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Influence of PECVD Deposition Power and
Pressure on Phosphorus-Doped Polysilicon
Passivating Contacts
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Daniel MacDonald , Andres Cuevas, Lang Zhou, Yimao Wan, and Di Yan

Abstract—Passivating contacts for silicon solar cells can be fabricated by depositing a layer of intrinsic amorphous silicon (a-Si)
by the plasma-enhanced chemical vapor deposition (PECVD) onto
an oxidized silicon wafer, followed by a thermal POCl3 diffusion
process. This article describes the influence of the main PECVD
parameters, power and pressure, on the electrical performance
of such phosphorus-doped polysilicon (doped-Si/SiOx ) passivating contacts. We characterize their properties in terms of the
passivation quality and carrier selectivity for different PECVD
powers and pressures. The deposition power settings from 350 to
800 W are tried, the highest iVoc value of 721 mV is achieved at
a power of 500 W. The higher deposition powers (≥650 W) lead
to blistering issues and possible interface damage, while a lower
deposition power (350 W) leads to incomplete decomposition of the
precursor gas, resulting in a lower passivation quality. Meanwhile,
the power has a marginal impact on the contact resistivity. On the
other hand, the deposition pressure has only a slight impact on the
passivation quality, while significant changes are observed on the
contact resistivity. A lower pressure (0.1 mbar) leads to a higher
contact resistivity, while the low and consistent contact resistivity
values of 5.8 mΩ·cm2 are obtained at the pressures above 0.2 mbar.
Index Terms—Doped silicon, passivating contact, plasmaenhanced chemical vapor deposition (PECVD), power, poly-Si,
pressure, silicon solar cell, Topcon.

I. INTRODUCTION
XCELLENT surface passivation and carrier selectivity can
be obtained using carrier-selective passivating contacts
based on an ultrathin silicon oxide (SiOX ) layer capped with a
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highly doped silicon layer (doped-Si) [1]–[15]. Over the last few
years, this passivating contact structure has been implemented
into the silicon solar cells [16]–[20] that have achieved conversion efficiencies as high as 26.1% [21]. The approach based on
the nitric acid oxidation of the silicon wafer, a plasma-enhanced
chemical vapor deposition (PECVD) of the intrinsic amorphous
silicon (a-Si) and a subsequent thermal diffusion of boron or
phosphorus, has been shown to be an effective way of making
high-performance passivating contacts [22], [23] and it has
been proved to be effective in the application of high-efficiency
cells [17]. As presented in the literature, the properties of the
as-deposited intrinsic a-Si films have a significant impact on
the final electrical performance of the passivating contact [24],
[25]. Our previous studies [26] found that a higher PECVD
deposition temperature tends to form the intrinsic silicon films
with a higher degree of crystallinity. This leads to large changes
in the concentration of the Si-H and Si-O bonds in the asdeposited a-Si films and their subsequent heavily doped silicon
(doped-Si) layers. Consequently, these structural variations affect both their passivation qualities and contact resistivity values
after thermal diffusion processes. Apart from the deposition
temperature, other deposition parameters, such as pressure,
plasma power, and gas flow ratios, also affect the silicon film
properties [27]–[30].
The experimental studies of the SiNx films deposited by the
microwave (μW) and radio frequency (RF) combined PECVD
equipment indicate that temperature, plasma power, and pressure
are the main factors affecting the properties of SiNx [31]. The
plasma power and deposition pressure have a strong impact on
the gas-phase dissociation rate and the shape of the electron
distribution function in the plasma [32], [33]. The plasma power
is primarily dominated by the μW plasma in a μW/RF PECVD
reactor because the ion density in a μW plasma is more than
one order of the magnitude higher than that in an RF plasma
[33]. In this article, the influence of PECVD μW power and
pressure on the characteristics of both as-deposited a-Si and
subsequently diffused doped-Si films are studied by examining
their crystallinity, film density, and hydrogen concentration. This
is complemented with a study of their impact on the electrical
performance of the final structure, which helps us to optimize the
PECVD intrinsic a-Si deposition processes for the fabrication of
high-performing passivating contacts.

2156-3381 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Australian National University. Downloaded on August 24,2020 at 11:36:35 UTC from IEEE Xplore. Restrictions apply.

1240

IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 10, NO. 5, SEPTEMBER 2020

II. EXPERIMENTAL METHODS
The quarters of 4 in n-type Czochralski (Cz) (100) silicon
wafers (10 Ω·cm, 300 μm thick) with the symmetrical passivating contact structures are used to measure the properties and
passivation qualities. The contact resistivity ρc is obtained from
the Cox and Strack method [34] using the n-type 1.1 Ω·cm Cz
silicon wafers with single-sided passivating contact structures.
The contact resistivity data is extracted from the I–V curves
obtained from a Keithley 2420 source meter. The accuracy of
this method can be affected by the bulk resistivity and thickness
variations. We set the bulk resistivity range of 1.1 ± 0.5 Ω and
thickness range of 260 ± 3 μm to estimate the uncertainty. All the
samples have been chemically etched to remove saw damages
before being cleaned in standard RCA solutions. Subsequently,
an ultrathin silicon oxide with a thickness of ∼1.4 nm is formed
after 30 min in a 68 wt% hot nitric acid (∼90 °C) solution [18],
[35], [36].
The intrinsic a-Si films are deposited by PECVD (AK-400,
Roth & Rau, μW/RF dual-mode, and SiH4 and Ar as precursor
gasses) at a substrate temperature of 300 °C. Various powers
(350, 500, 650, and 800 W) and pressures (0.1, 0.2, and 0.4
mbar) are explored to deposit intrinsic a-Si films. The deposition
condition with a 500 W μW power and 0.2 mbar pressure is used
as a reference in this work. The film thickness is measured by
spectroscopic ellipsometry (JA Woollam M2000D). For a fixed
deposition time of 150 s, a-Si film thicknesses are 52.6 nm,
55 nm, 59 nm, and 64.8 nm for μW power of 350 W, 500
W, 650 W, and 800 W, respectively. The deposition rate increases with increasing power, possibly because the high-power
plasma decomposes the precursor gas more effectively [31].
On the other hand, the trend is opposite when increasing the
pressure. A probable reason is that the precursor gas particles
are packed more closely together at a higher pressure, and
thus the probability of their colliding onto one another also
increases [37]. Such collisions would result in the polymerization of SiH4 towards a higher order silane, which does not
contribute to the growing film [38]. In this case, we increase
the deposition time by 20 s for the high-pressure condition
(0.4 mbar) to simplify the analysis by maintaining the a-Si
layer thickness approximately constant, ending up with 56 nm,
55 nm, and 55.7 nm for 0.1 mbar, 0.2 mbar, and 0.4 mbar,
respectively.
After the PECVD deposition, both passivation and contact
resistivity test samples are doped by POCl3 thermal diffusion
at a temperature of 800 °C. Subsequently, the phosphorus-silica
glasses are removed by 2% HF solution and a 400 °C forming gas
annealing is performed for the hydrogenation. Their passivation
qualities are measured by the transient photoconductance decay
(PCD) [39] at the room temperature, qualified by the implied
open circuit (iVoc ). For the contact resistivity samples, the
aluminum circular contacts are formed on the side with the
doped-Si layers and full-area aluminum contact is fabricated
on the opposite side.
Various characterization tools, such as a grazing-incidence
X-ray diffraction (GIXRD, XPert Pro MPD, Panalytical, Cu
anode, 40 mA current, 45 kV acceleration voltage, and ω =

1°) and a Fourier-transform infrared spectroscopy (FTIR, Bruker
VERTEX 80v), are used to evaluate the material properties of the
a-Si and doped-Si films. The crystallization degree of doped-Si
is assessed by the Raman spectroscopy (Horiba T6400 equipped
with a confocal microscope, 532 nm laser). With a 532 nm
laser, the sampling depth ranges between 100–200 nm [40], [41].
This means the final spectrum contains strong signals from the
silicon substrate. However, based on the fact that the thickness
of the measured films is very similar, a rough crystallization
comparison can be made, in relative terms. An electrochemical capacitance–voltage instrument (ECV, WEP Wafer Profile
CVP21) is used to obtain the concentration of electrically active
phosphorus dopants in the structure of the doped-Si/SiOx /Si.
III. RESULTS AND DISCUSSION
A. Influence of Deposition Power
Fig. 1(a) shows the iVoc of the as-deposited a-Si/SiOx as a
function of power. The a-Si deposited by the 350 W power has
the lowest iVoc . It is worth mentioning that after the 350 W
power PECVD deposition, some yellow powder is observed on
the surface of the silicon wafers. We speculate that the lower
deposition power leads to incomplete decomposition of the
precursor gas, which results in a low passivation quality and
some residual powders. On the other hand, a higher iVoc for the
a-Si/SiOx structure is observed at a higher PECVD deposition
power (>650 W), since more effective decomposition of the gas
and a higher hydrogen concentration is expected at higher power
conditions [42]. Based on the FTIR results, as shown in Fig. 1(b),
the hydrogen concentration in the as-deposited intrinsic a-Si
films [dotted line in Fig. 1(b)] can be calculated by the absorption
coefficient peaks at the wavenumbers of ∼2000 cm−1 and ∼2100
cm−1 , which represent the stretching mode of the monohydride
(Si-H) and dihydride (Si-H2 ) bands, respectively [43], [44].
The hydrogen concentrations corresponding to different deposition powers (350, 500, 650, and 800 W) are approximately
1.05 × 1022 , 1.0 × 1022 , 1.35 × 1022 , and 1.2 × 1022 cm−3 .
This indicates that a high power (≥650 W) leads to a slightly
higher hydrogen concentration. Furthermore, the literature [45],
[46] indicates that a higher hydrogen concentration is present
at the interface between the a-Si and substrate than inside the
a-Si films. A higher interfacial hydrogen concentration results
in a better passivation quality [47] before the thermal diffusion.
However, the excessive hydrogen present at the a-Si/SiOx interface may weaken the adhesion between the a-Si films and
interfacial oxide layers [48]. Serious blistering issues are found
in the sample with the high-power deposited a-Si films (at 650
and 800 W) before and after the thermal diffusion step, as
indicated in Fig. 2(a) and (b), which may cause the deterioration
of the passivation quality. In addition, a high deposition power
may also lead to more plasma damage on the SiOx layers, which
should also be an adverse factor for a good passivation quality.
After the thermal POCl3 diffusion, the a-Si/SiOx structures
are transformed into doped-Si/SiOx structures. Their iVoc values
as a function of the deposition power are indicated in Fig. 1(a).
The optimized iVoc of 721 mV is achieved at a deposition power
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Fig. 1. Comparison of the electrical and material properties of a-Si (dashed lines, open symbols) deposited by different PECVD deposition powers and of the
corresponding doped-Si (solid lines, filled symbols). (a) Implied open-circuit voltage (black) and contact resistivity (red). (b) Detail view for the FTIR absorption
coefficient peaks of Si-H and Si-H2 . (c) ECV doping profile of the final doped-Si/SiOx /Si structures. The location of the interfacial oxide layer is set as zero.
(d) Raman spectra of 500 W a-Si/SiOx /Si and different power doped-Si/SiOx /Si structures. The highlighted area is the range corresponding to the polycrystalline
or microcrystalline phases’ contributions.

Fig. 2.

Surface morphologies of (a) a-Si films and (b) doped-Si layers deposited by different PECVD deposition powers.
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of 500 W. A low iVoc of the final passivating contact structure
is observed at a low deposition power (350 W). This could be
explained by the fact that at a lower deposition power, it is harder
to decompose SiH4 effectively. The low iVoc at high power (650
and 800 W) relates to the blistering issues that become more
serious after the thermal diffusion step [as shown in Fig. 2(b)].
During the thermal diffusion, a rapid release of hydrogen happened for all samples, which is confirmed by FTIR and shown
as solid lines in Fig. 1(b). Their hydrogen concentration can be
treated as zero after the diffusion. Thus, additional blistering
issues occurred at the high-power conditions due to the rapid
release of the high amount of hydrogen present in their a-Si films
[48]. Additionally, the low iVoc at the high-power conditions
may also be related to a possible plasma damage on the thin
interfacial layer during the a-Si film deposition.
To further investigate the impact of the power, the active
phosphorus dopant profiles are measured using ECV after the
POCl3 diffusion, as shown in Fig. 1(c). In order to clearly present
the doping profiles, the locations of all the interfacial oxide layers
are referred to as zero. Within the doped-Si layers (left-hand
side of the dash line), a higher power (≥650 W) leads to a
slightly lower doping concentration with less than 4 × 1019
cm−3 , while a doping concentration of around 5 × 1019 cm−3 is
found for lower power (≤500 W) conditions. The phosphorus
doping profiles within the silicon substrate (right-hand side of
the dash line) are similar for all the samples with the different
PECVD deposition powers. It is interesting to observe that the
ratios of the two stretching-mode peaks in the FTIR spectra are
similar for all power conditions, as shown in Fig. 1(b). This
indicates that the a-Si films deposited at different powers have
similar film densities [43], which means the phosphorus atoms
should have a similar diffusion coefficient in all the a-Si films.
Thus, we would expect that the different power samples also
have similar doping profiles within the doped-Si layer region.
The slight difference observed in the measured doping profiles
in the doped-Si layer region may be due to the blistering, which
results in a faster etching rate during the ECV measurement.
Thus, we conclude that low iVoc for the low power (350 W) is
probably due to the ineffective gas decomposition, while the low
iVoc values for the high power (650 and 800 W) are because of
the blistering issues and possible plasma damages.
The contact resistivity values (ρc ) of the doped-Si/SiOx /Si
structures, are added in red in Fig. 1(a). From the results, we
find that the deposition power has a minor impact on the contact
resistivity. We assume that the final contact resistivity with a
similar thickness and doping concentration is mainly determined
by the crystallinity of the doped silicon layer [26]. The crystallinity difference can be studied by the Raman spectroscopy,
as shown in Fig. 1(d). As mentioned earlier, the sampling depth
of the Raman laser is deeper than the thicknesses of the thin
films, resulting in a weak a-Si peak, which is difficult to assess
(around 480–510 cm−1 ). Here, only the 500 W a-Si sample
is used as a reference since all the a-Si samples have similar
signals. After the thermal diffusion, the c-Si peak (around 520
cm−1 ) becomes larger and wider than that of the a-Si samples.
This is related to the crystallization of a-Si after the thermal
diffusion process: polycrystalline or microcrystalline phases

start appearing [possible contributed peak range is highlighted
in Fig. 1(d)], which leads to wider peaks and the increase of the
total crystalline phases leads to an increase in the peak intensity
[49]. The intensity and width of the c-Si peak in the Raman
measurements could represent the degree of crystallinity of the
doped silicon films. From Fig. 1(d), we find that power has no
significant impact on the crystallinity of the silicon films after
the thermal diffusion process. As a result, the passivating contact
structures fabricated by different powers have similar contact
resistivity values of around 6 mΩ·cm2 , as indicated in Fig. 1(a).
The slightly higher ρc value at 800 W is due to its thicker layer.
B. Influence of Pressure
It is worth mentioning that all of the silicon films deposited
under the different PECVD pressures (at a power of 500 W) have
no blistering issues before or after the thermal diffusion. The
different deposition pressures have minor impacts on the iVoc
values of both as-deposited a-Si/SiOx and their final passivating
contacts, as shown in Fig. 3(a). A consistent low iVoc of ∼640
mV is obtained for all silicon samples with a-Si/SiOx deposited
at a different pressure, which may be due to their lower hydrogen
concentrations [comparing Fig. 3(b) with Fig. 1(b)] than that in
the different power cases.
After the POCl3 diffusion process, the iVoc of 0.1 mbar
pressure sample (719 mV) only has 2 mV lower than the samples
of the two higher pressure conditions (721 mV), as shown in
Fig. 3(a). From the ECV results in Fig. 3(c), under the condition
of 0.1 mbar, the phosphorus concentrations in both the doped-Si
layer and the silicon substrate are slightly higher than that of the
two higher pressure cases (0.2 and 0.4 mbar). The corresponding
film densities can be approximated by comparing the SiH2 /SiH
band ratios from the FTIR spectra [38], as shown in Fig. 3(b).
The bond ratios corresponding to the pressure conditions of
0.1 mbar, 0.2 mbar, and 0.4 mbar are 1.52, 1.27, and 1.30,
respectively. After reaching 0.2 mbar, the ratio starts to saturate
at ∼1.3. Thus, a larger ratio at 0.1 mbar indicates a low-density
film with a high concentration of the microcavities [39] and
on the other side, the high pressure (>0.2 mbar) is likely to
produce the dense films with less microcavities. From the Raman
measurements in Fig. 3(d), the peak intensity is significantly
lower for the 0.1 mbar doped-Si layer than that of the other
two higher pressure conditions. Combined with the results of
our previous works [26], there seems to be a clear correlation
between the film density and crystallinity. We suggest that the
low density under the condition of 0.1 mbar may be caused by
the low crystallinity. The 0.1 mbar doped-Si layer has a lower
crystallinity and a higher silicon atom disorder, resulting in a
decrease in the number of the silicon atoms per unit volume. We
speculate that the higher phosphorus concentration might be due
to the lower density of 0.1 mbar silicon layers. The lower film
density facilitates more phosphorus atoms being incorporated
in the silicon layers as well as being diffused into the silicon
substrate.
In order to examine the impact of the doping profile in the
silicon substrate on their final iVoc , EDNA2 [50] simulations
are used to calculate the recombination contribution of the
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Fig. 3. Comparison of the electrical and material properties of a-Si (dashed lines, open symbols) deposited by different PECVD deposition pressures and
corresponding doped-Si (solid lines, filled symbols). (a) Implied open-circuit voltage (black) and contact resistivity (red). (b) Detail view for the FTIR absorption
coefficient peaks of Si-H and Si-H2. (c) ECV doping profile of the final doped-Si/SiOx /Si structures. (d) Raman spectra of 500 W a-Si/SiOx /Si together with the
doped-Si/SiOx /Si structures deposited at different pressures. The highlighted area is the range corresponding to the polycrystalline or microcrystalline phases’
contributions.

different doping profiles. We assume no Shockley–Read–Hall
recombination in the bulk of the highly doped region, just
the Auger recombination. The simulated Auger recombination
current densities (J0.A ) are 2.39 fA/cm2 , 1.41 fA/cm2 , and 1.40
fA/cm2 for the dopant profiles of the 0.1 mbar, 0.2 mbar, and
0.4 mbar samples, respectively. Through adjusting the effective
surface recombination velocity Seﬀ as 3790, 3760, and 3750
cm/s for different samples, the difference in the simulated J0.A
values is consistent with the different recombination current
densities J0 of the passivating contact structures extracted from
the PCD measurements [51]: 12 fA/cm2 , 9.81 fA/cm2 , and 9.65
fA/cm2 corresponding to 0.1 mbar, 0.2 mbar, and 0.4 mbar,
respectively. The higher doping concentration in the silicon
substrate observed for the 0.1 mbar pressure condition results
in a higher Auger recombination component and a higher J0 ,
thus explaining the slightly lower iVoc value measured for this
condition.
The contact resistivity is slightly higher for the 0.1 mbar
sample, as shown in Fig. 3(a) (red line), which is due to its
different film crystallinity, as well as film porosity. The change
of the deposition pressure may lead to the different degrees of
crystallinity in the as-deposited a-Si films [52], as well as the
final doped-Si layers. As shown in the Raman measurements in
Fig. 3(d), we find that the 0.1 mbar films have a low degree of
crystallinity, which results in a high contact resistivity. The other

two higher-pressures cases (≥0.2 mbar) show high crystallinity,
together with a low contact resistivity of ∼5.8 mΩ·cm2 .

IV. CONCLUSION
In order to further explore the influence of the PECVD deposition process on the doped-Si/SiOx passivating contacts, we
studied the films’ properties and the electrical performance of
their corresponding passivating contact structures as a function
of the PECVD deposition power and pressure.
The deposition power has a major impact on the passivation
quality of the final passivating contact structures and a minor
effect on the contact resistivity. The lower iVoc values are
observed at both a low and a high power. For the high-power
cases (650 and 800 W), the decrease in iVoc can be explained
by the blistering issues occurring and possible interface damage.
For the low-power case (350 W), the main cause of the low iVoc is
the ineffective decomposition of SiH4 during the deposition. An
optimized iVoc of 721 mV is achieved under a power condition
of 500 W. Meanwhile, a consistently low ρc value of ∼6 mΩ·cm2
is achieved for the whole range of the power explored since the
power has a marginal impact on the density and crystallinity of
the a-Si films and the corresponding doped-Si layers, which can
be observed from the FTIR and Raman analysis.
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The deposition pressure has an opposite impact to those of the
power. Only a slightly lower iVoc value (2 mV) is measured for
the low-pressure condition (0.1 mbar), related to the lower a-Si
film density compared with that achieved at higher pressures.
We found that the lower density of the film is the main reason
for the different phosphorous profiles obtained for that case.
Meanwhile, the 0.1 mbar deposition pressure gives a higher
contact resistivity due to its lower crystallinity. A consistent low
contact resistivity of ∼ 5.8 mΩ·cm2 is achieved at the pressures
above 0.2 mbar thanks to the a-Si films having a higher degree
of crystallinity.
In conclusion, it is possible to control the passivation quality
and the contact resistivity using the deposition power and the
deposition pressure. The passivation quality is related to the
amount of the incorporated hydrogen, together with the possible
plasma damage on the interfacial oxide. On the other hand, the
contact resistivity is related to the film crystallinity. Using an
intermediate (500 W) PECVD deposition power at relatively
high pressure (≥0.2 mbar) is beneficial in achieving the wellperforming passivating contacts in our situation.
We have achieved a good cell efficiency performance (24.7%)
by using this method [17], and this detailed study based on
PECVD can further help us to improve the electrical performance of this structure in the solar cell devices in the future.
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