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In order to control the electrical properties of an evaporated BaSi2 film, which is an emerging

candidate for the absorber-layer material of earth-abundant thin-film solar cells, we have investigated

the effects of deposition rate on the produced phases, microstructure, and carrier density of the thin

films grown by thermal evaporation of BaSi2. X-ray diffraction results show that a high substrate

temperature is necessary for BaSi2 formation at a high deposition rate, which is discussed from view-

points of vapor composition and diffusion time. Microstructural characteristics such as grain size of

30–120 nm, oxide particle arrays present around the interface, and partial oxidation at a low substrate

temperature are revealed by cross-sectional transmission electron microscopy, X-ray photoelectron

spectroscopy, and scanning electron microscopy combined with an energy-dispersive X-ray spectros-

copy. With increasing deposition rate, the crystalline quality of BaSi2 is found to improve, as evi-

denced by a decrease in full-width at half maximum of a [Si4]4� vibration band in Raman spectra. At

the same time, electron density, which is determined by Hall measurement, decreases with deposition

rate. The variation of electron density is discussed on the basis of microstructural characteristics and

BaSi2 formation mechanism. The most probable reason is concluded to be composition deviation

from stoichiometry. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4959214]

I. INTRODUCTION

The BaSi2 semiconductor is attracting much attention as

an alternative candidate for the absorber layer of thin-film

solar cells because of potential high efficiency as well as the

abundance of constituent elements in the earth’s crust.

Recent extensive studies have shown that BaSi2 has excel-

lent optoelectronic properties for photovoltaic applications

including an appropriate band gap of 1.1–1.3 eV,1–5 high

optical absorption coefficients (>104 cm�1 for a photon

energy of >1.4 eV),3–6 and long minority-carrier diffusion

length (10 lm)7 and lifetime (up to 11 ls).8 In addition, the

control of carrier type and density is possible by impurity

doping.9–16 For 2-lm-thick BaSi2 homojunction diodes, a

photoconversion efficiency of 25% is expected under ideal

conditions.17

BaSi2 epitaxial films can be grown on Si substrates by

molecular beam epitaxy,18,19 and have been used for funda-

mental studies. For practical applications, however, a more

simple and high-speed process is favorable. We are therefore

developing a thermal evaporation technique for BaSi2. So

far, we have realized BaSi2 films on various substrates such

as silicon,20 glass,5 and CaF2,21 and have revealed the BaSi2
formation mechanism.5,20,22,23 The composition of the vapor

produced from BaSi2 by thermal evaporation is Ba-rich in

the initial stage and it changes to Si-rich as evaporation pro-

ceeds.20 And, in average, vapor composition is Ba-rich.5 For

the formation of homogeneous BaSi2 layer, therefore, atomic

diffusion and the reaction between excess Ba atoms and Si

substrate are essential processes.5,20 In fact, it has been dem-

onstrated that a high growth temperature is necessary to pro-

mote diffusion for the formation of thick BaSi2 films.22

Here, deposition rate is presumably another critical parame-

ter influencing the time and extent of the diffusion of depos-

ited atoms and the Ba–Si reaction. Effects of deposition rate

on the thermal evaporation process of BaSi2 has, however,

not been investigated so far.

For electrical characterization, we have previously pre-

pared evaporated BaSi2 films on an insulating CaF2 sub-

strate.21 Determined carrier (electron) density was very high

(6� 1020 cm�3).21 For absorber-layer applications, it is

essential to lower and control the carrier density. In the pre-

vious study,21 we also found that a pre-deposited amorphous

Si layer, which was needed to control stoichiometry, brought

about a defective BaSi2 layer with small grain size in the bot-

tom part of the film, which may be one reason of high carrier

density. On the other hand, on a Si substrate, a Si supply

layer is not necessary and the crystalline quality of BaSi2 is

better.20 In this study, therefore, we focus on the electrical

properties of evaporated BaSi2 films grown on the Si sub-

strates. Electrical properties may also be modified when the

film structure is modified by deposition rate. Thus, the pur-

pose of the present study is to reveal the effects of deposition

rate on the structure and electrical properties of the thin films

fabricated by thermal evaporation of BaSi2 on Si substrates.

The BaSi2 formation window is revealed by structural char-

acterization, which supports the BaSi2 formation mechanism

previously proposed by us.5,20,22,23 The microstructure of the
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BaSi2 films is also elucidated. Moreover, electrical charac-

terization reveals a decreasing trend of electron density with

increasing deposition rate, which will be discussed in terms

of defects and impurities.

II. EXPERIMENTAL METHODS

We used commercial BaSi2 lumps (99% in purity,

Kojundo Chemical, Ltd.) as a source material for thermal

evaporation. The BaSi2 lumps were ground into granules of

a few millimeters and several of them were placed on a tung-

sten boat in a high-vacuum chamber. The granules were then

melted by resistive heating of the boat and the vapor was

deposited on the p-type Si(100) substrate placed by 15 cm

apart from the source. The base pressure of the chamber was

below 1� 10�3 Pa. We used two kinds of boron-doped p-

Si(100) substrates with different resistivities of �1000 and

1–30 X cm to discuss the accuracy of Hall measurement.

The Si substrates were cleaned by organic solvents (acetone

and methanol) followed by 2.5% HF solution for 1 min

before usage. Removal of the native oxide layer was con-

firmed by observing the hydrophobic nature of the surface.

Substrate temperature (Tsub) was varied in a range of

550–650 �C. By raising the heating current of boat, one can

observe with one’s eyes that the BaSi2 source melts and

gradually disappears. We opened the substrate shutter just

before rapidly raising the heating current for evaporation and

closed it just after the disappearance of melt. Average depo-

sition rate (R) was calculated by dividing the film thickness

by the period of shutter open. R was changed in a range of

64–2800 nm/min by the heating current. Let us note that the

evaporator used in this study is different from that in our pre-

vious studies.5,20,21

The structure of fabricated films was characterized by

grazing-incidence X-ray diffraction (XRD; Bruker Discover

D8) with Cu Ka radiation, Raman spectroscopy (Renishaw

inVia Raman microscope) with a diode laser (k¼ 488 nm),

scanning electron microscopy (SEM; JEOL JSM-7001FA)

with energy-dispersive X-ray spectroscopy (EDX) system,

transmission electron microscopy (TEM; Hitachi H-

9000NAR and HD-2700), and X-ray photoelectron spec-

troscopy (XPS; JEOL JPS-9200) with monochromated Al

Ka radiation. SEM-EDX was operated at an acceleration

voltage of 5 or 15 kV. Bright- and dark-field TEM images

were recorded at an acceleration voltage of 300 kV while

high-angle annular dark-field scanning transmission elec-

tron microscopy (HAADF-STEM) images were obtained at

200 kV. Depth profiles of XPS spectra were measured by

sputtering the sample with Ar þ ions. In order to take into

account the charging effects in the probably insulating sur-

face oxide layer, the XPS spectra from the surface were

referred to the C 1s core-level line (284.6 eV), which was

present as contaminant. Electrical properties were analyzed

by Hall measurement (TOYO ResiTest8308) with the van

der Pauw method. For the Hall measurement, 100-nm-thick

Al ohmic contacts were formed on the film surface by sput-

tering. Deposition rate of Al was 5 nm/min and no interme-

diate layers were used for adhesion.

III. RESULTS AND DISCUSSION

A. BaSi2 formation window

Figure 1 shows the XRD patterns of the evaporated films

deposited at Tsub ¼ 550 and 650 �C and R¼ 64 and 840 nm/

min. At 650 �C [Figs. 1(a) and 1(b)], all peaks are attributed

to orthorhombic BaSi2 phase, indicating the formation of

single-phase BaSi2 films, regardless of R. On the other hand,

at 550 �C, produced phases depend on R. At a low R value of

64 nm/min, only BaSi2 diffraction peaks are observed while

BaSi and Ba5Si3 coexist with BaSi2 at R¼ 840 nm/min. Also

at R¼ 200 nm/min (not shown), a mixture of BaSi2, BaSi,

and Ba5Si3 was produced although the amount of subsili-

cides seem to be smaller than at R¼ 840 nm/min. Thus, it is

found that a high Tsub is necessary for high-speed growth of

BaSi2 films.

FIG. 1. XRD patterns of the evaporated films grown at (a) Tsub ¼ 650 �C and

R¼ 840 nm/min, (b) Tsub ¼ 650 �C and R¼ 64 nm/min, (c) Tsub ¼ 550 �C
and R¼ 840 nm/min, and (d) Tsub ¼ 550 �C and R¼ 64 nm/min. The X-ray

incidence angle is 3:8�. Theoretical 2h–h patterns of barium silicide phases

are also displayed below the experimental patterns.
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You may notice that the BaSi2 formation temperature is

slightly different from our previous works.5,20,21 This is

because we used a different evaporator from previous one.

There are many differences between the two evaporators

such as chamber size, substrate heater, and the source–sub-

strate distance. At present, we cannot identify the factor

influencing the BaSi2 formation window. Our future study

on BaSi2 evaporation may provide hints to understand it.

The film thickness also changes with R. Figure 2(a) shows

the thickness of evaporated films deposited at Tsub ¼ 650 �C as

a function of R. Film thickness was measured by cross-

sectional SEM, one example of which (Tsub ¼ 650 �C and

R¼ 840 nm/min) is shown in the inset of Fig. 2. The film thick-

ness is found to increase with increasing R. This thickness

change is because the evaporation amount changes by source

heating current. As we reported previously, a part of source

remains on the boat after evaporation, and the residue consists

solely of Si atoms.5 The percentage of residual source is dis-

played in Fig. 2(b). The amount of source residue clearly

decreases with R, corresponding to the increase of vapor. This

result well explains the difference of film thickness.

The above results can be well explained on the basis of

the BaSi2 film formation mechanism previously proposed by

us.5,20,22,23 In the BaSi2 evaporation process, the vapor com-

position is Ba-rich in average5 and, in addition, the composi-

tion changes with time from Ba-rich to Si-rich.20 Diffusion

is, therefore, a requisite process for the formation of single-

phase BaSi2 films. Under the condition of Tsub ¼ 550 �C and

R¼ 840 nm/min, the diffusion time of atoms is probably not

enough. This is the reason why we obtained other barium sil-

icide phases. Present results clearly demonstrate the impor-

tance of diffusion for the formation of BaSi2 films.

B. Microstructural analysis

We have further investigated the microstructure of the

evaporated BaSi2 films by TEM, XPS, Raman spectroscopy,

and SEM-EDX. Figure 3 shows the cross-sectional TEM

images of the films grown at Tsub ¼ 650 �C and R¼ 64 and

840 nm/min. From the bright- and dark-field images [Figs. 3(a)

and 3(b)], it is found that the film grown at 64 nm/min has

slightly larger grains along a planar direction (70–120 nm),

while the film of 840 nm/min is elongated toward the growth

direction and the planar size is 30–120 nm. These grain

sizes are smaller than the domain sizes of BaSi2 epitaxial

films (>4 lm with optimized growth conditions24,25 and

100–300 nm at higher template growth rates7). By comparing

the films between R¼ 64 and 840 nm/min, one can notice that

one grain sometimes covers the total depth of the film from the

surface to the interface at R¼ 840 nm/min like a columnar

structure. On the other hand, no such columnar structure is

observed at R¼ 64 nm/min. It is known that the microstructure

of a film depends on Tsub and R. With increasing Tsub, micro-

structure changes from tapered crystallites with voids to

columnar grains, and then, recrystallized grains.26–28 The tem-

peratures of these transitions are Tsub=Tm ¼ 0:3 and 0.45,

respectively, where Tm denotes the melting point. Under the

present condition of Tsub ¼ 650 �C, Tsub=Tm ¼ 0:64, which

indicates a microstructure with recrystallized grains. This is

consistent with the observed structure at R¼ 64 nm/min. It is

also reported that, by increasing R, the transition temperature

increases.29 Partial columnar growth at R¼ 840 nm/min may

therefore be owing to the enhancement of the transition tem-

perature. One can also notice the film consists mostly of three

layers with different grains at R¼ 64 nm/min. This is probably

because the vapor was intermittently provided to the substrate

in correspondence with the evaporation of individual granule.

Another notable point is the wavy BaSi2/Si interfaces, which

agrees with the interdiffusion between the deposited atoms and

the substrate.5,20

HAADF-STEM images are displayed in Fig. 3(c), which

show the homogeneity of composition in most part of the

films. Around the interface, however, arrays of white par-

ticles (indicated by arrows) are noticed, which presumably

consist of different compounds from BaSi2.

This particle array was further investigated by XPS.

Figure 4 shows the depth profiles of XPS spectra of Ba 3d,

Si 2p, and O 1s core levels and calculated elemental compo-

sition. The Ba 3d core-level peak is strong until a sputter

time of 132 min, while it diminishes after that. On the other

hand, Si 2p peak becomes stronger after 132 min, indicating

that sputtering reached the Si substrate. The O 1s peak

appears around the surface until a sputter time of 12 min,

suggesting the existence of a surface oxide layer. Since a sur-

face oxide layer is present also on BaSi2 epitaxial films,30,31

surface oxidation is possibly a common phenomenon for

BaSi2 films. It should be noted here that the O 1s peak is

observed when 132 min of sputtering. This sputter time cor-

responds to the bottom part of the BaSi2 film. To clearly

show the depth, atomic fractions are displayed in Fig. 4(d) as

a function of sputter time. A slight increase of O content is

observed in the bottom part of the film, as indicated by a dot-

ted ellipse. This increase of O proportion agrees well with

the HAADF-STEM image with an array of white particles

[Fig. 3(c)]. Mean atomic number per volume of BaO (1:51

Å�3) is larger than BaSi2 (0:97 Å�3), which also agrees with

FIG. 2. (a) Film thickness and (b) percentage of source residue as a function

of R. Tsub ¼ 650 �C. Inset is an SEM image of the evaporated film deposited

at R¼ 840 nm/min. SEM was operated at an acceleration voltage of 15 kV.
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the bright HAADF contrast of particles. The array of par-

ticles in the bottom of the film is, therefore, an oxide particle

array.

The oxygen atoms in the oxide particle array are possi-

bly from the surface oxide layer of the BaSi2 source, which

will be removed in our next study. These oxide particles

would affect the crystal orientation of BaSi2 films. In fact,

the relative XRD intensity of present BaSi2 films is different

from previous ones.20

Chemical shifts of Ba 3 d and Si 2p around the surface

are also noticed in the XPS spectra. This is presumably due

to surface oxidation. The most prominent one is the Si 2p
peak at 100.7 eV, which is different from the inside of the

film (98.9 eV) and the substrate (99.1 eV). The peak position

of 100.7 eV is also different from the reference position for

SiO2 (103.6 6 0.4 eV). When SiOx (x< 2) is present, how-

ever, Si 2p core level can take a peak position between Si

(99.2 6 0.4 eV) and SiO2 (103.6 6 0.4 eV).32,33 It is therefore

suggested that Si atoms at the surface take a partially oxi-

dized state.

Crystalline quality was analyzed by Raman spectros-

copy. Figure 5(a) shows the Raman spectra of the BaSi2 films

grown at Tsub ¼ 650 �C and R¼ 64 and 2800 nm/min. Five

peaks corresponding to the vibration modes of Si tetrahedral

cluster ([Si4]4�) in BaSi2
34 are observed. It is noticed that the

film grown at a higher R of 2800 nm/min shows slightly

sharper bands than R¼ 64 nm/min. We used the full width at

FIG. 3. (a) Bright-, (b) dark-field

TEM, and (c) HAADF-STEM images

of the cross sections of evaporated

BaSi2 films deposited at Tsub ¼ 650 �C
and R¼ 64 and 840 nm/min.

FIG. 4. Depth profiles of XPS spectra of (a) Ba 3d, (b) Si 2p, and (c) O 1s
core levels in evaporated BaSi2 films deposited at Tsub ¼ 650 �C and

R¼ 64 nm/min, and (d) corresponding profiles of atomic fraction.
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half-maximum (FWHM) of the A1 mode at 480 cm�1 as an

indicator of crystalline quality. The FWHM values are shown

in Fig. 5(b) as a function of R. It is found that the FWHM

value decreases with increasing R, which means that the films

grown at higher R contain less crystal defects. It is also

noticed that Tsub does not have a significant influence on

FWHM. These results are apparently not consistent with ther-

modynamics, which expects lower-energy states close to

equilibrium with less defects at high Tsub and low R. They

can, however, be understood by considering the variation of

vapor composition with R and a reaction with the substrate as

discussed below.

As shown in Fig. 2(b), the amount of source residue

decreases with R, meaning that the vapor composition

becomes closer to stoichiometric with increasing R. The first

conceivable mechanism to explain the FWHM variation is

the formation of more Ba-rich films at lower R, according to

the vapor composition. Deviation from stoichiometry would

accompany the formation of defects such as Si vacancy. This

is, however, not probable when Tsub is sufficiently high. As

has been mentioned above, the vapor composition is Ba-rich

at the initial stage of evaporation, and it changes to Si-rich as

evaporation proceeds.20 When Tsub is sufficiently high for

the diffusion of Ba and Si atoms, initial Ba-rich vapor would

react with the Si substrate soon after deposition. Then, Si-

rich vapor is deposited on the BaSi2 film produced at the ini-

tial stage. The BaSi2 films are, therefore, probably more Si-

rich when R is lower at high Tsub. This consideration may

seem to be inconsistent with XPS quantitative analysis result

[Fig. 4(d)], which shows lower Si/Ba ratio than 2 around the

surface. This is presumably because of preferential oxidation

of Ba atoms. Since the surface oxide layer contains more Ba

atoms than the average of film, Si/Ba ratio is low around the

surface. In accordance with it, Si/Ba ratio is slightly high at a

sputter time of 52 min. Hence, the BaSi2 films grown at suffi-

ciently high Tsub are probably Si-rich except in surface oxide

layers.

At Tsub ¼ 550 �C, where the time for BaSi2 formation

through diffusion is comparable to the deposition time, both

phenomena should be taken into account. Figure 6 shows

cross-sectional SEM images of the films grown at Tsub ¼ 550

and 650 �C at R¼ 64 nm/min. Since the film grown at 550 �C
contains relatively rough areas, pictures for both the flat and

rough areas are shown. EDX spectra were obtained from the

point arrays depicted in Fig. 6(a) and elemental composition

has been calculated by the ZAF method. Although EDX

quantitative analysis is not accurate for oxygen, it is available

for relative comparison. Figure 6(b) shows the calculated O/

Si ratio along the point arrays. The O/Si ratio is lower for the

film grown at Tsub ¼ 650 �C especially near the surface than

that grown at Tsub ¼ 550 �C. Moreover, the rough area of the

550 �C-grown film contains more oxygen into deeper regions

than the flat area. This result indicates that the BaSi2 film

grown at Tsub ¼ 550 �C and R¼ 64 nm/min is partially oxi-

dized around the surface, especially in the rough areas. Since

Ba atoms are more easily oxidized than Si, this film may be

Ba-rich due to slow consumption of excess Ba atoms through

diffusion at Tsub ¼ 550 �C. The existence of oxides would

disturb the crystal structure of the BaSi2 phase, leading to the

increase in the FWHM of the A1 band in Raman spectrum, as

detected in Fig. 5.

Besides the vapor composition, there are two conceiv-

able factors for the FWHM variation. One is the contamina-

tion by oxygen, as detected by HAADF-STEM and XPS in

FIG. 5. (a) Raman spectra of the evaporated BaSi2 films deposited at

Tsub ¼ 650 �C and R¼ 64 and 2800 nm/min. (b) FWHM of the BaSi2 A1

band as a function of R.

FIG. 6. (a) Cross-sectional SEM images of the BaSi2 films grown at

R¼ 64 nm/min and Tsub ¼ 550 and 650 �C including the point arrays for

EDX scans. Flat and rough areas are shown for Tsub ¼ 550 �C. (b) Line pro-

file of O/Si atomic ratio.
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Figs. 3(c) and 4, and by desorbed molecules from the cham-

ber wall. Oxygen contamination is probably not the factor of

FWHM decrease with R because the amount of the oxide par-

ticles does not seem to significantly vary with R, as observed

in Fig. 3(c). On the other hand, desorbed molecules can

explain the FWHM decrease because evaporation time is

shortened as R increases, corresponding to the reduced time

of chamber wall heating. Another possible factor is grain size

difference. When R is higher, however, grain size along a pla-

nar direction is smaller [Fig. 3(b)], which is an opposite ten-

dency to FWHM. Although grain size along the growth

direction is larger for higher R, it is not detected by our

Raman spectroscopy because the penetration depth of 488 nm

laser (23 nm) is shallower than the grain size (>80 nm).

Possible mechanisms of the FWHM variation are there-

fore the composition deviation of films to Si-rich with

decreasing R or the contamination. Only when Tsub is low

(550 �C), the composition of films can be Ba-rich. This point

will be discussed later again with electrical properties.

C. Electrical properties

Electrical properties of evaporated BaSi2 films were

investigated by Hall measurement. All films exhibited n-type

conductivity. Figure 7(a) shows the electron density (n) of

the BaSi2/Si samples as a function of R. Four sets of data

with different substrate temperatures and resistivities, and

speculation are shown. First of all, it should be noted that n
decreases with increasing R. This tendency agrees with the

FWHM of A1 band in Raman spectra (Fig. 5). The possible

origin of carriers is, therefore, the crystal defects formed due

to nonstoichiometry or contaminant impurities.

Another finding is that the n values are significantly dif-

ferent on low- (1–30 X cm) and high-resistivity (�1000 X
cm) substrates. When using the low-resistivity substrate, cur-

rent may leak through the substrate. This hole current would

generate the opposite Hall voltage to that of the film. At the

same time, electron current flowing through the film is

reduced, which suppresses the Hall voltage in the film. The

overall Hall voltage is accordingly reduced due to leakage.

Since carrier density is inversely proportional to the Hall

coefficient, therefore, carrier density is possibly overesti-

mated on the low-resistivity substrate. This consideration is

consistent with the observed high n values with the low-

resistivity substrate.

From the above considerations, the n values when using

the high-resistivity substrate seem to be more accurate.

Under the present growth condition, however, the films

grown on the high-resistivity substrate suffered from crack-

ing, as shown in Fig. 7(b). The reason of cracking is still not

clear. A conceivable factor is thermal stress, which is

reported for BaSi2 epitaxial films grown on Si substrates.35

With the low-resistivity substrate, boron impurity may have

played as a surfactant during the BaSi2 growth, through

which cracking may have been suppressed. Surfactant effects

of B impurity are reported for Si and Ge growth.36,37 Despite

cracking of films on the high-resistivity substrate, the sample

shows negative Hall voltages. This is the evidence of the

existence of an n-type layer in the Si substrate near the inter-

face as depicted in Fig. 7(c). This induced n-type Si layer is

formed because of a lower electron affinity of n-type BaSi2
(3.2 eV)38 than p-type Si (4.0 eV), as discussed in our previ-

ous publications on impurity doping of BaSi2 films.14–16

Using such cracked films, we cannot detect the Hall voltage

in the film, but only that in the induced n-type layer. The

obtained n values are, therefore, underestimated on the high-

resistivity substrate.

Assuming that the BaSi2/Si interface is perfect so that

no Fermi level pinning occurs, we can speculate the real n
values in the film from those in the induced n-type layers

using the high-resistivity substrate data. We used the

wxAMPS software39 to simulate the distribution of electron

density (nsub) in the substrate with an arbitrary n value in the

film. When the nsub value averaged over the substrate thick-

ness agrees with an experimental n value, the input n value

was adopted as the presumable real n value. Thus, speculated

n values are displayed by blue triangles in Fig. 7(a). These

values are smaller than those of the low-resistivity substrates,

which agrees with the above consideration of overestimation

of n with low-resistivity substrates.

Figure 8 shows n of the BaSi2/Si samples fabricated at

Tsub ¼ 550 �C with the low-resistivity (1–30 X cm) sub-

strates. The films grown at R � 200 nm/min show high n val-

ues over 1022 cm�3. This is presumably resulted from the

FIG. 7. (a) n of the BaSi2/Si samples fabricated at Tsub ¼ 600 and 650 �C. (b)

Top-view SEM images of the films grown on low- (1–30 X cm) and high-

resistivity (�1000 X cm) substrates at Tsub ¼ 650 �C and R¼ 2800 nm/min.

(c) Schematic drawing of current flow path during the Hall measurement on

cracked samples.

FIG. 8. n of the BaSi2/Si samples with low-resistivity (1–30 X cm) sub-

strates fabricated at Tsub ¼ 550 �C.
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coexistence of metallic phases such as BaSi40 with BaSi2, as

revealed by XRD in Fig. 1.

It should also be noted that, at R¼ 64 nm/min, n is lower

(5� 1017 cm�3) at Tsub ¼ 550 �C than at 650 �C (5� 1018

cm�3). This tendency cannot be explained by contamination

with desorbed molecules because the amount of desorption

would not depend on Tsub. On the other hand, this Tsub

dependence is consistent with the consideration of nonstoi-

chiometry. As discussed on the basis of the Raman spectros-

copy (Fig. 5) and SEM-EDX (Fig. 6) results, the BaSi2 film

grown at Tsub ¼ 550 �C can be Ba-rich due to suppressed dif-

fusion, and the excess Ba atoms are oxidized. If the excess

Ba atoms are partly extracted from the Ba-rich BaSi2 phase

by oxidation, the BaSi2 phase becomes close to stoichiomet-

ric, where carrier density is expected to be reduced. Thus,

lower n at Tsub ¼ 550 �C is possibly because of suppressed

composition deviation from stoichiometry.

In summary, we have found that electron density in

evaporated BaSi2 films decreases with increasing R when

deposited at sufficiently high Tsub. This is probably because

of the composition deviation to Si-rich at low R. When Tsub

is low for diffusion of Ba and Si, the film can be Ba-rich, and

the excess Ba atoms are partly extracted from the BaSi2
phase by oxidation, which leads to low carrier density. The

present findings are essential for the control of electrical

properties of evaporated BaSi2 films, and can open the way

to solar cell and other electronic devices using evaporated

BaSi2 films.

IV. CONCLUSION

We have investigated the effects of R on the produced

phases, microstructure, and electrical properties of the thin

films fabricated by thermal evaporation of BaSi2. It has been

found that a high Tsub is necessary for high-speed fabrication

of BaSi2 films. When Tsub is low, subsilicides such as BaSi

and Ba5Si3 coexist with BaSi2 at high R because of insuffi-

cient diffusion time. The present 230–330-nm-thick BaSi2
films grown at Tsub ¼ 650 �C consist of crystal grains of

30–120 nm and include oxide particle arrays in the bottom

part. As evidenced by the FWHM of the A1 vibration mode

in Raman spectra, crystalline quality improves with increas-

ing R mainly because the composition deviation of BaSi2
would be suppressed at high R. When Tsub is low, partial oxi-

dation can also enhance the FWHM. Suppressed nonstoichi-

ometry presumably brings about low electron density, which

was determined by Hall measurement. This is an important

finding for the control of electrical properties of evaporated

BaSi2 films.
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