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This paper reports the preparation of hydrogenated amorphous silicon oxide (a-SiOx:H) thin films by 

using plasma enhanced chemical vapor deposition (PECVD) technique at various doping ratios of 

diborane/silane(RB=[B2H6]/[SiH4]=0% 、 0.75% 、 1.5% 、 4.5% 、 7.5%), and different carbon 

dioxide/silane gas flow ratios (RC=[CO2]/[SiH4]=0 and 1) at a substrate temperature of 200℃ (TS = 

200℃), a process pressure of 220Pa, a hydrogen dilution ratio (RH=[H2]/[SiH4]=200) and a power 

density of 1W·cm
-2

. We investigated the effect of various borane doping concentration on the 

microstrcture, optical and electrical properties of as prepared p-type a-SiOx:H thin films via Raman 

spectroscopy, X-ray diffraction spectrum, ultraviolet visible light transmission spectrum (UV-VIS) and 

variable temperature resistance measurement method. It was found that, with the increasing of boron 

doping ratios, the optical band gap decreases but the refractive index increases. The dark conductivity 

of doped amorphous films increases monotonously with the increasing of boron doping content, while 

the dark conductivity of doped a-SiOx:H films is not only determined by the concentration of dopant 

but also the crystallinity and oxygen content of the films. As increasing RB, the crystallinity of doped 

μc-Si:H and a-SiOx:H films simultaneously decreases, which causes the decrease of dark conductivity. 

Finally, B-doped a-SiOx:H thin films with a highest dark conductivity of 0.048 Ω
-1

·cm
-1 

have be 

prepared. 

 

 

Keywords: Hydrogenated amorphous silicon oxide; Boron doping ratio; Dark conductivity; Activation 

energy. 

 

 

1. INTRODUCTION 

Wide optical bandgap and highly conductive p-type layers is a key for improving the 

photovoltaic performance. To fabricate a p-type wide bandgap layer the doping effect is usually 

invoked, it is an important issue to understander the influence of doping on electronic and optical 
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properties. However, due to the coexistence of microcrystalline and amorphous phases in the μc-Si 

films, the electrical and optical properties are quite complicated. The mode of dopant atoms in μc-Si 

such as bonding structures, sites, and electrical activities will be influnced by the microstructures. For 

instance, Hydrogenated silicon oxide material is a good candidate for use as the p-layer[1,2], the 

bandgap of the a-SiOx:H layer could reach 1.7–2.16eV[3] depending on the oxygen content (x), and 

this kind of p-layer has been successfully used in the superstrate structure of glass/TCO/p-i-n/metal 

solar cells. In addition, several researchers have reported successful doping in nanocrystalline Si and 

the conductivity can be enhanced by B or P into nanocrystal doping[4-8]. This motivates further 

experimental investigations into nanocrystal doping. From the viewpoint of device application, further 

investigation of the electronic transport properties of doped nc-Si materials is necessary as various 

theoretical aspects and the mechanism of dopant incorporation is still under debate[9]. 

This report explores the microstructures, optical and electrical properties of the B-doped 

amorphous and microcrystallined silicon oxide thin films with various boron concentrations grown by 

PECVD. Through the Raman spectroscopy, X-ray diffraction spectrum, ultraviolet visible light 

transmission spectrum (UV-VIS) and variable temperature resistance measurement method, an attempt 

has been made to ascertain the growth mechainism of the highly conductive B-doped μc-SiOx:H thin 

films. 

 

 

2. EXPERIMENTAL 

Boron doped a-SiOx:H thin films with various boron concentrations were prepared on glass 

plates (76.2×25.4cm) and monocrystalline silicon substrates by using a set of multi-chamber PECVD 

system and a gas mixture of (SiH4 + CO2 + H2 + B2H6) as the precursors. During the growth process, 

the gas flow ratios of diborane to silane (RB = [B2H6]/[SiH4]) varied from 0.75%, 0.75%, 1.5%, 4.5% 

to 7.5%. Carbon dioxide to silane gas flow ratios (RC=[CO2]/[SiH4]) fixed as 0 and 1. Hydrogen 

dilution ratio (RH = [H2]/[SiH4]) was kept at 200. Substrate temperature (TS) was controlled at 200℃. 

The plasma was maintained with an electrode gap of 1.8cm, a power density of 1000mW·cm
-2 

and an 

electrode area was 240cm
2
. Base pressure was 3×10

-5
Pa. The working pressure was kept at 220Pa. The 

deposition conditions are shown in table 1.  

The microstructures of the films were analyzied by XRD diffraction spectra and Raman 

scattering spectroscopy. The Optical properties of the layers were investigated by ultraviolet visible 

light transmission spectrum (200-2000nm) and calculation technique[10] based on Swanepeol[11]
 

model. The temperature-dependent conductivity of samples were measured using a Fluke 1555 

insulation electrometer and the activation energy was deduced from an Arrhenius plot[12, 13]. Before 

the dark conductivity measurements, all the samples were heated in a vacuum hermetic tube of 

temperature controlled, and set the temperature range as 100℃, 150℃, 200℃, 250℃ and 300℃.  
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Table 1. PECVD condition for deposition 

 

RC RB RH Ts/℃ P.density /mW.cm
-2

 Pressure/Pa 

0 and 1 

0.75 

200 200 1000 220 
1.5 

4.5 

7.5 

 

3. RESULTS AND DISCUSSION 

3.1 Research of film microstructure 

Figure 4 shows the XRD diffraction spectra of p-a-Si:H and p-a-SiOx:H thin film at RB = 0%, 

0.75%, 1.5%, 4.5% and 7.5%. In the case of p-a-Si:H material, the XRD diffraction spectra of the 

samples prepared at RB = 0%, there are three obvious diffraction peaks appearing at (111), (220) and 

(311). With the increasing of RB, the peaks intensity of (111) decrease distinctly, while the diffraction 

peaks of (220) and (311) decrease both in intensity and sharpness. The average grain size is determined 

by using the Debye Scherrer[14] formula as follows: 
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 Figure 1. X-ray diffraction spectrum of thin film prepared with different doping boron ratio 

 

Where k = 0.89,  = 1.54056A, β denotes the full width at half maximum (FWHM) of the 

diffraction peak, and θ denotes the Bragg diffraction angle. From this formula, we estimated that the 

grain size of the p-a-Si:H thin film from the FWHM of the (220) peak. It was found that dx-ray decrease 

with the increasing of RB from 0% to 7.5% (dx-ray = 2~8nm at RB = 0%). This results imply that the 
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higher content of boron in the Si network gives rise to amorphization in the μc-Si film structure. This 

is mainly associated with the doping effect of boron and the atomic hydrogen etching effect[15,16]. 

Furthermore, it can be seen from Fig.1 that the three peaks of p-a-SiOx:H thin films are not appeared 

with the increasing of RB. The changes of the preferential crystallographic growth direction may be 

ascribed to the doping with carbon dioxide. In spite of this, XRD spectra results give the same trend of 

the evolution of the crystalline phase as that of Raman spectra when the RB is increased. 

For comparison, the Raman spectra of p-a-Si:H and p-a-SiOx:H thin films prepared with the 

different RB are shown in Fig. 2. The signals at 480cm
-1

 and 520cm
-1 

represent the transverse-optical 

(TO) vibration mode of amorphous silicon and the (TO) vibration mode of the crystalline silicon, 

respectively.  
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Figure 2. Raman spectra of films prepared with different B2H6/SiH4 doping ratios 
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As shown in Fig. 2 (a), there is an observable protrusion appearing at about 512cm
-1

 at the RB = 

0%, which is the corresponding crystalline phase, is obviously detected. When the doping ratio RB 

increase from 0% to 7.5%, there are no observable crystalline peaks, indicating that the films 

completely entered the amorphous phase. However, for samples doping with carbon dioxide, the broad 

band peaks appear at around 480cm
-1

, as shown in Fig.2 (b), which indicate that as-deposited samples 

exhibit purely amorphous structures. The results show that when the RB are increased and the CO2 are 

added, the μc-Si:H phase tend to decrease while the a-Si:H phase trend to increase. The crystalline 

volume fraction (Xc) shown in Fig. 2 (c) was deduced from Raman spectral results by the formula[17]: 

100
9.0 cba

bc
C 






III

II
X

           (2) 

Where Ia denotes the integrated area corresponding to amorphous phases in 470~480 cm
-1

, Ib 

denotes the integrated area corresponding to intermediate phases 506~512 cm
-1

, Ic denotes the 

integrated area corresponding to crystalline phases in 519~522 cm
-1

, and 0.9 denotes the correction 

coefficient. We found that Xc gradually decrease from 38.02% to 27.5% with the increasing of RB from 

0% to 0.75%. The observations give the same trend of the reported by R. Saleh et al., and it has been 

suggested that this effect is due to an increase in bond-angle and bond-length fluctuations as the dopant 

atom incorporated in the film causing the degradation of the short-range order[18]. Therefore, the 

reduction of crystallinity with the increase of RB should be caused by the increase of dopant 

concentration. Meanwhile, according to N. H. Nickel et al., as increasing the concentration of boron, 

the Raman spectra will be distorted and become weak due to the Fano effect[19]. As a result, the 

decrease of intensity of the Raman spectra with the increase of RB should be caused by the increase of 

amorphous component and the Fano effect in the doped microcrystalline films. 

 

3.2 Optical and electrical properties 

Figure 4 shows the transmission spectra of p-a-Si:H and p-a-SiOx:H thin films prepared with 

different boron doping ratios. It can be seen that the transmittance decrease sharply in the short wave 

period of p-a-Si:H film with the increasing of RB, which are shifted toward higher photon energy. For 

samples doped with CO2, the transmittance are higher monotonously in comparison with the 

conventional p-a-Si:H film counterpart. This is because of the increased number of Si-O bonds in the 

SiOx:H films[20,21]. 

A Tauc plot was usually used to describe the light absorption of an amorphous semiconductor 

Si films. In the present work, we have found for our samples a fairly good linearity of the (αhv)
1/2 

versus hv plot as shown in Fig. 5. This is the Tauc equation: 

( )
gE  hh 0        (3)

 

is widely used to define the band gap of amorphous semiconductors characterizing the transitions 

between the extended states.  

 



Int. J. Electrochem. Sci., Vol. 11, 2016 

  

10832 

0

20

40

60

80

100

0 300 600 900 1200 1500
0

20

40

60

80

100

wave number (cm
-1
)

 R
B
=0%

 R
B
=7.5%

 

 

tr
a
n

sm
it

ta
n

ce
 (

%
)

R
C
=0

R
C
=1

 

 

A

 
 

Figure 4. Transmission spectra of thin films prepared with different boron doping ratios  
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Figure 5. Tauc’s plot of thin films prepared with different boron doping ratios  

 

 

It can be seen that the optical band gap decreases monotonously with the increasing of RB，For 

the as-deposited p-a-Si:H films grown, the optical band gaps are varied from 1.68eV to 1.43eV and are 

enlarged to 2.04eV after doping with CO2 (RC = 1) that due to the increased number of Si-O bonds in 

the p-a-SiOx:H films. This results are similar to the observation of the transmission spectra. 

Extrapolating photon energy-dependent refractive indices to the non-absorbing region (extinction 

coefficient → 0), their estimated values n in the long wavelength limit[22] are shown in Fig. 6. The 

refractive index is an important wavelength-independent optical parameter related to the atomic 

structure and the mass density. 
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Figure 6. Refractive index and optical band gap variation of thin films prepared with different 

CO2/SiH4 gas flow ratios  
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Figure 7. Dark conductivity σd and temperature T variation of thin films prepared with different 

doping boron ratios 

 

We can see that there are the increase in the refractive index with the increasing of RB that can 

be attributed to the increase of the films mass density. While the refractive index of the p-SiOx:H film 

grown using carbon dioxide is lower than that of the film without any carbon dioxide, the oxygen-rich 

amorphous phase leads to a low refractive index and high band gap[23]. 
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Figure 7 gives the temperature-dependent conductivity for the as-deposited samples grown at 

different RB, the conductivity activation energy Ea is obtained using the slope of lnσ versus T
-1 

curve. 

The results were described according to Arrhenius plots: 

)
k

exp()(
B

a
0d

T

E
T




 

       (4) 

Where σ0 denotes the conductivity prefactor, T denotes the absolute temperature, kB denotes the 

Boltzmann’s constant, and Ea is the conductivity activation energy.  

The value of σd and Ea as a function of RB is shown in Figure 8. With the increasing of RB from 

0% to 7.5%, it can be found that the temperature dark conductivity of the p-a-Si:H films are decreased 

from 0.06 Ω
-1

·cm
-1

 to 0.029Ω
-1

·cm
-1

. According to the results of the Raman and XRD spectra, the 

decreasing of dark conductivity is mainly attributed to the decreasing of crystallinity even though the 

carrier concentration increases as the increasing of RB. Meanwhile, the corresponding values of 

conductivity activation energy increase from 0.115eV to 0.32eV. However, when RB = 1.5%, a break 

in the dark conductivity and activation energy appears; this transition of doped a-Si:H films should be 

caused by the increasing of doping content. Comparing with the B-doped a-Si:H films, the electrical 

properties of p-a-SiOx:H films seem to become poorer, the dark conductivity decrease from 0.042Ω
-

1
·cm

-1 
to 0.023Ω

-1
·cm

-1
, while the corresponding value of the conductivity activation energy increase 

from 0.116eV to 0.308eV with the RB between 0% and 1.5%.  
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Figure 8. dark conductivity σd and activation energy Ea variation of thin films prepared with different 

doping boron ratios 

 

This results are mainly due to the increased number of Si-O bonds in the SiOx:H films[20,21], 

its being the same as the thransmittance spectra. While the increasing of RB from 1.5% to 7.5%, the 

dark conductivity increase significantly from 0.023Ω
-1

·cm
-1

 to 0.036Ω
-1

·cm
-1

, and the conductivity 
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activation energy decrease from 0.308eV to 0.123eV. As a result, the increase in dark conductivity and 

the decrease in the corresponding activation energy of the B-doped a-SiOx:H samples are caused by the 

increase of the doping content[24]. Therefore, for the B-doped a-Si:H samples, the decrease of dark 

conductivity is mainly due to boron doping amorphization effect leading to the decrease of crystallinity 

as increasing RB. While it is also noted that the B-doped μc-Si phase contributes to achieving a 

sufficient dark conductivity[25]. 

 

 

4. CONCLUSION 

The B2H6/SiH4 ratio for the p-a-SiOx:H film plays a key role in controlling the structural, 

electrical, and optical properties of films. By using XRD spectra, it was found that the samples (RC = 

1) deposited with different RB are amorphous with no presence of the crystalline phase, but the sample 

deposited at RC = 0 and RB = 0% appeares in obviously diffraction peaks. Raman measurement analysis 

substantiated the results received from XRD, showing that the microcrystalline phase transfers to 

amorphous phase with the increasing of RB, and the crystallized fraction Xc of a-Si:H film decreases 

from 38.02% to 27.5%. The optical characterization based on transmittance spectra in the visible 

region show that the refractive index exhibits an upward trend with the increasing of RB, which can be 

caused by the densification of the amorphous network. Moreover, we discovered that the optical band 

gap decreases monotonously with the increasing of RB, and it is enlarged from 1.68eV to 2.04eV after 

doping with CO2 (RC = 1) that mainly due to the increased number of Si-O bonds in the p-a-SiOx:H 

films. According to the temperature-dependent conductivity measurements, it was found that the boron 

dopant causes the conductivity to increase and the activation energy to decrease with the increasing of 

RB due to the greater dopant content as RB increased.  
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