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The evolution of copper-based interconnects requires the realization of an ultrathin diffusion barrier layer

between the Cu interconnect and insulating layers. The present work reports the use of atomically thin layer

graphene as a diffusion barrier to Cu metallization. The diffusion barrier performance is investigated by

varying the grain size and thickness of the graphene layer; single-layer graphene of average grain size

2 � 1 mm (denoted small-grain SLG), single-layer graphene of average grain size 10 � 2 mm (denoted

large-grain SLG), and multi-layer graphene (MLG) of thickness 5–10 nm. The thermal stability of these

barriers is investigated after annealing Cu/small-grain SLG/Si, Cu/large-grain SLG/Si, and Cu/MLG/Si

stacks at different temperatures ranging from 500 to 900 �C. X-ray diffraction, transmission electron

microscopy, and time-of-flight secondary ion mass spectroscopy analyses confirm that the small-grain

SLG barrier is stable after annealing up to 700 �C and that the large-grain SLG and MLG barriers are

stable after annealing at 900 �C for 30 min under a mixed Ar and H2 gas atmosphere. The time-

dependent dielectric breakdown (TDDB) test is used to evaluate graphene as a Cu diffusion barrier under

real device operating conditions, revealing that both large-grain SLG and MLG have excellent barrier

performance, while small-grain SLG fails quickly. Notably, the large-grain SLG acts as a better diffusion

barrier than the thicker MLG in the TDDB test, indicating that the grain boundary density of a graphene

diffusion barrier is more important than its thickness. The near-zero-thickness SLG serves as a promising

Cu diffusion barrier for advanced metallization.
1. Introduction

The use of Cu interconnects in back-end-of-line (BEOL)
processes has led to signicant improvements over Al inter-
connects in Si integrated circuit technologies; namely, Cu
interconnects offer lower electrical resistivity and superior
electromigration resistance.1 However, Cu atoms diffuse well
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into Si, forming resistive Cu–Si compounds that lead to rapid
device failure;2 thus, the use of diffusion barriers is essential for
Cu interconnects. Although binary layers of Ta/TaN are
considered adequate barriers due to their low solubility in Cu
and their high thermal stability,3 critical challenges have
emerged with the continuous scaling down of the feature size.
The International Technology Roadmap for Semiconductors
recently reported that interconnects with a line-width of 22 nm
require a diffusion barrier of less than 2 nm thickness.4

However, thinning down the thickness of diffusion barriers to
this scale considerably increases their effective resistivities by
increasing the relative area of grain boundaries and the effect of
interface scattering.5,6 Besides, the deposition of ultrathin
diffusion barriers with excellent barrier continuity and unifor-
mity has always been a challenging task.5,7

Much effort has been devoted to the development of an
alternate Cu diffusion barrier material besides Ta/TaN layers, to
ensure low resistivity while obtaining good conformality with
the requirement of sub 22 nm interconnect technology. Koike
et al. used a self-forming diffusion barrier layer of a thin CuMn
alloy to reduce the barrier thickness.8 CuMn alloy thin lms
were deposited on SiO2 substrates, followed by annealing to
Nanoscale, 2014, 6, 7503–7511 | 7503
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Fig. 1 (a) Schematics of Cu/graphene barrier/Si or SiO2 substrate
structures. The presented graphene barriers are small-grain SLG
barrier, large-grain SLG barrier, and MLG barrier. (b and c) Optical
micrographs of (b) large-grain SLG and (c) MLG transferred to a 300
nm thick SiO2–Si substrate; black arrows indicate wrinkles on theMLG.
(d) Micro-Raman spectra of small-grain SLG (blue solid line), large-
grain SLG (black solid line), and MLG (red solid line).
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form a Mn oxide layer at the interface. Although a relatively thin
barrier layer of 3–4 nm thickness could thus be formed, the
presence of the Mn oxide induces the reduction of the total
BEOL conductivity, which is not desirable. Hsu et al. recently
reported the use of a 5 nm thick RuMo alloy lm as a seedless
Cu diffusion barrier. This lm remained stable aer annealing
at 700 �C and prevented interdiffusion between Cu and Si.9

However, successful Cu diffusion barriers that are less than
2 nm in thickness have not been previously reported.

Graphene, a one-atom-thick layer of carbon atoms arranged
in a two-dimensional hexagonal lattice, is an excellent candi-
date as a Cu diffusion barrier because of its outstanding elec-
trical and mechanical properties, thermal stability, and
chemical stability.10 Moreover, graphene is known to be
impermeable to atoms, molecules, ions, uids, and standard
gases including helium.11 Nonetheless, very few researchers
have evaluated whether graphene can act as a barrier to the
diffusion of metals. Kim et al. recently reported that graphene
can effectively block the interdiffusion of Al atoms into under-
lying Si at temperatures up to 700 �C.12 Kang et al. studied the
benets of MLG capping on Cu interconnects for suppressing
Cu electromigration.13 However, no prior study has examined
whether graphene layers can act as Cu diffusion barriers.

In this report, we systematically investigated the ability of both
single-layer and multilayer graphene grown by chemical vapor
deposition (CVD) to act as Cu diffusion barriers. Despite its high-
temperature growth conditions, the CVD method is believed to
be the most promising approach among all the techniques to
produce graphene as it is inexpensive and easy for large-area
production with moderate quality. Even though low-temperature
CVD growth of graphene has been reported which meets the
requirements for current generation CMOS technology,14 the
graphene fabricated by suchmethods shows a higher intensity of
the D band compared to that of high-temperature grown gra-
phene in the Raman spectrum. Thereby, we used a high-
temperature growth process for the fabrication of SLG and MLG
with low defects in the graphene lattice for use as diffusion
barriers. Herein, we evaluated the Cu barrier performance of
single-layer graphene (SLG) of 2 mm average grain size (denoted
small-grain SLG), SLG of 10 mm average grain size (denoted large-
grain SLG), andmultilayer graphene (MLG) of 5–10 nm thickness
by annealing in a vacuum chamber for 30 min at temperatures
ranging from 500 to 900 �C. X-ray diffraction (XRD), transmission
electron microscopy (TEM) analyses, and the time-of-ight
secondary ion mass spectroscopy (ToF-SIMS) depth prole anal-
yses conrmed that the formation of copper silicide was effec-
tively suppressed, even at 900 �C, by both large-grain SLG and
MLG barriers. To investigate the effects of the electric eld and
thermal stress on the diffusion barriers, we conducted time-
dependent dielectric breakdown (TDDB) tests using a metal–
insulator–semiconductor (MIS) structure. The barrier perfor-
mance of both large-grain SLG and MLG was superior to that of
thin lm-grown barriers. We also found that the large-grain SLG
and MLG had different blocking performance, which we attrib-
uted to their different grain sizes based on confocal Raman
mapping results, optical microscope images, and eld emission
scanning electron microscope (FE-SEM) images.
7504 | Nanoscale, 2014, 6, 7503–7511
2. Results and discussion

Fig. 1a shows schematics of the samples used in our experi-
ments. In our study, we separately prepared Cu-grown SLG
samples and Ni-grown MLG samples. For the Cu-grown SLG, we
prepared two sets of samples: a SLG sample of grain size 1–3
mm, and a SLG sample of grain size 6–12 mm. We refer to these
samples respectively as small-grain SLG and large-grain SLG.
The grain size of the Ni-grown MLG was 4–6 mm. The verica-
tion of these grain sizes will be discussed in detail below. SLG
samples were dominated by graphene basal planes and MLG
samples were dominated by edge planes, respectively. The large-
grain SLG transferred onto the SiO2–Si substrate was nearly at
and awless, with uniform color contrast (Fig. 1b); the trans-
ferred small-grain SLG on the SiO2–Si substrate also showed
uniform color contrast (data not shown). An atomic force
microscopy (AFM) measurement for a large-grain SLG/SiO2/Si
sample further conrmed the inevitable wrinkles and negligible
PMMA residue (Fig. S2†). Contrastingly, the MLG transferred
onto the SiO2–Si substrate consisted of multilayered grains and
single to multiple layers that could be identied optically by
their irregularities in color, as shown in Fig. 1c. In addition, the
transferred MLG was rippled (see black arrows in Fig. 1c), which
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 X-ray diffraction u-2q scans of (a) a Cu–Si sample after
annealing at 300 �C; (b) the as-deposited Cu/small-grain SLG/Si
sample and the Cu/small-grain SLG/Si sample annealed at 500, 600,
700, 800, and 850 �C; (c) the as-deposited Cu/large-grain SLG/Si
sample and the Cu/large-grain SLG/Si sample annealed at 500, 600,
700, 800, 850, and 900 �C; (d) the as-deposited Cu/MLG/Si sample
and the Cu/MLG/Si sample annealed at 500, 600, 700, 800, 850, and
900 �C. All the annealed samples used here were annealed for 30 min;
Cu–Si and the graphene-containing samples were annealed in a
mixture of Ar and H2.
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we attributed not to the transfer process but rather to the
cooling process, because graphene and Ni have considerably
different thermal expansion coefficients.15 No signicant cracks
or holes were evident in the SLG orMLG transferred to the SiO2–

Si substrate. Micro-Raman spectra taken from each transferred
sample to verify the existence of graphene layers and the quality
of the layers are shown in Fig. 1d. Pristine graphene has sharp G
(�1580 cm�1) and 2D (�2700 cm�1) bands, with an IG/I2D
intensity ratio smaller than 0.5; the 2D peak has a narrow full
width at half maximum (FWHM) of 30 cm�1.16 A sharp G peak at
1583 cm�1 and an intense 2D peak at 2687 cm�1 were observed
for both small- and large-grain SLG samples transferred onto
the SiO2–Si substrate. We attributed slight shis in the 2D peaks
for both small- and large-grain SLG samples to hole doping in
the graphene sheets, formed by means of exposure to oxygen
and moisture.17 The FWHM of the 2D peak was approximately
35 cm�1, while the IG/I2D ratio of the SLG sample was �0.42 for
both small- and large-grain SLG samples; these results indi-
cated that the CVD-grown SLG was single-layer. The Raman
spectrum of multilayered pristine graphene is characterized by
an IG/I2D intensity ratio larger than 1 and by broad 2D bands.18

The IG/I2D ratio of the transferred MLG on the SiO2–Si substrate
was 1.45, and the 2D peak had a FWHM of�50 cm�1, indicating
that the transfer of the MLG onto the SiO2 substrate was
successful. A minor D peak was observed near 1350 cm�1 in the
Raman spectra of small-grain SLG, large-grain SLG, and MLG;
we attributed this peak to the formation of defects and
wrinkles.19

To investigate the thermal stability of graphene as a diffu-
sion barrier to Cu, we prepared and annealed at different
temperatures three stacked structures: Cu/small-grain SLG/Si,
Cu/large-grain SLG/Si, and Cu/MLG/Si. As a control, we also
prepared a Cu–Si structure with no diffusion barrier. XRD u-2q
scans of the Cu–Si sample aer annealing at 300 �C for 30 min
are shown in Fig. 2a. H2 and Ar gases were owed into the
chamber to prevent oxidation of the Cu lms.20 Noticeable
diffraction peaks were detected at 43.40�, 44.61�, 45.25�, and
50.48�, corresponding to Cu(111), Cu3Si(320), Cu3Si(312), and
Cu(200) peaks, respectively.21 This result is coincident with the
fact that copper silicides form at approximately 300 �C without
barriers.22 XRD u-2q scans of Cu/small-grain SLG/Si samples
before and aer annealing for 30 min at different temperatures
ranging from 500 to 850 �C are shown in Fig. 2b. In the as-
deposited Cu/small-grain SLG/Si sample, two peaks were
observed at 43.40� and 50.48�, corresponding to Cu(111) and
Cu(200) peaks, respectively. The higher intensity of the Cu(111)
peak indicated that the preferential crystal orientation of the
deposited Cu lm was h111i; this orientation has a higher Cu
electromigration resistance than other orientations.20,23 Aer
annealing of the as-deposited Cu/small-grain SLG/Si sample at
500 �C, the broad peaks of the as-deposited Cu lm became
sharp and the intensities of peaks increased considerably,
which we ascribed to signicant grain growth and densication
of the Cu lm.24 No additional peaks were observed for higher-
temperature annealing conditions until 800 �C, at which point
peaks were detected for Cu3Si(320), Cu3Si(312) and Cu4Si(440).
That is to say, the small-grain SLG apparently served as a Cu
This journal is © The Royal Society of Chemistry 2014
diffusion barrier up to 800 �C. On annealing to 850 �C, the
intensity of the Cu3Si diffraction peaks was increased slightly,
while the Cu4Si diffraction peak was not observed and the Cu
diffraction peaks were noticeably weakened due to the loss of
metallic Cu by diffusion through the small-grain SLG barrier
into Si. The absence of the Cu4Si diffraction peak indicates that
Cu3Si is more stable than Cu4Si at high temperatures.25 XRD
u-2q scans of Cu/large-grain SLG/Si samples before and aer 30
min of annealing at different temperatures ranging from 500 to
900 �C are shown in Fig. 2c. In contrast to the results of the
small-grain SLG barrier, no copper silicide phases were
observed aer annealing at 800 and 850 �C. Even aer anneal-
ing a Cu/large-grain SLG/Si sample at 900 �C, copper silicide
phases did not form; however, both the Cu(111) and Cu(200)
diffraction peaks decreased signicantly due to the evaporation
of Cu at temperatures near its melting point (�1085 �C). The
difference in thermal stability between the small- and large-
grain SLG will be further discussed below.

To investigate the barrier performance with respect to the
thickness of the graphene layers, the barrier performance of
MLG grown on a Ni lm was investigated using the same
preparation method described for small- and large-grain SLG.
XRD spectra of the Cu/MLG/Si samples before and aer
Nanoscale, 2014, 6, 7503–7511 | 7505
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annealing in the temperature range of 500–900 �C for 30 min in
an Ar and H2 atmosphere are shown in Fig. 2d. Similar to the
small- and large-grain SLG barrier, the as-prepared samples
containing an MLG barrier exhibited minor Cu(111) and
Cu(200) peaks at 43.36� and 50.52�, respectively, and the
intensities of these peaks increased signicantly with
increasing annealing temperature, indicating Cu grain growth.
A weak graphite (400) peak was observed at �54.67� in the Cu/
MLG/Si samples, indicating the transfer of multi-layer graphene
to the Si substrate. Similar to what we observed for the large-
grain SLG barrier, copper silicides did not form even aer
annealing at 900 �C. The results of XRD spectra for large-grain
SLG and MLG illustrated that both large-grain SLG and MLG
served as effective Cu diffusion barriers by preventing diffusion
and remaining chemically inert even at temperatures as high as
900 �C. The fabricated large-grain SLG (�0.35 nm, one atom
thick) exhibited the highest thermal stability reported so far for
a diffusion barrier less than 2 nm thick. Even though the small-
grain SLG barrier was less thermally stable than the large-grain
SLG barrier, it was still superior to other diffusion barrier
materials with a greater thickness. Additionally, MLG (�10 nm,
�28 layers) also showed better thermal stability than other
diffusion barrier materials with similar thicknesses. These
results imply that graphene is an excellent diffusion barrier
material candidate for ultra-large scale integrated technologies.

To better understand the interface between the Cu lm and
the graphene layers, we examined cross-sectional TEM micro-
graphs of Cu/small-grain SLG/Si, Cu/large-grain SLG/Si, and Cu/
MLG/Si samples. Fig. 3 shows typical TEM images of Cu–Si, Cu/
small-grain SLG/Si, Cu/large-grain SLG/Si, and Cu/MLG/Si
samples annealed for 30 min in an Ar and H2 atmosphere. A
representative cross-sectional TEM micrograph of a Cu–Si
Fig. 3 (a and b) Low-resolution TEM micrographs showing interac-
tions at the Cu–Si interface, with and without graphene barriers: (a) a
sample with no diffusion barrier, after annealing at 400 �C and (b) a
sample with a small-grain SLG barrier, after annealing at 800 �C. (c and
d) A high-resolution TEM micrograph with graphene barriers, after
annealing at 900 �C: (c) a sample with a large-grain SLG barrier and (d)
a sample with the MLG barrier.

7506 | Nanoscale, 2014, 6, 7503–7511
sample that was annealed at 300 �C is shown in Fig. 3a. In the
absence of a diffusion barrier, a huge elliptical copper silicide
layer that was 300 nm long and 400 nm thick was formed; the
copper silicide layer grew deeply into the Si substrate, creating a
gap between the copper silicide and the Si substrate (Fig. 3a). It
has been determined previously that Cu is the dominant
diffusion species in the formation of copper silicide.26 Consis-
tent with the XRD results shown in Fig. 2b, a cross-sectional
TEM micrograph of a Cu/small-grain SLG/Si stacked structure
annealed at 800 �C shows that copper silicides were formed; a
huge gap between the Cu lm and the Si substrate was also
observed, caused by strains and stresses produced due to the
lattice mismatch between the Si substrate and the formed
copper silicide (Fig. 3b). A high-resolution TEM image of the
interfacial region of the Cu/large-grain SLG/Si stacked structure
annealed at 900 �C is shown in Fig. 3c; even though the large-
grain SLG layer could hardly be distinguished (see arrow in
Fig. 3c), no interdiffusion between Cu and Si was observed, the
Cu lm remained adhered to the layer below, and the interface
was clean. We observed a 2 nm thick native oxide layer on Si in
Fig. 3c. The silicon native oxide layer would be inevitably
formed during the graphene transfer process even though we
immersed the Si substrate in diluted hydrouoric acid (HF)
aqueous solution for 1 min before the graphene transfer. As we
already conrmed in Fig. 2a that Cu3Si phases were formed
aer annealing the as-prepared Cu–Si sample at 300 �C, which
has a native oxide layer on Si, the silicon native oxide layer
cannot block the Cu diffusion into Si.27

The lattice spacing of the Ni-grown MLG was determined to
be approximately 0.35 nm by high- resolution TEM (HR-TEM)
analysis of the Cu/MLG/Si structure, conrming the presence of
a two-dimensional carbon structure (Fig. 3d); the thickness of
the MLG ranged from 5 to 10 nm, which corresponds to 14–28
layers of graphene. An adhesively layered Cu and MLG structure
was observed, with a clear interface between the Cu lm and
MLG layers and no sign of compound formation. Moreover,
there was no evidence of intermixing between Cu and Si from
the HR-TEM images.

The time-of-ight secondary ion mass spectroscopy (ToF-
SIMS) depth prole measurement was performed to precisely
examine if even an extremely small quantity of Cu can penetrate
into the Si substrate through the graphene barrier. For our ToF-
SIMS measurement, we prepared three types of samples: Cu/
small-grain SLG/Si, Cu/large-grain SLG/Si, and Cu/MLG/Si.
These samples were then annealed at 900 �C under the same
conditions used in the XRD analysis. We used another Cu/large-
grain SLG/Si sample as a reference sample, which was not
annealed. Prior to the ToF-SIMS depth prole analysis, Cu layers
on graphene barriers of each samples were removed by soaking
the samples in diluted nitric acid (30%) for 15 min. Fig. 4 shows
the ToF-SIMS depth proles of the Si and Cu atom obtained
from the Si substrate of each samples. In the case of the non-
annealed Cu-etched/large-grain SLG/Si reference sample
(Fig. 4a), the Si substrate region is clearly distinguished by the
rapid increase and saturation of the Si signal, and as for the Cu
intensity, it decreases gradually with the sputtering time. A
negligible surface Cu intensity was due to the knock-on effect of
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 The ToF-SIMS SIMS depth profile of Cu diffused into the Si
substrate of the (a) large-grain SLG/Si sample before annealing (a
reference sample), (b) a small-grain SLG/Si sample after annealing at
900 �C, (c) a large-grain SLG/Si sample after annealing at 900 �C, and
(d) a MLG/Si sample after annealing at 900 �C.

Fig. 5 Weibull plots of time to failure for small-grain SLG, large-grain
SLG, MLG, and TiN diffusion barriers.
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the remaining Cu atoms on the top of the sample surface.28 The
depth prole result of the reference sample allows the elimi-
nation of possible articial errors in the ToF-SIMS analysis. As
shown in Fig. 4b, for the Cu-etched/small-grain SLG/Si sample,
the ToF-SIMS depth prole clearly shows the Cu penetration
into the Si substrate; the Cu signal rapidly increased and satu-
rated. In contrast, the ToF-SIMS depth proles of both Cu-
etched/large-grain SLG/Si and Cu-etched/MLG/Si samples have
an almost similar Cu distribution and intensity throughout the
sputtering time as that of the reference sample (Fig. 4c and d),
which indicates no detectable Cu penetration into the Si
substrate through the large-grain SLG and MLG barriers. These
results agree well with the XRD and TEM results which indicate
that large-grain SLG and the MLG have signicantly higher
thermal stability than other materials.

Even though we conrmed that small-grain SLG, large-grain
SLG, and MLG work well as Cu diffusion barriers at tempera-
tures as high as 700 and 900 �C, diffusion barrier characteristics
should also be evaluated under real device operation condi-
tions, because the Cu interconnect in actual devices is affected
by electric elds as well as thermal stresses. Under real device
operating conditions, positive Cu ions can dri into the
dielectric layer under an electric eld.29 To evaluate the ability of
graphene to function as a Cu diffusion barrier under device
operating conditions, we performed TDDB tests by monitoring
the leakage current of the dielectric layer, and compared the
results with the TDDB data collected by Lee et al. on Cu diffu-
sion barriers of a 42- and 84 nm thick TiN layer.30 Both herein
and in the work of Lee et al., the failure criterion used was a
leakage current of 1 � 10�5 A; all tests were carried out under
the same conditions of the electric eld (3 MV cm�1) and
temperature (225 �C). Weibull plots of TDDB time to failure
(TTF) are shown in Fig. 5; the characteristic times (t63.2) were
0.15, 34.14, 10.91, 11.81, and 14.20 h for MIS samples with
barrier layers of small-grain SLG, large-grain SLG, MLG, 42 nm
thick TiN, and 84 nm thick TiN, respectively. Even though the
This journal is © The Royal Society of Chemistry 2014
large-grain SLG was only one atom thick, one of the thinnest
barrier layers that we examined, it had the longest TTF of more
than 10 h. On the other hand, small-grain SLG had the shortest
TTF of less than 1 h. The MLG had a shorter TTF than the large-
grain SLG, despite the latter's relative thinness; somewhat
similarly, the MLG and TiN barriers had similar TTFs despite
the former's relative thinness. These results indicate that the
near-zero-thickness large-grain SLG diffusion barrier has an
outstanding barrier performance under an electric eld, as well
as in response to thermal stress. The barrier performance of
MLG was superior to that of TiN, but inferior to that of large-
grain SLG.

Contrary to our expectation that MLG would have the longest
TTF among the graphene barrier samples, it was large-grain
SLG that actually had the longest TTF, though MLG indeed
outperformed small-grain SLG in this respect. Possible reasons
for this trend are the effects of both the graphene thickness and
the grain size of the CVD-grown polycrystalline SLG and MLG.
As discussed above, SLG grown on a Cu foil was dominated by
basal planes, whereas MLG grown on a Ni lm was dominated
by edge planes (recall Fig. 1a). The movement of metal atoms or
metal ions likely occurred along the edge planes of MLG; in
other words, the edge planes of MLG likely acted as reactive
diffusion sites for Cu atoms and ions. Yao et al. recently
investigated Li ion diffusion through SLG and MLG and
concluded that Li ions diffused well along edge planes, while
pure basal planes of graphene allowed only lateral diffusion of
Li ions.31 This explains why the thick MLG grown on a Ni lm
was an inferior diffusion barrier relative to the thin, large-grain
SLG in our experiments. Then, the grain size could be the main
factor that determines the diffusion barrier performance of
graphene barriers. Despite the fact that the grain boundaries of
polycrystalline CVD-grown graphene continuously connect each
grain with strong bonding, they nonetheless constitute the
weakest region of the material and can eventually act as diffu-
sion pathways for Cu atoms or ions. In fact, the grain boundary
dislocation of graphene is likely to weaken its overall mechan-
ical strength; this has been conrmed by tearing tests in
previous studies.32 Topsakal et al. also showed that the grain
boundaries of graphene can operate as diffusion pathways for
oxygen transport based on a theoretical analysis.33
Nanoscale, 2014, 6, 7503–7511 | 7507
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The detailed grain sizes of our SLG barriers were examined
with optical microscope images, FE-SEM images and a confocal
Raman mapping of the G band (1560–1610 cm�1) and D band
(1350–1390 cm�1) with a 633 nm excitation laser aer selective
oxidation of Cu foil below SLG using a previously reported
method.34 The selective oxidation process was realized by
selectively oxidizing the Cu foil through SLG grain boundaries
under moisture-rich ambient conditions. The formation of
Cu2O on the Cu foil through SLG grain boundaries allows us to
probe SLG grain boundary lines with an optical microscope. The
grain size of the MLG barrier was conrmed by performing a
confocal Raman mapping of the G band (1560–1610 cm�1) and
D band (1350–1390 cm�1) with a 532 nm excitation laser with a
transferred MLG sample onto a 300 nm thick SiO2–Si substrate.
FE-SEM images and corresponding Raman maps that provide
information on the graphene thickness, graphene grain
boundaries, and defect densities are presented in Fig. 6. The
formation of Cu2O through SLG grain boundaries under mois-
ture-rich ambient conditions was evident in both the small- and
large-grain SLG samples by white dotted lines appearing in FE-
SEM images;34 and the grain size of the small-grain SLG ranged
from 1 to 3 mm, while the grain size of the large-grain SLG
ranged from 6 to 12 mm (Fig. 6a and d). To conrm the evidence
for Cu2O formation along the grain boundaries of the graphene
layer aer selective oxidation in air, we performed energy-
dispersion spectrometry (EDS) point measurements and Raman
spectrum measurements on a large-grain SLG/Cu foil sample.
The EDS analysis showed sharp peaks of Cu and O along the
Fig. 6 Micrographs and integrated intensity Raman maps of (a–c)
small-grain SLG/Cu, (d–f) large-grain SLG/Cu, and (g–i) MLG trans-
ferred onto a SiO2–Si substrate: (a and d) FE-SEMmicrographs of SLG/
Cu samples after selective oxidation at 200 �C in air for 4 h; (g) an
optical micrograph of MLG; (b, e and h) integrated intensity Raman
maps of the graphene G band (1560–1610 cm�1); (c, f and i) integrated
intensity Raman maps of the graphene D band (1350–1390 cm�1). All
scale bars indicate 10 mm.

7508 | Nanoscale, 2014, 6, 7503–7511
grain boundary region, further conrming the presence of Cu
oxide (Fig. S1†). The Raman analysis showed the well-estab-
lished broad Raman bands attributable to Cu2O at 526 and 603
cm�1, conrming the type of Cu oxide species.35 Even though
both small- and large-grain SLG samples were annealed under
the same conditions, the density of oxidized states was higher in
small-grain SLG than in large-grain SLG because the former has
a higher density of grain boundary states. This trend in the
grain boundary density was conrmed using confocal Raman
mapping of the G and D bands; the mapping in the D and G
band matched well with the grain boundaries observed in SEM
images (Fig. 6b, c, e and f). An optical image and Raman G and
D band maps of the MLG are presented in Fig. 6g–i. The optical
image of the MLG shows the presence of multilayer graphene
that formed on the Ni lm by the precipitation of carbon species
(Fig. 6g). In the G band map of Fig. 6h, the thinnest regions of
the MLG are shown as dark areas, while the thickest regions of
MLG are shown as bright areas. Compared to small- and large-
grain SLG, the MLG showed a greater variation in the G band
intensity, indicating the formation of non-uniform, multilay-
ered akes. Despite the discontinuity of the MLG's top surface,
single- and few-layer graphene bridged together to create a
continuous lm over the entire lm area. The MLG also had a
greater variation in the D band intensity, indicating that grains
of many different thicknesses were present, with many defects
caused by the numerous edge planes (Fig. 6i) Because of this
variation in the ake thickness, we could not accurately deter-
mine the grain size of the MLG; nonetheless, its grain size could
be estimated as less than 6 mm, based on the areas of the less
defective regions in the D band map (dark areas in Fig. 6i).
Comparing the grain size between large-grain SLG and MLG
clearly showed that large-grain SLG grown on Cu had larger
grains than MLG grown on Ni. In contrast, the grain size of the
small-grain SLG was smaller than that of the MLG. These results
conrm that the diffusion barrier performance of graphene can
be improved by increasing the size of its grains because Cu
atoms or ions diffuse through grain boundaries.

3. Experimental section
Sample preparation

For the growth of SLG, a 25 mm-thick annealed Cu foil (99.8%
metals basis, Alfa Aesar 13382) was cut into 1 � 1 cm2 pieces
that were successively cleaned by ultrasonication in acetone,
isopropyl alcohol, and de-ionized (DI) water for 10 min each.
The prepared samples were loaded into a CVD quartz chamber
and SLG was synthesized on their surfaces as described previ-
ously.36 To fabricate large-grain SLG, Cu foil samples were rst
annealed by heating them to 1077 �C under a hydrogen gas ow
(H2, 50 sccm) for 60 min at an atmospheric pressure, and then
the graphene was formed by adjusting the chamber pressure to
2 Torr under a continuous ow of H2 and CH4 (10 sccm) as
carrier gases at 1000 �C for 60 min. The fabrication of small-
grain SLG was carried out by heating Cu foil samples to 1000 �C
under a hydrogen gas ow (H2, 50 sccm) for 20 min, followed by
annealing for 60 min under a continuous ow of H2 and CH4

carrier gases (10 sccm) at 1000 �C. For the growth of MLG,
This journal is © The Royal Society of Chemistry 2014
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500 nm thick Ni lms were thermally evaporated onto 1� 1 cm2

SiO2–Si substrates and cleaned by the ultrasonication process
described above; the as-prepared Ni/SiO2/Si samples were then
annealed at 1000 �C under a H2 ow (500 sccm) for 20 min,
followed by further annealing at 1000 �C for 5 min with the
introduction of CH4 (50 sccm). Selective oxidation of the Cu foil
below the SLG was carried out on a hot plate at 200 �C in air for
4 h. The ambient temperature was 24.5 �C and the relative
humidity was 53–63%.

To transfer the SLG/Cu and MLG/Ni/SiO2/Si samples, poly-
(methyl methacrylate)(PMMA) solution (PMMA powder from
Sigma Aldrich; average molar weight �996 000, product no.
182265, dissolved in anisole to a concentration of 40 mg ml�1)
was spin-coated at 4200 rpm for 40 s and dried at room
temperature in a vacuum chamber for 30 min. The Cu foil was
etched in a 0.1 M ammonium persulfate solution and Ni was
etched in a 1 : 5 : 4 aqueous solution of hydrouoric acid (HF),
nitric acid (HNO3), and H2O. The resulting PMMA/graphene
structures oated on the etching solution; using a glass
substrate, they were moved to a 5 : 1 : 1 solution of H2O–H2O2–

HCl and kept there for 15 min to remove the etchant residue.
The PMMA/graphene stacked structures were rinsed with DI
water several times for 10 min each using the same procedure.
The cleaned PMMA/graphene structures were manually laid on
cleaned p-type (100) Si substrates. The Si substrate was cleaned
by dipping in a dilute HF solution (HF : H2O ¼ 1 : 50) for 1 min
to remove native oxides before the graphene transfer.

To remove the PMMA supporting layer, the PMMA/graphene
on the Si substrate was immersed in an acetone solution for 10
min and then annealed in a furnace at 400 �C for 3 h while owing
a 1 : 1 mixture of Ar and H2 gases. Then, a 500 nm thick Cu lm
was deposited on the graphene–Si substrates via a vacuum
thermal evaporating system using a shadow mask with square
patterns approximately 1.5 mm on a side. Finally, to analyze the
thermal stability of graphene as a diffusion barrier, the as-
prepared samples were annealed at temperatures ranging from
500 to 900 �C for 30 min each in a mixture of Ar and H2 gases.

To prepare the TDDB test samples, SLG and MLG samples
were transferred onto a (100) oriented n-type Si substrate
(0.001–0.003 U cm) covered with a 100 nm thick thermally
grown SiO2 layer. Then, a 300 nm thick Cu lm was deposited
on graphene–SiO2–n-type Si substrates using a vacuum thermal
evaporating system and a shadow mask with a circular pattern
600 mm in diameter. To avoid oxidation of Cu during the test, an
Al/Ta (500 nm/50 nm) bilayer was deposited by DC magnetron
sputtering through the same shadow mask used to evaporate
the Cu lms. To fabricate the backside electrode, a 500 nm thick
Al layer was deposited on the back side of the Si substrate viaDC
magnetron sputtering aer removing the native oxide with 5%
HF aqueous solution. TDDB tests were performed at 225 �C and
3 MV cm�1 using a low leakage multimeter (Kiethley™ 237).
Characterization

Samples of SLG and MLG synthesized on a SiO2–Si substrate
were observed using an optical microscope equipped with a
mounted digital camera (Artcam 300MI). Raman spectroscopy
This journal is © The Royal Society of Chemistry 2014
and spatial Raman mapping were performed using a micro-
Raman system (Jobin-Yvon, LabRam HR) equipped with a
motorized sample stage. The wavelengths of the excitation laser
were 532 and 633 nm, its power was set to 5mW, and its spot size
was approximately 1 mm. The pixel of the Raman maps was 300
nm square. Transition of Cu into the copper silicide phase was
analysed using an XRD system (Rigaku, D/Max-2500H) with a Cu
Ka1 source (l¼ 1.540562 Å), operated at 40 kV and 100mA. A FE-
SEM (JEOL, 7001F) was used to examine the surface morphology
of graphene–Cu samples. The ToF-SIMS depth proling was
performed on an Ion TOF (Munster, Ion-TOF IV) equipped with
both Bi3+ and Cs+ primary ion beam sources. The analysis source
was a pulsed 3 kV Bi3+ beam, and the target current was �1.4 pA
with an acquisition area of 100 � 100 mm2. The sputter ion
source was a 1 kV Cs+ primary ion beam, which bombarded the
surface at an incident angle of 45� to the normal surface. The
target current was maintained at�20 nA and the sputtering area
was 400 � 400 mm2. The elemental composition of Cu2O on Cu
aer selective oxidation was investigated with the SEM-EDS link
system (JEOL, 3000F). A TEM (JEOL, 3000F) equipped with an
energy dispersive spectroscopymeasurement system was used to
identify phases and to study interfacial reactions of cross-
sectional material samples. The root mean square roughness of
graphene transferred onto the SiO2/Si substrate was investigated
using the AFM (Park system Co., XE-100).
Conclusions

We demonstrated the ability of single-layer and multi-layer
graphene to act as Cu diffusion barriers by performing
diffusion tests in different temperature regimes (500–900 �C)
for 30 min while owing a mixture of Ar and H2 gases. Results
from the XRD, TEM, and ToF-SIMS analyses conrmed that
SLG and MLG effectively blocked the diffusion of Cu atoms
into Si. The intrinsic barrier performance of Cu–graphene
barrier–SiO2 structures were also investigated by TDDB tests
performed at 225 �C under a positive bias (3 MV cm�1) to
determine whether graphene could act as a Cu diffusion
barrier under real device operating conditions. SLG of 10 mm
average grain size exhibited excellent TDDB performance
compared to TiN and MLG. To the best of our knowledge, the
Cu diffusion barrier performance reported herein for SLG of
less than 2 nm in thickness is the best reported thus far; in
other words, graphene is an effective near-zero-thickness Cu
diffusion barrier. To further improve the barrier performance
of the SLG diffusion barrier, it is necessary to ensure high-
quality growth with a large grain size, because the grain
boundaries are vulnerable to diffusion of Cu atoms.
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