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plasma-enhanced chemical vapor deposition (PECVD), using silane (SiH
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) diluted in hydrogen, and dibo-
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) as a dopant gas. The concentration of B
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was varied in the range of 0–100 ppm. The micro-

structure and morphology of samples were analyzed by atomic force microscopy (AFM), X-ray diffrac-

tion (XRD), and Raman spectroscopy. A trend towards increasing crystalline volume fraction and grain

size were observed as boron concentration in the samples increased; while the XRD spectra show that the

peak intensity at 2θ ≈ 47° decreases and becomes gradually amorphous with the increasing degree of dop-

ing. The doped microcrystalline silicon films presented a crystallographic preferential orientation in the

plane (220). Correlations between structural and electric properties were also studied.
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In this work, a series of boron doped microcrystalline silicon films (µc-Si:H (B)) were deposited by 

plasma-enhanced chemical vapor deposition (PECVD), using silane (SiH4) diluted in hydrogen, and dibo-

rane (B2H6) as a dopant gas. The concentration of B2H6 was varied in the range of 0–100 ppm. The micro-

structure and morphology of samples were analyzed by atomic force microscopy (AFM), X-ray diffrac-

tion (XRD), and Raman spectroscopy. A trend towards increasing crystalline volume fraction and grain 

size were observed as boron concentration in the samples increased; while the XRD spectra show that the 

peak intensity at 2θ ≈ 47° decreases and becomes gradually amorphous with the increasing degree of dop-

ing. The doped microcrystalline silicon films presented a crystallographic preferential orientation in the 

plane (220). Correlations between structural and electric properties were also studied. 
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1 Introduction 

Hydrogenated microcrystalline silicon films have received great attention during the last few years, due 

to their potential applications in optoelectronic devices such as thin film transistors [1], solar cells [2, 3] 

and many other applications. The incorporation of boron in µc-Si:H films has produced excellent win-

dow-contact-layer material for photovoltaic devices due to better optoelectronic properties in comparison 

with the p-type hydrogenated amorphous silicon (a-Si:H) [4]. The study and understanding of the optical, 

structural and electric properties have been the object of numerous investigations but all of them are 

based on deposition parameters [5, 6]; such as the hydrogen–silane dilution ratio (R = [H2]/[SiH4]); the 

effect produced by the degree of boron compensation in this material, on its micro structure, and the 

correlation among the other properties had not been established till now.  

 In this paper we present the results of structural characterization of doped boron µc-Si:H  films, ob-

tained by means of atomic force microscopy (AFM), X-ray diffraction (XRD) and Raman spectroscopy 

measurements. The films were compensated, by varying B2H6 gas concentration from 0 to 100 ppm. We 

found that preferential growth orientation of (220) and grain size of silicon crystallites are influenced by 

the degree of boron compensation. Finally, we found a correlation between micro doping and electric 

properties. 
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2 Experimental details 

The µc-Si:H:(B) samples were prepared in a capacitive coupled HF-PECVD reactor working at a fre-

quency of 50 MHz. A description of the characteristics and the operational conditions of the reactor were 

reported elsewhere [7]. Corning 7059 glass was used as substrate and the deposition temperature was 

150 °C. The reaction gas was a mixture of 94% hydrogen and 6% silane, containing diborane in the 

range of 0–100 ppm. Total flux and pressure were kept constant at 20 sccm and 4.5x10−1 Torr, respec-

tively.  

 The Raman spectra of the µc-Si:H(B) were measured with a Micro-Raman in the Ecole Polytecnique 

Laboratory of France. 20 mW laser power was used for these measurements, with a 10X objective and 3 

minute time exposure. All Raman spectra were measured at room temperature. The crystalline volume 

fraction XC was estimated from the Raman spectra by deconvoluting the spectra into crystalline (520 

cm-1), and amorphous (480 cm–1) peaks, and a third peak around 510 cm–1, associated with the dilatation 

of the Si-Si bonds in the grain boundaries [8], which is also influenced by mechanical stress in the films 

[9]. The study of the morphological properties was carried out with a Park Scientific AFM microscope. 

Microcrystallinity of the samples was confirmed by X-ray diffraction (XRD) studies. The X-ray diffrac-

tion spectra were collected by means of a Phillips diffractometer. (goniometer PW 1820) 

 Conductivity measurements were carried out in a cryostat using thermally evaporated aluminium 

interdigitated electrodes. They were 25 cm in length and separated 0.01 cm from each other. The electri-

cal current was measured with a Keithley 617 electrometer connected to a computer. The samples were 

annealed at 420 K and then cooled down to 120 K at a constant rate of 1.5 K/min. The applied field was 

1000 V/cm. 

 

3 Results and discussion 

Starting from the deconvolution of the Raman spectra, the crystalline volume fraction (XC) was obtained, 

using the relation reported in previous studies [10]. The values corresponding to XC obtained for the µc-

Si:H samples are reported on Table 1. We also notice that the increase in boron concentration induces a 

change in the amorphous-crystalline transition, showing an increase in XC for samples with 0 to 75 ppm 

concentrations; whereas a decrease in this parameter may be observed when the boron concentration is 

100 ppm (see Table 1). This fact is related to an amorphization in the material when there are greater 

doping concentrations [10].  

 
Table 1 Structural parameters and electric conductivity of the boron doped microcrystalline silicon sam-

ples. XC: crystalline volume fraction; Z: grain size from AFM images; RMS - roughness; σdk: dark con-

ductivity – T = 300 K; Ea: activation energy. 

 

Ratio [B2H6]/[SiH4] 
(ppm) 

 
XC (%) 

 
Z(Å) 

 
RMS (Å) 

 
σdk (cm.Ω)–1 

 
Ea (eV) 

0 33.47 513 59.8 1,40x10-4 0.29 

12.5 54.77 562 90 1.30x10-5 0.36 

25 55.82 564 92.1 2.43x10-8 0.68 

50 61.21 986 105 3.01x10-6 0.37 

75 60.88 1040 84.7 1.35x10-6 0.38 

100 52.38 1510 93.6 1.28x10-5 0.33 

 

 Figure 1a shows the XRD spectra obtained for the µc-Si:H(B) samples. The XRD spectrum of the c-Si 

appears as reference at the bottom of the graph. A clear microcrystalline structure may be observed in all 

the samples, with a preferential orientation in the plane (220). The diffracted peak that is shown for 2θ ≈ 

25° degrees, may be attributed to Si-O bonds forming SiO2 [11]. 
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 The peak associated with the plane of growth for the group of µc-Si:H(B) samples (2θ ≈ 47° degrees), 

is shown in detail in Fig. 1b. In this figure we notice a systematic increase in the intensity-width relation 

of the diffraction peak as the boron concentration increases from 0 to 75 ppm; whereas, for a concentra-

tion of 100 ppm, its intensity decreases drastically. The above agrees with the Raman measures, where, 

for major boron concentrations (> 75 ppm), XC decreases in the samples, clearly showing an amorphous 

characteristic in the material. 

Fig. 1 a) XRD spectra of different boron-doped µc-Si:H films. The spectra are arbitrarily shifted vertically for the 

sake of clarity. b) Detail of (220) peak diffracted of each boron doped µc-Si:H sample.  

 

 AFM measurements produced information regarding the morphological properties of the µc-Si:H thin 

films doped with boron. Figure 2 shows AFM images of µc-Si:H samples. 

Fig. 2 AFM images of microcrystalline silicon hydrogenated with different boron concentration. a) 0 ppm, b) 75 

ppm and d) 100 ppm. A circle around each image indicates the presence of smaller crystal substructures. 

 

 Figure 2 shows an increase in grain size in the µc-Si:H samples as boron concentration increases in 

the material. On the other hand, we can see that the roughness in the samples is not greatly affected by 

the incorporation of boron concentrations above 0 ppm. The values corresponding to average grain size 

and roughness (RMS), from AFM measurements, are shown on Table 1. The grain size value was also 

obtained from the diffraction spectra, using the Debye-Sherrer equation [12]. In this last case, the crystal 
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size values obtained (∼ 10 Å) differ significantly from those obtained through AFM images (see Ta-
ble 1). This can be explained by the presence of regions of much smaller crystals growing between 
grains that stand out on the surface (see the regions marked with circles in Fig. 2). The presence of these 
substructures in the samples was detected when those regions were magnified and thus the average grain 
size was obtained. The values found are in accordance with the one obtained through the XRD spectra. 
 Figure 3 shows room temperature dark conductivity σdk, and the activation energy Ea, for each one of 
the µc-Si:H samples with different concentrations of B2H6 in the state in which they were deposited. Ea 
was obtained from the slope in the Arrhenius graph of the dark conductivity curves according to inverse 
temperature, for the high temperature region where the behavior of these curves is linear. 
 

10 100

10
-8

10
-7

10
-6

10
-5

σ
d
k
 (

c
m

-1
 Ω

-1
)

n Type p Type

B
2
H

6
 flow-rate fraction (ppm)

0.3

0.4

0.5

0.6

0.7

E
a
 (

e
V

)
 

 
Fig. 3 Room temperature dark conductivity and activation energy for µc-Si:H samples with different boron doping 

degrees. The lines are drawn to guide the eye. 
 
 The variation in activation energy caused by boron incorporation in the samples indicates a change in 
the behavior of the semiconductor from that of a type n material, for the sample deposited with 0 ppm of 
boron, to a type p material, when boron concentration reaches 100 ppm (see Fig. 3). A compensated state 
is obtained when the boron concentration is 25 ppm. Thermopotency measurements at room temperature 
allowed a verification of the type n or p characteristics of the material. Small quantities of boron, which 
act as impurity acceptors produce large variations in the σdk, as may be seen in Fig. 3.  
 

10 100
10

-8

10
-7

10
-6

10
-5

σ
d
k
 (

c
m

-1

 Ω
-1

)

 

B
2
H

6
 flow-rate fraction (ppm)

 σ
dk

400

600

800

1000

1200

1400

1600

G
ra

in
 s

iz
e
 (

A
)

 

 Grain size

 
Fig. 4 Room temperature dark conductivity and grain size average for µc-Si:H samples with different boron doping 

degrees. The line is drawn to guide the eye. 
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 The electrical and transport properties for µc-Si:H samples micro-doped with boron have been studied 
previously [13]. An increase in the σdk value for samples with concentrations above 25 ppm was ob-
served (see Fig. 4). 
 

4 Conclusions 

In this paper we have presented a study of the effect of boron micro-doping on the structure of hydrogen-
ated microcrystalline silicon thin films using various concentrations of diborane. We found that the in-
crease of boron in the material produces an increase in the size of the crystals, but no significant change 
in surface roughness was observed. We detected the existence of a substructure dominated by regions of 
much smaller crystals growing between grains that stand out on the surface. A progressive increase in the 
crystalline volume fraction for concentrations from 0 to 75 ppm was detected; whereas, in a boron con-
centration of 100 ppm, we observed a reduction of crystalline fraction, which indicates an amorphization 
of the material. It was established, using electric conductivity measurements, that a variation in boron 
concentration induces a change of behavior in the material from type n (for concentrations below 25 
ppm) to type p (for concentrations above 25 ppm). A correlation between the structural and electric 
properties of this material was found. 
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