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ABSTRACT

In the attempt to find the appropriate micromantifdang technology of PMN-PT (lead magnesium niobkted
titanate) piezo material, whose MEMS-related appicns look promising, two methods are investigatxtimer laser
ablation (using KrF gas) and inductively coupledspha (ICP) dry etching, also known as DRIE (usimffA gases). The
paper quantitatively reports the optimal paramef@r$MN-PT micromachining and compares both meshé&adF excimer
laser ablation threshold fluence is of 14 J/cmg,dfching rate may reach 100 um/min (50 nm/pulse}he ablated surfaces
are cone-shaped restricting thus the method tangidtilling 2D shapes. Excimer ablation methodfasnd to be more
convenient for rapid prototyping with less predisatures requirements (>10 um). On the other heRkEDnethod on PMN-
PT is time-consuming, requires a hard mask depaositut is cleaner and more precise. Dry etchingimam recorded
speed is of 0.19 um/min. The nickel hard mask sglgcvaries around 8:1. In exchange this methodviges flatter
surfaces with no etched material redeposition.
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1. INTRODUCTION

In the recent years there has been an increasiege#t in growing and characterizikRBb(Mg,sNb,3)Os—(1X)PbTiO;
[1] and xPb(Zn,sNb,5)Os—(1X)PbTiO; [2] also known as PMN-PT and PZN-PT respectiviiitially used as ceramics,
they were grown into single crystals by modifieddgman or solid-state single crystal growth methadd have become
commercially available. Those materials exhibitstanding piezoelectric properties (e.gs=3500 pC/N, ¢=-1200 pC/N,
k33=0.95 etc.) that considerably surpass the PZT desany a factor of 4 to 5 [1].

During the last decade, the applications of PMN#RFeased dramatically, including high frequencyklband surface
resonators and filters, sensors and actuatorgsohic transducers, energy harvesters.

The ability to fabricate well-defined structurestbe surface of the substrates, with near versicidwalls, a high aspect
ratio, and a relatively low surface roughness, kgyfactor for many applications, like MEMS, NEMS8d integrated optical
devices. High depth, high aspect ratios, good umifty over the wafer, vertical wall profiles andasmnable etching
selectivity, i.e. the ratio of the etch rates of Bubstrate and the mask are the actual challeRigegever, for the PMN-PT
material, most applications rely on classical meatel machining methods (saw dicing, lapping etEgw recent papers
document some PMN-PT MEMS micro-devices. For instamne of the early-patented micromachined deviesPMN-
PT composite ultrasound transducer (PC-MUT). Thei¢ation technology is shown in [3] but with undissed quantitative
parameters regarding DRIE method. In [4] arraygtohed cantilevers were reported to serve as ic@aensors; equally
lacking parametric details. Finally, in the recéopic review article [5] that reveals the statetloé art in piezoelectric
MEMS, the dry etching characteristics of most peeotric materials are summarized, except for thesaof PMN-PT. As
conseguence, investigating the micromachining pdiis of this innovative material seems topicHhe research is related
to the authors’ mainstream activities in piezoeleanicro-actuators and tweezers for micromanipafdimicroassembly.
More recently, integrated PMN-PT piezo-actuatoisacour interest, provided the improved perforneg6g.

Two separate methods will be addressed: excimeeXoiplex) laser ablation and ionic dry etching.eTmanosecond
ultraviolet (UV) excimer laser pulses are suitafde the UV photolithography or micromachining [@]large panel of
materials [8]. Other complementary applicationeg€imers include piezoelectric materials is the tlilims deposition by
ablating targets like PZT [9]. Excimer lasers pdevihigh power, wide and homogenous beams for miachiming quite
large surfaces. They seem the compromise betweeddksical YAG laser workstations where largeihgatransfer occur
and the femtosecond lasers that are cold, preaisgnbe-consuming.

Plasma-based reactive ion etching (RIE) is a cable dry process exploiting both chemical andgitgl processes to
remove solid material locally [10].

Deep reactive ion etching (DRIE) using inductivebupled plasma (ICP) RIE system has demonstraigubiential in
batch fabrication of deep anisotropic microstruesuin Silicon. The technology is also used for higlirectional and precise
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micro-scale etching of materials including piezeotie. The interest is in highly integrated piezsttic and piezo-on-silicon
microsytems (from resonators and transducers taoatmis and energy harvestors) [5] where traditionathods fail (e.g.
mechanical lapping and trenching, ultrasonic etghin

Dry etching of piezoelectric materials is not nesue, researches being reported in quartz [11],[AR} LiNbO; and
PZT ceramics [13] where etching is mainly obtaibgd rather physical sputtering with insignificahiemical contribution.
Quite similar to PZT, the PMN-PT should be also patible with DRIE.

Unlike PZT, the appropriate micro-technologies IMN-PT based Piezo-MEMS aren’t fully documentedttie
literature; this paper attempts to fill a gap byaqttatively reporting the etching of PMN-PT. Itterds some previous
results of the PMN-PT material dry etching [14] audbsequently presents the first quantitative mfttion about PMN-PT
micromachining tests by excimer laser ablation.

The paper is organized as follows. After the intrctdry part which presented the brief informatidimat the PMN-PT
and its applications for micro devices, the Secflatetails the experimental plan and the relateditias for both the laser
ablation and plasma etching set-ups. The thirda@eceports the experimental results for the excitaser ablation of the
PMN-PT while the fourth section documents the idohimg, depicting graphical and numerical resuFnally, a
Conclusions section is dedicated for several coatpa remarks.

2. MICROMACHINING METHODS

2.1.1 PMN-PT Samples

The material samples used during these experimgate TRS-X2C plates of 200um thickness suppliedTRS
Technologies Http://www.trstechnologies.coim/ The material concentration is 68% of PMN an&o3af PT; the cut and
poling was performed in <001> direction for an opsied out-of-plane (Z-axis) operation. This typeplaite possesses a very
large longitudinalds; piezoelectric coefficient: between 2300 and 3300NoT he ksz coupling factors range from 0.90 to
0.97. The transverse coefficierts are isotropic for this type of cut, varying from700 to —1200 pC/N according to some
intrinsic or external parameters such as mateaatentration, crystallographic defects and opegatmperature.

2.2 Excimer Laser Ablation Setup

The Excimer laser ablation setup consists in arinexclaser source, the adequate optics and a £eegf-freedom
positioning table allowing to program complex desigas in the Figure 1.

The excimer gas is excited by an electric field thsulting ultraviolet laser beam is homogenizgdHy, leading to a
homogeneously intense beam. A fraction of this gnean be removed by the energy controller, befbeebeam passes
through a mask (M). The length of the optical pagtween the mask and the sample can be tuned én wrédjust both the
focus and the demagnification (lens L) up to 14Xredf image projected by the mask. The focus is doaeually with the
aid of a visible light beam.

The laser beam is area is around 3dbrepending on the demagnification rate, a mask relase one entire device, or
even several ones; in this case the patterningllsdc static. For larger objects, a computer-aideanning technique is
employed, by accurately moving the substrate ubdsic mask shapes: circles, squares, rectangles etc

The laser is pulsed with a lightening period abdatt?20ns, leading to cold ablation of the mateitalvas shown in that
the kinetic energy of the ablated particle is rdygigual to the incident optical energy [15]. THere, thermal effects are
reduced significantly with respect to YAG lasersiathare not suitable for this temperature-sensitiezoelectric material.
The pulse repetition working frequency is in thdesrof100Hzin order to allow a good evacuation of the ablatederials.

A classical X-Y-theta table allows manufacturingy @D pattern. The z-axis is devoted to the focutbananufacturing
non horizontal surfaces. The total precision ofditem - including the optics resolution - is ba order of a few pm.

Considering the wave length of such lasers (XeEn8% KrF: 248nm, ArF: 193nm), the manufacturingesy common
and efficient for polymers: a single flash can rema layer of 300 nm, i.e the ablating speed itheforder of 0.3um x
100Hz = 30um/s, the aspect ratio being about 1@slfor the PMN-PT materials, provided their highnsligy, slower
ablating rates are obviously expected. In practiefound ablation speeds e2um/sfor PMN-PT, the related results will
be detailed in Section 3.

2.3 Dry Etching Setup

The DRIE technique using ICP machines is well kn@ammong practitioners [10] and will not be much dethhere.
Roughly, the plasma is generated within a poweRflelectromagnetic field under low pressure. Aaegieg ions colide
with the wafer surface and eventually react withiThie effect is a combination of chemical reactom atomic sputtering,
whose balance depends on the material and methsd:(mcentrations, powers, substrate temperature).

A number of 30 PMN-PT samples of 5 x 10 x 0.2 fwere initially prepared, of which 18 were succetgftested

2



hal-00797920, version 1 - 7 Mar 2013

under different dry etching conditions. The DRIEskaeposition was performed on a regular thin Clerduffer. Nickel is

known as performing well under intensive etchingrgies and was chosen at the first glance. Oth&griaks such as Cr, Al
or Cu were also studied for etching masks but Watez dismissed due to low selectivity, etchingrobar contamination or
limited deposition thickness.

Finally, Ni sample masks were deposited using tldifferent technologies: sputtering, evaporatiod afectroplating.
The mask features (as in Fig. 3) were developetngusi-off for the sputtered samples, wet etchfogevaporated ones and
electroforming for the latter.

The sputtering deposition machine was a PlassysO@Rtodel while the evaporation one an Alliance ephd&va 450.
Provided that the nickel is known for inducing cegil stress during deposition, its thickness mstitmited. For the
sputtering technique the maximum layer cannot ek€eeum. The maximum limit for evaporated Ni on PMN-PTiasger,
of aroundl.5um. Finally, electrodeposited layers can be muchtgreéike 15 pm. Under special conditions we reached an
electroplated 2pim layer, but the sample became too constrainedh®nther hand, as will be seen, etching time fichsa
layer would take many hours, which is expensive andealistic for such a process. A related graghiepresentation is
provided in the figure 4.

2.4 Dry Etching (DRIE) Method

The ionic etching was carried out using a comnaéngiultiplex AOE MPO 562 reactor from STS with &P RF
generator of 3 kW and a RIE generator of 1.5 k\We aximum size of the wafer is 6 inches, and tlseayailable are SF6,
CF4, C4F8, He, O2 and Ar.

The temperature of the substrate holder was vabigveen -20 and 60°C. The gas mixture we selectasl av
combination Ar/GFg (64sccm /5sccm). The PMN-PT samples were fixe®oeoarriers with thermal grease for an optimal
cooling of the sample. Step heightspim were obtained progressively with a Tencor Alpteprofilometer. The profiles
were also measured with a scanning electron miopes¢SEM) and with a MSA-500 MEMS analyzer fromyRet. This
specific tool based on Michelson interferometry roffgr nanometer-scale resolution in out-of-plairection.

Dry etching parameters overview
Several combinations of etching parameters wereashn the attempt of assessing as much data abjgosom the 18
samples. Etching times varied from 30 minutes 1 @utes.
Input parameters were as follows:
- RF source power (500, 1200 W),
- bias power (100, 300, 400, 500 W),
- internal pressure (2, 5, 10, 15 mTorr) and
- temperature (-20, 0, 6C).

3. EXCIMER LASER ABLATION RESULTS

The first test searched weather the PMN-PT matenay be ablated with excimer lasers, by keeping@astant
frequency and raising progressively the fluencei@allhe results proved positive, as can be seem tihe SEM images in
Figure 6.

Some significant manufacturing parameters are leand summarized in Table 1. The stabilaze viald®ule is the
amount of energy contained in a laser pulse. lResworking frequency in Hertz (i.e. the repetitiate and not the laser
wavelength which is fixed at 248nm according to Krf& gas mix). The column bursts indicate the numifepulses or
bursts. The demagnification of the optical patm#@icated with D, while the attenuator value (in #dicates the percentage
of the incident energy which goes through the enattenuator. “ly,” and “Lyaex’ columns indicate the width of the ablation
(Fig. 11.c-d). Column “Debris” indicates the widbh the deposition area, such as indicated in Figure. The fluence of
each experiment is computed with the following fatan

Fluence = stalD? att/A (1)
whereA = 2.33 criis the laser beam area before the demagnification.

For the experiment of Table 1, the ablation rai®/purst) (i.e. the ablation depth divided by thenber of bursts) is
represented as a function of the fluence in therféi@ and as a function of the working frequenc¥igure 8. The ablation
rate increases with the fluence rate, after a ttmléisevaluated at 14 J/cm?2 which, in this caseMNFPT is 270X higher than
in the case of the polycarbonate [16]. The ablataie (Fig. 8) is less dependent on the burstsiéeqy; working on higher
frequencies reduces the micromachining time, howeue noticed increased heating and lack of resielecuation for
frequencies above 200 Hz.

The ablation depth is the averaged height of tlodilprbelow the un-etched sample surface. We fatlwad, depending
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on the fluence value, the ablated surfaces arerekiinto cone-shapes of profound walls. This ¢ffems early reported in
cases where the fluence is just above the threghdld In the case of PMN-PT, a difference may bsesved between the
textures from Figure 6. The higher the fluence, flattened the cones become. Unfortunately, gettiompletely flat
surfaces, as in the case of polymers, requiresalistieally powerful lasers. Even though this drawk, micromachining
with excimer lasers is possible for application®bf cutting and drilling. A future paper will docemt an actuator that was
cut with the excimer machine.

As neither the profilometer, neither the MEMS asalyweren’t capable of measuring the trench depibigtion rates
depicted in Table 1 and in Figures 7-8 documeny timt profile of the cones apex. The cones basgisficantly deeper
into the material, as may be seen in Figure 10.

The sidewall angles were subsequently measuretiegsprovide important means for the evaluationhef MEMS
dimensional accuracy. Ideally the walls should bgigal but, as expected a slight inclination of@r 83° to the horizontal)
was found, which could be explained by the pantigterial redeposition, the beam focusing geometity Ehe data is
depicted in Fig. 9 and, as seen, the sidewallgnatbbn is constant even for a high number of taurs

Figure 11 depicts the successful drilling experibaia 200um PMN-PT plate at 23.7 J/cm2 and 60 Adaumber of
5000 pulses started perforating the plate locsllith a number of 7000 shots the hole was completglied, corresponding
to arate of 1.71um/s.

4. DRY ETCHING (DRIE) RESULTS

Mask Type dependence

Getting back to the DRIE technique, one crucialpprty is the etching selectivity between PMN-PT &émel mask. Ni
masks can be used as mask materials because ofdhsonably high growth rate, typically 17um/h &ectroplated Ni.
However, as the thickness of the mask increaseseveral micrometers, some practical challengesisaddantages are
encountered. Nickel does not react with fluorinenpounds to form volatile products. In addition e tmicro-masking
caused by re-deposition of the non-volatiles onattea to be etched due to mechanical erosionrepdated metals are often
non-uniform in thickness (fig. 3.b). Also, thickeard masks may introduce severe stress on the PMiN&®er leading to
possible breakage of the mask and the PMN-PT aibsiuring processing. The etching speed, masktsetg and sidewall
angles were studied and displayed in Fig. 12 fectebplated, evaporated Ni and sputtered maskscéiaparative reasons
the same parameters combination were used durinththe tests (500W bias/RF powers, 10 mTA€).0While the etching
speeds difference is marginal (~0.16pum/min), it fieasd that sputtered Ni provides better selegtiyit2:1 compared to
8,3:1 for electroplated Ni). But the limiting factof Ni sputtered mask was the difficulty to depadsi layers thicker than
1.5um using the lift-off. When high PMN-PT etching deptare imposed (>14um), the electroplated masksharenly
solution.

Bias power dependence

The etching rate decreases with the drop of bidssanrce power as in Fig. 13 (Ni evaporated mas&)tyin the case of
a 500W source power the decrease is from Orilshin (Pbias 500W) to 0.@#1/min (Pbias 100W). Conversely, the
selectivity raises from 7,85:1 up to 9:1. In theeaf the highest achievable ion source power #esol200W) the etching
speed increases significantly (but not proportitgpabhile the mask selectivity slightly deteriorate

Microtrenches and nanometer slits

For the electroplated Ni, some micro-trenches etititom edge of the sidewall appeared and weibuwtd to a higher
electron density at the edges during etching, feath higher etching speed (Fig. 14, 15, 19). phisnomenon was already
observed for quartz by Abe et al. [18] and washaited to a bias voltage too high. Dahm et al. hase reported this effect
[19] and interpreted this to a high flow of prearrgas. The main contribution for the appearandhisfphenomenon is the
bias voltage value.

Nanometer slits were also observed at the inteff@tween very close structures. The phenomenoralsaseported in
the case of PZT [2(§nd is not fully understood, being attributed taenal ferroelectric properties.

Pressure dependence
After several tries, we have found that the lovaestievable pressure (2 mTorr) of the DRIE STS nrazhives slightly
improved results in terms of etching speed (by 10PkE associated selectivity is however noticeddorease from 10:1 to
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8:1 at lower pressure values (see Fig.16).

Temperature Dependence

As noticed from Fig.17 there seems no linear cati@h between the etching speed and the procegsetatare, but the
selectivity increase by several percents with tiimdase the temperature. This must be the resaltsohall release of the
stress in the mask layer. Notice that we had adoetbe regulation of the substrate holder, whigswnposed as in the Fig.
17; in reality the exposed surface heated severzdm degrees above the holder temperature, degealdio on the RF/bias
powers. Due to the low Curie temperature and tontkeehanical fragility of PMN-PT, we recommend kegpthe holder
substrate temperature as low as possible.

Lateral mask etching

The etching anisotropy in terms of sidewalls anggeaffected mainly by lateral mask shrinking ($¢g. 14 and 19)
with lateral speeds slightly superior to the vettiones. Because of the difficulty to asses refiabbkults for shallow etched
surfaces, data for only electroplated mask profitese reliable. As noticed from the figures, thedal erosion increase with
the bias power (18 nm/min at 300W and 22 nm/mis0aV).

5. CONCLUSIONS

PMN-PT (lead magnesium niobate—lead titanate) piezoelectric material is becoming nowadays increasingly
popular in various devices designs like resonant sensors, ultrasonic transducers (pMUT), micro-actuators and
vibration energy harvesters designs. That is generally due to its outstanding piezoelectric properties (large
coupling factors, large piezoelectric coefficients) and also to its crystalline structure, which makes it theoretically
more compatible to clean room process. In this, we extensively tested the Excimer laser ablation and the
inductively-coupled plasma (DRIE) etching methods on the PMN-PT material. The conclusions are as follows:

DRIE Technigue Conclusions

As most piezoelectric materialie reactive component of PMN-PT etching represents an insignificant part of
the process, which mainly relies on the physical sputtering of the surface atoms due to energetic ions collisions.
Therefore, we used an Ar composition, knowing that the inert gases sputter yield is higher than that of other
elements or molecules (Cl,, C,Hg etc.). The material was PMN-PT [001] lapped at 200um thickness. The Nickel
shadowing masks were electroformed at ~5.5um or sputtered and evaporated at 0.3-0.7um thickness.

Preliminaryexperience indicated the gas combination Ar(92%) + C4Fg(8%). We used an STS ICP machine, a
couple dozens charts were obtained by varying different parameters (gas pressure, RF source and bias powers
and the substrate temperature). An experience plan was set-up in the attempt to test the different parameters.
Various profile diagrams (e.g. the one in Fig. i@ye traced under different combinations of etclpagameters, providing
useful data: etching speeds, mask selectivitywstleangles etc.

Best achieved etching rate was 0.19 pym/min with a selectivity ratio of 8:1 for 1200W source and 300W bias
powers at2 mTorr pressureSidewalls angles lie at ~70° mainly due to erosion of the Ni mask in latefabr{zontal)
direction (Fig. 6, 9.b, 9.d). Lateral mask shririkincreased with the raise of the bias power. Bbqggemicro-trenches at the
bottom edge of the sidewall were noticed and gfiadti being attributed to high local iaensity at the edges during
etching. Nanometer slits were also observed aetlges between structures. Compared to PZTs [13](&6lectivity ratios
of up to 35:1, etching speeds of 0.14 to@@min, and profile angles of ~%5we conclude that PMN-PT is slightly more
renitent to dry etching than PZT. However, accagdim our experience, profiles efLlOOum are achievable, with the cost of
extended etching times.

Excimer Laser Technique Conclusions

A series of PMN-PT ablation tests were performemhgus KrF excimer beam (248nm) Given the high material
density (8200 kg/f), the related fluence threshold was found at /4@ which is a very high value compared to the
polymers. As a direct effect, ablated surfaces shwterial redeposition and unwanted sharp conderpat which, even
with the maximum available demagnification and tasgbilize, were not completely fixed. Howevergeewnder such
circumstances, experiments shown positive resiiltge consider the cones base profile, etchingsratay reach up td00
pm/min (50 nm/pulse)which is very high compared to the DRIE resulisle®alls verticality is 083°, also superior to the
DRIE technique.

A paper in progress will present an actuator camffPMN-PT with the excimer laser technique. It ésirfd more
convenient for a 2D rapid prototyping where lesacwe features, of around 10pum are accepted. bnyietching is in
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exchange ten times more precise but is time-comsyiand requires a hard mask deposition. DRIE sesfate noticeably
flatter and cleaner, without debris particles déjmos
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Figure 1. The excimer laser ablation micromachiningt.

Figure 2. Photography of an excimer-ablated samptgice that some holes are completely perforaiée. halos around the
holes are caused by some ablated material redepodiarger for the drilled holes, as the the PMMRss underneath was
subsequently ablated).

b L é% il b
Figure 3. a) One PMN-PT sample electroplated withegbitrary Nickel hard mask. Notice the PMN-PTranslucent. b)
One SEM image detail of the bottom-left pinion gdael.
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Figure 4. Typical DRIE etching diagram of PMN-PTcoeded with a profilometer, allowing the evaluatiohthe etching
rate and selectivity. For the given example theknaas 0.7 um-thick evaporated Ni. Six experimgmaits were recorded
during the 55’ process allowing to derive the etchspeed and the mask selectivity.
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Figure 5.a) A dry-etched feature in PMN-PT imaggdBBb measurement software TMS 3.1 installed on A-B®analyzer.
b) Same sample imaged by SEM.

F— 50um — — 50 um —|

Figure 6. SEM images of ablated PMN-PT samples &@8 pulses at 3 Hz. Different energy values: 8¢n3 (below
fluence threshold), 11 J/cm?, 19 J/cm? and 23.5h3fespectively. Images are inclined by 30°.
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Figure 7: Ablation rate as a function of the excinteser fluence. Notel: The circles and squaresoteniwo different
experience plans conducted in lower and highemitge Note2: measurements performed with a mécdilgorofilometer:
the tips cones apex are convoluted with the 45filproeter cantilever. Cones base is more profound.
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Figure 8: Ablation rate as a function of the burétsquency. The red circles dots were recordedarious low fluence
conditions, while the black squares denote highamices. The vertical dispersion of the 60 Hz moisitdue to the different
beam energies (higher fluence — higher ablatior)afs for the points above 80 Hz, smaller disperss observed due to
the more constant fluence values (around 24 3icm
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Figure 9: Influence of the number of bursts on ithdination of the flanks. The angle is given widlspect to the vertical
axis.
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Figure 10. SEM image of the ablated PMN-PT in cresstion. The cone-structure is visible. The cdreght in the figure
vary from 15um to 30pm.
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Figure 11. Drilling experiment of a 200 pum PMN-Patp. Parameters: KrF laser (248nm), fluence 23ch# , frequency
60Hz. a) SEM picture after 1000 impulses (17 sesprichage is inclined by 30°, cones are visibleSBM picture after
7000 shots (117 s), image is inclined by 30°, shguhat drilling of the plate is achieved. c) Twgrtical image of the
drilled plate. d) Bottom image and quantities allogvestimating the sidewalls verticality
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Figure 12. Comparative PMN-PT etching results ftec&roplated, evaporated and sputtered Ni mask® parameters:
500/500W, 10 mTorr,’C, Ar/C,Fg (64/5).
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Figure 13. Etching speed and selectivity vs. biad source power.
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Figure 14. Effects of increased bias power (rightice larger microtrenches, larger lateral maskson, presence of
nanometer slits (arrows)

Mask lateral erosion \
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Figure 15 Detail on dry etching of PMN-PT. Notideetmicrotrenching and mask shrinking effects. Seweuation
guantities are depicted.
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Figure 16. Selectivity vs. pressure (different parga
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Figure 17. Etching speed and selectivity vs. hotderperature.
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Figure 18. Typical etching profiles and speed dieny (Psource 500W, Pbias 500W, 10mTorr, Temperdt@. The
related SEM images at 130 and 280 minutes (intelatednd end point) are depicted in fig. 19.
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Figures 19 a,b). Zoomed SEM images taken at 1a@r&l Ni mask erosion is in progress, profile G@m deep.
Figures 19 c,d). Same features etched after 28@filp is 47 um deep, notice the complete erosibNiomask (fig 9.d,
except for the intersectionSjdewalls rugosity and micro-trenches are increadédateral erosion.
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