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This paper studies the effects of silane back diffusion in the initial plasma ignition stage on the properties of

microcrystalline silicon (µc-Si:H) films by Raman spectroscopy and spectroscopic ellipsometry, through delaying the

injection of SiH4 gas to the reactor before plasma ignition. Compared with standard discharge condition, delayed SiH4

gas condition could prevent the back diffusion of SiH4 from the reactor to the deposition region effectively, which induced

the formation of a thick amorphous incubation layer in the interface between bulk film and glass substrate. Applying

this method, it obtains the improvement of spectral response in the middle and long wavelength region by combining

this method with solar cell fabrication. Finally, results are explained by modifying zero-order analytical model, and a

good agreement is found between the model and experiments concerning the optimum delayed injection time.
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1. Introduction

Plasma deposition is a key process in the fabri-

cation of highly efficient microcrystalline silicon (µc-

Si:H) thin-film solar cells. During vapour-phase de-

position processing, the precise control of the ini-

tial processing stage is extremely important, due

to the connection with the interface formation and

nucleation,[1−7] the transient depletion of the SiH4

source gas during roughly the first minutes of pro-

cessing and the back diffusion of SiH4 in the reac-

tor which induced the formation of an additional in-

cubation layer, and developed a zero-order analytical

model[8] to calculate the optimum SiH4 injection time.

However, in this model, several pivotal parameters,

such as the electron density and the effective dissoci-

ation rate must be known, and a mass of calculation

is needed. So, this model is not applied convention-

ally in practice, especially for use in industrialization

equipment. In this paper, the effect of SiH4 back diffu-

sion on the film crystallinity, microstructure, and the

properties of solar cells are investigated under high

pressure depletion with very high frequency (VHF)

plasma processing and the results are analysed by us-

ing the modified zero-order analytical model.

2. Experimental details

Intrinsic µc-Si:H films were deposited on

15×15 cm2 quartz glass substrates in an ultra-high

vacuum deposition chamber,[9] designed as one of the

process chambers of a cluster tool system. The ma-

terial was grown by VHF plasma enhanced chemical

vapour deposition (PECVD) at frequency 75 MHz.

The size of the radio frequency (RF) electrode was

700 cm2, and the electrode distance is fixed at 15 mm.

The substrate temperature was always kept at 220 ◦C,

total gas flow ([SiH4] + [H2]) Q = 250 sccm and the

chamber pressure at 300 Pa. Several series of samples

were deposited under delayed and standard plasma ig-

nition conditions in SiH4 and H2 gas mixtures under

silane concentrations (SC) (defined as SiH4/( SiH4

+ H2)) of 2% and 4%. The VHF power maintained

100 W and the deposition times changed between 1–2

min.

Raman spectroscopy (514 nm) and spectroscopic

∗Project supported by the State Key Development Program for Basic Research of China (Grant No. 2006CB202601).
†Corresponding author. E-mail: chysh2003@zzu.edu.cn

c⃝ 2010 Chinese Physical Society and IOP Publishing Ltd
http://www.iop.org/journals/cpb　http://cpb.iphy.ac.cn

057205-1



Chin. Phys. B Vol. 19, No. 5 (2010) 057205

ellipsometry (SE) are basic non-destructive optical

tools routinely employed to study the microstructural

properties of µc-Si:H films. Whereas Raman data pro-

vide an average weighted by the intensity of the laser

vs depth, ellipsometry is able to provide information

on crystallinity vs film thickness.[2] The SE spectra of

the real, < ε1 >, and imaginary, < ε2 >, parts of the

pseudo-dielectric function, < ε >=< ε1 > +i < ε2 >,

were acquired with a phase modulated spectroscopic

ellipsometer (Wvase32) in the range 1.5–4.0 eV with

an energy step of 0.02 eV and at an angle of inci-

dence of 70◦. The SE spectra were analysed by using

the Bruggeman effective medium approximation as-

suming the µc-Si:H films consisting of microcrystalline

and amorphous silicon phases and voids. Figure 1 de-

picts a three-layer optical model used in the analysis

of bulk film growth on glass substrate. In this model,

the films consist of the following three parts: 1) the

incubation amorphous interface-layer; 2) the middle

bulk layer; 3) the ‘growth-front’ and top surface layer.

Fig. 1. The optical model used in the analysis of thin film

growth.

The SnO2/ZnO coated glass was used as substrate

for single junction µc-Si:H thin film solar cells. The

back contact was Al prepared by evaporation for p–

i–n solar cells, and defined cell area was 0.25 cm2.

Quantum efficiency measurement is carried out with

no optical bias for single-junction cells.

3. Results and discussion

3.1. Film deposition

During the µc-Si:H film deposition process, H2 gas

background, firstly, is formed inside the reactor, and

then followed with SiH4 gas after the pressure reach-

ing stabilization. However, in order to realize the re-

producibility of material properties, morphology and

structures, plasma ignition takes place after SiH4 con-

centration and its partial pressure reaching stabiliza-

tion. So, several minutes interval are needed between

SiH4 injection and plasma ignition under standard dis-

charge condition. To understand the effect of back dif-

fusion of SiH4, we apply a delayed SiH4 gas injection

condition[8] through adjusting the injected time tdelay

before deposition starts. Different tdelay indicates dif-

ferent SiH4 concentration at the time of plasma ig-

nition. Figure 2 shows the Raman crystallinity of

µc-Si:H films deposited directly on glass under dif-

ferent tdelay in the H2 backgrounds. For comparison,

crystallinity of µc-Si:H films deposited under standard

discharge conditions is also shown in the figure. The

abscissa in the figure represents the delayed time be-

tween silane injection and plasma ignition: ‘0s’ means

the plasma is ignited before silane injecting into the

chamber; other points indicate that plasma is ignited

after silane has injected into chamber for correspond-

ing times. The Raman crystallinity of µc-Si:H films

under delayed conditions are higher than that under

standard discharge conditions, and the highest crys-

tallinity is obtained at tdelay of 20 s for SC = 2 % and

30 s for SC = 4 %. In addition, under same tdelay,

crystallinity decreases with the increase of SC.

Fig. 2. Raman crystallinity of films deposited with dif-

ferent delay timescales under delayed conditions for dif-

ferent Silane concentrations: SC = 2% (open square); SC

= 4% (open circle). The crystallinity of films deposited

under standard discharge condition is also shown: SC =

2% (close square); SC = 4% (close circle).

Figure 3 shows the experimental measured spec-

tra of the imaginary part, < ε2 >, of the pseudo-

dielectric function of µc-Si:H films deposited under

different discharge conditions, and also the modeled

curves. The obtained result presents the excellent

agreement between the model and the experimental

data on the whole spectral range. The schematic
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view of the microstructural layers of the same films

obtained from modeling of the SE data is presented

in Table 1, where the fractional composition of con-

stituent components and the layer thicknesses (dl) are

mentioned. The percentage volume fractions of crys-

talline, voids and amorphous content are denoted by

Fc, Fv and Fa respectively. In this model diagram,

we can see that under delayed discharge condition,

Fc in bulk and surface layers are higher than that in

the films deposited under standard conditions, and de-

crease with the increase of SiH4 concentration. But,

the Fv is high under delayed conditions. The thick in-

cubation amorphous layer found under standard con-

ditions is caused by the back diffusion of SiH4 molecule

from chamber. The SE and Raman analysis indicate

that delayed SiH4 density in the reactor is very ef-

fective in suppressing or removing the formation of

the amorphous incubation layer in the initial µc-Si:H

growth processing, and using this method we can de-

posit µc-Si:H films at relatively higher SiH4 concen-

tration.

Fig. 3. Experimental (solid line) and model (dash line) imaginary part, < ε2 >, of the pseudo-dielectric function

of µc-Si:H films deposited under different discharge conditions at (a) SC = 2 %, tdelay = 20 s; (b) SC = 4 %,

tdelay = 30 s.

Table 1. The schematic illustration of µc-Si:H films deposited under delayed and standard discharge

conditions at SC = 2% and 4 %.

layers conditions
2 % 4 %

dl/nm Fc/% Fv/% Fa/% dl/nm Fc/% Fv/% Fa/%

interface layer

0 s 0 0.4 100

10 s 0 – – – –

20 s 0 – – – –

30 s 0 0

standard 6.8 100 10.2 100

middle bulk layer

0 s 24.3 33.8 13.4 52.8 62.1 20.2 0 79.8

10 s 34 40.3 7.8 51.9 – – – –

20 s 33.9 44.5 9.8 45.7 – – – –

30 s 25.9 40.9 6.6 52.5 33.5 28.1 0 71.9

standard 25.4 25.4 0.2 74.4 102.2 5 0 95

surface layer

0 s 7.4 19 81 0 5.6 45.6 54.4 0

10 s 9.4 30.2 69.8 0 – – – –

20 s 8.3 28.3 71.7 0 – – – –

30 s 10.7 14.8 85.2 0 7 22.7 77.3 0

standard 5.7 9.2 45.7 45.1 9.3 16.7 48.9 34.4

3.2. Solar cells

In the µc-Si:H solar cells fabrication process, delayed conditions (SC = 4 %, tdelay = 30 s) is used during

the deposition of the i-layer µc-Si:H film, and is also used for comparing standard discharge conditions. Figure

4 shows the Raman spectra of 100 nm µc-Si:H films deposited under different discharge conditions on 30 nm

p-type µc-Si:H films. The calculated crystallinity of all films is higher than that deposited directly on bare glass

057205-3



Chin. Phys. B Vol. 19, No. 5 (2010) 057205

substrate, caused by the epitaxial growth, whereby

the crystalline network of the p-type µc-Si:H film con-

tinued to propagate across the interface to the over-

deposited film. Comparing with standard discharge

conditions, we obtain the higher film crystallinity

at p/i interface under delayed discharge conditions.

These results correlate well with the assumed more

amorphous growth conditions within the first minutes

of deposition due to a back diffusion flux of SiH4 under

standard ignition conditions.

Fig. 4. Raman spectra of µc-Si:H films deposited under

different discharge conditions on p-type µc-Si:H films.

Even under the same i-layer growth conditions,

variation in the initial plasma ignition conditions

could result in substantial changes in the properties

of solar cell. Figure 5 shows the dependence of spec-

tral response of the two µc-Si:H solar cells with i-layer

deposited under different ignition conditions. Delayed

initial SiH4 density during i-layer deposition can im-

prove spectral response in the middle and long wave-

length region, hence increase the short circuit current

density.

Fig. 5. Effect of different i-layers ignition conditions on

the spectral response of single-junction p–i–n µc-Si:H solar

cells.

3.3.Discussion

To explain our experiments, one modified zero-

order analytical model is developed and is presented

as follows.

Figure 6 shows the deposition process under stan-

dard discharge condition. Before plasma ignition the

Fig. 6. Schematic representation of transient depletion in a cylindrical parallel plate plasma: (a) before pro-

cessing; (b) initial deposition stage; (c) steady-state processing.

entire reactor is filled with the SiH4/H2 gas mixture and is characterized by an equilibrium initial source gas

density

np(t = 0) = nr(t = 0) = n0, (1)

where np, nr, are the SiH4 gas densities in the processing region and the reactor volume, respectively. This

initial equilibrium source gas density n0 is given by

057205-4



Chin. Phys. B Vol. 19, No. 5 (2010) 057205

n0 =
Sp−feed

Q

p

kBT
, (2)

where Q is the total flow in the reactor ([SiH4]+[H2]),

p is the gas pressure, T is the gas temperature, Sp−feed

is the feed gas rate and can be obtained directly by the

SiH4 gas flow towards the reactor volume, in which 1

sccm equals 4.5×1017 particles · s−1.

Once plasma is ignited, the source gas in this pro-

cessing region is consumed and consequently depleted

with the corresponding loss term given by Ldepl. This

leads to a density difference between processing region

and reactor volume (np < nr), the diffusive trans-

port from reactor volume into processing region starts

and slowly depletes the reactor volume of initially pre-

sented source gas. Since generally the reactor volume

is much larger than the processing region, this slow

reactor volume depletion has a higher impact on the

materials processing than the fast initial local deple-

tion. During this back diffusive transport phase, a

quasi steady-state balance will establish itself in the

processing region, in which the source gas diffusion

into the processing region is quickly depleted. Math-

ematically,

Ldepl = Sp−feed + Sdiff − Lflow, (3)

where Sdiff and Lflow are the back and the directive

flow between processing region and reactor volume,

respectively.

In the microcrystalline silicon vapour phase depo-

sition process, Eq. (3) is used to describe the deposi-

tion process in the process region. It starts at time t

= 0 and is characterized by an instantaneous increase

of Ldepl.

The Sdiff decreases with the deposition (t → ∞),

due to the decrease of nr in the reactor. As Sdiff

gets a minimum, the steady-state deposition process is

formed. The initial processing stage is defined as the

time after processing has started but before a steady-

state gas composition is reached. The steady-state is

charactered by the steady-state depletion fdepl

fdepl = 1− np(t → ∞)

n0
. (4)

The steady-state depletion fdepl can be calculated

by the deposition rate rd. Assuming uniform deposi-

tion on both electrodes, the steady-state depletion is

given by

fdepl =
πR2rdnµc

Sp−feed
, (5)

where nµc =∼ 5 × 1022 cm−3 is the Si atom density

in the deposited silicon film.[10]

The reason for the occurrence of back diffusion is

that the initial source gas density nr(t = 0) = np(t =

0) = n0 is higher than the steady-state source gas

densities nr(t → ∞), np(t → ∞). Thus, it should

be possible to minimize the effect of back diffusion

by realizing an initial source gas density close to the

steady-state value.

The purpose of delayed initial source gas density

is to realize nr(t = 0) ≈ nr(t → ∞) at a certain time

tdelay before processing starts. For this initial value

of nr(t = −tdelay) = 0, and the optimized tdelay for

nr(t = 0) = nr(t → ∞) is given by

tdelay = τ r−res ln

(
1

1− nr(t → ∞)/n0

)
, (6)

in which τr−res is the gas residence time in the reactor

and is defined as

τr−res =
n0Vr

Sp−feed
, (7)

where Vr is the reactor volume.

Equation (6) describes how the initial source gas

density in the reactor volume nr(t = 0) can be varied

between 0 < nr(t = 0) < n0 by tuning tdelay. In the

steady-state deposition process, nr(t → ∞) = np(t →
∞). So, Eq. (6) changes to

tdelay = τr−res ln

(
1

1− np(t → ∞)/n0

)
. (8)

In this modified model, the only one important

parameter needs to be confirmed is the deposition rate

rd, which can be measured easily through experiment.

In our experiment, rd equals 0.38 nm/s for SC = 2 %

and 0.64 nm/s for SC = 4 %,[11] respectively. Using

the analytical expressions derived above to describe

the back diffusion under the experimental conditions

discussed in Section 2, we show the results in Table 2.

Under our experimental conditions, the steady-state

depletion fdepl is 60 % for SC = 2 % and 50 % for

SC = 4 %, due to the lower deposition pressure. The

modeled tdelay equals 22 s for SC = 2 % and 30 s for

SC = 4 %, it is in good agreement with experiments.
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Table 2. Input and output quantities of the model applied to the conditions of Section 2.

input quantity symbol value unit

reactor volume Vr 1.1×105 cm3

electrode radius R 15 cm

electrode gap D 1.5 m

SiH4 flow (showerhead) Sp−feed 5 10 sccm

total flow Q 250 sccm

pressure p 3×102 Pa

temperature T 5×102 K

deposition rate rd 0.38 0.64 nm/s

output quantity symbol value unit equation

equilibrium SiH4 density n0 8.7×1014 1.7×1015 cm−3 (2)

residence time in reactor volume τr−res 43 s (7)

steady-state SiH4 depletion fdepl 60 50 % (5)

steady-state SiH4 concentration np(t → ∞) 3.5×1014 8.5×1015 cm−3 (4)

optimized delayed time tdelay 22 30 s (6)

4. Conclusions

The back diffusion of SiH4 molecules affects the initial stage of materials processing, such as crystallite

nucleation and microstructure properties. The occurrence of SiH4 back diffusion could be prevented by using

delayed initial SiH4 density in the reactor, in which the SiH4 flow is switched on only shortly before plasma

ignition. Combining this method with solar cell fabrication, we obtain a high spectral response in the middle

and long wavelength region. The modified zero-order analytical model is developed, and the optimized delayed

time can be deduced quickly and exactly by the one important parameter rd.
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