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ELECTRON <llANNELING AND EBIC STUDIES OF 
POLYCl.YS'l'ALLINE SILICON SBKETS 

Y. S. Tsuo and R. J. Matson 

Solar Electric Research Division 
Solar Energy Research Institute 

1617 Cole Boulevard 
Golden, Colorado 80401 

Electron channeling and EBIC studies have been 
performed on silicon sheets grown by the edge­
supported pulling (ESP) and low-angle silicon sheet 
(LASS) processes. We have found that the dominant 
grain structure of the ESP sheets is long, narrow 
grains with surface normals oriented near [011]; 
grains with this structure tend to have better 
electronic quality than random grains. We have 
also studied the twin-stabilized planar growth 
materi�l of LASS sheets. This material, grown at
200 cm /min, is essentially single-crystal. 

INTIIODUCTION 

We have used a combination of secondary 
electron imaging (SEI), electron channeling (1), 
and electron-beam-induced current (EBIC) line-scan 
and imaging (also known as charge collection 
scanning electron microscopy) ( 2) techniques in a 
scanning electron microscope (SEM) to correlate the 
morphology, crystallographic orientations, and the 
electronic quality of individual grains in poly­
crystalline silicon sheets. The high spatial 
resolution obtainable with electron channeling and 
EBIC techniques and the ability to select between 
the SEI, EBIC, and electron channeling modes in the 
SEM make them far superior to conventional struc­
tural and electrical characterization techniques 
for studying localized properties in polycrystal­
line semiconductors. We studied edge-supported 
pulling (ESP) silicon sheets grown at the Solar 
Energy Research Institute (SERI) and low-angle 
silicon sheets (LASS) grown at the Energy Materials 
Corporation (EMC) using these techniques. Defects 
in our silicon sheet samples were also studied 
using preferential etching followed by SEI or 
optical microscopy to complement information about 
electrically active defects gathered from EBIC 
studies. EBIC measurements were performed on 
Schottky (metal-semiconductor) barrier or diffused 
p-n junction devices on as-grown ESP samples that 
had been immersed in hydrofluoric acid to remove 
surface oxides and chemically polished in HN0 / 3
CH COOH/HF (3:2:2) for 2 minutes or less and on 3
LASS samples in which the front surface had been 
mechanically lapped flat and then chemically­
mechanically (Syton) polished on a polishing pad 
for about 30 minutes. These electron channeling 
studies can be performed on any sample or device 
surface that is not covered by metal contacts. 

·

We generated a unit triangle electron channel­
ing map for the electron channeling studies for 
silicon at 35 keV electron beam energy in the back­
scattered mode. This is similar to the silicon 
channeling map discussed in a recent review article 
by Joy et al. (1). We used a JEOL JSM 35C scanning 
electron microscope with a GW Electronics Model 130 
backscattered electron detector and electronics to 
obtain electron channeling patterns (see, for 
example, Figure 5 in this paper). By comparing the 
electron channeling patterns of the silicon grains 
under study with the unit triangle map, we can 
readily identify the crystallographic orientations 
of the grains with an accuracy of better than 1°. 
The same SEM system used to obtain electron chan­
neling patterns and topographical images was also 
used to obtain EBIC area scans and EBIC line scans. 

ESP SILICON SBKETS 

In the ESP silicon sheet growth process (3-5), 
a capillary film of liquid silicon is formed 
between two parallel filaments (e.g., graphite) 
immersed in the liquid. As the filaments are 
pulled away from the melt, the remote region of the 
film solidifies between the filaments in a contin­
uous fashion while the meniscus is replenished by 
capillarity. The high meniscus (about 7 mm in the 
mid-region) in the growth process contributes to 
enhanced grain size. However, the filaments, where 
the meniscus edges are pinned, serve as nucleation 
sites for grain growth during the solidification of 
the silicon. Consequently, a fine-grained struc­
ture exists within a few millimeters of the fila­
ments, and larger longitudinal grains dominate the 
rest of the sheet (Figure l). Grain widths on the 
order of l cm in the central region of the sheet 
can be achieved with seeded growth. But, to date, 
it is not known whether the effects of seeding can 
persist in continuous ESP sheet growth. For 
unseeded growth, although a fine-grained structure 
exists in the first few centimeters of sheet 
growth, large grains several millimeters wide with 
boundaries parallel to the growth direction often 
survive to extend down the silicon sheet and tend 
to block the spurious grains that nucleate from the 
sides. We have also observed that the average 
grain size of ESP silicon sheets tends to increase 
as the thickness of the crystal decreases (4), 

All samples prepared for this study came from 
silicon sheets grown by the semicontinuous ESP 



Fig. 1. Unseeded ESP Sheet Etched in NaOH to Reveal 
Grain Structure 

process described in detail in reference (4). 
Semiconductor-grade silicon melts were used for 
sheet growth. All melts were doped with boron to 
yield approximately 1 0-cm, p-type silicon 
sheets. The filaments used were machined dense 
graphite rods 1.5 mm in diameter. The silicon 
sheets were grown unseeded; i.e., at the beginning 
of each sheet growth, a liquid meniscus is stabil­
ized between two graphite filaments spaced 40 nnn 

apart, and a graphite bridge joining the fila­
ments. Pull speeds were 6 to 30 mm/min. In addi- • 

tion to pull speed, the sheet thickness is also 
affected by the hot zone temperature in the verti­
cal quartz tube furnace (3). Faster speeds and/or 
higher hot zone temperatures produce thinner sheets 
and vice versa. The equilibrium grain structure of 
silicon sheets grown at our laboratory is normally 
reached within about 10 cm of growth from the 
graphite bridge. 

Silicon sheets with average thicknesses from 
about 100 µm to 1100 µm were produced for our elec­
tron channeling and EBIC studies (6), Samples 
measuring about 1 cm by 4 cm (the width of the 
sheet) were cut from each silicon sheet at least 
15 cm from the graphite bridge. For each sample, 
the grain orientations of all grains across the 
sheet width with grain widths larger than about 
0.5 mm were determined from their electron channel­
ing patterns. Except for the 1100-µm-thick sample, 
all the small grains ignored were within about 3 mm 
of the graphite filaments. Figure 2(a) shows the 
grain orientations determined for a sample obtained 
from an ESP silicon sheet with an average thickness 
of about 1100 µm. The pull speed during growth for 
this sheet was 8 mm/min. The location of the dots 
inside the stereographic projection unit triangle 
in Figure 2 indicates the direction of the surface 
normal of the grains. Grains separated by twin 
boundaries are treated as single grains in the 
figure. The linear angular scale of the unit tri­
angle can be easily determined from the fact that 
the angle between the (001] pole and the [011] pole 

· is 45°. The arrows plotted in Figure 2 indicate 
the grain growth direction during ribbon pulling. 
The grain growth direction in the center portion of 

ESP silicon sheets is normally 180° off the sheet 
pulling direction. The grain orientations shown in 
Figure 2 (a) are primarily those of relatively short 
grains typical of very thick ESP silicon sheets. 
From Figure 2 (a) it is obvious that the surface 
normals and grain growth directions of these grains 
are random. Figure 2(b) shows the grain orienta­
tions determined from a sample obtained from an ESP 
silicon sheet with an average thickness of about 
480 µm. The pull speed during growth for this 
sheet was 12 mm/min. A close examination of the 
grains and the orientations of their surface 
normals revealed that grains with surface normals 
less than about 16° off the [011] direction occupy 
about three-quarters of the area of the center 
portion of the silicon sheet. Many of these grains 
are several millimeters wide with long linear grain 
boundaries several centimeters long and running 
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Fig. 2. Grain Ot"ientations of ESP Silicon Sheets in
Samples (a) llOO 1J1111 Thick, (b) 480 1J1111 
Thick, and (c) 110 µm Thiclt 



parallel to the graphite filaments. The plane that 
is parallel to the growth direction and perpen­
dicular to the surfaces for these long grains with 
linear boundaries is very close to (lll). This 
type of grain structure is often observed in ESP 
silicon sheets grown in our laboratory. Fig­
ure 2 (c) shows the grain orientations determined 
for an even thinner sample obtained from an ESP 
silicon sheet with an average thickness of about 
110 µm. The pull speed during growth for this 
sheet was 30 mm/min. The dominant grain structure 
is now quite obvious. All of the grains have 
surface normals less than 20° off the [011] direc­
tion; the plane that is parallel to the growth 
direction and perpendicular to the surfaces for 
three-guarters of the grains is very close 
to (111). 

EBIC measurements were taken on the three 
samples whose grain orientations are shown in 
Figure 2. For the 480-µm-thick sample whose grain 
orientations are shown in Figure 2 (b), we observed 
sharp variations in the intensity of EBIC signals 
from grain to grain, such as those shown in 
Figure 3. The darker grains in the EBIC images are 
caused by the higher density of points of emergence 
of the electrically active dislocations, which 
serve as recombination centers, at the grain 
surface. Correlation of the EBIC image intensities 
of the grains with the grain orientations showed 
that all the grains with bright EBIC images (i.e., 
grains with very low dislocation densities and thus 
higher short-circuit current densities) have their 
surface nromals oriented near [011]. The elec­
trically active dislocation densities for such 
grains, determined by counting recombination 
centers in 100 gn� �fication EBIC pictures, are 
less than 5 x -10 cm • For grains with dark EBIC 
images, the electrically activ di3 !!.�ocation densi­
ties are on the order of 2 x 10 cm or more. 

For the llOO-µm and 110-µm-thick samples, no 
significant variations in the intensity of EBIC 
signals from grain to grain were observed. How­
ever, the overall EBIC signal level observed for 
the 110-µm-thick sample is significantly higher 

Fig. 3. EBIC Image and Line-Scan of Part of Sample 
(b) in Fig. 2 Taken at 35 keV Electron Beara 
Energy. The straight horizontal line in 
the picture indicates both the place where 
the line-scan was performed and the zero 
beam current reference. 

than that of the thicker sample. Total defect 
densities, rather than only electrically active 
defect densities, of these two silicon sheets were 
studied using preferential chemical etching. For 
the 1100-µm-thick sheet, the d

x 

�slo� tion density is2
high, on the order of l 10 cm , over most of 
the surface area. For the 110-µm sheet, the 
density of dislocation etch pits observed varies 
from essentiall zeS ! in some areas of the sheet up� to about 3 x 10 cm • 

Our observation of the dominant grain struc­
ture in thinner ESP silicon sheets whose grain 
growth during unseeded sheet pulling has reached a 
steady-state condition is consistent with our past 
findings (3) that (a) very large grains can be 
achieved when a seed crystal is used with crystal­
lographic orientations the same as those of our 
observed dominant grain structure in seeded ESP 
sheet growth, and (b) the (111) twin planes can 
block the propagation of spurious grains that 
nucleate at the filaments, which results in long, 
linear grains in the center of the silicon sheet. 

In the LASS growth process (7 ,8), a silicon 
sheet, typically 5 to 6 cm wide, is pulled almost 
horizontally from the melt which is contained in a 
shallow rectangular quartz crucible. The solid­
liquid interface area in this process is signifi­
cantly greater than it is in a vertical silicon 
sheet pulling process such as ESP. The efficient 
extraction of the latent heat of fusion in the LASS 
process makes possible very high linear growth 
rates-- linear growth rate of up to 80 cm/min � 
(450 cm /min area growth rate) has been demon­
strated. In addition to the high area produc­
tivity, the LASS process has excellent growth 
stability--continuous growths over one hour have 
been achieved (7). Three main types of structures 
have been found to occur in LASS material: random 
dendritic, parallel dendritic, and twin-stabilized 
planar growth. The random and parallel dendritic 
materials are polycrystalline with rough top 
surfaces composed of random or parallel den­
drites. The twin-stabilized planar growth material 
has a much smoother top surface with parallel, 
faceted surface structures (less than 0.1 mm high) 
on the top. Figure 4 shows the top surface appear­
ance of a twin-stabilized planar growth LASS 
material surrounded on three sides bY random den­
dri tic material. The bottom surface of a LASS 
sheet is generally quite smooth. 

The twin-stabilized planar growth material was 
reported by EMC to be single-crystal except for a 
twin plane very near the top surface (8). We have 
studied twin-stabilized planar growth LASS in two 
different silicon sheets that we received from 
EMC. Our electron channeling study showed that the 
twin-stabilized planar growth material is essen­
tially single-crystal with a surface normal close 
to [111] (Figure 5). The parallel, faceted struc­
tures on the top surface are running along 
the (211 I direction. Optical and SEI micrographs 
of polished and then preferentially etched samples 
showed that the dislocation density varies from as 
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Fig. 4. Part of a LASS Silicon Sheet Showing Both 
the Random Dendritic Region and the Twin­
Stabilized Planar Growth Region 

Fig. 5. The Electron Channeling Pattern of a Twin­
Stabilized Planar Growth Region of a Law­
Angle Silicon Sheet 

3 -2 low as about 10 cm to very high densities in 
some areas of the material. Although we have never 
observed any twin boundaries, high densities of 
dislocations and stacking faults are often observed 
under the parallel, faceted surface structures. 
EBIC observations of electrically active disloca­
tions are quantitatively similar to the optical and 
SEI observations. Figure 6 is an EBIC micrograph 
taken on a p-n junction solar cell fabricated on a 
polished LASS twin-stabilized growth sample showing 
the high density of electrically active disloca­
tions eKisting under the parallel, faceted top 
surface structures. In addition to dislocations 
and stacking faults, we have also observed poly­
crystalline silicon islands and what appear to be 
large dislocation loops in the twin-stabilized 
planar growth material. They are normally le�� 
than 100 µm in diameter and less than about 3 cm 
in density. They normally grow larger toward the 
bottom surf ace and penetrate through the entire 
sheet thickness. Their eKistence does not disrupt 

the single-crystal growth mechanism surrounding 
them. 

2 Eleven solar cells 0,1 cm in area and two 
2 solar cells 1.6 cm in area have been fabricated on 

twin-stabilized growth LASS samples having 4 Q-cm 
resistivity and polished to a thickness of about 
250 µm. The AMl efficiencies of t�ese solar cells
vary from about 10.0% (for a 1.6-cm cell) to 2 lz.7% 
(for a O.l-cm cell). A control cell 1.61 cm in 
area fabricated on 2.5 Q-cm Czochralski-grown (CZ) 
silicon has an AMl efficiency of 14 .8%. Minority 
carrier diffusion length (MCDL) measurements per­
formed on the two large-area LASS solar cells 
showed that the base regions of the cells have a 
16- and a 31-µm MCDL, respectively. The MCDL 
measured for the control CZ single-crystal silicon 
solar cell was 164 µm. 

We have studied the structural and electrical 
properties of silicon sheets grown by two different 
processes-ESP and LASS. We have found a dominant 
grain structure in thin ESP silicon sheets whose 
grain growth reached a steady-state condition after 
several centimeters of unseeded growth. That domi­
nant grain structure consists of long grains with 
surface normals near the [011] direction. The 
plane that is parallel to the growth direction and 
perpendicular to the surfases for most of these 
grains is very close to ( 111). We have also seen 
indications that grains with this dominant struc­
ture tend to have fewer electrically active dislo­
cations than random grains. For the low-angle 
silicon sheets, we have studied the structure of 
the essentially single-crystal twin-stabilized 
planar growth material and have shown that although 
nearly dislocation-free areas do eKist, most of the 
material has relatively high defect densities. 
This is consistent with the relatively low MCDL 
values we measured in this material, However, 
solar cells fabricated on such LASS substrates are 
reasonably good, having efficiencies between 65% 
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Fig. 6. EBIC llll!lge of a Diffused p-n Junction LASS 
Solar Cell 



and 85% of that of the control CZ silicon solar 
cell. 
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