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Sputtered Titanium Carbide Thick Film for High Areal
Energy on Chip Carbon-Based Micro-Supercapacitors

Manon L"tiche, Kevin Brousse, Arnaud Demorti#re, Peihua Huang, Barbara Daffos,

S"bastien Pinaud, Marc Respaud, Bruno Chaudret, Pascal Roussel, Lionel Buchaillot,

Pierre Louis Taberna, Patrice Simon, and Christophe Lethien*

The areal energy density of on-chip micro-supercapacitors should be
improved in order to obtain autonomous smart miniaturized sensors. To
reach this goal, high surface capacitance electrog&q0 mF cm?) has to be
produced while keeping low the footprint area. For carbide-derived carbon
(CDC) micro-supercapacitors, the properties of the metal carbide precursor
have to be ®ne-tuned to fabricate thick electrodes. The ad-atoms diffusion
process and atomic peening effect occurring during the titanium carbide
sputtering process are shown to be the key parameters to produce low
stress, highly conductive, and thick TiC ®Ims. The sputtered TiC at hbar
exhibits a high stress level, limiting the thickness of the TiC-CDC electrode
to 1.5nmm with an areal capacitance that is less than 55 mF-érim aqueous
electrolyte. The pressure increase up to i@nbar induces a clear reduction
of the stress level while the layer thickness increases without any degrada-
tion of the TiC electronic conductivity. The volumetric capacitance of the
TiC-CDC electrodes is equal to 350 F-émegardless of the level of pressure.
High values of areal capacitancel00 mF cm?) are achieved, whereas the
TiC layer is relatively thick, which paves the way toward high-performance
micro-supercapacitors.

1. Introduction

Miniaturized and compact electrochemical
energy storage devices were intensively
studied during the last decade, opening a
new way into the development of autono-
mous, sustainable, and connected devices.
Carbon!!! and redox-based micro-superca-
pacitors (MSC) are promising candidates
for high power density devices in which
a peak of current should lead to a rapid
power delivery? Contrary to the charge
storage process in MSE*lwhich is based
on a fast faradic reaction at the near sur-
face of pseudocapacitive electrodes, elec-
trochemical double layer supercapacitors
(EDLC) store the charge by reversible ion
adsorption at the surface of high surface
area carbon electrode€l The main tech-
nological breakthrough in the fabrication
of carbon micro-supercapacitors (EDLC
miniaturization) deals with the design of
nanoporous carbon electrodes having a
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strong adhesion onto the current collector. Nowadsythe ulti-
mate goal is to signi®cantly improve the areal emgr density
of such MSC up to 50mWh cmr? (interdigitated con®guration)
while keeping a surface power density higher thanrhW cm 2.
A large variety of materials is studied for desigmj carbon MSC
electrodes such as carbon nanotubEk,onion-like carbon!®!
activated carbor®l or graphenel® Although interesting perfor-
mances were achieved with such electrodes, somelrdeaw-
backs in terms of adhesion of carbon material andf @real
energy density remain to be overcome. For carbiderived
carbon layers, nanoporous carbon material issuedofn the
chlorination of a metal carbid€%%3Ithin ®Im is a promising
solution to ful®ll the requirements. The chlorinabn of sin-
tered titanium carbide (TiC) ceramic plates clearhows strong
adhesion between the TiC and TiC-CDC layers as wad high
volumetric capacitance (170 F crd) in organic electrolyte (Im
NEyBF, in acetonitrile). However, a low volumetric capaeince
(35 F cm?3) was reported when using sputtered TiC thin ®Ims
deposited (1.6mm thick) on a silicon wafet!*l We have recently
solved the adhesion problem of CDC thin ®Ims on dlison
wafer, providing on-chip MSC fabricated at the wafdevel
with the best tradeoff between areal energy and pemdensi-
ties ever reportedt! A ®ne-tuning of the TiC sputtered layers is
required to reach this goal and thus produce densgyess free,
and highly conductive thick ®Ims. In this paper, weeport a
methodology to achieve the sputtering deposition dense tita-
nium carbide thick ®Ims for on-chip MSC. In this ptpose, the
growth mechanisms leading to the ®Im densi®catiorreathor-
oughly studied. The densi®cation of the titanium daide layers
arises both from the atomic peening effect, whichaases local
atomic displacements at the TiC surface, and frorhe¢ ad-atoms
diffusion into the grain boundaries during the depsition.[*>:16]
As a consequence of the densi®cation process, thenpressive
stres$!’l has been fully controlled to produce TiC thick ®ls)
which are able to sustain the chlorination proceassed to fab-
ricate TiC-CDC electrodes. Whilst most of the publied results
focus on the reactive sputtering of titanium targein Ar/CH ,
atmospherel!8+22l we report here the deposition of thick tita-
nium carbide layers using a nonreactive direct cuent mag-
netron sputtering process (DC-MS) on silicon (Si)rdSi/SiO,
wafers. The evolution of the electrical, structurahnd morpho-
logical TiC properties is proposed as a function tie operating
pressure and temperature. We demonstrated here thae stress
of the sputtered TiC ®Ims (from 0.5 up to 28m thick) can
be ®nely tuned by careful control of the temperaefpressure
deposition parameters. Low and high stress titaniuncarbide
®Ims were successively chlorinated. Electrochemicahalyses
point out that the tuning of the sputtered TiC pamaeters have
a weak impact onto the volumetric capacitance ofetfTiC-CDC
electrode, while this tuning is a critical issue t@roduce thick,
stress-free, and highly conductive layers. AlthougMSCs are
surface-dependent devices, the areal capacitanceCafC elec-
trodes is signi®cantly improved by using thick CD@yers.

2. Results and Discussion

www.afm-journal.de

mechanical strength, resistivity, and thickness of sputtered TiC
®Ims. Stress-free and thick TiC ®Ims{ mm) must be indeed
achieved to prepare porous carbon (CDC) electrodes for micro-
supercapacitor applications. Thick TiC ®Ims with a strong
adhesion with a silicon wafer are chlorinated to produce carbon
electrodes (Figure 1B). These ®Ims have to be dense enoug
to ensure high areal (mF cn?) and volumetric capacitance
(F per cc) of the CDC ®Ims. Nevertheless, the stress is known
to be high in dense ®Ims and it has to be controlled to produce
thick and high surface capacitance carbon electrod&s.

Two main contributions drive the mechanical stress level
in the sputtered TiC ®Ims: the deposition temperature and
the deposition pressure. These parameters drastically affect
the texture of the TiC ®Img$L"2324and the ®Im growth is well
known to follow the structure zone models (SZM) reported by
Thornton.!?’l Regarding the required morphology, low depo-
sition pressure and high deposition temperature are crucial
parameters to produce dense and thick sputtered TiC ®Ims in
which the morphologies are found to be in Zone T, Zone 2, or 3
(Figure 1) based on the used terminology in SZM. Low-density
®brous or columnar ®Ims with voids between the columns
(Zone 1) are not suitable candidates for reaching high areal or
volumetric capacitance. TiC layers were deposited using various
sputtering deposition conditions (temperature, pressure, and
thickness (deposition time)) and characterized to ®nd the suit-
able parameters for CDC electrodes.

2.1. In"'uence of the Deposition Temperature

X-ray diffraction (XRD) analysis was performed onhin
®Ims deposited from room temperature (RT) up to 75€C
(Figure 2A). In these experiments, the DC power, the pressjr
the argon “ow, and the deposition time were kept sady close
to 2 W cn?, 103 mbar, 100 sccm, and 1800 s, respectively. The
®Im thickness was measured around Orim. Figure 2A shows
that all the sputtered thin ®Ims are crystallizedegardless of the
deposition temperature. At ®rst approximation, difaction peaks
could be indexed with the International Center foDiffraction
Data (ICDD) powder diffraction ®le 00-032-1383 asitied to a
rock salt-type (NaCl type) face-centered cubic syst(fccbspace
group Fm-3m). The carbon atoms are localized in dustructure
on the octahedral sites of the titanium lattice. Ehpeaks iden-
ti®ed at»35.6°, »41.2, »60.4°, »72.5, and »76.2 correspond
to the (111), (200), (220), (311), and (222) ditfian planes of
a titanium carbide polycrystalline thin ®Im, respeiwvely. The
top surface analysis of the sputtered TiC thin ®Imsas made
by using atomic force microscopy (AFM) (Figure 2B)n a scan-
ning area of 1nm2. Sample roughness appears to be relatively
low, close to 0.6 nm%0.1 nm), regardless of the deposition tem-
perature. Contrary to Zoita and co-workers, who refied an
epitaxial growth of TiC on MgO substrat&l no epitaxial growth
of the titanium carbide thin ®ms on silicon wafewas observed
as a consequence of the large lattice mismatchingttveen the
silicon wafer and the TiC thin ®Ims (lattice const#s of 4.32
and 5.43 " for the TiC and Si, respectively). A pferential ori-
entation is, however, observed (Figure 2C) sinceeth(111)/

For the deposition of highly dense TiC layer, we have to study(200) intensity ratio changes from 1.5 (RT depositi) up to 20

the in"uence of the deposition parametersHigure 1A) on the
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Figure 1! A)"Structure”zone"model"of"sputtered"thin"®Ims"as"a"function”of'the" deposition"pressure" (in"mTorr" or" mBaT,anpg'ratio” (adapted"

from"Thorntort?)."The"morphology"of“the"sputtered"thin"®Ims"has"been"tuned"according"to"the"temperature“and“the"deposition"pressure"parameters.”
B)"Overview" of"the" proposed"strategy"to" perform"the"fabrication" of" strongly" adhesive," stress-free," highly" conductive," thick" TiC"®Ims"and" high"areal"

capacitance"TiC-CDC"electrodes.

thickness and the pressure were kept steady for akhmples,
the raised thermal energy (from 25 to 88 meV) due the sub-
strate heating (from RT up to 750C) improves the mobility of
ad-atoms. This explains the subsequent faster grdwgf! of the
(111) diffraction versus (200) planes. Based on @trer diffu-
sion of the ad-atoms at 750C, the ®Im densi®cation occurs via
a diffusion proces&>2728lin which ad-atoms are incorporated
into the grain boundaries during the sputtering depsition.

Two main contributions in uence the mechanical stress gen-
erated in a thin ®Im: the thermal stress and the intrinsic stress.
The thermal stress is predominait® during the sputtering
deposition at high T/T,, (where T,, is the melting tempera-
ture). TiC thin ®Ims (,,, = 3340 K) is deposited by sputtering
at T/T,, < 0.4, which is in the middle of the transition zone
(Zone T) from the Thorntor2®3%SZM (Figure 1A). Below 0.4,
the intrinsic stress mainly depends on the sputtering deposi-
tion conditions and particularly the deposition pressure that
turns out to be the main tuned parameter.

1606813 (3"0f"10)

wileyonlinelibrary.com

2.2. In"uence of the Deposition Pressure
2.2.1. Evolution of the Film Stress

The pressuré® is the crucial parameter in the control of the
ion peening effect and thus in the intrinsic stressvithin the
thin ®Ims, which is an important issue for the thik ®Ims.
Equation (1) gives the ®Im stress§,), which is the sum of
the contribution of the thermal stress $ema) and growth
stress 6gown) associated with the ®lm morphology and
texture

Sfim =S thermal +s growth

Er
= (a Tic - @si )X(Tdeposition - Tmeas-stres) X i (1)

+Ss growth

= hic

where the thermal stress Syema Can be estimated
from the thermal expansion coef®cients of the TiC ®Im

"2017"WILEY-VCH"Verlag"GmbH"&"Co."KGaA,"Weinheim Adv. FunctMater.'2017,27,"1606813
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Figure 2! Evolution"of"the"sputtered"titanium"carbide"thin"®m"morphologies"with"the"deposition"temperature."In"all"these"experiments,"the"deposition"
pressure"is"kept"very"low,"close"to®l@bar."The"DC"power"as"well"as"the"deposition"time"is"kept"constant"(150"W"and"1800"s, "respectively)." A)" Dif-
fractograms"of"the"sputtered”thin"®Ims"deposited"at"room"temperature,"500,"600,"700," £@]" EgPectively." All"the"deposited"thin"®Ims" (4"
thick)"are"identi®ed"to"the"PDF"00-032-1383"card"and"no"shift"of"the"diffraction"peaks"is"highlighted"as"a"function"of"the"deposited"temperature."B)"Top
surface"analysis"of"the"TiC"layers"(AFM)"at"different"temperatures."Whatever"the"deposition"temperature,"the"roughness"is"kept"tl@st"tot0.6"
Regarding"this"surface"analysis,"the"deposited"thin"®Ims"clearly"show"a"dense"and"columnar"morphology."C)"Evolution“of“the"(111)/(200)"intensity"ratio"
as"a"function"of"the"deposited"temperature:"the"preferential“orientation"of"the"(111)"diffraction"plane"is"clearly"depicted"on"this"graph.

(@ric=7.5" 106°C 1) and the silicon wafergg;=3" 106°C1),  Supporting Information). The ®Im densi®cation occurs as soon
the Poisson coef®cientngic = 0.3), and Young modulusEric  as the pressure is decreased down to"#@nbar due to the ion
(187 + 11 GPa, measured by nanoindentation on several sam-peening effect® (Zone T, Figure 1A). In the zone T at room
ples) of the TiC ®Im. For the sputtering, deposition of the ®m temperature, the ®Im is allowed to grow only at very low depo-
is achieved at room temperatureTfeposiion = 50 °C), taking into  sition pressure. Such densi®cation mechanism is favorable for
account the heatin§!l of the substrate owing to ionic bombard- the preparation of dense TiC layers (Figure S1A, Supporting
ment of sputtered particles, the thermal stressema IS €sti-  Information) as precursors of dense porous CDC ®Ims. How-
mated at about 30 MPaT{yeas.swess= 25 °C). As the intrinsic  ever, the intrinsic growth stress has to be carefully controlled
stress is knowht” to be higher than- 5000 MPa (compressive in order to produce thick ®ms. The roughness analysis clearly
contribution), the thermal stress can be assumed to be negli- con®rms the densi®cation process of the sputtered TiC. Indeed,
gible and sgim » Sgronth- the porous structure (high roughness) is progressively ®lled
Both the diffusion process and atomic peening effect have by atoms resputtering, a process occurring due to ion peening
the same consequence on the densi®cation of thin ®Ims but(low roughness).
are different in nature. The deposition temperature (and thus  In Figure 3 is presented the X-ray diffraction analysis of
the T/T,, ratio) allows control of the ad-atoms mobility (dif- the sputtered titanium carbide thin ®ms deposited at RT as
fusion process). The pressure affects the kinetic energy (iona function of the deposition pressure, from 16 to 10! mbar.
peening) of the incoming atoms striking the ®Ims under All of the diffractograms (Figure 3A) could be ®tted using a
growth, which causes a local displacement at the atomic scaleTiC single-phase and polycrystalline thin ®m with different
These two parameters correspond to the and y axis of the orientations.
Figure 1A. A detailed analysis (Figure 3B) of the XRD pattern reveals
Figure S1 (Supporting Information) shows the top surface a continuous shift of the lattice parameter as a function of the
and cross-section analyses of the sputtered TiC ®Ims deposdeposition pressure and a crystal cell distortion. Indeed, it is
ited at room temperature, in which no ®m densi®cation due not possible to account for all the peaks in a cubic symmetry;
to ad-atoms diffusion process is possible. As expected, ®Imhence, either a quadratic or a rhombohedral crystalline struc-
morphologies are consistent with the SZM proposed in the ture (Figure 3C and Figure S2, Supporting Information) should
literature 3932331 At high pressure (10 mbar), porous or/ be used for the pattern ®tting. The evolution of the crystalline
and ®brous ®Im morphology is clearly depicted (Figure S1C,cell volume in tetragonal symmetry is reported in Figure 3B.

Adv. Funct. MateR017,27,"1606813 "2017"WILEY-VCH"Verlag"GmbH"&"Co."KGaA,"Weinheim wileyonlinelibrary.com (4"0f"10)"1606813
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Figure 3! Evolution"of"the"properties”of"the"TiC"thin"®Im"as"a"function"of"the"deposition"pressure."The"pressure"is"the"main“tuned"parameter"to"control"
the"®Im"morphology."The"kinetic"energy"of"'the"sputtered"particles"is"directly"linked"to"the"atomic"or"ion"peening"effect"that"has"led"to"the"formation"of"
compressive"stress"layers."A)"Diffractograms"of"the"TiC"thin"®Ims"as"a"function"of"the"deposition"pressure."A"shift"of"the"diffraction"peaks"is"depicted"
on"these"graphs."The"®Im"stress"seems"to"be"responsible"for"this"shift."B)"Mean"lattice"parameter"and"volume"of“the"tetragonal"unit"cell"versus"pres-
sure."C)"lllustration"of"the"crystal”cell"deformation,"from"a"cubic"to"tetragonal"or"rhombohedral"structure."D)"Evolution"of"the"preferentialorientation"
as"a"function"of"the"deposition"pressure."E)"Roughness"(scanning®akéai" "1'hm)"as"a"function"of"the"deposition"pressure.

A similar conclusion?t was already reported on TiC epitaxially equation (Equation (2)) was used to calculate the intrinsic stress

grown on MgO substrate. Sgrowth (<0 for compressive stress arweD for tensile one) during
The XRD analysis reveals a preferential orientation the growth of sputtered TiC at room temperature (sputtering

(Figure 3D) of the ®Im along the [111] direction when the time = 1800 s).

pressure is increased from 16 to 10! mbar. The change in

the roughness as a function of the pressure (Figure 3E) is as 1 _Ey _t &1 10

expected!® since it varies from 0.5 to 5 nm, respectively, @@~ g™ N xt; SR—m Ry o @

for deposition pressures of 1¢ and 102 mbar. The ®Im

mechanical stress and the ®Im resistivity are known to be highly where Eg;, ng;, tg, and Rg; are, respectively, the Young mod-

dependent on the deposition pressurd-igure 4A). The Stoney ulus (131 GPa), the Poisson coef®cient (0.27), the thickness

1606813 (5"0f"10) wileyonlinelibrary.com "2017"WILEY-VCH"Verlag"GmbH"&"Co."KGaA,"Weinheim Adv. FunctMater'2017,27,"1606813
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(380+ 10 mm), and the bending radius (in meters) of a typical ®Ims. According to the phase diagrad¥ of the TiC, two dif-
(100) silicon wafer. The ®Im thicknesst{{c # 0.4 nm) was ferent phases coexist between 500 and 30%0 for a carbon
measured using a scanning electron microscope (SEM) (crosscontent higher than 48%: a TiC phase and a carbon one. As
sections analysis). The bending radius of the TiGR{c) was a result, wavelength dispersive spectroscopy (WDS) analysis
measured just after the sputtering deposition and compared (Figure 4B,C) shows few carbon particles. The absence of any
with the one Rg;) before the deposition. additional peak in the XRD patterns con®rms the amorphous
or weakly crystallized nature of the carbon particles. Figure 4D
shows the Raman spectra of the TiC target and the @mh-thick
2.2.2. Evolution of the Film Resistivity and the Film CompositionTiC ®Ims deposited at 16 mbar. The TiC target exhibits two
as a Function of the Pressure sets of peaks: the ®rst set with strong peaks intensity at 240,
440, and 609 cm' corresponds to the TiC. Smaller peaks at
The ®Im densi®cation occurring at low pressure (fOmbar) 1370 and 1570 cnt are attributed to the D band and G band
leads to a signi®cant increase of the compressive stres®f carbon. Similar features were observed for the sputtered TiC
(-2200 MPa), which is not favorable for a thicker ®m deposi- thin ®Im. Three peaks at low Raman shift are attributed to the
tion. In the same range of sputtered TiC ®Ims issued from TiC TiC thin ®m. The additional peak at 520 cm corresponds
target/?®l these high-stress sputtered TiC thin ®lms are highly here to the silicon substrate. Strong peaks measured at 1380
conductive with a resistivity (Figure 4A) close to 0.3Wicm. As  and 1570 cm! are assigned to the excess of carbon (carbon
a result of the increase of the pressure from T0to 102 mbar,  phase) in the TiC layer. A similar behavior was observed regard-
the compressive stress of the titanium carbide layer decreasedess of the deposition pressure. The argon “ow applied during
(- 130 MPa). The slight decrease of the electrical conductivitythe deposition process does not signi®cantly affect the TiC
is usually ascribed to a larger amount of defect, porosity, orproperties (Figure S3, Supporting Information).
grain boundaries!* This is even more clear at higher pressure  In summary from the study of sputtered 0.4vm thick TiC
(101 mbar), under which the stress is constant and the resis- ®ms, it turns out that a deposition temperature of 750C
tivity increases to 15 iV cm due to the porous morphology of under an operating pressure of 1@ mbar leads to the forma-
the columnar growth (Figure S1C, Supporting Information). tion of dense, low stress, electrically conducting TiC ®Ims.
The change of the ®Im composition versus the operating pres-These deposition parameters were selected to prepare thicker
sure is reported in Figure 4B. The Ti/C ratio changes linearly TiC ®ms &1 nm). To gain a better insight into the growth
with the pressure and reaches 0.8 at “FOmbar. The change mechanism of sputtered titanium carbide thin ®ms, a study
of Ti/C ratio (0.75® 0.8) (from 103 to 102 mbar) could also was carried out on the two processes leading to the ®Im
explain the slight decrease of the electrical conductiit§. The  densi®cation (ad-atoms diffusion process and ion peening
atomic content of carbon is about 55% 2 in most of the TiC effect). Thisin depthstudy onto the sputtered titanium carbide

Adv. Funct. Mate2017,"27,"1606813
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material is really meaningful to pave the way toward the growth appears to be close to 0:8m h-! when considering the oper-
of strongly bonded metal carbide thick ®ms on silicon wafer. ating deposition parametersRyc = 150 W, Ar "ow = 100 sccm,
The thickness of the titanium carbide layers was progressivelypressure= 102 mbar, and temperature= 750°C). As expected,
increased. Based on the sputtering conditions (FOmbar, T = the roughness is increased from 1 to 150 nm for thicker TiC
750°C soT/T,, = 0.3), the ®Im morphology was found to exhibit layer, in the range of 1% of the thickness layer.
a dense and columnar morphology. Moving to higher pressure  The ®m morphology was investigated as a function of the
(101 mbar) seems to be an interesting way to produce thicker thickness and the values are reported in Figure S5 (Supporting
layers (stress-free layers). However, the high resistivity andinformation). The AFM top surface and SEM cross-section
porous morphology of the ®Ims are not suitable for preparing analyses were combined to study the ®m morphologies. A
strongly bonded carbon ®Ims with high volumetric/surface large scanning area is taken into account to get a good overview
capacitances after chlorinatioR?! of the TiC surface (20rm ~ 20nm) and thus a good approxima-
tion of the surface roughness (Figure S5, Supporting Informa-
tion). As expected, a thicker TiC layer induces a larger column
2.3. Increase of the Film Thickness diameter. This is consistent with a columnar growth of metal
carbide in the Zone T (Figure 1).
Figure S4 (Supporting Information) shows the ®Im properties  TEM investigation performed on TiC deposited at 1®mbar
as a function of the thickness. XRD analysis (Figure S4A,B,shows the growth evolution of TiC crystals from the Si sur-
Supporting Information) reveals ®rst that the main diffrac- face, where randomly oriented nanocrystals were observed
tion peaks do not shift toward lower or higher 2 theta value, as supported by the selected area electron diffraction (SAED)
meaning that the stress does not in uence the lattice param- (Figure 5B), to the TiC bulk, in which elongated crystals were
eter for such thick ®Ims. Thd 111y 20g) intensity ratio clearly formed with structural dislocations (Figure 5C,D). Figure 5G
shows a (111) preferential orientation of the TiC layers at low exhibits an elongated TiC structure that forms two boundaries
thickness (<2mm thick). For thicker ®Ims, the intensity ratio with two crystals oriented along the [111] direction with a rela-
tends to the theoretical value of 1. The thickness and thetive tilt of 10° (30° red area and 20 green area, respectively),
roughness were measured as a function of the deposition time which induces a strain in the structure (Figure 5H+J). The
(Figure S4C, Supporting Information). The deposition rate elongated structure consists of screw dislocations, as observed
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in the HRTEM (high resolution transmission electron micros- is preserved. Hence, the TiC-CDC electrodes clearly exhibit a
copy) image of Figure 5K. A screw dislocation in the lattice strong adhesion onto the silicon wafer due to partial chlorina-
structure is a result of shear stress. The defect line movementtion of the sputtered TiC layer. The cross-section of a 12m
is perpendicular to the direction of the stress and the atom dis- thick sputtered TiC, which was chlorinated during 6 min, is
placement. In the inset, the dislocation line and a Burger vector reported in Figure 6B. The thicknesses of the TiC-CDC elec-
are indicated. After each dislocation line, the structure is shifted trode (partial chlorination) and the TiC underlayer were meas-
of a half of (111) distance and slightly tilted to adapt the strain ured and are close to 6.7 and 5r@8n, respectively. A focus at
from 20° to 3 in orientation. The screw dislocations break the the TiC-CDC/TIC interface clearly shows that the etched rate
symmetry of the crystal and produce self-perpetuating steps toof the chlorination process is homogenous as already shown
enable 1D crystal growtf8 The presence of an axial screw dis- recently! The Raman spectroscopic measurement is reported
location distorts the lattice planes, which generates a dark lineon Figure 6C before (TiC ®Ims) and after (TiC-CDC electrode)
of contrast, as observed in Figure 5A. This analysis shows thathe chlorination at 450°C. It reveals that the chlorination pro-
even if the stress level of the sputtered TiC at %Gnbar is rela- cess allows producing an amorphous carbon layer with a high
tively low ¢ 150 MPa), the high thickness of the TiC ®Im leads degree of disorderl@/Ig = 0.77). Once the fabrication process
to screw dislocations, which do not in"uence the mechanical of thick CDC ®Im is established, the electrochemical perfor-
strength of the TiC for micro-supercapacitor applications. mances of CDC electrodes were estimated as a function of the
deposition pressure. To carry out such a study, three TiC ®Ims
(2.6, 3.3, and 5mm thick) deposited at three different pressures
2.4. Electrochemical Characterization of the CDC Electrodes (103, 5° 103, and 102 mbar, respectively) were chlorinated
in the same conditions. Low deposition pressure induces high
The power performances of metal oxide MSC based on a thickstress within the TiC layer. Consequently, the thickness of the
electrode are impacted by the poor electronic conductivity of TiC layer is limited to few micrometers. The chlorination rate,
the electrodes. Therefore, the binder-free CDC electrodes could.e., the CDC growth rate, is estimated at 14 0.1 mm min-!
be used as thick layers (<18m thick) owing to the high con- for sputtered TiC at 16* mbar and 0.3+ 0.1 nm min-! for
ductivity and the open porosity of the carbon materials. For that the one deposited at I8 mbar. The lower growth rate of the
purpose, the sputtering conditions were optimized to achieve low pressure TiC-CDC sample is probably due to the TiC ®Im
the deposition of thick, stress free, and dense TiC ®Ims for densi®cation caused by both ad-atoms diffusion process and
micro-supercapacitors applications. First, a 12mn-thick TIC  ion peening effect. After an annealing of the CDC electrodes
®Im deposited at 1¢ mbar and 750°C was studied so as to (1.5, 1.3, and 3.2m thick) under vacuum at 60C°C, the elec-
demonstrate the feasibility of this process. The roughness trochemical performances in aqueous electrolyte (1 H,SO,)
(scanning area= 50nm ~ 50mm) appears to be relatively steady are reported on Figure 6D,E. Based on the cyclic voltammetry
about 90 nm before and after the chlorinationFgure 6A). (CV) (5 mV s?) depicted in Figure 6D, we demonstrate that
The mechanical strength of the 12.5m thick sputtered TiC the deposition pressure does not have a strong in uence onto
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the CDC performance, reported per F cm, as the three CVs the high level of stress due to the low depositiqoressure. The
are similar. The volumetric capacitances extracted from thesesurface capacitance of the TiC-CDC electrodes shiftom 53
CV are close to 350 F cr (Figure 6E top) regardless of the mF cm2 for the TiC deposited at 1¢ mbar (CDC thickness=
pressure. This value is similar to that of a recent wolNever-  1.5mm) to 103 mF cm? for the sputtered TiC ®Im at 1¢ mbar
theless, the meaningful metric for micro-supercapacitors deals (CDC thickness= 3.2mm). We demonstrate here that the stress
with reporting the areal/surface capacitance. In that respect, within the TiC deposited at 16° mbar is so high that it results
taking into account a constant volumetric capacitance, onein cracks/delamination process of the layer as so@s the thick-
trendy way to improve the surface capacitance is to increase thaess of the TiC is higher than 2.5m. The mechanical integrity
CDC thickness. If the TiC-CDC thickness is limited by the TiC of the ®m and the adhesion on the silicon wafer tso weak for
thickness (and so by the deposition pressure owing to the ®mMSC application. The electrical conductivity valugas estimated
stress), there is no reason to attempt to improve the surfaceto be relatively high for both TiC and TiC-CDC lay® on the
performance with a thicker layer. condition that the deposition pressure is kept belo 102 mbar.

In this study, the surface capacitance moves from De®nitively, this study on the sputtered TiC thicRIms paves the
53 mF cn1? (TiC (2.6 nm) deposited at 1® mbar ® CDC  way to high surface capacitance electrodes for M&@plications.
1.5 mm thick) to 103 mF cm? (TiC (5 nm) deposited at
102 mbar ® CDC 3.2mm thick). In addition, the capacitance
value delivered by the as-prepared on-chip CDC ®Ims was stable . .
over 10 000 cycles regardless of the TiC deposition pressurét. EXperimental Section
(Figure S6A, Supporting Information). The areal energy density  Tic Film DepositiofiTitanium"carbide”(TiC)"thin"®Ims"were"deposited”
is calculated as expressed in the Experimental Section. In termsysing” a" nonreactive” DC-MS" on" silicon" (Si)" or" SijSi@afers.” The"
of performance, the as-prepared TiC-CDC electrodes deliveredAlliance” Concept)" DP"650s" sputtering” equipment”was" used"to" achieve"
high energy densities, moving from 6.0 to 11.8Wh cm 2 while  the"thin"®Im"deposition”after" pumping“to”a”base"vacuum"of*tbar."
increasing the deposition pressure to produce stress-free andHomogeneous'deposits®were” obtained"by"keeping'the"distance”between*
thick TiC layer. A Ragone plot is reported in Figure S6B (Sup- Lhe targef fmd ..th(-e S.L.JbStr?te at 70..mm' .A T|C"target (99'5..-’ ..10 o

) . : iameter,"6"mm"“thick)"was"sputtered"under*argon"atmosphere"in“the"DP

porting Information) in order to benchmark MSC based on 650"sputtering"equipment."DC"power"density,"argon" ow"rate,"deposition”
CDC with other carbon technologies (graphefé! and carbon pressure,” deposition" time," and" operating” temperature" during” the"
nanotube$3®) tested in aqueous electrolytes. The fabrication deposition” were" investigated” separately.” The" pressure” in” the” chamber”
process of such MSC has already been reported recefitly. and"the"temperature"(up“to"75€)" were" carefully"tuned"for"depositing"
For the sake of clarity, the energy and power densities are nor_higrlly“conductive,"dense,"crystalline,"stress"free,“thick,"and"smooth"Tic"
malized to the footprint area, in an interdigitated electrode M ®Ims.

® . In thi h | d . f . Electrical, Mechanical, and Structural Properties of the TiC:"Films
con®guration. In this way, the areal energy density of @ MICro- g|ectrical” measurements” (resistivity" mapping)" were" achieved" using" a"

supercapacitor corresponds to capacitance of an electrodeemilab"WT"2000PVN" contactless" equipment” (mapping" #@&4tn?)."

(Celectrogd divided by 4 Cgecrroad2 in a parallel plate con®gu- Stress" measurement” was" performed" with" the” FSM" 500" TC" system"
ration). From this Figure S6B (Supporting Information), the using" a" nondestructive" laser" scanning” technique" to" measure" the"
performance of the CDC technology is clearly demonstrated, change” of” curvature” induced" in" the" wafer” due” to” the” deposited” ®Im.”

challenging the best carbon-based devices reported so far. A" blank" measurement” was" done" on"a" 3"inch" (100)" silicon" wafer" (two"
perpendicular” lines" along" the" diameter" are" scanned)." After" the" TiC"

deposit,"a"second"scan"was"repeated;"the"®Im"stress"was"deduced"from"

the"Stoney"formula“taking“into"account"the"two"measured”curvatures."An"
3. Conclusion AFM"(Dimension"3100)"was"used"to"measure"the" surface"roughness" of"

the"TiC"and"CDC"thin"®Ims."A"Zeiss"Ultra"55"SEM"was"used"to"determine"
In summary, we have reported a ®ne-tuning of the sputtered thethickness"of"the"TiC"layers"as"well"as"their"morphology.

TiC acting as a precursor metal carbide layer for CDC elec- Characterization"of"the"TiC"structure"was"performed"using“aberration-
- - corrected" transmission" electron" microscope" (JEOL-ARM200F)." High-
trodes of micro-supercapacitors. Our strategy developed he‘reresolution"TEM" images" and" SAED" patterns" were" acquired" using" this"

aI_Iows us to produce thick_, str_ess-free, and highly ‘?OndUCt_ivemicroscope"at“200"keV"and“equipped"with"a"(:s"image"corrector"and"a"
TiC ®Ims. The ad-atoms diffusion process and atomic peening cold-FEG"(®eld"electron"gun).
are crucial parameters to control the layer growth, which is,  The"samples"were"prepared"by"cutting"thin"slices"of"thg"SECDC"

respectively, resulting from both the temperature and pressure samples‘using"FEI"Strata"DB"235"focused"ion"beam”(FIB),"perpendicularly”
parameters of the TiC sputtering process. to" the" surface." Raman" spectra" were" recorded" using" a" micro-Raman"

In this respect, the best compromise was achievedhen the spectrometer'LabRAM"HR" (Horiba" Jobin-Yvon," wavelerg#73" nm)."
! The" X-ray" diffraction” structural" characterization" of' the" ®Ims" was"

sputtering de[ZJOSItIOI’]. of the TiC layers was pgrforeui at 7500(? undertaken" using” a" Rigaku" SMARTLAB" multipurpose" six-axis"
and 102 mbar, allowing to produce the required metal carti giffractometer (9" kW" rotating" anode)" in" Bragg+Brentano" re”ection" or"
precursors for MSC electrodes. From electrochemicahalyses, high" resolution” parallel" beam" modes" (with" soller" slits"#hd" a" PSD"
we show that the volumetric capacitance of threeffdrent  1D" detector" DTEX)" delivering” Kai' radiation” ("="1.5418" +)." WDS"
TiC-CDC ®Ims deposited, respectively, at-305 °~ 103, and (CAMI_E(ﬁA"r?X‘_‘r]}(C):O)"W{aS" used" to" determine” the" ®m" composition" and"
2 ; ; _ especially"the"Ti/C"ratio.
|1? .miar’ tChlor":at?d at 420?(?53”2 t'i;te,\? n iﬂ”leous telecm? Chlorination of TiC Films Deposited Onto Si WAfAHE the" TiC"
yie 'S, ept constan arqun A ¢ evertheless, 1o pro samples" were" transformed" into" porous" CDC" ®Ims" by" heat" treatment"
duce high surface capacitance, binder-free carbdearodes, the 5t 450C" under” GI atmosphere following” the” equation” THE2C'®
thickness of the TiC-CDC layers should be raisedolever, this  TiC|,"+'C." Annealing"was" performed"at" 6@'for" 2" h" under"vacuum"in"
raise is not reachable because the TiC thicknesslimited by  order"to"remove”the" chlorine” species"trapped”into”the"” nanopores.” The"
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resulting” nanoporous" carbon" was" investigated" as" a" CDC" electrode" fct™
micro-supercapacitors.

Electrochemical Analysis of the CDC Electtolésctrochemical”
characterizations" of"'the"®Ims"were" conducted"using"a"multipotentiostai"
(VMP3," Biologic" Company)"in" aqueous" electrolytet(H,SO,)" using"
conventional"three-electrode” setup.”" The" sample" (CDC"®Im" grown" from"
an"underneath" layer" of" TiC" deposited" onto" Si" wafer)" was" used" as" the"
working"electrode." A"Hg/H&$O," electrode” was" used"as"reference,"and"
a" Pt" plate" was" used" as" counter" electrode." Contacts" were" achieved" by"
pressing" a" stainless" steel" clip” onto" the" carbon" ®Im." The" areal" energy"”
densities"were"calculated"from"the"following"equation"(Equation”(3))"
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