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ABSTRACT Titanium silicide (TiSi) contacts are frequently used metal-silicon contacts but are known
to diffuse into the active region under high current density stress pulses. Recently, we demonstrated
that graphenic carbon (GC) deposited by CVD at 1000 ◦C on silicon has the same low Schottky barrier
as TiSi, but a much improved reliability against high current density stress pulses. In this paper, we
demonstrate now that the deposition of GC is possible at 100 ◦C − 400 ◦C by a sputter process. We
show that the sputtered carbon-silicon contact is over 1 billion times more stable against high current
density pulses than the conventionally used TiSi–Si junction, while it has the same or even a lower
Schottky barrier. SC can be doped by nitrogen (CN) and this results in an even lower resistivity and
improved stability. Scalability of the CN thickness down to 5 nm is demonstrated. The finding that there
is a low temperature approach for using the excellent carbon properties has important consequences for
the reliability of contacts to silicon and opens up the use of GC in a vast number of other applications.

INDEX TERMS Carbon, contact resistance, ESD, graphene, metal-semiconductor, reliability, PVD,
Schottky barrier, Schottky diode, silicide, sputterig, TiSi.

I. INTRODUCTION
Metal to semiconductor contacts are essential elements in
integrated and discrete electronic devices. Common source
and drain contacts in state-of-the-art FinFETs rely on the
formation of titanium silicide (TiSi) [1]–[3]. TiSi provides a
very low Schottky barrier height (SBH) to silicon, that’s why
it is also highly appropriate for Schottky diodes in zero bias
detector and mixer applications up to THz frequencies [4],
[5]. The low barrier height makes TiSi very promising
for further contact resistance reductions to NMOS and
PMOS devices [6], [7]. However, titanium-based contacts
exhibit a low thermal stability [8], [9], which is not suit-
able for increased Joule heating by large current densities in
downscaled devices.
The high current density j during an electrostatic discharge

(ESD) event can induce high temperatures in the device as
the power P per volume V (power density) in a conductor

during an ESD event is given by
P

V
= j · E = j2 · ρ. (1)

Here, E is the local electric field and ρ is the electrical
resistivity of the conductor. The damage to the device and
consequently the reliability is mainly influenced by the mag-
nitude of the applied current density, which is why we only
consider current pulses in the following. A pulse can hence
force a diffusion and migration of the interface material
or the top metallization into silicon, which degrades the
inherent electrical properties of the interface contact or even
cause a complete failure of the device due to a junction
burnout [10]–[17].
Graphene [18] still lacks being used in semiconduc-

tor devices but is heavily investigated for next generation
interconnects. It was demonstrated that copper (Cu) wires
encapsulated by graphene [19] and doped individual
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multilayer graphene-nanoribbon [20] are very promising in
their electrical and reliability properties to improve or replace
the predominantly used Cu interconnects. Graphenic carbon
(GC) materials [21]–[23] gained already some attraction for
their adoption in semiconductor products. Previously, it was
utilized as electrodes in DRAM capacitors [24], as switching
material for non-volatile memories [25] and as highly stable
membranes [26].
We reported earlier [10], [11] that a CVD-deposited GC

contact to silicon (CVD-C-Si) has similar electrical proper-
ties as TiSi-Si but a much higher temperature stability and a
more than 100 million times improved stability against ESD
current pulses. Unfortunately, the deposition temperatures of
850 ◦C – 1000 ◦C are not compatible with many applica-
tions where temperature budget restrictions of about 400 ◦C
for middle and back end of line (MOL/BEOL) of advanced
nodes are in place. More recently, we demonstrated that a
low temperature sputtered graphenic carbon (SC) is possible
and the SC could be doped with nitrogen (CN), which lowers
the resistivity. SC and CN showed an enhanced reliability
compared to CVD-C-Si and TiSi-Si [27]. In this extended
paper, we will discuss these results more thoroughly as we
review the carbon deposition process and related electrical
properties in much more detail.

II. SPUTTERED CARBON – PROCESS AND PROPERTIES
Sputtered carbon can form a large variety of allotropes, rang-
ing from graphitic/graphenic to diamond-like formations. It
heavily depends on the sputtering method and deposition
parameters [28]. Our focus is more on the electrical proper-
ties of the film where the electrical resistivity ρ was reported
to range from 10−2 � cm to 1010 � cm [28]–[34].

We sputtered carbon in a physical vapor deposition (PVD)
process from a 4” graphite target (purity 99.999%) with an
RF magnetron plasma source on a non-biased but heated
substrate, which was 70mm away from the carbon target.
The base pressure in the sputter chamber, which is equipped
with a liquid nitrogen cold trap, was < 2 × 10−7 mbar. The
plasma was operated at very low argon (Ar) pressure p
(2 µbar to 16 µbar) as such a range is necessary to achieve
a very low resistivity [29].
Furthermore, we investigated the nitrogen-doped carbon

films, as nitrogen (N) can reduce the resistivity of the car-
bon film and values < 10−2 � cm are reported [35]. The
N-doping leads to a shift of the Fermi level towards the
conduction band, that’s why nitrogen acts as electron donor
and is considered as n-type doping [36], [37]. We prepared
the CN films with the same process setup as for SC, only
the nitrogen gas (N2) was added to the argon gas (Ar). The
maximum available gas flow ratio in our setup, restricted by
the mass flow controllers, was Ar/N2 = 56. This leads to a
concentration of 3.5 at.% N in the plasma. The incorporated
content of N in the CN films was measured by XPS to be
in the order of 11 at.%. This is different to [38] and [39] as
they measured, it stays below 5 at.% at this nitrogen/argon
ratio – at least for the unbalanced magnetrons that they were

using. All the sputtered films showed very good adhesion
to Si, SiO2 and SiN, as if covalent bonds are formed. The
adhesion to the metal parts in the PVD chamber is generally
not very strong. A good adhesion is only achievable if the
parts are bead blasted or well precoated with titanium.
The deposition of SC and CN was performed on a heat-

able substrate holder at temperatures T ranging from 20 ◦C
to 400 ◦C directly on polished silicon with thermal silicon
oxide (SiO2) on top. An additional heating of the sample
due to the plasma irradiation was not taken into account.
The temperature and pressure are key parameters for the
crystallinity of the film [40].
The Raman spectra in Fig. 1(a) highlight that SC sput-

tered on a substrate with a temperature of 20 ◦C has no
clearly distinguishable D- and G-peak, which is generally
observed for amorphous structures [41]. In contrast, a film
deposited at 400 ◦C clearly shows the D- and a dominat-
ing G-peak, which indicates that graphenic sp2-bonds are
present. An annealing of a SC film deposited at 20 ◦C at
550 ◦C in hydrogen (H2) for 1 h is necessary to get a Raman
spectrum, which shows similar graphenic features. The CN
films clearly display a D- and a dominating G-peak at all
temperatures showing a higher content of sp2-bonds [42].
The C≡N peak in the Raman spectrum indicates that sp-
bonded N is incorporated into the film, but also sp2- and
sp3-bonds between C and N are formed during the sputter
process.
A surface analysis with an atomic force microscope

(AFM), like shown in Fig. 1(b)-(g), underlines that the
SC sputtered at 20 ◦C has a very low surface roughness
and no grain boundaries are recognizable as it is more
amorphous. At 400 ◦C substrate temperature, the surface is
rougher and polycrystalline graphitic clustering occurs. The
CN film features a much smaller grain size at 400 ◦C asso-
ciated with a smoother surface. The CN films sputtered at
20 ◦C exhibit a very similar surface as the film deposited at
higher temperature.

III. SCHOTTKY DIODE TEST VEHICLE
The reliability of a metal-semiconductor interface is fre-
quently evaluated with Schottky diodes for high frequency
applications. These devices are very prone to any changes at
the junction region, which can be enforced by an electrical
stress or just by high temperatures [43]–[46]. A damaged
or deteriorated diode can be identified by monitoring the
characteristics of the Schottky diode at a fixed reverse bias
voltage. A degradation of the properties shows up as an
increased reverse leakage current [11]. The reliability of
the devices, and consequently of the metal-semiconductor
interface, is often investigated with a high voltage or current
pulse, like shown in Fig. 2(a). The pulses have com-
monly a width of 100 ns [47] which is similar to the
ANSI/ESDA/JEDEC JS-001-2012 Human Body Model [48]
and the IEC61000-4-2 test standard [49].
In our experiments we used a vertical Schottky diode struc-

ture with an active area of 45.36 µm2 to evaluate the impact
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FIGURE 1. (a) Raman spectra (offset for clarity) of SC and CN films sputtered at a substrate temperature of 20 ◦C and 400 ◦C, respectively. The used
excitation wavelength is 532 nm. The spectrum of the SC film established at 20 ◦C is more of amorphous structure as indicated by the higher and wider
D-peak than the G-peak of the Gaussian deconvolution of the spectrum. A ratio of ∼ 1 of the fitted D- and G-peak (not shown) was found for CN at 20 ◦C.
The pronounced G-peak is always higher than the D-peak for the films deposited at 400 ◦C, which indicates the prevalence of graphenic sp2-bonds.
(b)-(g) Comparison of the surface roughness and the corresponding height profile along the dashed line of SC and CN films measured with an AFM. (b)
and (e) show the surface and profile of a SC film sputtered at 20 ◦C. The root-mean-square surface roughness (RRMS) is only 0.35 nm. The profiles of a SC
film sputtered at 400 ◦C in (c) and (f) show a rougher surface and the surface nucleation of carbon leads to a polycrystalline texture. (d) and (g) illustrate
the surface and height profile of a CN film deposited at 400 ◦C. It is smoother than the SC sample deposited at 400 ◦C as CN seems to have a higher
nucleation density and growths more in a nanocrystalline fashion.

FIGURE 2. (a) A measured waveform of a 100 ns current pulse with a
rise/fall time of < 15 ns and an average current density j = 3.5MA/cm2,
which was measured with a Tektronix CT-1 current sensor. (b) Schematic
cross-section of a TiSi-Si Schottky diode where Ti or TiSi diffuses into the
n−-Si epitaxial layer and could even reach the highly doped substrate by
the application of high current pulses. Adapted from [11].

of a high current pulse on the reliability of the metal-silicon
interface. The used test vehicle is a BAT15 Schottky diode
from Infineon [50], a low SBH diode for mixer and detector
applications. In its commercial available version it uses TiSi
as the interface material to silicon (TiSi-Si) and consists of
a thin n−-epitaxial layer with a thickness of 150 nm. This
thin layer is very susceptible to degradations in its electrical
reverse bias characteristics when contaminations like metal
ions enter this epitaxial region. Pulses with high power den-
sity can force the diffusion of Ti/TiSi into the epitaxial layer
which can short-circuit the diode, like illustrated in Fig. 2(b).

IV. ELECTRICAL CHARACTERIZATION
In Fig. 3(a)-(c), we evaluated the electrical film resistivity
ρ by a four probe measurement as a function of the used
RF power P, working pressure p and substrate temperature
T on silicon substrates with 300 nm of SiO2 on top. The
sputtered films had a thicknesses of 35 nm. From Fig. 3(a),

one can conclude that a further increase of power could lead
to an even lower resistivity as the slope is quite linear and
doesn’t converge to a minimum value within the displayed
range. The CN film exhibits a 2-times lower resistivity at the
same sputter conditions as nitrogen acts as an electron-donor
and therefore approaches the value of CVD-C (∼ 1m� cm),
which was deposited at 1000 ◦C. A further increase in the
power could lead the way to an improved carbon film but
we were cautious not to overheat the target.
The sputtered film resistivity is quite sensitive to the pres-

sure and increases for > 8 µbar very rapidly and the minimum
ρ might not be located much below 2 µbar, like illustrated
in Fig. 3(b). For our electrical evaluations, we used 4 µbar
instead of 2 µbar or lower, even if it would lead to a lower ρ,
as the surface analysis showed a higher surface roughness
at lower pressure.
An increase in the substrate temperature leads to a strong

decrease in the resistivity as a graphitization seems to occur
at increased temperatures (Fig. 3(c)).
Furthermore, the sputtered carbon films show a negative

temperature coefficient (NTC) like the CVD-C, as displayed
in Fig. 3(d). At an increased temperature more electrons are
populating the conduction band, which is more pronounced
in high resistivity samples. The carbon film deposited at
20 ◦C shows at 200 ◦C an ∼ 65% higher conductivity. In
contrast, the CVD-C is at room temperature already a good
conductor with already more free electrons available and this
results in a ∼ 15% conductivity increase at 200 ◦C.

When exposed to atmosphere, the resistivity of SC con-
tinuously drifts to higher values. The relative drift, which
saturates after a few days at about 50% to 100% above
the as-fabricated value, depends on the sputter process
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FIGURE 3. Dependence of the electrical resistivity ρ of SC films on the sputter condition and in comparison with a CN film. The values of power P,
pressure p and the deposition temperature T are 125 W (1.59 W/cm2), 4 µbar and 400 ◦C, respectively, if they were not varied. The ratio of the sputter gas
flow for the CN film is Ar/N2 = 56, as a lower ratio leads to higher resistivity. (a) shows ρ of SC for different sputtering power P and compares it to the CN
film. (b) and (c) show ρ as a function of p and of T. (d) Measurement of the temperature-dependent relative electrical resistivity ρ/ρ0 of CVD-C deposited
at 1000 ◦C, CN deposited at 400 ◦C and SC deposited at 400 ◦C and 20 ◦C, respectively. ρ0 is the initial resistivity at T0 = 25 ◦C. All of them feature a NTC α,
which was fitted for simplicity with a linear behavior over the measured T range.

conditions. Similar findings where previously reported by
Broitman et al. [35]. In contrast, the CN films was stable at
all times and the variation there was below 1%.
A BAT15 silicon test vehicles with all the same dimen-

sions, dopants and guard ring structure as the commercial
available device was used to sputter carbon or nitrogen-
doped carbon as “metallic contact” onto silicon, like shown
in Fig. 4(a). This enables a direct comparison of SC-Si
and CN-Si to TiSi-Si and CVD-C-Si [11]. The substrates
were prepared by ultrasonic cleaning in acetone and iso-
propyl alcohol before a full RCA clean. It is very crucial to
have a contamination-free silicon substrate for the reliability
tests as every ion or impurity could contribute to a possible
degradation of the device. The native oxide on the devices
was immediately removed before the sputter deposition by
a dip in a 5% solution of hydrofluoric acid (HF) to get
a pure hydrogen-terminated silicon surface on the BAT15
structure and a well defined carbon-Si interface. The time
delay between HF-dip and insertion to the sputter chamber
was below 3min. The delay between insertion and deposi-
tion was 20min due to the heating of the substrate to 400 ◦C
before the deposition was started.
The top metallization of the diodes consists of a stack of

50 nm of Ti, 1.2 µm of Cu and 40 nm of Au, which was
deposited by electron-beam evaporation through a shadow
mask onto SC or CN. No additional annealing of the metal
stack was performed after the deposition. The thick Cu acts
as additional heat sink and prevents current crowding during
the device operation. Finally, the carbon was structured in
a H2 plasma with the top metallization acting as a hard
mask so that the carbon is fully removed at the non-covered
regions.
The dc characteristics in Fig. 4(b) illustrate that the SC-Si

diode prepared at 20 ◦C results in a non-ideal diode charac-
teristics. The reason for this is not evaluated in detail but it
points more likely to the non-metallic Poole-Frenkel emis-
sion transport in the carbon film, which is often observed for
amorphous carbon [33], [51]. However, a substrate tempera-
ture of 100 ◦C is sufficient to change the dc characteristics to
that of a Schottky diode having a low ideality factor as the

FIGURE 4. (a) A schematic cross-section of the used Schottky diode with
guard ring structure, based on the BAT15 diode, and SC or CN as interface
material to silicon. The diameter D of the active region is 7.6 µm (area is
45.36 µm2). (b) J-V curves of SC-Si diodes sputtered at different sputter
temperatures whereas power and pressure were kept constant. The diode
sputtered at 20 ◦C has a lower SBH (0.45 eV) but the forward behavior is
far from ideal. A substrate temperature of 100 ◦C is sufficient to change
the conduction properties of the carbon-silicon interface and the diode
shows electrical characteristics close to a device sputtered at 400 ◦C.

SC gets metallic, graphenic properties. A further increase in
the deposition temperature results in a even better charac-
teristics, which results in a slightly better ideality factor and
lower series resistance.
The SC-Si diode is even close to the electrical characteris-

tics of a TiSi-Si and a CVD-C-Si diode as it also shows a low
Schottky barrier height (SBH) of 0.48 eV (Fig. 5(a)). The
CN-Si deposited at a 400 ◦C substrate temperature exhibits a
much lower SBH (0.42 eV), which is beneficial for the cre-
ation of low ohmic contacts but the characteristic in forward
direction is not as ideal as the TiSi-Si diode. The break-
down voltage and the reverse leakage depend on the SBH
of the contact and the used temperature budget, which can
induce a diffusion of the dopants (Fig. 5(b)). The CN-Si
diode even performs better than a CVD-C-Si diode as it
has a lower SBH but the breakdown voltage is the same. It
has lower leakage current at Vr > 1V because the CN was
deposited only at 400 ◦C in contrast to the 1000 ◦C used in
the CVD process. No dopant diffusion occurs at low deposi-
tion temperatures, which would otherwise change the reverse
breakdown voltage.
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FIGURE 5. Comparison of the dc characteristics of a TiSi-Si, a CVD-C-Si, a
SC-Si and a CN-Si diode. The thickness of the CVD-C is 28 nm and of the SC
and CN is 35 nm. (a) Ideality factor n, SBH φB and area-normalized series
resistance RS are displayed. The electrical properties of all types of carbon
on silicon are very close to TiSi-Si. The CN-Si has even a lower SBH but an
increased ideality factor and higher serie resistance. (b) The reverse
current characteristics are shown up to the voltage where the breakdown
occurs. The higher the SBH, the higher is the observable reverse
breakdown voltage. The CN-Si has a lower SBH but the breakdown voltage
is almost the same as for the CVD-C-Si. In addition it shows a lower
leakage current at Vr > 1 V. The CN was deposited at 400 ◦C only, where no
dopant diffusion occurs. In contrast to this, the 1000 ◦C of the CVD process
reduces the epilayer thickness a bit, which gives rise to an earlier
breakdown.

A dc voltage stress with high forward V f and reverse
bias V r leads to a change in the interface properties of SC-
Si and CN-Si, especially in a change of the SBH. The
normal or safe operation was defined in Vr < 4V and
Vf < 1V were almost no changes in the pristine device
properties are detectable. As illustrated in Fig. 6, dc sweeps
to Vr = 7.5V or Vr = 7.3V, a voltage level which is at
least 0.5V below the breakdown, leads to a decrease in
the barrier height. The CN-Si contact is even decreased to
0.39V, which paves the way for a “zero-barrier height” as
it is about 13% lower than the TiSi-Si contact. An device
operation at higher forward bias Vf > 1V shows the oppo-
site behavior as the SBH increases. After a dc sweep to
2.1V an about 10% lower SBH is obtained. Applying a
constant high forward or reverse voltage for a much longer
duration leads to even higher or lower SBH, respectively.
The process hereby is fully reversible as a high SBH can
be made smaller and vise versa. A higher SBH is easier to
reach as the necessary voltage to force a change is lower.
Also repeated dc cycles or constant reverse bias are needed
to retrieve the lower SBH. Without an applied bias the SBH
is stable over time and doesn’t recover back to the start
value. The diode behaves as if an interface dipole is present,
which is a well-known phenomena in carbon-silicon carbide
contacts [52], [53].

V. TISI-SI INTERFACE RELIABILITY
The commercially available TiSi-Si-BAT15 Schottky diode
was pulsed at room temperature with a current density j
of 3.5MA/cm2 and a degradation can be detected as an
increased leakage current at a reverse voltage Vr = 1V,
as indicated in Fig. 7. The diode characteristics starts to
degrade from the original behavior, as indicated by the over

FIGURE 6. Comparison of the dc-characteristics of a SC-diode (a) and a
CN-diode (b) as fabricated, after being forward biased with 2.1 V and after
being reverse biased with 7.5 V or 7.3 V, respectively. The reverse
characteristics were measured before the forward direction at the
illustrated curves. The SBH φB changes according to the applied polarity
and is reversible by applying the opposite polarity.

FIGURE 7. The J-V curves in (a) show the degradation of a TiSi-Si diode
pulsed with j = 3.5 MA/cm2 and a pulse width of 100 ns. Every single pulse
led to a deterioration of the reverse behavior of the diode and after the
third pulse the reverse current has increased severely [11]. (b) illustrates
the failure probability versus number of current pulses at different current
densities for commercial BAT15 diodes with TiSi-Si interface [10]. At least
three devices were stressed for a given pulse current density, a pulse width
of 100 ns and a duty cycle < 0.0001. The failure of the diode was defined
when the diode degrades to a reverse current > 220 A/cm2 @ Vr = 1 V.

100x increase of the reverse current (Fig. 7(a)). This sig-
nals the inter-diffusion of Ti/TiSi within the epitaxial layer.
Furthermore, the device is short-circuited after 3 pulses as a
metal or silicide filament might be created, as schematically
depicted in Fig. 2. Fig. 7(b) clearly highlights that 2-4 pulses
are sufficient to destroy the TiSi-Si junction at 3.5MA/cm2.
The current pulse used has a duty cycle < 0.0001 and a wave-
form as shown in Fig. 2(a). This low duty cycle allows the
diode to cool down to room temperature after each current
pulse. The condition of the diode was monitored at a reverse
voltage of Vr = 1V and the diode is declared as failed if
the reverse current reaches a value of 100 µA (220A/cm2)
as the on/off ratio of the diode is then deteriorated by a
factor of more than 500. In addition, Fig. 7(b) illustrates
that the maximum number of transient stress pulses depends
on the current density level used. The probability of a pos-
sible damage to the diode is reduced when the pulses have
a lower current density as the power density is proportional
to j2 (see in (1)). For 1.35MA/cm2, which is slightly above
the permissible pulse load of 1.21MA/cm2 specified by the
manufacturer, the diode is able to withstand up to one mil-
lion events, but the failure probability is spread over a wide
range [10], [11].
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FIGURE 8. Pulse endurance comparison of TiSi-Si (BAT15) with CN-Si
diodes (a), and CVD-C-Si with CN-Si diodes (b) for a current density of
3.5 MA/cm2 and a pulse width of 100 ns. The CN-Si diodes can withstand
at least over 1 billion pulses more than the TiSi-Si diodes and 3-times
more than the CVD-C-Si. The CN-Si values are only lower bounds as the
pulsing of the CN-Si contact (non-filled stars) has been aborted not due to
failure but due to the excessive testing time. The duty cycle was < 0.00015.
(c) Reverse dc characteristics of a CN-Si diode as fabricated and after 1 G
pulses. The SBH was increased due to the interface reactions due to the
high interface temperature induced by the pulse. The reverse blocking
capability was improved as the SBH has increased. The onset of the
reverse breakdown is not shifted to lower voltages. This would point to a
diffusion of dopants as it would decrease the total thickness of the
epilayer, or it would point to the creation of a filamentary current by
diffused metals.

VI. SPUTTERED CARBON-SILICON RELIABILITY
The diodes with sputtered carbon of a thickness of 35 nm
were stressed with pulses having a current density of
3.5MA/cm2 and a duration of 100 ns to allow for a direct
comparison with the results obtained from TiSi-Si and CVD-
C-Si diodes. The CN-Si-diode outperforms the stability of
the TiSi-Si contact by more than a factor of one billion,
like illustrated in Fig. 8(a). All the shown values of the CN-
Si diodes are lower bounds as the devices did not fail, but
the tests were stopped due to accrued testing time of sev-
eral months. The duration between two subsequent pulses
could not be chosen arbitrary small as the device needs a
certain time to cool down to room temperature. The CVD-C-
Si, deposited at much higher temperature (1000 ◦C), already
showed an over 100 million times better reliability than TiSi-
Si [10], [11], which in turn implies that CN-Si outperforms
the reliability of CVD-C-Si, as shown in Fig. 8(b), by a fac-
tor of over three. This results underline, that the sputtered
carbon is in its structure dense enough to act as excellent
diffusion barrier for metal. The reason for the enhanced
reliability compared to the CVD-C-Si contact might be asso-
ciated with the slightly higher thickness of 35 nm in contrast
to 28 nm acting as a better diffusion barrier. In addition, the
CN film has a slightly higher electrical resistivity and accord-
ing to the FEM simulations in [11], a higher total resistance

of the interface metal leads to a more homogeneous heat
distribution in the active region during the current pulse.
The reliability test of one diode was stopped after 6.1 bil-

lion pulses and it simply showed an increased SBH of
about 0.55 eV as all the other tested devices, but it was
still fully functional. As a consequence, the reverse leak-
age is decreased, like shown in Fig. 8(c) for a diode after
1 billion pulses. The breakdown behavior did not deteriorate
after so many pulses, which reveals that there was no dif-
fusion of the interface metal or of dopants from the highly
doped substrate into the thin epilayer. The change in the
SBH might be similar to the results discussed in Fig. 6,
as a thermally driven recrystallization or rehybridization at
the CN-Si interface, due to the high power density of the
pulse, might take place [52], [53]. A reverse voltage of 7.5V
for about 1min is sufficient to change the SBH to the as
fabricated or an even lower value. This indicates that the
temperatures close to the melting point of silicon during bil-
lions of such ESD events [11] do not lead to a permanent
change of the carbon-silicon interface.
In order to achieve the excellent reliability results, it is

very important that all parts near the sputtering source and
especially the sample holder and shutter are well coated with
carbon. In the first test, the shutter was not well coated with
carbon as the films adhered very poorly on the polished metal
surface and a resputtering of the shutter material in this low
pressure range is possible. In addition, a few milliseconds
long exposure of a badly coated shutter to the plasma dur-
ing the shutter operation from closed to opened position or
if the shutter is left too close to the plasma source when
opened could be enough to deposit contaminants on the sili-
con active region or in the carbon film. These trace amounts
of metal can easily diffuse into the epilayer after a few 100
pulses and act as unwanted recombination centers leading to
a deteriorated diode behavior, as shown in Fig. 9(a). After
a continued application of pulses to the device two different
scenarios are possible. At first, they can induce early failures
during the reliability test as they create a local short-circuit.
Second, the recombination centers almost disappeared again
after several million of pulses, as the ions might react with
the silicon and become inactive or they are diffused into the
highly doped substrate before a more severe failure occurred.
The reliability results of the tested samples produced in

a not well precoated equipment is distributed over a wide
range, as highlighted in Fig. 9(c). A contamination-free car-
bon deposition can only be achieved after a precoating of the
whole sputter equipment. Especially the magnetron shutter
needs to be coated on all sides. The recombination current
free J-V characteristics, shown in Fig. 9(b), can only be
obtained after thorough precoating of all components. No
recombination currents are observed then and only then we
get excellent reliability of the CN-Si contact of several billion
pulses without deterioration.
For longer pulse duration and the same current density

of 3.5MA/cm2, CN-Si is not as reliable as CVD-C-Si
(Fig. 10(a)). For a width of 300 ns the applied energy is
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FIGURE 9. The functionally of the diodes depends heavily on trace
impurity contamination introduced from the far-reaching plasma
interactions with the metallic components of the equipment and
especially the shutter. Initially, the shutter was not well coated with carbon
and recombination currents became visible after a few hundred pulses (a).
Depending on the degree of contamination, they caused a short over time
or they eventually vanished again (a). Initially, the pulse endurance
reliability had a wide distribution as indicated in (c). Only after a carbon
coating of all sides of the shutter and all components in the proximity to
the plasma we were able to achieve a recombination current free J-V curve
(b) and high pulse endurance (c).

three times higher than in the previous test, but the relia-
bility is still much higher than the TiSi-Si diodes at 100 ns.
The device still endures here over 100 thousand pulses. The
deviation to CVD-C-Si contact becomes larger for longer
pulses (500 ns) but it withstands at least 250 events. Also a
much lower duty cycle in the range of 10−6 did not lead to
change in the pulse endurance. The reason for the reduced
reliability might be the higher electrical resistance of the
CN film. As the current through the diode is kept constant,
more resistance leads to more dissipated power, which could
enforce an earlier destruction. Fig. 10(b) illustrates, that a
degradation doesn’t occur gradually in a continuous fashion.
The diode is fully functional after 450 pulses and is also
very stable in its dc characteristics. It simply has a slightly
higher SBH leading to a lower reverse current. After some
more pulses are applied, a degradation of the device takes
place as evidenced in the higher leakage current. Finally, the
diode failed completely after 550 pulses.
The top metallization of a diode after being stressed with

different pulse widths was analyzed with a scanning elec-
tron microscope (SEM) (Fig. 11(a)-(c)) and a confocal laser
scanning microscope (Fig. 11(d)-(f)). For 100 ns long pulses,
a visible damage on the surface is hardly recognizable, only
the thermo-mechanical stress at each pulse causes a pile-up
of the metal after 1.7 billion pulses. The true color image,
however, shows a strong color change to more blueish or
rainbow-like appearance, which points to a oxidized surface
even through the top Au layer with a thickness of 50 nm.

FIGURE 10. (a) Pulse width dependent stress pulse endurance of CN-Si
and CVD-C-Si diodes for a pulse width of 300 ns and 500 ns. The duty cycle
was < 0.0001. In contrast to the behavior at 100 ns pulses, the CN-Si
diodes fail earlier than CVD-C-Si diodes for longer pulse durations. (b) The
J-V curves show the change in the dc-characteristics of a CN-Si diode with
after several 100 current pulses (3.5 MA/cm2, 500 ns) were applied. The
electrical behavior is almost not affected after up to 450 pulses, only the
SBH is slightly increased. After 500 pulses, the diode shows a first
deterioration and is failed after additional 50 pulses.

FIGURE 11. SEM (a-c) and true color microscope images (d-f) of the top
view of CN-Si diodes with Ti/Cu/Au as top metallization. All the devices
where stressed at a current level of 3.5 MA/cm2 while only the pulse
length was altered. (a) and (d) show a still fully functional device after
1.7 G pulses of a width of 100 ns where almost no damage in the top
metallization is visible. The change in the color indicates most likely that
the temperature on the surface was high enough during the two weeks of
testing to oxidize the Cu even through the Au capping. The failed diode in
(b) and (e) demonstrates the damage of a 300 ns pulse after 285 k pulses
where the metal even started to melt as it cracks and piles up. The change
in color is despite the strong damage quite low. (c) and (f) show a
destroyed sample where the current-induced damage of a 500 ns pulse
just slightly melted the surface as the total number of stress events was
lower.

In contrast, a 300 ns long pulse rises the temperature of the
metallization to a point where it even can start to melt and it
is already cracked and heavily piled up after 285 thousand
pulses. As the temperature at the interface must be much
higher than at the surface [11], the carbon-Si demonstrates
outstanding temperature stability. The 500 ns pulses cause
less visible damage to the metal surface, which might be
due to the lower number (1550) of stress pulses.

VII. SCALABILITY
In the previous sections we have studied the behavior of
carbon layers with a thickness of about 30 nm. However, the
interesting question, how thin the carbon layer can be made
while maintaining the superb diffusion barrier property has
not yet been investigated. A first outlook on the scalability of
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FIGURE 12. Comparison of the dc characteristics of CN-Si diodes with
5 nm and 35 nm thick CN in a semi-log (a) and linear (b) scale. Both curves
almost match each other. (c) compares the failure probability of the 5 nm
CN-Si to the TiSi-Si diodes under the same test conditions (100 ns,
3.5 MA/cm2). The devices failed the reliability test within a window of
660 million to 1.28 billion pulses.

nitrogen-doped carbon films is illustrated in Fig. 12, where
the behavior of a 5 nm thick CN film is shown. A 5 nm
thick CN film has been grown by reducing the sputter time
from 11min (for 35 nm) to 2min. The surface roughness of
this film is RRMS = 0.35 nm and therefore almost two times
lower than the thicker carbon layer and similar to the SC
film deposited at 20 ◦C. This means that the film grows very
homogeneously, without pinholes. The electrical resistivity
of the 5 nm thick CN is 8.4m� cm, which is the same value
as for the thicker sample.
The thin CN-Si contact gives the same low SBH of 0.42 eV

as the 35 nm CN-Si junction (Fig. 12(a)). Both curves are
almost identical but there is hardly an improvement in the
series resistance of the diode with thinner CN. Therefore,
the series resistance is mainly determined by the contacts
and less by the thickness of the CN.
The reliability behavior of the thin CN contact is plotted

in Fig. 12(c). It shows that even the 5 nm CN contact is
superior to TiSi by a factor of over 100 million and can
withstand up to 1.28 billion pulses before the diodes fail.

VIII. SUMMARY
We have demonstrated that it is possible to deposition
graphenic carbon at temperatures below 400 ◦C by a sput-
ter process. The carbon-silicon contact can compete in its
electrical characteristics with the conventionally used TiSi-
Si contact. In contrast to TiSi, it significantly improves the
reliability against high current density stress pulses and even
outclasses the high temperature-deposited CVD-C-Si contact.
A doping with nitrogen improves the resistivity and stability
but the optimum ratio of Ar/N2 needs to be studied in more

detail. An further improvement of the electrical properties
of SC and CN can be expected by fine-tuning of the sputter
conditions supported by proper equipment.

ACKNOWLEDGMENT
The authors gratefully thank Infineon Technologies AG for
providing the used silicon test vehicles.

REFERENCES
[1] C. Auth et al., “A 10nm high performance and low-power

CMOS technology featuring 3rd generation FinFET transistors, self-
aligned quad patterning, contact over active gate and cobalt local
interconnects,” in Proc. IEEE Int. Electron Devices Meeting (IEDM),
2017, pp. 29.1.1–29.1.4.

[2] S.-A. Chew et al., “Ultralow resistive wrap around contact to scaled
FinFET devices by using ALD-Ti contact metal,” in Proc. IEEE Int.
Interconnect Technol. Conf. (IITC), 2017, pp. 1–3.

[3] C. Lavoie et al., “(Invited) contacts in advanced CMOS: History and
emerging challenges,” ECS Trans., vol. 77, no. 5, pp. 59–79, 2017.

[4] A. Mai and A. Fox, “Reliability aspects of TiSi-Schottky barrier diodes
in a SiGe BiCMOS technology,” in Proc. Eur. Solid-State Device Res.
Conf. (ESSDERC), 2015, pp. 234–237.

[5] J. Shi, D. Cui, and X. Lv, “A CMOS Schottky barrier diode with the
four-sided cathode,” in Proc. IEEE Int. Conf. Integr. Circuits Microsyst.
(ICICM), 2016, pp. 103–107.

[6] N. Breil et al., “Highly-selective superconformai CVD Ti silicide
process enabling area-enhanced contacts for next-generation CMOS
architectures,” in Proc. Symp. VLSI Technol., 2017, pp. T216–T217.

[7] H. Yu et al., “Titanium (germano-)silicides featuring 10−9 �.cm2

contact resistivity and improved compatibility to advanced CMOS
technology,” in Proc. 18th Int. Workshop Junction Technol. (IWJT),
2018, pp. 1–5.

[8] J. Zhang et al., “Thermal stability of TiN/Ti/p+-Si0.3Ge0.7 contact
with ultralow contact resistivity,” IEEE Electron Device Lett., vol. 39,
no. 1, pp. 83–86, Jan. 2018.

[9] H. Yu et al., “Thermal stability concern of metal-insulator-
semiconductor contact: A case study of Ti/TiO2/n-Si contact,” IEEE
Trans. Electron Devices, vol. 63, no. 7, pp. 2671–2676, Jul. 2016.

[10] M. Stelzer and F. Kreupl, “Graphenic carbon-silicon contacts for reli-
ability improvement of metal-silicon junctions,” in Proc. IEEE Int.
Electron Devices Meeting (IEDM), 2016, pp. 21.7.1–21.7.4.

[11] M. Stelzer, M. Jung, and F. Kreupl, “Graphenic carbon: A novel
material to improve the reliability of metal-silicon contacts,” IEEE J.
Electron Devices Soc., vol. 5, no. 5, pp. 416–425, Sep. 2017.

[12] K. Banerjee, A. Amerasekera, G. Dixit, N. Cheung, and C. Hu,
“Characterization of contact and via failure under short duration high
pulsed current stress,” in Proc. IEEE Int. Rel. Phys. Symp. (IRPS),
1997, pp. 216–220.

[13] K.-Y. Fu and R. E. Pyle, “On the failure mechanisms of tita-
nium nitride/titanium silicide barrier contacts under high current
stress,” IEEE Trans. Electron Devices, vol. 35, no. 12, pp. 2151–2159,
Dec. 1988.

[14] J. S. Smith, “High current transient induced junction shorts,” in Proc.
IEEE Rel. Phys. Symp., 1971, pp. 163–171.

[15] J. E. Vinson and J. J. Liou, “Electrostatic discharge in semiconduc-
tor devices: An overview,” Proc. IEEE, vol. 86, no. 2, pp. 399–420,
Feb. 1998.

[16] K. Shenai, “Thermal stability of TiSi2 films on single crystal and
polycrystalline silicon,” J. Mater. Res., vol. 6, no. 7, pp. 1502–1511,
1991.

[17] W. H. Weisenberger, A. Christou, and Y. Anand, “High-spatial-
resolution scanning Auger spectroscopy applied to analysis of X-band
diode burnout,” J. Vacuum Sci. Technol., vol. 12, no. 6, pp. 1365–1368,
1975.

[18] A. K. Geim and K. S. Novoselov, “The rise of graphene,” Nat. Mater.,
vol. 6, pp. 183–191, Mar. 2007.

[19] L. Li et al., “BEOL compatible graphene/Cu with improved electromi-
gration lifetime for future interconnects,” in Proc. IEEE Int. Electron
Devices Meeting (IEDM), 2016, pp. 9.5.1–9.5.4.

VOLUME 7, 2019 259



STELZER et al.: HIGHLY RELIABLE CONTACTS TO SILICON ENABLED BY LOW TEMPERATURE SPUTTERED GC

[20] J. Jiang, J. Kang, and K. Banerjee, “Characterization of self-
heating and current-carrying capacity of intercalation doped graphene-
nanoribbon interconnects,” in Proc. IEEE Int. Rel. Phys. Symp. (IRPS),
2017, pp. 1.1–1.6.

[21] F. Kreupl, “Carbon-based materials as key-enabler for ‘more than
Moore,”’ in Proc. MRS, vol. 1303, 2011, pp. 1–12.

[22] N. Mcevoy et al., “Synthesis and analysis of thin conducting pyrolytic
carbon films,” Carbon, vol. 50, no. 3, pp. 1216–1226, 2012.

[23] A. Bianco et al., “All in the graphene family—A recommended
nomenclature for two-dimensional carbon materials,” Carbon, vol. 65,
pp. 1–6, Dec. 2013.

[24] G. Aichmayr et al., “Carbon/high-k trench capacitor for the 40nm
DRAM generation,” in Proc. IEEE Symp. VLSI Technol., 2007,
pp. 186–187.

[25] F. Kreupl et al., “Carbon-based resistive memory,” in Proc. IEEE Int.
Electron Devices Meeting (IEDM), 2008, pp. 1–4.

[26] S. Huebner, N. Miyakawa, S. Kapser, A. Pahlke, and F. Kreupl, “High
performance X-ray transmission windows based on graphenic carbon,”
IEEE Trans. Nucl. Sci., vol. 62, no. 2, pp. 588–593, Apr. 2015.

[27] M. Stelzer, M. Jung, U. Wurstbauer, A. Holleitner, and F. Kreupl, “Low
temperature sputtered graphenic carbon enables highly reliable con-
tacts to silicon,” in Proc. IEEE Int. Electron Devices Meeting (IEDM),
2018, pp. 11.2.1–11.2.4.

[28] R. Schlesinger, M. Bruns, and H.-J. Ache, “Development of thin film
electrodes based on sputtered amorphous carbon,” J. Electrochem.
Soc., vol. 144, no. 1, pp. 6–15, 1997.

[29] S. M. Rossnagel, M. A. Russak, and J. J. Cuomo, “Pressure and
plasma effects on the properties of magnetron sputtered carbon films,”
J. Vacuum Sci. Technol A Vacuum Surfaces Films, vol. 5, no. 4,
pp. 2150–2153, 1987.

[30] C. Wyon, R. Gillet, and L. Lombard, “Properties of amorphous carbon
films produced by magnetron sputtering,” Thin Solid Films, vol. 122,
no. 3, pp. 203–216, 1984.

[31] I. Petrov, I. Ivanov, V. Orlinov, J. Kourtev, and J. Jelev, “Deposition of
carbon films by bias magnetron sputtering in neon and argon,” Thin
Solid Films, vol. 185, no. 2, pp. 247–256, 1990.

[32] D. Dasgupta, F. Demichelis, and A. Tagliaferro, “Electrical conduc-
tivity of amorphous carbon and amorphous hydrogenated carbon,”
Philosoph. Mag. B, vol. 63, no. 6, pp. 1255–1266, 1991.

[33] M. Morgan, “Electrical conduction in amorphous carbon films,” Thin
Solid Films, vol. 7, no. 5, pp. 313–323, 1971.

[34] S. I. Kim et al., “Making porous conductive carbon films with unbal-
anced magnetron sputtering,” Jpn. J. Appl. Phys., vol. 54, no. 1,
pp. 1–4, 2015.

[35] E. Broitman, N. Hellgren, J. Neidhardt, I. Brunell, and L. Hultman,
“Electrical properties of carbon nitride thin films: Role of mor-
phology and hydrogen content,” J. Electron. Mater., vol. 31, no. 9,
pp. L11–L15, 2002.

[36] X. Shi et al., “Electronic transport properties of nitrogen doped amor-
phous carbon films deposited by the filtered cathodic vacuum arc
technique,” J. Phys. Condens. Matter, vol. 10, no. 41, pp. 9293–9302,
1998.

[37] S. C. Ray, W. Mbiombi, and P. Papakonstantinou, “Electrical and
electronic properties of nitrogen doped amorphous carbon (a-CNx)
thin films,” Current Appl. Phys., vol. 14, no. 12, pp. 1845–1848, 2014.

[38] S. Logothetidis, H. Lefakis, and M. Gioti, “Carbon nitride thin films
prepared by reactive r.f. magnetron sputtering,” Carbon, vol. 36,
nos. 5–6, pp. 757–760, 1998.

[39] N. Hellgren, M. P. Johansson, E. Broitman, L. Hultman, and
J.-E. Sundgren, “Role of nitrogen in the formation of hard and elas-
tic CNx thin films by reactive magnetron sputtering,” Phys. Rev. B,
Condens. Matter, vol. 59, no. 7, pp. 5162–5169, 1999.

[40] R. F. Messier, “The nano-world of thin films,” J. Nanophoton., vol. 2,
no. 1, pp. 1–21, 2008.

[41] P. K. Chu and L. Li, “Characterization of amorphous and nanocrys-
talline carbon films,” Mater. Chem. Phys., vol. 96, nos. 2–3,
pp. 253–277, 2006.

[42] A. C. Ferrari, S. E. Rodil, and J. Robertson, “Interpretation of infrared
and Raman spectra of amorphous carbon nitrides,” Phys. Rev. B,
Condens. Matter, vol. 67, no. 15, 2003, Art. no. 155306.

[43] Y. Anand and W. J. Moroney, “Microwave mixer and detector diodes,”
Proc. IEEE, vol. 59, no. 8, pp. 1182–1190, Aug. 1971.

[44] S. A. Guccione, “Pulse burnout of microwave mixer diodes,” IEEE
Trans. Rel., vol. R-22, no. 4, pp. 196–207, Oct. 1973.

[45] M. Schüßler et al., “Pulsed stress reliability investigations of
Schottky diodes and HBTs,” Microelectron. Rel., vol. 36, nos. 11–12,
pp. 1907–1910, 1996.

[46] D. C. Croft, “The construction and reliability of Schottky diodes,”
Microelectron. Rel., vol. 17, no. 4, pp. 445–455, 1978.

[47] W. Simbürger, Effective ESD Protection Design at System Level Using
VF-TLP Characterization Methodology, Rev. 1.3, Munich, Germany,
Infineon Technol. AG, Application Note, AN210, Dec. 2012.

[48] ESDA/JEDEC Joint Standard for Electrostatic Discharge Sensitivity
Testing—Human Body Model (HBM)—Component Level, document
JS-001-2012, Electrostatic Discharge Assoc., Rome, NY, USA, and
JEDEC Solid State Technol. Assoc., Arlington, VA, USA, Apr. 2012.

[49] Electromagnetic Compatibility (EMC)—Part 4-2: Testing and
Measurement Techniques—Electrostatic Discharge Immunity Test, IEC
Standard 61000-4-2, 2008.

[50] “BAT15-02LS—Single silicon RF Schottky diode,” Product Data
Sheet v2.0, Infineon Technol. AG, Munich, Germany, Aug. 2018.

[51] Y. Miyajima et al., “Electrical conduction mechanism in laser
deposited amorphous carbon,” Thin Solid Films, vol. 516, nos. 2–4,
pp. 257–261, 2007.

[52] S. Rajput et al., “Spatial fluctuations in barrier height at the
graphene—Silicon carbide Schottky junction,” Nat. Commun., vol. 4,
no. 2752, pp. 1–7, 2013.

[53] I. Shtepliuk et al., “Role of the potential barrier in the electrical
performance of the graphene/SiC interface,” Crystals, vol. 7, no. 6,
pp. 1–18, 2017.

MAX STELZER received the B.Sc. and M.Sc. degrees in electrical and
computer engineering from the Technical University of Munich, Germany,
in 2011 and 2014, respectively, where he is currently pursuing the Doctoral
degree. He was also a visiting student with the University of California,
Santa Barbara, USA, researching the modeling of 2-D semiconductors.
His current research interest is the manufacturing of novel carbon-based
semiconductor devices.

MORITZ JUNG received the B.Sc. degree in physics and the master’s
degree in condensed matter physics with a focus on semiconductor tech-
nology from the Technical University of Munich, Germany, in 2013 and
2016, respectively, where he is currently pursuing the Doctoral degree with
the Department of Electrical and Computer Engineering, investigating the
applications of novel carbon materials for solid state photon detection.

URSULA WURSTBAUER is a Professor with the Institute of Physics with
WWU Münster, Germany. She has held a position with the Technical
University of Munich, Germany, and was a Post-Doctoral Fellow with
Columbia University, New York, USA, and Hamburg University, Germany.
She has authored over 60 publications with a focus on the physical properties
of 2-D systems.

ALEXANDER HOLLEITNER is a Professor of the Walter Schottky Institute
and the Physics Department with the Technical University of Munich,
Germany. He has held a position with LMU, Munich, and was a
Post-Doctoral Fellow with the University of California, Santa Barbara,
USA. He has authored over 115 publications on nanoscale and ultrafast
optoelectronics.

FRANZ KREUPL is a Professor of electrical engineering with the Technical
University of Munich, Germany. He has held positions in industry with
Siemens, Infineon, Qimonda, and SanDisk. He has authored over 80
publications, over 390 patent applications, and holds over 110 patents.

260 VOLUME 7, 2019



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


