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We found that organic particle contaminants are effectively re-
moved during ultrasonic cleaning in distilled water, as evidenced
by the disappearance of organic-related absorption peaks and re-
markable shortening of the surface photovoltage decay transients
(SPV). SPV decay transient mappings obtained with a 100-µm
spatial resolution (see abstract figure) show that, in multicrystal-
line Si wafers, the resulting effect on the decay time is markedly
non-uniform compared with that observed in crystalline Si, im-
plying the existence of a mechanism associated with the grain
boundaries. The data are tentatively interpreted in terms of the
wafer hydrogenization, which most probably occur through the
grain boundaries. It is assumed that elevated temperatures inside
a cavitating bubble may lead to water and bubble gas decompo-
sition, accompanied by a subsequent trapping of the decomposed
particulates at the silicon surface. These particulates can then be

predominantly incorporated into the grain boundary regions. We
suggest that this can be in part due to hydrogen molecules de-
composed in water which are mobile in silicon.
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1 Introduction
In recent years, the usage of renewable energy sources

like solar cells and panels has increased remarkably.
Among installed photovoltaic systems, more than 90% are
mono- and polycrystalline silicon cells, which provide the
advantages of low cost and large area with relatively high
efficiency [1]. Cleaning the surfaces of silicon wafers is
one of the most critical operations in device processing
technologies [2], in particular, in the photovoltaic industry.

The complete removal of contaminants  and the passi-
vation of rechargeable states on the surfaces are very im-
portant issues for improving the energy conversion effi-
ciency of Si solar cells which is sensitive to the surface re-

combination velocity. The point is that more energy is re-
quired to remove smaller particles, because it is physically
harder to deliver the necessary force to tiny dimensions.

In this context, among other techniques, ultrasonic
agitation is widely used to adding energy into the wet
cleaning bath. Planar and patterned silicon wafers are rou-
tinely cleaned using ultrasonic waves. In this process, the
wafers are immersed in a chemically active solution sub-
jected to high power beams of acoustic waves.
Sonochemical cleaning has proved to be particular effec-
tive, e.g., after pre-oxidation, pre-chemical vapor deposi-
tion, pre-epitaxial growth, postash and post-chemical me-
chanical polishing of Si wafers.
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It is commonly believed that the cleaning removes
contaminating additives from the wafer surface through
acoustic cavitation and acoustic streaming although the
physics behind the ultrasonic-induced cleaning process is
still not completely understood and the precise cleaning
mechanisms are still the subject of debate [3, 4]. The fre-
quency range of the waves used in this process is rather
wide, typically in the kHz–MHz range. A combination of
induced streaming flows in the cleaning solution, acoustic
cavitation, the level of dissolved gases and oscillatory ef-
fects are thought to contribute to removing particles and
complex organic materials from the wafer surface.

Here, we report the photovoltaic behavior of poly- and
monocrystalline Si wafers subjected to a surface cleaning
process in ultrasonically agitated distilled water. We con-
centrate on studying the surface photovoltage (SPV),
measuring the variation of surface potential upon illumina-
tion.

2 Experimental setups Solar-grade n- and p-type
silicon wafers, crystalline and multicrystalline are are soni-
cated in the distilled water cleaning bath. The setup is
shown in Fig. 1. An oscillating voltage with the amplitude
of U0 applied to a Langevin transducer causes it to vibrate,
delivering an acoustic power into the water-filled flask
with a silicon wafer. The transducer-water resonance fre-
quency (28 kHz) is defined by the water heights  h. The
temperature of the bulk water was kept between 70 and
80°C during the entire treatment. In the geometry shown in
Fig. 1, a cavitation is readily observed at U0 ≥ 45 V.

Figure 1 Schematic of the experimental apparatus for sonication
of wafers.

The pressure amplitude P0 of the incident wave with
respect to the wafer surface can be found as

t

tt
M

CKVUP
2

00 ρ≈ , (1)

where ρ is the water density, V  is the sound velocity in
water, tM  is the mass of the transducer, and the electro-
mechanical coupling coefficient Kt is

( ) ( )arart ffffK 2/cot2/2 ππ= , (2)

with fr and fa the resonance and antiresonace frequencies of
the transducer. The capacitor Ct represents the shunt ca-
pacitance of the transducer. Then the pressure and dis-
placement peak amplitudes are found to be ≈ 3.5 MPa and
13 µm at U0 = 225 V.

SPV transients are measured in the capacitor arrange-
ment [5], and details of our setup are given elsewhere [6].
The scanning SPV apparatus based on the the AC-SPV
technique [7] and utilizing a “flying spot” arrangement [8]
is used for obtaining SPV decays and spatially-resolved
SPV maps. This technique is capable of providing wafer
maps of both the photovoltage magnitude and carrier life-
time with a 100-µm spatial resolution.

The Si surface contaminating particles are revealed by
a JASCO 5300 FTIR spectrometer.

3 Cleaning efficiency In this work, the cleaning ef-
ficiency is characterised by tracing the optical absorption
bands of organic particle contaminants. The FTIR absorp-
tion spectra resulting from the organic contaminants are
marked by several peaks in Fig. 2, with C–CH3 at 2960 cm-

1, –CH2– at 2920 cm-1, –CH at 2890 cm-1 and C–H
stretching vibrations [–CH3 and –(CH2)n–] at 2850 cm-1

[9]. Weighing the data of Fig. 2, it is seen that organic par-
ticle contaminants are effectively removed from the wafer
surface already at short sonication times (cf. spectra 2 and
3) and the transmission with ultrasonically cleaned surface
closely resembles the one taken with a conventionally
cleaned wafer (spectra 3 and 1).

Figure 2 FTIR spectra of a crystalline Si wafer with a surface,
conventionally cleaned (1), covered with a thin layer of vaseline
mimicking a hydrocarbon contaminant on Si wafers (2) and sub-
sequently cleaned in an ultrasonic bath during 15 min (3).
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4 Photovoltaic performance It has already been re-
ported that the wafer sonication, besides the cleaning itself,
is accompanied by modifying free carrier migration barri-
ers developed at the interfaces, as deduced from the cur-
rent-voltage curves, decreasing subsurface resistance to-
wards dislocation displacements, observed by the micro-
hardness decrease, and is capable of accelerating SPV de-
cays [10]. These effects have been tentatively attributed to
activation of the air/oxide and oxide/wafer interface dan-
gling bonds. Below we discuss in greater details the com-
parative photovoltaic performance of monocrystalline and
multicrystalline Si wafers.

Figure 3 SPV decays of  2 Si wafers, as-purchased (1) and
cleaned in an ultrasonic bath for 25 min (2). Upper panel (a) –
multicrystalline Si:P, 0.3-3 Ohm⋅cm, 400-µm thick, lower panel
(b)- monocrystalline (111) Si:P, 0.5 Ohm⋅cm, 400-µm thick. In-
sets: variations of the characteristic decay times τ1 and τ2 in the
double-exponent fitting of the decay shapes to Eq. (3)

The SPV decay data are shown in Fig. 3, illustrating that
SPV decays are remarkably affected by the sonication. All
the decays are clearly nonexponential shapes exhibiting di-
rect evidence for the involvement of traps and recombina-
tion centres in the near subsurface region. Thus, initial
rapid SPV decays (at times smaller than 0.2 and 0.5 ms in
curves 1 of Fig. 3, a and b, respectively), when the injected
carrier concentrations are large compared with the density
of the trapping centers (Nt), are nearly simple exponentials
with a time constant τ1. The final decays (greater than 0.2

and 0.5 µs in curves 1 of Fig. 3, a and b, respectively),
when the carrier concentrations are small compared with Nt
are, again, nearly simple exponentials with much greater
time constants τ2 determined by Nt [11].

Fitted to a double-exponent form

( ) ( )2211 /exp/exp ττ tVtVV −+−= , (3)

the decay shapes exhibit characteristic decay times τ1 and
τ2 shown in the insets of Fig. 3. It is seen that both the
times tend to gradually decrease with increasing the soni-
cation time, so that the decays speed up. Meanwhile, both
the τ1 and τ2 exhibit a slight increase in monocrystalline
wafers at sonication time instants smaller than 15 min (in-
set in b), which is not likely reproduced in multicrystalline
wafers (inset in a). It is also seen in Fig. 3 that the sonica-
tion effect on the SPV decay in multicrystalline wafers is
greater than that in monocrystalline ones (curves 1 and 2 in
a and b, respectively).

Figure 4 Spatially resolved SPV decay times τ2 observed on as-
purchased [(a) and (c)] and ultrasonically cleaned [(b) and (d)]
wafers. Cleaning time in (b) and (d) is 60 min. (a) and (b) –
monocrystalline (111) Si:P, (c) and (d) –multicrystalline Si:P.
The samples are the same as in Fig. 3.

The difference in the photovoltaic performance of soni-
cated mono- and multicrystalline wafers is also observed
by taking surface distributions of the SPV signal. The SPV
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decay time τ2, taken before and after sonication, is mapped
for both wafers and the results are shown in Fig. 4. It is
seen that initially  τ2 for both (images (a) and (c) for as-
purchased wafers), are markedly non-uniform, implying
the existence of distributed sites affecting carrier lifetimes.

It is most remarkable that the decay time shortening,
already seen in Fig. 3, is accompanied by a remarkable
smoothening of the lifetime distribution over the wafer sur-
face [(b) compared with (a), and (d) compared with (c) in
Fig. 4]. Of further significance is the fact that the smooth-
ening effect is more pronounced in multicrystalline Si wa-
fers compared with monocrystalline Si [(d) and (b) in
Fig. 4, respectively].

It may therefore be suggested that the initial decays
(τ1) are most likely reduced by developing dangling bonds
on the bare silicon surface due to a local removal of SiO2
by cavitating bubbles [10].

Map (a) in Fig. 4 implies the existence of microdefects
in crystalline Si, acting as recombination centers, which
are distributed non-uniformly in the near-surface region of
the wafers [12]. Accordingly, the image shows distributed
decay times, because τ2 decreases in the areas of enhanced
defect concentrations.

A likely explanation of the smoothening observed in
(b) relies on the oxygen and hydrogen micro-precipitation
of the wafer kept in the water bath. It may therefore be as-
sumed that oxygen and hydrogen precipitation would occur
due to their decomposition in water by the presence of lo-
cal strain fields and elevated temperatures inside a cavi-
tating bubble striking the Si surface.

It is likely that similar changes are also observed in
multicrystalline wafers. Meanwhile, based on the fact that
the smoothening effect is even more pronounced in multi-
crystalline Si [(d) and (b) in Fig. 4], the existence of a
competing precipitation mechanism associated with the
grain boundaries may be implied. The enhanced smooth-
ening can be tentatively interpreted in terms of the wafer
hydrogenation, which most likely occur at the grain
boundaries.

It can thus be assumed that elevated temperatures in-
side a cavitating bubble may lead to water and bubble gas
decomposition, accompanied by a subsequent trapping of
the decomposed particulates at the silicon surface. These
particulates can then be incorporated into the grain bound-
ary regions. We suggest that this can be in part due to hy-
drogen molecules decomposed in water which are mobile
in silicon.

4 Conclusions In summary, it is observed that or-
ganic particle contaminants are effectively removed from
the Si wafer surfaces in ultrasonically agitated distilled
water, which is accompanied by shortening the surface
photovoltage decays. This can deteriorate the carrier life-
time and restricts the conversion efficiency of Si solar
cells. We found that the observed shortening and its sur-
face distribution are markedly different in mono- and mul-
ticrystalline Si wafers. The data are tentatively interpreted

in terms of the sonochemical decomposition of the water
followed by the wafer hydrogenization, which is enhanced
by the grain boundaries in the multicrystalline wafers. Our
results contribute in promoting environmentally friendly
and non-toxic cleaning steps in manufacturing photovoltaic
Si wafers and attempting to improve the photovoltaic per-
formance of solar-grade silicon.
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