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It is well known that the near-surface recombination and trapping of photoexcited free carriers signifi-
cantly affect the photovoltaic performance. Passivation techniques are therefore in great demand for current
photovoltaic technologies. Different aspects of the surface passivation in Si and SiGe were widely addressed.
It was particularly concluded that sonochemical surface treatments, e.g. in chloroform (CHCIs), can signifi-
cantly improve the photovoltaic response. It is shown in this work that another reactive surface etchant con-
taining carbon, dichloromethane (CH2Cls), placed into the sonochemical reactor can effectively modify the
surface photovoltaic response of Si and SiGe surfaces. X-ray diffraction studies revealed that the Si-Ge alloy
layer exhibits solid solutions of Si in Ge (approximately 59 % of Si atoms) and Ge in Si (approximately 90 %
of Si atoms). An order of magnitude larger photovoltaic signal, which is accompanied by slightly prolonged
decay times, is observed in single crystal Si. A 50 % increase in the photovoltaic amplitude is reproduced in
SiGe. In contrast to Si, sonochemical treatment of the SiGe surface tends to speed up the short-term compo-
nent and slow down the long-term component of the double-exponential surface photovoltage signal. As di-
chloromethane acts as a carbon source, it can be suggested that sonochemically decomposed carbon atoms
can effectively passivate silicon dangling bonds. We believe this sonochemical treatment step can be used for

the surface passivation in manufacturing Si- and SiGe-based solar cells.
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1. INTRODUCTION

Passivation techniques for silicon surfaces are in
great demand, e.g. in solar cell technologies [1]. Cur-
rently, the mainstream method of improving the pas-
sivation effect lies in depositing a passivation film on
the surface of the silicon wafer. The interface states
originate from silicon dangling bond defectsoin the thin
epitaxial layer with a thickness of several A above the
surface of the silicon wafer. These dangling bonds form
a number of trap levels in the band gap, resulting in
recombination losses of minority carriers [2]. Oxide-
Nitride (ON) stacks have been extensively used in high
efficiency solar cells as an anti-reflection coating and a
passivation layer [3]. The formation of Si—O bonds was
shown to suppress unwanted growth on the silicon sur-
face during the deposition of a-SiO:H and thus excel-
lent passivation was achieved [4].

Though Ge, like Si, is a group IV element, their etch
rates can significantly differ from each other. Thus, in
oxidizing solutions, such as ozonated water (H202), Si
forms a thin (1-1.2 nm) layer of passivating oxide (Si0Oz2).
In non HF-containing solutions, the etch rate of Si is
limited by SiO2. On the other hand, GeO: is water-
soluble, so with the oxidation of Ge and etching of GeO2
a net etch of Ge forms. As a consequence, in a particular
solution, when Si just makes a passivation layer, Ge can
be etched at a rate of 4 nm/min. Furthermore, Ge can be
etched in hot water, H202, HC1:H202, and H2S04:H202,
unlike Si. Conclusively, solutions, which are safe for
processing of silicon, are not always safe for Ge.

Different aspects of the surface passivation in Si
and SiGe were previously addressed [5-13]. In particu-
lar, it was shown that the sonochemical treatments in
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chloroform (CHCIs) considerably improve the surface
photovoltaic (SPV) response [14]. Considerably longer
decay times and greater SPV signals were observed in
SiGe and amorphous-Si/SiGe thin layers grown on Si.

In this work, we show that the SPV signal in Si can
be significantly enhanced due to sonochemical
treatments in dichloromethane (CH2Cl2). Similar effect
can be observed for SiGe surfaces, although the size of
the enhancement is much smaller. It can therefore be
suggested that such a sonochemical treatment step
would be beneficial for the surface passivation in Si-
and SiGe-based solar cell fabrication processes.

2. EXPERIMENT

Several sample sets were used in the experiments.
The samples had a rectangular form with a transverse
size of 10 X 10 mm and a thickness of 300 um. Silicon
samples were manufactured from a standard single
crystal silicon (c-Si) wafer, which was (100) oriented.

The samples with a SiGe layer were grown using
similar ¢-Si (100) wafers with a thickness of 300 um as a
substrate. Standard CVD method utilizing SiH4+/GeH4/Hs
at a temperature of 500 °C and a pressure of 200 Pa was
used. Before deposition of the SiGe layer, the native ox-
ide at the surface of Si substrate was removed by H2
taken at 1000 °C. The thickness of the resulting SiGe
layer was 100 nm.

The structure, morphology and the chemical struc-
ture of the SiGe specimen were determined using X-ray
diffraction (XRD).

Just prior to performing sonochemical treatments,
the surfaces of all samples were etched for 5 min in a
40 % HF solution. As a result of such a procedure, an
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oxide layer was removed from the sample surface and
the same surface conditions were maintained before the
following sonochemical treatment. In order to exclude
the formation of an oxide layer on the sample surface
after the HF etching and the sonochemical treatment,
the samples were dried in an argon flow and were main-
tained in an argon atmosphere up to the beginning of
the measurement.

The SPV transients were measured in the capacitor
arrangement using a standard method [15]. To provide
the near-surface generation of non-equilibrium charge
carriers, light pulses with a 5 ps width from a peak-
wavelength of 1=405nm light-emitting diode (LED)
were used.

3. RESULTS AND DISCUSSION

XRD studies performed on non-monochromatized
Cuoa radiation do confirm that the orientation of the Si
substrates used here is (100). Studies done in the dif-
fraction angles (26) = 25-100° do not detect any diffrac-
tion maxima, apart from the Si (400) one. Fig. 1 shows
a fragment of the diffraction pattern within the angle
range (26) = 67-72°, illustrating that a rather intense
doublet belonging to this Si diffraction maximum is
clearly visible. The doublet occurs due to the two com-
ponents, al and a2, in the characteristic spectrum with
the wavelengths A1 = 0.15405 nm and A2 = 0.15443 nm,
respectively.

The parameter of the Si unit cell (determined by the
position of the diffraction maximum components) is
equal to a =0.54299 nm, which has only the 810-5 nm
difference from the tabular value of this parameter
(@ =0.54307 nm). Such differences are consistent with
both the experimental errors in position determination
and may be due to the effect of dopants.

Intensity (Counts)

67 68 69 70 71 72
26 (degrees)

Fig. 1 -XRD diagrams around the most intense lines of the
SiGe on Si films taken before (line) and after (points) sono-
chemical treatment

In this fragment we can see one more doublet having
much less intensity, and a shoulder at the base of the
diffraction maximum (400) Si, which is thought to be the
consequence of imposing another doublet on the Si sub-
strate maximum of high intensity. Confirmation of this
explanation (the presence of three separate maxima) is
quite clearly seen on the "naturally" monochromatic S-
radiation (1;=0.13922 nm for Cu), which is always pre-
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sent in the characteristic X-ray spectrum of different
elements. A fragment of the diffraction picture, which
occurs near the (400) Si maximum, is shown in Fig. 2.
In this case, we see a clearly evident presence of three
diffraction maxima with relative intensities consistent
with the relative intensities of the a-components (Fig. 1).

Therefore, beside the pronounced diffraction maxi-
mum of a single ¢-Si, two subsidiary maxima occur that
are due to the Ge film. Assuming that they come from the
same (400) crystal planes, the lattice parameters of the
film structure are a1 = 0.55247 nm and a2 = 0.54531 nm.

The value a1 = 0.55247 nm is less than the parame-
ter of the bulk Ge unit cell (age = 0.56576 nm), and the
value a2 = 0.54531 nm is only somewhat greater than
the cell parameter value of Si (asi = 0.54307 nm). Con-
sidering that the Si-Ge alloy system typically exhibits a
set of continuous solid solutions in the whole concen-
tration range, we can therefore suppose that the struc-
ture with the parameter a: is a solid solution of Si in
Ge, and the structure with the parameter a2 is a solid
solution of Ge in Si.
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Fig. 2 — The same as in Fig. 1 taken with the monochromatic
p-radiation

Since, according to [16], the change in the cell pa-
rameters in the Si-Ge system can be approximated by
the Vegard rule (slight deviations will be neglected), it
is possible to evaluate the alloy components. Thus, the
structure with the parameter a1 must contain approx-
imately 59 % of Si atoms, whereas the one with a2 must
contain approximately 90 % of Si atoms.

It is seen in Fig. 1 and Fig. 2 that, after the sono-
chemical treatment, the positions of the diffraction
maxima and their relative intensities remain practical-
ly the same. Minor differences between the peak posi-
tions observable in Fig. 1 and Fig. 2, in particular, a
non-significant shift of all maxima comparable with the
magnitude of the scanning step can all be related to the
slight misorientation of the sample when fixing it back
into the X-ray apparatus after its ultrasonic treatment.
It should be noted that a non-detachable control sam-
ple gave essentially the same results in the course of
repeated XRD studies.

It is known that, in general case, the SPV signal is
determined by the composition and concentration of elec-
trically active semiconductor surface defects. One can
expect that after the etching and sonochemical treat-
ment of the samples the composition and concentration
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of electrically active defects can considerably change.
Consequently, the SPV should also substantially alter.

In this work, after each treatment step of the sam-
ple surface, the SPV decay curves were measured. In
every case, the SPV decay time and the amplitude val-
ue of the SPV signal undergo significant changes.

As stated above, prior to each sonochemical treat-
ment step, the sample surfaces were etched in a 40 %
HF solution. To be sure that such a treatment consist-
ently provides the same surface condition, we have
tested the SPV decay curves in Si and SiGe/Si samples,
which were cyclically etched several times in a 40 %
HF solution. These measurements have revealed that
the SPV decay curves measured after each etching step
were reproduced with high accuracy.

The SPV decay curves taken from the surface of
single ¢-Si are shown in Fig. 3. Here, curve 1 corre-
sponds to a sample of monocrystalline Si whose surface
was only etched in a 40 % HF solution for 5 min. Howev-
er, if the sample surface was subjected to the subsequent
sonochemical treatment in dichloromethane for 1 min
(curve 2), then the amplitude of the SPV signal increases
significantly. At the same time, increase in the duration
of sonochemical treatment in dichloromethane to 5 min
leads to the same changes in the amplitude of the SPV
signal (curve 3).

The obtained curves were fitted to two decreasing
exponents as

U,, = A -exp(-t/t,)+ A, -exp(-t/t,)+ U, - 1)

The resulting fitting of the parameters is shown in
Table 1. The analysis of the obtained data shows that
sonochemical treatment in dichloromethane for 1 min
causes an increase in the amplitude value of the SPV
signal by more than 10 times, which is accompanied by
slightly prolonged decay times. Treatment for 5 min
remains this effect nearly the same with a slight de-
crease in the SPV amplitude and decay times.

——(2) Si1 min
——(3) Si5 min
—— (1) Si etching

SPV (V)

0.1F

0 25 50
Time (us)

Fig. 3 — SPV decays from Si surfaces: HF-etched (1), sonoche-
mically treated in dichloromethane for 1.5 (2) and 5 (3) min

Table 1 — The fitting parameters in Eq. (1) for the experimental
SPV decay curves 1-3 shown in Fig. 3
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Fig. 4 shows the decay curves of the SPV signal de-
tected from the surface of the SiGe layer. Similar to
Fig. 3, curve 1 in Fig. 4 shows the kinetics of the SPV
signal in a sample with the SiGe layer, only etched in a
40 % HF solution for 5 min. In contrast to single c¢-Si,
the subsequent sonochemical treatment of the surface
of this sample in dichloromethane for 1.5 min (curve 2)
results only in a slight change in the amplitude of the
SPV signal. With an increase in the duration of sono-
chemical treatment in dichlorometane up to 5 min
(curve 3), the SPV signal amplitude does not change at
all. The decay curves for this sample were also ana-
lyzed by fitting to Eq. (1). The approximation parame-
ters of the experimental curves are shown in Table 2.
In contrast to single c¢-Si, sonochemical treatment in
the sample with the SiGe layer for 1.5 min and for
5 min speeds up the short-term component 2 and slows
down the long-term component ¢1 of the SPV signal.

The data of Fig. 3 and Fig. 4 can be explained as fol-
lows. As stated above, the passivation rates for Ge and
Si surfaces differ from each other quite significantly.
As a consequence, the resulting SPV signal in Si and
SiGe samples exhibits different behavior upon treat-
ments in dichloromethane. The bubbled dichloro-
methane is suitable to act as a reactive surface etchant
as well as a source of additional carbon. This triggers
the formation process of Si—C bonds at the Si and SiGe
surfaces. Therefore, one can suggest that carbon atoms
released from dichloromethane molecules during sono-
chemical dissociation, passivate only silicon dangling
bonds. So that the SiGe surface remains much less pas-
sivated during the sonochemical treatment.

— (2)SiGe 1,5min
—— (3)SiGe 5min
— (1)SiGe etching
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Fig. 4 — SPV decays from SiGe surfaces: HF-etched (1), sono-
chemically treated in dichloromethane for 1.5 (2) and 5 (3) min

Table 2 — The fitting parameters in Eq. (1) for the experi-
mental SPV decay curves 1-3 shown in Fig. 4

1) SiGe |2) SiGe 1.5 min| 3) SiGe 5 min

etching sonication sonication
t, us | 27.32783 30.60176 43.73953
2, us | 27.32757 8.13618 14.87734
UvVv 0.02632 0.03982 0.02589

1) Si, HF 2) Si, 1 min | 3) Si, 5 min
etching sonication sonication
1, ps 23.37 28.92 27.02
t2, Us 6.29 6.32 4.5
U, v 0.23 2.8 2.66

4. CONCLUSIONS

In summary, the paper shows that SPV signal in Si
can be significantly enhanced due to sonochemical
treatments in dichloromethane. A similar effect can be
observed for SiGe surfaces with a smaller enhancement.
An order of magnitude larger SPV signal is observed in
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gling bonds. It is furthermore believed that such a sono-
chemical treatment step would be beneficial for the sur-
face passivation in Si- and SiGe-based solar cell fabrica-
tion processes.

Si, whereas a 50 % increase in the amplitude is repro-
duced in SiGe. It can be suggested that dichloromethane
acts as a carbon source, so that sonochemically decom-
posed carbon atoms can effectively passivate silicon dan-
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®ot10-EPC ua nmosepxHusax Si ta SiGe npu coHoximiuniit 00po0dui y nuxiaopmerani
B. Imix, A. ITogonsan, A. Hagrouii, JI. Asukxos, M. Cemennsko, O. Koporuenkos

Kuiscoruil nayionanvrull ynisepcumem imeni T. Illesuenka, 6yn. Bonodumupcora, 64/13, 01601 Kuis, Yrkpaina

TIporecu pexomOGiHAIIT Ta 3aXOIUIEHHS €JIEKTPOHIB 1 JIPOK Yepe3 IMOBEPXHEBI IIEHTPU peKoMOIHAIl Ta
3aXOIJIEHHS CYyTTEBO BILUIMBAIOTEH HA e(DeKTUBHICTD PI3HUX (POTOEJIEKTPUYHMX IIPUCTPOIB. Uepes 11e y mporieci
BHPOOHMIITBA TAKHUX IIPHCTPOIB 3HAYHY yBary IIPHALISIOTH [TacUBAllil HOBEepXoHB. Pi3HI acmerTy macuBarii
moBepxHi Si Ta SiGe JOCTATHHO MIMPOKO PO3TJISHYTI B JIiTepaTypi. 30KpemMa, IMOKa3aHo, 0 COHOXIMIUYHA 00-
poOka moBepxHi, Hanpukiaaa. B xjaopodopmi (CHCls), Moske 3HAYHO IOKPAIIUTH (DOTOEIEKTPUIHUMA BIATYK.
VY mamiit poboTi IOKa3aHo, IO I IHIIWH KapOOH-MICTKHUI peakIiiiHO3IaTHNH IT0BEPXHEBUH TPABHUK, UXJIO-
pmeran (CH:Clz), BuKOpHCTAHMI ¥y COHOXIMIYHOMY PEaKTOpPl, MOe e(DEeKTHBHO BILIMBATH HA BEJUYHUHY I10-
BepxueBoi goro-EPC B 3paskax Si ta SiGe. JlocmimxeHHs peHTTeHIBCHKOI JupaKIfii MOKa3aJH, 10 map
cuaBy Si-Ge yrBopioe TBepal posunau Si B Ge (1o mictuts mpubausso 59 at. % Si) Ta Ge B Si (HabmxeHO
90 at. % Si). Y MOHOKpHCTAIIYHOMY Si OTPEMAHO 301JIbIIEHHA Ha IOPSII0K BeJuunHn curHaiay ¢goro-EPC i3
TPOXU 3aTATHYTOI KpuBOMW Ii penakcariii. B SiGe 1e 36iabinensas goToBiaryky criagae oinsa 50 %. Ha sin-
MiHy Bifg Si, coHOXIMiuHAa 00pobka moBepxHi SiGe Beme 10 IPUCKOPEHHA KOPOTKOYACHOI KOMIIOHEHTH Ta YIIO-
BLJIBHEHHSI JIOBIOTPUBAJIOL CKJIAJI0BOI cUrHAJy moBepxHeBoi ¢goto-EPC, 110 onucyerbes mMoABIHHOI0 eKCIIOHEe-
HINAJIBHO crmazaodon (yHkiien. OCKIIBKA IUXJIOPMETAH BHCTYIIA€ B SKOCTI AiKepeJia BYIJIEII0, MOYKHA
HPUILYCTUTH, 10 3BLILHEHWM IMPH COHOXIMIUHIN 00poOIi Byrielb eeKTHUBHO IACHUBYE BIJIbHI KpeMHIieBl
3B’a3kn. Ha mamr moryis, coHoXiMiuHA 00po0Ka Mae IOTeHITia]l BUKOPUCTAHHS JJIA [MACHBAIII] ITOBEPXOHDb Y
BHPOOHMIITBI COHSTYHUX OaTapeil Ha ocHOBI Si Ta SiGe.

Kmiouoei ciosa: SiGe, @®oro-EPC, Ilacurarris mosepxui, CoHOXiMIS.
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