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Abstract
We report ona new characterization method of 3D—doping performed by arsenicimplantationinto
FinFET—Iike nanostructures by using Medium Energy lon Scattering. Because of its good depth

resolution (0.25 nm) atthe surface, it is one of techniques of choice suitable to analyse the ultra-
shallow doping of thin crystalfilms. However, with the constraints related to the nanostructures’

geometryand the low lateral resolution of the MEISbeam (0.5 X 1 mm?), we developedan adequate
protocolallowing their analysis with this technique. It encompasses three different geometries to
accountforthe MEIS spectra of the arsenic implanted in each part of the nanostructures. The
originality of the protocolisthat, accordingto the chosenanalysis geometry, the overall spectrum of
arsenicis not the same because the contributions of each part of the patterns to its formationare
different. By using two of them, we observed double peaks of arsenic. Thanks to 3D deconvolutions
performed with PowerMEIS simulations, we were able to identify the contribution of the tops,
sidewalls and bottomsintheir formation. Thus, by separatingthe spectrum of the dopantsimplanted

inthe Fins (tops + sidewalls) fromthat of the bottoms, we were able to characterize the 3D doping
conformityin the patterns. Two different implantation methods with the associatedlocal doses
computed in each single part were investigated. We found thatthe distribution of the dopants
implanted by using the conventional implanter method is very different from that of plasma doping.

1. Introduction

The threedimensional (3D) Fin Field Effect Transistor (FinFET) standsas one of the most efficient solutions
adopted by the microelectronicindustry to circumventtheissues encountered with the miniaturization of

planar (2D) MOSFETs. Doping being one of the key steps in their fabrication procedures, the advent of
nanostructures of non planar architectures makesit highly challenging. Not only because of the shape, size and
structure dependency[1], butalsothedistribution of theimplantsin all the parts which should be uniform. It
can be performedby usingseveral techniques asreportedin the literature [2]. However, the low manufacturing
cost of semiconductors (SCs) devices requires cheap doping methods.

lonimplantation is knownas the most used technique for introducing foreign atoms inside SCs. Dopingcan
be achieved by using the conventional Implanter (IM) and Plasma Immersionlon Implantation (PIll) methods.
Theformeris widely utilised because of itsgood energy control of thedopants. However, the unidirectionality of
theion beam obliges to perform theimplantation into 3D-Fin shaped nanostructures in manysteps, which is
costly and time consuming. Because of the large throughputand multidirectional implantation thatit affords,

Plllisagood alternative for the doping of non planar structures in onlyasingle step [2]. Thesampleis actually
immersed intoa chamber where the positive, negative and neutral charges generated bya plasma gasstrikeits
surface. By exploiting the multiple collision cascades betweenthe particles, one can expect alargescale 3D
doping and their uniform distribution within the patterns.

© 2021 The Author(s). Published by IOP Publishing Ltd
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Table 1. Description of theinvestigated samples. The doping methods as well as the other parameters areindicated.
The twist(®) is the rotation angle of the wafer around itself and tilt(°) is the inclination angle off its surface normal so

as to optimise the sidewalls doping. Theimplantation has been performed at room temperature (RT). The targeted
doses were1l X 10%atcm2and5 X 10%5at cm2for the implanter and plasma methods, respectively.

Samples Doping methods Species Energy(keV) Tilt(°) Twist(®) Temperature(°C)
S1 Implanter As 3 keVv 25 180 RT
S2 Plasma AsH; 3 keV — — RT

The objective of this workis to study the doping conformityand quantifyarsenic (As*) implanted by using

thetwo above mentioned methodsinto nanostructures elaborated fromsilicon on insulator (SOI) materials.
Thelocal dosereally received bythe patterns can readilybe measured by usingMedium Energy lon Scattering

(MEIS). Because the outcomesare notaltered by the matrix effects or sputtering induced re-implantationas it is
oftenthecasein Secondary lon MassSpectrometry (SIMS) [3,4]. MEIS was alreadyused in previousworks to

analyse 3D plasma orconventional arsenicdoping into Si nanostructures[3, 5, 6]. Alongside the quantification
of Asinboththe planarandnon-planar SOlsamples, ourstudies are focused on the doping conformity in the
nanostructured onesimplanted by using the twomethods. In the otherwords, we willcheckif the distribution of
dopantsinthetops, sidewallsand bottoms (oxide) isthe sameinthe M and Plllmethods. Indeed, ifthe process
looks more predictableinIM, itis not obviousin Plllbecause of mass selection and many other parameters to
controlsuch aspressure, highthroughput, fluence, etc. The outcomes maytherefore not be as expected with this
latterimplantation method. The final results can actuallyyieldto nonequivalent distributions of dopantsin the
tops, sidewalls and oxide. The analysis method should also afford better investigation of the difficultly accessible
parts such as sidewalls and bottoms. Hence the experimental protocol presented below, hasbeen developed in
orderto accesstoall theseinformation.

2. Experimental methods

2.1.Samplesandtechniques
The patterns wereformedby electronbeam (e-beam) lithographyandchlorine based dry etching on SOl based
wafers of 300 mm diameter. The nanometric silicon (Si) lines grating (Fins) are of 1.2 mmlong, 59—60 nm height

with the periodicity (pitch) of 160 nm, etched on a 25 nm thick oxide (SiO,) with widthsof 43 nm and 46 nm.
They stand as model structures dedicated to FInFET channels without applied electrodes. The implantation

parameters arepresentedintablel.
Itisknownthat As*is utilised for n-type doping because ofits high solid solubility [ 7, 8] and shallow

penetration [9]. In this work, the conventional implantation was performed by using As* onaVIISTA HCP
setup at 3 keVinthe conditionsasindicatedin table 1. A two steps process wasrequired inorder toimplantthe

sidewalls atan incidence angle of 25°. The Plll doping was carried out on a PULSION® Nanotool
manufactured by lon Beam Services (IBS) by using arsine (Ash*) gas. The sample was mounted on a holder
(chunk), negatively pulse biasedat 3 kV during theimplantation. The temperature withinthe chamber wasthe
sameas thatin theformer methodandthe doping achievedat high pressure (10> mbar) soasto reduce theion
mean free path [10].

MEIS is a technique capable toprovide structural and compositional information upon a sample. It consists
inanalysingtheenergyorangle of the projectilesscattered fromthe sample fromwhichan elemental
compositioncan beinvestigated. Structural information (e.g. interstitials) can be obtained when theincident
beam is aligned with a major crystallographic axis. A good quantificationis achieved with this technique when
thebeam israndomlyoriented ontothecrystal, so that asignificantfractionof theincident projectilesismore
likely toseealltheatomsand giverise toa highscattered yieldin the energy spectrum. Hence one can determine
substitutional fractions andthereby activatedatoms [11—13]. The MEISexperimentswere carried out inrandom
orientationwithan electrostatic acceleratorthatcangenerate a proton (H*) beam of 200 keV energy. Duringthe
measurements, the sample is mounted on a high precision three axis goniometer fixed at the center ofan ultra
high vacuum (UHV) analyzing chamber. The experiments were performed at theincidence angle of 64° and
normal incidence withrespect to the samples’ surface. The scatteredionswere analysed in energy at the
respective scatteringangles of 119° (for normal incidence) and 135° (for64°incidence) by a toroidal electrostatic
analyser (TEA). The high energy and angular resolutions obtainable with thisdetection system are about
(AE/E) = 3.3 x 107*and0.1°, respectively.

A thin lamella was prepared forelectron microscopy by focused ion beam (FIB) milling and analyzed in an
FEI Titan Themis operating at 200 kV and equipped with a probe correctorand 4 SDD EDX detectors. High
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Figure 1. Schematicillustration of thethree geometries of the analysis protocol and their corresponding PowerMEIS [14,15]
simulations. They depict the MEIS spectra of the arsenicimplanted in the tops, sidewalls | andIlandthe bottoms surfaces. (a)and (a’):
analysisinnormalincidence with thescattered projectiles exiting longitudinally with respect to theFins. (b) and (b’): analysisin
inclined incidence where the scattered projectiles exit laterally with respect to the Fins as well. In graphs (c) and (¢’), the lines grating

have the same orientation likein (b) and (b’) but they areanalysed in normal incidence. The azimuth (j = 90° and 0°) is their
orientationin the planeof the sample.

angleannular dark field—scanningtransmission electron microscopyimages gave accessto morphological
information related to the Fins and EDX was used for elemental mapping (figure 7).

2.2. Analysis protocol
Thesize of thebeam delivered bythe MEISequipment (1 X 0.5 mm?)is byfar largerthanthe dimensions of the
patterns. Several orientations of the Fins were therefore explored to determine the MEIS spectra of arsenic
implanted within their structure. Theideais to use differentincidence angles to separate the spectra of the tops,
sidewalls and bottoms so that they do not appear at the same energy positions. The three geometries that we need
toachievethis are presented in figure 1 with their associated MEISspectra simulated with PowerMEIS[14, 15].
Similar analyses were performed in [5] by using the sametool where three othergeometries were considered to
investigate only conventional implantation into full Siline gratings. PowerMEIS is a software that uses Monte-
Carlo methods to calculate all the trajectories of ions into 3D structures of any geometrical shape. The approach
used for the modelling issimilar tothat described inlitterature[5, 16, 17]. Indeed, the nanostructures tosimulate
are discretised into several 3D matrixlayers of defined densities (2.33g cm~3for Siand 2.32 gcm~3for Si0O,),
stoichiometry, composition of various atomic percentage of As and thicknessin nm.

The example model adopted for the simulations in this protocol was of SOl type, considered as conformally

doped withthe patterns of 60 nm height, 44 nmwidthand periodicity = 160 nm. We define animplantation as
conformalwhen thetops, sidewallsand bottoms have received the same dose per cm=2. The model matrix used

for PowerMEIS simulations of a conformal implantation is presented in figure 2. The total number of layers
implanted with Asintroduced at each partarethe same (10) and of equalthicknesses. The As concentration
varies fromthelayers muchclosertothesurfacetothe deeper ones, but in the same proportionsfor the tops,
sidewalls and bottoms. However, for anon conformal implantation, only the As concentration wasvariedin
different proportionsin each layer so that those with null concentrations do not contributeinthelocaldose
quantification at the corresponding part of the patterns.

By simulatingthe MEIS spectrum of arsenic with the geometry of figure 1(a), theresultis as presented in
figure 1(a’). One observesonlyasinglearsenic peak. Thanks tothe 3D deconvolutions thatwe developed, we

show that the spectra of the tops and bottoms overlap at the same energy position in figure 1(a). However, the
signal of the two sidewalls are discriminated from the others. It can be seen thatthe contribution of thetwo

sidewalls (land l) are equivalent. By adopting thishypothesisin the secondgeometry (figure 1(b)), the

3



10P Publishing

J. Phys. Commun. 5 (2021) 015017 L Penlap Woguiaetal

Figure 2. Representation of the matrix model used for PowerMEIS simulations of a conformal implantation. It shows the Si-Fins and

Si-bulk separated by a buried oxide (BOX). Thelayersillustrate theimplantation of As at each part, they are assumed to have the same
thickness but different stoichiometries.

simulatedspectrumofarsenicinfigure 1(b’) diplaystwo peaks 1 and 2. The peak 1 emanates fromthe
contribution of Si-Fins (tops + sidewalls) and peak 2 is for the oxide (bottoms). However, it is shifted towards
the lower energy range because of the incidence and scattering angles. The incidence of 64° was actually chosen
suchthatthe200 keV H* projectiles crossthe patternsand loose energy before interactingwith the arsenic
atoms implanted in the oxide. Which also explains why the signal of the arsenic implanted insidewalls—II
appears flattenedalongthe energyaxis in figure 1(b’). If one maintains this orientation of the patternsasin
figure 1(b) (azimuth j = 0°) and probe themin normalincidence (see figure 1(c)), the resultsare aspresentedin
figure 1(c’), which isthe third geometry. Thereis an energyregion (~188—191 keV) in figure 1(c’) where the
contributions ofthe fourpartssuperimpose. Nevertheless, the spectrum of the bottoms is still discriminated
from the others because the scattered H* undergo supplementary energy losses when they exit the patterns at the
scatteringangle of 119°. When theincidentH* crossthe patternsalong their60 nm height, they considerably
loose energy. Animportant fraction of the scattered projectiles experience additional energy losses when they
exitthe patternsand cross the neighboring Fins. This explains the shape of the simulated spectra of sidewalls—I
andllinfigure1(c’). Indeed, theimportance of this third geometry is that ithelps verify the second one
(figures1(b)and (b")) precisely the doping ofthe two sidewalls. Let us suppose that one omits the contribution of
sidewalls—Ilin the model. With the second geometry, one can still fit the overall spectrum of arsenic by relying
onthespectraofthe bottomsandsidewalls—I.However, this does no longerholdin the thirdgeometry because
figure 1(c) shows that one obligatorily needs the spectrum of sidewalls—IIto account for the overall spectrum
ofarsenic. With thisoriginal method of investigating 3D doping with MEIS, we show thatthree geometriesare
sufficient toreconstruct the spectrum of theimplants. The experimental results are commentedin the following
sections.

3. Results and discussions

3.1.Preliminary measurements on planar structures
The quantification of the dopantsimplanted in the planarstructures (non-etched areas) has been performed by
MEIS onthe two samples, then verified by Rutherford Backscattering Spectrometry (RBS). Itis known as a
technique of reference for elemental quantification intosolid matrices [11, 12], because of its good capability of

counting the ions of different charge states (positive, negative and neutrals) scattered from their structures. It
was even demonstrated that thistechnique was ableto investigate the As compositionintocomplex

nanostructures [18]. The RBS analyseswere carried outin random orientation with 2 MeValphas projectiles on
the same samples, striking their surfaces at an incidence angle of 62°. The scattered projectiles were analysed at a
scattering angle of 160°. The spectra (notshown) were simulated with SIMNRA [19]. The doses of arsenic were

computed by simulating the MEISspectra (figure 3) by usingthe MEISanalyser.exe software developed by Denis
Jalabert. Theelectrostatic detectionsystem used in MEISis only capable todetect charged projectiles. For

accuracyinthecalculations, the fractionofthe singly charged ions exiting the sample hasbeen takeninto
consideration, based on theworkofZalmet a/[20]. According to table 2, one can saythatthe doseimplanted in

S1 by using the implanter method is as targeted. The discrepancy between the measured and targeted ones in S2,
verified bythe two experimental techniques, can be explained by the complexinteractions between neutral

4
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Figure 3. MEIS spectra measured on the planarsamplesimplanted with arsenic(As™ - S1) and arsine (AsH? - S2) with their associated
fits. The incidence and scattering angles were 64° and 135°, respectively. The implantation methods are indicated in each graph.

Table 2. Comparisonof theimplanted doses of arsenic measured
inplanar (2D) structures by thetwo indicated techniques. The
values obtained with MEIS were computed through the
simulations of the experimental spectra with therespective
densities:6.9 X 1022 mol cm3 (for Sig30064), 2.3 X 1022

mol ¢cm™3 (for Si0,)and 5 X 1022 mol cm™3 (for Si). The
implantation temperature and energy are recalled.

Arsenic doses (X10%5at cm™): 2D Samples

Experimental techniques:

3 keV—RT Targeted RBS MEIS
Implanter (S1) 1 09 £0.1 1+ 0.04
Plasma (S2) 5 195+ 05 2.1 £ 004

species and energeticions, withthe contribution of nonselectionin massinthe Plll process[17,21,22]. Table 2
therefore shows that MEIS can be as quantitative as RBS andthe obtained values have been exploited inthe
investigation of nanostructured samples.

3.2. Measurements on 3D structures

The MEIS experimental spectra measured on 3Dsamplesin the geometries of figures (1(b) and (b’) and (c) and
(c'))arepresented in figures4(A) and (C) forthe incidence at 64°- detectionat 135° and figures 4(B) and (D) for
normalincidence—detection at 119°. Unlike the arsenicspectra measured on the nonetchedareasofthe same
wafers whichshow onlyasingle peak, those measured on the patternedareas display two peaks. Figure 4 also
illustratesthatthe lines gratinginfluence the spectrum of the overall matrix, asobserved from the Si-surface edge
untilthelowerenergyrange. Thereis animpact of the patternedstructures on the outcomesthatshould notbe
underestimated. Therefore, agood geometryshouldbe designed prior tocarry out preciseinvestigations. As
depicted bytheinsetsof figure 4, the experiments have verifiedthe double peaks of arsenicpredicted by

simulations. Theintensities of the twoarsenicpeaksin S1 (implanter) are nearly similar, but by fardifferentfrom
thoseofS2.In plasma, theyield of the first peak is higher than thatof the second one, itindicates thatthe
distribution oftheimplants in thetwo dopingmethodsis different. For a good conformityassessment, further
analyseshave beenperformedinorder to understandhowthetops, bottomsandthe twosidewalls participatein
the formation ofthe two peaks.

Figures 5 and 6 show the 3D deconvolutions of the overall arsenicspectrainS1andS2.The peaks 1inthe
experimental spectraactuallyresult from the contribution of the topsandsidewalls, while the bottoms

majoritarily contribute in peaks 2. Infigure 5 (sampleS1), the As signal of the tops is higher thanthat of
sidewalls, signifiying thatthe doping of these partsis not strictly conformal. However, the significant
discrepancieswiththespectra of sample S2is readily noticeable. In plasma, the topsarethe mostdominant in

peak 1 comparatively tothe sidewalls. The arsenic’s peak of the bottomsis ~ 28.5%lower thanthat ofthe tops. It
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Figure 4. Experimental spectra with their associated Power MEIS simulations, obtained on the nanostructured samplesimplanted by
using the conventional method ((S1) - Aand B) and plasma method ((S2) - Cand D). Theinsets highlight the double peaks (1 and 2) of
arsenic. Theorientation of thelines grating was such thatthescattered H* exitlaterally with respect to the Fins.
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Figure5.3D deconvolutions of the arsenic spectra of eachsingle part of the patterns of S1 by using Power MEIS simulations.

shouldnormally be higheras indicatedin figure 6, if theimplantation was conformalin S2. The intensities of the
arsenic spectrain the sidewalls of S2 should be comparable to those of figure 6. These 3D deconvolutions show
that thetops surface hosta quantity of dopantslarger thanin the bottomsand sidewallsofS1andS2.The

chemicalmappingcarried out by energy dispersive x-ray (EDX) analyses on the two samples (figure 7) also show
that thesidewallsaretheleastdoped partsin conventionaland plasmaimplantations. Theseimagesarein
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Figure 6.3D deconvolutions of the arsenicspectra of eachsingle part of the patterns of S2. The simulation of a conformal plasma
implantationis illustratedin graphs CandD.

Figure 7. EDX image showing the chemical profile of arsenic(in yellow). S1: Implanter-3 keV-RT and S2: Plasma-3 keV-RT.

agreement with the spectra of figures 5 and 6 concerning the heavy doping of the top surfaces, and hence the non
conformal distributions of implants.
Table 3 displaysthelocal doses computedinthetwo 3Dsamples. They are normalizedbased on the

measurementson their planar (non etched) areas. One canrely on theimplantation conditions in the
conventional method wheretheions beamis unidirectional, todetermine the expected local doses. Thisis not
possibleinplasma dopingbecause of trajectories’ distribution of theions penetrating the materials surface. This
methodhas thus permittedto compare the expectedlocaldosesin S1 with the measuredones andthose
determined by simulation of a conformal implantation. One can notice that the distribution of the measured
doseinS1isasexpected. However, it is differentfroma conformalimplantation because the sidewalls are less
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Table 3. Comparison of the normalized local doses of arsenicin

3Dsamples (S1)and (S2). The values of the expected and
conformal ones are determined by geometrical considerations
and pure simulations, respectively.

Normalized local doses of arsenic (X1015at cm2), the uncer-
taintyisinthe order of £+ 0.001.

Silicon Fins:

Oxide
3 keV—RT Tops Sidewalls (I+1) Bottoms
Implanter (S1):
expected 1 0.23 0.76
measured 0.94 0.38 0.71
conformal 0.61 0.61 0.61
Plasma (S2):
measured 1.95 0.24 0.45
conformal 0.62 0.62 0.62

doped (0.38 X 10'°at cm~2)thanthetops (0.94 x 10%at cm~2)and bottoms(0.71 X 10*°atcm™2).The
distribution of the local dose implantedin S2is also differentfrom that of a conformalone. The measured dose
inthetops(1.95 X 10%at cm™)is four timesgreaterthanthat ofthe bottomsand eighttimeslargerthaninthe
sidewalls. Thislarge concentration of dopants in the topsand the low sidewalls dopingin plasmaalsoillustrate
that their distributionis different fromthat in conventional implantation as announced infigures4 and 5. The
explanations regarding the dicrepancies between the expected andtargeted dosein 3D patternsof S2 and its
distributionsin each partcan beasthose provided for the planar one. The complexinteractions between the
energeticionsand neutrals, augmented tothe 3D architecture and composition of the sample (SiandSiO,) can
explain the doping non conformity in plasma[12,17,21,22]. There could alsobe afocusing effect of theionson
tops of the patterns implanted by plasma due to possible charge repulsionsin the oxide. Itwas indeed reported in
[23,24] that ahigh fluence or high density Askl* plasma doping of an oxide can lead to charges accumulations.
Inthis case, further investigations need tobe carried outin the framework of future works as proposedin the
conclusion. The observation of the possible arseniclossby sublimationinasample longly exposed to airis not
excluded to explain the low bottoms dopingin S2.

4, Conclusion

We were interested in studying 3D arsenic doping performed by plasmaimmersionion and conventional
implantationsinto SOl based Fin-shaped nanostructures for FinFETs manufacture. Theanalysis protocolhas
shown that thearsenic’sspectrumdoesnotdisplaythe same shape according tothe geometryadopted for its
measurement. The geometries chosen toinvestigate the 3D samples have been verified by the experiments. The
analysis method that we have developed has permitted to highlight the contribution of the tops, sidewalls and
bottoms in the construction of the overall spectra of arsenic. We have therefore discriminated the spectrum of
thedopantsimplanted intheSi-Finsfromthat of the dopantsimplanted in the oxide. Rigorousanalyses have
served to demonstrate their nonconformal distribution within the patterns, withnon negligible discrepancies
between the plasmaand conventional implanter methods. The implantation performed with the conventional
method inthesestudiesdisplayed better resultsin terms of dopant distributions than with the plasma one. As
future works proposed for the investigation of possibleion repulsionsin the oxide, one may consider two
nanostructures elaborated fromthe bulksiliconand SOl technologies. Then characterize the doping performed
by oneorthetwo above mentioned methodsin the same conditions. Suchstudies could really be beneficial for
thesemiconductor community, namelyforthe SOltechnologyifthey are correlated to molecular dynamic
simulations.
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