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We report a systematic multielement study of impurities in CdS window layers by dynamic and
guantitative secondary-ion-mass spectrom¢8iMS) with high depth resolution. The study was
carried out on CdTe/CdS solar cell structures, with the glass substrate removed. The analysis
proceeded from the transparent conductive oxide free surface to the CdTe absorbing layer with a
view to examining the influence of the CdQleat treatment on the distribution and concentration

of impurities in the structures. Special attention was paid to the impurities present in the CdS
window layer that may be electrically active, and therefore affect the characteristics of the CdTe/
CdS device. It was shown that CI, Na, and Sb impurities had higher concentrations in CdS following
cadmium chloride (CdClL) heat treatment while Pb, O, Sn, and Cu conserved the same
concentration. Furthermore, Zn, Si, and In showed slightly lower concentrations on, CdCl
treatment. Possible explanations of these changes are discussed and the results compared with
previous SIMS measurements from the “back wéile., from the CdTe free surface through the
glass substrajeobtained from the same structures. ZDO5 American Institute of Physics
[DOI: 10.1063/1.1921344

I. INTRODUCTION tion were shown to depend on the growth method dsed.
Additionally, the surface morphology and pretreatment of the
The conventional processing of semiconductors relies ofransparent conductive oxid@CO) have been found to af-
the ability to control impurities which are usually present infect the physical properties of the CdS film subsequently
the devices at higher concentrations than are in the startingeposited on it, eventually changing the performance of
materials. The use of polycrystalline thin films for solar cellscdTe/CdS solar cell3.
aims to reduce the cost by utilizing lower grade source ma-  Despite the importance of impurities in semiconductors,
terials. The irreproducibility of the characteristics of suchfew attempts to measure them in CdTe/CdS devices have
devices and their degradation have yet to be addressed. peen reported in the literature. In particular, there is little
Postgrowth annealing-induced activation of thin-film systematic or quantitative work, with secondary-ion-mass
CdTe/CdS solar cells with Cd&tepresents a crucial step in spectroscopySIMS), profiles on entire device structures be-
the device fabrication process. This treatment has beejwg generally restricted to a few impurity elements and done
shown to affect not only the CdTe absorbing layer but alsahrough the “back wall,” i.e., proceeding from the CdTe sur-
the CdS window layer, leading to a change in the cellface. This back wall approach has limitations—principally a
characteristics.It is the impurities in the window layer that poor depth resolution due to the roughness of the back sur-
are the subject of this paper. face and the large depth that has to be profiled to get to the
The effect of impurities present in the CdS window layer puried CdTe/CdS interface. To overcome this difficulty, pol-
on CdTe-based solar cell devices has not been thoroughighed CdTe surfaces were usedit only one SIMS analysis
investigated, and it is not yet fully understood in terms offrom the “front wall,” i.e., by sputtering from the TCO to the
their influence on the efficiency, stability, and lifetime of semiconductors, has been repoﬁed_
these device$Nevertheless, some particular studies pointto  Thijs paper reports a systematic quantitative study of im-
the importance of impurities in this context. For example, thepurities in the window layers of CdTe/CdS/TCO/glass solar
photovoltaic characteristics of CdTe/CdS solar cells fabri-cells, this also being done with sufficient depth resolution to
cated using boron-doped CdS were shown to improve due tgjentify interface effects. This was achieved by dynamic and
the increase of the electrical conductivity and the opticalyuantitative SIMS of CdTe/CdS/TCO/glass structures in the
band gap of the CdS with dopirigAlso, some test cells front wall geometry after the removal of the glass substrate.
composed ofp-type Cu-doped CdS and-type CdS layers The analysis was then performed from tfilat) TCO free
were fabricated4 and their photovoltaic response attributed tgyrface through the CdTe absorbing layer. Particular empha-
a homojunction. Indirect effects have also been noted: for gis was placed on the potentially electrically active impuri-
example, CdS surface contamination and chemical composjies present in the CdS window layer especially those likely
to originate from the CdGlheat treatment; it is these impu-
¥Electronic mail: m.emziane@dur.ac.uk rities that are likely to affect the device performance.
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In this way the distributions and concentrations of a 00 05 1P 15 .20 25 30 35
number of impurities in the window layer of CdTe/CdS/
TCOlglass cells were determined with higher precision than
before. .

It was found that Cl, Na, and Sb impurities had higher
concentrations in CdS following CdCheat treatment while
Pb, O, and Cu conserved the same concentration. While Na
and Si were apparently concentrated at the CdS interfaces in
the as-grown structures, they had a concentration peak in the
CdS after treatment. Also, Zn, Si, and In showed slightly
reduced concentrations on the Cg@kat treatment. Te dif-
fusion into the CdS layer on the CdCheat treatment was
also measured.

The potential origins of these impurities and their con-
centration changes are discussed. For instance, it was shown
that Si and Na were originating mainly from the glass sub-
strate during the growth and/or processing steps, and that In
and O were due mostly to the TCO. A useful comparison was 10" -
made between the present results and the SIMS measure-
ments previously obtained on similar structures from the

1021_ :‘
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Concentration (cm®)
=

back wall® Moreover, the displacement of the positive- and b i
negative-ion concentration peaks reported eafliand the 00 05 10 15 20 285 30 a5
accumulation of Sb at the CdS/TCO interficare called Approximate depth from TCO free surface (um)

into question.
FIG. 1. Impurity species showing an increased concentration following the
CdCl, heat treatment. The SIMS depth profiles of Cl, Na, and Sb impurity
Il. EXPERIMENT atoms for the CdTe/CdS/TCO structures untre@sednd CdC} heat treated
(b). The TCO free surface is nearest the zero end, and the approximate

The TCO (In,04F nominally 800 nm thickand CdS locations of the interfaces are shown by the vertical solid lines. The profiles
2=3 0 of the treated structure were shifted forward to align with those of the

(nominally 150 nm thick layers were grown by sputtering nireated sample at the CdS/TCO interface.
with a typical substrate temperature of 500 and 200 °C, re-

spectively. The target purity was 99.999% for,@3 and
99.99% for CdS. We used two uncontacted CdTe/CdS/TCO/

glass solar cell-like structures fabricated separately usin S 1
nominally identical conditions. The deposition and processy eated CdTe/CdS/TCO structures. Profiles’¥Pb, *°Te,

2 11 115, 66, 63~ , 37~ 34c 28q; 23 18
ing conditions were the same as reported earlier in more 'Sb, Sn, ", Z.n’ Cu,“'Cl, S, °'Si, “’Na, and™"O
detail® Polycrystalline CdTe films were deposited on the Were recorded. lon-implanted undoped CdS standards were

CdS/TCO/glass substrates by close-space sublim&iiQd depth pirofllegl o detern:jlnte the ; useful IO'?t ytl_elds_ tOf th?
technique. The substrate and source temperatures during tﬁ(L,emen S anad were used to periorm guantitative interpreta-

deposition were kept at 500 and 650 °C, respectively. Th jon of the raw data recorded through the use of relative
deposition rate was adjusted at about;ui/min and th.e sensitivity factors(RSF3. Implantations were performed at

thickness of the CdTe films was approximately 8. room temperature u§ing a ZOQ—keV implanter and low doses
Both structures had their CdTe layer deposited using a star —glge uiefd tollo:taln a maX|mL_J(|j”n cgn;entraﬂon Ieyel of
ing CdTe material of 7N puritgi.e., 99.999 99%and one of cm *for all the species considered. An oxygen primary
them only was then heat treated with CgGthermally eam was used to determine the posn[ve—lon y'eld. and a
evaporated 150-nm-thick Cdghyer, 99.9% pureat 400 °C cesium primary beam for the negat|ve. ions. Energies and
in air for 30 min, and subsequently chemically etched Withanalyzedz crater+areas were as follows: 14.5 I;eV argi?
Br,-methanol solution. This was carried out in order to study>< 60 pm” for Cs', and 8 keV and-150x 150 um* for O™

the effect of the CdGland chemical etching process on the

impurity distribution in the whole solar cell structure. To |, RESULTS

enable a SIMS investigation of both samples from the front

wall side, i.e., from the TCO layer through the CdS and CdTe  During the SIMS profiling it became clear that although
layers, the glass substrates were removed by a combingbe layers were nominally identical, the thicknesses of both
mechanical and chemical polishing procedure. To do so, ththe TCO and CdS layers were thinner in the processed
CdTe surfaces of the 1-énsamples were stuck to aluminum sample than in the as-grown one. For ease of comparison, the
plates using conductive epoxy to avoid charging during theSIMS data presented in Figs. 1-4 are therefore shifted so that
SIMS measurements. Most of the glass was removed by mepairs of profiles are aligned at the CdS/TCO interface. More-
chanical polishing and during the removal of the remaindeover, it should be noted that for some SIMS runs presented
with 40% HF acid, the TCO layer acts as an etch-stop barhere, the complete structure was profiled, i.e., from the TCO
rier. all the way through the back wall of the CdTe. These profiles

The SIMS depth profiles were performed using a Cam-
ca ims-4f system on both the untreated and Gd@hat-
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FIG. 2. Impurity species which have an unchanged concentration afteFIG. 3. Impurity species showing a reduced concentration after the,CdCl
CdC}, heat treatment. The SIMS depth profiles of Pb, O, and Cu impurityheat treatment. The SIMS depth profiles of Zn, Si, and In impurity atoms for
atoms for the CdTe/CdS/TCO structures untregéednd CdC) heat treated  the untreated and CdOheat treated CdTe/CdS/TCO structures. The profiles
(b). The profiles of the treated structure were shifted forward to match thosef the treated structure were shifted to match those of the untreated sample
of the untreated sample at the CdS/TCO interface. The TCO free surface i the CdS/TCO interface. Since the CdS layer is thinner in the treated

taken as depth zero and the approximate locations of the interfaces artructure compared to the untreated one, an additional vertical line shows
shown by the vertical solid lines. the approximate CdTe/CdS interface for the treated structure.

may be recognized since the apparent concentrations of theall,® these four impurity elements showed a constant con-
elements profiled rise slightly as the back wall of the CdTe iscentration in CdTe on the CdCheat treatment.
approachede.g., as for Na in Fig. (b)]. The SIMS depth profiles of zZn, Si, and In atoms are
The SIMS depth profiles of Na, Sb, and Cl atoms in theshown in Fig. 3 for both the untreated and Cgl¢at-treated
untreatedi.e., as-growhand CdC} heat-treated CdTe/CdS/ CdTe/CdS/TCO structures. Surprisingly, Zn, Si, and In show
TCO structures are shown in Fig. 1. These three species egpparent small decreases in concentration in CdS upon the
hibit an increased concentration in the treated sample aSdCl, heat treatment in comparison to the untreated samples.
compared to the untreated one. In the CdS layer, the conceRvithin CdS, the concentrations af2-5) X 10*° cm2 for Zn,
tration increases from 2:810% to 10?°cm 3 for Cl and  (1-2) X 108 cm™2 for Si, and 18°-1(?2 cm for In. The de-
from 2x 10'8 to 10'° cm™ for Sb. Na shows a very slight tection of Zn and Cu in CdTe and the TCO was limited by
increase, from X 10 to 4x 10'°® cm3. Similar results were the detection limit in these layers, with the profiles being
obtained when the same elements were investigated from theharacteristically noisy and flat.
CdTe free surface through the glass substréte., from the The SIMS profiles for Te and S atoms in both CdTe/CdS/
back wall of the structurgsHowever, additional precision is TCO structures are shown in Fig. 4. The different layers and
obtained in the front wall geometry—the structure of the Naapproximate interfaces are shown in all the figures. The
profile is discussed in Sec. IV. depth scale is accurate from the TCO free surface to the
Figure 2 displays the SIMS depth profiles of Pb, O, andCdS/TCO interface as the sputtering rate of TCO was used to
Cu atoms in the untreated and Cd@Geat-treated CdTe/CdS/ generate the depth scale. Since the TCO sputtering rate is
TCO structures. These three species have their concentratialifferent from the CdS and CdTe rates, the total depth sput-
profile largely unchanged following the CdCheat treat- tered in the CdS and CdTe layers is therefore different from
ment. The concentrations are'1@nd 3x 10" cm™ for Pb  that shown in all the figures.
and Cu, respectively. For O, the concentration decreases Overall, the front wall SIMS profiles shown in the fig-
from (3-6)x10°2cm™3 near the CdS/TCO interface to ures exhibit less surface tailing compared to the profiles re-
(3-6) X 10 cm 3 near the CdTe/CdS interface, the trend be-corded for two similar structures from the CdTe back surface
ing the same before and after the heat treatment. Profiles aind reported earli€rAn additional advantage is that the po-
Sn are not shown because they overlap each other, do nsitions and widths of the buried CdS/TCO and CdTe/CdS
show any peaks, and are noisy around’xdn 3, below the interfaces, together with the approximate thickness of the
Sn detection limit. In our previous SIMS study from the backdifferent layers, are more accurately determined here in com-
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00 05 10 15 20 25 30 35 TABLE |. Concentrations, in ppm units, of impurity species detected by
S T S —— ICPMS in the CdGl powder used in the heat treatment of one of the
10°{ @S E samples.
' —— untreated E
10‘5,: \ /:\ - - -~ CdCl, treated 1 Impurity species Concentratigppm)
] s Pb 116.59
10" .r Na 5.26
- Te 2.51
5 10" - 3 In 0.94
§ ] Cu 0.28
B .. Sb 0.21
g0 Si, Sn, O, S, and Zn Not detected
8 1 1 L 1 1 1
S 101 ®)Te

y —— untreated

qu; - - - -CdCl, treated were used for the quantification of the SIMS data throughout

the structures.
] [ The purpose of this study was to focus on the impurities
10"‘5 1 that have a known effect on the electri€ahd most probably
i i on the optical properties of the CdS window layer and that
10" 4 3 may therefore affect the CdTe/CdS device characteristics. By
i using CdTe source material of 7N purity to grow CdTe/CdS/
10 T r r - TCO/glass structures and treating part of them with GACl
00 05 10 15 20 25 30 35 we were able to distinguish not only the impurities that are
Approximate depth from TCO free surface (um) related to the CdGlprocess, but also those due to the differ-

FIG. 4. Te diffusion at the CdTe/CdS interface. The SIMS depth profiles ofem Iayers in the struc_:ture._ . . . .

Te and S atoms for the CdTe/CdS/TCO structures untreated ang Gei! Na' Sb, a”d.(?' impurities shown in Fig. 1 mlgh.t be
treated. The profiles of the treated structure were shifted to align with theconsidered to originate from the postgrowth processing as
profiles of the untreated sample at the CdS/TCO interface, and an additionghey are present in the CdCpowder used. However, as

vertical line shows the approxima_te C_dTe/Cd_S i_nterface_ for the t%eated St'UGhown in Table I, Na and Sb are present in the Gg@lwder
ture. Note also that S concentration in CdS is in a. u. instead of.cm with concentrations of 5.26 and 0.21 ppm, ™ abouf’ 10
and 5x10'™ cm3, respectively. These concentrations are
parison with those extracted from the back wall SIfTEhis  more than two to three orders of magnitude lower in the
can be attributed to SIMS profiling commencing from the flatcdcl, starting powder compared to those for the same ele-
TCO free surfaces that are exposed by the glass removghents measured in the CdS matrix by SINSg. 1). It is
process, while in our previous study, the CdTe surfdtes  clearly the case that if Na and Sb arise solely from the GdCl
starting point for SIMS measurements from back Wwelere  then either(a) these elements are enriched in the CdS during
rough and were not polishédMoreover, sputtering in the the treatment, perhaps by preferential evaporation onto the
front wall geometry, i.e., through-950 nm of TCO and cells when they are coated with Cg@lefore heating, ofb)
CdS, is not subject to the crater roughening that inevitabljhese elements are not uniformly distributed throughout the
happens during sputtering through 8+ of CdTe? Hence  CdTe/CdS layer stack, and that there is some preferred seg-
front wall SIMS provides superior spatial definition of impu- regation at the CdS layer and/or its interfaces. One or both of
rities in the CdS window layer and its interfaces than doega) and (b) are credible in that the concentration of Na, and
back wall SIMS. most notably of Sb, increase during the treatment. However,
In a recent study using inductively coupled plasma masgs the levels of both of these elements are already high in the
spectrometry(ICPMS),** we have carried out a chemical as-grown structures, they may well have multiple origins.
analysis of the CdGlpowder used in this study. For the For Na, the glass is the most obvious source, with incorpo-
impurity species considered in the present investigation, thgation of glass components in the CdS being a possibility
concentrations recorded in the CgdGire summarized in  during the growth of the TCO and CdTe layers at a relatively
Table I. Note that In and Te concentrations represent th@igh temperature. For Sb, a contamination from the CdS tar-
maximum values, i.e., the actual ones may well be lower duget during the sputter deposition of CdS layer is more likely
to the possible spectral interferences occurring in ICPMS ags the target used is 99.99% pure.
previously discussed in detdfl. The present findings for Pb, O, Cu, and Sn in CdS are
consistent with those measured for CdTe from the back wall
(i.e., invariant concentration profile on CdClheat
IV. DISCUSSION treatmen),’® and these four impurity elements are therefore
not considered due to the CdQCleat treatment as they con-
In discussing the SIMS results, it should be emphasizederve the same concentration for both samples.
that for all the profiles shown in the present study, the analy- It is interesting to compare the impurity concentrations
sis isquantitativefor the CdS layers only and qualitative for we recorded by SIMS with some data available in the litera-
the other layers, i.e., TCO and CdTe, as only RSFs for Cd$ure. The only quantitative SIMS analysis performed on
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CdTe/CdS solar cell devices from the TCO side with thethe CdTe layer as measured from the back W& 10°-4
glass substrate removed was mainly dedicated to the detex 10 cmi™3, below the detection limjit® corroborating our
mination of Cu profiles. The Cu concentrations recorded in previous interpretation that Si is mostly diffusing from the
CdS were ranging from 2 108 to 5x 10'° cm3, i.e., about  soda-lime glass substrate during the growth and/or the treat-
one to two orders of magnitude higher than the Cu concenment of the structures, or else being transferred into the lay-
trations we measured in Cd8x 10 cm 3, Fig. 2. The ers during sputter growth. As discussed above for Na, the
higher Cu concentrations in those structures were caused Mgiffusion of Si from glass is likely to take place since while
the Cu diffusion from the Cu-containing back contact whilethe heat treatment is done at 400 °C for 30 min, the growth
our solar cell-like structures were uncontacted and containedf the TCO and CdTe layers is performed at 500 °C. This
no intentional Cu. temperature is sufficently high, compared to the softening

N, C, and O were also profiled in another quantitativepoint of the glass, to enable the diffusion of Si and Na. In has
SIMS analysis on CdTe/CdS solar cell devices fabricated usa high concentratioribetween 1& and 162 cm 3, Fig. 3
ing wet chemical methods.O concentrations were found to compared to its concentration in the CgQ@lowder (0.94
be in the range of F8-10** cm2 throughout all the struc- ppm or about 2.5 10' cm™3) and also to its concentration
tures investigated, which is slightly higher than the O con-in the CdTe layer measured from the back wal 10'°—6
centrations we obtained. This is because, in that study, th& 10 cm3).° From these comparisons, we can deduce that
CdS layers were bath depositéthus readily O contami- In is mainly originating from the I505:F TCO used and that
nated and air annealed prior to the CdTe growth. In ourthe contribution from CdGlis negligible. As for Zn, which
case, CdS was sputtered and was not air processed before thias not detected in the CdQbowder(Table |), the concen-
subsequent CdTe deposition by CSS. More importantly, thatration recorded in Cdf§2-5) X 10'° cm 3, Fig. 3] is at least
investigation concluded that there was neither an obviousne order of magnitude higher than that measured in CdTe
correlation between the SIMS data and the device charactefrom the back walP. This difference is most likely due to the
istics nor a simple relationship between the reagent concerfact that different isotopes were monitored for the CdS layer
trations in the CdS bath and the solar cell efficie??cl}.or (%6zn for this study and the CdTe layef®*zn for the back
our structures, the O concentration in CdS ranged fronwall SIMS). The above quantitative comparisons between
~(3-6) X 10 to ~(3-6x10%cm™ while only 4 the impurity concentrations measured in CdS from the front
X 10" cm® was measured in CdTe from the back wall. wall and in CdTe from the back wall are valid regardless of
This indicates that O found in CdS may be coming from thethe difference in the diffusion coefficient that these impurity
In,O5:F TCO although incorporation from the growmtbput-  species may have in CdS versus CdTe.
tering and CSpand/or processing environments should not  Te depth profiles shown in Fig(d) highlight the migra-
be excluded. tion of Te from CdTe into the CdS layer following the CdCl

It was suggested that thteicknessof the CdS window heat treatment, since the concentration of Te in CdS is
layer influences the formation of the CdTgS, layer at the  slightly higher for the treated structure compared to the un-
CdTe/CdS interface, as well as the CdTe grain groth, treated one. Similar observations were reported by many au-
grain size and orientatignaffecting the photovoltaic perfor- thors, and, in particular, recently by Kiet al®
mance of the CdTe/CdS solar cliTherefore, in discussing The profiles of NdFig. 1(a)], S[Fig. 4a)], and Si[Fig.
Zn, Si, and In concentrations in the untreated and ¢dCl3(b)] for the untreated sample show a double peak in the CdS
heat-treated structures shown in Fig. 3, it would be appropritayer, which disappears becoming a single peak in the treated
ate to take into account the difference in thicknesstfoth  sample. This observation was repeated several times in dif-
TCO and CdS layers in the two structures. As mentionederent areas of the untreated sample. The most likely expla-
above, these two layers are much thinner in the treatedation of this behavior is that, for some reason, the ion yields
sample compared to the untreated one, and this may affeat the CdS/TCO and CdTe/CdS interfaces were enhanced for
the comparison in terms of concentrations for these threthese species in the untreated structure.
impurity species. In order to check this behavior, normalized In studying the distribution of impurities in the CdS,
profiles (not shown herewere plotted for Zn, Si, and In particular care was taken to establish the positions of the
assuming the same thickness for the CdS layer in both struconcentration peaks for Cl, Na, and S. In a previous re]Bort,
tures. This normalization confirmed the slight decrease of théhese elements had been reported as having peaks that were
concentration of the three elements following treatment. Thelisplaced with respect to one another, the cations being
SIMS data from the back wall showed that Zn conserved itxloser to the TCO than the anions. The displacement had
concentration in the CdTe layer on the Cg@eéat treatment been attributed to the field structure at the interfdCesther
while Si and In concentrations increased following treat-authors had also reported SIMS evidence of the segregation
ment. During the CdGlItreatment done at 400 °C, com- of Sb to the CdS/TCO interface in support of an electrical
pounds such as ZnglinCl,, and SiC} may form, and while  measurement of impurity distributidh.n the present work,
SiCl, is gasious at this temperature, Zp@nd InCk have  however, the peaks for Cl, Na, and S were located at a depth
higher vapor pressure compared to Cddlhis is the most of 0.86 um from the TCO free surface, this being a repro-
likely explanation of the decrease recorded in the concentraducible finding. Since the earlier work was done in the back
tion of Zn, Si, and In(Fig. 3) after the CdC] treatment. Si  wall SIMS geometry, a small error in the sputter rates deter-
[(1-2) x 108 cmi3, Fig. 3] was not detected in the CdCl mined for positive and negative SIMS would result in a sig-
powder(Table ) and its concentration is much higher than in nificant registration error between the two profiles. There
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could also be uncertainty about the exact location of peaks This study shows the advantages of using “front wall”
with respect to the interfaces. We conclude that there is n&IMS geometry for the superior and reliable resolution it
displacement between the positive- and negative-ion concemprovides. It also shows the direct implication that the fabri-
tration peaks and that the previous work was likely to be incation stepgi.e., growth and treatmenand their reproduc-

error’®! ibility may have on the concentration and distribution of im-
purities in the solar cell structures. The possible relationship
V. CONCLUSIONS AND SUMMARY between the impurity profiles in the structures and the device

Using SIMS, we quantitatively studied the concentrationperformance’ its reproducibility and stability needs to be fur-

and distribution of impurity species in uncontacted CdTe/ther investigated.
CdS/TCOl/glass solar cell-like structures. The SIMS depth

profiling proceeded from the TCO free surface through the
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