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In this work, crystallographic orientation of polycrystalline silicon films on glass formed by continuous
wave diode laser crystallization was studied. Most of the grain boundaries were coincidence lattice Σ3 twin
boundaries and other types of boundaries such as, Σ6, Σ9, and Σ21 were also frequently observed. The highest
photoluminescence signal andmobility were observed for a grainwith (100) orientation in the normal direction.
X-ray diffraction results showed the highest occupancies between 41 and 70% along the (110) orientation. How-
ever, the highest occupancies changed to (100) orientation when a 100 nm thick SiOx capping layer was applied.
Suns-Vocmeasurement and photoluminescence showed that higher solar cell performance is obtained from the
cell crystallized with the capping layer, which is suspected from increased occupancies of (100) orientation.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Polycrystalline silicon (poly-Si) thin film solar cells on glass, which
combine the advantages of both wafer Si solar cell technology and
thin-film solar cell technology, are strong candidates for next genera-
tion photovoltaics. Si, which is an abundant material, offers the advan-
tages of nontoxicity and low cost. Poly-Si thin film solar cells consisted
of a 2 μm thick solid-state crystallized thin film on borosilicate glass
achieved a 10.4% photovoltaic conversion efficiency [1]. However, a
high density of dislocation defects up to 1 × 10 cm−2 was generated
during the solid-state crystallization that led to lifetime limiting recom-
bination, which greatly reduced the open circuit voltage [2,3]. Recently,
liquid phase crystallization, including continuous wave (CW) diode
laser crystallization and electron beam crystallization of Si thin films
on glass is reported to lead to large grains with sizes up to few tenths
of mm in length [3–7]. Dislocation density was greatly reduced using
this process and recent reports indicated the achievement of initial effi-
ciency up to 11.7% [8].

Our previous findings showed that the Si films deposited above
550 °C have (110) preferential orientation before and after the laser
crystallization [9]. Also, we reported that preferential orientation can
be controlled using SiOx capping layer [10]. Although the capping
layer was found to have influences on crystallographic orientation of
the film, its impact on solar cell performance has not been understood.

In the present work, in-depth analysis was done on microstructure
and crystallographic orientation of 10 μmthick Si thin film on glass crys-
tallized by diode laser crystallization. Also, influence of a SiOx capping
layer in terms of crystallographic orientation and electrical performance
was investigated.

2. Experiment

On a 3.3mmthick planar borosilicate glass (Schott Borofloat33) sub-
stratewith a surface area of 50× 50mm, SiOx 100 nm thick barrier layer
wasdeposited byplasma-enhanced chemical vapor deposition (PECVD)
at 200–300 °C, below 1mTwith deposition rates of 5–30 nm/min. Then,
the SiOx layer was subjected to a dehydrogenation annealing step
at 500 °C for 2 h under N2 flow. 10 μm thick Si films were deposited
by e-beam evaporation at 650 °C. During the deposition, in-situ boron
doping was performed on to realize a doping concentration of boron
~2 × 1016 cm−3. The films were crystallized by an 808 nm continuous
wave diode laser. The laser beam has a Gaussian profile with 12 mm
width and 85 μm length. The laser was scanned perpendicular to the
50 mm long axis. The samples were placed on pre-heated stage at
650 °C to prevent cracks in the glass substrate during the laser scanning.

After removal of native oxide formed during the crystallization byHF
dip, phosphorus dopant source (P508, Filmtronics, Inc.) was spin-
coated. Subsequently, rapid thermal process (RTP) was conducted at
870 °C for 2min. Junction depth around 500 nmwas achieved and emit-
ter sheet resistance of 300–500Ω/□ was obtained.

The crystallographic orientation is analyzed by X-ray diffraction
(XRD). Receiving slit of 3–8 mm2 was used to measure the (111),
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(400), and (220) pole figures with background subtraction. The
defocused errors and pole figureswere corrected and calculated respec-
tively, using the texture analysis. For EBSD (Electron Backscatter dif-
fraction) measurement, NordlysF detector EBSD analytical system
interfaced to a Carl Zeiss AURIGA® CrossBeam®Workstation is used.

PLmeasurement used excitation light of 465 nm, 530 nm, or 630 nm
with an intensity of ~100 mW/cm2. The infrared noise from the excita-
tion source is removed by a short-pass filter before the sample. Any re-
sidual short wavelength excitation light after the sample is removed by
a long-pass filter before the camera.

Hall measurement was conducted using the cross-type Van-der
Pauw four point measurement geometry [11]. The thin film sample is
etched or laser isolated into the cross pattern and electrical contacts
are made beyond the distance a along each arm using a GaAl alloy. A
magnetic field on the order of 1 T and current density of ~10−3 A/cm
was used.

3. Results and discussion

3.1. Microstructure and crystallographic orientation

Large area image of the polycrystalline Si film crystallized by
the diode laser at a scan speed of 40 cm/min is shown in Fig. 1 (a).
Secco etch was performed in order to reveal the grain boundaries. As
expected, lateral grains were formed in the scan direction. However,
some grainswere not formed exactly parallel to the scan direction as in-
dicated by red arrows. Fig. 1 (b) shows the cross sectional view of the
grains,which are not at right angles to the top surface.When these tilted
grains converge, the grain growth in the scan direction ceases. As a re-
sult, grains of lengths ranging to several millimeters long and widths
ranging to a fewmillimeters are grown. Longer grains in the scan direc-
tion can be realized if all the grainswere tilted in the same direction or if
the proportion of the grains that are at right angles to the top surface
increases.

The spacing between parallel grain boundaries ranged from a few
nanometers to several hundred micrometers. Electron backscatter dif-
fraction (EBSD) mapping was carried out to characterize these bound-
aries. Fig. 2 shows EBSD images of resulting orientations in the scan
direction, perpendicular to the scan direction, and along the surfacenor-
mal direction. Corresponding charts are showing the relative frequency
of each misorientation and sigma-value of CSL boundaries. Samples
were crystallized with scan speed of 40 cm/min and power density of
15 kW/cm2. In Fig. 2 (a), it can be seen that two types of parallel grains
that have different orientations are alternatively formed. It is clearly

shown in Fig. 2 (a) that two distinct orientations, (112) and (223) are
present in the scan direction, whereas, all these grains have the same
orientation of (102) in the normal direction. The sigma-value map indi-
cates that these boundaries were Coincidence Site Lattice (CSL) Σ3 twin
boundaries.

Fig. 2 (b) exhibits a fairly different situation although there are still
parallel grain boundaries as in Fig. 1 (a). In this case, the grains do not
have same orientation in the normal direction, instead (111) and
(110) orientations are present in Fig. 2 (b). In the scan direction, all
grains are distributed between all different orientations. In such bound-
aries, not onlyΣ3 boundaries are present but alsoΣ9 boundaries exist in
the same quantity.

Fig. 2 (c) shows the case where the linear grains are not perfectly
parallel to each other. The boundaries meet each other at different an-
gles and form a triangular shape for some grains. It is very interesting
that four distinct grains are located sequentially, which are marked as
1–4. It is shown that Grain 1 & 4 have (323) and (111) orientations in
the scan direction and the normal direction respectively. Grain 2 & 3
have (214) orientation in the scan direction. However, Grain 2 has
(103) orientation andGrain 3 has (203) orientation in the normal direc-
tion. There are Σ3, Σ6, and Σ21 CSL boundaries. Boundaries between
Grain 1 and Grain 2, Grain 2 and Grain 3, and Grain 3 and Grain 4
form a Σ3 CSL boundary. Whereas, a boundary between Grain 2 and
Grain 4 forms Σ6 and a boundary between Grain 1 and Grain 4 forms
Σ21.

Fig. 3 is an illustration of the orientations of different grains that
have been often observed in EBSDmeasurement. Grain 1 has (100) ori-
entation in the normal direction. Grain 2, 3, and 4 have CSL boundaries
adjacent to each other and often have (112), (111), and (110) orienta-
tions in the normal direction. Grain 5 does not contain any grain with
CSL boundaries and does not usually form in as a lateral shape, rather,
it forms as a round shape. Orientation of such grains is (102) and
(213) in the normal direction. Similar growth behavior can be also
found from polycrystalline silicon casting based on the directional
growth, which exhibits (112) and (110) growing direction.

Electrical activity of the grain boundary is determined from impurity
segregation or CSL type of grain boundary [12,13]. Σ3 twin boundaries
were found to show a low electrical activity or no activity [12–14],
therefore, they did not act as recombination sites. However, the differ-
ent types of CSL boundaries can exhibit a high electrical activity by
attracting minority carriers and increasing recombination.

A SiOx capping layer is often applied prior to laser crystallization
in order to control laser fluence [15], surface roughness [16], and surface
energy [17]. When 100 nm thick SiOx capping layer is applied to our

Fig. 1.Microstructure of the laser crystallizedfilm scanned at 40 cm/min and 15 kW/cm2. (a) Front viewof themid-horizontal area of thefilm (Red lines represent the direction of the grain
boundaries). (b) Cross sectional view of the parallel grain boundaries by scanning electron microscopy (SEM).
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