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Abstract
Demand for e�cient window layer in thin �lm solar cells with high crystallinity is ever increasing that
�nds important application in multi-junction/tandem silicon solar cells. Doping of diborane (B2H6) in
hydrogenated silicon �lms using plasma discharge decomposition of silane (SiH4) and (B2H6) gases
were analyzed. The boron �ow (FB) to silane ratio was varied from 0–0.30. Variation in �lm
characteristics with B2H6 gas-phase ratio were analyzed, and concluded that doping boron induces
crystallization in hydrogenated amorphous silicon (a-Si: H) �lm structure. The Raman and �eld emission
scanning electron spectroscopy (FESEM) con�rmed the boron induced crystallinity effect in silicon �lms
at different diborane �ow. The results showed that as boron content increases beyond certain ratio,
silicon crystallization suppresses and the crystallite sizes were also reduced. From results, it was
observed that crystallinity in FB = 0.05 is 79 % and decreases to 77 % when �lms are slightly higher doped
(FB = 0.10) and further decreases when the �lms were heavily doped. These results validate that boron
suppresses silicon crystallization due to local deformations caused by the impurities. Infra-red absorption
studies and their analysis also con�rm the crystallization in boron doped �lms with additional band
appears at ~ 611 cm− 1. This band is named as boron induced crystallinity mode of vibrational spectra.
The estimated hydrogen content (CH) decreases con�rmed crystallinity in the silicon structure with boron
doping. Further, the energy dispersive spectroscopy (EDX) indicates the presence of boron and other
impurities in deposited silicon �lms. The effect of boron on crystallinity and crystallite size as well as the
mechanism were presented in detailed.

1. Introduction
Recently, the foremost important concern for developed (µc/nc-Si:H) micro/nano crystalline silicon
materials for thin �lm solar cells & transistors (TFTs) [1, 2] is the growth of µc/nc-Si:H silicon on cost
effective substrates at low processing temperature. In µc/nc-Si:H; high conductivity, low activation energy,
high carrier mobility, high doping e�ciency, high transparency, lower light absorption coe�cient and high
stability against light-induced degradation compared with amorphous silicon can be obtained via Boron
doping [3, 4]. The extrinsic p-doped µc/nc-Si:H thin �lms �nd important application in window layer of
microcrystalline silicon bottom cell of thin-�lm tandem (“micromorph”) solar cells [5]. P-doped
micro/nanocrystalline thin �lms have higher transparency property hence this layer could replace silicon
carbide p-type window layer in a-Si:H thin-�lm solar cells [6]. However, the kinetics of crystallization of a-
Si �lms have been the focus of research area of many studies deposited by several deposition methods
such as sputtering, evaporation, glow discharge, electron beam and ion –implantation has been reported
[7–17]. Numerous studies consider only undoped silicon �lms and very few concerned and studied the
effect of doping on the process of crystallization. In the past years, the consequences of n and p-type
impurities in amorphized materials by ion implantation are investigated [18, 19].The several
crystallization techniques involved are solid phase crystallization [20], laser anneal crystallization [21]
and metal-induced crystallization [22]. However, the metal-induced crystallization method is mainly
associated with metal contamination issues. Furthermore, the drawback of laser crystallization results in
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the incorporation of random size of grains in amorphous silicon and the use of expensive laser in the
instrument [23]. The heterogenous distribution of grain size may results voids in material/structure
resulting defects in the material [24]. Therefore, plasma-enhanced chemical vapor deposition (PECVD)
has been considered as the most viable low temperature doping technique for depositing silicon thin
�lms on large area substrates.

Basically, micro/nano (µc/nc-Si: H) thin �lm describe as a biphasic layer, comprises of nano–sized
crystallites dispersed in amorphous silicon matrix. The presence of this crystalline phase inclusions
improve the structure of the �lms by reducing the light induced degradation effect and resulted in
increasing the solar cell conversion e�ciency [25]. It is also reported that the structure and properties of
the �lms can be changed with the introduction of impurities such as doping in the material; this makes an
exciting �eld of research [26]. For application perspective, the crystallinity of the doped layer is a key
characteristic that can impact both on the doping outcome of the doped layer as well as on the intrinsic
layer subsequently deposited on it. However, there are very few articles accessible related to complete
study on the effect of wide range of deposition parameters on structural, electrical and optical properties
all along with the correlation between the other characteristic properties of boron doped µc/nc-Si:H. In our
previous investigation we mainly discussed the electrical properties with correlation among all boron
doped silicon �lms [27]. In the present investigation, we studied a novel approach i.e. boron-dopant
induced crystallization of amorphous silicon �lms using PECVD processing method. As per our
knowledge and understanding there is no published data regarding the crystallization process occurs in
silicon �lms via boron doping.

2. Experimental
Boron doped silicon thin �lms were grown using (PECVD) plasma enhanced chemical vapor deposition
process. The electrode in PECVD system designed in ladder shaped geometry via VHF excitation
frequency of 60 MHz. Different substrates such as Corning glass (7059), TCO coated glass and n-type
double side polished silicon wafer were used at the �xed substrate temperature of 200°C and power 20 W.
The substrates were cleaned using standard cleaning procedures [28]. Silanes (SiH4) and Argon (Ar) are
used as precursor gases and diborane (B2H6) were used as the dopant gas. The percentage of argon
varied from 93.5 % to 95 % simultaneously sustaining the total pressure of chamber equals to 0.25 Torr.
The diborane �ow (FB) was varied in the range from 0–0.30 where FB = FB2H6/ (FSiH4 + FA r + FB2H6)
represent the gaseous �ow rates of diborane, argon and silane respectively. The Fig. 1 represents the
steps of boron doped plasma chemistry and deposition of silicon thin �lm on the glass substrate. The
structural characteristics were analyzed with the help of (LABRAM HR 800 Horiba JY) Raman
spectroscopy to calculate crystalline volume fraction (XC) and average crystallite size. The spectra were
taken in back scattering mode of geometry that is recorded at room temperature. The excitation of
samples was performed through Ar+ laser (air cooled) at 488 nm (Spectra Physics). Field emission
scanning electron microscopy (FESEM) analyses were achieved using FEI electron microscope (Nova
Nano SEM 450). Energy dispersive X-ray dispersive (EDX) technique was used to con�rm the quantitative
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analysis of boron doped silicon �lms. Fourier transform infra red spectroscopy (FTIR) technique were
used to analyzed different con�gurations of silicon and hydrogen along with bonded hydrogen content
(CH) and microstructure parameter on silicon wafer substrates. The microstructure parameter (R*) has
been estimated from stretching vibrational mode of spectra in deposited �lms.

3. Results And Discussions

3.1 Raman spectroscopy
Raman spectroscopy has been used extensively as foremost and most effective approach in analyzing
structural evaluation of crystalline and amorphous silicon �lms [29]. The Raman spectra of different
diborane doped �lms were taken in the wave number ranges from 350 cm− 1 to 650 cm− 1 and are
represented in Fig. 2. From the best Lorentzian plot �tting, the spectra could be deconvoluted majorly into
three different spectra covers the range 480–520 cm− 1: the narrow crystalline component through a
lorentzian peak distribution in the region of ~ 520 cm− 1 was allocate as TO vibrational mode of
crystalline silicon or named as typical Raman spectra of crystalline silicon and the related intensities
identi�es as (Ic). The spectra emerges around ~ 500 cm− 1 de�ned as intermediate component or
attributed as Raman peak of grain boundaries and the linked intensity identi�es as (Ib). A broad hump

shaped distribution that arises in the region of ~ 470–480 cm− 1 corresponds to TO vibrational mode of
amorphous silicon and named as characteristic Raman spectra of amorphous silicon and the associated
intensity recognized as (Ia). In calculating percentage of crystalline volume fraction; the intermediate
component has to be taking into consideration as inherent portion of crystallinity. From Fig. 2, It was
examined that the peak positions change from ~ 480 cm− 1 to wave number 510 cm− 1 with increasing
diborane doping. This shift clearly re�ects the transition from amorphous to crystalline phase and
evidences the dopant induced crystallization in amorphous silicon matrix. From results, it was found that
�lms deposited without doping at FB = (0.00) shows characteristic broad hump at 480 cm− 1 which clearly
depict that the deposited �lm is amorphous in nature. However, the �lms deposited at FB (0.05) and FB

(0.10) shows emergence of sharp crystalline TO peak at 504 and 510 cm− 1 respectively. The Raman peak
shifts to side of lower wave number as compared to single crystal silicon peak at 520 cm− 1 suggesting
that crystallites of nanometer size dimensions are dispersed in amorphous matrix. It was also observed
that increasing the diborane doping favors amorphous silicon growth. This result could be explicated as
boron doping effect or atomic hydrogen (H) etching effect. From the known surface diffusion model, it is
recognized that the surface reaction kinetics mainly deals with the chemistry of atomic hydrogen. With
increasing diborane doping, there might be large probability of con�guration of B-H-Si complexes in the
material structure. Further, boron related species or radicals remove atomic hydrogen from the depositing
surface due to effect of ion-bombardment which might increases the number of dangling bonds on the
surface and decrease the crystalline volume fraction or called as atomic boron doping amorphization
effect [30].
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The Raman peak were deconvoluted into three major peaks using Lorentzian distribution corresponding
to crystalline and amorphous phase at around 475 and 501 cm-1 respectively as illustrated in Fig. 3 for
the �lm deposited at FB = 0.05.

The crystalline volume fractions, (XC) of the deposited samples were estimated via the relation:

Where Ic, Ib and Ia de�nes the integrated Raman intensities analogous to crystalline, grain boundaries and
amorphous phase respectively.

The crystallite size in the deposited �lms can be determined by using the relation:

Where Δw is the shift in nanocrystalline component to single crystal silicon peak at 520 cm-1 also B = 
2.24 nm2 cm-1 for silicon.

The size of nano-sized crystallite estimated using above relation is ~ 2 to 4 nm. The crystalline volume
fraction at FB = 0.05 is 79% and the crystalline volume fraction calculated in FB = 0.10 is nearly 77%.

3.2 Field Emission Scanning Electron microscopy (FESEM)
To elucidate Raman results, scanning electron microscopy is carried out to examine the micro-structural
evolution of amorphous and microcrystalline phase in silicon �lms. Scanning electron microscopy is an
effective technique to investigate the morphological and topographical characteristic of the deposited
silicon �lms.

The micrographs of FESEM images for the boron doped µc/nc-Si:H were shown in Fig. 4. It is clearly
visible from the FESEM images that the micro/nanocrystalline grains are dispersed in amorphous matrix.
The arrangement of crystallite structure is different at different diborane �ow. Since the formation of
microcrystalline silicon �lms initially start with an incubation layer (i.e. named as amorphous region)
followed by emergence of crystalline nuclei form within the incubation layer which grows initially like
nano-sized grains embedded in amorphous phase, and named as mixed phase structure. Further, these
crystallites grew larger and conglomerates grain formation takes place which were named as
microcrystalline silicon �lm.

The growth mechanism in p-type micro/nano crystalline silicon �lm is analogous to intrinsic
micro/nanocrystalline silicon �lms. The density of atomic hydrogen is lower results in decreasing the
diffusion probability of gas precursors on the surface. Therefore, the gas precursors were not able to
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diffuse deep extent to �nd energetically favorable positions to form ordered structure on the surface. As a
result, few were etched away and the remaining forms amorphous structure i.e. random structure.
Consequently, the precursor gases which fall directly on the nuclei simply contribute to micro/nano
crystalline growth [31]. From images, it is clearly observed that boron induces crystallization resulting
nano-sized crystallites formation at FB = 0.05 and FB = 0.10 respectively. At higher doping ,it might
assume that polyhydrides formation takes place resulting amorphization in the silicon network as
observed in �lm deposited at FB = 0.30. The atomic boron may remove; forming other boron related
species resulting increased Si-H bonding in the network. Further, these �ndings are well correlated with
Infra-red measurements and termed as boron doping amorphization effect.

3.3 EDX (Energy dispersive X-ray spectroscopy)
EDX is a type of spectroscopy technique used for the elemental analysis, evaluation and chemical
characterization of sample. In our Boron doped samples, EDX is one of the important studies. EDX
spectra with associate quantities are shown in Fig. 5. With EDX spectra, we con�rmed the boron doping
and the presence of impurities in our silicon �lms like Oxygen etc. This is Quantitative analysis to con�rm
doping quantity in deposited silicon �lms. From Fig. 5, it is proved that weight % and atomic % increased
with boron doping. With increase in boron doping at FB = 0.10 resulting oxygen i.e. associated with post-
oxidation decreases with increased silicon content. Whereas, at FB = 0.20, boron and oxygen percentage
increases but weight % of silicon decreased.

3.4 Infra-red absorption
The vibrational investigation was carried out using Fourier transform infra-red spectrometer. The Infra-red
absorption spectra of deposited �lms are represented in Fig. 6. The FTIR spectra majorly have three
absorption bands i.e. at ~ 630, 885 and 2100 cm− 1 respectively corresponding to different modes named
as wagging, bending and stretching respectively [32]. Figure 7 shows broad spectra of boron doped �lm
deposited at FB = 0.05%. The FTIR spectra of boron doped silicon �lm indicates Si-Si vibrational mode
which has properly de�ned band at ~ 611 cm− 1. This band is related to TO (transversal optical) with TA
(transversal acoustic) mode that arises due to monocrystalline silicon substrate [32]. This mode hereby
emerges and named as dopant or boron induced crystallization of the a-Si:H. This could be an alternate
way to crystallize amorphous silicon. The results are in agreement with the Raman spectroscopy. The
Raman spectra in Fig. 2 presented a strong/intense band with peak position centered at ~ 510 cm− 1 i.e.
longitudinal optical (LO) mode appears due to c-Si induced with diborane doping. For higher boron doped
samples, the strength of this band decreases due to lack of crystallinity. Also, other characteristics of
vibration modes shown in Fig. 6 disappear as the diborane doping increases. Additionally, strong
absorption band examine nearly at 1060 cm− 1 corresponds to asymmetric stretching vibration mode (Si-
O-Si) in the IR spectra. This peak is an strong indication of oxidation effect due to formation of similar to
porous microstructures which is a main characteristic for nc-Si:H �lms. Whereas, the absorption band
seems at ~ 2000 cm− 1 corresponds to vibrational stretching mode of different Si-H bonded
con�gurations. Further with increase in doping ,the intensity of absorption band observed at ~ 630 cm− 1
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and ~ 2000 cm− 1 increases in the spectra (due to boron induced crystallization effect) then decreases
with further doping due to amorphization effect. These consequences indicate that with increase in boron
doping there might be shift in hydrogen bonding species from Si-H2, (Si-H2)n to Si-H bonded species or
monohydride con�gurations.

It is already recognized that in a-Si:H ,hydrogen plays vital position in passivation of dangling bonds. This
improves the optical and electrical properties due to changes in the morphology. Here, for boron doped
samples, it is observed that sample with low boron doping FB = 0.05, has low Si-O intensity which relates
with the electrical conductivity. From Fig. 7 we observed a vibrational bond at ~ 611 cm− 1 in all the
samples. With slight boron doping the intensity of band increases then decreases with further doping.
Moreover, the band observed at ~ 2300 cm− 1 con�rmed the nanocrystalline growth via boron dopant in
sample as shown in Fig. 7 for the sample FB = 0.05 %.

The FTIR spectra has been deconvoluted and from the integrated intensity of absorption peak observed
at ~ 630 cm-1 using the empirical formulae bonded hydrogen content has been calculated [33]

Where α (υ) de�ned as the absorption coe�cient of the �lm, (Aw) is oscillator strength whose value is
equal to 2.1 × 1019 cm− 2, (υ) as wave number in cm− 1 and Nsi = 5 × 1022 cm− 3 termed as material atomic
density [33].

From present investigation, it can be concluded that additional band appears at ~ 611cm− 1 is named as
boron induced crystallinity mode of vibrational spectra. The Raman spectroscopy is the foremost
technique in describing the crystallinity in the material (and best conductivity) which con�rmed the boron
induced crystallinity effect.

It is observed that initially the peak intensity observed at ~ 630 and 2100 cm− 1 increase with boron
doping then after with increasing doping, the absorption peak intensity decreases. Figure 8 illustrates the
total hydrogen content and microstructure parameter with different percentage of boron doping.

With slight increase in boron doping, both hydrogen content (CH) and microstructure parameter
decreases. However, with further increase in doping percentage both hydrogen content and microstructure
parameter increases as observed for FB = 0.30. The increase in hydrogen content may be due to deviation
in structure from crystalline to amorphous phase as observed via Raman spectroscopy and XRD
measurements as discussed in our previous published article [27]. For FB = 0.30, it was assumed that the
atomic hydrogen (H) participates in the formation of Si-H bonds with the dangling bonds on the surface
which diffuses in the �lm and eventually increases the density of SiH3 radicals followed by gas phase
reaction i.e.
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The hydrogen content (CH) increases at FB = 0.30 can be ascribed to increase in hydrogen add-on next to
the defect states which produced because a result of surplus boron dopant atoms that will generate
micro void-rich material with increased values of R*.

4. Conclusion
Extrinsic P-doped µc/nc-Si:H �lms were deposited via PECVD process. From our results and analysis, it
was observed that with increasing boron doping the crystalline fraction (Xc) of �lms decreases due to
atomic boron amphorization effect. EDX studies were used to con�rm the quantitative doping in the
deposited �lms. Different bonding con�gurations were studied via FTIR spectroscopy. From FTIR
analysis, it can be concluded that additional band in sample deposited at FB = 0.05% observed at ~ 
611cm− 1 is de�ned as boron induced crystallinity mode of vibrational spectra which con�rmed boron
induced crystallization in deposited �lms. These results are also well correlated with structural
measurements. From SEM pictures, it is revealed that boron induces crystallization resulting nano-sized
crystallites formation at FB = 0.05 and FB = 0.10 respectively. At higher boron doping there might be
amorphization in the silicon network i.e. named as boron doped amorphization effect. Therefore, it can be
conclude the boron doping might be an alternate approach to crystallize amorphous silicon �lms. High
crystallinity with high conductivity boron doped µc/nc-Si:H �lms were used to fabricate hetero-junction
diodes and these may �nd future important perspectives in solar cell technology.
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Figure 1

Schematic representation of steps of boron doped plasma chemistry and deposition of silicon �lm on the
substrate.
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Figure 2

Raman spectra of p-type silicon �lms at varied diborone �ow rate.
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Figure 3

Deconvoluted Raman spectra at FB = 0.05
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Figure 4

FE-SEM images of doped silicon thin �lms
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Figure 5

EDX spectra of diborane doped silicon �lms at different diborane doping
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Figure 6

represents the FTIR spectra of boron doped silicon �lms
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Figure 7

represents spectra of boron doped �lm deposited at FB = 0.05%.
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Figure 8

Estimation of hydrogen content and microstructure parameter represents the estimated hydrogen content
and microstructure parameter as a function of different diborane gas �ow.


