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Abstract Phosphorus doped micro/nano crystalline silicon
thin films have been deposited by the filtered cathodic
vacuum arc technique at different substrate temperatures
(Ts) ranging from room temperature (RT) to 350 °C. The
films have been characterized by X-ray diffraction (XRD),
Raman spectroscopy, scanning electron microscopy, sec-
ondary ion mass spectroscopy, dark conductivity (op), acti-
vation energy (AE) and optical band gap (Eg). The XRD
patterns show that the RT grown film is amorphous in nature
but high T (225 and 350 °C) deposited films have a crys-
talline structure with (111) and (220) crystal orientation.
The crystallite size of the higher T grown silicon films
evaluated was between 17 to 31 nm. Raman spectra reveal
the amorphous nature of the film deposited at RT whereas
higher Ty deposited films show a higher crystalline nature.
The crystalline volume fraction of the silicon film deposited
at higher T was estimated as 65.7 % and 74.4 %. The values
of op, AE and Eg of the silicon films deposited at differ-
ent Ts were found to be in the range of 8.84 x 10~*— 0.98
ohm~'em™!,0.06 - 0.31 eV and 1.31-1.93 eV, respectively.
A n-type nc-Si/p-type c-Si heterojunction diode was fabri-
cated which showed the diode ideality factor between 1.1 to
1.5.
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1 Introduction

Nanocrystalline silicon (nc-Si) thin film, a mixed phase
material consisting of nanocrystals embedded in the amor-
phous matrix, is a subject of extensive research in the
field of semiconductor thin film technology because of
its specific properties for applications in thin film devices
such as solar cells, thin film transistors, sensors etc. [1-4].
Amorphous silicon thin film, considered earlier as the most
effective material in the photovoltaic devices, has now
been substantially questioned for its applicability due to the
light induced degradation (Staebler-Wronski effect) in the
opto electronic properties [5]. nc-Si presents very promis-
ing features in solving these problems of amorphous sili-
con. Different methods, such as plasma enhanced chemical
vapor deposition (PECVD), hot wire chemical vapor deposi-
tion (HWCVD) and electron cyclotron resonance chemical
vapor deposition (ECR-CVD) have been extensively uti-
lized in the fabrication of nc-Si thin films [6—10]. Neverthe-
less, to achieve high growth rates and device quality nc-Si
thin films simultaneously, still remains a challenge in the
existing fabrication techniques. All these techniques deploy
different gaseous sources like SiH4 and for doping PH3 and
B,>Hg which are toxic, hazardous and not environmentally
friendly, for the deposition of nc-Si thin films.

Howeyver, a better alternative would be to use solid sili-
con as a source material for the deposition of nc-Si thin film
and to seek an efficient process such as filtered cathodic
vacuum arc (FCVA) that could effectively deposit doped nc-
Si thin film for various technological applications. FCVA is
plasma based popular industrial technology for the deposi-
tion of a variety of films like metals, ceramics, diamond-like
carbon and pure and doped tetrahedral amorphous carbon
(ta-C) films [11-18]. It is a low voltage and high current
process that takes place between the two electrodes. The
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FCVA method has been used earlier to deposit amorphous
silicon thin films [19, 20]. This technique has also been
used to deposit boron doped ta-C film as a window layer in
the in-line production of large area amorphous silicon solar
cells for improving the efficiency [21]. In this technique,
the properties of films can be controlled by various pro-
cess parameters such as arc current, substrate temperature,
substrate bias and gaseous pressure in the reactive mode.
This paper reports the deposition and characterization of
phosphorus doped micro/nano crystalline silicon films by
the FCVA technique. The growth mechanism of the silicon
films is also discussed.

2 Experimental Details

A custom designed FCVA system [16—-18] has been
deployed to deposit n-type nc-Si thin film without intro-
ducing hydrogen gas in the deposition chamber. The FCVA
process is based on striking an arc (35-40 V, 100 A) between
the two electrodes. Here, one electrode is phosphorus doped
(0.55 2 cm) silicon cathode of purity 99.999 % having 50
mm diameter and 5 mm thickness that works as a silicon
source in order to deposit P doped micro/nano crystalline
silicon thin film. The second electrode is a retractable high
purity tungsten wire as an anode. The magnetic filter is
energized using direct current (D. C.) power supply and
a magnetic field of ~350 G is achieved inside the duct
to remove the macro particles from the plasma generated
during the arcing. In this work, a series of samples were
deposited at three different substrate temperatures (Ts) of
room temperature (RT), 225 and 350 °C. Prior to the deposi-
tion, the chamber was evacuated to a base pressure of around
~10~® mbar. The samples were deposited on 7059 corning
glass and <100> single crystal silicon substrate placed at a
distance of ~35 cm away from the cathode. The films were
deposited sequentially for 10 s and then cooled down for
50 s in a pulsating nature. The process was repeated till the
required thickness was obtained.

The crystal structure of the films was analyzed by
an X-ray diffractometer (Philips X’Pert PRO PAN ana-
Iytical) operating in a grazing angle mode and equipped
with CuK, (1.54A) radiation. The angle between the inci-
dent x-ray and the surface of the film was fixed at 1°.
Raman measurements were conducted by a Renishaw In
Via reflex micro-Raman spectrometer using a 514.5 nm
Art laser for excitation. The surface morphology of the
films was observed using a scanning electron microscope
(SEM) (model JEOL, JSM-35 instrument). The film growth
rate was derived from the film thickness and deposition
time. To measure the electrical properties, the coplanar gap
cell method was used and aluminum as the top-electrode
was thermally evaporated in a vacuum better than 107>
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mbar onto the thin films through a shadow mask. Opti-
cal transmittance measurements were performed in the
250-1000 nm spectral range with a Perkin Elmer spec-
trophotometer (Lambda 950). All the samples were ~100
nm thick as measured by a Talystep (Rank Taylor and
Hobson) thickness profiler. The deposition rate of phos-
phorous doped micro / nano crystalline silicon films was
calculated as approximately 1.0-1.5 nm/sec which is com-
parable to the deposition rate of the P doped micro / nano
crystalline films deposited by the VHF PECVD and
HWCVD techniques [9, 22, 23]. In order to investigate P
atoms concentration in the Si thin film, secondary ion mass
spectroscopy (SIMS) analysis was performed using a 25kV
Bit TOF-SIMS (time-of-flight SIMS) system, ION-TOF
with sputtering of 1 KV O;“ ions at a 459 incident angle. The
beam currents were 1 pA and 30 nA for the analysis gun
and the sputtering gun, respectively. A heterojunction sili-
con diode (structure Ag/p type c-Si/ n type nc- Si/Al) was
formed by depositing n type nc- Si film at Ty = 350 °C
on the p type c-Si wafer and its I-V characteristics were
measured by using a 617 Keithley electrometer. Aluminium
was evaporated as a top contact in an area of 0.25 cm?in a
vacuum better than 10~ mbar.

3 Results and Discussion
3.1 X-Ray Diffraction (XRD)

The structural analysis of the silicon films has been inves-
tigated using an XRD technique. Figure 1 shows the XRD
patterns of phosphorus doped silicon films deposited at
different T of RT, 225 and 350 °C with a fixed ~350
G magnetic field. A broad diffraction peak was observed
at 26° in the films deposited at RT which reveals that
the deposited film is dominantly amorphous in nature. On
increasing the T of deposition of the silicon film from RT
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Fig. 1 XRD patterns of phosphorous doped silicon thin films
deposited at different T,
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to 225 °C and at 350 °C, two sharp diffraction peaks at ~28°
and ~ 47° were observed which correspond to (111) and
(220) crystal planes of silicon. nc- Si films having the same
crystal orientation have been deposited by the PECVD and
HWCVD techniques [22-24]. This indicates the formation
of nanocrystalline silicon structure dispersed in the amor-
phous silicon matrix. There is a peak <111> shift observed
for the films deposited at 225 and 350 °C. The peak shift
may be due to the low strain generated in the films deposited
at higher temperatures. However, note that the intensity
of the (111) peak is much larger than the intensity of the
(220) peak, which is indicative of the preferential growth
along the (111) crystallographic orientation. However, with
an increase in the T, the intensities of XRD peaks increase
significantly. Additionally, note that XRD measurement of
samples deposited at Ts = 350 °C show that (111) crys-
tallographic orientation still dominates in the spectra. The
crystallite size (d) along with the (111) orientation in the
nc-Si film has been calculated from the well known Scherer
formula which is expressed as:

d = (0.91/B cosb) (1)

Fig. 2 Raman spectra and the
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where A is the wavelength of X-ray radiation, 8 is full width
at half maximum (FWHM) of XRD peak at diffraction angle
6. The crystallite size along with the (111) direction calcu-
lated from the Scherer formula is found to be almost 17 and
31 nm corresponding to T of 225 and 350 °C, respectively.
Therefore, one can elucidate that when the Ty is at RT, the
film growth was amorphous because of the low surface dif-
fusion of the species (ions, atoms) on the substrate but with
the increase in the T from RT to higher temperatures (225
and 350 °C), the species find the energetically favorable
sites for the nucleation of nanocrystal and nc-Si film might
have been formed.

3.2 Raman Spectroscopy

Raman spectra of the silicon thin films were analyzed to
investigate the crystallinity of the films. Figure 2 shows the
Raman spectra and deconvoluted spectra of the phospho-
rous doped silicon films deposited at different T ranging
from RT to 350 °C. In the Raman spectra, a broad peak at
around 480 cm™! and a sharp peak at around 520 cm ™! indi-

deconvoluted spectra of
phosphorous doped silicon thin
films deposited at different T
of (a) room temperature, (b)
225 °C and (¢) 350 °C
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in the amorphous and crystalline phases, respectively. In
addition, the contribution from the crystalline grain bound-
ary region often exhibits a peak near 510 cm~!. Thus, the
crystalline fraction (f) in a film can be calculated by con-
sidering the integrated intensities (I) of the three Gaussian
peaks according to the relation

fc = [(Inc + IC)/(Inc + I + Ia)] (2)

where, the subscripts ‘c’, ‘nc’ and ‘a’ stand for the con-
tribution from 520, 510 and 480 cm™! peaks, respectively.

Fig. 3 SEM images of
phosphorous doped silicon thin
films deposited at different T of
(a) room temperature, (b)

225 °C and (¢) 350 °C

200 nm
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Figure 2a shows the Raman spectra and deconvoluted
spectra of silicon films deposited at Ty = RT. At a T of
RT, only one single broad peak at around 480 cm~! can be
observed which indicates that the film is purely in the amor-
phous phase. There is an asymmetry in the Raman spectra
of the film deposited at RT. However, a very small amount
(~1-2 %) of crystallinity may be present in the film. With
the increase in the T from RT to 225 and 350 °C, an emerg-
ing dominant peak at around 520 cm~! can be noticed,

suggesting that nc-Si is formed at these temperatures. The
asymmetry of the Raman spectra of films deposited at
higher temperatures show that the multi-component peaks

Bheloflo:= 8670 — UONARSEL NPL New Delhi

WD = 9.0 mm

(a)

200 nm

EHT = 10.00 kV
Mag = 50.00 K X

Photo No. = s1ga 9N A= SE1 NPL New Delhi

WD = 9.0 mm

EHT = 10.00 kV
Mag = 50.00 K X

(b)

Signal A = SE1
WD = 11.0 mm

Photo No. = 9064 NPL New Delhi

@ Springer

()



Silicon (2017) 9:473-481

must exist in the original spectra. Figure 2b and ¢ show
the deconvolution of the Raman spectra of the silicon films
deposited at Ty = 225 and 350 °C, respectively. On increas-
ing the Tg from 225 to 350 °C, a peak shift from 516.4
to 518.2 cm™! is noticed that suggests an improvement in
the crystallinity in the silicon films. The crystalline volume
fraction of the samples has been evaluated using Raman
spectra. With the increase in the T from RT to 225 °C, the
crystalline volume fraction increased significantly from ~1-
2 % to 65.7 %. The crystalline volume fraction of the film
deposited at Ty = 350 °C was calculated as 74.4 %. The
crystalline volume fraction evaluated is found to increase
with the increase of Ts. This substantial increase in the
crystalline volume fraction shows high crystalline nature
of silicon film with the increase in Tg. The high crys-
talline percentage of n-type silicon films grown at 350 °C
substrate temperature may be corroborated with the large
crystallite size evaluated from XRD in the films grown at
T, =350 °C.

3.3 Surface Morphology

Figure 3 shows the SEM micrographs of the phosphorous
doped silicon films deposited at different T of (a) RT, (b)
225 °C and (c) 350 °C, respectively. It is evident from the
SEM micrographs that the films deposited at RT have the
smooth surface and do not demonstrate any type of nanos-
tructure whereas the grains start appearing when the T was
increased from RT to higher temperatures (225 and 350 °C).
It is seen in Fig. 3a that there is no appearance of the crys-
tal growth in the film but Fig. 3b and c clearly show that the
shape and size of the nanocrystals visible in the films are
affected by the increase of Ts. In addition, it is found that the
surface grain size seems to be larger when Ty is increased
from 225 to 350 °C.

3.4 SIMS

SIMS was deployed to investigate the doped phosphorus
atoms in the silicon thin film. Figure 4 shows the SIMS pro-
file of phosphorous doped silicon film deposited at Ty =
350 °C. It is evident from the figure that the phosphorus
atoms are uniformly doped in the silicon film. The atomic
percentage of phosphorus atom was calculated and found
to be ~0.1 at. %. At higher substrate temperature, phos-
phorous atoms are uniformly doped and activated in order
to provide the charge carrier for transport which is corre-
lated with the high electrical conductivity of silicon film
deposited at higher T(350 °C). Such uniform doping is not
seen in the film deposited by the conventional PECVD and
HWCVD techniques [9, 22-24]. The reason for uniform
doping in the FCVA deposited silicon films in the present
study is not clear to us.
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Fig. 4 SIMS profile of phosphorus doped silicon thin film deposited
atTg =350°C

3.5 Electrical and Optical Properties

Figure 5 shows the variation of dark conductivity (op) ver-
sus the inverse of temperature for the n-type Si thin films
grown at different Ts. It is evident from the figure that the
variation of op is a thermally activated process that follows
a relation of the form:

op = 091 exp(—AE /kT) + o2 exp(—AE, /kT) (3)

where g and opy are the conductivity pre-exponential fac-
tor of the first and second term, respectively, AE; and AE;
are the activation energy at higher temperature and lower
temperature range, respectively, k is the Boltzmann con-
stant and T is the temperature in K. The films deposited
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Fig. 5 Variation of op versus inverse of temperature of phosphorous
doped Si thin films deposited at different T
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at Ty = RT and 225 °C show two activated processes
whereas the film deposited at T, = 350 °C shows only
one activated process in the entire temperature range. The
film deposited at very high temperature (Ts = 350 °C) has
very high conductivity (~0.98 ohm™!cm™!) which is due
to the high crystalline nature of the film. Such a high crys-
talline nature has a low percentage of the grain boundary
region. So, the electrical conductivity is dominated by one
slope. This is the fundamental reason for a single activated
process. High conducting n-type nc-Si film has also been
deposited by HWCVD process [9]. There is a kink tempera-
ture (Tk) between the two activated processes which occurs
at about 115 & 8°C. The behavior of conductivity as a func-
tion of temperature can be explained in the framework of a
two phase model, which assumes that the crystalline island
phase is embedded in an interconnective tissue phase. The
prevailing electrical conduction is controlled by one phase
or the other, depending on the dominance in transport by a
particular phase at a certain temperature. These fluctuations
in activation energy in two different temperature regimes
could be interpreted in terms of thermionic emission of the
carriers in the extended states over barriers produced by
trapping states in the grain boundary regions.

The absorption coefficient («) of the phosphorous doped
silicon films was deduced from the optical transmission
spectra. The optical band gap (E;) was obtained using
Tauc’s equation (oehv)l/2 = B (hv— Ey) , where hv is the
photon energy, « is the absorption coefficient, B is the edge
width parameter related to the Urbach edge or disorder in
the films. The variation of «v!/2 versus hv is shown in Fig. 6
for the film grown at different Ts. The value of E; has been
evaluated by extrapolating («hv)!/? versus hv curve to zero
abscissa at different Ts. The values of various parameters

(ahv)m (cm'1eV)1’2

M TAia | i 1 n 1 . 1

1.0 1.5 2.0 2.5 3.0 3.5 4.0

hv (eV)
Fig. 6 Variation of (ahv)!72
films deposited at different T

versus hv of phosphorous doped silicon
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Table 1 Parameters of phosphorous doped micro /nano crystalline
silicon films deposited at different substrate temperatures

Sr. No. Parameters/Temperature RT 225°C 350 °C
Crystallite size (d) (nm) 0 17 31
Crystalline volume fraction (%) 0 65.7 74.4
op (ohm~!em™!) 8.84 x 107 22x 1072 098
AE; (eV) 0.31 0.13 0.06
Eg (eV) 1.93 1.54 1.31

evaluated for P doped micro / nano crystalline silicon films
deposited at different T have been summarized in Table 1.

Figure 7 shows the variation of op, AE; and E; versus
the deposition temperature (Ts) of phosphorous doped Si
films. It is obvious from the figure that the values of op
increase from 8.84 x 10™* to 0.98 ohm~'cm™' and those
of AE; and Eg decrease from 0.31 to 0.06 eV and 1.93 to
1.31 eV, respectively, with the increase of T from RT to
350 °C. The P doped micro / nano crystalline silicon films
deposited in the present study using the same solid cathode
source having the same resistivity at different temperatures
is different with different values of E;. We assumed that
the P content in each film is also nearly the same. The shift
in the Fermi level towards the conduction band results in
the decrease of AE and increase of op which indicates that
the crystalline fraction is increasing in the material. Two
reasons might prevail for the increase of the conductivity:
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Fig. 7 Variation of op, AE and Eg versus substrate temperature (Ts)
of phosphorous doped micro/ nano crystalline Si thin films
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(a) enhancement in the crystallinity with the increase of
the deposition temperature, (b) on increasing the deposition
temperature, P atoms make an energetically suitable bond
with the silicon atoms and create the charge carriers and
increase the conductivity. We may infer that for a fixed P
content in the film, the crystallinity in the film causes the
increase of conductivity.

The film deposited at RT has low conductivity due to
its amorphous nature that can be correlated with the obser-
vation of XRD and Raman results. This typical behavior
reveals the transition from the low crystalline nature to
the high crystalline nature of doped silicon films with
the increase in the temperature of deposition. The films
deposited at T = 350 °C have the higher crystalline fraction
and high value of op because of the maximum activation
of phosphorus doping in nc-Si thin films. It is found that
increasing the Ts from RT to 350 °C favors a lower value
of Eg of silicon thin film which may be due to the higher
crystalline nature of the films. Because the nc-Si material
is a mixture of nanometer sized crystallites embedded in
the amorphous matrix, it could be thought that the quan-
tum size effect may play a role in the band structure. In the
nc-Si films studied here, the crystalline volume fraction is
sufficiently high to form significant carrier transport paths.
Phosphorus doping might change the absorption of optical
radiation in the films.

Fig. 8 a Schematic diagram of
silicon heterojunction diode, b
I-V characteristic of n-type
nc-Si / p —Si heterojunction
diode deposited at Ty = 350 °C
and ¢ semi log of I-V
characteristic of n-type nc-Si / p
—Si heterojunction diode
deposited at T = 350 °C
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3.6 Heterojunction Diode

A single facet polished (p) c-Si (111) wafer of around 300-
pm thickness with an average resistivity of about 5.5 ohm
cm (No ~ 1.34 x 10'%cm™3) was adopted as the substrate
material. Phosphorus doped nanocrystalline silicon (n-type
nc-Si) thin film was deposited by FCVA at Ty = 350 °C
on p type c-Si substrate to form a heterojunction (n) nc-Si
/ (p) c-Si, from which Al electrode/ (n) nc-Si / (p) c-Si/Ag
electrode structures were prepared as shown in Fig. 8a. The
current—voltage (I-V) measurements were observed from
the structure of (n) nc-Si / (p) c-Si at room temperature
which reveals the formation of a semiconductor heterojunc-
tion diode. Figure 8b shows the I-V characteristic of such
a heterojunction silicon diode. It is evident from the figure
that it follows the diode equation which can be expressed as

I — Io(eeV/nkT _ ]) (4)

where I, is the reverse saturation current, k is the Boltz-
mann constant and n is the ideality factor. The measured
data were fitted in the semi log I-V curve of the heterojunc-
tion diode at room temperature which is shown in Fig. 8c.
The value of n was found to be between 1.1 to 1.5 which
shows the proper transport in the semiconductor diode [25].
In a n-type nc- Si / p type c-Si heterojunction diode, four
different transport mechanisms play a role. These are (i)

Al contact
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drift diffusion in the space charge region, (ii) thermionic
emission of the hetero interface, (iii) diffusion in the quasi
neutral region and (iv) recombination in the hetero interface
and the space charge region. Three of the above processes
are dominant in the transport and the fourth process limits
the current [25]. The I-V characteristics of the heterojunc-
tion diode were also examined under the light illumination
and no noticeable change in the current was observed. This
has to be further investigated. The growth of intrinsic sili-
con films by this technique has to be attempted. It may be
possible by increasing the temperature of the cathode mate-
rial used which will increase the conductivity of intrinsic
cathode material for the initiation of the arc.

3.7 Growth Mechanism

The cathodic vacuum arc is generally produced from the
cold cathodes whose material has to be deposited. The mate-
rial flux emitted by the explosion or by the evaporation
is composed of ions, neutral atoms, electrons and micro
droplets of the material to be deposited. The ions are ejected
perpendicular to the cathode surface and macro particles are
ejected at 10-20° to the cathode surface. The macro parti-
cles and neutrals are removed by using the magnetic filter,
pulsed technique of arcing and the reactive mode of the arc-
ing [14-19]. Ionized vapor of the material created in the
cathodic arc enhances the ability to independently control
the ion flux and the ion energy at the substrate. It also allows
better control of the ion bombardment of the growing film
and better thickness homogeneity by applying external bias
and temperature. At room temperature, the film growth was
amorphous and with the increase in the deposition tempera-
ture from RT to the higher temperatures, the species find the
energetically favorable sites for the nucleation of nanocrys-
tals and nc-Si films might have been formed. The energy of
ionized particle is between 10 and 60 eV depending upon
the depositing material which can be enhanced by applying
a negative bias to the substrate. One of the main advantages
of the FCVA process is a high growth rate process where
no hazardous gases like SiH4, BoHg and PH3 are used to
deposit doped silicon films. The growth of FCVA deposited
silicon films is completely different from the growth of sil-
icon films deposited by the PECVD process. It is important
to note that in the FCVA process, no hydrogen gas was used
to deposit the phosphorous doped nc-Si film. In the FCVA
process, mainly silicon ions are responsible for the film
growth but precursors like SiH, SiH, and (SiH,), are the
main source in the silane plasma for the synthesis of silicon
films by the PECVD technique [26, 27] The properties of
FCVA deposited phosphorus doped nc- Si films were found
to be comparable to the P doped nc- Si films prepared by
the different chemical vapor deposition techniques such as
HWCVD, ICP-CVD and PECVD [9, 22, 23, 28-34].
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4 Conclusions

The structural, electrical and optical properties of phospho-
rus doped silicon films deposited by the FCVA technique
at different substrate temperatures (Ts) have been reported.
The XRD patterns show that the RT grown film is amor-
phous in nature but the high temperature deposited films are
crystalline in nature with (111) and (220) crystal orientation.
The crystallite size of the higher temperature grown film
was between 17 to 31nm, respectively. Raman spectra reveal
the amorphous nature of the film deposited at RT and the
crystalline nature at the higher temperatures. The crystalline
volume fraction was estimated as 65.7 and 74.4 % in the
films deposited at higher T of 225 and 350 °C. The value
of op increases from 8.84 x 10~* to 0.98 ohm—'cm~! and
those of AE and E; decrease from 0.31 to 0.06 eV and 1.93
to 1.31 eV, respectively with the increase of T from RT to
350 °C. A n-type nc-Si/p-Si heterojunction diode was fab-
ricated and its diode quality factor of the I-V characteristic
observed was between 1.1 to 1.5. The properties of FCVA
deposited phosphorous doped nc-Si films are comparable to
the PECVD and HWCVD grown P doped nc-Si films.
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