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Crystalline silicon surface passivation by amorphous silicon deposited by three different chemical
vapor deposition �CVD� techniques at low �T�130 °C� temperatures is compared. For all three
techniques, surface recombination velocities �SRVs� are reduced by two orders of magnitude after
prolonged thermal annealing at 200 °C. This reduction correlates with a decreased dangling bond
density at the amorphous-crystalline interface, indicating that dangling bond saturation is the
predominant mechanism. All three deposition methods yield excellent surface passivation. For
a-Si:H layers deposited by radio frequency plasma enhanced CVD, we obtain outstanding carrier
lifetimes of 10.3 ms, corresponding to SRVs below 1.32 cm/s. © 2011 American Institute of
Physics. �doi:10.1063/1.3579540�

Surface passivation is a key requirement in optimizing
the performance of several types of crystalline silicon �c-Si�
based solar cells. Various materials have been studied for
this purpose, such as thermally grown silicon dioxide
�SiO2�,1 aluminum oxide �Al2O3�,2 silicon nitride �SiNx�,3,4

amorphous silicon oxides �a-SiOx�,5,6 amorphous silicon
carbide �a-SiCx�,7,8 as well as hydrogenated amorphous sili-
con �a-Si:H�.9–12 Furthermore, excellent results on combined
layer stacks of these materials have been reported, such as
for stacks consisting of a-Si:H and SiNx �Refs. 13 and 14�
and for thermal SiO2 /SiNx.15

Especially for silicon heterojunction solar cells,16–19

a-Si:H is still the best material due to its excellent passiva-
tion properties that can be obtained at low processing tem-
peratures. Here we present a comparison of the quality of
surface passivation of c-Si wafers by a-Si:H layers deposited
by three different deposition techniques; i.e., standard radio
frequency plasma-enhanced chemical vapor deposition �rf
PECVD� at 13.56 MHz, very high frequency PECVD �VHF
PECVD� at 50 MHz and hot-wire CVD �HWCVD�. Com-
paring these different fabrication methods is of interest since
the reduced ion bombardment in VHF PECVD and the lack
of ion bombardment in HWCVD compared to standard rf
PECVD �Ref. 20� are thought to be advantageous for the
quality of c-Si surface passivation due to the reduction in ion
impact defect creation at the a-Si:H/a-Si interface.21 On the
other hand, a comparison of the bulk properties of the a-Si:H
films made by these three techniques shows significant dif-
ferences in structural disorder.22

De Wolf et al.10 have shown that long term annealing has
a great influence on the minority carrier lifetime of c-Si wa-
fers passivated by intrinsic a-Si:H layers deposited at rela-
tively low �130–180 °C� temperatures. For a-Si:H layers de-
posited at 130 °C by VHF PECVD, De Wolf et al. reported
a minority carrier lifetime of only 12.2 �s, as measured di-
rectly after deposition. After annealing at T=180 °C, how-
ever, this lifetime showed a drastic increase; exceeding

500 �s after 1 h of annealing, and saturating at 4.4 ms after
prolonged annealing. Annealing thus appeared crucial for ob-
taining high minority carrier lifetimes, as it enables the
movement of hydrogen in the a-Si:H film toward the a-Si:H/
c-Si interface, which strongly reduces the dangling bond
density at the interface.9–11 We investigate this phenomenon
for a-Si:H passivation layers made by rf PECVD, VHF
PECVD, and HWCVD.

We use 275 �m thick n-type float zone �FZ� c-Si �100�
double sided mirror polished wafers ���2.5–3 � cm�.
Prior to a-Si:H deposition, the wafers are dipped in hydro-
fluoric acid �HF� �1% in H2O� for 2 min. Next, approxi-
mately 50 nm thick a-Si:H layers are deposited on both sides
of the c-Si wafer. Between the two depositions, the wafers
are flipped in air, without performing a second HF dip. The rf
PECVDs are performed at a power density of 30 mW /cm2

and a pressure of 1.08 mbar, using pure SiH4. The VHF
PECVDs are performed at a power density of 31 mW /cm2

and a pressure of 0.16 mbar, using SiH4 and H2 at a flow
ratio of 1:1. The HWCVDs are performed using pure SiH4 at
a pressure of 0.005 mbar and a wire temperature of 1820 °C.
We use Ta wires with a diameter of 0.3 mm. All depositions
are performed at a calibrated substrate temperature of
�130�5� °C. After deposition, all samples are annealed at
200 °C in N2 ambient for various annealing times; 1, 16, and
100 h. The minority carrier lifetimes are measured by means
of the quasi steady-state photoconductance �QSSPC�
method,23 using the quasi transient mode and the generalized
mode.24

Figure 1 shows the minority carrier lifetime and surface
recombination velocity �SRV� values of all samples at an
injection level of 1015 cm−3 after different anneal times. The
as-deposited lifetime of all samples is in the range of several
tenths of microseconds �34 �s for rf PECVD, 43 �s for
VHF PECVD, and 87 �s for HWCVD�. Prolonged anneal-
ing leads to much higher lifetimes for all three types of lay-
ers, even exceeding 10 ms for the sample with a-Si:H films
made by rf PECVD. This value ��eff=10.3 ms� is among the
best reported values ever for the used type of c-Si wafers
passivated by a-Si:H films. In Fig. 2, the injection level de-

a�Author to whom correspondence should be addressed. Electronic mail:
j.a.schuttauf@uu.nl.

APPLIED PHYSICS LETTERS 98, 153514 �2011�

0003-6951/2011/98�15�/153514/3/$30.00 © 2011 American Institute of Physics98, 153514-1

Downloaded 16 Sep 2011 to 131.211.208.34. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3579540
http://dx.doi.org/10.1063/1.3579540
http://dx.doi.org/10.1063/1.3579540


pendence of the SRV for medium injection levels, most rel-
evant for silicon heterojunction solar cell performance, is
depicted. For VHF PECVD �5.4 ms� and HWCVD �3.7 ms�
a-Si:H layers we also obtain excellent c-Si surface passiva-
tion. Koyama et al.14 obtained a value of 9.7 ms for c-Si
passivated by a layer stack consisting of a-Si:H /a-SiNx:H
deposited by HWCVD at T�250 °C, similar to our rf
PECVD lifetime value. This implies that there is no clear
preference in deposition method and that the role of ion
bombardment at energies below 20 eV, typical for rf
PECVD,25 has no major influence at the low deposition tem-
peratures we have used.26

In order to explain the excellent minority carrier life-
times that can be obtained with a-Si:H, we distinguish
different passivation mechanisms governing the lifetime
characteristics and their changes upon prolonged thermal an-
nealing. Generally, surface passivation is ascribed to two dif-
ferent phenomena, namely chemical passivation and field ef-
fect passivation. The former is caused by a reduction in
defect states at the a-Si:H/c-Si interface, the latter by repul-
sion of minority charge carriers from the interface by fixed
charges. Different models �e.g., the Olibet model9 and the
Leendertz model27,28� have been proposed to fit injection
level dependent SRV data to obtain values for the interface
dangling bond density �NDB� and the fixed charge density
�QF�. Our best minority carrier lifetime data are fitted to the
Leendertz model.27,28 Especially for high injection levels,

Auger recombination also has to be taken into account. In the
analysis in this letter, the model of Kerr and Cuevas is
applied.29

In Fig. 3, the SRVs, as well as NDB values, are depicted
versus the anneal time. These parameters obviously show the
same trend. In the inset of Fig. 3, the fixed charge density is
plotted against anneal time. No clear trend is observed for
the fixed charge density. This indicates that the strongly re-
duced SRV is mainly caused by a reduction in NDB due to a
saturation of dangling bonds by atomic hydrogen. The excel-
lent c-Si surface passivation implies that the interface dan-
gling bond density is in the order of only 108 cm−2. The
SRVs are calculated by two methods, i.e., assuming infinite
bulk lifetime and assuming a bulk lifetime of 35 ms, which is
the highest reported experimental value for FZ c-Si.30 With
this latter approach, we calculate an extremely low SRV of
0.93 cm/s at 1015 cm−3 for our data.

In summary, we have obtained very high quality surface
passivation of c-Si wafers by a-Si:H films deposited by three
different deposition methods. For a-Si:H films deposited by
rf PECVD on c-Si substrates, we obtained an outstanding
SRV of 1.32 cm/s assuming an infinite bulk c-Si lifetime and
0.93 cm/s assuming a finite bulk lifetime of 35 ms. It is
shown that prolonged annealing yields a strong increase in
passivation quality irrespective of the deposition method for
the a-Si:H layer. The increase in surface passivation quality
is attributed to a strong reduction in defect states at the
a-Si:H/c-Si interface, due to saturation of dangling bonds by
atomic hydrogen. Modeling of our QSSPC data yields a dan-
gling bond density in the order of 108 cm−2 at the a-Si:H/
c-Si interface.
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Cells based on a-Si c-Si” �HETSI�, Grant Agreement No.
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FIG. 1. �Color online� Effective minority carrier lifetimes and SRVs at an
injection level of 1015 cm−3 of c-Si passivated by a-Si:H layers deposited by
rf PECVD, VHF PECVD, and HWCVD. For the SRVs, infinite bulk lifetime
is assumed.
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FIG. 2. �Color online� SRVs of c-Si passivated by a-Si:H layers deposited
by standard rf PECVD for different anneal times for medium injection
levels.
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FIG. 3. �Color online� Calculated SRVs for c-Si passivated by rf PECVD
a-Si:H layers for different anneal times, assuming infinite bulk lifetime �in-
dicated by �� and a finite bulk lifetime of 35 ms �indicated by ��. Also
shown is the dangling bond density as determined by fitting to the Leendertz
model �Refs. 27 and 28�. In the inset of the figure, the calculated fixed
charge density is shown vs anneal time. For NDB and QF, error bars are
shown. For the SRV data, the error bars are smaller than the data points and
are therefore not explicitly shown.
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