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Highly conductive boron-doped hydrogenated microcrystalline silicon (uc-Si:H) films are prepared by very high

frequency plasma enhanced chemical vapour deposition (VHF PECVD) at the substrate temperatures (Ts) ranging
from 90°C to 270°C. The effects of Ts on the growth and properties of the films are investigated. Results indicate that

the growth rate, the electrical (dark conductivity, carrier concentration and Hall mobility) and structural (crystallinity

and grain size) properties are all strongly dependent on Ts. As Ts increases, it is observed that 1) the growth rate

initially increases and then arrives at a maximum value of 13.3 nm/min at Ts=210°C, 2) the crystalline volume fraction

(Xc) and the grain size increase initially, then reach their maximum values at Ts=140°C, and finally decrease, 3) the

dark conductivity (o4), carrier concentration and Hall mobility have a similar dependence on Tg and arrive at their

maximum values at Ts=190°C. In addition, it is also observed that at a lower substrate temperature Tg, a higher dopant

concentration is required in order to obtain a maximum og.

Keywords: boron-doped pc-Si:H films, VHF PECVD, crystallinity, carrier concentration, Hall

mobility
PACC: 8115G, 8155H, 6855

1. Introduction

P-layers are of great importance to the perfor-
mance of silicon thin film solar cells.['?! In order to
achieve a perfect solar cell performance, high optical
transmittance and high conductivity for p-layers are
required. Studies have indicated that boron-doped
pc-Si: H films are an attractive alternative in the
sense of their high doping efficiency, high electrical
conductivity, and low optical absorption.®~5 This
type of material has now been used in solar cells to
improve the photovoltaic performance.[!"¢! The films
are usually prepared by conventional radio frequency
(13.56MHz) plasma enhanced chemical vapour depo-
sition (RF PECVD), which has a very low growth
rate. In order to increase the growth rate, very high
frequency plasma enhanced chemical vapour deposi-
tion (VHF PECVD) is used instead. This method

has shown a great potential because of its low depo-

sition temperature and high growth rate in preparing
high quality pc-Si:H films.["=% The effects of hydro-
gen dilution and diborane concentration %1 on the
properties of films have been widely studied. How-
ever, there is little information about the influence of
the substrate temperature on the properties. We be-
lieve that the substrate temperature is also a critical
parameter to determine the growth and the properties
of p-type pc-Si:H films and is worthy to carry out a
thorough study.

In this paper, we present boron-doped p-type pc-
Si:H films deposited at different substrate tempera-
tures. An attempt has been made to ascertain the
effect of Ts on the growth and properties of this type
of material. Highly conductive films are obtained at
low substrate temperatures. The relevant mechanism

is also discussed.

2.Experimental details
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Three sets of samples were deposited on glass sub-
strates by VHF PECVD at a 60MHz frequency in
an ultra-high vacuum chamber. A mixture of silane
(SiHy), hydrogen (Hz), and diborane (B2Hg) was used
as a source gas. The samples of Set 1 were deposited at
Ts ranging from 90°C to 270°C. The samples of Set 2
and Set 3 were deposited at Ts=140°C and Ts=240°C,
respectively, at diborane concentrations (Cg) ranging
from 2.5 x 10°* % to 12.5x 10~* %. Cp is defined
as Cg = FBsz/(FBzHS + Fgin, + FHZ), where Fgip,,
Fsin,, and Fy, represent the flow rates of BoHg, SiHy
and Hy, respectively. The main deposition parameters
are listed in Table 1.

The thickness was measured by a Tencor Alpha-
step 500 profilometer, and is about 300nm for the
films of Set 1, and about 20 nm for the films of Set 2
and Set 3. The deposition rate was determined by the
thickness divided by the deposition time.

The electrical properties such as dark conductiv-
ity and Hall effect were measured. o4 was measured
in a range of temperatures from 20°C to 200°C us-
ing coplanar Al contacts. Activation energy (F,) was
calculated from the slope of the Arrenhnius plot (loga-
rithmic value of conductivity versus T 1). Hall effect
measurements were performed at room temperature
in a van der Pauw contacts configuration? by using

an Accent HL5500 Hall measurement equipment.

To study the crystallinity of the films, Raman
spectra were measured in a back-scattering configura-
tion using a Raman spectrometer with a He—Ne laser
exciting source. A 5.0 mW output power and 632.8 nm
wavelength were used in the measurements. An x-
ray diffractometery (XRD) with a CuK« radiation
source was employed to determine the orientations of

the crystallites.

Table 1. The deposition parameters of boron-doped pc-Si:H thin films. Py

is the plasma power and P is the total gas pressure.

Set number Fyy, /sccm Fsif, /sccm Cp/107*% Py /W P/Pa Ts/°C Thickness/nm
1 119 1.2 5.8 10 100 90-270 300
2 119 1.2 2.5-12.5 10 100 140 20
3 119 1.2 2.5-12.5 10 100 240 20

3. Results

3.1. Deposition rate

The dependence of deposition rate (R4) on sub-

strate temperature is shown in Fig.1, where we can
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Fig.1. Variation of deposition rate with substrate
temperature.

observe that the deposition rate increases with Tg
at first. The maximum deposition rate is about
13.3nm/min at T5=210°C. With Ts increasing fur-
ther, the deposition rate begins to decrease. In gen-

eral, temperature is a critical parameter that affects

the nucleation, the growth of films, and the deposi-
tion rate. The dependence of Ry on Ts is associated
with the film precursors (such as SiHjz radicals) re-
acting with the surface dangling bonds. The detailed

analysis is given later.

3.2. Dark conductivity and activation energy

Figure 2 illustrates both the dark conductivity
(04) at room temperature and the activation energy
(E.) as a function of Ts. From the figure, we can
observe that both o4 and FE, are strongly depen-
dent on Ts. At a low Ts (90°C), oq is relatively low
(~0.268S-cm!) and E, is high (~0.067eV). With Ts
increasing up to 190°C, o4 increases by about two
orders of magnitude, reaching a maximum value of
12.54S-cm ™!, whereas, E, decreases down to 0.03eV.
When Ts increases further, o4 decreases accompanied
by an increase in E,. In particular, at Ts > 210°C, the
dark conductivity decreases abruptly and drops down
to 4.73 x 107%S.cm ™! at Ts=270°C; correspondingly,
FE, increases up to 0.243eV. Such large variations indi-
cate a substantial structural change in the material. It
is known that the dark conductivity is determined by

the carrier concentration and drift mobility. Increas-
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ing Ts would result in a change in structure, leading
to a change in carrier concentration. The structural
properties of the films, and the change in carrier con-

centration are given in the next paragraphs.
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Fig.2. Variations of dark conductivity and its activa-

tion energy with Ts.
3.3. Crystallinity

The degree of crystallinity in the films was inves-
tigated by Raman studies. Figure 3 shows the Raman
spectra of samples deposited at different temperatures
Ts (Set 1). For a comparison, all the Raman spec-
tra are shifted by the subtraction of base line. The
relationship between the crystallinity and 75 can be
observed in the figure. At Ts <240°C, the films are in
the microcrystalline phase characterized by crystalline
The sample deposited at Ts=90°C shows a
crystalline peak at about 514cm~!. With T increas-

peaks.

ing, a shift of Raman peak towards higher wavenum-
bers is observed. At Tg= 170°C, the peak is at the
highest wavenumber (~520cm~!). With Ty increasing
further, the crystalline peak shifts to lower wavenum-
bers accompanied by a decrease in intensity. At Tg=
240°C, both a small shoulder of amorphous fraction
at about 480cm~! and a peak of crystalline phase
at 508cm~! are observed. When Ty increases up to
270°C, the film is predominantly amorphous indicated
by a broad band peaked at about 480cm~—!. This phe-
nomenon demonstrates the transition from pc-Si:H to
a-Si:H during the film growth. The shift of the crys-
talline peak to lower wavenumbers, as compared with
520cm ™! in c¢-Si, is attributed to crystalline size ef-
fect and stress within the material.['3'4] For example,
the peak at about 510cm™! is due to the presence of
tensile strained Si-Si bonds in defective regions.[1%:16!

The transverse optical (TO) phonon mode of the
Raman spectra was deconvoluted into three Gaus-
sian peaks corresponding to the crystalline peak
(~520cm 1), the amorphous peak (~480cm™!) and
the intermediate peak (~510cm~1).1718] The crys-

talline volume fraction (X.) was calculated from
Xe=I.41y) / (I, +Iy +1,)," where I., I, and I,
are the integrated intensities of the crystalline, inter-
mediate, and amorphous peaks respectively. Figure 4
shows the deconvoluted spectrum of the sample de-
posited at 90°C. X, estimated from the Raman spec-
trum is plotted in Fig.5. For the sample deposited at
Ts=90°C, X. amounts to 45%. With Ts increasing,
X, increases gradually and reaches a value of 81% at
Ts=140°C. As Tg increases further, X. decreases and
drops down to about zero at 270°C. One interesting
phenomenon is that the variation of X, with Ty is not
fully consistent with that of the electrical properties.
The maximum o4 is obtained at T5=190°C (Fig.2),
while the highest crystalline volume fraction of 81%
is obtained at Ts=140°C (see Fig.4). This result sug-
gests that the electrical properties are determined not
only by X, but also by other factors such as the defect

density or stress in the films.
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Fig.3. Raman spectra of the boron-doped pc-Si:H
films deposited at different temperatures Tg.

Intensity /arb. units

1 n 1 n H ] n 1 i
300 350 400 450 500 550 600
Raman shift/cm ™1

Fig.4. Deconvoluted Raman spectrum of the boron-doped
pc-Si:H film deposited at Tg=90°C showing the crys-
talline (520cm™1), intermediate (510cm™!), and amor-

phous (480 cm™1) phases.
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Fig.5. Variations of the crystalline volume fraction

and grain size with Ts.

3.4. Grain orientation and grain size

In Fig.6 x-ray diffraction spectra of samples pre-
pared at different temperatures Ts are shown. For
samples deposited at Ts < 240°C, diffraction peaks
corresponding to the (111), (220) and (311) planes are
observed to have a preferential orientation of (111).
With Ts increasing, the intensities of these peaks in-
crease first and then decrease, suggesting the change
of the crystallinity in the films. The film deposited
at Tg=140°C shows the largest intensities and the
smallest full width at half-maximum (FWHM) of the
diffraction peaks, indicating that this sample has the
highest volume fraction of crystallinity and the largest
grain size. The result accords with the Raman spec-
tra. At Tg=270°C, the spectrum shows a small peak
at about 28°, which may be due to the nanocrystallites

embedded in the amorphous matrix.
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Fig.6. XRD spectra of the boron-doped pc-Si:H films
deposited at different temperatures Ts.

The grain size, d., was calculated from the (111)
peak using the Scherrer formulal'®! and it is d. =
kX/B cosO, where k (taken as 0.9 in our study) is a
constant determined by the geometry of the crystal-
lite, A is the wavelength of the x-ray radiation, 3 is
the full width of the diffraction angle (20) at half-
maximum of a diffraction peak. The grain size as a
function of Tg is shown in Fig.5, where we can see that
the change of the crystalline grain size is consistent
with that of X.. The grain size varies from 10.4 nm
to 14.9 nm, depending on the substrate temperature.

The maximum grain size is obtained at Tg=140°C.
3.5. Carrier concentration and Hall mobility

Besides the conductivity, another important elec-
trical parameter that determines the use of uc-Si:H
films in device applications is the carrier’s mobil-
ity. The dark conductivity, which shows the non-
monotonic dependence on Tg, is determined by the
carrier concentration (Np) and drift mobility. Fig-
ure 7 shows Nj, and Hall mobility (p,) measured at
room temperature of the samples deposited at differ-
ent temperatures Ts. From the figure, we can see that
the carrier concentration and the Hall mobility show
a similar dependence on Tg. The films prepared at
the lowest Tg (90°C) have p, ~ 0.179cm?-V—1.s71
and Ny =~ 2.1x 10'® cm™3. With the increase of T,
- and Ny, increase and reach the maximum values of
1.21cm?- V1571 and 3.99 x 10'° cm™3, respectively,
at Ts=190°C. The result suggests that the doping
efficiency is increased and the carrier’s transport is
enhanced with Ts increasing. We propose that this
behaviour results from the improvement of the film’s
quality. However, with Ts increasing further, both u.,
and NV}, decrease. At Ts=270°C, the minimum carrier
concentration of 2.92 x 10'® cm ™2 and Hall mobility of
0.0962cm?-V~!.s~! are obtained. The behaviours of
- and Ny, are consistent with those of 04. In addition,
it is noticed that the maximum carrier concentration
and Hall mobility are not obtained at the maximum
X.. This result implies that 1) p, and Ny, are deter-
mined not only by X. but also by other factors such
as stress in the film, 2) with Ty increasing, the film’s
quality is continuously enhanced after the maximum
X, is obtained.
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Fig.7. Carrier concentration and Hall mobility of the boron-

doped pc-Si:H films versus substrate temperature Ts.

3.6. Influence on the maximum og4

For the further understanding of the influence
of Ts, two sets of samples were deposited at 140°C
and 240°C, separately, at different diborane concen-
trations (Set 2 and Set 3). The 20-nm-thick films were
prepared and dark conductivities were measured for a
comparison. Figure 8 shows the variation of dark con-
ductivity with the diborane concentration Cg. The
effects of Tg on the variation of o4 can be clearly ob-
served. At Tg=140°C, as Cpg increases from 2.5 X
107%% to 8.3 x 107%%, o4 increases by about two
orders of magnitude, reaching a maximum value of
0.67S-cm™1.
x 1073%, o4 reduces down to 0.38S-cm~'. However,
for films deposited at a higher Ts (240°C), a differ-
In this
case, the maximum dark conductivity (0.233S-cm™!)
With Cg increas-

ing, o4 decreases monotonically from 0.233S-cm™! to

With Cp increasing further up to 1.25

ent variation of o4 with Cg was observed.
is obtained at the minimum Cg.
0.00347S-cm™"'. So, at a lower substrate temperature

Ts, a higher diborane concentration Cpy is required to

obtain a maximum dark conductivity.
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Fig.8. Dark conductivity of the boron-doped pc-Si:H films
deposited at Ts=140°C and Ts=240°C versus diborane con-
centration.

to be the SiHj radicals,[?°=22] which come from the
dissociation of the source gas SiH, in plasma. In the
growth processes, boron dopant atoms react with Si
grains and form B—Si bonds. Also, B atoms can react

with H atoms to form B-H-Si and B-H complexes.

In the PECVD deposition process, the growing
film surface is heated, accompanied with the ther-
mal desorption of surface bonded hydrogen, which
leads to the creation of dangling-bonds on the growing

surface.[23:27]

Some of the SiHj radicals from plasma
move towards the growing surface, and then connect
onto the dangling bonds to form Si—Si bonds, result-
ing in the growing of films. In the mean time, part
of the SiHj3 radicals are desorbed from the surface.
Thus, the deposition process is influenced by the dan-
gling bonds on the growing surface and SiH3 radicals
that can effectively react with the sites of dangling
bonds. During a low substrate temperature deposi-
tion, the mobility of precursors on the growing film
surface is low, resulting in films with low crystalline
fraction and small grain size,**) which in turn limits
the carrier mobility. Also, in the case of low Tg deposi-
tion, large part of boron in crystallites is passivated by
hydrogen in the form of B-H-Si bonds,?"! leading to a
low carrier concentration in the film. Thus, at low Ts,
the deposited films have the low X., Ny, pr and oq,
which was confirmed by our structural and Hall effect
measurements. With Ts increasing, the film-precursor
The

increase in mobility of precursors on the growing sur-

mobility and impurity-atom mobility increase.

face results in a higher crystalline fraction in the films,
which in turn enhances the carrier mobility and dop-
ing efficiency. The impurity atoms with the mobility
increased would have more chance of reacting with the
growing precursors, leading to the formation of more
B-Si bonds and greater carrier concentrations in the
films. In addition, at a higher Ts, a large number of
dopants in the films are activated, giving rise to an
increase in carrier concentration. So, with Ts increas-
ing, the film’s quality is improved and both Ny and
W increase, resulting in an increase in dark conduc-

tivity. Also, with Ty increasing, the surface dangling
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bonds are increased.[?¢! Thus, more precursors would
find sites to be connected onto, leading to the increase
in deposition rate.[2”] However, with Tg increasing fur-
ther, when Tgs exceeds 190°C, the crystallinity, Ny,
and o4 decrease continually. We believe it is due to
the unfavoured thermal CVD of diborane, which is
chemically unstable and can deteriorate the proper-
ties of the film. At Tg > 210°C, although the dan-
gling bonds continue to increase in number, there are
no enough SiH3 precursors to react with all surface
reaction sites. In addition, the SiH3 radicals on the
growing surface decrease in number continuously be-
cause of the thermal desorption, leading to a decrease
in deposition rate.

It can be seen from Fig.8 that at a low T (140°C),
in order to reach a maximum o4 value, a higher BoHg

concentration is needed.
5. Conclusion

The effects of substrate temperature on the

growth and properties of boron-doped pc-Si:H films
are investigated. Results suggest that the growth rate,
the structural and electrical properties of the samples
are all strongly dependent on Tg. With the increase of
Ts, the growth rate increases initially and then reaches
a maximum value of 13.3 nm/min at Ts=210°C. Struc-
tural analysis shows that the crystallinity and the
grain size increase initially and then decrease. The
samples deposited at low Ts are shown to possess a low
dark conductivity and high activation energy. With
Ts increasing, o4 increases accompanied with the de-
crease in F,. At Ts=190°C, a high dark conductivity
of 12.548-cm™! is obtained. With Ty increasing fur-
ther, o4 decreases and drops down to a minimum value
at Tg=270°C. Hall effect measurements suggest that
Ny, and p, have a similar dependence on Ts. Both Ny
and p, reach their maximum values at Ts=190°C. In
addition, it is observed that at a lower Tg, a higher
diborane concentration is required in order to obtain

a maximum dark conductivity.
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