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 16 

Abstract 17 

We have successfully grown a-axis-oriented p-type BaSi2 films on Si(111) by in situ boron 18 

(B) doping using molecular beam epitaxy (MBE). The hole concentration in B-doped BaSi2 19 

was controlled in the range between 1017 and 1019 cm-3 at room temperature by changing the 20 

temperature of the B Knudsen cell crucible. The acceptor level was estimated to be 21 

approximately 23 meV.  22 

 23 

 24 

PACS: 78.40.Fy 25 

 26 
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1. Introduction 30 

It is important for solar cell materials to have a large absorption coefficient and a 31 

suitable band gap to yield high conversion efficiency. Materials that are composed of 32 

abundant and non-toxic elements are also desirable. Among such materials we have focused 33 

on semiconducting BaSi2. The BaSi2 has the orthorhombic lattice (space group Pnma) with a 34 

unit cell containing 8 Ba and 16 Si atoms, the latter of which form Si4 tetrahedra and can thus 35 

be considered as Zintl phase [1,2]. Semiconducting BaSi2 has the indirect band gap of 36 

approximately 1.3 eV matching the solar spectrum and has a very large absorption coefficient 37 

of 3×104 cm-1 at 1.5 eV [3-5]. Optical absorption measurements have shown that the band gap 38 

of BaSi2 can be increased up to 1.4 eV by replacing half of the Ba atoms in BaSi2 with 39 

isoelectric Sr atoms [6], which is in agreement with the theoretical calculations [7-9]. 40 

Recently, we successfully achieved large photoresponsivity and internal quantum efficiency 41 

exceeding 70% in a-axis-oriented BaSi2 epitaxial layers grown by molecular beam epitaxy 42 

(MBE) [10-13]. These results have spurred interest in this material. The basic structure of a 43 

solar cell is a p-n junction. Therefore, control of the conductivity of BaSi2 by impurity doping 44 

is a requirement. The carrier concentration of undoped n-BaSi2 is approximately 5×1015 cm-3 45 

[4]. According to Imai and Watanabe [14,15], substitution of Si in the BaSi2 lattice is more 46 

favorable than substitution of Ba from an energetic point of view by first-principles 47 

calculation. In our previous works, the electron concentration of Sb-doped BaSi2 was 48 
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controlled in the range between 1016 and 1020 cm-3 at room temperature (RT). In contrast, Al- 49 

and In-doped BaSi2 show p-type conductivity, but the hole concentration was limited up to 50 

3×1017 cm-3 [16-19]. Thus, it is highly required to find another impurity atom for heavily 51 

p-type doping of BaSi2. In this article, we chose to adopt boron (B) as an alternative impurity 52 

and aimed to achieve p-type doping of over 1019 cm-3 in BaSi2 films by MBE.  53 

 54 

2. Experimental 55 

Details of the growth procedure for in situ impurity doped BaSi2 films have been previously 56 

described for In- and Sb-doped BaSi2 [17]. An ion-pumped MBE system equipped with 57 

standard Knudsen cells (K-cells) for Ba and B, and an electron-beam evaporation source for 58 

Si was used. For electrical measurements, high-resistivity floating-zone (FZ) n-Si(111) (ρ > 59 

1000 Ω·cm) substrates were used. Briefly, MBE growth of B-doped BaSi2 films was carried 60 

out as follows. Firstly, a 10-nm-thick BaSi2 epitaxial film was grown on Si(111) at 600 °C by 61 

reactive deposition epitaxy (RDE; Ba deposition on a hot Si substrate), and this was used as a 62 

template for the BaSi2 overlayers. Next, Ba, Si, and B were co-evaporated at 600 °C onto the 63 

BaSi2 template to form impurity-doped BaSi2 by MBE. The thickness of the grown layers 64 

including the template was approximately 200-250 nm. The temperature of B, TB, was varied 65 

from 1250 to 1575 °C in samples A-G. The deposition rates of Si and Ba were approximately 66 

1.5 and 4.0 nm/min, respectively. Sample preparation was summarized in Table 1. It turned 67 
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out that it was difficult to make ohmic contacts with Au/Cr on as-grown B-doped BaSi2 films 68 

for samples grown at TB≤1500°C. Thus rapid thermal annealing (RTA) was performed at 69 

800 °C for 30 s in an Ar atmosphere with heating rate of 40°C/s for (samples C-G) prior to the 70 

deposition of Au/Cr electrodes.  71 

The crystal quality of the already grown layers was characterized by X-ray diffraction 72 

(XRD) and reflection high-energy electron diffraction (RHEED) measurements. The electrical 73 

properties were characterized by Hall measurements using the van der Pauw method. The 74 

applied magnetic field was 0.5−0.7 T, normal to the sample surface. Secondary ion mass 75 

spectroscopy (SIMS) measurements using O ions were performed to investigate the depth 76 

profile of B doped. Reference samples with a controlled number of B atoms doped in BaSi2 77 

have not yet been prepared but will be necessary to precisely determine the impurity 78 

concentration by SIMS.  79 

 80 

3. Results and discussion  81 

 Figure 1 shows the θ-2θ XRD patterns of B-doped as-grown BaSi2 films with 82 

TB=1250-1575 °C. The diffraction peaks of (100)-oriented BaSi2, such as (200), (400) and 83 

(600), are dominant in the θ-2θ XRD patterns. These peaks match the epitaxial relationship 84 

between BaSi2 and Si. The forbidden diffraction peak designated by (*) is considered to be 85 

due to double diffraction. Further increase of TB resulted in two new diffraction peaks of 86 
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rhombohedral B(110) around 2θ=36° and B(220) at 2θ=77°. This means that the crystalline 87 

quality starts to deteriorate with increasing the amount of B atoms in the BaSi2 films. Figures 88 

2(a)-2(h) present the streaky RHEED patterns of B-doped as-grown BaSi2 films prepared with 89 

TB=1250-1575 °C, respectively, observed along the Si[11-2] azimuth, indicating that the 90 

BaSi2 films were grown successfully. Figs. 3(a) and 3(b) show the SIMS depth profiles of B 91 

concentration NB in the B-doped as-grown BaSi2 films prepared with TB=1450 and 1550 °C, 92 

respectively. The doped B atoms are uniformly distributed in the grown layers in both samples, 93 

and they did not show any diffusion tendency. Similar results were also obtained in other 94 

samples. The averaged value of NB for BaSi2 prepared with TB=1450 °C is approximately 95 

2×1021 cm-3 in Fig. 3(a), while that with TB=1550 °C is 1×1022 cm-3 in Fig. 3(b). This result is 96 

explained relatively well by the difference in vapor pressure of B; The vapor pressure of B at 97 

1550 °C is approximately 7 times larger than that at 1450 °C [20]. These results mean that the 98 

concentration of B atoms in the BaSi2 can be controlled by TB. The B concentrations in the 99 

SIMS profiles shown in Fig. 3 were corrected using reference samples, where controlled 100 

number of B atoms was doped in the BaSi2 films by ion implantations. The activation rate of 101 

B atoms can be thus estimated, that is approximately p=1019 cm-3/NB=1022 cm-3≅ 0.1% for 102 

sample H. But it was found from plan-view transmission electron microscopy images and also 103 

from the θ-2θ XRD patterns that some amounts of B atoms were in the form of B clusters. 104 

Thus the actual B activation rate in the BaSi2 film is supposed to be much higher than the 105 
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above value of 0.1%, and it is approximately 1% for sample H. The reason of such a small 106 

activation rate of B is probably attributed to relatively low growth temperature of 600°C and 107 

too much B concentrations.  108 

We next move on to the electrical properties of B-doped as-grown BaSi2 films, 109 

samples H and I. The hole concentration p was 1.0×1019 for sample H, and 2.5×1018cm-3 for 110 

sample I at RT. These values are the highest ever reported for p-type BaSi2. We speculate that 111 

defects induced by crystallized B in the BaSi2 film could cause the reduced p in sample I. In 112 

order to evaluate the acceptor level EA in sample H, we performed the temperature 113 

dependence of p. To secure the ohmic contacts on the surface at lower temperatures, first the 114 

temperature dependence of current-voltage (I-V) characteristics were measured as shown in 115 

Fig. 4(a). Ohmic behavior was confirmed over the wide temperature range between 30 and 116 

300 K. Resistance increases with decreasing temperature in Fig. 4(a), which is typical for 117 

semiconductors. Fig. 4(b) gives the temperature dependence of p for sample H. The acceptor 118 

level calculated using Eq. (1) was about 23 meV.  119 

)
2

exp(-
B

A

Tk
Ep ∝                 (1) 120 

Here, kB is the Boltzmann’s constant, and T the absolute temperature. This EA value is much 121 

smaller than that in Al-doped BaSi2 (EA=50, and 140 meV) [18]. Such a shallow EA  level of 122 

23 meV could be the reason for heavily p-type doing in sample H. Regarding the other 123 

samples, it was difficult to obtain reliable hole concentration and mobility data at RT. Thus, 124 
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we performed the RTA treatment on samples C-I to achieve activation of doped B atoms. The 125 

obtained p and hole mobility µh were summarized in Table 1. The hole concentration 126 

increases gradually from 1017 to 1019 cm-3 with increasing TB, thereby showing that the RTA is 127 

a very effective means to activate the B atoms.  128 

Figure 5 shows the measured µh versus p for B-doped BaSi2. As the hole 129 

concentration increases the mobility decreases. This trend is usually predicted by ionized 130 

impurity scattering in conventional semiconductors. The hole mobilities are always smaller 131 

than the electron mobilities in Sb-doped BaSi2 [17]. According to Migas et al., this is 132 

attributed to a larger effective mass for holes than electrons [3]. The p value reached a 133 

maximum of 3.4×1019 cm-3, and the resistivity was 0.02 Ω·cm in sample G. At present, only 134 

limited information has been obtained for the electrical properties of B-doped BaSi2. We 135 

speculate that both growth temperatures during MBE and RTA duration influence the 136 

electrical properties of B-doped BaSi2. Thus, further studies are necessary in order to optimize 137 

the growth condition for B-doped BaSi2 films by MBE.  138 

 139 

4. Conclusions 140 

We achieved the hole concentration of over 1019 cm-3 at RT in in situ B-doped BaSi2 141 

films by MBE. The acceptor level was estimated to be approximately 23 meV from the 142 

temperature dependence of hole concentration. The RTA treatment performed at 800 °C for 143 
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30 s in Ar activated the B atoms in the BaSi2 films. The hole concentration increased by the 144 

RTA treatment and reached a maximum of 3.4×1019 cm-3 for BaSi2 prepared with 145 

TB=1550 °C.  146 

 147 
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Figure Captions 186 

 187 

Fig. 1 θ-2θ XRD patterns of B-doped BaSi2 films grown at TB=1250-1575 °C. 188 

 189 

Fig. 2 RHEED patterns of B-doped BaSi2 films when TB is (a) 1250, (b) 1300, (c) 1350, (d) 190 

1400, (e) 1450, (f) 1500, (g) 1550, and (h) 1575 °C, observed along the Si[11-2] azimuth. 191 

 192 

Fig. 3. SIMS profiles of B for BaSi2 films grown at TB= (a) 1450 and (b) 1550 °C.               193 

     194 

Fig. 4. Temperature dependence of (a) I-V characteristics and (b) p for B-doped as-grown 195 

BaSi2 films grown with TB=1550 °C (sample G). 196 

 197 

Fig. 5. Relationship of measured µh versus p for B-doped BaSi2 films at RT. 198 

 199 

 200 

 201 

 202 

203 
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Table 1 Sample preparation: B temperature, annealing temperature and duration during RTA, 204 

measured hole concentration and mobility are shown.  205 

 206 

Sample      TB          RTA             p        µp 207 

           (°C)                      (cm-3)    (cm2/V·s) 208 

A         1250          w/o              -         - 209 

 210 

B         1300          w/o              -         - 211 

 212 

C         1350          800 °C /30 s    8.5×1016     23 213 

 214 

D         1400          800 °C /30 s    1.2×1017     168 215 

 216 

E         1450          800 °C /30 s    5.0×1017     59 217 

 218 

F         1500          800 °C /30 s    5.2×1017     17 219 

 220 

G         1550          800 °C /30 s    3.4×1019     8.3 221 

 222 

H         1550           w/o          1.0×1019     6.3 223 

 224 

I          1575     w/o         2.5×1018     8.3 225 

 226 

 227 

 228 
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