties were achieved with the wide optical
band gap of 2.13 eV. The dark conductivity and crystalline
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volume fraction of the optimized film were 2.33 × 10−2 S/cm
and 43%, respectively.

3.3. Effect of p-layer Optical Band Gap on Performance of
a-Si:H Solar Cells. In order to investigate how the optical
band gap of p-layer influences the performance of a-Si:H
solar cells, the effect of p-layer with various optical band
gap was then studied. Figure 9 shows typical photo I-V
characteristics of a-Si:H solar cells using p-𝜇c-Si

1−𝑥
O
𝑥
:H p-

layer with the optical band gap 2.28 eV, 2.22 eV, and p-c-
Si:H p-layer with the optical band gap 2.09 eV. The open
circuit voltage (𝑉oc) was increased from 0.87V to 0.91 V with
an increasing optical band gap of p-layer and solar cells;
efficiency was increased from 8.8% to 9.7%.The photovoltaic
parameters are summarized in Table 2. Figure 10 shows the
quantum efficiencies of a-Si:H solar cells with various p-layer
band gap. The spectral response of a-Si:H solar cells was
increased with increasing optical band gap of p-layer which
corresponds to an increase in the short circuit current (𝐽sc).
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The improvement of the 𝐽sc might be due to low absorption
coefficients of the wide-gap p-layer that led to an increase in
light which goes to i-layer. On the other hand, the spectral
responses in short wavelength region at lower than 450 nm
were not clearly different. This might be due to absorption
of SnO

2
and ZnO:Al front transparent conductive oxide. The

results showed that the band gap of p-layer influenced the
𝑉oc of a-Si:H solar cell. The increase of 𝑉oc by using wide
band gap p-layer was observed because the potential barrier
at p/i interface increases which suppresses the electron
backdiffusion from i-layer to p-layer. The suppression of the
back diffusion results in the low recombination in the p-layer

Table 2: Photovoltaic characteristics of a-Si:H solar cells using p-
layer with various optical band gaps.

p-layer band
gap, 𝐸

04
(eV) 𝑉oc (V) 𝐽sc (mA/cm2) FF Eff (%)

2.09 0.87 14.7 0.69 8.8
2.22 0.90 15.0 0.70 9.4
2.28 0.91 15.4 0.69 9.7

or at the p/i interface. Therefore, it is clear that wide-gap p-
c-Si
1−𝑥

O
𝑥
:H film is beneficial to improve the performance of

a-Si:H solar cells.

4. Conclusion

The p-𝜇c-Si
1−𝑥

O
𝑥
:H films was optimized for application in

the a-Si:H solar cells. We also investigated effects of wide-
gap p-𝜇c-Si

1−𝑥
O
𝑥
:H layer on the solar cell performance as

described in this study. The optical band gap and electrical
properties of p-𝜇c-Si

1−𝑥
O
𝑥
:H films by an optimized condi-

tion of CO
2
/SiH
4
ratio and H

2
/SiH
4
dilution were obviously

improved. Interestingly, the increase of 𝑉oc and efficiency
of the a-Si:H solar cells by using effective wide-gap 𝜇c-
Si
1−𝑥

O
𝑥
:H p-layer were demonstrated. It is clear that wide-

gap p-𝜇c-Si
1−𝑥

O
𝑥
:H film can improve the performance of a-

Si:H solar cells.
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Continuous strip casting (CSC) has been developed to fabricate thin metal plates while simultaneously controlling the
microstructure of the product. A numerical analysis to understand the solid-liquid interface behaviors during CSC was carried out
and used to identify the solidification morphologies of the plate, which were then used to obtain the optimum process conditions.
In this study, we used a modified level contour reconstruction method and the sharp-interface method to modify the interface
tracking, and we performed a simulation analysis to identify the differences in the material properties that affect the interface
behavior. The effects of the process parameters such as the heat transfer coefficient and extrusion velocity on the behavior of the
solid-liquid interface are estimated and also used to improve the CSC process.

1. Introduction

Identifying the underlying mechanisms that occur during
the solidification process is essential for determining the
microstructure of a material, which in turn determines the
physical properties of the final product. Understanding the
solid-liquid interface system is important for understanding
the morphology, but the dynamics of an interface are rela-
tively complex, both experimentally and theoretically, even
for the simplest substances [1, 2]. Continuous strip casting
(CSC) is a horizontal continuous-casting technique designed
to yield a thin metal plate or strip while simultaneously
controlling the microstructure. CSC is also a promising
technique for producing silicon wafers without kerf loss for
silicon solar cells [3]. Because the size and orientation of the
silicon grains significantly affect the solar cell efficiency [4],
CSC could be used to fabricate thin Si strips. A planar solid-
liquid interface needs to have a longitudinal grain structure,
and therefore, the simulation model for CSC should take
into account the interface behaviors. In a previous study,
tracking of a solid-liquid interface was performed with

numerical simulation of the CSC process [3]. In this paper,
we studied the solid-liquid interface behavior as a function of
thematerial properties using the level contour reconstruction
method (LCRM). Interface tracking and the analysis of
the shape of the solid-liquid interface with a specific heat
transfer coefficient were carried out in order to determine
the optimum CSC process parameters. The sharp-interface
method employed in a few earlier studies [5–7] was also used
in this study to implement the exact boundary conditions
for a moving solid interface, thus maintaining an accurate
phase equilibrium at the solid-liquid interface and enabling
us to perform a simulation analysis of the CSC process.
Front tracking, the method used here, has many advantages,
including its lack of numerical diffusion and the ease and
accuracy with which interfacial physics can be described on a
subgrid level. It was found that tracking oftendoes not require
highly refined grids and that the grid orientation does not
affect the numerical solution [8]. Tracking affords a precise
description of the location and geometry of the interface,
and thus, the surface tension force can be very accurately
computed directly on the interface [9].

http://dx.doi.org/10.1155/2013/171936
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2. Materials and Methods

A schematic of the equipment apparatus, designed for manu-
facturing a continuous thin metal plate, is shown in Figure 1.
Two heating zones were installed: one to control the melt
temperature and the other to apply a temperature gradient.
A cooling system was used to extract heat from the liquid for
solidification.Thepressure, which determines the production
rate of the metal plate, was controlled by a mass flow
controller (MFC) and a vent valve. The dummy bar was used
as a stopper and the heat extraction route. A numerical sim-
ulation was performed for optimizing the continuous casting
parameters. The single-field formulation of the continuity
and momentum equation is solved for incompressible two-
phase flow:

∇ ⋅ 𝑢 = 0,

𝜌 (
𝜕𝑢

𝜕𝑡
+ 𝑢 ⋅ ∇𝑢) = −∇𝑃 + 𝜌𝑔 + ∇ ⋅ 𝜇 (∇𝑢 + ∇𝑢

𝑇
) + 𝐹,

𝜕𝑇

𝜕𝑡
+ 𝑢 ⋅ ∇𝑇 = 𝛼∇

2
𝑇(

𝛼 = 𝛼
𝐿
in liquid phase

𝛼 = 𝛼
𝑆
in solid phase ) ,

(1)

where 𝑢 is the velocity, 𝑃 is the pressure, 𝑔 is the gravitational
acceleration, and 𝐹 is the local surface tension force at the
interface. Material property fields can be described by using
the indicator function 𝐼(𝑥, 𝑡). The density is calculated by

𝜌 (𝑥, 𝑡) = 𝜌
1
+ (𝜌
2
− 𝜌
1
) 𝐼 (𝑥, 𝑡) . (2)

The interface is advected in a Lagrangian fashion by integrat-
ing

𝑑𝑥
𝑓

𝑑𝑡
⋅ 𝑛 =

𝑚
𝑓

𝜌
𝑓

= 𝑉 ⋅ 𝑛, (3)

where𝑉 is the interface velocity vector. In problems involving
phase changes, the interface velocity and the fluid velocity at
the interface are not necessarily the same. Without a phase
change, the interface velocity will be equal to the fluid velocity
at the interface, that is, 𝑉 = 𝑢𝑓 = 𝑢(𝑥𝑓). Only the normal
component of the interface motion is determined by the
physics and not the tangential motion, and we may assume
that the interface and fluid at the interface have the same
tangential component of velocity.

The equation of conservation of mass written for the
entire flow field is

𝜕𝜌

𝜕𝑡
+ ∇ ⋅ (𝜌𝑢) = 0. (4)

The momentum equation is written for the entire flow
field and the forces resulting from surface tension and
inserted at the interface as body forces, which act only at the
interface. In conservative form, this equation is

𝜕 (𝜌𝑢)

𝜕𝑡
+ ∇ ⋅ (𝜌𝑢𝑢) = − ∇𝑃 + 𝜌𝑔 + ∇ ⋅ 𝜇 (∇𝑢 + ∇𝑢

𝑇
)

+ ∫
Γ(𝑡)

𝜎𝜅𝑛𝛿 (𝑥 − 𝑥
𝑓
) 𝑑𝑠,

(5)

where 𝜎 is the surface tension coefficient and 𝜅 is twice the
mean interface curvature. The thermal energy equation with
an interfacial source term to account for the liberation or
absorption of latent heat is

𝜕 (𝜌𝑐𝑇)

𝜕𝑡
+ ∇ ⋅ (𝜌𝑢𝑐𝑇) = ∇ ⋅ 𝑘∇𝑇 + ∫

Γ(𝑡)

𝑚
𝑓
𝐿𝛿 (𝑥 − 𝑥

𝑓
) 𝑑𝑠.

(6)

Here, 𝑇 is the temperature and 𝐿 = 𝐿
0
+ (𝑐
1
− 𝑐
2
)𝑇sat ⋅ 𝐿0

is the latent heat measured at the equilibrium saturation
temperature 𝑇sat(𝑃), corresponding to the reference ambi-
ent system pressure. The Navier-Stokes equation is derived
by the phase-change projection method [10] using first-
order forward Euler time integration [11]. In this study,
the marker-and-cell method [12] is used for staggered grid
discretization. The convection term, viscosity term, and
pressure field are calculated by the second-order essentially
nonoscillatory (ENO)method, the central differencemethod,
and FISHPACK [13], respectively. The detailed procedures
for solving the governing equations and introducing the
interface-tracking method can be found in [9, 10, 14, 15]. In
front tracking, the customary stationary volumetric mesh is
supplemented by a moving interface mesh that is used to
explicitly track the interface.This interfacemesh is composed
of nonstationary Lagrangian computational points connected
to form a two-dimensional surface. At each time step, infor-
mationmust be passed between themoving Lagrangian inter-
face and the stationary Eulerian grid. Because the Lagrangian
interface points do not necessarily coincide with the Eulerian
grid points, the passing of information is accomplished
using Peskin’s immersed boundary method [15]. With this
technique, an infinitely thin interface is approximated by
a smooth distribution function that is used to distribute
sources at the interface over several grid points near the inter-
face. In a similar manner, this function is used to interpolate
field variables from the stationary grid to the interface. In
this way, the front is given a finite thickness on the order of
the mesh size to provide stability and smoothness. There is
also no numerical diffusion because this thickness remains
constant. Our LCRM [14] is a simplified front-tracking
method that eliminates the logical connectivity between
discrete interface elements. The associated algorithmic and
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Figure 2:Numerical results of the location of the silicon solid-liquid
interface with time at a fixed external velocity (0.01m/s). The heat
transfer coefficient ranged from 50W/m2K to 1.0 × 10

5W/m2K.

bookkeeping burden is eliminated, and at the same time,
the accuracy and advantages of explicit Lagrangian surface
tracking are retained. The interface elements are periodically
discarded and then reconstructed on a level contour of the
characteristic indicator function 𝐼(𝑥, 𝑡). The newly recon-
structed interface elements automatically take on the topo-
logical characteristics of the indicator function, and thus, the
operations of element deletion, addition, and reconnection
are accomplished simultaneously and automatically in one
step, without the need for element connectivity. Furthermore,
once the elements are constructed, the interface normal and
element areas are easily defined and surface tension forces
are accurately computed directly on the interface for each
element independently.

3. Results and Discussion

Thedimensions of the simulatedmodel are shown in Figure 1.
The initial surface is assumed to be a semicircular shape, and
the heat extraction of both the up side and the down side was
assumed to be the same.The range of heat extraction applied
was from 50W/m2K to 1.0 × 10

5W/m2K, and the range of
the external velocity (𝑉ex) was from 0.001m/s to 1m/s. To
analyze the behavior of the solid-liquid interface, we tracked
the location of the interface and the temperature change.The
importance of the final solid-liquid region has been studied
before [3]; therefore, the position of the interface should be
analyzed in order to understand the behavior.The location of
the solid-liquid interface as a function of time at an external
velocity of 0.01m/s is shown in Figures 2 and 3 for silicon and
tin, respectively. The heat transfer coefficient, which denotes
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Figure 3: Numerical results of the location of the tin solid-liquid
interface with time at a fixed external velocity (0.01m/s). The heat
transfer coefficient ranged from 50W/m2K to 2.0 × 104W/m2K.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Si
Sn

10
7

10
6

10
5

10
4

10
3

10
2

10
1

Final position of interface (𝑋/𝑋0)

H
ea

t t
ra

ns
fe

r c
oe

ffi
ci

en
t (

W
/m

2
K)

Figure 4: Final location of the solid-liquid interface with each heat
transfer coefficient at a fixed external velocity (0.01m/s).

the amount of heat transferred from a liquid to a mold and
solid, ranged from 50W/m2K to 1.0 × 10

5W/m2K.
As shown in Figure 4, the locations of the final solid-

liquid interfaces are classified according to the heat transfer
coefficients: 1.2×103 to 1×106, 9×102 to 1.2×103, and below
9 × 10

2W/m2K for tin and silicon. In particular, the position
of the interface is moved away from the boundary when the
heat transfer coefficient is less than 9 × 10

2W/m2K with a
0.01m/s extrusion velocity. The interface is not positioned in
the chamber at small values of the heat transfer coefficient,
and the interfaces at heat transfer coefficients of 1.2 × 10

3
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Table 1: The temperature mapping of simulation dimension of each heat extrude direction and heat transfer coefficient at final state.
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Figure 5: Temperature mapping of simulation dimensions at the
initial state.

to 1 × 10
6W/m2K may not be conducive to the extrusion

of a thin metal plate from a chamber because solidification
occurs before reaching the target region. The location of the
interface strongly depends on heat transfer coefficients below
104W/m2K. From these results, it is evident that the position
of the solid-liquid interface can be controlled by the heat
transfer coefficient, which is an important factor affecting the
formation of a solid-liquid interface.There seems to be a little
difference between the heat transfer coefficients of silicon
and tin; however, the difference appears big because the heat
transfer coefficients are expressed in the 𝑦-axis in a log scale.

In Figure 5, the mapping results of the initial state are
shown. The Kelvin temperature scale was used for mapping.
Themapping results of each heat extrusion direction and heat
transfer coefficient are shown in Table 1. For both the side
and up-and-down routes at 1.0 × 10

2W/m2K, the cooling
has no effect on the formation of a solid-liquid interface
in the final state. The lowest temperature region is higher
than the melting point of silicon. Because of latent heat, the
silicon needs a large amount of heat extraction in order to

solidify. For the same amount of heat extraction, the side
route has a tendency to cool faster than the up-and-down
direction. The result of the 1.0 × 10

4W/m2K up-and-down
route shows that the atypical mapping results may be caused
by the external velocity. The up-and-down cooling is not
sufficient to cool the entire melt. Therefore, heat remains
in the melt, and the temperature gradient resulting from it
may cause defects in the final product. Moreover, irregular
distribution of temperature also affects the microstructure.

4. Conclusions

The numerical simulation model for CSC was modified to
analyze the solid-liquid interface behavior of silicon and tin.
The final location of the interface was calculated and tracked
using the front-tracking and sharp-interface method. We
concluded that the heat transfer coefficient is an important
factor that affects the formation of a solid-liquid interface.
In addition, the heat transfer coefficient is also found to
influence the shape of the interface, as determined through an
investigation of the temperature mapping results. Therefore,
the heat transfer coefficient is considered to be the main
parameter in the fabrication of a thin metal plate. A more
accurate simulation with 3D modeling is necessary for opti-
mizing the conditions for a microstructure-controlled CSC
process.
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We studied the effects of cooling process on the generation of dislocations inmulticrystalline silicon grown by the vertical Bridgman
process. From the temperature field obtained by a global model, the stress relaxation and multiplication of dislocations were
calculated using the Haasen-Alexander-Sumino model. It was found that the multiplication of dislocations is higher in fast cooling
processes. It was confirmed that residual stress is low at high temperatures because the movement of the dislocations relaxes the
thermal strain, while the residual stress increases with decreasing temperature, because of reduced motion of dislocations and
formation of a strain field at lower temperatures.

1. Introduction

Photovoltaic (PV) market installations around the world
reached a high record of 27.4GW in 2011, representing growth
of 140% over the previous year [1]. Multicrystalline silicon
(mc-Si) is the most widely used material for solar cells. Mc-Si
is generally produced using a directional solidification pro-
cess because of the mass productivity and cost-effectiveness
of the process. However, it is known that a high dislocation
density is commonly generated in the silicon ingot during this
production process, which reduces minority carrier lifetime
[2]. In addition, the large residual stress in the crystal causes
large fracture rates from the mechanical yield perspective
and an accumulation of impurities that affects the electrical
performance [3]. It is therefore necessary to understand the
variations in the dislocation density and the residual stress
and reduce them to improve the conversion efficiency of the
solar cells.

The multiplication of dislocations is mainly caused by
thermal stress. Thermal stresses are generated in the silicon
ingot by nonuniform temperature distribution, which is

mainly affected by furnace design [4] and cooling process
design [5]. When the effective stress exceeds the critical
resolved shear stress (CRSS) of the material, dislocations
multiply easily in the crystal. Numerical simulations of
dislocations in mc-Si grown by the conventional casting
method have been reported in the literature [6–8]. However,
there have been very few reports on silicon crystals grown
by the vertical Bridgman process [9]. Therefore, we have
performed a numerical simulation study of the variation of
the dislocation density and the residual stress in mc-silicon
grown by the vertical Bridgman process. In particular, we
focused on the effects of the cooling rate on the dislocation
density and the residual stress.

2. Simulation Model and Computation Method

A global model [10, 11] was used to study the temperature
distributions across the entire furnace for the unidirectional
solidification and cooling processes. An axisymmetric fur-
nace is shown in Figure 1. The growth system consists of
the silicon melt, the silicon crystal, the crucible, the pedestal,
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Figure 1: Configuration inside the furnace (1: melt; 2: crystal; 3-4:
crucibles; 5-6: pedestals; 7–11: heat shields; 12–15: heaters).

the heater shield, and the heaters.We used one top heater and
two side heaters, represented by heaters 12 and 13 in the figure,
respectively. The heater power ratio of the top heater to the
side heater was 26 : 74. In the vertical Bridgman process, we
moved the crucibles and pedestals downward to solidify the
melt slowly from the bottom to the top, as shown in Figure 2.
This is because the heat shield (component 9) in Figure 1
prevents heat radiation from the top and side heaters, and the
bottom parts of the furnace are heated less than the top parts
of the furnace to enhance crystallization.

We considered conductive heat transfer in all the furnace
components, heat radiation exchange between all the diffuse
surfaces in the furnace, and heat convection for melt flow
during heat transfer calculations for the entire furnace. We
coupled these elements and solved the temperature field in
them by using a transient global model. In addition, themelt-
solid interface shape was obtained by a dynamic tracking
method [12].Themajor assumptionsmade in ourmodel were
the following: (1) the geometry of the furnace configuration
is axisymmetric, (2) the heat radiation is modeled as gray-
body radiation, (3) the effect of natural gas flow on heat
transfer is neglected in the present furnace, and (4) the
melt flow in the crucible is laminar and incompressible. The
governing equations for flow, conductive heat transfer, and
heat radiation in the furnace under these assumptions can
thus be expressed as follows:

∇ ⋅ 𝑉 = 0,

𝜌(
𝜕𝑉

𝜕𝑡
+ 𝑉 ⋅ ∇𝑉) = −∇𝑝 + ∇ ⋅ [𝜇 (∇𝑉 + ∇𝑉

𝑇
)]

− 𝜌 ⃗𝑔𝛽
𝑇
(𝑇 − 𝑇

𝑚
) ,

𝜌𝑐 (
𝜕𝑇

𝜕𝑡
+ 𝑉 ⋅ ∇𝑇) = ∇ ⋅ (𝑘∇𝑇) + 𝑆

𝑄
,

(a) (b)

Figure 2: Position of the crucible (a) at the beginning of solidifica-
tion and (b) at the end of solidification.
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(1)

where 𝑉, 𝜌, 𝑝, 𝜇, ⃗𝑔, 𝛽
𝑇
, 𝑐, and 𝑘 represent the melt velocity,

the melt density, the melt pressure, the melt viscosity, grav-
itational acceleration, the thermal expansion coefficient, the
heat capacity, and the thermal conductivity, respectively. 𝑞( ⃗𝑥),
𝜀( ⃗𝑥), and 𝜎

𝑠
are the heat flux, the emissivity, and the Stefan-

Boltzmann constant, respectively. 𝑆
𝑄

is the heat capacity
per unit volume in the crucible. ⃗𝑥 and ⃗𝑥

∗ are infinitesimal
radiation surface elements on 𝜕𝑉. 𝑑𝑆

∗ is the area of the
infinitesimal surface element ⃗𝑥. 𝑘( ⃗𝑥, ⃗𝑥

∗
) is the surface view

factor between ⃗𝑥 and ⃗𝑥
∗, for which full details are given in

[12].
Based on the temperature distributions in the crystal,

stress relaxation, time-dependent creep deformation, and the
multiplication of the dislocations were calculated from the
beginning of the solidification process to the end of the
cooling process at room temperature.We assumed that (1) the
silicon crystal is isotropic, and the dislocation density analysis
is carried out only for the [001] direction of the silicon crystal;
(2) the boundary conditions at the top and bottom surfaces
of crystal are treated as free boundaries, and the boundary
conditions at the ingot-wall interfaces are also treated as free
boundaries, that is, ⃗𝜎⋅ ⃗𝑛 = 0, because some coatedmaterials on
the crucible walls are used to reduce the crucible constraints.
In the dislocation model, the total strain is given by

̇𝜀
𝑖𝑗
= ̇𝜀
𝑒

𝑖𝑗
+ ̇𝜀
𝑇

𝑖𝑗
+ ̇𝜀
𝑐

𝑖𝑗
, (2)

where 𝜀𝑒
𝑖𝑗
, 𝜀𝑇
𝑖𝑗
, and 𝜀𝑐

𝑖𝑗
are the elastic strain, the thermal strain,

and the creep strain, respectively. The creep strain is related
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Figure 3: Analysis conditions for heater power (solid lines) and
crucible positions (dashed lines).

to the dislocation density, which can be described using the
Haasen-Alexander-Sumino (HAS)model [13, 14]. In the HAS
model for a multiaxial stress state [15], the creep rate ̇𝜀

𝑐

𝑖𝑗
and

the mobile dislocation density multiplication rate 𝑁
𝑚

are
given by

̇𝜀
𝑐

𝑖𝑗
=
1

2
𝑏𝑘
0
(𝜏eff)
𝑝 exp(− 𝑄

𝑘𝑇
)𝑁
𝑚

1

√𝐽
2

⋅ 𝑆
𝑖𝑗
, (3)

𝑁
𝑚
= 𝐾𝑘
0
(𝜏eff)
𝑝+𝜆 exp(− 𝑄

𝑘𝑇
)𝑁
𝑚
, (4)

𝜏eff = √𝐽
2
− 𝐷√𝑁

𝑚
, (5)

𝐽
2
=

1

𝑆
𝑖𝑗
𝑆
𝑖𝑗

, (6)

𝑆
𝑖𝑗
= 𝜎
𝑖𝑗
−
𝜎
𝑘𝑘

3
𝛿
𝑖𝑗
, (7)

where 𝑏 is the magnitude of the Burgers vector, 𝑘 is the
Boltzmann constant, 𝑇 is the absolute temperature in the
silicon crystal, 𝑄 is the Peierls potential, 𝑘

0
, 𝐾, 𝑝, and 𝜆 are

materials constants, 𝐷 is the strain hardening factor, and 𝑆
𝑖𝑗

and 𝐽
2
are the deviatoric stress and the second invariant of

the deviatoric stress, respectively. The value of 𝜏eff is set to
equal zero when 𝜏eff ≤ 0, which means that the creep strain
rate ̇𝜀
𝑐

𝑖𝑗
and the multiplication rate of the mobile dislocation

density 𝑁
𝑚
are set to zero. The governing partial differential

equations for momentum balance in the axisymmetric case
can be written as

1

𝑟

𝜕
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(𝑟𝜎
𝑟𝑟
) +

𝜕
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𝜎
𝜃𝜃

𝑟
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1
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𝜕
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𝜕
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(8)
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Figure 4: Average crystal temperature histories.

where 𝜎
𝑟𝑟
, 𝜎
𝑧𝑧
, 𝜎
𝜃𝜃
, and 𝜎

𝑟𝑧
are the normal stresses in the

radial, axial, and azimuthal directions and the shear stress,
respectively. If the elastic strain of (2) is applied to Hooke’s
law for an axisymmetric plastic body model, we obtain the
stress relaxation as follows:

(
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(9a)

where 𝑐
𝑖𝑗
is the elastic coefficient of silicon. For cubic crystal

lattices, there are only three independent coefficients: 𝑐
11
, 𝑐
12
,

and 𝑐
44
.The other coefficients can be expressed as 𝑐

11
= 𝑐
22
=

𝑐
33

= 165.77GPa, 𝑐
12

= 𝑐
13

= 𝑐
23

= 63.9GPA, and 𝑐
44

=

79.62GPa [16]. The total strain, 𝜀
𝑟𝑟
, 𝜀
𝜃𝜃
, 𝜀
𝑧𝑧
, and 𝜀

𝑟𝑧
, can be

calculated by

𝜀
𝑟𝑟
=
𝜕𝑢

𝜕𝑟
, 𝜀

𝜃𝜃
=
𝑢

𝑟
,

𝜀
𝑧𝑧
=
𝜕V

𝜕𝑧
, 𝜀

𝑟𝑧
=
𝜕𝑢

𝜕𝑧
+
𝜕V

𝜕𝑟
.

(9b)

The displacement boundary conditions are derived from
the stress boundary conditions, that is, ⃗𝜎 ⋅ ⃗𝑛 = 0, at the
top, bottom, and side surfaces. During numerical iteration
process, the stress boundary conditions should be always
satisfied. At the axial line, the radial displacement 𝑢 is set to
zero. The creep strains are first solved from (3) and (4), and
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Figure 5: Average dislocation density versus average temperature during the cooling process.
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Figure 6: Dislocation density distributions at room temperature (1, 3, and 5).
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Figure 7: Average residual stress of plastic body (solid lines) and
elastic body (dashed lines) versus the average temperature during
the cooling process.

then substituted into (8) to obtain total strains.Thebasic steps
are the following.

(1) Give temperature field, and obtain thermal strain 𝜀𝑇
𝑖𝑗
.

(2) Give initial dislocation density𝑁(𝑘)
𝑚
, creep strain ̇𝜀

𝑐(𝑘)

𝑖𝑗
,

and stresses 𝜎(𝑘)
𝑖𝑗
.

(3) Update dislocation density𝑁(𝑘+1)
𝑚

, and ̇𝜀
𝑐(𝑘+1)

𝑖𝑗
by using

(3) and (4) with𝑁(𝑘)
𝑚
, ̇𝜀
𝑐(𝑘)

𝑖𝑗
, and 𝜎(𝑘)

𝑖𝑗
.

(4) By substituting ̇𝜀
𝑐(𝑘+1)

𝑖𝑗
into (9a) and (9b) with given

boundary conditions at all of the surfaces, obtain
displacements 𝑢(𝑘+1) and V𝑘+1 and a new stress 𝜎(𝑘+1)

𝑖𝑗
.

(5) If there is no convergence, return to step (3) and
iterate again.

Figure 3 shows the calculation conditions, which are
histories of the heater power and the crucible position.
Initially, we performed a slow cooling process by moving
the crucible downward at a rate of 0.25mm/min until the
solidification was complete. Then, we stopped the crucible
movement and changed the heater power to perform calcu-
lations for different cooling rate conditions. Figure 4 shows
the calculation results for the average temperature histories
in a sample crystal. In the present paper, the average value of
one variable is defined by volume-weighted average inside the
global region. Five different cooling rates denoted by 1, 2, 3,

4, and 5 for cooling down to 900K were set as −8.4, −6.4,
−5.0, −3.8, and −3.0 K/min, respectively. Below 900K, the
dislocation density almost completely stops increasing [8].

3. Results and Discussion

3.1. Variation of the Dislocation Density during the Cooling
Process. Figures 5 and 6 show the calculation results for the
histories and distributions of dislocation density at room
temperature, respectively. It was found that themultiplication
of dislocation density increased at higher cooling rates.
Then, the increases in the dislocation density almost entirely
stopped below 900K for all cooling rates. The results showed
that the dislocation density of cooling rate 1 is much larger
than those of the other rates.This is because multiplication of
the moving dislocations is caused by plastic deformation due
to thermal stress relaxation. Under the analysis conditions
of rate 1, the heat flow from the bottom of the crucible was
high because of the high cooling rate. Thus, the thermal
stress for cooling rate 1 became larger than those of the
other cooling conditions at the beginning of the cooling
process, as shown in Figure 7. The dislocation multiplication
became higher than that of the other rates as well.This means
that the moving dislocation density increased to relax the
thermal stress when the thermal stress conditions changed
dramatically.This indicates that maintaining the temperature
distribution during the cooling process by slow cooling is
important for reduction of the dislocation density.

3.2. Variation of the Residual Stress during the Cooling Process.
Figures 7 and 8 show the calculation results for the residual
stress histories and the residual stress distributions at room
temperature, respectively. To represent the residual stress
level, the von Mises stress is introduced as

𝜎von = (
3

2
𝑆
𝑖𝑗
𝑆
𝑖𝑗
)

1/2

. (10)

We calculated the average residual stresses based on the
plastic and elastic body models, as shown in Figure 7.
The elastic body model does not contain the effect of the
moving dislocations; thus, during cooling process, when the
temperature gradient gradually decreases inside crystal, the
thermal stress or residual stress also gradually decreases.
However, for viscoplastic body, the residual stress gradually
increases even for decreased temperature gradient; the only
explanation is that the increase of residual stress is due to the
rapid increase of dislocation density (Figure 8).

In addition, the residual stress distributions at room
temperature varied with the cooling rates. At the bottom of
the crystal, higher cooling rates resulted in higher residual
stress levels. In contrast, the residual stress of the elastic body
model decreased with decreasing temperature and reached
zero at room temperature at all cooling rates.

Figure 9 shows a schematic of results. In the elastic body
model, the residual stress is high during cooling processes at
high temperature because of the thermal strain. The residual
stress then reaches zero at room temperature because the
thermal strain is reduced to zero. However, the residual stress
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Figure 8: Residual stress distributions at room temperature (1, 3, and 5).

Residual
strain

Large thermal strain
Large residual stress

Zero thermal strain
Zero residual stress

High T

Low T

(a)

Relaxed
High T

Moving

Large thermal strain
Low residual stress

Zero thermal strain
Large residual stress

FixedLow T

(b)

Figure 9: Model of the relationship between the thermal strain and the residual stress. (a) Variation of the residual stress in the elastic body
from high temperature to room temperature during cooling process. (b) Variation of the residual stress in the viscoplastic body from high
temperature to room temperature during cooling process.

history of the plastic body is different from that of the elastic
body. During cooling processes at high temperature, the
thermal strain is relaxed because of the moving dislocations,
and the residual stress is consequently low. We quantitatively
confirmed that the amount of stress relaxation, which is equal
to the difference in stress between the elastic and plastic
bodies, increased because of themultiplication of dislocations
as indicated by the yield point of the general stress-strain
curve in Figure 10. Then, as the temperature decreases,
the thermal activation effect decreases and the dislocation

density motion remains unchanged. Consequently, the fixed
dislocations produce a strain field and the residual stress is
high at room temperature. Moreover, the results show that
the residual stress for a high cooling rate at the bottom of a
crystal became high because of the increased heat flow from
the bottom of the crucible. In addition, the residual stress
distributions at room temperature depend on the degree
of reduction in thermal strain during the cooling process
at high temperatures because of the multiplication of the
dislocations. Thus, maintaining homogeneous temperature
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Figure 10: The relationship between the relaxation stress and dislocations. (a) The model of the stress-strain curve at the yield point. (b)
Comparison between the multiplication of the dislocation density and the relaxation stress in 1.

distributions in a crystal at high temperatures can reduce the
residual stress at room temperature, because the dislocation
density is uniformly distributed.

4. Conclusion

Based on the transient global model and the HAS model,
we have studied the effects of the cooling process on the
dislocation density in multicrystalline silicon grown by the
vertical Bridgman process. We found that the dislocation
multiplication becomes high at fast cooling rates because
residual stress increases dramatically due to the multiplica-
tion of dislocations. Also, the residual stress is low at high
temperatures because of the movement of dislocations. The
residual stress then increases with decreasing temperature
because the fixed dislocations produce a strain field. These
results indicated thatmaintaining homogeneous temperature
distributions reduces the dislocation density and the residual
stress in the crystal.
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