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We report on a measurement of craters in thin dielectric filonsied by Xé&* (26 < Q < 44) projec-
tiles. Tunnel junction devices with ion-irradiated barsievere used to amplify the effect of charge-dependent
cratering through the exponential dependence of tunnelmgluctance on barrier thickness. Electrical con-
ductance of a crater(Q) increased by four orders of magnituge9 x 10™* S to 6.1uS) asQ increased,
corresponding to crater depths ranging frol B 11 A. By employing a heated spike model, we determine
that the energy required to produce the craters spans froei8k?25 keV over the investigated charge states.
Considering energy from pre-equilibrium nuclear and etett stopping as well as neutralization, we find that
at least(27 + 2)% of available projectile neutralization energy is depasiteo the thin film during impact.

PACS numbers: 34.35.+a, 79.20.Rf, 85.30.Mn



Craters formed by energetic projectile impacts record lloghenergy deposited in a medium and the mechanisms by which
that energy is transferred. On the macroscopic scale, falgnscientists use meteor impact sites to reconstruct tmsrand
velocity of the impinging meteorite [1]. Similarly, on théoanic scale, the surface modifications formed by ion-s@rfagpacts
form a record of both the elastic and inelastic pathways fargy loss and possess distinct shapes that vary as a fomdtio
ion velocity, ion charge state, and the target material @rigs [2-5]. Sputter damage from singly charged ions, fan®le,
is governed by kinetic energy loss to target nuclei and mastalong the ion’s path [6](and references therein). fately
predicting this loss channel, which can be achieved overde wicident energy range through semi-empirical models [7]
is a key input for many ion-based processing techniqued) asdon milling, ion track formation/etching, lithograptgnd
implantation [6, 8, 9].

An increase in the initial charge state of an incident ionaa@n up new pathways for inelastic energy transfer and ettt
formation of irreversible surface modifications even at lkametic energies [10]. For highly charged ions (HCIs), thectronic
potential energy oneutralization energy which is the sum of the binding energies of the electrons x&daluring ionization,
drives the inelastic energy transfer. However, the rolesnitralization energy in surface modification is poorly uistieod when
compared to defect formation through kinetic energy logse ability to harness this pathway in materials processiig12]
and mitigate its role in important erosion processes [18hss in fusion reactors requires charge state dependentineeaents
of energy deposition into a material. Increasing the ptdgcharge state also enhances the kinetic energy losettathet
material during electronic equilibration [14, 15].

In this Letter, we describe measurements of charge staendept cratering induced by HCI impacts on thin dielecthudi
Our results quantify the charge-dependent energy depnsitia solid that leads to the formation of irreversible defe The
scaling of crater depths witfp is measured and compared with a heated spike model to deteth@ crater formation energy.
We partition this energy into kinetic and neutralizatiomtrdbutions and obtain the fraction of the neutralizatioreryy that
is deposited into an ADs film. Unlike recent work that uses microscopy to determingiviidual feature sizes [2-5], we
utilize electrical measurements of tunnel junctions witGlHrradiated barriers. The exponential sensitivity o tunneling
conductance to the dielectric thickness within such a jona@mplifies the effect of charge-dependent cratering dod/s for
the extraction of the crater depth. By focusing on modifaagito an ultrathin dielectric surface film, we optimize strigy to
neutralization energy. In addition, we are able to sampécrdepths from an ensemble of input sites simultaneougiyna
single electrical measurement when the film is embeddedunref junction. Although raised hillocks are frequentlysetved
by scanning probe measurements due to the impact of indil/ldGIs [10], the increase in tunneling conductance we oleser
requires a reduction in the thickness of the aluminum oxaleiér. Tunneling current flows preferentially through thanest
parts of the barrier and the presence or absence of hillamksat be measured. HCI irradiation of an exposed tunneidvarr
always increases the electrical conductance of a devicehédffect can only be explained by decreased barrier tigisk from
cratering at each impact site.

The neutralization scenario for HClIs at a surface has bemussed in detail previously [16] and is shown schemagidall
Fig. 1(a). As the ion approaches a critical distance of a femometers from the surface, electrons from the metal arteicap
into highly excited states of the projectile forming a nalthollow atom” [17]. Only a small fractiofi< 10%) [18, 19] of the
neutralization energy can be dissipated above the sutfisaegh Auger electron and x-ray emissions, even for the cbslew
HCls (v < vhonr). Upon entering the solid the evolving HCI is re-ionized thgh the “peeling off” of excited electrons [16, 20],
and the ion remains far from charge state equilibrium. Ineyreriment, the slowest projectiles have nominal perpmmali
velocitiesv = 576 km s* (neglecting image acceleration) and pass through thk durface film within 2.5 fs. In comparison,
full electronic relaxation requires 7 fs to 68 fs [21, 22]. eF&fore, the craters formed in the film are the result of sufase
pre-equilibrium energy deposition within a shott 2.5 fs) time window.

The tunnel junction devices were prepared and irradiatétedtlational Institute of Standards and Technology, ededbeam
ion trap facility in situ with base vacuum pressuke 3 x 10~% Pa. Each tunnel junction device was grown on a Si oxide
substrate with the layer structure (in nm): bottom contact anti-ferromagnet pinned layer [2 Co+Ox/21 Co], tunnetiea
[1.1 AI+Ox], magnetic free layer and top contact[10 Co/403Au]. All layers were deposited by electron beam evaporati
where +Ox indicates exposure to oxygen plasma after grosttadow masks were used to define the sizes and positions of
the thin film electrodes so that each Si oxide chip had 4 devéceanged in crossed wire geometry. After plasma oxidation
the Al expands to thickness = (14 £ 1) A [23, 24]. HCI irradiation occurred-12 hours after oxidation of the Al layer
(following glassy relaxation of the oxide). As a control,eodevice per chip was left unirradiated. Beams of a singlegeha
Xe®@t were extracted fo26 < @ < 44 with kinetic energyE = 8.1 keV x @ onto the AbO3 barriers near normal incidence.
Subsequently the magnetic free layer and top contact weresited onto the irradiated surface. When devices were [stath
the area£ 10*:m?) of each was measured with optical microscopy. Four-poiive differential resistance measurements were
obtained at low bias and corrected for the negative resistartifacts [25]. The inverse of the corrected resistaneasurement
is then device conductance

In Fig. 1(b) we show the conductance of many devices as aiimation dose for representative charge sté)es 34, 40, 44.
Each point is the conductance of one tunnel junction modiie® discrete ion impact site€s increases linearly as a function
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of ion dose and each ion creates an individual feature in #ngds during irradiation G(N) for a particular charge state was
fit to the lineG(N) = ocN + Gy whereGj is the conductance of the device with a pristine barrier asrdened from the
unirradiated control device and is the average conductance increase per ion impads. positive for all charge states.

The left axis in Fig. 2 displays. values for all charge states. The increase in conductarteeiso a reduction of the barrier
thickness through charge-dependent cratering. In sones ce experimental uncertainty expressed by the errsidamaller
than the symbol size. We describe the decreased barriéntgss(Q)) = sy — d as a function of ion charge stafg where
s is the barrier thickness at the bottom of a crater after & Xampact, s, is the initial barrier thickness andlis the depth of
a crater (Fig. 1(a)). The craters subsequently become fillddthe Co of the top electrode during completion of the devi
The tunnel conductance of each crater depends expongrdialthe barrier thickness ag(s) ~ Ggexp[—Av/@s|, where
Go = 2¢?/h ~ 77.5 uS, h is the Planck constant antl ~ 1.025 A-1ev 2, ande is an elementary chargé&;, represents
the magnitude of conductance for electrons through a simayi@w channel whilexp[— A+/¢s] is the transmission probability.
From this expressiom, can be written in terms of the measured tunnel conductance,
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Conductance does not depend explicitly on the crater raskgause tunneling through regions surrounding the botmshm
point of the crater is exponentially suppressed. In thetlihmt s approaches the thickness of a single at@in— s;), con-
ductance through the crater saturate&/gtand the site behaves as a quantum point contact. Electroeltng spectroscopy
and resistance-temperature measurements confirm thaedeemain tunneling after irradiation of the barriers [B}tensive
dI/dV measurements of irradiated devices indicate that impacteticause a significant decrease in barrier heid6, 27].
Furthermore, the four decade spanef(Q) with no saturation in conductance demonstrates that clstagee dependent crater-
ing decreases the barrier thickness and drives a tunnaimductance increase. All valuesaf shown in Fig. 2 are below the
typical conductance thresholds for the onset of metalliogport through a narrow channel [28].

Using Eq. (1), the barrier thickness that corresponds th ea@asured . value is extracted. These values are included as a
linear scale along the right vertical axis of Fig. 2, witilecreasing from 14 to 3 A asQ is increased from 26 to 44. This
decrease in barrier thickness represéhidependent crater formation and we obtain the crater dea#ithe difference between
so ands at each at each ion impact site. The range of crater depth&ebitis 2Ato 11A. Included as the inset of Fig. 2 is the
total neutralization energifg for each charge state (filled symbols), as well as the neézatain energy expected to be lost in
the thickness of the fiInE{gm (open symbols), assuming an exponential decay of the cltatge(discussed below).

The energy required to form a given crater of depth the thin film is determined using a heated spike model fragm&nd
[29, 30]. The ion collision forms a non-equilibrium tempeen profile that cools simultaneously through heat coridndb
the solid and evaporative heat loss. In particular, it istdmperature dependent evaporation of near-surface atamsthie
semi-infinite cylindrical spike around a projectile’s gajory which gives rise to crater formation. After coolitige final depth
of a given crater can be expressed as

s(o¢) =~ In[o./Gol. ()
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wherek is the Boltzmann constanEgep is the total energy deposited in the length 3 = k(4v/2r%/2M/2A)~1 (A is the
thermal conductivity of the target and’ is the mass of a target atoni), is the initial temperature of the spike abdis the
surface binding energy per evaporated atom. The heated bpikinitial thermal energhTy = (2/3) Eqgep [30]. In applying
this model to highQ projectiles, both sub-surface neutralization energy ditjom and pre-equilibrium nuclear and electronic
stopping contribute to spike formation.

Within the heated spike model, we consider heat dissipdtiomugh conduction to occur primarily through the Co layer,
given its high thermal conductivity compared to the;@} thin film. Therefore the thermal conductivity was taken to be
the nominal value for Co oA = 100 W K—! m~! [31]. The target masd/ was a weighted average between the masses
of the Al and O species in stoichiometric A5, and the surface binding energy was set at the experimgmtetermined
aluminum displacement threshold of 20 eV [32]. Eqgs. (1) &jdafe connected by the unperturbed barrier thickngsss,
s(oc) + d(Egep) = so. For each charge stat&e, was obtained using the measuredvalue as shown in Fig. 3. For the
spike parameters described above, we find Hyggincreases from approximately 8 keV to 25 keV as the projectilarge state
increases frond) = 26 to Q = 44.

In order to partitionFyep, We use the functional dependence of stoppingloand E for low energy ions from Refs. [14]
and [15]. In the low kinetic energy regin{& ~ 300 keV), nuclear stopping is the most significant kinetic egdogs term for
singly charged ions, and its magnitude is further increagieen ) > 1. This increase arises from the enhancement of long
range Coulomb interactions which transfer small amountnefgy to large numbers of target atoms. Electronic stapaliso
increases with, but its value makes up only 7 % of the total kinetic energy lfis the £ and( described here. Given the
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Q = 1 stopping powers from stopping range data [33] and the SRIt& ¢@] as well as the predicted functional dependence of
electronic and nuclear stopping ghand E' at higher charge states [14], we find that the total (nucladredectronic) kinetic
energy loss per lengthiE,/dz + dEe/dz) increases from 0.5 ke¥ ! to 0.8 keVA ! as the charge increases frain= 26 to

@ = 44. This equates to deposition of 7 keV to 12 keV kinetic energy the thickness of the filmi{, + E¢). Both £, and Ee

as well as their combined contributions to the energy déijposare plotted in Figure 3.

As shown in Fig. 3Eq4ep(Q) increases much more rapidly than the total kinetic energy (@, + E¢) as@ increases. Clearly,
neutralization energy must be considered in order to addouthe Egep values. First, we estimate the amount of neutralization
energy lost by the ion as it traverses the thickness of the filmroking an exponential charge state decay model [34, 35],
we calculate the charge state for a given ion that has trdvwgl@ising the measured time constant from Ref. [22]. We then
subtract the corresponding neutralization energies ferdmarge state and the initial charge state from one antihestimate
the neutralization energ)E@m) lost while the ion is within the fiImEgm represents the available neutralization energy that can
contribute to heating the spike within the thicknegsand comprises more than 90 % B§ as is displayed in the Fig. 2 inset.
A fit to the data with the solid lin€gep = En + Ee + ngm in Fig. 3 gives the fraction of available neutralization eyyethat
contributes to formation of a crater to fe= 0.27 & 0.02. Uncertainty inf does not include a quantitative assessment of the
error from the model in Ref. 14. ThfaEgm values are considered lower bounds on the total neutralizahergy required to
form the craters we observe in the,8;. In extractingf from the fit we assume thdi, andE,, are completely converted to heat
in the collision spike. However for insulating materialepgersion of the electronic excitation to heat is not petyeefficient
[29], and its value will be smaller than the electronic stoggpower integrated over the film thickness.

Schenkel and co-workers have reported that as much as
40 % of the neutralization energy from X projectiles is delivered into a Si detector target [19], vehthe remainder is
emitted to the vacuum through Auger electrons and photoreseXgect our measured fraction to be smaller than the reult o
Ref. [19], because craters only record the energy depoditiat results in irreversible change of the material. Hbaggions
of the spike below the energy threshold for evaporationguiktnch and remain solid. The energy required for this sebtiuid
heating is transfered to the solid, but not representedamtbasurement of a crater depth. Therefore, regardingtidlestoergy
deposited to the materigf,quantifies the role that neutralization energy plays in tieaion of irreversible defects.

In conclusion, we report the ion induced crater depths irathitn dielectric films as a function of projectile chargatet From
the depth scaling of the craters with charge state, we déterthe energy deposited into the thin film in HCI-surface atip
increases from 8 keV to 25 keV &3 increases from 26 to 44. Accounting for both pre-equilibrikinetic energy loss and
neutralization energy, we measure that at I€28t- 2) % of the available neutralization energy contributes tdéezriormation.
This result represents a lower bound for the fraction of H&lItralization energy required to form a permanent matdagdct.

R.E.L. and C.E.S. gratefully acknowledge support from NS#=-0548111, Clemson University COMSET and NIST-
60NANB9D9126.
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FIGURES

FIG. 1. (Color online). (a) Schematic representation oftradization and heated spike formation scenario for reiaraof a HCI above a

metal surface covered with a thin dielectric film [16, 36] €Titeated spike leading to crater formation occurs duringssuface neutralization.
(b) Electrical conductance of a tunnel junction increasesally with the number of ion impacts. The slope of each (ing increases with

increasingy. o¢(Q) for Q=34,40,44 aré8 + 3) nS,(3.5+0.6) uS, (6.1 4+0.3) uS respectively. Error bars represent experimental uriogyta
which, for some data points, is less than the symbol size.

FIG. 2. (Color online).o¢(Q) increases by four orders of magnitude for charge statesdeet@y = 26 and@ = 44 whereQ is in units of
elementary charge. Electrical conductance of each ionditrgite increases due to a decease in barrier thicknesshéiege-dependent crater
formation. Right axis displays the barrier thicknessrresponding to each conductance value from Eq. (1). Tée 8hows Xe neutralization
energy(E¢q) and neutralization energy dissipated within theAlAlm (Eg”‘) assuming exponential charge equilibration.

FIG. 3. (Color online). Each point represents the energyired to form a crater, determined from a heated spike mdgg} includes both
kinetic (En + Ee) and neutralizatiorQEgm) energy deposited within the thickness of the film. Error beese determined by propagation of
uncertainty in the data and model parameters. Total stgpimn a previous experimeti\) [33] and SRIMO)[7] at E = 200 keV Q = 1
are shown. Fitting the data withigep = En + Ee + ng”‘ gives the minimum fraction of neutralization enerfjy= 0.27 4 0.02 required for
crater formation.
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