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Abstract  

Herein n-type hydrogenated nano-crystalline silicon (nc-Si:H) thin films were synthesized using silane (SiH4) and phosphine 
(PH3) acted as a dopant gas by catalytic chemical vapor deposition technique (Cat-CVD). The substrate temperature was 

maintained at 200 C. The effect of PH3 flow rate on opto-electronic and structural properties of nc-Si:H was studied using 
UV-visible spectroscopy, dark conductivity, low angle X-ray powder diffraction (XRD), Raman spectroscopy, etc. From low angle 
XRD and Raman analysis, it was observed that the incorporation of phosphorus atoms in nc-Si:H caused the transformation 
nc-Si:H to a-Si:H. At optimized PH3 flow rate (0.3 sccm), n-type nc-Si:H films from a high deposition rate (~ 29.6 Å/s) had an 
optimum band gap (~ 1.89 eV), high dark conductivity (~ 1.52 S/cm) and low charge carrier activation energy (0.19 eV) at low 
hydrogen content (~ 1.83 at. %). The deposited films can be useful as n-layer Si:H based c-Si heterojunction solar cells.  
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1. Introduction 

As of today, crystalline silicon (c-Si) has the lion’s share in 

electronic devices and solar photovoltaic (SPV) market. 

However, the opto-electronic devices fabricated using c-Si 

have several limitations such as a weak response to the 

absorption in the visible region of solar spectrum due to its 

indirect band gap and high wafer processing cost. To 

overcome these limitations, hydrogenated amorphous silicon 

(a-Si:H) has been investigated for the fabrication of 

photodiodes, transistors (TFTs), gas sensors, liquid crystal 

displays and solar cells.[1] But it was observed that the devices 

made from a-Si:H have a poor stability due to the presence of 

hydrogen related defects.[1] As compared to a-Si:H, nc-Si:H 

has high stability, carrier mobility and good absorption in the 

lower energy region of solar spectrum.[2] Due to enhanced 

properties, nc-Si:H containing embedded Si nano-crystals in 

amorphous matrix, has important new applications in the field 

of photovoltaic solar cells and nano-electronic devices.[3-7] The 

nc-Si:H has high dark and photo conductivity, high mobility 

and good doping efficiency.[8-10] Since nc-Si:H has an ordered 

structure, thus it is more stable against light induced 

degradation.[11] Thus, nc-Si:H is more suitable as compared to 

a-Si:H thin film technology. For example, Shah et at. [12] have 

synthesized nc-Si:H and embedded it as absorber layer in the 

solar cells showing an efficiency of 10.1 %. Using nc-Si:H in 

tandem/micromorph solar cells, Yamamoto et at.[30] reported 

an initial efficiency of ~ 14.7 %. Also, p-type nc-Si:H has been 

used as window layer in a-Si:H solar cells.[14,15]  

Different techniques have been used for the synthesis of 

nc-Si:H films, such as plasma enhanced chemical vapor 

deposition [PE-CVD], microwave PE CVD,[17] electron beam 

evaporation,[18] electron cyclotron resonance PE CVD,[19] RF 

magnetron sputtering,[20] hot wire CVD,[21] Si ion 

implantation,[22] cathodic vacuum arc[23] etc. Out of these 

techniques, PE-CVD has been extensively used for industrial 

applications. For the synthesis of nc-Si:H films using PE-

CVD, it is necessary to maintain high RF power and hydrogen 

dilution of silane. The silane dilution by H2 causes the 
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formation of unwanted metastable states [24] as well as reduces 

the rate of deposition.[25] High RF power affects transparent 

conducting coatings (TCO),[26] which are the base of the solar 

cells. Therefore, due to such difficulties associated with PE-

CVD, there was a need for another efficient technique for the 

synthesis of nc-Si:H films. In recent years, the catalytic 

chemical vapor deposition technique (Cat-CVD) is widely 

used for the preparation of highly stable nc-Si:H films, which 

have a high growth rate.[27,28] Therefore, it is obligatory to 

prepare intrinsic and doped nc-Si:H using Cat-CVD technique, 

so that it can be used as a good alternative for PE-CVD. 

In the present work, the opto-electronic and structural 

properties of phosphorus doped nc-Si:H films synthesized by 

Cat-CVD technique were studied. The effect of PH3 flow rate 

on dark conductivity, deposition rate, activation energy, 

hydrogen content, volume fraction of crystallites, crystallite 

size and optical band gap were studied.  The structural 

properties of doped nc-Si:H critically were found to depend on 

dopant PH3 gas flow rate and the incorporation of phosphorus 

atoms in nc-Si:H caused the transformation to a-Si:H. 

 
Fig. 1 Variation of deposition rate as a function of PH3 flow rate 

for Si:H films deposited by Cat-CVD technique. 

 

2. Experimental Section 

2.1 Preparation of nc-Si:H films 

Undoped and phosphorus doped nc-Si:H films were deposited 

at the same time on corning (# 7059) glass and c-Si wafer by 

Cat-CVD technique. The Cat-CVD technique had a process 

chamber along with a load lock chamber. The process chamber 

consisted of two pumps: one turbo molecular pump along with 

rotary vane pump. To load and un-load the substrates, the load 

lock chamber was used, which prevented direct exposure of 

process chamber to the atmospheric air. The pneumatically 

controlled transport arm transferred the substrate from load-

lock to the process chamber. The deposition pressure was 

maintained by adjusting the throttle valve manually. Ten 

straight parallel tungsten filaments separated by 1 cm distance 

having diameter 0.05 cm and length 100 mm were used. The 

filaments were heated by passing high current (~ 25 A) 

through each filament. The optical pyrometer (IRCON 

Infrared thermometer, USA) had been used to measure the 

filament temperature. The flow rates of the gases coming from 

the cylinders were controlled by mass flow controllers. Before 

entering the process chamber, all gases were allowed to mix in 

the gas mixer. After that, the mixture of the gases was passed 

through gas shower into the process chamber just below the 

plane of the parallel tungsten filaments. The gas shower was 

such designed so that the density of gas molecules on the 

tungsten filaments should remain uniform. In between 

substrates and filaments, there was a shutter to avoid pre-

deposition. The substrates were fixed on the substrate holder 

and the desired temperature was achieved using a built-in 

heater. The substrate temperature was measured by a 

thermocouple sensor. Undoped and phosphorus doped nc-Si:H 

films were deposited without hydrogen dilution using a 

combination of pure silane (SiH4, Matheson Semiconductor 

Gas (MSG)) as a source of silicon and phosphine (PH3, 

Matheson Semiconductor Gas (MSG)]) dopant gas, which is a 

source of phosphorus. The deposition parameters for the 

preparation of films are listed in Table 1. 

 
Fig. 2 Low angle diffraction pattern of phosphorus doped nc-Si:H 

films deposited at different PH3 flow rate by Cat-CVD technique. 

 

Table 1. Deposition parameters used for the synthesis of 

phosphorus doped nc-Si:H films by Cat-CVD technique. 

Process parameters Value 

Substrate temperature (TSub) 200 °C 

Filament temperature (TFil) 1900 °C 

Filament to substrate distance (df-s) 5.0 cm 

Gas flow rates:  

 1) Silane (FSiH4) 2 sccm 

 2) Phosphine (FPH3) 0.0-0.9 sccm 

Deposition pressure 300 mTorr 

Deposition Time 10 min 
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The glass substrates were cleaned with piranha solution 

(80 % H2SO4 + 20 % H2O2) and the c-Si wafers were 

immersed in HF for 2-3 min for etching the oxide layer formed 

on the surface. After fixing the substrates to the substrate 

holder, the process chamber was evacuated to pressure less 

than 10-6 Torr. During each deposition, initially the tungsten 

filaments were heated to about 2000 °C in the presence of 

atomic hydrogen to remove the oxide layer formed on the 

filament surface. After each deposition, the films were allowed 

to cool in vacuum. 

 
Fig. 3 Room temperature Raman spectra of phosphorus doped nc-

Si:H films deposited at different PH3 flow rates by Cat-CVD 

technique. 

 

2.2 Characterization of nc-Si:H films 

Dark conductivity (Dark) and charge carrier activation energy 

(Eact) was measured using Keithley source meter (2401). The 

dimensions of the samples used for measurements were 3 cm 

x 1 cm. For the measurement of Dark and Eact, two Al 

electrodes separated by 0.05 cm distance were deposited by 

thermal evaporation technique. XRD patterns were taken 

using x-ray diffractometer (Bruker D8 Advance, Germany) 

with Cu Kα line (λ = 1.54056 Å) at a grazing angle of 1°. 

Raman spectra were recorded using Jobin Yvon Horibra 

LABRAM-HR in the wavelength range 350-700 nm with a 

resolution of 1 cm-1. The excitation wavelength used was 

632.8 nm having a penetration depth of ~ 1 µm. The laser 

power was maintained at 5 mW to avoid any damage in the 

films. To calculate the total bonded hydrogen content in the 

films, FTIR spectrophotometer (JASCO, 6100-TYPE A) in 

transmission mode was used. The optical band gap of films 

was obtained by using UV-Visible spectra in transmission and 

reflection mode, which was recorded using a dual beam 

Hitachi UV-Visible spectrophotometer. The thickness of each 

film was obtained using a surface profiler (KLA Tencor, P-

16+), which can also be substantiated from UV-visible 

spectroscopy analysis by following the procedure given by 

Swanepoel.[29] 

 

3 Results and Discussion 

3.1 Variation of deposition rate 

The change in deposition rate as a function of PH3 flow rate 

for nc-Si:H films is shown in Fig. 1. The deposition rate was 

calculated from the film thickness and deposition time. The 

film thickness was measured using a taly-step surface 

profilometer. For the undoped (FPH3 = 0.0 sccm) nc-Si:H film, 

the deposition rate was ~35 Å/sec. The deposition rate was ~ 

36.1 Å/s when the PH3 flow rate was maintained at 0.1 sccm. 

As the PH3 flow rate was further increased, the deposition rate 

went on decreasing continuously and finally it came to ~ 22.7 

Å/sec for PH3 flow rate of 0.9 sccm. The increase in density 

of film forming radicals may be the reason for initial increase 

in deposition rate. In present study, 1 % of PH3 in hydrogen 

had been used as the dopant gas. An increase in PH3 flow rate 

elevateed the density of atomic H. Atomic H is an efficient 

etchant in Cat-CVD process. Thus, as the PH3 gas flow rate 

was increased, a decrease in deposition rate occurred due to 

the etching effect of atomic H. The deposition rate obtained in 

current study was much higher than the previously reported 

deposition rates for phosphorus doped nc-Si:H films.[30-32] For 

the industrial applications, it is necessary to have a higher 

deposition rate, as it reduces the processing time and 

ultimately production cost. 

 
Fig. 4 Typical de-convoluted Raman spectrum (PH3 flow rates= 

0 sccm) using Levenberg-Marquardt method for the estimation of 

volume fraction of crystallites and crystallite size of phosphorus 

doped nc-Si:H films. 

 

3.2 Low angle X-ray diffraction analysis 

The XRD pattern of nc-Si:H thin films deposited on corning 

(# 7059) glass substrates at different PH3 flow rates is shown 

in Fig. 2. As shown in Fig. 2, the Si:H film deposited at PH3 

flow rate = 0.0 sccm (pure) is nano-crystalline with three 

different peaks at 2θ ~ 28.5°, 47.3° and 56.1°, having the 

crystal orientations along (111), (220) and (311), respectively. 

The highest intensity peak is observed at 2θ ~ 28.5°, indicating 

that the growth of the crystallites is dominant along (111) 
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direction. However, as the PH3 flow rate is increased, the 

intensities of all the crystallographic planes are decreased. 

This decrease in diffraction peak intensity with increasing the 

PH3 flow rate is due to the decrease in the crystalline volume 

fraction in the Si:H films. Thus, the addition of phosphorus in 

the nc-Si:H network promotes amorphization. The transition 

from nano-crystalline to amorphous upon the addition of 

phosphorus is further confirmed by Raman spectroscopy 

analysis (discussed later). This transition may be due to the 

local disturbance caused by the dopant phosphorus atoms in 

the nc-Si:H network.  

The average crystallite size (dx-ray) corresponding to the 

(111) crystallographic plane for all phosphorus doped nc-Si:H 

films was calculated using Scherrer formula, Equation (1):[33] 

𝑑𝑥−𝑟𝑎𝑦 =
0.9 𝜆

𝛽 𝑐𝑜𝑠𝜃𝐵
                                        (1) 

where λ is the wavelength of the incident x-ray (1.54 Å), β is 

the full width at half maximum (FWHM) of the (111) peak, 

and θB is the angle of diffraction. It is observed that, as the PH3 

gas flow rate increases from 0.0 to 0.9 sccm, the crystallite size 

decreases from 29.3 to 11.0 nm. These values are listed in Fig. 

2. 

 
Fig. 5 FTIR spectra of phosphorous doped nc-Si:H films 

deposited by Cat-CVD technique at various PH3 flow rates. 

 

3.3: Raman spectroscopy analysis 

In Fig. 3, room temperature Raman spectra are shown for 

phosphorus doped nc-Si:H films deposited at different PH3 

flow rates. As shown in figure, the films prepared at PH3 flow 

rate of 0.0 sccm (undoped) has a sharp peak at  517.8 cm-1, 

corresponding to the transverse optic (TO) phonon vibration, 

which is due to the presence of nano-crystalline phase.[34] With 

an increase in the PH3 flow rate, the intensity of TO peak is 

decreased. This is due to an reduction in the crystalline volume 

fraction as the PH3 flow rate is increased. From these results, 

it is observed that the addition of phosphorous in nc-Si:H 

network causes nano-crystalline to amorphous transition in the 

films. These results further confirm the phosphorous induced 

amorphization in the nc-Si:H network. To determine the 

crystalline volume fraction (XRaman) and size of the crystallites 

(dRaman), each Raman spectrum is de-convoluted in the range 

350-550 cm-1 into three peaks at 515-520, 470-484 and 500-

510 cm-1 corresponding to crystalline phase, intermediate 

phase and amorphous phase, respectively. [35]  

A de-convoluted Raman spectrum for the PH3 flow rate of 

0.0 sccm (undoped) is shown in Fig. 4. The volume fraction of 

crystallites (XRaman) is estimated using Equation (2):[36] 

𝑋𝑅𝑎𝑚𝑎𝑛 =
𝐼𝑐+𝐼𝑚

𝐼𝑐+𝐼𝑚+𝜎 𝐼𝑠
                                    

(2) 

where σ is 1.0,[37] Ic is the intensity of the peak in the range 

515-520 cm-1 corresponding to the crystalline phase, Im is the 

intensity of the peak in the range of 500-510 cm-1 

corresponding to the intermediate phase and Ia is the intensity 

of the peak in the range of 470-484 cm-1 corresponding to the 

amorphous phase of the phosphorus doped nc-Si:H thin films.  

The crystallite size (dRaman) is calculated using Equation 

(3):[38] 

𝑑𝑅𝑎𝑚𝑎𝑛 =  2𝜋√
𝛽

𝛥𝜔
.                              (3) 

where ∆ is the shift in the peak from the peak centered at  

520 cm-1 corresponding to the c-Si and β = 2.0 cm-1nm2.[39] 

For the undoped nc-Si:H film, the crystalline volume 

fraction is  55 % and as the PH3 flow rate is increased to 0.9 

sccm, and the crystalline volume fraction shrinks to 41%. 

These results exactly match with the low angle XRD analysis, 

which also confirms the doping induced amorphization in the 

nc-Si:H films. But it is observed that the crystallite size 

remains invariant of the PH3 flow rate. It is  6 nm for all PH3 

flow rates.  

 
Fig. 6 Variation of hydrogen content as a function of PH3 flow 

rate for the phosphorous doped nc-Si:H films deposited by Cat-

CVD technique. 
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Fig. 7 a) The Tauc plot used to estimate the optical band gap of phosphorous doped nc-Si:H films, and b) variation of band gap as a 

function of PH3 flow rate. 

 

3.4 FTIR spectroscopic analysis 

Fig. 5 shows the FTIR spectra of phosphorus doped nc-Si:H 

films prepared at various PH3 flow rates. For all the films, the  

FTIR spectra show two major absorption bands, which are the 

mono-hydride (Si-H) wagging mode at  621 cm-1 [40,41] and 

the di-hydride or poly-hydride complexes such as (Si-H2)n 

stretching/bending mode at  885 cm-1.[42] It is observed that 

the depth of the bands located at  621 and 885 cm-1 increases 

with an increase in the PH3 flow rate. The hydrogen may be 

attached with silicon in the form of mono-hydride (Si-H), di-

hydride (Si-H2), tri-hydride (Si-H3) or poly-hydride (Si-H2)n 

configurations.  

All these bonding configurations of silicon and hydrogen 

contribute to the vibrational mode at  621 cm-1. [43, 44] Thus, to 

calculate the total amount of bonded hydrogen content in the 

film, the area coming under the absorption peak at  621 cm-1 

was integrated. The total bonded hydrogen content is 

estimated by using the procedures given by Langford et al..[45] 

The variation of hydrogen content in the phosphorus doped nc-

Si:H films with an increase in the PH3 flow rate is shown in 

Fig. 6. It is observed that the total atomic H content in the film 

is increased slowly from 1.7 to 2.5 at. % with an increases in 

the PH3 flow rate from 0.0 to 0.9 sccm. The increase in the 

hydrogen content with an increase in the PH3 flow rate is the 

result of amorphization of nc-Si:H films due to incorporation 

of phosphorus atoms in the host nc-Si:H matrix. As seen from 

the XRD and Raman spectroscopy analysis, when phosphorus 

atoms are incorporated in the nc-Si:H films, the amorphization 

of the film takes place. The incorporation of more phosphorus 

atoms with an increase in PH3 flow rate increases the defect 

states such as dangling bonds and micro-voids etc. in the films. 

These dangling bonds are then compensated by the hydrogen 

atoms. This is the reason for the increase in hydrogen content 

in the films with an increase in the PH3 flow rate. 

 

3.5 UV-Visible spectroscopy analysis 

The optical band gap of nc-Si:H films at various PH3 flow rate 

was calculated from the UV-Visible spectroscopy. The 

absorption coefficient (α) was estimated from transmission (T) 

and reflection (R) in the UV-Visible spectra. The α was 

calculated for each wavelength using Equation (4): 

𝛼 = −
1

𝑑
 𝑙𝑛   (

𝑇

1−𝑅
)

                   

(4) 

     

 

where d is the thickness of film. The values of band gap were 

determined by plotting (αhν)2 versus photon energy (E= hν) 

(Tauc plot) and by extrapolating the curve to the h axis using 

equation,[46] 

(h)1/2 = B (h-Eg)                  (5) 

where B is energy independent constant, h is the Plank 

constant and  is frequency of incident photon radiation. Fig. 

7 (a) shows the Tauc plots used to determine the optical band 

gap of the phosphorus doped nc-Si:H films. The variation of 

band gap as a function of PH3 flow rate is depicted in Fig. 7 

(b). It is observed that the band gap is gradually decreased 

from 2.17 to 1.62 eV when the PH3 flow rate is increased from 

0.0 to 0.9 sccm. In the PE-CVD deposited films, the band gap 

is increased as the hydrogen content is increased.[47,48] In this 

study, the optical band gap is observed to drop from 2.17 to 

1.62 eV with an increase in the PH3 flow rate while the total 

hydrogen content shows an increasing trend (see Fig. 6). For 

the Cat-CVD grown nc-Si:H films, these two results are 

contradictory. Thus, for the nc-Si:H films grown by Cat-CVD, 

the only hydrogen content cannot account for the change in the 

optical band gap.  

The decrease in the crystalline volume fraction in the nc-

Si:H films with a rise in the PH3 flow rate may be attributed to 

the decrease in optical band gap. In the present study, the 

optical band gap remains high (1.62 eV) irrespective of 

maximum hydrogen content ( 2.5 at.%). In the nc-Si:H films, 

the crystallites of nc-Si:H are embedded in amorphous matrix 

of Si:H. This implies that nc-Si:H has both amorphous as well 

as crystalline phases. Therefore, the optical band gap of the 

nc-Si:H should lie in between the band gaps of amorphous and 

crystalline phases of Si:H.[49] Even though the hydrogen 

content is comparatively low for all nc-Si:H films, the band 
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gap has a considerable high value. The reason for this is the 

presence of micro-voids due to the incorporation of 

phosphorus atoms in the nc-Si:H films. Due to the presence of 

micro-voids, the density of the nc-Si:H gets reduced, which 

causes an increase in the Si-Si bond length. The increased Si-

Si bond length reduces the absorption and there is a blue shift 

in the transmission curve, which results in a higher band gap. 

 
Fig. 8 Variation of dark conductivity (σdark) and charge carrier 

activation energy (Eact) as a function of the PH3 flow rate for the 

phosphorous doped nc-Si:H films deposited by Cat-CVD 

technique. 

 

3.6 Electrical properties 

The variation in activation energy (Eact) and dark conductivity 

(σdark) with an increase in the PH3 flow rate for the phosphorus 

doped nc-Si:H films is shown in Fig. 8. The room temperature 

Dark was measured in the coplanar geometry by evaporating 

the Al contacts on the films using vacuum thermal evaporation 

using Equation (6): 

𝜎𝐷𝑎𝑟𝑘 = [
𝑉×d×𝜔

𝐼×ℓ
]
−1

                               (6) 

where V is the applied voltage (volts), I is current (amperes), 

d is thickness (cm),  is width (cm) and l is the distance 

between the electrodes (cm). 

The temperature dependent conductivity was measured in 

the range 320-425 K and activation energy was calculated 

using Equation (7): 

𝜎𝐷𝑎𝑟𝑘 = 𝜎0  𝑒𝑥𝑝 [−
𝐸𝑎𝑐𝑡

𝑘𝐵×𝑇
]                        (7) 

where σ0 is the conductivity pre-exponential factor, Eact is the 

activation energy and kB is the Boltzmann constant and T is 

temperature in Kelvin. As shown in Fig. 8, for pure nc-Si:H 

film, the dark conductivity is 3.7x10-8 S/cm. When the PH3 

flow rate is maintained at 0.1 sccm, the dark conductivity is 

increased to 0.092 S/cm. With a further increase in the PH3 

flow rate, i.e. from 0.1 to 0.3 sccm, the dark conductivity 

reaches a maximum value of 1.52 S/cm. The conductivity is 

decreased with a further increase in the PH3 flow rate. As 

expected, the activation energy shows exactly a reverse trend. 

The activation energy values are found less than 0.7 eV, 

suggesting that all films are n-type. Initially, with an increase 

in the PH3 flow rate, the incorporation of phosphorus atoms in 

the nc-Si:H films is increased. Therefore, the number of 

charge carriers in the film is increased, which results in an 

increment in the dark conductivity. Further, the dark 

conductivity is decreased suddenly beyond an optimum value 

of PH3 flow rate (0.3 sccm). This indicates the formation of 

amorphous phase beyond 0.3 sccm of PH3 flow rate. The 

Raman and XRD spectra also show the same results. 

 

4 Conclusion 

In this paper, we report the effect of phosphine gas conditions 

on the structural and opto-electronic properties of nc-Si:H 

films prepared by the catalytic chemical vapor deposition 

technique (Cat-CVD).  Intrinsic (undoped) and phosphorous 

doped nc-Si:H films were prepared using silane (SiH4) and 

phosphine (PH3, 1 % in hydrogen) gases. The study of nc-Si:H 

film properties with a variation in the PH3 flow rate was 

carried out using different analysis techniques such as UV-VIS 

spectroscopy, FTIR spectroscopy, low angle XRD, Raman and 

electrical conductivity measurements etc. From Raman and 

XRD analysis, it was observed that the incorporation of 

phosphorus in nc-Si:H causes a transition from 

nanocrystalline to amorphous phase. The FTIR spectroscopy 

analysis showed that the bonded hydrogen in undoped and 

doped nc-Si:H films mainly occurred in the mono-hydride (Si-

H) and di-hydride (Si-H2) or poly-hydride (Si-H2)n 

configurations. The optical band gap of phosphorus doped nc-

Si:H films was decreased from 2.17 to 1.62 eV when the PH3 

flow rate was increased from 0.0 to 0.9 sccm. The maximum 

dark conductivity has been observed for the phosphorus doped 

nc-Si:H films synthesized at 0.3 sccm PH3 flow rate. At an 

optimized PH3 flow rate (0.3 sccm), n-type nc-Si:H film was 

synthesized with a reasonably high deposition rate ( 29.6 

Ǻ/s), high band gap ( 1.89 eV), high dark conductivity ( 

1.52 S/cm) and low charge carrier activation energy (0.19 eV) 

with a minimum hydrogen content ( 1.83 at.%). The 

synthesized films can have applications useful in the tandem 

solar cells as n-layer.  
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