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Potential variations around the grain boundaries (GBs) on the surface in undoped n-BaSi, epitaxial films
on Si(111) and Si(001) were analyzed using Kelvin prove force microcopy. The potentials were higher
at GBs than those in the BaSi, grains on Si(111). The average barrier height was approximately 30 meV
at the GBs, indicating that the enhanced potentials repulse photogenerated holes so that the charge
carrier recombination can be effectively reduced. In contrast, the potentials were smaller at GBs in the
BaSi, on Si(001), and the average barrier heights were approximately 30 and 50 meV along Si[1-10]
and [110], respectively. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824335]

Grain boundaries (GBs) and other defects in a film often
deteriorate electrical and optical properties of the film.
Therefore, a lot of studies have been carried out on GBs in
solar cell materials such as polycrystalline Si and chalcopy-
rite semiconductors to improve efficiency.'™'* At the same
time, intensive efforts have been exerted to explore different
materials other than Si, Cu(In,Ga)Se,, and III-V compound
semiconductors. We have specifically targeted realizing pn
junction solar cells using semiconducting barium disilicide
(BaSi,). Composed of earth-abundant elements, BaSi, has a
band gap of approximately 1.3eV, and a large absorption
coefficient reaching 3 x 10*cm ™' at 1.5eV.""'? Recent experi-
mental results on large photoresponsivity, long minority-carrier
lifetime, and conductivity control by impurity doping in the
undoped n-BaSi, have spurred interest in this material.'*"” In
particular, the minority-carrier diffusion length, a key parame-
ter determining the performance of solar cells, was found to be
approximately 10 um in the undoped n-BaSi, epitaxial film
on Si(111) by means of an electron-beam-induced current
technique.'® This value is much larger than the grain size of
the BaSi, (~0.2 um), implying that the GBs do not work as
defect centers for minority carriers (holes) in n-BaSi,.
However, there have been no reports thus far on the GBs in
BaSi,. Kelvin probe force microscopy (KFM) is considered
one of the most powerful methods for evaluating GB charac-
ter from the viewpoint of potential variations. For polycrys-
talline Si and compound semiconductors, GBs character was
discussed in detail from the view points of band lineup and
barrier height around the GBs using KFM.'®~*? In this study,
we analyzed potential variations and barrier heights around
the GBs in BaSi, epitaxial films both on Si(111) and Si(001)
substrates using KFM.

An ion-pumped molecular beam epitaxy (MBE) system
equipped with a standard Knudsen cell for Ba and an
electron-beam evaporation source for Si was used. g-Axis-
oriented undoped n-BaSi, epitaxial layers were grown on
Si(111), sample A, and on Si(001), sample B. The BaSi,
layer thicknesses were 100 and 400 nm, respectively. The
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details of the growth procedure are described elsewhere.”***

Surface topographies and electrostatic potential variations
were investigated using Shimazu 9600 atomic force micros-
copy (AFM) and KFM, respectively. Plan-view transmission
electron microscopy (TEM) images were observed using
TOPCON EM-002B with the acceleration voltage being
120kV in order to investigate the grain size of BaSi, and
GBs. Samples were prepared by mechanical polishing and
ion milling.

Figures 1(a) and 1(b) show the plan-view bright-field
(BF) TEM images of a-axis-oriented BaSi, films on Si(111)
and Si(001), respectively. The incident electron beam was
almost parallel to the BaSi,[100] zone axis, but it was
slightly tilted for the GBs to be seen clearly. According to
previous studies,'®*** g-axis-oriented BaSi, multi-domain
epitaxial films formed on Si(111) and Si(001) surfaces have
three and two epitaxial variants rotated by 120° and 90° with
each other, respectively, around the surface normal. In
Fig. 1(a), we see that approximately 60° and 120°, sharp
GBs are present, and these GBs consist mostly of BaSi,(011)
and (0-11) planes. Detailed discussions about the GBs were
given in our previous report.'® In the case of BaSi, on
Si(001), various types of GBs are likely to exist. Among
them, straight-line GBs running along the Si[110] appear
dominant as shown in Fig. 1(b), and these GBs consist
mostly of BaSi,(001) planes. The epitaxial relationship
between BaSi, and Si(001) is BaSi»(100)//Si(001) with
BaSi,[010]//Si[110] (variant A) and BaSi,[001]//Si[110]
(variant B) for BaSi, on Si(001).?* The BaSi, grains of vari-
ant A dominate on the Si(001) substrate, meaning that the
GBs consist mostly of BaSi»(001) planes. On the other hand,
GBs running in the Si[1-10] direction seem roundish, and
thereby several crystal planes or random GBs are likely to
consist of the GBs. At present, we have not yet determined
these crystal planes.

Figures 2(a) and 2(b) show the 5 x5 /zm2 AFM topo-
graphic and KFM electrostatic potential (¢) images, respec-
tively, measured for sample A, BaSi, on Si(111), with their

© 2013 AIP Publishing LLC
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FIG. 1. Plan-view bright-field TEM images observed along near [100] zone
axis of BaSi, for (a) BaSi, on Si(111) and (b) BaSi, on Si(001).

cross sectional profiles along the white lines in the same
area. The positions of colored lines correspond to those of
GBs in the cross sectional profiles in Figs. 2(a) and 2(b).
We see that the electrostatic potentials at the GBs are
higher than those in the grain. Since the energy band lineup
is defined for negatively loaded electrons, the potential cor-
responds to the inversed work function divided by the ele-
mental charge. This result means that band bending occurs
downwards at the GBs as shown in Fig. 3(a). This is prob-
ably attributed to positively charged Ba atoms on the
BaSi,(011)/(0-11) planes, which consist of these GBs. In a
unit cell of BaSi,, there are 8 Ba and 16 Si atoms, the latter
of which form Si, tetrahedra, and can be considered as
Zintl anions.”® Due to the difference in electronegativity
between Ba and Si, Ba atoms are positively charged and
the Siy tetrahedra is negatively charged in BaSi,. The
BaSi,(011)/(0-11) planes consist of Ba atoms only, and
thus they are considered positively charged. We speculate
that’s why the potentials become higher at the GBs than
those in the grain interiors.

Figures 2(c) and 2(d) show the 5 x5 um> AFM topo-
graphic and KFM electrostatic potential images, respec-
tively, measured for sample B, BaSi, on Si(001). Their cross
sectional profiles along the white lines in the same area are
also shown. In the case of BaSi, grown on Si(001), one type
of variant (variant A) was dominantly grown. We see that
the BaSi, grains extend in the Si[110] direction in Fig. 2(c)
as observed in the plan-view TEM image of Fig. 1(b).
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FIG. 2. (a) AFM topographic and (b) KFM electrostatic potential images
with their cross sections along the white lines for sample A, undoped
n-BaSi, on Si(111). (c) AFM topographic and (d) KFM electrostatic poten-
tial images with their cross sections along white lines AA’, parallel to
Si[110], and BB/, parallel to Si[1-10], for sample B, undoped n-BaSi, on
Si(001). The observed area is 5 x 5 umz.

Therefore, we investigated the electrostatic potentials along
line AA’, parallel to Si[110], and also along line BB’, parallel
to Si[1-10] because those GBs are composed of different
planes. As shown in Fig. 2(d), the GBs have a lower electro-
static potential than the inner part of the grains, meaning that
band bending occurs upwards at the GBs as shown in
Fig. 3(b). The difference in the band bending at the GBs
between BaSi,/Si(111) and BaSi,/Si(001) is attributed to the
difference in the BaSi, planes which consist of GBs. GBs
along line AA’ are composed of BaSi,(001) planes. From the
crystallographic point of view, only Si atoms exist on the
BaSi,(001) plane. Thus, they are considered to be negatively
charged because BaSi, is a Zintl phase. We speculate that’s
why the electrostatic potentials are lower at the GBs than
those in the grain interiors. As for GBs along line BB', we
don’t have enough data to discuss with right now. We should
note here that impurity contaminations can also cause poten-
tial variations around GBs. Impurity segregation to GBs
have been extensively studied in poly crystalline Si.*’~*°
Very recently, Tsurekawa et al. confirmed that the GBs in
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FIG. 3. Band lineups around GBs for (a) BaSi, on Si(111) and (b) BaSi, on
Si(001).

Cu- and Fe-contaminated p-type Si cause a significant
increase in the barrier height compared to non-contaminated
Si.? We cannot exclude this possibility to explain the poten-
tial variations at the GBs of BaSi, films. There have been no
reports so far on the segregation of impurities to GBs in
BaSi, Thus, detailed studies of impurity segregation in
BaSi, are necessary in the near future.

Next, we evaluated the barrier height AEgg at GBs. To
estimate AEgg, we used the following Eq. (1),

AEGB = _e(VGB - VGAVe)a (1)

where Vg and Vg.,y are the electrostatic potential at GBs
and the average potential of inner parts of two adjoining
grains, respectively, e is the elementary charge. The same
procedure was repeated 33 times for sample A. The histo-
gram of barrier height is shown in Fig. 4(a). The barrier
height for holes was positive and its absolute value ranges
from 10 to 60meV, and the average is approximately
30meV. This value is almost the same as a thermal energy
of 26 meV at room temperature (25 °C). The concave band
structure at the GBs in the BaSi, on Si(111) is supposed to
lead to repulsion of photogenerated holes (minority carriers)
from the GBs, reducing the charge carrier recombination at
the GBs. Therefore, the GBs do not work as recombination
centers for minority carriers in the undoped n-BaSi,. This
explains the long minority carrier diffusion length reaching
10 um even for multi-domain epitaxial BaSi, films on
Si(111)."® The same analysis was performed for sample B,
BaSi, on Si(001) along lines AA" and BB’. Figures 4(b) and
4(c) show the histograms of barrier height at GBs along
Si[110] and Si[1-10], respectively. The barrier height for
electrons was positive and ranges from 20 to 70 meV along
Si[110], and from 20 to 45 meV along Si[1-10]. The aver-
ages are approximately 50 and 30 meV, respectively. The
GBs have a convex band structure in the BaSi, on Si(001),
attracting holes at the GBs. The average confinement energy
for holes is as large as 50meV at the GBs. If the Fermi
level, Efr, at GBs lies on the GBs defect states in the band
gap, the GBs are likely to work as recombination centers.
Although we don’t have data about the GB defect states at
present, it is very important to discuss the position of Ef
with respect to the bottom of the conduction band, Ec. The
electron concentration of undoped n-type BaSi, is approxi-
mately 5 x 10> ecm>."" Assuming that the effective density
of states in the conduction band, N, is approximately
2.6 x 10" cm ™ from the principal-axis components of the
effective-mass tensor for electrons,30 Ex is located about
0.22¢eV below E in the grain interiors at room temperature
from the following Eq. (2),
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FIG. 4. Histograms of barrier height at GBs for (a) BaSi, on Si(111), (b)
BaSi, on Si(001) along Si[110], and (c) that along Si[1-10].

N,
Ec — Ep = kTln <—C> 2)
n

where k is the Boltzmann constant, 7" the absolute tempera-
ture, and n the electron concentration. In the case of
BaSi,/Si(111), downward band bending occurred at the GBs
and the average barrier height was approximately 30 meV.
Therefore, the value of Ec-Eg is 0.19eV at the GBs. On the
other hand, upward band bending occurred at the GBs in the
case of BaSi,/Si(001), and the average barrier height was
approximately 50meV and 30meV along Si[l110] and
Si[1-10], respectively. Therefore, the value of Ec-Efg is
approximately 0.25-0.27eV at the GBs. If Eg at GBs is
located around the GBs defect states, the GBs may function
as recombination centers for photogenerated minority car-
riers in BaSi, films on Si(001).

In summary, we have evaluated the potential variations
at the GBs in undoped n-BaSi, epitaxial films on Si(111) and
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Si(001) applying KFM. The GBs had the concave band
structure for BaSi,/Si(111), and the average barrier height
was approximately 30meV. This concave band structure
may repulse holes. In contrast, the GBs have the convex
band structure for BaSi,/Si(001). The average barrier height
was approximately 50 meV along Si[110] and 30 meV along
Si[1-10]. The origin of the difference was explained based
on the crystal planes consisting of the GBs.
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