
F
U

LL
 P

A
P

E
R

 "2017"WILEY-VCH"Verlag"GmbH"&"Co."KGaA,"Weinheimwileyonlinelibrary.com1606813 (1"of"10)

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-[1] 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.[2] Contrary to the charge 
storage process in MSC,[3±5] which 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 electrodes.[6] 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. Nowadays, the ulti-
mate goal is to signi®cantly improve the areal energy density 
of such MSC up to 50 mWh cm- 2 (interdigitated con®guration) 
while keeping a surface power density higher than 1 mW cm- 2. 
A large variety of materials is studied for designing carbon MSC 
electrodes such as carbon nanotubes,[7] onion-like carbon,[8] 
activated carbon,[8] or graphene.[9] Although interesting perfor-
mances were achieved with such electrodes, some real draw-
backs in terms of adhesion of carbon material and of areal 
energy density remain to be overcome. For carbide-derived 
carbon layers, nanoporous carbon material issued from the 
chlorination of a metal carbide[10±13] thin ®lm is a promising 
solution to ful®ll the requirements. The chlorination of sin-
tered titanium carbide (TiC) ceramic plates clearly shows strong 
adhesion between the TiC and TiC-CDC layers as well as high 
volumetric capacitance (170 F cm- 3) in organic electrolyte (1 M 
NEt4BF4 in acetonitrile). However, a low volumetric capacitance 
(35 F cm- 3) was reported when using sputtered TiC thin ®lms 
deposited (1.6 mm thick) on a silicon wafer.[14] We have recently 
solved the adhesion problem of CDC thin ®lms on a silicon 
wafer, providing on-chip MSC fabricated at the wafer level 
with the best tradeoff between areal energy and power densi-
ties ever reported.[1] A ®ne-tuning of the TiC sputtered layers is 
required to reach this goal and thus produce dense, stress free, 
and highly conductive thick ®lms. In this paper, we report a 
methodology to achieve the sputtering deposition of dense tita-
nium carbide thick ®lms for on-chip MSC. In this purpose, the 
growth mechanisms leading to the ®lm densi®cation are thor-
oughly studied. The densi®cation of the titanium carbide layers 
arises both from the atomic peening effect, which causes local 
atomic displacements at the TiC surface, and from the ad-atoms 
diffusion into the grain boundaries during the deposition.[15,16] 
As a consequence of the densi®cation process, the compressive 
stress[17] has been fully controlled to produce TiC thick ®lms, 
which are able to sustain the chlorination process used to fab-
ricate TiC-CDC electrodes. Whilst most of the published results 
focus on the reactive sputtering of titanium target in Ar/CH 4 
atmosphere,[18±22] we report here the deposition of thick tita-
nium carbide layers using a nonreactive direct current mag-
netron sputtering process (DC-MS) on silicon (Si) or Si/SiO2 
wafers. The evolution of the electrical, structural, and morpho-
logical TiC properties is proposed as a function of the operating 
pressure and temperature. We demonstrated here that the stress 
of the sputtered TiC ®lms (from 0.5 up to 22 mm thick) can 
be ®nely tuned by careful control of the temperature/pressure 
deposition parameters. Low and high stress titanium carbide 
®lms were successively chlorinated. Electrochemical analyses 
point out that the tuning of the sputtered TiC parameters have 
a weak impact onto the volumetric capacitance of the TiC-CDC 
electrode, while this tuning is a critical issue to produce thick, 
stress-free, and highly conductive layers. Although MSCs are 
surface-dependent devices, the areal capacitance of CDC elec-
trodes is signi®cantly improved by using thick CDC layers.

2. Results and Discussion

For the deposition of highly dense TiC layer, we have to study 
the in¯uence of the deposition parameters (Figure 1A) on the 

mechanical strength, resistivity, and thickness of sputtered TiC 
®lms. Stress-free and thick TiC ®lms (>1 mm) must be indeed 
achieved to prepare porous carbon (CDC) electrodes for micro-
supercapacitor applications. Thick TiC ®lms with a strong 
adhesion with a silicon wafer are chlorinated to produce carbon 
electrodes (Figure 1B). These ®lms have to be dense enough 
to ensure high areal (mF cm- 2) and volumetric capacitance  
(F per cc) of the CDC ®lms. Nevertheless, the stress is known 
to be high in dense ®lms and it has to be controlled to produce 
thick and high surface capacitance carbon electrodes.[15]

Two main contributions drive the mechanical stress level 
in the sputtered TiC ®lms: the deposition temperature and 
the deposition pressure. These parameters drastically affect 
the texture of the TiC ®lms,[17,23,24] and the ®lm growth is well 
known to follow the structure zone models (SZM) reported by 
Thornton.[25] Regarding the required morphology, low depo-
sition pressure and high deposition temperature are crucial 
parameters to produce dense and thick sputtered TiC ®lms 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 ®lms 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 on thin 
®lms deposited from room temperature (RT) up to 750 °C 
(Figure 2A). In these experiments, the DC power, the pressure, 
the argon ¯ow, and the deposition time were kept steady close 
to 2 W cm- 2, 10- 3 mbar, 100 sccm, and 1800 s, respectively. The 
®lm thickness was measured around 0.4 mm. Figure 2A shows 
that all the sputtered thin ®lms are crystallized, regardless of the 
deposition temperature. At ®rst approximation, diffraction peaks 
could be indexed with the International Center for Diffraction 
Data (ICDD) powder diffraction ®le 00-032-1383 associated to a 
rock salt-type (NaCl type) face-centered cubic system (fccÐspace 
group Fm-3m). The carbon atoms are localized in such structure 
on the octahedral sites of the titanium lattice. The peaks iden-
ti®ed at »35.6°, »41.2°, »60.4 °, »72.5°, and »76.2° correspond 
to the (111), (200), (220), (311), and (222) diffraction planes of 
a titanium carbide polycrystalline thin ®lm, respectively. The 
top surface analysis of the sputtered TiC thin ®lms was made 
by using atomic force microscopy (AFM) (Figure 2B) on a scan-
ning area of 1 mm2. 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 reported an 
epitaxial growth of TiC on MgO substrate,[21] no epitaxial growth 
of the titanium carbide thin ®lms on silicon wafer was observed 
as a consequence of the large lattice mismatching between the 
silicon wafer and the TiC thin ®lms (lattice constants of 4.32 
and 5.43 " for the TiC and Si, respectively). A preferential ori-
entation is, however, observed (Figure 2C) since the (111)/
(200) intensity ratio changes from 1.5 (RT deposition) up to 20 
(750 °C deposition) for 0.4-mm-thick sputtered TiC ®lms. As the 
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thickness and the pressure were kept steady for all samples, 
the raised thermal energy (from 25 to 88 meV) due to the sub-
strate heating (from RT up to 750 °C) improves the mobility of 
ad-atoms. This explains the subsequent faster growth[26] of the 
(111) diffraction versus (200) planes. Based on a higher diffu-
sion of the ad-atoms at 750 °C, the ®lm densi®cation occurs via 
a diffusion process[15,27,28] in which ad-atoms are incorporated 
into the grain boundaries during the sputtering deposition.

Two main contributions in¯uence the mechanical stress gen-
erated in a thin ®lm: the thermal stress and the intrinsic stress. 
The thermal stress is predominant[16] during the sputtering 
deposition at high T/Tm (where Tm is the melting tempera-
ture). TiC thin ®lms (Tm = 3340 K) is deposited by sputtering 
at T/Tm < 0.4, which is in the middle of the transition zone 
(Zone T) from the Thornton[29,30] 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.

2.2. In¯uence of the Deposition Pressure

2.2.1. Evolution of the Film Stress

The pressure[15] is the crucial parameter in the control of the 
ion peening effect and thus in the intrinsic stress within the 
thin ®lms, which is an important issue for the thick ®lms. 
Equation (1) gives the ®lm stress (s®lm), which is the sum of 
the contribution of the thermal stress (s thermal) and growth 
stress (sgrowth) associated with the ®lm morphology and 
texture 

1

film thermal growth

TiC Si deposition meas-stress
TiC

TiC
growthT T

E
s s s

a a
n

s( )( )

= +

= - × - ×
-

+
 

(1)

where the thermal stress s thermal can be estimated 
from the thermal expansion coef®cients of the TiC ®lm 
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Figure 1." A)"Structure"zone"model"of"sputtered"thin"®lms"as"a"function"of"the"deposition"pressure"(in"mTorr"or"mbar)"and"T/Tmelting"ratio"(adapted"
from"Thornton[25])."The"morphology"of"the"sputtered"thin"®lms"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"®lms"and"high"areal"
capacitance"TiC-CDC"electrodes.
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(aTiC = 7.5 ́  10- 6 °C- 1) and the silicon wafer (aSi = 3 ́  10- 6 °C- 1), 
the Poisson coef®cient (nTiC = 0.3), and Young modulus ETiC 
(187 ± 11 GPa, measured by nanoindentation on several sam-
ples) of the TiC ®lm. For the sputtering, deposition of the ®lm 
is achieved at room temperature (Tdeposition = 50 °C), taking into 
account the heating[31] of the substrate owing to ionic bombard-
ment of sputtered particles, the thermal stress s thermal is esti-
mated at about 30 MPa (Tmeas-stress = 25 °C). As the intrinsic 
stress is known[17] to be higher than - 5000 MPa (compressive 
contribution), the thermal stress can be assumed to be negli-
gible and s®lm » sgrowth.

Both the diffusion process and atomic peening effect have 
the same consequence on the densi®cation of thin ®lms but 
are different in nature. The deposition temperature (and thus 
the T/Tm ratio) allows control of the ad-atoms mobility (dif-
fusion process). The pressure affects the kinetic energy (ion 
peening) of the incoming atoms striking the ®lms under 
growth, which causes a local displacement at the atomic scale. 
These two parameters correspond to the x and y axis of the 
Figure 1A.

Figure S1 (Supporting Information) shows the top surface 
and cross-section analyses of the sputtered TiC ®lms depos-
ited at room temperature, in which no ®lm densi®cation due 
to ad-atoms diffusion process is possible. As expected, ®lm 
morphologies are consistent with the SZM proposed in the 
literature.[30,32,33] At high pressure (10- 1 mbar), porous or/
and ®brous ®lm morphology is clearly depicted (Figure S1C, 

Supporting Information). The ®lm densi®cation occurs as soon 
as the pressure is decreased down to 10- 3 mbar due to the ion 
peening effect[16] (Zone T, Figure 1A). In the zone T at room 
temperature, the ®lm is allowed to grow only at very low depo-
sition pressure. Such densi®cation mechanism is favorable for 
the preparation of dense TiC layers (Figure S1A, Supporting 
Information) as precursors of dense porous CDC ®lms. How-
ever, the intrinsic growth stress has to be carefully controlled 
in order to produce thick ®lms. The roughness analysis clearly 
con®rms the densi®cation process of the sputtered TiC. Indeed, 
the porous structure (high roughness) is progressively ®lled 
by atoms resputtering, a process occurring due to ion peening 
(low roughness).

In Figure 3 is presented the X-ray diffraction analysis of 
the sputtered titanium carbide thin ®lms deposited at RT as 
a function of the deposition pressure, from 10- 3 to 10- 1 mbar. 
All of the diffractograms (Figure 3A) could be ®tted using a 
TiC single-phase and polycrystalline thin ®lm with different 
orientations.

A detailed analysis (Figure 3B) of the XRD pattern reveals 
a continuous shift of the lattice parameter as a function of the 
deposition pressure and a crystal cell distortion. Indeed, it is 
not possible to account for all the peaks in a cubic symmetry; 
hence, either a quadratic or a rhombohedral crystalline struc-
ture (Figure 3C and Figure S2, Supporting Information) should 
be used for the pattern ®tting. The evolution of the crystalline 
cell volume in tetragonal symmetry is reported in Figure 3B. 
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Figure 2." Evolution"of"the"sputtered"titanium"carbide"thin"®lm"morphologies"with"the"deposition"temperature."In"all"these"experiments,"the"deposition"
pressure"is"kept"very"low,"close"to"10- 3"mbar."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"®lms"deposited"at"room"temperature,"500,"600,"700,"and"750"°C,"respectively."All"the"deposited"thin"®lms"(0.4"mm"
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"close"to"0.6"±"0.1"nm."
Regarding"this"surface"analysis,"the"deposited"thin"®lms"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.
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A similar conclusion[21] was already reported on TiC epitaxially 
grown on MgO substrate.

The XRD analysis reveals a preferential orientation 
(Figure 3D) of the ®lm along the [111] direction when the 
pressure is increased from 10- 3 to 10- 1 mbar. The change in 
the roughness as a function of the pressure (Figure 3E) is as 
expected,[15] since it varies from 0.5 to 5 nm, respectively, 
for deposition pressures of 10- 3 and 10- 2 mbar. The ®lm 
mechanical stress and the ®lm resistivity are known to be highly 
dependent on the deposition pressure (Figure 4A). The Stoney 

equation (Equation (2)) was used to calculate the intrinsic stress 
sgrowth (<0 for compressive stress and >0 for tensile one) during 
the growth of sputtered TiC at room temperature (sputtering 
time = 1800 s). 

1
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where ESi, nSi, tSi, and RSi are, respectively, the Young mod-
ulus (131 GPa), the Poisson coef®cient (0.27), the thickness 
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Figure 3." Evolution"of"the"properties"of"the"TiC"thin"®lm"as"a"function"of"the"deposition"pressure."The"pressure"is"the"main"tuned"parameter"to"control"
the"®lm"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"®lms"as"a"function"of"the"deposition"pressure."A"shift"of"the"diffraction"peaks"is"depicted"
on"these"graphs."The"®lm"stress"seems"to"be"responsible"for"this"shift."B)"Mean"lattice"parameter"and"volume"of"the"tetragonal"unit"cell"versus"pres-
sure."C)"Illustration"of"the"crystal"cell"deformation,"from"a"cubic"to"tetragonal"or"rhombohedral"structure."D)"Evolution"of"the"preferential"orientation"
as"a"function"of"the"deposition"pressure."E)"Roughness"(scanning"area"="1"mm"́ "1"mm)"as"a"function"of"the"deposition"pressure.
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(380 ± 10 mm), and the bending radius (in meters) of a typical 
(100) silicon wafer. The ®lm thickness (tTiC # 0.4 mm) was 
measured using a scanning electron microscope (SEM) (cross 
sections analysis). The bending radius of the TiC (RTiC) was 
measured just after the sputtering deposition and compared 
with the one (RSi) before the deposition.

2.2.2. Evolution of the Film Resistivity and the Film Composition 
as a Function of the Pressure

The ®lm densi®cation occurring at low pressure (10- 3 mbar) 
leads to a signi®cant increase of the compressive stress 
(- 2200 MPa), which is not favorable for a thicker ®lm deposi-
tion. In the same range of sputtered TiC ®lms issued from TiC 
target,[23] these high-stress sputtered TiC thin ®lms are highly 
conductive with a resistivity (Figure 4A) close to 0.3 mW cm. As 
a result of the increase of the pressure from 10- 3 to 10- 2 mbar, 
the compressive stress of the titanium carbide layer decreases 
(- 130 MPa). The slight decrease of the electrical conductivity 
is usually ascribed to a larger amount of defect, porosity, or 
grain boundaries.[19] This is even more clear at higher pressure 
(10- 1 mbar), under which the stress is constant and the resis-
tivity increases to 15 mW cm due to the porous morphology of 
the columnar growth (Figure S1C, Supporting Information). 
The change of the ®lm composition versus the operating pres-
sure is reported in Figure 4B. The Ti/C ratio changes linearly 
with the pressure and reaches 0.8 at 10- 2 mbar. The change 
of Ti/C ratio (0.75 ®  0.8) (from 10- 3 to 10- 2 mbar) could also 
explain the slight decrease of the electrical conductivity.[34] The 
atomic content of carbon is about 55% ± 2 in most of the TiC 

®lms. According to the phase diagram[35] of the TiC, two dif-
ferent phases coexist between 500 and 3000 °C for a carbon 
content higher than 48%: a TiC phase and a carbon one. As 
a result, wavelength dispersive spectroscopy (WDS) analysis 
(Figure 4B,C) shows few carbon particles. The absence of any 
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 0.4-mm-thick 
TiC ®lms deposited at 10- 2 mbar. The TiC target exhibits two 
sets of peaks: the ®rst set with strong peaks intensity at 240, 
440, and 609 cm- 1 corresponds to the TiC. Smaller peaks at 
1370 and 1570 cm- 1 are attributed to the D band and G band 
of carbon. Similar features were observed for the sputtered TiC 
thin ®lm. Three peaks at low Raman shift are attributed to the 
TiC thin ®lm. The additional peak at 520 cm- 1 corresponds 
here to the silicon substrate. Strong peaks measured at 1380 
and 1570 cm- 1 are assigned to the excess of carbon (carbon 
phase) in the TiC layer. A similar behavior was observed regard-
less of the deposition pressure. The argon ¯ow applied during 
the deposition process does not signi®cantly affect the TiC 
properties (Figure S3, Supporting Information).

In summary from the study of sputtered 0.4 mm thick TiC 
®lms, it turns out that a deposition temperature of 750 °C 
under an operating pressure of 10- 2 mbar leads to the forma-
tion of dense, low stress, electrically conducting TiC ®lms. 
These deposition parameters were selected to prepare thicker 
TiC ®lms (>1 mm). To gain a better insight into the growth 
mechanism of sputtered titanium carbide thin ®lms, a study 
was carried out on the two processes leading to the ®lm 
densi®cation (ad-atoms diffusion process and ion peening 
effect). This in depth study onto the sputtered titanium carbide 
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Figure 4." A,B)"Change"of"stress,"resistivity,"and"Ti/C"ratio"as"a"function"of"the"deposited"pressure."C)"Top"surface"mapping"of"TiC"thin"®lm"performed"
by"WDS."D)"Raman"spectroscopy"of"the"TiC"target"and"the"sputtered"thin"®lm"at"0.01"mbar.
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material is really meaningful to pave the way toward the growth 
of strongly bonded metal carbide thick ®lms on silicon wafer. 
The thickness of the titanium carbide layers was progressively 
increased. Based on the sputtering conditions (10- 2 mbar, T = 
750 °C so T/Tm = 0.3), the ®lm morphology was found to exhibit 
a dense and columnar morphology. Moving to higher pressure  
(10- 1 mbar) seems to be an interesting way to produce thicker 
layers (stress-free layers). However, the high resistivity and 
porous morphology of the ®lms are not suitable for preparing 
strongly bonded carbon ®lms with high volumetric/surface 
capacitances after chlorination.[14]

2.3. Increase of the Film Thickness

Figure S4 (Supporting Information) shows the ®lm properties 
as a function of the thickness. XRD analysis (Figure S4A,B, 
Supporting Information) reveals ®rst that the main diffrac-
tion peaks do not shift toward lower or higher 2 theta value, 
meaning that the stress does not in¯uence the lattice param-
eter for such thick ®lms. The I (111)/ I (200) intensity ratio clearly 
shows a (111) preferential orientation of the TiC layers at low 
thickness (<2 mm thick). For thicker ®lms, the intensity ratio 
tends to the theoretical value of 1. The thickness and the 
roughness were measured as a function of the deposition time 
(Figure S4C, Supporting Information). The deposition rate 

appears to be close to 0.9 mm h- 1 when considering the oper-
ating deposition parameters (PDC = 150 W, Ar ¯ow = 100 sccm, 
pressure = 10- 2 mbar, and temperature = 750 °C). As expected, 
the roughness is increased from 1 to 150 nm for thicker TiC 
layer, in the range of 1% of the thickness layer.

The ®lm morphology was investigated as a function of the 
thickness and the values are reported in Figure S5 (Supporting 
Information). The AFM top surface and SEM cross-section 
analyses were combined to study the ®lm morphologies. A 
large scanning area is taken into account to get a good overview 
of the TiC surface (20 mm ´  20 mm) 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 
diameter. This is consistent with a columnar growth of metal 
carbide in the Zone T (Figure 1).

TEM investigation performed on TiC deposited at 10- 2 mbar  
shows the growth evolution of TiC crystals from the Si sur-
face, where randomly oriented nanocrystals were observed 
as supported by the selected area electron diffraction (SAED) 
(Figure 5B), to the TiC bulk, in which elongated crystals were 
formed with structural dislocations (Figure 5C,D). Figure 5G 
exhibits an elongated TiC structure that forms two boundaries 
with two crystals oriented along the [111] direction with a rela-
tive tilt of 10° (30° red area and 20° green area, respectively), 
which induces a strain in the structure (Figure 5H±J). The 
elongated structure consists of screw dislocations, as observed 
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Figure 5." TEM"characterization"of"an"FIB/SEM"cross-section"of"the"Si/TiC/CDC"material"at"different"areas."A)"TEM"image"of"Si/TiC"interface"showing"
the"structural"evolution"of"TiC"during"the"growth"onto"the"Si"surface"with"the"formation"of"elongated"structures."B±D)"Electron"diffraction"patterns"
of,"respectively,"Si/TiC" interface"(orange"square" in"(A))"showing"spots"of"right"orientated"Si"structure"and"rings"associated"to"randomly"orientated"
nanocrystals"of"TiC"(Fm-3m);"TiC"close"to"the"Si"surface"(red"square"in"(A))"showing"rings"with"brighter"sections"revealing"the"presence"of"partially"
orientated"structures;"TiC"elongated"structures"(blue"square"in"(A))"exhibiting"bright"arcs"which"are"related"to"preferential"orientations."E)"HRTEM"
image"of"randomly"orientated"TiC"nanocrystals"on"the"Si"surface."F)"HRTEM"images"of"elongated"TiC"crystals."The"high-resolution"image"(G)"shows"
an"elongated"TiC"structure,"which"form"two"boundaries"with"two"crystals"(111)"having"different"orientations"at"H)"30°"(red"area)"and"J)"20°"(green"
area),"respectively,"as"shown"in"the"FFT"(fast"Fourier"transform)"images."I)"Based"on"the"Fourier"transform,"the"TiC"crystalline"part"is"consisting"of"both"
orientations"(20°"and"30°)"and"presents"clear"discontinuities,"which"are"associated"with"structural"dislocations."K)"Screw"dislocations"can"be"observed"
with"clear"dislocation"lines"from"which"a"Burgers"vector"can"be"de®ned"(inset).



F
U

LL P
A

P
E

R

 "2017"WILEY-VCH"Verlag"GmbH"&"Co."KGaA,"Weinheim wileyonlinelibrary.com (8"of"10)"1606813Adv. Funct. Mater."2017,"27,"1606813

www.afm-journal.dewww.advancedsciencenews.com

in the HRTEM (high resolution transmission electron micros-
copy) image of Figure 5K. A screw dislocation in the lattice 
structure is a result of shear stress. The defect line movement 
is perpendicular to the direction of the stress and the atom dis-
placement. In the inset, the dislocation line and a Burger vector 
are indicated. After each dislocation line, the structure is shifted 
of a half of (111) distance and slightly tilted to adapt the strain 
from 20° to 30° in orientation. The screw dislocations break the 
symmetry of the crystal and produce self-perpetuating steps to 
enable 1D crystal growth.[36] The presence of an axial screw dis-
location distorts the lattice planes, which generates a dark line 
of contrast, as observed in Figure 5A. This analysis shows that 
even if the stress level of the sputtered TiC at 10- 2 mbar is rela-
tively low (- 150 MPa), the high thickness of the TiC ®lm leads 
to screw dislocations, which do not in¯uence the mechanical 
strength of the TiC for micro-supercapacitor applications.

2.4. Electrochemical Characterization of the CDC Electrodes

The power performances of metal oxide MSC based on a thick 
electrode are impacted by the poor electronic conductivity of 
the electrodes. Therefore, the binder-free CDC electrodes could 
be used as thick layers (<10 mm thick) owing to the high con-
ductivity and the open porosity of the carbon materials. For that 
purpose, the sputtering conditions were optimized to achieve 
the deposition of thick, stress free, and dense TiC ®lms for 
micro-supercapacitors applications. First, a 12.5-mm-thick TiC 
®lm deposited at 10- 2 mbar and 750 °C was studied so as to 
demonstrate the feasibility of this process. The roughness 
(scanning area = 50 mm ´  50 mm) appears to be relatively steady 
about 90 nm before and after the chlorination (Figure 6A). 
The mechanical strength of the 12.5 mm thick sputtered TiC 

is preserved. Hence, the TiC-CDC electrodes clearly exhibit a 
strong adhesion onto the silicon wafer due to partial chlorina-
tion of the sputtered TiC layer. The cross-section of a 12.5 mm 
thick sputtered TiC, which was chlorinated during 6 min, is 
reported in Figure 6B. The thicknesses of the TiC-CDC elec-
trode (partial chlorination) and the TiC underlayer were meas-
ured and are close to 6.7 and 5.8 mm, respectively. A focus at 
the TiC-CDC/TiC interface clearly shows that the etched rate 
of the chlorination process is homogenous as already shown 
recently.[1] The Raman spectroscopic measurement is reported 
on Figure 6C before (TiC ®lms) and after (TiC-CDC electrode) 
the chlorination at 450 °C. It reveals that the chlorination pro-
cess allows producing an amorphous carbon layer with a high 
degree of disorder (ID/ IG = 0.77). Once the fabrication process 
of thick CDC ®lm is established, the electrochemical perfor-
mances of CDC electrodes were estimated as a function of the 
deposition pressure. To carry out such a study, three TiC ®lms 
(2.6, 3.3, and 5 mm thick) deposited at three different pressures 
(10- 3, 5 ´  10- 3, and 10- 2 mbar, respectively) were chlorinated 
in the same conditions. Low deposition pressure induces high 
stress within the TiC layer. Consequently, the thickness of the 
TiC layer is limited to few micrometers. The chlorination rate, 
i.e., the CDC growth rate, is estimated at 1.1 ± 0.1 mm min - 1 
for sputtered TiC at 10- 2 mbar and 0.3 ± 0.1 mm min - 1 for 
the one deposited at 10- 3 mbar. The lower growth rate of the 
low pressure TiC-CDC sample is probably due to the TiC ®lm 
densi®cation caused by both ad-atoms diffusion process and 
ion peening effect. After an annealing of the CDC electrodes  
(1.5, 1.3, and 3.2 mm thick) under vacuum at 600 °C, the elec-
trochemical performances in aqueous electrolyte (1 M H2SO4) 
are reported on Figure 6D,E. Based on the cyclic voltammetry 
(CV) (5 mV s- 1) depicted in Figure 6D, we demonstrate that 
the deposition pressure does not have a strong in¯uence onto 

Figure 6." Study"of"the"TiC"and"TiC-CDC"thin"®lms"properties"as"a"function"of"the"deposition"pressure."A)"Evolution"of"the"roughness"before"and"after"
chlorination:"AFM"top"surface"analysis"(scanning"area"="50"mm"´ "50"mm)"reveals"no"change"of"the"roughness"(%"88"±"5"nm)"owing"to"the"chlorina-
tion"process."B)"SEM"fracture"analysis"of"12.5"mm"thick"sputtered"TiC"layer"(10- 2"mbar"and"750"°C)"chlorinated"at"450"°C"during"6"min."C)"Raman"
spectroscopy"of"sputtered"thick"®lms"before"and"after"chlorination."The"ID/ IG"ratio"is"found"to"be"close"to"0.77."D)"Cyclic"voltammograms"recorded"at"
5"mV"s- 1"in"1"M"H2SO4"for"on-chip"TiC-CDC"chlorinated"at"450"°C"as"a"function"of"the"deposition"pressure"of"the"TiC"thin"®lms"(10- 3"mbar"(dashed"
line),"5"́ "10- 2"mbar"(open"circles)"and"1"´ "10- 2"mbar"(solid"circles))."E)"Change"of"the"resistivity"of"the"sputtered"TiC"thick"®lms"(bottom)"and"of"the"
volumetric"capacitance"delivered"by"the"TiC-CDC"electrodes"(top)"with"the"TiC"deposition"pressure.
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the CDC performance, reported per F cm- 3, as the three CVs 
are similar. The volumetric capacitances extracted from these 
CV are close to 350 F cm- 3 (Figure 6E top) regardless of the 
pressure. This value is similar to that of a recent work.[1] Never-
theless, the meaningful metric for micro-supercapacitors deals 
with reporting the areal/surface capacitance. In that respect, 
taking into account a constant volumetric capacitance, one 
trendy way to improve the surface capacitance is to increase the 
CDC thickness. If the TiC-CDC thickness is limited by the TiC 
thickness (and so by the deposition pressure owing to the ®lm 
stress), there is no reason to attempt to improve the surface 
performance with a thicker layer.

In this study, the surface capacitance moves from 
53 mF cm- 2 (TiC (2.6 mm) deposited at 103 mbar ®  CDC 
1.5 mm thick) to 103 mF cm- 2 (TiC (5 mm) deposited at  
10- 2 mbar ®  CDC 3.2 mm thick). In addition, the capacitance 
value delivered by the as-prepared on-chip CDC ®lms was stable 
over 10 000 cycles regardless of the TiC deposition pressure 
(Figure S6A, Supporting Information). The areal energy density 
is calculated as expressed in the Experimental Section. In terms 
of performance, the as-prepared TiC-CDC electrodes delivered 
high energy densities, moving from 6.0 to 11.6 mWh cm- 2 while 
increasing the deposition pressure to produce stress-free and 
thick TiC layer. A Ragone plot is reported in Figure S6B (Sup-
porting Information) in order to benchmark MSC based on 
CDC with other carbon technologies (graphene[37] and carbon 
nanotubes[38]) tested in aqueous electrolytes. The fabrication 
process of such MSC has already been reported recently.[1] 
For the sake of clarity, the energy and power densities are nor-
malized to the footprint area, in an interdigitated electrode 
con®guration. In this way, the areal energy density of a micro-
supercapacitor corresponds to capacitance of an electrode 
(Celectrode) divided by 4 (Celectrode/2 in a parallel plate con®gu-
ration). From this Figure S6B (Supporting Information), the 
performance of the CDC technology is clearly demonstrated, 
challenging the best carbon-based devices reported so far.

3. Conclusion

In summary, we have reported a ®ne-tuning of the sputtered 
TiC acting as a precursor metal carbide layer for CDC elec-
trodes of micro-supercapacitors. Our strategy developed here 
allows us to produce thick, stress-free, and highly conductive 
TiC ®lms. The ad-atoms diffusion process and atomic peening 
are crucial parameters to control the layer growth, which is, 
respectively, resulting from both the temperature and pressure 
parameters of the TiC sputtering process.

In this respect, the best compromise was achieved when the 
sputtering deposition of the TiC layers was performed at 750 °C 
and 10- 2 mbar, allowing to produce the required metal carbide 
precursors for MSC electrodes. From electrochemical analyses, 
we show that the volumetric capacitance of three different 
TiC-CDC ®lms deposited, respectively, at 10- 3, 5 ´  10- 3, and  
10- 2 mbar, chlorinated at 450 °C and tested in aqueous electro-
lyte is kept constant around 350 F cm- 3. Nevertheless, to pro-
duce high surface capacitance, binder-free carbon electrodes, the 
thickness of the TiC-CDC layers should be raised. However, this 
raise is not reachable because the TiC thickness is limited by 

the high level of stress due to the low deposition pressure. The 
surface capacitance of the TiC-CDC electrodes shifts from 53 
mF cm- 2 for the TiC deposited at 10- 3 mbar (CDC thickness = 
1.5 mm) to 103 mF cm- 2 for the sputtered TiC ®lm at 10- 2 mbar 
(CDC thickness = 3.2 mm). We demonstrate here that the stress 
within the TiC deposited at 10- 3 mbar is so high that it results 
in cracks/delamination process of the layer as soon as the thick-
ness of the TiC is higher than 2.5 mm. The mechanical integrity 
of the ®lm and the adhesion on the silicon wafer is too weak for 
MSC application. The electrical conductivity value was estimated 
to be relatively high for both TiC and TiC-CDC layers on the 
condition that the deposition pressure is kept below 10- 2 mbar. 
De®nitively, this study on the sputtered TiC thick ®lms paves the 
way to high surface capacitance electrodes for MSC applications.

4. Experimental Section
TiC Film Deposition:"Titanium"carbide"(TiC)"thin"®lms"were"deposited"

using" a" nonreactive" DC-MS" on" silicon" (Si)" or" Si/SiO2" wafers." The"
(Alliance"Concept)"DP"650s"sputtering"equipment"was"used" to"achieve"
the"thin"®lm"deposition"after"pumping"to"a"base"vacuum"of"10- 7"mbar."
Homogeneous"deposits"were"obtained"by"keeping"the"distance"between"
the" target" and" the" substrate" at" 70" mm." A" TiC" target" (99.5*," 10" cm"
diameter,"6"mm"thick)"was"sputtered"under"argon"atmosphere"in"the"DP"
650"sputtering"equipment."DC"power"density,"argon"¯ow"rate,"deposition"
pressure," deposition" time," and" operating" temperature" during" the"
deposition" were" investigated" separately." The" pressure" in" the" chamber"
and"the"temperature"(up"to"750"°C)"were"carefully"tuned"for"depositing"
highly"conductive,"dense,"crystalline,"stress"free,"thick,"and"smooth"TiC"
thin"®lms.

Electrical, Mechanical, and Structural Properties of the TiC Films:"
Electrical" measurements" (resistivity" mapping)" were" achieved" using" a"
Semilab"WT"2000PVN"contactless"equipment" (mapping"area"#"3"cm2)."
Stress" measurement" was" performed" with" the" FSM" 500" TC" system"
using" a" nondestructive" laser" scanning" technique" to" measure" the"
change" of" curvature" induced" in" the" wafer" due" to" the" deposited" ®lm."
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"®lm"stress"was"deduced"from"
the"Stoney"formula"taking"into"account"the"two"measured"curvatures."An"
AFM"(Dimension"3100)"was"used"to"measure"the"surface"roughness"of"
the"TiC"and"CDC"thin"®lms."A"Zeiss"Ultra"55"SEM"was"used"to"determine"
the"thickness"of"the"TiC"layers"as"well"as"their"morphology.

Characterization"of"the"TiC"structure"was"performed"using"aberration-
corrected" transmission" electron" microscope" (JEOL-ARM200F)." High-
resolution" TEM" images" and" SAED" patterns" were" acquired" using" this"
microscope"at"200"keV"and"equipped"with"a"Cs" image"corrector"and"a"
Cold-FEG"(®eld"electron"gun).

The"samples"were"prepared"by"cutting"thin"slices"of"the"SiO2/TiC/CDC"
samples"using"FEI"Strata"DB"235"focused"ion"beam"(FIB),"perpendicularly"
to" the" surface." Raman" spectra" were" recorded" using" a" micro-Raman"
spectrometer"LabRAM"HR" (Horiba"Jobin-Yvon,"wavelength"="473"nm).""
The" X-ray" diffraction" structural" characterization" of" the" ®lms" was"
undertaken" using" a" Rigaku" SMARTLAB" multipurpose" six-axis"
diffractometer" (9" kW" rotating" anode)" in" Bragg±Brentano" re¯ection" or"
high" resolution" parallel" beam" modes" (with" soller" slits" 5°" and" a" PSD"
1D" detector" DTEX)" delivering" CuKa" radiation" (l " =" 1.5418" +)." WDS"
(CAMECA" SX" 100)" was" used" to" determine" the" ®lm" composition" and"
especially"the"Ti/C"ratio.

Chlorination of TiC Films Deposited Onto Si Wafers:" All" the" TiC"
samples" were" transformed" into" porous" CDC" ®lms" by" heat" treatment"
at" 450"°C" under" Cl2" atmosphere" following" the" equation" TiC"+" 2Cl2"® "
TiCl4"+"C."Annealing"was"performed"at"600"°C"for"2"h"under"vacuum"in"
order" to" remove" the"chlorine"species" trapped" into" the"nanopores."The"
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resulting" nanoporous" carbon" was" investigated" as" a" CDC" electrode" for"
micro-supercapacitors.

Electrochemical Analysis of the CDC Electrodes:" Electrochemical"
characterizations"of"the"®lms"were"conducted"using"a"multipotentiostat"
(VMP3," Biologic" Company)" in" aqueous" electrolyte" (1"M" H2SO4)" using"
conventional" three-electrode"setup."The"sample" (CDC"®lm"grown" from"
an" underneath" layer" of" TiC" deposited" onto" Si" wafer)" was" used" as" the"
working"electrode."A"Hg/Hg2SO4"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" ®lm." The" areal" energy"
densities"were"calculated"from"the"following"equation"(Equation"(3))"

E CV1
2

2=
 

(3)

where"E"stands"for"the"areal"energy"density"in"J"cm- 2,"C"the"capacitance"
in"F"cm- 2,"and"V"the"potential"window"in"volts."The"energy"density"could"
be"converted"in"Wh"cm- 2"dividing"by"3600.

Supporting Information
Supporting" Information" is" available" from" the" Wiley" Online" Library" or"
from"the"author.
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