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Electron and hole mobilities versus temperature in semiconducting barium disilicide (BaSi2) 

have been systematically studied both experimentally and theoretically. The experiments were 

performed with undoped 250 nm-thick BaSi2 polycrystalline films grown by molecular beam 

epitaxy. The grain size of films ranged from 0.2 to 5 μm with the electron concentration of 

5.0 × 1015 cm-3. To investigate the hole mobility, B-doped p-BaSi2 films with various dopant 

concentrations were fabricated and studied. The experimental temperature dependence of the 

electron mobility in the range of 160 – 300 K was found to have a maximum of 1230 cm2/V∙s at 

218 K, while at room temperature (RT) it dropped down to 816 cm2/V∙s. We demonstrate that 

the temperature dependence of the electron mobility cannot be adequately reproduced by 

involving standard scattering mechanisms. A modified approach accounting for the grained 

nature of the films has been proposed for the correct description of the mobility behavior. The 

highest hole mobility in p-BaSi2 films reaching ~ 80  or 200 cm2/V∙s (for the films grown on 

(111) or (001) Si substrates, respectively) at RT is about an order or four times of magnitude 

smaller than that in n-BaSi2 films. Such a great difference we ascribe to the specific features of 

electron-phonon and hole-phonon coupling in semiconducting BaSi2. 

Keywords: Barium disilicide, polycrystalline film, Hall measurement, electron and hole 

mobilities. 

mailto:suemasu@bk.tsukuba.ac.jp
mailto:migas@bsuir.by


2 
 
1.   Introduction 

Nowadays efficient solar energy conversion is a very challenging task because it requires 

semiconducting materials with appropriate optical and carrier transport properties to effectively 

absorb solar light for electron-hole pair generation and to avoid the recombination of the pairs by 

spatial separation of electrons and holes [1]. Barium disilicide (BaSi2), which is well compatible 

with the conventional silicon technology and an environmentally friendly material, possesses the 

band gap of 1.15 – 1.30 eV [2], the rather large optical absorption coefficient near the absorption 

edge and the large minority-carrier diffusion length in addition to the long minority-carrier 

lifetime [3]. Thus, it promises to be very efficient in solar cell applications [3]. Recently, we 

successfully fabricated B-doped p-BaSi2/n-Si heterojunction solar cells on both Si (111) and Si 

(001) substates with efficiency approaching 10% [4, 5], and achieved the operation of BaSi2 

homojunction solar cells [6]. BaSi2 is also attractive for thermoelectric applications because of 

the large value of the Seebeck coefficient [7]. There are some investigations devoted to the study 

of BaSi2 basic electronic and optical properties [8, 9], but at the same time there is almost the 

lack of information on its transport properties. Here we present extended experimental data on 

the mobility of electrons and holes in BaSi2 in the temperature range 50 – 300 K along with their 

theoretical interpretation. 

2. Experimental 

An ion-pumped molecular beam epitaxy (MBE) system equipped with standard Knudsen 

cells (K-cells) for Ba and B, and an electron-beam evaporation source for Si was applied. For the 

fabrication of undoped n-BaSi2 films a silicon-on-insulator substrate with a 1 μm-thick n-Si(111) 

topmost layer (ρ > 1000 Ωcm) was used. This substrate was formed by bonding 500 μm-thick 

high-resistivity floating-zone (FZ) n-Si(111) and SiO2-capped Si(001) handle wafers. Then, the 

FZ-Si wafer was mechanically ground and polished by chemical mechanical polishing down to 

about 1 μm thickness. On the other hand, for B-doped p-BaSi2 films [10, 11], we used 500 μm-

thick high-resistivity (ρ > 1000 Ωcm) FZ n-Si(111) and n-Si(001) substrates. For all the samples, 
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after cleaning the substrate by heating at 900 ºC for 30 min in ultrahigh vacuum, a 5 nm-thick 

BaSi2 template layer was grown on the Si substrate synthesized by reactive deposition epitaxy 

(RDE) at 500 ºC using only the Ba source [12]. This template layer works as a kind of seed 

crystals for the subsequent BaSi2 layer [13]. Then a 250 nm-thick undoped BaSi2 film was 

formed on top of the template at 600 ºC in the MBE mode using both Ba and Si sources [14]. For 

B-doped p-BaSi2 films, Ba, Si, and B were evaporated on the template layer at 600 ºC. The B 

concentration was controlled by the crucible temperature of the B K-cell (TB) which was varied 

as 1000, 1100, 1170, 1230, and 1300 ºC. They are denoted as samples #1 − #5, respectively. 

Afterwards, a 3 nm-thick a-Si layer was deposited to prevent oxidation of the BaSi2 films. The 

deposition rates of Si and Ba were controlled using an electron impact emission spectroscopy 

(EIES; INFICON) feedback system. 

The crystal structure of the films was characterized by X-ray diffraction (XRD) using Cu 

Kα radiation and plan-view transmission electron microscopy (TEM) in TOPCON EM-002 

device operated at 120 kV. Electron backscatter diffraction (EBSD) analyses were performed to 

analyze the grain size of BaSi2. Concentration and mobility of electrons and holes, which were 

main charge carriers in the fabricated undoped and B-doped films, respectively, were measured 

by the Hall technique at temperatures between 20 and 300 K using a closed-cycle He cryostat on 

the van der Pauw structures with ohmic contacts made by sputtered Al. The applied magnetic 

field was 0.2 T. The measurement temperature was limited down to 145 K for undoped n-BaSi2, 

because of the difficulty in assuring ohmic contacts at such low temperatures. The electron 

concentration (n) of undoped BaSi2 extracted from the Hall measurements occurred to be 

5.0 × 1015 cm-3 at room temperature (RT). This value has been cross-checked by another method 

using the slope of the 1/C2 versus voltage plot, where C is the capacitance [15]. The activation 

energy of donor levels was approximately 30 meV, and the electron concentration did not change 

a lot in the measurement temperature range of 150−300 K [14]. The hole concentration (p) of B-

doped p-BaSi2 on Si(111) also did not show any significant change in the measurement 



4 
 
temperature range of 50−300 K, but depended on TB thereby the B concentration and it was 

varied from 5.0 × 1016 to 5.3 × 1018 cm-3 at RT. The activation energy of acceptor levels was in 

the range between 20 and 30 meV [10]. The fact that the BaSi2 is a semiconducting material in 

the above temperature range has been confirmed by the temperature dependence of spectral 

response [15]. B concentration (NB) was determined by secondary ion mass spectrometry (SIMS) 

using CS ions. Figure 1 shows Arrhenius plots of NB in B-doped BaSi2 films. SIMS 

measurements revealed that as TB increases, NB increases exponentially with an activation energy 

of 6.2 eV. 

 
Fig. 1. Arrhenius plot of B concentration NB. 

 

The X-ray diffraction measurements indicate the a axis of BaSi2 crystal grains to be normal 

to the silicon substrate surface as shown in Fig. 2. The observed (100)-oriented diffraction peaks 

such as (200), (400), and (600) are seen. Similar a-axis-oriented BaSi2 films were obtained for 

all the samples regardless of B concentration. 

Figures 3(a) and (b) show typical examples of bright-field (BF) and dark-field (DF) TEM 

images, respectively, along the BaSi2[100] azimuth for undoped BaSi2 on Si (111). The dark-

field image was taken under a two-beam diffraction condition to clarify the grain size of BaSi2. 

The a-axis-oriented BaSi2 epitaxial layer has grains with three BaSi2 epitaxial variants rotated by 
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120 deg to each other in the surface normal direction related to the three fold symmetry of 

Si(111) [3]. One of them is bright in Fig. 3(b). The grain size of undoped BaSi2 films was 

distributed in the range of 0.2 – 5 μm in the lateral dimensions with the simple orthorhombic 

crystal structure. The average diameter is approximately 2.7 μm as shown later. The grain size in 

the MBE-grown BaSi2 is dependent on the RDE growth conditions and can be varied from 

approximately 0.2 to more than 4 μm on Si(111) [17]. 

 
Fig. 2. θ-2θ XRD pattern of BaSi2 film deposited onto monocrystalline Si(111) substrate. The 

asterisk (*) indicates the peak for the Si substrate. 

 

 
Fig. 3. (a) Bright-field and (b) dark-field plan-view TEM images of undoped BaSi2 observed along 

BaSi2 [100]. The incident electron beam was slightly tilted for the grain boundaries to be seen clearly. 

 

Figures 4(a) and (b) are the counterparts of Figs. 3(a) and (b), respectively, for B-doped p-

BaSi2 film grown at TB=1100 ºC. In comparison with the undoped BaSi2 film in Figs. 3(a) and 
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(b), the grain size of B-doped BaSi2 decreased and the grain boundaries became a little dim and 

roundish, indicating the crystalline quality was degraded with doping. The decrease in the grain 

size of B-doped BaSi2 is probably attributed to the suppressed migration of Ba and Si atoms 

during MBE. The dislocations apparently observed in the TEM images of Figs. 3(a) and 4(a) are 

characterized by the density of about 3.5 × 109 in undoped BaSi2 and of 5.4 × 109 cm-2 in B-

doped p-BaSi2 at TB=1100 ºC, indicating that the dislocation concentration increased by the 

doping of B. These values can be underestimated. Hence, more dislocations are likely to be 

present in the grown films. With increasing B concentration, B atoms tend to precipitate in BaSi2 

[10], and hence those precipitates may act as nuclei for dislocations. 

 

Fig. 4. (a) Bright-field and (b) dark-field plan-view TEM images of B-doped BaSi2 film with 

TB=1100 ºC, observed along BaSi2 [100]. The incident electron beam was slightly tilted for the grain 

boundaries to be seen clearly. 

 

To provide an overview of how the grain size of BaSi2 film depends on NB, we have 

conducted EBSD measurements. Figures 5(a) – (d) show 12 × 12 μm2 EBSD crystal orientation 

maps of BaSi2 epitaxial films on Si(111) and distribution histograms of BaSi2 grain sizes for 

samples grown at different TB. Three colors in the orientation maps, that is red, green, and blue, 

denote three epitaxial variants in the a-axis-oriented BaSi2 films. The calculated average sizes of 

grains are also presented. Although the precise grain size can be obtained by plan-view TEM as 

presented in Figs. 3 and 4, the EBSD results revealed that the grain size of BaSi2 decreased with 
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NB. Completely the same analysis was performed for the undoped and B-doped BaSi2 epitaxial 

films on Si(001) substrates and the average grain sizes calculated from the histograms was 

estimated to be 7.8, 5.7 and 4.7 μm for the appropriate samples, respectively. Note that the grain 

size of BaSi2 films on Si(001) was much larger than that on Si(111), and also decreased when NB 

was increased. 

 
Fig. 5. EBSD crystal orientation maps of BaSi2 epitaxial films on Si(111) and distribution 

histograms of BaSi2 grain size for samples of grown (a) without B (the undoped n-BaSi2 sample), with TB 

= (b) 1000, (c) 1170, and (d) 1300 ºC. Average grain sizes calculated from the histograms are also 

presented. 
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The electron mobility measured as a function of temperature is shown in Fig. 6(a) and such 

a dependence can be conventionally divided into three main regions. The region I (160 ≤ T ≤ 218 

K) displays a sharp mobility raise with temperature till it reaches the maximum. The main 

scattering mechanism here is possibly defined by electron scattering on charge centers since the 

slope of the mobility curve closely follows the T 3/2 law [3]. The region II (218 ≤ T ≤ 243 K) 

represents the region of the mobility maximum, while the region III (243 ≤ T ≤ 298 K) is 

characterized by the fast mobility drop due to electron scattering on phonons with the almost  

T -3/2 dependence [3]. In addition to that the position of the mobility maximum (1230 cm2/V∙s at 

218 K) is shifted to the high temperature region as compared to other semiconducting silicides as 

well as the mobility itself has rather high values [2, 18 – 21]. Meanwhile, the mobility decreases 

to 816 cm2/V∙s at RT. 

Hole mobility in B-doped p-BaSi2 measured as a function of temperature is shown in Figs. 

6 (b) and (c). The following features can easily be traced: (1) The mobility (in p-BaSi2) at RT is 

about one order or four times smaller than the electron mobility (in n-BaSi2) for the films grown 

on (111) or (001) Si substrates, respectively. Also the hole mobility at appropriate temperatures 

has a tendency to decrease considerably from sample to sample when the dopant concentration 

increases. (2) The effect of scattering on charge centers or at the grain boundaries was traced 

only at low temperatures (at T < 100 K) for the two cases (namely # 4 and 5 in Fig. 6(b)) with the 

highest dopant concentrations (and also for the smallest average grain sizes). That means such an 

effect should be noticeable within a more extended temperature range in films with grains 

smaller than 1 μm. (3) Contrary to n-BaSi2 (Fig. 6(a)) the mobility maximum is located at 

temperatures lower than 100 K and for all the cases of p-BaSi2 (Figs. 6(b) and (c)) at T > 100 K 

the charge carrier mobility is defined mainly by scattering on phonons plus possible contribution 

by scattering on neutral impurity centers (as far the latter to be temperature independent). 
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Fig. 6. The experimentally measured carrier mobility versus temperature in BaSi2 films: (a) Hall mobility 

of electrons in undoped films; (b) and (c) mobility of holes in p-type films grown on (111) and (001) Si 

substrates, respectively. The appropriate Hall carrier concentration at RT is shown in brackets after the 

sample number. The samples have the following values of Hall carrier concentrations (cm-3) at RT: #1 – 

4.97 × 1016 ; #2 – 9.39 × 1016 ; #3 – 6.65 × 1017 ; #4 – 4.8 × 1018 ; #5 – 5.26 × 1018 for Si(111) and #1 – 

5.5 × 1016 ; #2 – 2.06 × 1017 ; #3 – 1.9 × 1018 ; #4 – 4.57 × 1018 ; #5 – 1.1 × 1019 for Si(001). 
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3.   Simulation 

Several standard and well-known scattering mechanisms are usually considered in 

semiconductors [22, 23]. Each mechanism can be described by the complex function of 

meaningful physical values which can be treated as an appropriate set of parameters. In our case 

if one accounts for all the possible scattering mechanisms the resulting mobility according to the 

Mathiessen’s formula is 

1/μ =1/μAC + 1/μNPO + 1/μPO + 1/μCIC + 1/μNIC,                                                      (1) 

where μAC, μNPO, μPO, μCIC, μNIC, are partial mobilities defined by carrier scattering on acoustic 

phonons, nonpolar and polar optical phonons, and charge and neutral impurity centers, 

respectively. Previously this approach was used for a number of semiconducting silicides [18 – 

21]. 

In the case of parabolic bands and nondegenerate charge carriers for each separate 

mechanism one has [22, 23] 

𝜇𝜇𝑖𝑖 =
4𝑞𝑞

3𝑚𝑚∗(𝑘𝑘𝑘𝑘)5/2√𝜋𝜋 
� 𝐸𝐸

3
2𝜏𝜏𝑖𝑖exp �−

𝐸𝐸
𝑘𝑘𝑘𝑘

� 𝑑𝑑𝑑𝑑
∞

0

, (2) 

 

where 𝑚𝑚∗  is the carrier effective mass (for electrons in bulk BaSi2 it is 0.42 with mxx=0.6; 

myy=0.37; mzz=0.3 and for holes it is 0.57 since mxx=0.31; myy=0.73; mzz=0.67 in units of free-

electron mass [8]), q is the electron charge, T is the absolute temperature, k is the Boltzmann 

constant, and 𝜏𝜏𝑖𝑖 is the momentum relaxation time of the i-th mechanism. 

For acoustic phonon scattering the relaxation time is [22, 23] 

𝜏𝜏𝐴𝐴𝐴𝐴 =
𝜋𝜋ћ4𝑞𝑞2𝜌𝜌𝑣𝑣𝑠𝑠

2

�2𝑚𝑚∗3𝐸𝐸𝐷𝐷2𝑘𝑘𝑘𝑘
 , (3) 

where ħ is the reduced Plank constant, ρ is the material density (3.66 g/cm3 for BaSi2 [2] ), vs is 

the mean longitudinal sound velocity (4.1 × 105 cm/s for BaSi2 [7]) , and D is a constant defined 

by the components of the deformation potential tensor. Usually it varies from 5 to 15 eV in 

semiconductors [22, 23]. 
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For optical nonpolar phonon scattering the relaxation time is [22, 23] 

𝜏𝜏𝑁𝑁𝑁𝑁𝑁𝑁 = 𝜏𝜏𝐴𝐴𝐴𝐴 �𝐶𝐶 �1 +
𝑘𝑘𝑇𝑇0

𝐸𝐸
�

1
2

+ exp �
𝑇𝑇0

𝑇𝑇
� �1 −

𝑘𝑘𝑇𝑇0

𝐸𝐸
�

1
2

�

−1

, (4) 

here T0= ħω0 /k, where ω0 is the optical phonon frequency, 𝐶𝐶 = 𝜂𝜂/2 �𝑇𝑇0
𝑇𝑇

� �exp �𝑇𝑇0
𝑇𝑇

� − 1�
−1

, and  

𝜂𝜂 = (𝐷𝐷𝑁𝑁𝑁𝑁𝑁𝑁/𝐷𝐷𝐴𝐴𝐴𝐴)2. The latter ratio of the nonpolar optical deformation potential to the acoustic 

one is a parameter of the model. 

Recently the thermoelectric properties of BaSi2 were studied as well as the longitudinal 

sound velocity was experimentally measured and the Debye temperature was estimated to be as 

low as 260 K for the acoustical mode of the phonon spectrum [7]. On the other hand, the lattice 

dynamic properties were estimated from the first principal calculations [24] pointing out from 

the presented phonon band structure that there are several optical modes and the highest 

frequency of the optical modes is 493 cm-1 which corresponds to the Debye temperature to be 

about 700 K. Moreover it should be noted that for acoustic phonons the Debye temperature has 

been estimated to be 240 K which correlates well with experimental data [7]. 

The momentum relaxation time due to polar optical phonon scattering is [22, 21] 

𝜏𝜏𝑃𝑃𝑃𝑃 = �25𝐸𝐸
𝑚𝑚∗

𝜋𝜋ћ2𝜀𝜀𝑝𝑝

𝑘𝑘𝑇𝑇0𝑞𝑞2 �𝑛𝑛(𝑇𝑇0) �1 +
𝑘𝑘𝑇𝑇0

𝐸𝐸
�

1
2

+ [𝑛𝑛(𝑇𝑇0) + 1] �1 −
𝑘𝑘𝑇𝑇0

𝐸𝐸
�

1
2

+  
𝑘𝑘𝑇𝑇0

𝐸𝐸
�(𝑛𝑛(𝑇𝑇0) + 1) arcsinh �

𝐸𝐸
𝑘𝑘𝑇𝑇0

− 1�
1
2

− 𝑛𝑛(𝑇𝑇0) arcsinh �
𝐸𝐸

𝑘𝑘𝑇𝑇0
�

1
2

��

−1

 , 

(5) 

where n(ω0)=(exp(ħω0/kT) - 1)-1, εp = (1/εin -1/ε0), εin and ε0 are the high-frequency and the static 

dielectric constants (ε0 = 14.6 and εin = 3.2 for BaSi2 [8]), respectively.  

Currently, there are some models describing scattering by charge centers, such as the 

Brooks–Herring or Conwell–Weisskopf models [22, 23] or recently proposed modified model by 

N. A. Poklonski et al. [25]. However, they all give qualitatively the same results. For the 

scattering by charge centers the relaxation time is given by [22, 23] 
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𝜏𝜏𝐶𝐶𝐶𝐶𝐶𝐶 = �
𝜋𝜋𝑁𝑁𝑖𝑖𝑍𝑍2𝑞𝑞4

𝜀𝜀0
2𝐸𝐸

3
2√2𝑚𝑚∗

�ln(1 + 𝑥𝑥) −
𝑥𝑥

1 + 𝑥𝑥
��

−1

 , (6) 

where Ni is the charge centers concentration, Z is the charge value of the center,  

x = 8mEr0
2/ћ2, 𝑟𝑟0 = (𝜀𝜀0𝑘𝑘𝑘𝑘/4𝜋𝜋𝜋𝜋𝑞𝑞2)1/2  is the Debye screening radius, n is the self-carrier 

concentration (n = 5.0 × 1015 cm-3 for BaSi2). And finally the Erginsoy’s formula can be used [22, 

23] for the neutral impurity scattering mechanism 

𝜏𝜏𝑁𝑁𝑁𝑁𝑁𝑁 = �
20𝜀𝜀0𝑁𝑁0ћ3

𝑚𝑚∗2𝑞𝑞2 �
−1

 , (7) 

where N0 is the neutral center concentration. 

Summarizing for the theoretical simulation we accounted for carrier scattering by the 

different kinds of phonons and by charge and neutral impurity centers. Generally, there are other 

possible scattering mechanisms [22, 26], but they do not play a noticeable role for our particular 

cases. As far as the dislocation density was estimated to be of the order of less than 1010 cm-2 in 

all our studied samples of BaSi2 and the mentioned mechanism would influence the resulted 

mobility for the density to be at least of the order of 1011 cm-2, we have excluded the carrier 

scattering by the dislocations from the analysis. Thus, in our theoretical modeling we have only 4 

unknown parameters: D (constant defined by the components of the deformation potential 

tensor), η (ratio of polar optical phonons to acoustic phonons deformation potential tensors) and 

the charge (Ni) and neutral (N0) impurity center concentrations as far as we know nothing a 

priori or from the experimental data about their possible values. All the other parameters for the 

scattering mechanisms considered were experimentally measured or reliably estimated. 

 

3.1 Simulation of the electron mobility in grained BaSi2 films 

All the above mentioned mechanisms of electron scattering represented by formulae (3) 

through (7) were accounted for the numerical simulation of the electron mobility in BaSi2 as a 

function of temperature. The main results are shown in Fig.7. We have found a lot of reasonable 
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sets of realistic parameters to reproduce only the region I or III of the experimental curve in 

addition to a few reasonable sets of realistic parameters to reproduce at least qualitatively e.g. the 

regions II and III of the experimental curve simultaneously as shown in Fig. 7(a). The latter 

results were obtained for the following set of parameters: D = 4 eV; η = 5; Ni = 2.0 × 1016 cm-3 

and N0 = 5.0 × 1015 cm-3 or less. Also we need to emphasize that the Debye temperature is one of 

the key parameters to reproduce the experimental data correctly. In our case the Debye 

temperature of 850 – 900 K is considerably higher than the possible experimental one of 700 K. 

And finally we stress out that one can correctly reproduce either the mobility rise with 

temperature due to scattering on charge impurity centers as well as the presence of the mobility 

maximum (to be about 1230 cm2/V·s) at the appropriate temperature (at 218 K) or the mobility 

drop with temperature due to scattering on phonons along with the correct position of the 

mobility maximum. But there is no any reasonable set of realistic parameters that allows one to 

reproduce at the same time all the regions of the experimental mobility data within the standard 

theoretical approach. In fact, in the theoretical modeling the region II is always rather broad as 

clearly seen in Fig. 7(a).  

It is evident that for an adequate description of the observed experimental data the 

theoretical approach requires some modifications. We make the following assumptions. The first 

one is the grained nature of the studied samples. Thus, the intergrain boundaries can be treated as 

small potential barriers [26] preventing charge carriers to escape from a grain at low 

temperatures and specific activation energy is necessary to overcome the barrier. And the second 

assumption takes into consideration the fact that in general experimentally obtained Hall 

mobility is 1.13…1.98 times larger than the drift one, depending on the scattering mechanism 

[22, 23]. Thus the resulting mobility can be written as μ* = γ·μ·exp(-EGB/kT), where EGB is the 

potential barrier height at grain boundaries and γ is the Hall factor. Fig. 7(b) represents the 

results of the simulation by implementing this modified approach with the following set of 

parameters: D = 4 eV; η = 2; Ni = 8 × 1015 cm-3, N0 = 5.0 × 1015 cm-3 or less and EGB = 62 meV; 
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γ = 1.8 and 1.2  for scatterings on charge centers and phonons, respectively. Here we note that 

the obtained value of the barrier height correlates well with the experimentally estimated one of 

50 meV [27], while the relative lowering of the Debye temperature results in nonadequate 

reproducing of the experimental data. However, it is also important to account for scattering on 

the charge impurity centers even at their relatively low concentrations (Ni of order of 1016 cm-3). 

Moreover, recently it was proposed [28] that Si vacancies in BaSi2 are responsible for the 

presence of such centers and their estimated concentration is in very good agreement with the 

results of our study. Such a simple approach allows one to understand the physics of the 

processes as well as it shows the importance to include the carrier tunneling through the 

intergrain potential barriers into consideration. 

Another possible more strict and rigorous approach is to include directly in Eq. (1) one 

additional term which describes charge carrier scattering by the grain boundaries [26], namely 

𝜇𝜇𝐺𝐺𝐺𝐺 =
𝑞𝑞𝐿𝐿𝐷𝐷

√8𝑚𝑚∗𝜋𝜋𝜋𝜋𝜋𝜋
exp �−

𝐸𝐸𝐺𝐺𝐺𝐺

𝑘𝑘𝑘𝑘
� , (8) 

where LD is the average grain size. Practically the same results as presented in Fig. 7(b) was 

reproduced by using this approach with the following set of parameters which summarized in 

Table 1 (the other parameter values were used as mentioned above) for the structures with three 

various grain size values. Here we emphasize that the most crucial parameter is the intergrain 

potential barrier height. The more the average grain size the higher the intergrain barrier. For the 

structures with large grains the barrier height value could be twice or even more higher than that 

preliminary estimated from the experiment [27]. Also note that the concentration of the charge 

centers should be also substantially higher than 1016 cm-3 which was estimated before [27]. So 

the adequate values of the intergrain potential barrier height as well as the concentrations and the 

nature of various point defects in the material need to be investigated more thoroughly both from 

the experimental and theoretical point of view.  
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Fig. 7. Electron mobility versus temperature in n-BaSi2 films: (a) comparison of the experimental 

data and theoretical results within the standard approach (experiment – black squares, simulation – solid 

and dashed curves: the upper solid curve at T0 = 900 K and lower dashed one at T0 = 850 K); (b) 

comparison of the experimental data and theoretical results within the modified model (experiment – 

black squares, simulation – solid and dashed curves: the upper solid curve at T0 = 700 K and the lower 

dashed one at T0 = 540 K). 

 

Table 1. Parameters used in the simulation of carrier mobility: D (constant defined by the components of 

the deformation potential tensor), Ni (charged impurity center concentration), EGB (potential barrier 

height) and LD (average grain size).  

LD (μm) EGB (meV) Ni (cm-3) D (eV) 

0.25 100 9 × 1015 4 

2.5 131 10  ̶  12 × 1016 3.5 

5.0 141 14  ̶  15 × 1016 3.4 
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3.2 Simulation of the hole mobility in grained BaSi2 films 

We have also performed the theoretical simulation (hole scattering mechanisms 

represented by Eq. (3) through (8)) of the hole mobility according to the experimental data for B-

doped BaSi2 grown on Si(111) and our best theoretical fits are presented in Fig. 8. The data on 

the parameter values used in calculations are summarized in Table 2. To correctly reproduce the 

main features in the experimental temperature dependence of the hole mobility one should 

assume first of all that the D parameter value (which is characterized by the strength of the 

carrier-phonon interaction) is significantly different for the n- and p-type BaSi2. This is due to 

the fact that in spite of the effective masses of electrons and holes are of the same order, the 

energy band extrema for the corresponding carriers are located in different k-points of the 

Brillouine zone (the maximum of the valence band is in the 0.7 × Γ-Y point, the minimum of the 

conduction band is in the T point [8]). It results in different values of the deformation potential 

tensors (as shown for some other materials such as Si, Ge, Bi [29]). Thus, the specific features of 

electron-phonon and hole-phonon coupling are mainly responsible for such a great difference in 

the corresponding values of electron and hole mobilities. 

Then it should be emphasized that the grain effect in mobility properties is negligible for the first 

three samples (#1-3) with the average grain size of more than 1.5 μm (Fig. 8(a)). In this case one 

should assume the appropriate intergrain potential barrier height to be less than 10 meV. Also it 

is interesting to note that for an adequate description of low temperatures behavior of hole 

mobility (at T < 100 K) for the rest of the samples (#4-5) with the highest dopant concentration 

(Fig.8(b)) more pronounced potential barrier associated with the grain boundaries should be 

introduced. Our estimates of the barrier heights to be 45 – 48 meV are consistent with the 

experimental data. According to [30] the barrier heights at the grain boundaries in p-BaSi2 were 

estimated to be a few tens of meV. Also it should be emphasized here that the value of the 

intergrain potential barrier is rather different for the electron and the hole subsystems. On the 

whole it can be treated as an analogous of different band offset for the conduction and valence 
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bands in heterojunctions. Moreover, there is one more feature for B-doped p-BaSi2, namely, 

scattering on the neutral impurity centers has a great influence on the carrier mobility versus 

temperature behavior. One could note a strong increase of the concentration of neutral impurity 

centers with the dopant concentration. We think that this issue can be originated from the 

formation of a relatively deep donor/acceptor + vacancy level, which is initially in a charged 

state while after thermal activation it becomes neutral [31]. The same tendency is valid for the 

charge impurity center concentration. Also it is interesting to note that MBE-grown BaSi2 films 

can contain rather high concentration of oxygen atoms [32].  In more detail, the possible 

mechanisms contributing to the Hall concentration, the concentration of neutral and charged 

centers are considered below. 

 
Fig. 8. Hole mobility versus temperature in p-BaSi2 films on Si(111): (a) comparison of the 

experimental data and theoretical results for the #1 – #3 samples; (b) comparison of the 

experimental data and theoretical results for the #4 – #5 samples 
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Table 2. Parameters used in the simulation of carrier mobility: D (constant defined by the 

components of the deformation potential tensor), η (ratio of polar optical phonons to acoustic 

phonons deformation potential tensors), the charged (Ni) and neutral (N0) impurity center 

concentrations, EGB (potential barrier height) and LD (average grain size). The appropriate LD 

values for the #2 and #4 samples (both on Si(111) and Si(001)) were obtained by the 

interpolation. 

Si(111)  

 Ni (cm-3) N0 (cm-3) D (eV) η EGB (meV) LD (μm) 

n-type 8 × 1015  

or higher 

5 × 1015 

or less 

4 2 62  

or higher 

0.25 

or higher 

p-type 

# 1 

 

1 × 1016 

 

5 × 1016  

or less 

 

12.5 

 

1 

 

10  

or less 

 

2.4 

# 2 4 × 1016 3.5 × 1017 12.5 3 10 or less 2.0 

# 3 8 × 1016 3.3 × 1018 12.5 5 10 or less 1.7 

# 4 2 × 1017 5.5 × 1018 14 5 45 1.3 

# 5 8 × 1017 9.5 × 1018 14 5 48 1.2 

Si(001)       
p-type 

# 1 

 
 

3 × 1016 

 
 

5 × 1016 

 
 
9 

 
 
1 

 

 

 

10  

or less 

 
 

7.8 

# 2 7 × 1016 7.2 × 1017 12 3 6 

# 3 7 × 1016 6 × 1018 12.5 3 5.7 

# 4 2 × 1017 9 × 1018 12.5 3 5.2 

# 5 2 × 1017 1 × 1019 12.5 3 4.7 

 

One should note that unlike the situation with n-type or p-type BaSi2 on Si(111)  substrate 

the grain effect in mobility properties of the samples grown on Si(001)  substrates is negligible 

for all the samples (#1-5) in this case. This is due to the fact that, on the one hand, here we deal 
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with the structures that consist of much larger grains and, on the other hand, it seems the 

appropriate intergrain potential barrier height to be less than 10 meV for such of the grains. All 

the above mentioned mechanisms of hole scattering represented by formulae (3) through (7) 

were accounted for in the numerical simulation of the hole mobility in BaSi2 as a function of 

temperature. The main results are shown in Fig. 9. The data on the parameter values used in 

calculations are summarized in Table 2. On the whole, the experimental results show the 

mobility values for the samples with low dopant concentration to be noticeably higher in our 

case as compared to ones obtained for the films fabricated on Si(111) substrates. From our point 

of view this fact could be connected first of all with the significant difference in the sizes of the 

grains in the polycrystalline films generated on different Si substrates. And as a consequence this 

leads to the changes in the values of deformation potential which characterize the intense of the 

phonon-hole interaction. Thus we can suggest that there is some weak D and η dependence on 

the reciprocal effective grain size. Generally the same tendency was observed for the p-doped 

BaSi2 samples on Si(111) substrates as well. Unfortunately, any theoretical quantitative estimates 

of this function a priori could not be done. Moreover any precise empirical attempt to establish 

such the function is also problematic due to the fact that the grain size distribution in our cases 

have a non-central character, i.e. a whole ensemble of the grains with rather close but different 

sizes almost equally make contributions to the resulting value of the mobility. 

Like the situation with the B-doped p-BaSi2 films on Si(111) substrates there is one more 

feature for the films on Si(001) substrates, namely, scattering on the neutral impurity centers has 

a great influence on the carrier mobility versus temperature behavior. One could note in Table 2 

a strong increase of the concentration of neutral impurity centers with the dopant concentration 

(not only non-activated boron atoms contribute to the values but it is known that MBE-grown 

BaSi2 films can contain rather high concentration of oxygen atoms [32]). Also such the trend can 

be noticed for the concentration of ionized impurity centers. It is interesting to trace how these 

values are related to the Hall carrier concentration (Fig. 10(a)). As seen, the charged center 
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concentration is significantly less than the Hall carrier concentration whereas the neutral 

impurity center concentration has higher values as compared with the last one. Moreover the 

same tendency can be traced for the samples obtained on Si(111) substrates (Fig. 10(b)). 

Accounting for this discrepancy of the values one can conclude there are some other hole 

activation mechanisms in this compound as compared with the traditional boron activation in 

silicon. It is known that in complex semiconducting compounds with mixed chemical bonding 

there are carrier activation mechanisms connected with different lattice defects, deep levels, 

stoichiometry disorder etc. [26]. Thus, the additional hole concentration in the systems under 

consideration can be defined by the following possible reasons: (1) if there are interstitial boron 

and/or oxygen atoms in BaSi2 grains and they provide the additional impurity energy levels 

which are located not far from the top of the valence band [33]; (2) if there are silicon vacancies 

in BaSi2 grains (e.g. it is a common situation for silicon and germanium where such the defects 

can be treated as acceptor centers); (3) it is interesting to note that the so-called E-centers (boron 

+ vacancy) and A-centers (oxygen + vacancy) can be treated as the accepter centers as well [31, 

33]. Moreover after the thermal activation (annealing) such the centers become neutral. But one 

need to emphasize that to clarify this issue in details the additional experimental and theoretical 

investigations should be performed. 

Comparison of the data on boron concentration from the SIMS analysis to the data on the 

charge impurity centers and the Hall carrier concentrations (Fig. 10(b)) for the samples #2 – #4 

indicates two issues. First of all, it is evident that not all the boron atoms are activated in 

traditional sense of a word and, secondly, there are some additional mechanisms of carrier 

activation which should be involved to reproduce the general tendency of the Hall carrier 

concentration increase. For the extremely low value of boron concentration (4.4 × 1014 cm-3, the 

sample #1) the role of other point defects or defect complexes in BaSi2 for the carrier activation 

is crucial. For the highest value of boron concentration (2.1 × 1019 cm-3, the sample #5) it seems 

the effects of significant boron precipitations occur. Moreover, accounting for high oxygen 
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concentration in the material under consideration [32] the questions connected with preferable 

oxygen atom distribution (e.g. oxygen precipitations along the intergrain boundaries) also should 

be studied more in details. 

 

 

Fig. 9. Hole mobility versus temperature in p-BaSi2 films on Si(001): (a) comparison of the 

experimental data and theoretical results for the #1 – #3 samples; (b) comparison of the 

experimental data and theoretical results for the #4 – #5 samples 
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Fig. 10. Experimental Hall carrier concentration (pHall) for different samples of p-BaSi2 films on 

(a) – Si(001) and (b) – Si(111) at RT and theoretically estimated both neutral (N0) and charged 

(Ni) impurity center concentrations. SIMS data on boron concentration are indicated by the 

dashed line. TB are the following: #1 – 1000 °C, #2 – 1100 °C, #3 – 1170 °C, #4 – 1230 °C, #5 – 

1300 °C. 
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Conclusions  

The performed analysis of the experimental temperature dependence of the electron mobility in 

the grained polycrystalline BaSi2 films with very low impurity concentrations (~ 5.0 × 1015 cm-3) 

shows that the low temperature part i.e. the sharp raise of the mobility (the region I in Fig. 6(a)) 

is mainly defined by intergrain boundaries (~ 60 meV or up to twice higher) to be surpassed by 

the electrons. The delicate balance between intergrain boundary scattering and scattering on the 

phonons, the latter defines the high temperature part (the region III in Fig. 6(a)), results in the 

narrow electron mobility maximum (the region II in Fig. 6(a)) shifted to higher temperatures as 

compared with the case of monocrystalline BaSi2 (which is associated with the traditional 

mechanisms), when intergrain boundaries are absent and scattering at low temperatures is solely 

defined by charge centers (Fig. 7). To this end, the electron mobility in polycrystalline BaSi2 at 

300 K (to be 816 cm2/V∙s) is larger than in the other semiconducting silicides. The analysis of 

the experimental temperature dependence of the mobility in the BaSi2 films shows that the hole 

mobility in p-BaSi2 at RT is about one order or four times smaller (depending on the Si 

substrate) with respect to the electron mobility in n-BaSi2. Also the hole mobility values have a 

tendency to considerably decrease from sample to sample with increasing the dopant 

concentration. Such a great difference in the corresponding values of electron and hole mobility 

is primarily due to the specific features of electron-phonon and hole-phonon coupling. On the 

whole, the hole mobility versus temperature behavior is mainly defined by scattering on phonons 

and partly by scattering on neutral impurity centers. For device applications, where higher hole 

mobility values are desirable, we can suggest using BaSi2 grown on Si(100) substrates rather 

than Si(111) ones. 
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