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Systematic Characterization of Graphene ESD
Interconnects for On-Chip ESD Protection

Qi Chen, Rui Ma, Wei Zhang, Fei Lu, Chenkun Wang, Owen Liang, Feilong Zhang, Cheng Li,
He Tang, Ya-Hong Xie, Fellow, IEEE, and Albert Wang, Fellow, IEEE

Abstract— We report systematic transient characterization of
a graphene ribbon (GR) used as an interconnect for electrostatic
discharge (ESD) protection of future integrated circuits. A large
set of GR wires (around 6000) with varying and practical
dimensions were fabricated using the chemical vapor deposition
method and characterized by transmission line pulsing (TLP)
and very fast TLP (VFTLP) measurements. Comprehensive
TLP and VFTLP testing with varying pulse rise time (tr )
and duration (td ) was performed across a wide temperature
range (T = −30/+110 °C). Measurement-based statistics reveal
the relationship between ESD capability of GR wires and the wire
length (L), width (W ), and number of graphene layers, as well
as ESD pulse shapes and operation temperature.

Index Terms— Electrostatic discharge (ESD) protection,
graphene ribbon (GR), interconnect, transmission line puls-
ing (TLP), very fast TLP (VFTLP).

I. INTRODUCTION

ELECTROSTATIC discharge (ESD) protection design
becomes more challenging as integrated circuit (IC)

technology scaling down continues to beyond-28 nm era and
IC complexity evolves [1], [2]. On the one hand, demand
for ESD robustness, especially for consumer electronics, such
as smartphones, never stopped [3]. However, it is very dif-
ficult to keep the normal ESD protection level for sub-
28 nm technologies because the extremely small feature size
means high vulnerability to ESD failure. On the other hand,
the ESD-induced parasitic effects, such as capacitance (CESD),
are becoming unbearable for high-performance ICs [1], [3].
Revolutionary ESD protection solution is therefore in
demand [4], [5]. Fig. 1 depicts a typical on-chip ESD protec-
tion scenario where ESD protection structures are connected
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Fig. 1. Complete full-chip ESD protections including ESD structures and
ESD interconnects at each pin against all possible ESD stressing modes.

to pads by metal interconnects to form low-impedance dis-
charging paths under ESD stressing. Clearly, on-chip ESD
protection depends on both the ESD protection structures and
the ESD metal interconnects on a chip. Often, though an
ESD protection structure may be designed to handle strong
ESD surges, the metal interconnects may be the weak point,
resulting in low ESD protection level for the whole chip.
In addition, excessive ESD metal interconnects, required for
robust ESD protection, introduce more parasitic effects. For
typical ESD protection, the transient ESD currents can easily
reach 1.33 A for basic protection level of 2 kV of human
body model (HBM) and 5.75 A for ESD protection level
of 500 V per charged device model (CDM) [1]. Compared with
normal current level of a few microamperes for ICs, the danger
of metal overheating by ESD surges is obvious. Apparently,
improvement over traditional Al or Cu interconnects will
be critical to whole-chip ESD protection designs. From a
practical design viewpoint, the maximum current handling
capability data (Imax) provided in a foundry process design
kit, typically characterized under dc and ac stressing, are
overconservative for transient ESD protection designs, readily
by 30× and 5×. Hence, transient ESD characterization for
ESD interconnects, using transmission line pulsing (TLP) and
very fast TLP (VFTLP) testing, is essential for real-world
full-chip ESD protection designs.

Graphene is considered as a potential replacement for metal
interconnects of ICs due to its unique properties [6], [7]. First,
graphene has high carrier mobility and current handling capa-
bility, i.e., Imax∼108 A/cm2, which is about ten times higher
than that of Cu [8]. Second, graphene features exceptional
thermal conductivity, i.e., (κ = 4.84–5.30 × 103 W/m · K),
being about 13× that of Cu [9], which can effectively suppress
the troublesome overheating effect in metal interconnects.
Third, extraordinary mechanical strength qualifies graphene as
a reliable interconnect. While these superb material properties
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make graphene attractive for IC interconnects, they are even
more interesting for ESD interconnects. The high Imax of
grapheme ribbon (GR) makes it not only more suitable for
robust ESD protection, but also possible for using much less
interconnect coverage, readily being 10× less for a given
ESD protection target. The latter translates into much lower
parasitic CESD and small layout area; both are critical to
advanced ICs at nanonodes [1]. For ESD protection, a high
thermal conductivity means much reduced overheating under
ESD stressing. In addition, graphene film may be used as a
heat spreader around an ESD protection structure to rapidly
spread out the ESD-induced heat, thereby greatly reducing
the possibility of ESD-induced hot-spot effect which is the
root cause for ESD thermal failure because Si is poor in
thermal conduction, especially under VFTLP ESD stressing.
The outstanding mechanical strength also makes GR a perfect
candidate for interconnect, which is often a weak point for
on-chip ESD protection. Nevertheless, to qualify GR as an
ESD interconnect, a systematic and statistical transient ESD
characterization is required.

While graphene materials have been widely studied for var-
ious electronic applications, there are few reports on transient
characterization of GR for ESD protection, not to mention
any comprehensive and statistical studies. Graphene sheet
resistance and contact resistance with metal pads have been
studied in [10] and [11]. GR failure mechanisms, including
Joule heating and graphene oxidation, and reliability analysis
were reported in [12] and [13]. References [14] and [15] report
small signal modeling for graphene interconnects. Hybrid
interconnects with graphene were reported in [16] and [17].
More recently, exfoliated GR characterized by TLP testing
was reported [18], which, however, has several limitations.
It was essentially a one-device characterization of 15 different
GR samples, each having different dimensions (length, L;
width, W ; and number of layers, N). Second, the GR samples
used have impractical small dimensions L = 2.4–5.5 μm
and/or W = 0.6–15 μm. Third, the method used for sta-
bility/repeatability study, i.e., stressed by 1200 pulses, was
TLP pulses with increased pulse heights (by stepping up
with a �V ) within one full TLP sweeping cycle. (Two full
TLP sweeping routines were used till the thermal breakdown
current threshold was reached, i.e., It2, in typical TLP testing.)
We believe that this technique is insufficient for true reliability
characterization, which should be done by repeating the full
TLP sweeping cycles; each consists of numerous number
of TLP pulses with increased �V . Fourth, the single-device
testing data reported, while interesting, are not very useful,
especially considering that the GR samples used were too
short and narrow, which may overestimate GR properties
because graphene film quality of large dimensions (needed for
any practical application) is still very unstable using current
fabrication.

In this paper, we report the first systematic and statistical
characterization and analysis of a large group of GR struc-
tures (∼6000 samples) for practical ESD protection designs.
The GR sample dimensions are practical, i.e., L = 9–50 μm
and W = 3–10 μm; both are typical for real-world
IC interconnects. Both TLP (for HBM) and VFTLP (for CDM)

Fig. 2. (a) Graphene ESD interconnects concept. (b) Raman spectra for
monolayer and bilayer GR samples where G peak reveals the number of
graphene layers [19]–[21]. (c) SEM image of a bilayer GR wire (vertical
dark stripe) of L = 12 μm and W = 5 μm.

TABLE I

SUMMARY OF GR SAMPLE DESIGN SPLITS

measurements with varying pulse rise time (tr ) and dura-
tion (td ) were conducted across a wide temperature range of
T = −30/+110 °C. This paper is organized as follows. After
the introduction in Section I, graphene sample fabrication and
design splits are discussed in Section II. Section III discusses
TLP and VFTLP measurements, followed by the conclusion
in Section IV.

II. GR SAMPLE PREPARATION

Fig. 2(a) illustrates a conceptual on-chip ESD protection
scenario using GR interconnects. GR wires connect ESD
structures with pads. During ESD events, large ESD tran-
sients will discharge through GR interconnects and ESD
devices. Hence, the GR interconnects must survive the ESD
surges.

For a comprehensive and statistical study of GR ESD
interconnects, a large set of GR samples (∼6000) were
designed and fabricated. Table I summarizes the GR sample
design splits in this work. Monolayer and bilayer graphene
films were grown by the chemical vapor deposition (CVD)
method, suitable for large-area graphene fabrication for real-
world ICs, where a 25-μm-thick copper foil was used as the
catalyst (2 × 2 in2). The CVD growth was carried out
at a pressure of 20 Torr with CH4 (∼20 sccm) (higher
flux of ∼60 sccm for bilayer) and H2 (∼1000 sccm). The
graphene sheets were then transferred onto SiO2(300 nm)/Si
substrates. Raman analysis was used to confirm the qual-
ity and number of graphene layers grown. Graphene films
were patterned by reactive plasma etching (Reactive Ion
Etching) into GR samples. Ti/Pd/Au (0.5/30/50 nm) pads
were deposited by E-beam evaporation. Fig. 2(b) and (c)
shows a fabricated GR structure and its Raman analysis.
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Fig. 3. Statistical analysis of RT for GR wires of varying L (W = 5 μm)
measured by dc stressing results in RC ∼188 � and GR sheet-R∼650 �/�.

TABLE II

SUMMARY OF TLP AND VFTLP TESTING CONDITIONS

Critically, long (L = 9/12/22/30/50 μm) and wide
(W = 3/5/10 μm) GR wires are designed for two reasons.
First, if a GR wire is too short and narrow, it may not catch
material defects because the current graphene film growth
process is far from mature. Second, the GR wires should have
dimensions suitable for real-world ICs to ensure useful results.
The total resistance (RT ) of GR samples was first extracted
by transmission line measurement [22], including resistance
of the graphene segment (RG) and contact resistance (RC),
as given by

RT = RG + 2RC + 2RM (1)

where RM is the metal pad resistance (RM � RG). From
the statistical analysis of measured RT for GR wires with
varying length and width, RG and RC can both be extracted.
Fig. 3 shows statistics for a large group of bilayer GR wires
with varying length of L = 9/12/22/30/50 μm and a fixed
W = 5 μm by dc testing, from which RC ≈ 188 �
and graphene sheet resistance of ∼650 �/� were extracted,
respectively.

III. TRANSIENT ESD CHARACTERIZATION

AND DISCUSSION

Comprehensive and systematic transient characterization
was conducted using TLP (Barth Model 4002) and VFTLP
(Barth Model 4012) to emulate HBM and CDM ESD behav-
iors, respectively. For reliable testing results and statistical
analysis, at least ten parts were tested for each sample for every
testing condition. Table II summarizes the testing setups and
conditions. The stressing pulses feature varying pulse rise time
and duration, i.e., tr = 0.2/2/10 ns and td = 75/100/150 ns
for TLP testing; tr = 100/200/400 ps and td = 1/5/10 ns
for VFTLP mode, respectively. Two ESD zapping modes

Fig. 4. Typical transient I–V characteristics by TLP and VFTLP for a
bilayer GR sample (L = 12 μm, W = 5 μm) at room temperature reveals
ESD failure threshold (IC ) corresponding to an abrupt current drop.

Fig. 5. Transient I–V curves for GR wires with varying L (fixed W = 5 μm)
by TLP testing shows that VC increases substantially with L .

were used. The gradual stressing is a traditional method that
is a full-zapping cycle consisting of a series of pulses with the
height increasing gradually with a step of �V and the zap-
ping cycle completes when it reaches the thermal breakdown
threshold. The new abrupt zapping method applies a single
pulse with its height corresponding to the thermal breakdown
point, which is obtained for a given GR wire in advance.
Temperature effect was investigated by measurements across
a wide temperature range of T = −30 °C to +110 °C.

The GR robustness is determined by the maximum sustain-
able critical current (IC or its critical current density JC ) cor-
responding to the thermal failure point when IC drops abruptly,
and the corresponding critical voltage is VC . Fig. 4 compares
transient I–V curves by TLP and VFTLP testing for a sample
GR wire (L = 12 μm, W = 5 μm). It is observed that
JC ∼ 108 A/cm2 for both TLP and VFTLP is substantially
higher than JC ∼ 107 A/cm2 for dc testing [23]. It is noted
that the measured JC values show a wide distribution across
samples, which may be attributed to two factors. The GR
sample quality may not be well controlled due to current
graphene growth processes, especially for volume production
of large-size graphene films; GR test results may be very
sensitive to TLP/VFTLP testing conditions. Therefore, one
should focus on statistical analysis instead of single sample.

A. ESD Characteristics Versus GR Dimensions

Fig. 5 presents the measured transient I–V characteris-
tics by TLP testing (tr = 10 ns and td = 100 ns) for
a set of bilayer GR samples with a fixed W = 5 μm
and varying L of 12/22/30/50 μm. It is observed that the
critical VC increases substantially (from 10 to 35 V) with
increased L, which is attributed to increased resistance for
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Fig. 6. (a) Statistics for TLP testing results of GR samples with varying L
(fixed W = 3 μm) confirm that VC increases significantly with L . However,
JC only shows little dependence on GR wire length. (b) Statistics for VFTLP
results of GR wires of the same size show that VC increases significantly
with L , while JC is almost independent of L .

Fig. 7. Statistics, by TLP and VFTLP measurements, of power to failure of
GR samples with a fixed W = 5 μm and varying L show that PC increases
with L .

longer wires. Fig. 6(a) depicts the statistical characteristics
of JC and VC versus L (W = 3 μm) for a group of
GR samples by TLP testing. It is found that VC increases
monotonically for a longer L (because VC ∝ JC × L),
same as in Fig. 5. The measured JC reaches a very high
level of ∼108 A/cm2, suggesting superb ESD current han-
dling capability of GR wires. However, contrary to the belief
that JC should be independent of L, the measured statis-
tics show slight decrease in JC as L increases, which is
attributed to possibly more defects in longer GR samples
(e.g., structural defects and contamination) which is because
the graphene quality is still a challenging issue with graphene
growth processes today. A fitting equation is proposed to
model this characteristic

Jc ∝ AL−B (2)

where A and B are fitting parameters. We found that sta-
tistical analysis based on measurement of large volume of
GR samples is critical to obtaining reliable and meaningful
testing results, which is impossible if single-sample testing
approach is used [18]. Fig. 6(b) depicts the statistical trends
of VC and JC versus L for GR samples of W = 3 μm
measured by VFTLP testing. It is clear that VC increases
significantly as L increases due to resistance change. However,
JC seems to be almost independent of L for VFTLP testing
results, as expected for high-quality graphene films, which
is different from the case of TLP testing. Considering that
VFTLP has a much shorter pulse duration (td = 5 ns) as
opposed to td = 100 ns for TLP testing, the shorter VFTLP
stressing duration may make the GR discharging less sensitive
to fabrication-induced defects in GR wires. Fig. 7 compares

Fig. 8. (a) Statistics for IC and JC for GR samples of a fixed L = 12 μm
and varying W obtained by TLP (td = 100 ns, tr = 10 ns) show a clear
dependence of IC on W ; however, JC (∼1.8 × 108 A/cm2) seems to be
insensitive to W . (b) Statistics for IC and JC versus W for GR samples of a
fixed L = 12 μm and varying W obtained by VFTLP (td = 5 ns, tr = 0.2 ns)
show clear dependence of IC on W ; however, JC (∼1.6 × 108 A/cm2) is
almost independent of W .

the statistical data of power to failure, i.e., the maximum
sustainable power (PC = IC × VC), of GR samples with a
fixed W = 5 μm and varying L, obtained from both TLP and
VFTLP testing. It is clear that the measured PC increases as L
increases for both TLP and VFTLP results, which is again due
to the increase in GR resistance. It is interesting to observe that
PC from TLP testing is clearly higher than that from VFTLP
zapping (e.g., PC ≈ 100 mW by TLP for a GR of L = 12 μm
and W = 5 μm, while PC ≈ 40 mW for VFTLP), which
means that GR ESD interconnects may be more vulnerable
to VFTLP zapping. This may be related to the fact that,
considering an estimated thermal time constant of ∼13 ns for
GR wires [18], [24], thermal equilibrium in GR wires under
TLP stressing may be reached, which did not occur during
ultrafast VFTLP zapping; hence, local overheating (i.e., hot
spot) occurs easily under VFTLP stressing, which leads to
a lower PC . Fig. 8(a) gives measured statistical IC /JC –W
behaviors for GR samples (L = 12 μm) obtained by TLP
testing, which shows that IC increases almost linearly with
W due to reduction in resistance as W increases. Meanwhile,
JC seems to be insensitive to W (the slight variation may
be associated with changes in defects as W increases, related
to processes, which is not as significant as the case with
varying L). Fig. 8(b) presents the measured statistics for
IC /JC–W characteristics of GR samples (L = 12 μm)
obtained by VFTLP zapping, which also shows a strong
dependence of IC on W . However, the measured JC is
almost independent of W , attributed to short VFTLP
pulsing.

B. ESD Characteristics Versus GR Layers

Influence of number of graphene layers on transient ESD
behaviors of GR wires was studied. Fig. 9(a) gives the sta-
tistics for IC relationship with the number of layers for GR
samples (varying L and fixed W = 5 μm) measured by TLP
testing. It is readily observed that bilayer GR wires can carry
much higher current than monolayer GR wires do. For all
samples, IC decreases as L increases, which agrees with the
observation for other samples discussed previously. Fig. 9(b)
depicts the statistics of VFTLP zapping results for GR wires,
which also shows that bilayer GR wires are stronger than
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Fig. 9. (a) Statistics on IC behaviors for GR samples of W = 5 μm,
varying L , and number of graphene layers (monolayer and bilayer) obtained
by TLP testing show the layer number impact on ESD robustness: bilayer
GR wires are stronger than monolayer GR wires as expected. (b) Statistics
on IC behaviors for GR samples of W = 5 μm, varying L , and number of
graphene layers (monolayer and bilayer) obtained by VFTLP testing show
strong dependence of ESD robustness on layer number.

Fig. 10. (a) Statistics of JC –td characteristics by TLP (td = 75/100/150 ns
and tr = 10 ns) for GR samples (L = 12 μm, W = 5 μm) show a strong
impact of td : JC decreases (from 2.4×108 to 1.5×108 A/cm2) as td increases.
Similar phenomenon was also observed for the measured PC . (b) Statistics
of JC –tr characteristics by TLP (tr = 0.2/2/10 ns and td = 100 ns) for
GR samples (L = 9 μm, W = 5 μm) show a strong impact of tr on JC
(decreasing from 2.2 × 108 to 1.5 × 108 A/cm2).

monolayer devices. However, probably due to much shorter
VFTLP pulse duration, the measured IC was sensitive to L.
These statistical results suggest that multilayer GR wires may
be used in practical designs for enhanced ESD performance.

C. ESD Characteristics Versus Pulse Rise Time and Duration

Because ESD thermal runaway is directly related to energy
accumulation during ESD stressing, it is important to study
any influence of ESD pulse waveforms on ESD discharging
behaviors. TLP and VFTLP zapping with varying td and tr ,
as depicted in Table II, were then conducted for GR samples.
Fig. 10(a) depicts the measured JC behaviors under different
td for TLP pulsing (fixed tr = 10 ns), which clearly shows
that JC drops (from 2.4 × 108 to 1.5 × 108 A/cm2) as TLP
pulse becomes wider, apparently due to energy accumulation
within an ESD pulse. The measured statistics also show
that PC decreases dramatically (from 100 to 30 mW) as
td increases. Fig. 10(b) gives the statistical analysis of mea-
sured JC with respect to tr , also showing a clear relationship,
though less than observed for varying td as expected. Similar
phenomena were observed for statistical measurement results
by VFTLP zapping. Fig. 11(a) presents the measured statis-
tics of JC–td relationship by VFTLP zapping with varying
td (fixed tr = 200 ps) for GR samples (L = 12 μm,
W = 5 μm), which shows that JC decreases (from
1.5 × 108 to 0.2 × 108 A/cm2) as td increases. Similarly,
the measured PC drops dramatically (from 60to 10 mW)
for longer VFTLP pulses. Fig. 11(b) depicts the measured

Fig. 11. (a) Statistics of JC–td characteristics by VFTLP (td = 1/5/10 ns and
tr = 0.2 ns) for GR samples (L = 12 μm, W = 5 μm) show a strong impact
of td : JC decreases (from 1.5 × 108 to 0.2 × 108 A/cm2) as td increases.
Similarly, PC also decreases for longer VFTLP pulses. (b) Statistics of JC –tr
characteristics by VFTLP with varying tr (0.1/0.2/0.4 ns) and td = 5 ns for
GR samples (L = 9 μm, W = 5 μm) show strong dependence of JC on tr .

Fig. 12. 3-D statistical map for measured JC distribution against varying td
(75/100/150 ns) and tr (0.2/2/10 ns) by TLP testing and varying td (1/5/10 ns)
and tr (100/200/400 ps) by VFTLP testing for GR samples (L = 12 μm,
W = 5 μm) clearly shows degradation of JC with longer td and tr .

Fig. 13. Statistics for measured IC –T behavior (−30 °C to +110 °C)
for bilayer and monolayer GR wires by TLP testing suggest that optimal
temperature treatment (T ∼50 °C) may exist to improve ESD robustness.

statistics for JC with varying tr of VFTLP pulses where a
strong dependence is readily observed. The overall dependence
of measured JC on tr and td of TLP and VFTLP pulse
waveforms for GR wires can be better appreciated in the
3-D spectrum maps given in Fig. 12.

D. ESD Characteristics Versus Temperature

Temperature evaluation is critical to IC operations. Com-
prehensive TLP characterization (td = 100 ns, tr = 10 ns)
was conducted for both monolayer and bilayer GR samples
across a wide temperature range of −30 °C to +110 °C.
Fig. 13 depicts the statistics of measured IC across the temper-
ature range for bilayer and monolayer GR wires, respectively.
It is obvious that wider GR samples can carry higher ESD
currents across the temperature range. It is found that the bell
shape of IC –T curves clearly exists based on the statistics of
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Fig. 14. 3-D statistical map for GR survival rate with respect to GR
wire length and zapping current level for GR samples of varying L (fixed
W = 5 μm) obtained by abrupt TLP zapping method.

a large number GR samples. This observation suggests that
there may exist an optimal temperature treatment condition
(i.e., T ≈ 50 °C–60 °C) to improve ESD current handling
capability of GR wires. This optimal temperature condition
may be associated with two possible competing factors. On the
one hand, thermal annealing by gradual temperature increase
and a thermal equilibrium effect may improve material qual-
ity of GR wires. On the other hand, continuous heating
up of GR wires in open air testing condition, as in this
paper, may affect graphene film quality (e.g., conductivity
possibly affected by Coulomb scattering due to temperature
variation [25]). Consequently, a bell shape may exist for
IC –T curves, which may reveal a means to improve the quality
of GR wires for enhanced ESD robustness during sample
preparation.

E. ESD Characteristics Versus Zapping Methods

Reliability of GR samples fabricated in this work was
studied using a new abrupt zapping method. Traditionally,
a gradual zapping method has been used in TLP zapping
where, within a full-zapping cycle, zapping continues by
gradually stepping up the TLP pulse height from 0 V until
reaching the ESD breakdown point (IC or JC) with an
incremental step of �V . The new abrupt zapping method
works differently: after knowing the ESD failure threshold
of a given GR wire, TLP zapping will be conducted in
two steps, i.e., starting at 0 V, and then abruptly applying
a high pulse with the height corresponding to the estimated
ESD failure threshold point. After an abrupt zapping cycle,
the stressed GR wire will be checked to determine if it is
still working (i.e., not damaged by a TLP pulse). This abrupt
zapping method was applied to a large number of GR samples
of varying dimensions and the survival rate was obtained based
on the statistics of the measured results. Fig. 14 gives a 3-
D statistical map for GR samples of different L which were
zapped by TLP pulses of varying strength (pulse height or the
zapping current density J). It is observed that for GR wires
of a given L, the sample survival rate drops dramatically as
higher TLP pulses are applied for zapping; meanwhile, at a
fixed TLP zapping strength, the survival rate decreases as L
increases, which is likely due to more defects in longer GR
wires associated with impact of fabrication. The survival rate
reflects reliability of the GR wire samples. It is also noted
that the measured JC level of 25–125 × 106 A/cm2 by abrupt
zapping is generally substantially lower than JC of 108 A/cm2

Fig. 15. D-peak intensity in Raman spectrum for a GR sample (L = 12 μm,
W = 5 μm) before and after TLP zapping breakdown illustrates defect
development, leading to ESD failure. (a) Optical microscopy for GR wire.
(b) D-peak intensity before breakdown. (c) D-peak intensity after breakdown
where the dashed line is the fault line caused by TLP zapping. (b) and (c) use
the same color scale where higher D-peak intensity indicates more defects.

Fig. 16. SEM images show the failure signature that is a fault line across the
GR wire after ESD zapping breakdown. (a) GR wires (L = 9 μm, W = 5 μm)
by TLP zapping (td = 100 ns, tr = 10 ns). (b) GR wires (L = 12 μm,
W = 5 μm) by VFTLP stressing (td = 5 ns, tr = 0.2 ns).

by gradual zapping. Several factors may contribute to this
phenomenon, including thermal equilibrium, stressing pulse
gradient, and nonthermal failure effects, which are being
investigated now.

F. GR Sample Failure Analysis

Raman spectroscopy was performed to monitor the failure
process of GR samples under TLP stressing. Fig. 15 shows
the Raman scanning map for a GR wire of L = 12 μm before
and after TLP zapping where the Raman D-peak intensity
is an indicator of defect accumulation within the stressed
GR wire [19]. The ESD failure development process is readily
observed in Fig. 15. It is believed that, before TLP stressing,
defects are mainly located along the boundaries of graphene
grown by the CVD method. After TLP stressing, localized
defects were developed and formed a fault line across a
GR wire, which is the failure signature observed as shown
in Fig. 16.

IV. CONCLUSION

We report a comprehensive characterization and statistical
analysis of GR wires by TLP and VFTLP zapping for ESD
evaluation. A large number of GR samples (∼6000) with
varying and practical dimensions (L = 9/12/22/30/50 μm
and W = 3/5/10 μm, monolayer and bilayer) were character-
ized. Comprehensive TLP and VFTLP testing was performed
using varying transient ESD pulses (tr = 0.2/2/10 ns and
td = 75/100/150 ns for TLP; tr = 100/200/400 ps and
td = 1/5/10 ns for VFTLP) across a wide temperature
range (T = −30/+110 °C). The statistics reveal ESD
robustness dependence of wire dimensions, pulse shapes,
and temperature of GR samples, offering insights for
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practical designs. TLP and VFTLP zapping shows higher
transient JC of ∼108 A/cm2 compared with reported dc
JC of ∼107 A/cm2 for GR wires. It suggests that GR wires
are potential candidates for ESD interconnects for future
on-chip ESD protection designs. Due to process and test
effects, statistical variation is observed, e.g., a standard devia-
tion of 0.38 (TLP, 10 ns/100 ns) and 0.23 (VFTLP, 0.2 ns/5 ns)
in JC for samples of L = 12 μm and W = 5 μm, respectively.

REFERENCES

[1] A. Z. H. Wang et al., “A review on RF ESD protection design,” IEEE
Trans. Electron Devices, vol. 52, no. 7, pp. 1304–1311, Jul. 2005.

[2] Z. Shi et al., “Programmable on-chip ESD protection using nanocrystal
dots mechanism and structures,” IEEE Trans. Nanotechnol., vol. 11,
no. 5, pp. 884–889, Sep. 2012.

[3] X. S. Wang et al., “Concurrent design analysis of high-linearity SP10T
switch with 8.5 kV ESD protection,” IEEE J. Solid-State Circuits,
vol. 49, no. 9, pp. 1927–1941, Sep. 2014.

[4] L. Wang et al., “Dual-direction nanocrossbar array ESD protection
structures,” IEEE Electron Device Lett., vol. 34, no. 1, pp. 111–113,
Jan. 2013.

[5] C. Zhang et al., “Fuse-based field-dispensable ESD protection for ultra-
high-speed ICs,” IEEE Electron Device Lett., vol. 35, no. 3, pp. 381–383,
Mar. 2014.

[6] A. K. Geim and K. S. Novoselov, “The rise of graphene,” Nature Mater.,
vol. 6, no. 3, pp. 183–191, 2007.

[7] A. K. Geim, “Graphene: Status and prospects,” Science, vol. 324,
no. 5934, pp. 1530–1534, Jun. 2009.

[8] J. Brooks, “Characterization of graphene-based interconnects,” NNIN
REU Res. Accomplishments, pp. 128–129, Jan. 2008.

[9] K. Banerjee and N. Srivastava, “Are carbon nanotubes the future of
VLSI interconnections?” in Proc. ACM DAC, 2006, pp. 809–814.

[10] K. Nagashio, T. Nishimura, K. Kita, and A. Toriumi, “Metal/graphene
contact as a performance killer of ultra-high mobility graphene analysis
of intrinsic mobility and contact resistance,” in IEDM Tech. Dig.,
Dec. 2009, pp. 1–4.

[11] S. Russo, M. F. Craciun, M. Yamamoto, A. F. Morpurgo, and
S. Tarucha, “Contact resistance in graphene-based devices,” Phys. E,
Low-Dimensional Syst. Nanostruct., vol. 42, no. 4, pp. 677–679,
Feb. 2010.

[12] X. Chen, D. H. Seo, S. Seo, H. Chung, and H.-S. P. Wong, “Graphene
interconnect lifetime: A reliability analysis,” IEEE Electron Device Lett.,
vol. 33, no. 11, pp. 1604–1606, Nov. 2012.

[13] C. Santini, P. M. Vereecken, A. Volodin, G. Groeseneken, S. De Gendt,
and C. V. Haesendonck, “A study of Joule heating-induced breakdown
of carbon nanotube interconnects,” Nanotechnology, vol. 22, no. 39,
p. 395202, Sep. 2011.

[14] A. Naeemi and J. D. Meindl, “Compact physics-based circuit models
for graphene nanoribbon interconnects,” IEEE Trans. Electron Devices,
vol. 56, no. 9, pp. 1822–1833, Sep. 2009.

[15] T. Ragheb and Y. Massoud, “On the modeling of resistance in
graphene nanoribbon (GNR) for future interconnect applications,” in
Proc. IEEE/ACM ICCAD, Nov. 2008, pp. 593–597.

[16] T. Yu, E. K. Lee, B. Briggs, B. Nagabhirava, and B. Yu, “Bilayer
graphene/copper hybrid on-chip interconnect: A reliability study,” IEEE
Trans. Nanotechnol., vol. 10, no. 4, pp. 710–714, Jul. 2011.

[17] P. Goli, H. Ning, X. Li, C. Y. Lu, K. S. Novoselov, and
A. A. Balandin, “Thermal properties of graphene–copper–graphene het-
erogeneous films,” Nano Lett., vol. 14, no. 3, pp. 1497–1503, Feb. 2011.

[18] H. Li, C. C. Russ, W. Liu, D. Johnsson, H. Gossner, and K. Banerjee,
“On the electrostatic discharge robustness of graphene,” IEEE Trans.
Electron Devices, vol. 61, no. 6, pp. 1920–1928, Jun. 2014.

[19] Z. Ni, Y. Wang, T. Yu, and Z. Shen, “Raman spectroscopy and imaging
of graphene,” Nano Res., vol. 1, no. 4, pp. 273–291, Apr. 2010.

[20] A. C. Ferrari et al., “Raman spectrum of graphene and graphene layers,”
Phys. Rev. Lett., vol. 97, no. 18, p. 187401, Nov. 2006.

[21] M. S. Dresselhaus, A. Jorio, M. Hofmann, G. Dresselhaus, and R. Saito,
“Perspectives on carbon nanotubes and graphene Raman spectroscopy,”
Nano Lett., vol. 10, no. 3, pp. 751–758, Jan. 2010.

[22] B.-C. Huang, M. Zhang, Y. Wang, and J. Woo, “Contact resistance in
top-gated graphene field-effect transistors,” Appl. Phys. Lett., vol. 99,
no. 3, p. 032107, Jul. 2011.

[23] K.-J. Lee, A. P. Chandrakasan, and J. Kong, “Breakdown current den-
sity of CVD-grown multilayer graphene interconnects,” IEEE Electron
Device Lett., vol. 32, no. 4, pp. 557–559, Apr. 2011.

[24] S. Islam, Z. Li, V. E. Dorgan, M. H. Bae, and E. Pop, “Role of
joule heating on current saturation and transient behavior of graphene
transistors,” IEEE Electron Device Lett., vol. 34, no. 2, pp. 166–168,
Feb. 2013.

[25] Y. Liu, Z. Liu, W. S. Lew, and Q. J. Wang, “Temperature dependence of
the electrical transport properties in few-layer graphene interconnects,”
Nanosc. Res. Lett., vol. 8, no. 1, pp. 1–7, Dec. 2013.

Qi Chen received the B.E. degree in electrical
engineering from Xidian University, Xi’an, China,
in 2012, and the M.S. degree in electrical engineer-
ing from the University of Michigan, Ann Arbor,
MI, USA, in 2014. He is currently pursuing the
Ph.D. degree in electrical and computer engineer-
ing with the University of California at Riverside,
Riverside, CA, USA.

Rui Ma received the B.S. degree in physics from
Peking University, Beijing, China, in 2011, and the
M.S. degree in electrical and computer engineer-
ing from the University of California at Riverside,
Riverside, CA, USA, in 2012, where she is currently
pursuing the Ph.D. degree.

Her current research interests include on-chip ESD
protection designs for nanotechnologies and RF IC
designs.

Wei Zhang received the B.S. degree from the
Department of Electronic Information Engineering,
Tianjin University, Tianjin, China, in 2010, and
the Ph.D. degree from the Department of Materials
Science and Engineering, University of California at
Los Angeles Los Angeles, CA, USA, in 2015.

His current research interests include graphene-
based novel devices, the epitaxial growth of
III-nitrides, and fabrication and characterization of
GaN-based devices.

Fei Lu received the B.S. and M.S. degrees in
electrical engineering from Southeast University,
Nanjing, China, in 2005 and 2008, respectively.
He is currently pursuing the Ph.D. degree with
the Department of Electronics and Communication
Engineering, University of California at Riverside,
Riverside, CA, USA.

His current research interests include RF IC and
visible light communication IC designs.

Chenkun Wang received the B.S. degree from the
University of Science and Technology of China,
Hefei, China, in 2014. He is currently pursuing the
Ph.D. degree in electrical and computer engineering
with the University of California Riverside at River-
side, CA, USA.

His current research interests include ESD protec-
tion designs and CAD tool, and RF IC designs for
5G smart phones.



3212 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 63, NO. 8, AUGUST 2016

Owen Liang received the B.S. and M.S. degrees
from the Department of Materials Science and Engi-
neering, University of California at Los Angeles,
Los Angeles, CA, USA, in 2011 and 2015,
respectively, where he is currently pursuing the
Ph.D. degree.

His current research interests include a hybrid
graphene-metal plasmonic platform that is used as
a biosensor for cancer cell differentiation.

Feilong Zhang received the bachelor’s degree in
particle physics, from the University of Science
and Technology of China, Hefei, China, in 2015.
He is currently pursuing the Ph.D. degree in electri-
cal and computer engineering with the University of
California at Riverside, Riverside, CA, USA.

His current research interests include analog/RF
IC designs including RF filters.

Cheng Li received the B.E. degree in electrical
engineering from Xidian University, Xi’an, China,
in 2012, and the M.S. degree in electrical engi-
neering from the University of Southern California,
Los Angeles, CA, USA, in 2015. He is currently
pursuing the Ph.D. degree in electrical and computer
engineering with the University of California at
Riverside, Riverside, CA, USA.

He Tang received the B.S.E.E. degree from
the University of Electronic Science and
Technology of China (UESTC), Chengdu,
China, in 2005, the M.S. degree from the
Illinois Institute of Technology, Chicago, IL,
USA, in 2007, and the Ph.D. degree from
the University of California at Riverside,
Riverside, CA, USA, in 2010.

He has been a Professor with UESTC since 2014.
His current research interests include mixed-signal
IC designs.

Ya-Hong Xie (SM’99–F’14) received the
B.Sc. degree in physics from Purdue University,
West Lafayette, IN, USA, in 1981, and the M.Sc.
and Ph.D. degrees from the University of California
at Los Angeles, Los Angeles, CA, USA, in 1983
and 1986, respectively, all in electrical engineering.

His current research interests include plasmon
resonance enabled bio-sensing, physical properties,
and devices of graphene.

Albert Wang (M’95–SM’00–F’09) received the
B.S.E.E. degree from Tsinghua University, Beijing,
China, in 1985, and the Ph.D. degree in electrical
engineering from the State University of New York,
Buffalo, NY, USA, in 1996.

He has been a Professor of ECE with the Univer-
sity of California at Riverside, Riverside, CA, USA,
since 2007.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /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 true
  /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
    /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
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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

  /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 "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




