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Potential variations around the grain boundaries (GBs) in antimony (Sb)-doped n-type and boron

(B)-doped p-type BaSi2 epitaxial films on Si(111) were evaluated by Kelvin probe force micro-

scopy. Sb-doped n-BaSi2 films exhibited positively charged GBs with a downward band bending

at the GBs. The average barrier height for holes was approximately 10 meV for an electron con-

centration n � 1017 cm�3. This downward band bending changed to upward band bending when

n was increased to n¼ 1.8� 1018 cm�3. In the B-doped p-BaSi2 films, the upward band bending

was observed for a hole concentration p � 1018 cm�3. The average barrier height for electrons

decreased from approximately 25 to 15 meV when p was increased from p¼ 2.7� 1018 to

p¼ 4.0� 1018 cm�3. These results are explained under the assumption that the position of the

Fermi level Ef at GBs depends on the degree of occupancy of defect states at the GBs, while Ef

approached the bottom of the conduction band or the top of the valence band in the BaSi2 grain

interiors with increasing impurity concentrations. In both cases, such small barrier heights may

not deteriorate the carrier transport properties. The electronic structures of impurity-doped BaSi2
are also discussed using first-principles pseudopotential method to discuss the insertion sites of

impurity atoms and clarify the reason for the observed n-type conduction in the Sb-doped BaSi2
and p-type conduction in the B-doped BaSi2. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4896760]

I. INTRODUCTION

Photovoltaic solar cell materials, such as Si,

Cu(In,Ga)Se2 (CIGS), CdTe, and III-V compound semicon-

ductors have been extensively studied. At the same time, in-

tensive efforts have been made to explore different materials

other than the above conventional materials. Among such

materials, we have specifically targeted realizing pn junction

solar cells using semiconducting barium disilicide (BaSi2).

Composed of earth-abundant elements, BaSi2 is an indirect

band gap semiconductor with a band gap of approximately

1.3 eV, and has large absorption coefficients exceeding

3� 104 cm�1 for photon energies higher than 1.5 eV.1–4

Large absorption coefficients come from the band structure

of BaSi2, where the localized Ba d-like states form flat

energy bands in the conduction band.5–7 Minority-carrier

properties, such as a long minority-carrier diffusion length

(ca.10 lm)8,9 and a long minority-carrier lifetime

(ca.10 ls),10–12 in a-axis-oriented undoped n-type BaSi2 epi-

taxial films spurred interest in this material. One of the strik-

ing features of this material is the fact that both large

minority-carrier diffusion length and large absorption coeffi-

cient are available. This facilitates the collection of photo-

generated carriers in BaSi2, and thereby leads to a large

photocurrent.

Grain boundaries (GBs) in semiconductor films often

deteriorate electrical and optical properties of the films.

Therefore, a lot of studies have been conducted on GBs in

solar cell materials, such as polycrystalline Si and chalcopy-

rite semiconductors to improve efficiency.13–26 One of the

powerful tools for studying GBs properties is Kelvin probe

force microscopy (KFM) method. Measurements with KFM

yield the electrostatic properties of GBs and are used to

determine the band diagrams across GBs. KFM revealed that

random GBs have negative influences on solar cell perform-

ance compared to those with low R values in polycrystalline

Si,27,28 and that the electron-hole pairs are well separated at

GBs in high-efficiency CIGS solar cells.29–31 According to

our previous work on the potential variations around the GBs

using KFM,32 the potentials were higher at GBs by approxi-

mately 30 meV than those in the BaSi2 grain interiors in the

undoped n-type BaSi2 films, suppressing the charge carrier

recombination at the GBs. This explains the reason why the

minority-carrier diffusion length (ca.10 lm) is much longer

than the average grain size of undoped n-BaSi2 (ca.0.2 lm),8

which is to be an active layer in a BaSi2 pn junction solar

cell. Therefore, the potential variations around the GBs are a

measure of the minority carrier properties.

A classic solar cell uses a pn junction. Therefore, it is of

essential importance to investigate the properties of GBs in

impurity-doped n- and p-type semiconductor films.33,34

Impurity doping of group-III and group-V elements enables

us to control the carrier type and conductivity of BaSi2
experimentally.35–39 Among them, boron (B) and antimony
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(Sb) atoms are considered suitable for p- and n-type dopants,

respectively, because the carrier concentration can be con-

trolled in a wide range between 1017 and 1020 cm�3 at room

temperature (RT).35,38

This article reports on the surface potential variations

around the GBs in Sb-doped n-BaSi2 and B-doped p-BaSi2
films, and discusses their dependence on carrier concentra-

tions. We also discussed their densities of states (DOSs) and

total energies using first-principles pseudopotential method

to clarify the possible insertion sites of impurity atoms, and

the reason for the observed n-type conduction in Sb-doped

BaSi2 and p-type conduction in B-doped BaSi2. There have

been no theoretical reports on what happens when Sb or B

atoms are doped into BaSi2. Regarding indium (In) or gal-

lium (Ga) doping into BaSi2, Imai and Watanabe calculated

their electronic structures,40 and found that the In (Ga)-

doped BaSi2 was expected to be p-type, and that substitution

of Si in the BaSi2 lattice by In (Ga) is more favorable than

that of Ba from the energetic point of view.

BaSi2 belongs to the space group of Pnma.41 There are

two crystallographically inequivalent sites for Ba (Ba(1) and

Ba(2)) and three inequivalent sites for Si (Si(3), Si(4), and

Si(5)) in the unit cell of BaSi2. The unit cell contains eight

formula units. Therefore, the stoichiometric description of

the unit cell is Ba8Si16, and the atoms are distributed over

4Ba(1), 4Ba(2), 4Si(3), 4Si(4), and 8Si(5). Hereafter, we

describe the compound, for example, as Ba8Sb(3)Si15, where

one of the Si(3) sites of Ba8Si16 is substituted with Sb. The

formation energies of the Ba8Si16 substituted with In or Ga

were calculated by using the first-principles method.40 In the

case of Ga doping,40 the formation energies of Ba7Ga(1)Si16

and Ba7Ga(2)Si16 are higher than those of Ba8Ga(3)Si15,

Ba8Ga(4)Si15, and Ba8Ga(5)Si15. On the other hand, the

energy differences between Ba7Ga(1)Si16 and Ba7Ga(2)Si16

and between Ba8Ga(3)Si15, Ba8Ga(4)Si15, and Ba8Ga(5)Si15

are small. The same was true for In doping.40 Hence, we

chose one Ba(1) site for Ba substitution, and one Si(3) site for

Si substitution in this article although there are another Ba

site, Ba(2), and the other two Si sites, Si(4) and Si(5), in

Ba8Si16.

II. METHODS

A. Formation of Sb- or B-doped BaSi2 films and
characterizations

a-axis-oriented Sb-doped n-type and B-doped p-type

BaSi2 epitaxial films were formed on Si(111) by molecular

beam epitaxy (MBE). The details of the growth procedure

were already reported.35,38 An ion-pumped MBE system

equipped with standard Knudsen cells for Ba, Sb, and B, and

an electron-beam evaporation source for Si was used. We

adopted the growth condition so that the hole concentration,

p, in the B-doped BaSi2 becomes much higher than the elec-

tron concentration, n, in the Sb-doped BaSi2. This is because

we plan to use n-BaSi2 as an active layer in a solar cell

owing to its long minority-carrier diffusion length,8,9 and the

sharp pþ/n interface due to small diffusion coefficients of B

in BaSi2.42 The value of n in the Sb-doped BaSi2 films, sam-

ples S1–S3, was controlled by changing the substrate

temperature, TS, as 580, 550, and 520 �C, respectively, while

the temperature of Sb crucible, TSb, was fixed at 250 �C.

Undoped n-BaSi2 (n¼ 5� 1015 cm�3) in Ref. 32, was used

as sample S0 for comparison. The value of p in the B-doped

BaSi2 films, samples B1–B3, was controlled by varying the

temperature of B crucible, TB, as 1300, 1400, and 1450 �C,

respectively, while TS was fixed at 650 �C. The sample prep-

aration is summarized in Table I. The carrier concentration

was measured at RT by Hall measurement using the van der

Pauw method. The crystalline quality of the grown films was

characterized by reflection high-energy electron diffraction

(RHEED) and x-ray diffraction (XRD) measurements with a

Cu Ka source to confirm epitaxial growth of the layers.

Surface topographies and potential variations were character-

ized by Shimazu SPM-9600 atomic force microscopy (AFM)

and KFM, respectively. In order to investigate the GBs of

BaSi2 and B precipitates, samples for transmission electron

microscopy (TEM) observations were prepared by mechani-

cal polishing and ion milling, and their cross sections were

observed using TOPCON EM-002B operated at 120 kV.

B. Computational details

We calculated the DOSs and the binding energies of Sb-

doped Ba8Si16 and B-doped Ba8Si16 using the VASP code43

based on the density-functional theory (DFT) with the

projector-augmented wave pseudopotential44 and Perdew-

Wang Generalized Gradient Approximations method.45 The

optimized structure of Ba8Si16 is shown in Fig. 1. The total

energy minimization was obtained via an optimization of the

lattice parameters and a relaxation of the atomic positions in

a conjugate gradient routine. The convergence in the total

energy was better than 1 meV/atom using the energy cutoff

of 600 eV and the 6� 8� 4 grid of Monkhorst–Pack

points.46 We also explored the possibility of interstitial com-

pound with BaSi2. There are 16 candidate interstitial sites in

the BaSi2 lattice. According to Imai and Watanabe,47 the

most probable insertion sites are the 4c sites, where an impu-

rity atom is surrounded by three Si atoms, one of which is at

a peak of one Si-tetrahedron and the other two of which are

composing an edge of the other Si-tetrahedron. Thus, we

chose one of the 4c sites, the fractional coordinate of which

is (0.5841, 0.25, 0.2251). This compound is described as

Ba8Si16Sb. We also calculated the DOSs and the formation

energies of aluminum (Al)-doped BaSi2 and In-doped BaSi2

TABLE I. Sample preparation: substrate temperature (TS), Sb crucible (TSb)

or B crucible temperature (TB), BaSi2 layer thickness (t), and carrier concen-

tration are specified.

Sample TS TSb TB t Carrier concentration

( �C) ( �C) ( �C) (nm) (cm�3)

S0 580 … … 100 n¼ 5� 1015 (undoped)

S1 580 280 … 100 n¼ 1.2� 1017

S2 550 280 … 100 n¼ 3.2� 1017

S3 520 280 … 200 n¼ 1.8� 1018

B1 650 … 1300 100 p¼ 2.7� 1018

B2 650 … 1400 100 p¼ 4.0� 1018

B3 650 … 1450 100 p¼ 2.0� 1020

123709-2 Tsukahara et al. J. Appl. Phys. 116, 123709 (2014)
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for comparison. In our framework of first-principles calcula-

tions, we cannot take into account thermal effects at the finite

temperature to the DFT calculation.

III. RESULTS AND DISCUSSION

A. Calculation results

Table II shows the summary of calculated electronic

energies for Ba8Si16 doped with an impurity atom (Sb, B, Al,

or In). The binding energy of Ba8Si16 was calculated to be

�133.696 eV. The total energy after impurity doping is calcu-

lated using the binding energies of the optimized structures as

follows. In the case that an Sb atom replaces a Ba atom in the

Ba(1) site, the total energy of Ba7Sb(1)Si16 þ Ba is given by

ð�129:389Þ þ ð�1:912Þ ¼ �131:301 eV:

In another case that an Sb atom replaces a Si atom in the

Si(3) site, the total energy of Ba8Sb(3)Si15 þ Si is

ð�132:273Þ þ ð�5:417Þ ¼ �137:690 eV:

In the same way, the total energy of Ba8Si16Sb is calculated

to be �135.861 eV. These results imply that replacement of

Si with Sb is most likely to occur in Sb-doped BaSi2 from

the energetic point of view. The same assumption can be

applied to B-, Al-, or In-doped BaSi2. This result agrees well

with Ref. 40. However, in the case of B-doped BaSi2, we

note that not only the Si substitution with B but also the in-

terstitial insertion of B into the 4c site is energetically favor-

able. We speculate this difference results from a smaller

atomic radius of B than those of Sb, Al, and In.

Figure 2 shows the total DOSs of (a) undoped Ba8Si16,

(b) Ba8Sb(3)Si15, (c) Ba8B(3)Si15, (d) Ba8Si16B, (e)

Ba8Al(3)Si15, and (f) Ba8In(3)Si15 near the Fermi level, Ef.

The energy zero of the DOS curve is taken at their Ef. As

shown in Fig. 2(b), Ef crosses the bottom of the conduction

band, EC, in Ba8Sb(3)Si15, and hence the doped BaSi2 will

perform as the n-type. Needless to state, this does not neces-

sarily mean that Sb-doped BaSi2 becomes degenerated.

Concentration of the doped element would be much lower in

the actual fabrication than that assumed in the present calcu-

lations. In contrast, when Si was replaced with B, Al, or In,

Ef crosses the top of the valence band, EV, and the doped

BaSi2 will work as the p-type as shown in Figs. 2(c), 2(e),

and 2(f), respectively. These results agree well with those

experimentally obtained.35–39 BaSi2 is a Zintl phase com-

pound consisting of an electropositive Ba and an electroneg-

ative Si, where the electropositive Ba donates its electrons to

TABLE II. Calculated electronic energies for Sb-doped BaSi2, B-doped

BaSi2, Al-doped BaSi2, and In-doped BaSi2.

Compound Total energy (eV)

8Baþ 16Si!Ba8Si16 �133.696

Ba8Si16þSb!Ba7Sb(1)Si16þBa �131.301 (�129.389�1.912)

Ba8Si16þSb!Ba8Sb(3)Si15þSi �137.690 (�132.273�5.417)

Ba8Si16þSb!Ba8Si16Sb �135.861

Ba8Si16þB!Ba7B(1)Si16þBa �132.758 (�130.846�1.912)

Ba8Si16þB!Ba8B(3)Si15þSi �138.209 (�132.792�5.417)

Ba8Si16þB!Ba8Si16B �138.999

Ba8Si16þAl!Ba7Al(1)Si16þBa �130.609 (�128.697�1.912)

Ba8Si16þAl!Ba8Al(3)Si15þSi �136.494 (�131.077�5.417)

Ba8Si16þAl!Ba8Si16Al �135.698

Ba8Si16þ In!Ba7In(1)Si16þBa �130.420 (�128.508�1.912)

Ba8Si16þ In!Ba8In(3)Si15þSi �135.586 (�130.169�5.417)

Ba8Si16þ In!Ba8Si16In �133.857

FIG. 2. Total DOSs of (a) undoped Ba8Si16, (b) Ba8Sb(3)Si15, (c)

Ba8B(3)Si15, (d) Ba8Si16B, (e) Ba8Al(3)Si15, and (f) Ba8In(3)Si15 near Ef. The

energy zero of the DOS curve is taken at their Ef.

FIG. 1. Optimized structure of Ba8Si16. An open dotted circle shows the

location of an interstitial 4c site. The fractional coordinate of the 4c site is

(0.5841, 0.25, 0.2251).

123709-3 Tsukahara et al. J. Appl. Phys. 116, 123709 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

130.158.56.100 On: Thu, 20 Nov 2014 03:07:44



the Si, which uses the electrons in the formation of covalent

bonds in Si4 tetrahedra to satisfy valence.48 It was confirmed

from both theory and experiment that the Si 3p state is domi-

nant around EV in BaSi2.3,49–51 Thus, replacement of Si with

Sb increases valence electron concentration and causes the

change of BaSi2 to the n-type, whereas replacement of Si

with B, Al, or In decreases it, and forms the p-type.

However, localized states appear in the band gap of

Ba8Si16B as shown in Fig. 2(d). Thus, it is difficult to clarify

the conductivity type of this compound.

B. GBs in Sb-doped n-BaSi2

We observed streaky RHEED patterns, and a-axis-ori-

ented diffraction peaks in the h-2h XRD patterns for all the

samples. These results show that a-axis oriented BaSi2 films

doped with Sb and those with B atoms were formed on

Si(111). As summarized in Table I, we fabricated Sb-doped

n-BaSi2 films with n ranging from n¼ 1.2� 1017 to

n¼ 1.8� 1018 cm�3 and B-doped BaSi2 films with p ranging

from p¼ 2.7� 1018 cm�3 to p¼ 2.2� 1020 cm�3. The carrier

concentrations increased significantly in the impurity doped-

BaSi2 compared with undoped one, sample S0.

Figures 3(a)(a0)–3(d)(d0) show the AFM topographic and

KFM potential images, measured for samples S0–S3, respec-

tively, with their cross sectional profiles along white broken

lines in the same areas. The positions of GBs are indicated

by colored lines in the cross sectional profiles. We see that

the potentials at the GBs are higher than those of grain interi-

ors for sample S0 in Figs. 3(a) and 3(a0). This means that the

GBs are positively charged. This result shows that band

bending occurs downwards at GBs as shown in Fig. 4(a0).
This tendency was also observed in other Sb-doped n-BaSi2
films, samples S1 and S2 in Figs. 4(b0) and 4(c0), except sam-

ple S3. The downward band bending in n-type BaSi2 is bene-

ficial for the suppression of recombination of minority

carriers (holes). These holes experience a repelling force

near the GBs. In contrast, the potentials are smaller at the

GBs than those of the grain interiors in sample S3, meaning

that the GBs are negatively charged.

Next, we evaluated the potential barrier height, DEGB, at

GBs by

DEGB ¼ �qðVGB � VG;aveÞ; (1)

where VGB and VGB,ave are the potential at GBs and the av-

erage potential in the inner parts of two adjoining grains,

respectively. The symbol q denotes the elementary charge.

The same procedure was repeated for approximately 30

GBs in each sample. The histograms of barrier height are

shown in Figs. 4(a)–4(d). The barrier height for holes (mi-

nority-carriers) was positive for samples S0–S2 in Figs.

4(a0)–4(c0), and negative for sample S3 in Fig. 4(d0). The aver-

age barrier height for holes was approximately 30 meV for

sample S0, and 10 meV or smaller for samples S1 and S2. On

the other hand, the average barrier height for electrons was

approximately 15 meV for sample S3. Minority-carriers (holes)

are attracted by the electric fields towards the GBs and thereby

may recombine at the GBs in this case. However, these barrier

heights are almost the same as the thermal energy of 26 meV

at RT (25 �C). Thus, we may expect that such small barrier

heights observed in samples S0–S3 do not deteriorate carrier

transport properties. Note that more heavily doping of Sb may

increase attractive electric fields for holes towards the GBs,

leading to recombination. Therefore, n should be designed as

small as possible for use as an active layer.

The band diagram across the GBs facilitates an estimate

of the area density of charges at GBs, rGB. We take here

sample S0, for example, and derive rGB in one dimensional

approximation. The positive charge rGB at the GBs is

shielded by the negative charge consisting of majority car-

riers (electrons) in the band bending region with a width 2W.

The electron concentration n(x) at a position x ð0 � x � WÞ
from the GB is given by the following Poisson’s equation:

FIG. 3. (a)–(d) AFM topographic and (a0)–(d0) KFM potential images with

their cross sections along white broken lines for samples S0–S3, respec-

tively. (a) and (a0) show the results obtained for undoped BaSi2. Reprinted

with permission from M. Baba et al., Appl. Phys. Lett. 103, 142113 (2013).

Copyright 2013 AIP Publishing LLC.
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d2

dx2
/ xð Þ ¼ qn xð Þ

e0er
; (2)

n xð Þ ¼ n exp
q/ xð Þ
kBT

� �
: (3)

Here, /ðxÞ is the potential with respect to the grain interior,

where there is no band bending, e0 the dielectric constant of

vacuum, er¼ 16 the dielectric permeability of BaSi2,52 kB the

Boltzmann constant, n¼ 5� 1015 cm�3, and T the absolute

temperature. Equation (2) can be solved numerically using

two boundary conditions, that is, /ð0Þ¼ 30 mV and

/ðWÞ¼ 0 mV. Numerical simulations show that the barrier

height at x¼ 0 reaches 30 meV when W is 120 nm. The value

W � 100 nm matches well to the cross section in Fig. 3(a0).
The area density of charges rGB present at the GBs is thus

obtained by using charge neutrality20

rGB ¼ 2

ðW

0

nðxÞdx � 2� 1011 cm�2: (4)

rGB was also calculated to be of the order of 1011 cm�2 in

samples S1 and S2. In the case of sample S3, the negative

sheet charge at the GBs is compensated by the positively

charged space-charge region with a width 2W. Assuming

complete ionization of Sb atoms and their uniform distribu-

tion in the grain interiors, rGB is given by20

rGB ¼ 2WNþD ¼ 2Wn � 1013 cm�2 (5)

for W � 100 nm. Here, NþD is the ionized Sb concentration.

One explanation for the negative charge at the GBs is that

the electrons supplied from the heavily Sb-doped n-BaSi2
grain interiors to the GBs outnumbered the positive charges

in samples S0–S2, giving rise to the band diagram as shown

in Fig. 4(d0).
The change of barrier height is explained at least quali-

tatively, assuming that Ef is pinned at GBs, whereas Ef

approaches the bottom of the conduction band, EC, in the

BaSi2 grain interiors with increasing n. The cause for the

downward band bending in the undoped n-BaSi2, sample S0,

is explained as follows. The GBs in the a-axis-oriented

BaSi2 films are mostly composed of BaSi2(011)/(0–11)

planes, and on these planes Ba atoms are dominant. Detailed

discussions were given in Ref. 8. In the a-axis-oriented

BaSi2 films on Si(111), there are three epitaxial variants

rotating by 120� with each other around the surface normal.

In the course of the epitaxial growth of a-axis-oriented

BaSi2, the (011) plane of one BaSi2 grain coalesces with the

(0–11) plane of another BaSi2 grain by lateral growth, form-

ing the GBs. Thus, it is reasonable to think that the GBs are

in excess of Ba atoms compared with the BaSi2 grain interi-

ors. Due to the difference in electronegativity between Ba

and Si, the Ba atoms are positively charged, and the Si4 tetra-

hedra are negatively charged in BaSi2. We speculate that is

why the potentials are higher at the GBs than those in the

grain interiors of the undoped BaSi2. Regarding Sb-doped n-

BaSi2, Si atoms are favorably replaced with Sb atoms as dis-

cussed in Table I, and thus Ef approaches EC with increasing

n. However, this is not likely to occur at the GBs because Ba

atoms are dominant. This might be the cause of the observed

change in barrier height.

We next discuss the barrier height at GBs. The effective

density of states in the conduction band, NC, is approxi-

mately 2.6� 1019 cm�3 from the principle-axis components

of the effective mass tensor for electrons and four equivalent

valleys at EC.3 The EC–Ef are calculated to be approximately

0.22, 0.14, 0.11, and 0.07 eV for samples S0–S3, respec-

tively, from the equation

EC � Ef ¼ kBT ln
NC

n

� �
(6)

using their n values. Considering that the average barrier

height for holes is approximately 30, 10, and 10 meV in sam-

ples S0–S2, and that for electrons is approximately 15 meV

in sample S3, the values of EC–Ef are estimated to be

approximately 0.19, 0.13, 0.1, and 0.09 eV, respectively, at

the GBs. This discussion clearly shows that the slight change

of Ef is necessary to occur at the GBs to account for the

observed change in barrier height. We think that defect states

FIG. 4. Histograms of barrier height at GBs for samples (a) S0, (b) S1, (c) S2,

and (d) S3. Schematic band diagrams across the GB are also shown in (a0)–(d0).
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exist at GBs, and the position of Ef at the GBs is changed

according to the degree of occupancy of those states by

electrons.53

C. GBs in B-doped p-BaSi2

Next, we discuss B-doped p-BaSi2. Figures 5(a)(a0)–5(c)(c0)
show the AFM topographic and KFM potential images,

measured for samples B1–B3, respectively. Their cross

sectional profiles along white broken lines in the same

areas are also shown. The positions of colored lines corre-

spond to those of GBs. We see that the potentials at the

GBs are smaller than those in the BaSi2 grains, indicating

that the GBs are negatively charged compared with the

grain interiors, and thereby band bending occurs upwards

at the GBs as shown in Figs. 6(a) and 6(b). The upward

band bending in p-type BaSi2 is favorable for the suppres-

sion of recombination of minority carriers (electrons).

These electrons are not attracted towards the GBs in sam-

ples B1 and B2. Regarding sample B3, it was difficult to

distinguish the position of GBs from AFM. However, it is

safe to state at least that the potential variations became

smaller with increasing p as shown in Figs. 5(a0)–5(c0).
The negative charge at the GBs is shielded by the

majority carriers (holes) in the band bending region with

a width 2W. Using similar equations like Eqs. (2)–(4),

rGB was calculated to be of the order of 1015 cm�2 for

samples B1 and B2.

Next, we evaluated the potential barrier height DEGB for

electrons at GBs using Eq. (1) for samples B1 and B2. The

histograms of barrier height at GBs are shown in Fig. 6. The

average barrier height was decreased from approximately

25 meV in sample B1 to 15 meV in sample B2. Such small

barrier heights also may not disturb the carrier transport

properties across the GBs in B-doped BaSi2. The change of

barrier height is explained qualitatively under the assumption

that Ef is pinned at the GBs while Ef in the grain interiors

approached EV with increasing p by replacement of Si atoms

in the BaSi2 with B atoms. The effective density of states in

the valence band, NV, is approximately 2.0� 1019 cm�3 from

the principal-axis components of the effective mass tensor

for holes and two equivalent valleys at EV.3 The Ef–EV are

calculated to be approximately 0.05 and 0.04 eV for samples

B1 and B2, respectively, from

Ef � EV ¼ kBT ln
NV

p

� �
: (7)

Considering that the upward band bending occurs even for

sample B2 (p¼ 4.0� 1018 cm�3), EF seems to be located

very close to EV at the GBs as shown in Figs. 6(a0) and 6(b0).
Regarding the different positions of Ef in p-BaSi2 from that

in n-BaSi2, we interpret that this result comes from emptying

the defect states at the GBs by heavily B doping. Figure 7

shows the bright-field TEM cross section of a 0.53-lm-thick

B-doped p-BaSi2 layer on undoped BaSi2/Si(111) grown by

MBE using the same growth condition as sample B3. We see

lots of B precipitates gathering along the GBs indicated by

white arrows. This result suggests that BaSi2 around the GBs

FIG. 5. (a)–(c) AFM topographic and (a0)–(c0) KFM potential images with

their cross sections along white broken lines for samples B1–B3,

respectively.

FIG. 6. Histograms of barrier height at GBs for samples (a) B1 and (b) B2.

Schematic band diagrams across the GB are also shown in (a0) and (b0).
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is supposed to be more heavily doped with B atoms than in

the grain interiors, forming pþ-BaSi2, and thereby resulting

in Ef being close to EV at the GBs. In other words, the defect

states are almost emptied. Another possibility is that such

heavily B doping may increase B atoms located at the inter-

stitial sites as discussed in Table II, leading to the formation

of localized states within the band gap of BaSi2 as shown in

Fig. 2(d), where Ef is almost pinned.

IV. CONCLUSION

We have evaluated the potential variations at the GBs in

a-axis-oriented Sb-doped n-BaSi2 and B-doped p-BaSi2 epi-

taxial films by KFM, and compared them with those in

undoped n-BaSi2. In the Sb-doped n-BaSi2 films, the band

bending occurred downwards at the GBs and the average

barrier height for holes was approximately 10 meV when n
was 1.2� 1017 and 3.2� 1017 cm�3. This downward band

bending changed to the upward band bending with a barrier

height of approximately 15 meV when n was increased to

1.8� 1018 cm�3. Much higher Sb doping may induce stron-

ger attractive electric fields for holes (minority carriers)

towards the GBs. Thus, n-type doping should be designed as

small as possible for use as an active layer. In the B-doped

p-BaSi2 films, the potential variations became smaller with

increasing p. Upward band bending was observed when p
was of the order of 1018 cm�3. The average barrier height for

electrons decreased from approximately 25 to 15 meV when

p was increased from 2.7� 1018 to 4.0� 1018 cm�3. In both

Sb-doped n-BaSi2 and B-doped p-BaSi2 films, the change of

barrier height was explained under the assumption that Ef

was varied depending on the degree of occupancy of the

defect states at the GBs, while Ef approached EC or EV in the

BaSi2 grain interiors with increasing carrier concentrations.

First-principles calculations revealed that Si substitution

with Sb is energetically favorable and forms n-type BaSi2.

In the case of B-doped BaSi2, Si substitution with B forms

p-type BaSi2; however, the interstitial insertion of B atoms at

the 4c site is also energetically favorable. The interstitial

insertion induces localized states in the band gap.
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