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ecent success of graphene transistor
Roperation in the GHz frequency range

demonstrates the potential of this
material for high speed electronics." 3 The
most promising route for large area, elec-
tronic grade graphene is synthesis via sub-
limation of Si from the surface of single
crystal SiC semiconductor wafers.* While
this technique has achieved carrier mobili-
ties greater than 18000 cm?/(V s) at room
temperature on SiC(0001), controlling the
graphene thickness on SiC(000T) can be
quite challenging®> Alternatively, mono-
layer graphene is readily achieved on SiC
(0001), but the formation of a “buffer layer”
between graphene and SiC(0001) results in
a 10x reduction in mobility. As a result,
methods such as spin deposition of reduced
graphene oxide,® dry transfer from SiC,’
chemical vapor deposition (CVD) on metal
substrates,®® and plasma-assisted deposition'°
have been explored as a means to achieve
ultralarge area, high mobility graphene. Of
these techniques, CVD is likely the most attrac-
tive alternative to silicon sublimation from SiC
due to the inherent control over process
chemistry and the flexibility in choosing pre-
cursors. CVD is an established method for
the production carbon-based materials in-
cluding pyrolytic graphite,'’ carbon/carbon
composites,'? diamond,'? and carbon nano-
tubes.'® Additionally, CVD has been utilized to
form graphene on Ni'* or Cu® at temperatures
near 1000 °C. However, the presence of a
metal substrate induces its own challenges
for the production of semiconductor devices.
As a result, there is a desire to produce high
quality graphene films without a metallic cat-
alyst. Ismach et al.'® report chemical vapor
deposition of graphene on sapphire via the
use of a thin sacrificial Cu film that evaporates
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ABSTRACT We present a novel method for the direct metal-free growth of graphene on

sapphire that yields high quality films comparable to that of graphene grown on SiC by sublimation.

Graphene is synthesized on sapphire via the simple decomposition of methane at 1425—1600 °C.

Film quality was found to be a strong function of growth temperature. The thickness, structure,

interface characteristics, and electrical transport properties were characterized in order to under-

stand the utility of this material for electronic devices. Graphene synthesized on sapphire is found to

be strain relieved, with no evidence of an interfacial buffer layer. There is a strong correlation

between the graphene structural quality and carrier mobility. Room temperature Hall effect mobility

values were as high as 3000 m%/(V s), while measurements at 2 K reached values of 10 500 cm?/(V s).

These films also display evidence of the quantum Hall effect. Field effect transistors fabricated from this

material had a typical current density of 200 mA/mm and transconductance of 40 mS/mm indicating

that material performance may be comparable to graphene on SiC.

KEYWORDS: graphene - chemical vapor deposition - sapphire - mobility - Hall effect

during graphene synthesis. While this process
yields high quality graphene, the film is dis-
continuous and is thus difficult to utilize in
standard CMOS processing. Alternatively, Mae-
daand Hibino'® have shown that deposition of
thin carbon films on sapphire and Si without a
metal catalyst is possible using gas source
molecular beam epitaxy (MBE). This process
yields continuous films, but utilizes deposition
temperatures near 600 °C, which produce
low quality films as characterized by Raman
spectroscopy. Most recently, Hwang et al."”
demonstrated metal-free growth of graphitic
films on sapphire and SiC at temperatures of
1350—1650 °C. They provided evidence that
the film structure is ABC-stacked, and that film
quality improved with deposition temperature.
In fact, Raman spectroscopy of these films
exhibited D-peak to G-peak ratios as low as
0.06, suggesting that the structural quality may
be comparable to that of graphene on silicon
carbide. However, the reported film thick-
ness (nine monolayers on sapphire and four
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Figure 1. (a) Raman spectroscopy of graphene on sapphire indicates that structural quality improves as the growth
temperature is increased from 1425 to 1575 °C. Additionally, the 2D/G ratio (b) remains equal to or greater than 1.5 with a
significant fraction of the 2D Raman spectra being fit to one or four Lorentzian curves (c) suggesting the presence of
monolayer and bilayer graphene. Finally, Raman mapping and subsequent peak fitting of the 2D peak for a film grown at

1525 °C indicates >90% monolayer coverage (d).

monolayers on SiC(000T1)) precludes the use of this
material in electronic devices where current modula-
tion is required.

RESULTS AND DISCUSSION

We present a CVD process for growth of high quality
monolayer graphene on sapphire with D/G ratios as
low as 0.05, long-range roughness <1 nm, and carrier
mobilities exceeding 3000 cm?/(V s) over 50 mm
diameter substrates. Additionally, we examine the
graphene/Al,03 system to correlate growth conditions
with structural, chemical, and electronic properties to
show a clear trend with process temperature. This
process provides a means for scale-up to low cost,
large diameter substrates and yields material perfor-
mance paralleling that of epitaxial graphene on the Si-
face of SiC, which is the current leader for large scale
fabrication of high frequency analog devices.'?

Prior to the growth of graphene on sapphire, it is
important to evaluate the thermodynamic equilibrium
conditions of the AlI-C—O—H chemical system to
determine appropriate boundary conditions for solid
C deposition and to determine the thermodynamically
stable reaction products. Thermo-chemical modeling
was accomplished via free energy minimization using
HSC Chemistry 5.11. While this analysis is not quanti-
tative in nature, it does provide valuable insight into
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the trends expected when attempting to deposit solid
C at various temperatures, pressures, and reactant
concentrations. In the case of graphene synthesis on
sapphire substrates (1450—1700 °C), the potential for
reaction between C and sapphire (Al,O3) is the primary
concern. Modeling of a system composed of Al, O, C, H,
and Ar predicts that no solid phase AlI—C or O—C
containing products will form, suggesting that no
covalent bonding will occur between the graphene
film and substrate. However, both CO(g) and Al,O(g)
are predicted to be present in significant concentra-
tions above 1200 °C, and may completely consume all
of the CH, above 1400 °C. This indicates that two
undesirable effects may take place during CVD of
graphene on sapphire. The first is that no solid carbon
will exist if the reaction to form CO(g) proceeds at a rate
significantly faster than the rate of CH, decomposition
to solid C. The second is that the presence of Cin either
solid or gaseous forms may significantly etch the sur-
face of the sapphire substrate making it too rough for
semiconductor device processing. Experimental ob-
servations showed that prior to growth, and up to
growth temperatures of 1500 °C, the average rough-
ness (R,) of the sapphire substrates was 0.3—0.5 nm
when using a typical CH, concentration of 0.5% in the
growth atmosphere. Also, when heated up to 1550 °C
ina 10% H,/Ar ambient, with no CH,4 present, there was
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Figure 2. High resolution transmission electron microscope image of the cross section of a graphene film deposited on a

sapphire substrate by CVD.
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Figure 3. Atomic force microscopy (a) indicates the presence of wrinkles in the graphene on sapphire, which serve as a strain
relief mechanism as indicated by Raman spectroscopy (b), where the peak position of the 2D peak indicates <0.1% strain.
Additionally, Raman (b) and XPS (c) indicate little interaction between graphene and sapphire, with no indication of an
interfacial (buffer) layer. Note: Sapphire XPS spectra are charge referenced to the Al 2p peak at 74.5 eV.

no measurable change in surface roughness. However,
with 0.5% CH, added to the gas mixture the surface
roughness increased to 2.9 nm at 1525 °C, then to 6.3 nm
at 1550 °C, with a high density of hexagonal etch pits. This
indicates that the addition of C to the growth environ-
ment was responsible for etching the surface.

Raman spectroscopy was used extensively to char-
acterize the C films grown on sapphire. The graphene
D-peak (1360 cm ™) to G-peak (~1590 cm ') ratio has
been used extensively to characterize the structural
quality (domain size) of graphene films.'® Raman spec-
troscopy confirms the formation of thin carbon layers
on sapphire, at deposition times of 30 s or more. There
appears to be a short induction period before growth
begins similar to that observed by Hwang et al.'” For
the shortest growth times, using the D/G ratio, we find
that the domain size increases from an average low of
32 nm at 1425—1450 °C (D/G = 0.42) to greater than
270 nm (D/G = 0.05) at 1575 °C (Figure 1a,b). Addition-
ally, we find that in all cases, the 2D/G ratio is greater
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than 1.5 with the 2D peak being fit to either one or four
Lorentzians, suggesting deposition of mono- or multi-
layer graphene (Figure 1b,c) is achieved. For growth
times exceeding 45 s the 2D/G ratio rapidly dropped
below 1 indicating growth of multilayer films.

The 2D peak width correlates well with the D/G ratio,
and may be used as a measure of the relative quality of
the graphene material. As the growth temperature
increases, we find that the 2D peak width decreases
from a high of 50 to 35 cm™ ' (Figure 3b), indicating
improvement in the graphene structural quality akin to
that of graphene on SiC. Interestingly, we find >90% of
the Raman 2D-peak spectra, regardless of growth
temperature, is fit to a single Lorentzian curve.
Figure 1d is a 15 x 12.5 um Raman map of the 2D
peak for a film grown at 1525 °C that has been fit to
Lorentzian curves to identify the “Raman” layer thick-
ness. Each pixel in the map is colored to represent one
of three categories of fit. Clearly evident is the domi-
nant coverage of monolayer graphene (1), which is fit

voL.5 = No.10 = 8062-8069 = 2011 ACINJANI(C)

WWww.acsnhano.org

11D L¢

8064



to a single Lorentzian. In some cases we find regions
with multilayer graphene (2), which is fit to four
Lorentzians. Additionally, we find “transition” regions
(T) where the Raman laser overlaps multiple domains
and thus does not fit well to one or four Lorentzians.
Finally, while we find improved structural quality as
growth temperature increases Raman spectroscopy
indicates only partial coverage (<20%) at 1575 °C, with
no graphene formation above 1575 °C. This phenom-
enon is correlated with the significant increase in
average surface roughness, indicating that etching of
sapphire by C species occurs at a higher rate than
graphene can be deposited.

High resolution transmission electron microscopy
(HRTEM) confirms the presence of 1—2 layers of gra-
phene on the sapphire surface. Figure 2 shows a cross
section image of the sapphire/graphene interface
with a distinct layer of graphene, noted by the arrow,
which is very similar to the graphene observed on the
Si-face of SiC substrates.'® Absolute interpretation of
the image as either one layer or two is not possible as
the contrast is related to many factors including sam-
ple thickness, composition, structure, and imaging
conditions.

In addition to structural quality the chemical nature
of the interface between the graphene and the sap-
phire was examined. Strain in epitaxial graphene on SiC
is the result of the formation of a covalently bound
interfacial layer (buffer layer) that attaches the gra-
phene and SiC substrate. This results in significant
compressive strain in the graphene following sample
cool down due to a difference in coefficients of thermal
expansion (CTE) of graphene and SiC.2° For monolayer
graphene, it has been found that the 2D peak shifts
from ~2685 cm ! for exfoliated graphene to as high as
2760 cm ™' for monolayer epitaxial graphene on SiC.?’
In the case of graphene on sapphire the CTE difference
is nearly double that of graphene on SiC,**?* suggest-
ing that significantly more strain must be accommo-
dated by the graphene film upon cooling to room
temperature if the film is bound tightly to the sapphire
surface. Similar to graphene on SiC(0001), graphene
films on sapphire exhibit wrinkling (Figure 3a), which
likely serve as a mechanism for strain relief during cool
down. However, we find that the wrinkles exhibit
heights of only 0.4—1.5 nm, significantly smaller than
those found on graphene grown on SiC(000T).2*
Figure 3a summarizes the surface topography of the
sapphire substrate, as well as the density of graphene
winkles on sapphire. It is evident from Figure 3a that
the density of wrinkles increases with the growth
temperature. The reason for this may be related to
several factors. First, the increased growth temperature
would require an additional accommodation of the
CTE differences upon cooling. Second, higher growth
temperatures may create more attachment points
between the film and the substrate either through
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Figure 4. (a) Hall mobility and sheet resistance strongly
correlates with CVD growth temperature. As growth tem-
perature is increased, sheet resistance is reduced, while
mobility improves by ~3x. (b) The Hall effect mobility
increases significantly upon removal of adsorbed contami-
nants. In all cases the material remains n-type.

chemical bonding or through increased mechanical
coupling caused by the increased surface roughness at
higher temperatures.

Raman spectroscopy (Figure 3b) confirms that little
strain remains in the graphene film after cool down, as
the 2D peak position ranges from 2685—2705 cm ™',
indicating minimal interaction between the graphene
and sapphire. While we note the presence of a mini-
mum in the peak position, indicating a temperature
range over which strain relief is maximized, the me-
chanism for this phenomenon is not well understood
and is currently under investigation.

To examine the chemical bonding between the
substrate and the film, we employed XPS to evaluate
Al—0O—C bonding at the graphene/sapphire interface
compared to graphene on SiC(0001). The formation of
a buffer layer in graphene on SiC is well correlated with
the presence of additional peaks in the carbon 1s
spectra (Figure 3¢).?° In the case of sapphire, additional
peaks from the Al-O—C interaction would be present
if a significant interfacial layer were to exist. However, it
is clear from the C 1s spectra (Figure 3c) that there are
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nondetectable concentrations of Al-C bonds (281.5
eV) and Al—O—C bonds (282.5 eV) present at the
interface.*?” As a result, we find no evidence of an
interfacial (buffer) layer between graphene and sap-
phire, confirming results from thermodynamic model-
ing. However, the presence of the wrinkles in the
graphene film does suggest there is some amount of
mechanical coupling between the film and the sub-
strate, although XPS indicates it is not primarily
through chemical bonds.

Finally, carrier transport measurements confirm
the formation of high quality graphene. As noted in
Figure 4a, the sheet resistance decreases as a function
of growth temperature and is correlated with an
increase in carrier mobility. The decrease in sheet
resistance is correlated with an increased layer thick-
ness in epitaxial graphene on SiC; however, in the case
of graphene on sapphire we find no evidence of
increased thickness for the short growth times used
in this work. As a result, we speculate that the improved
sheet resistance (and carrier mobility) is linked to the
improved structural quality and thus less charge carrier
scattering in the film. As the D/G ratio decreases with
increasing temperature, we find the carrier mobility
increases from 600 cm?/(V s) (D/G = 0.4) to a high of
1400 cm?/(V s) (D/G = 0.1). Additionally, mobility and
sheet resistance is evaluated at room temperature in
ambient atmosphere using a noncontact Lehighton
probe.?® Lehighton probe measurements are com-
pleted at ambient room temperature and atmosphere,
which leads to absorption of water vapor, as well as
other environmental contaminants that may result in
carrier scattering. As a result, 5 x 5 um Van der Pauw
structures are fabricated from graphene films grown at
1500 °C (approximately 1250 cm?/(V s) measured via
Lehighton, Figure 4a) for Hall effect measurements
under vacuum. Samples are annealed in situ at 1 X
1078 Torr and 400 K before measurement in order to
ensure desorption of water or other contaminants
from the surface of the graphene, preventing any
extrinsic doping or scattering in the graphene.
Figure 4b clearly indicates that the presence of ad-
sorbed molecules can significantly affect carrier mobi-
lity where we find that moderate annealing for 60 min
reduces carrier concentration by 8 times and increases
carrier mobility by 45% to 1800 cm?/(V s). Increasing
the annealing time to 180 min results in a 94% reduc-
tion in carrier concentration (4.5 x 10'' cm™?) and
240% increase in carrier concentration to an average
value of 3000 cm?/(V s). In all cases the material exhibits
n-type characteristics.

Additional electronic transport measurements of
van der Pauw structures were carried out at low
temperatures and magnetic fields up to 9 T. Devices
were heated at 400 K and vacuum pumped to ~0.2
Torr for 1 h and maintained in vacuum during cooling
to 2 K. Measurements of longitudinal resistance and
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Figure 5. Hall resistances as a function of magnetic field for
graphene on sapphire van der Pauw structures.

low field (|H| < 2 T) Hall coefficient in multiple devices
suggest Hall mobilities reach as high as 10 500 cm?/(V s),
while higher magnetic fields yield nonconstant Hall
coefficients due to the emergence of quantum trans-
port phenomena in the graphene films.

High film quality allows us to observe such quantum
phenomena as the half-integer quantum Hall effect,
unique to the Dirac cone band structure of single layer
graphene, with low-temperature measurements of
some van der Pauw structures. In graphene films with
low disorder, high magnetic fields quantize the Hall
resistance according to R, ' =4(n + '/,)e’/h, where e
is the elementary charge, his Planck’s constant, and n is
an integer, an effect observed previously in graphene
flakes mechanically exfoliated from bulk graphite.?**°
In the device in Figure 5 the low field (H < 2.5T) Hall
coefficient implies a carrier density n, ~ 4.53 x 10"
electrons/cm? so that determining the Landau level
carrier filling by n., = 4H/¢y (where ¢y = e/h is the
magnetic flux quantum), a field H = 9.4 T would half-fill
the zero-energy (n = 0) Landau level and quantize the
Hall resistance to 12.9 kQ. Up to our maximum applic-
able field of 9 T, measurements of the Hall resistance
show that a plateau emerges at that expected quanti-
zation concurrent with the expected vanishing long-
itudinal resistance R,, in the same device, both
confirming single layer uniformity in the grown film.

Field effect transistors (FETs) were also fabricated
from graphene films on sapphire using 10 nm thick
HfO, gate dielectric deposited by a combined physical
vapor deposition and atomic layer deposition tech-
nique.3' The FETs are double finger structures with
each finger having a gate length of 1.5 um and a gate
width of 3 um. Transfer characteristics of FETs fabri-
cated on 50 mm diameter wafers are characterized
using an automated probing tool in order to map the
device performance across the surface of the wafer.
Figure 6a shows transfer curves of both typical and
high quality devices exhibiting the ambipolar behavior
characteristic of graphene. Devices displaying both
p-type and n-type behavior were distributed across
the test wafer in roughly equal proportions with no obvi-
ous groupings by location. Figure 6b is a map of the
maximum drain—source current (/ys) observed across the
wafer with typical values of 100—200 mA/mm and the
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Figure 6. (a) Measured transfer characteristics of average and best case FETs taken from the 50 mm wafer maps of
(b) maximum /45 in mA/mm and (c) maximum g,,, in mS/mm at a source-drain bias of 1 V.

best observed value of 400 mA/mm. Maximum transcon-
ductance (g,) was also mapped across the wafer and
ranges from 20 to 60 mS/mm as shown in Figure 6c.
These values compare favorably with early graphene on
SiC FETs which exhibited maximum /g4 and g,,, values of
200 mA/mm and 98 mS/mm, respectively, using a similar
device geometry and test conditions.! Top-gated gra-
phene FETs fabricated on 3C-SiC on Si using a more
optimized device design have displayed maximum /ys
and gy, values of 225 mA/mm and 40 mS/mm, respec-
tively.>> Comparing the performance to graphene grown
catalytically on Ni by CVD and then transferred to an
insulating substrate is also instructive. This material has
similar structural characteristics based on Raman spectro-
scopy®® and vyields similar transport characteristics with
maximum lys values ranging from 40 to 150 mA/mm and
Jm values ranging from 15 to 75 mS/mm.>*

CONCLUSIONS

We have presented a novel method for the direct
deposition of graphene on an insulating substrate that

MATERIALS AND METHODS

Synthesis of Graphene Films. Graphene films were deposited
on standard 50 mm diameter c-plane sapphire wafers (Crystal
Systems, Inc.) in a commercial high-temperature semiconductor
CVD tool (Structured Materials, Inc.). Prior to growth the sub-
strates were cleaned with Baker Clean Solution 111 (JT Baker) for
15 min at 60 °C and then rinsed with 18 MQ2 water followed by
acetone and isopropyl alcohol. Films were synthesized from the
decomposition of a mixture of 10% methane (CH,4) in hydrogen
(H,) in an argon (Ar) carrier gas. Typical CH, concentration in the
growth atmosphere was 1.5 vol %. Growths were performed at
1425—1700 °C at pressures of 50—600 Torr. Upon reaching the
specified growth temperature, graphene synthesis was carried

FANTON ET AL.

may be an attractive alternative to graphene formed
on SiC by sublimation. This deposition technique results
in high structural quality graphene with D/G ratios as
low as 0.05 and essentially no covalent bonding be-
tween the substrate and the film. While the structural
quality and carrier mobility are comparable to graphene
on SiC(0001), it remains below that of exfoliated gra-
phene despite the significant strain relief. The reduction
in carrier mobility compared to exfoliated graphene
is likely tied to the presence of defects in the material
(D-peak is still present), and to a lesser extent any
remaining graphene/sapphire interaction as noted by
the small presence of strain in the graphene. The
performance of graphene/sapphire FETs is expected
to improve as the structural quality and the uniformity
of the material improves. Further improvement of the
graphene is expected through tailoring the initial stages
of graphene synthesis. Very little is understood about
growth initiation on sapphire and the interdependen-
cies between gas phase chemistry, carbon deposition,
and competing reactions with the sapphire surface.

out for times ranging from 30 s to 20 min, after which the carbon
source was shut off and the sample was returned to room
temperature under Ar ambient.

Device Fabrication. Test structures and transistors are fabri-
cated using standard UV photolithography techniques. Van der
Pauw (VdP) structures for Hall effect measurements are 5 x
5 um squares, while transistors utilize two-finger gates 2 x (3 x
1.5) um (W x L) with T um source—drain spacing. Source/drain
contacts (Ti/Au 10/50 nm) are prepared using an oxygen plasma
pretreatment.®® Dielectric deposition is accomplished via a
two step process that includes direct deposition of a HfO, seed
layer via e-beam evaporation followed by atomic layer deposi-
tion of 8 nm HfO, in a Cambridge Nanotech, Inc. “Savannah”
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ALD system. Finally, gate metallization was completed via UV
lithography and deposition of a Ti/Au metal stack.

Characterization. Sample surfaces were characterized via
white light interferometry, optical microscopy (OM), and atomic
force microscopy (AFM). Film and interfacial bond chemistry
was evaluated via X-ray photoelectron spectroscopy (XPS).
Additionally, graphene films were characterized via Raman
spectroscopy (WiTec, 488 nm laser) to assess the structural
quality (D/G ratio),"® thickness (peak fitting of 2D peak),36 and
strain (2D peak position, post thickness verification).?>?' Carrier
mobility measurements were acquired at room temperature
after a bake out at 200 °C using a Nanometrics HL5500 Hall
Effect measurement tool. Transistor transfer curves were col-
lected using a Kiethley 4200-SCS (Semiconductor Characteriza-
tion System) in conjunction with Kiethley ACS (Automated
Characterization Suite) software and Cascade Summit 10000
Semiautomatic Probe Station for fully automatic, wafer-scale
data acquisition. All I4,— Vs sweeps were collected with V=1V
and Vg, swept between —2 to 42 V. Wafer maps were created by
plotting the results of single transistor measurements within
each 2.5 x 4.5 mm die across the surface of the wafer.
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