RESEARCH ARTICLE

W) Check for updates

Juill

www.small-journal.com

DFT-Assisted Approach to Low-Temperature Graphene

Growth on Sapphire

Umut Kaya, Armin Sahinovic, Leon Lércher, Carmen Nordhoff, Yasaman Jarrahi Zadeh,
Tyler Lott, Germdn Sciaini, Axel Lorke, Wolfgang Mertin, Rossitza Pentcheva,

and Gerd Bacher*

Controlling the direct growth of 2D materials onto dielectric substrates is
considered as a key requirement for integrating these ultrathin functional
materials into existing technology platforms. Here, a combined experimental
and theoretical approach is presented to unravel the mechanism

of low-temperature graphene growth on sapphire, a dielectric substrate
widely used in the semiconductor industry. A clear dependence of the
graphene growth rate on the crystal facet is found, with the highest growth
rate for a-plane and ca-plane, and the lowest for r-plane sapphire. Density
functional theory calculations reveal that the coordination environment of
surface oxygen ions governs carbon adsorption energetics: lower coordinated
oxygen sites on the a-plane markedly enhance carbon atom binding, driving
nucleation and growth, while higher coordinated oxygen sites on the r-plane
hinder adsorption and growth. Guided by these insights, it is demonstrated

electronic and optoelectronic devices has re-
cently been adopted by global chip man-
ufacturers. It relies on the development
of scalable, high-quality synthesis tech-
niques that eliminate transfer-induced de-
fects and contamination.l"?] While exfoli-
ated or transferred 2D materials have en-
abled fundamental discoveries, their practi-
cal application is constrained by challenges
such as interfacial impurities, mechanical
damage, and limited scalability.?] Direct
growth of 2D materials on functional sub-
strates, mainly insulators, offers a promis-
ing pathway toward wafer-scale, transfer-
free integration of 2D materials into exist-
ing platforms. As the most prominent 2D

that tailoring substrate termination yields controllable graphene formation

at temperatures as low as 670 °C and sheet resistances down

to 1.65 kQ [~ This approach may establish a universal design principle

to guide low-temperature growth of 2D materials on non-catalytic dielectrics.

1. Introduction

The integration of 2D materials, such as graphene and transi-
tion metal dichalcogenides into the roadmap for next-generation
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material, graphene stands out for its excep-
tional electro—optical properties, including
high charge carrier mobility, coupled with
broadband optical transparency across the
UV-vis spectrum.l]

Sapphire (Al,0;) is among the most
popular insulating substrates for graphene
growth, owing to the templating effect of its crystalline surface,
while its high dielectric constant and optical transparency further
enable integration into optoelectronic devices, such as photode-
tectors and light-emitting devices.[¥! Chemical vapor deposition
(CVD) is the most commonly used method to grow graphene
directly on sapphire, which can be used in a plethora of ap-
plications, for example, as transparent conducting electrodes in
optoelectronics,l>! or as biosensors in medical applications.!1%11]
In other applications, a graphene interlayer is utilized for nitride
epitaxy on sapphire substrates, where it acts as a buffer-layer to
reduce lattice-mismatch-induced defects of the nitride films.[1213]

Recent advances in pyrolytic CVD have enabled direct
graphene growth on sapphire, overcoming its non-catalytic na-
ture by using high temperatures above 1000 °C, which yielded
graphene with sheet resistances Rg ~ 1 kQ [J! and a UV-vis
transmittance >90%.1>1*20] So far, only a few studies compare
growth on various sapphire crystal planes. Saito et al. demon-
strated crystal plane-dependent pit formation at T > 1100 °C
on ¢- and a-plane substrates, where oxygen desorption created
aluminium (Al) rich catalytic sites for graphene nucleation.!*>!
Later, Ueda et al. showed that r-plane sapphire promotes faster,
higher-quality graphene growth at T > 1090 °C due to enhanced
catalytic activity, enabling surface protection from thermal de-
composition, unlike ¢- and a-planes where growth is initiated
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at thermally induced pits. These studies highlight how high-
temperature CVD unavoidably alters sapphire surfaces depend-
ing on the crystal plane, leading to differing graphene growth
dynamics.[6]

Plasma-enhanced CVD (PECVD) has emerged to mitigate
high-temperature substrate damage. Plasma-induced precur-
sor decomposition enables lower growth temperatures and
reduces thermal desorption effects (e.g., less pit formation).
Early PECVD efforts on insulating substrates like sapphire.[21-24]
yielded graphene with high defect densities (I,/I; > 2.5),2
sheet resistances larger than 4 kQ 171,122 and poor crystallinity
(Lp/Ig < 0.2).21 Recent optimizations include Zou et al’s
use of pre-annealing (1100 °C) and chemical treatments on
a-plane sapphire to tailor the sapphire step-edge morphology
for graphene nanoribbon growth at 850 °C.I%] Lozano et al.
demonstrated that hydroxy-group terminated c-plane sapphire
surfaces (vs Al-terminated) and nitrogen carrier gas (vs hydro-
gen) at 800 °C reduced graphene defectiveness.[?] Similarly,
Mufloz et al. achieved lower sheet resistance at 700 °C on c-plane
sapphire using reduced gas flows and high hydrogen/carbon
ratios.[®) Jankauskas et al. demonstrated that the defect density
is controllable over a broad range by optimizing gas flow compo-
sition and work pressure.[?’] Sheet resistance down to 1.8 kQ [}
was achieved, however, no graphene thickness values were stated.

Until now growth procedures have been mainly developed em-
pirically, while an effort that directly uses first-principles calcula-
tions to guide graphene growth on dielectric substrates is miss-
ing. Previous computational studies report partially contradicting
results ranging from a weak interaction between graphene and
sapphire surfaces [?8 to a strong interaction at high temperatures
due to trapped oxygen atoms and modifications at the graphene
and sapphire interface.[?’! Furthermore, ab-initio studies indicate
sp® bonding between graphene and off-stochiometric Al-deficient
Al,0,4(0001).3%31 While the formation of carbon (C)—oxygen (O)
bonds and distorted C-clusters were reported at the Al,0,(0001)
surface,!*?] insight into the role of crystal surface facets remains
unexplored.

In this work, we present a combined experimental and compu-
tational approach to elucidate and guide graphene growth on sap-
phire. We chose a low-temperature PECVD approach to avoid sur-
face reconstruction during growth and compare substrates with
different surface terminations, namely c-plane Al,0,(0001), ca-
plane Al,0,(0001 + 0.2°-offcut toward 11-20), a-plane Al,O,(11-
20), and r-plane Al,0,(-1012). High-quality graphene was ob-
tained on all planes for process temperatures down to 670 °C with
a clear relation between growth rate and surface facet. Density
functional theory (DFT) calculations including van der Walls dis-
persion corrections identify the most stable surface termination
for each facet. The adsorption strength of individual C-adatoms
and clusters is found to be directly related to the different oxygen
coordination environments at the various surface facets, provid-
ing valuable insight into the role of the substrate morphology in
the initial nucleation of graphene on insulators.

2. Results

As a first example, we discuss the PECVD growth of graphene
on ca-plane sapphire for different growth times between 15
and 300 min. Reactor geometry and process flow are shown in
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Figures S1,S2 (Supporting Information). In this series, plasma
power and temperature were kept constant at 40 W and 670 °C,
respectively. Growth time-dependent experiments were also con-
ducted on the other sapphire crystal planes (i.e., ¢, a-, and r-
plane), which are summarized in Figure S3 (Supporting Infor-
mation). Figure 1a shows the fitted Raman spectra (lines) and
the corresponding raw data (dots) of the graphene layers grown
for different times. The typical signatures of graphene can be ob-
served with the G-peak and the 2D-peak indicating the existence
of an ordered sp?-carbon system,?3! which is further validated by
a strong sp? contribution in the C 1s X-ray photoelectron spec-
troscopy (XPS) spectrum (Figure S4, Supporting Information).
The defectivity of graphene layers is described by the D- (%1350
cm™), D’- (%1620 cm™!) and D + D’-modes (2940 cm™), which
originate from disorder-induced phonon scattering at defects
in the crystal lattice.3*) PECVD graphene usually exhibits high
defect-related peaks, due to the comparably low temperatures
that inhibit surface migration of adsorbed C-atoms, which leads
to high nucleation densities and hence an increased amount of
grain boundaries.>]

By varying the growth time, clear changes in the intensities
and positions of the Raman peaks are observable (Figure 1a).
The G-peak of free-standing, undoped, and unstrained graphene
is expected to be at w; ~ 1580 cm~1.[3*] We observe the G-
peak at wg ~ 1600 cm™! for a growth time of 15 min, shifting
to #1592 cm™! at a growth time of 300 min. This hints to p-
doped graphene,3>] where the doping level decreases with in-
creasing growth time. From literature, it is well known, that wa-
ter vapor (H,0) in the ambient air can be the cause for the p-
doping of graphene layers.36-38] This stems from the fact that ad-
sorbed H,0 molecules lead to a hybridization of the electronic
band structure of the graphene layers and the substrate they are
suspended on.3® As our Raman measurements have been per-
formed under atmospheric conditions, the p-doping of the grown
graphene layers by H,O adsorbates seems likely. Since an in-
crease of graphene layer thickness can be expected for longer
growth times, and only the uppermost of the graphene layers are
being exposed to the atmospheric-doping, an overall decrease of
the p-doping (red-shift of w¢) for an increased growth time is
conceivable.

The position of the 2D-peak (w,p,) increases from ~2696 cm™
(15 min) to ~2704 cm~! (60 min) (see dashed grey lines in
Figure 1a) and is strongly correlated to the strain in the graphene
layer.35! This is a general observation, seen in all graphene
layers independent of the sapphire crystal plane (Figure S5,
Supporting Information). Compared to unstrained graphene
(w,p = 2680 cm™?), the blue-shift in our samples indicates an
enhancement of compressive strain for increasing growth times
up to 60 min.3%] One reason for this may originate from the low-
frequency (10 kHz) of the pulsed plasma used during PECVD
growth,[3] which enables H,* ions to follow the electrical field
and be accelerated toward the graphene layer, causing compres-
sive strain.[**4ll Apart from this, the interaction between sub-
strate and graphene is another frequent cause for induced strain:
By simulating the interface between sapphire and graphene, Hu
et al. found that the sapphire substrate is capable of shortening
the C—C bonds in the graphene lattice, leading to compressive
strain.”®] Another reason can be found in the thermal expan-
sion coefficient (TEC) mismatch of sapphire and graphene. At

1
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Figure 1. Growth time-dependent PECVD-growth of graphene on ca-plane sapphire with constant plasma power (40 W) and growth temperature
(670°C). a) Fitted Raman spectra (lines) and raw data (dots) showing the defect related D-peak (x1350 cm™"), the sp?-carbon G-peak (1592-1600 cm™")
and the layer-sensitive 2D-peak (2694-2704 cm™") at different growth times from 15 to 300 min. The grey dashed lines show a guide-to-the-eye repre-
senting the shift of the 2D-peak position w,p with growth time. b) Raman peak ratios I/l (green squares) and I,p/lc (white/green triangles) versus
growth time. ¢) Ip/l,p peak ratio indicating an optimum between low defect concentration and low number of layers. d) Sheet resistance (white/orange
triangles) and optical transmittance of graphene layers at 550 nm (violet dots).

~700 °C, sapphire (TECg =~ 4.77 x 107 K~!)*¥] expands more
than graphene (TECg, ~ —1 x 107°K™!).*] During cooling,
the contracting sapphire forces the bound graphene layer to
compress. Hwang et al. confirmed this mechanism, showing
higher growth temperatures amplify compressive strain due to
increased sapphire expansion/contraction.**! To explain the in-
crease in w,p, (and thus the compressive strain) for longer growth
times, we can assume thatlonger growth times result into thicker
graphene layers. Bermann et al. found that thicker graphene lay-
ers bound more strongly to the substrate compared to thinner
ones.!*’] In combination with the thermal expansion mismatch,
this would lead to an increased contraction during cooling and
hence higher compressive strain for thicker graphene layers.

To gain further insights into the influence of the growth time
on the quality of the graphene layers, the Raman peak ratios I, /I
(green squares) and L, /I; (white/green triangles) are depicted
in Figure 1b. According to Ferrari et al., I,/I; is linked to the
crystallite sizes of graphene.l*6! Usually, I,/I > 1 indicates that
either amorphous carbon or nanocrystalline (nc) graphene is ex-
istent. A distinction can be made by comparing w: For amor-
phous carbon w¢ ~ 1510 cm™ is expected while for nc-graphene
w should be #1600 cm™1.133] Since w¢ of our PECVD-grown
graphene layers matches perfectly nc-graphene, as can be seen in
Figure 1b, the existence of amorphous carbon can be excluded.
Transmission electron microscopy images confirm the nanocrys-
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talline nature of our graphene due to a clearly visible diffraction
pattern (Figure S6, Supporting Information). According to Tu-
instra and Koenig, an estimate of the crystallite size L, can be
extracted from I, /I .71 The ratio I,/I; ~ 2.25, as obtained
for the shortest growth time (15 min), correlates with the crys-
tallite sizes of ~#2 nm. For a growth time of 60 min, I,/I; is re-
duced to =1, indicating crystallite sizes of L, ~ 4 nm. For even
longer growth times up to 300 min, the I,/I; ratio and hence
the overall defect density starts to increase again. Atomic force
microscopy images revealed a strongly altered surface, which
formed after 300 min of growth and could be one reason for the
increased I,,/I; (Figure S7, Supporting Information). Generally,
prolonged plasma exposure should be avoided to prevent damag-
ing sensitive 2D-materials over a long time for example, by ion
bombardment.

The Raman peak ratio I, /I plotted in Figure 1b (white/green
triangles) contains information about the number of graphene
layers. Generally, values of I,,/I > 2 suggest monolayer
graphene.I*8] For short growth times such as 15 min, L /I, ~ 1
is observed. An increase of the growth time leads to a steady de-
crease down to I, /I = 0.25 at 300 min. Hence, the observed de-
creasein I, /I with growth time hints to an increase in the num-
ber of graphene layers. In addition to the commonly used Raman
peak ratios I,/I; and I,;/I;, we have introduced the I, /L, ra-
tio. Since low defect densities (i.e., low I;,) and monolayers (high
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Figure 2. Influence of sapphire crystal orientation on graphene growth for varying temperature for c-plane (red), ca-plane (yellow), a-plane (light-blue),
and r-plane (dark-blue) sapphire. Growth time (60 min) and plasma power (40 W) have been held constant. a—d) show the fitted Raman spectra (lines)

with underlying raw data (dots) for 630, 670, 710, and 750 °C, respectively.

e) Ip/l,p peak ratios derived from the Raman spectra in (a—d). f) Optical

transmittance and estimated number of graphene layers at a wavelength of 550 nm versus growth temperature.

Lp) are desired, the I /L, ratio (ideally minimal) is a convenient
tool for characterizing graphene. Figure 1c displays Ij,/I,;, (red
dots) versus growth time. For short growth times (15-30 min),
Ip/Lp > 3is observed. A minimum of I, /I, ~ 1.75 can be found
at a growth time of 60 min, which defines the optimal growth
time for graphene on ca-plane sapphire via our PECVD process.
For growth times longer than 60 min, I/, starts increasing
again, indicating a decreasing graphene quality.

To analyze the electrical sheet resistance Rg and the optical
transmittance (T,,,) of the graphene layers, four-point probe mea-
surements and UV-vis spectroscopy were performed. Figure 1d
shows Rg (white/orange triangles) and T, at 550 nm (violet
dots) of graphene layers grown on ca-plane sapphire versus
growth time. At short growth times of 15-30 min the trans-
mittance of the graphene layers is T, ~ 95.5% (15-30 min).
According to Zhu et al. these values correspond to ~1-2 lay-
ers of graphene,®! agreeing well with the Raman data. After
60 min of growth time, the transmittance indicates the exis-
tence of ~2 additional graphene layers. Here, a sheet resis-
tance of Ry ~ 3.9 kQ []7! is obtained, and Hall-effect measure-
ments yielded mobilities of 45 cm? Vs~! and carrier densities of
~3.4x 10"3 cm~2. Zheng et al. reported PECVD graphene mobili-
ties of ~16 cm? Vs~! 24 while most studies do not provide mobil-
ity values.*?67] In contrast, thermal CVD graphene reaches mo-
bilities >2000 cm? Vs~1.1" The lower mobility in our case arises

Small 2025, 07332

07332 (4 of 10)

from the nanocrystalline nature of PECVD graphene, with grain
sizes of a few nanometers and a high density of grain boundaries
that hinder charge transport. For even longer growth times up to
300 min the number of graphene layers increases to &7, accord-
ing to the transmission data.

In thermal CVD, the temperature provides the necessary en-
ergy for the precursor to decompose and the carbon species to
migrate across the substrate surface to finally bond to energeti-
cally favorable sites. In PECVD, in contrast, the energy required
for precursor decomposition is supplied by the plasma, enabling
growth at significantly lower temperatures. The reduced growth
temperature leads to decreased migration of carbon species on
the surface, and changes in temperature can thus be assumed
to mainly influence adsorption, nucleation, and desorption of
carbon species on the sapphire substrate. These processes de-
pend on the surface energy of the substrate, which is expected
to strongly vary for different crystal planes.

Figure 2 illustrates the temperature-dependent growth of
graphene on different sapphire crystal facets, comparing growth
on the c-plane (red), ca-plane (yellow), a-plane (light blue), and r-
plane (dark blue). This color coding is consistent throughout all
further figures.

Figure 2a—d show the fitted Raman spectra (lines) with under-
lying raw data (dots) of graphene layers that were grown on dif-
ferent sapphire substrates at temperatures of 630 (a), 670 (b), 710
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Figure 3. Influence of sapphire crystal orientation and plasma power on graphene growth. a) Iy/l,p peak ratios derived from the Raman spectra of
graphene samples grown at plasma powers between 20 and 60 W. b) Optical transmittance and estimated number of graphene layers at a wavelength

of 550 nm versus plasma power.

(c), and 750 °C (d). In addition, Figure 2e illustrates I, /I, for all
samples. Generally, graphene grown on the c-plane and r-plane
sapphire seems to be more defective (because of a higher I, /1)
and low Raman peak intensities (seen as low signal-to-noise (SN)
ratios in the spectra) indicate that the coverage on these planes
may be not complete. Interestingly, a minimal I/, can be ob-
served on all crystal planes at 670 °C, indicating the tempera-
ture where the ratio of defect formation and graphene thickness
is optimized (Figure 2e). At high temperatures (750 °C), an in-
crease in defects (increasing I, /I;) can be observed on ca-plane,
a-plane, and r-plane sapphire, whereas on c-plane sapphire, no
graphene signals could be detected at all. This observation may
be explained by desorbing carbon from the graphene lattice at
high temperatures, leaving behind vacancies and leading to an
increased transmittance (Figure 2f). Interestingly though, ther-
mally induced desorption is not seen during conventional CVD
processes up to growth temperatures of 1650 °C that are typically
used.[*4]

Optical transmittance measurements can be linked to the
growth rate, provided that the growth time is constant. Since un-
stable growth occurred at temperatures of 630 °C or below (low
S/N ratios), analysis focused on the temperature range above.
Figure 2f compares the transmittance at 550 nm versus growth
temperature for graphene grown for 60 min at a plasma power of
40 W on sapphire with different crystal facets. Strong changes in
the transmission indicate temperature-dependent growth rates,
which exhibit a significant influence on the crystal plane ori-
entation. At 670 °C, the transmittance increases progressively
from ca-plane toward r-plane sapphire, indicating the highest
growth rates on ca- and a-plane sapphire, followed by ¢- and fi-
nally r-plane substrates. This observed trend is persistent up un-
til 750 °C and strongly suggests that the sapphire surface crys-
tal structure affects graphene growth kinetics. Interestingly, in
thermal CVD (T > 1090 °C) a different behavior is observed,
where the r-plane showed the highest and the ¢- and a-planes
the lowest growth rates.['®] Obviously, the growth mechanism
in thermal CVD is fundamentally different from PECVD due to
enhanced catalytic decomposition and carbon migration, which
are likely not present in our low-temperature plasma-assisted
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growth approach. In addition to these temperature-dependent
effects, ion bombardment can actively influence surface pro-
cesses by removing adsorbed carbon species (C, CHx), competing
with nucleation. Unlike thermal CVD, PECVD does not induce
temperature-driven surface reconstructions, which are known
to modify the sapphire surface energy.’"l All of this likely con-
tributes to the different facet-selectivity observed between ther-
mal CVD and PECVD.

The plasma power is one of the inherent parameters of the
PECVD process, as it controls the precursor decomposition.
Higher plasma powers correlate with increased decomposition
and hence exposure of the sapphire substrate to carbon species
(C, CH,). Given uniform carbon exposure across sapphire sub-
strates of varying crystal orientations, it is critical to investigate
whether differences in graphene quality (~I,/l,p) and growth
rate (~transmittance) can be observed. Figure 3a shows the
Iy /L, ratios of graphene grown on ¢-, ca-, a-, and r-plane sap-
phire for differing plasma powers (for detailed data see Figure
S8, Supporting Information). Starting with the lowest power of
20 W, graphene Raman signals appear only on the ca-plane of
sapphire. Here, the high I/, ratio (x6.5) suggests significant
defect density. Growth on the ¢- and a-planes starts at 30 W, while
successful r-plane growth requires 40 W. At 50-60 W a minimal
I /L ratio for all planes indicates low defect concentration and
high crystallinity. This leads to a minimum sheet resistance of
Rg ~ 1.65 kQ 7! on c¢-plane sapphire at 60 W. These results im-
ply in general, that there is a threshold for the minimal plasma
power required for graphene nucleation that depends on sap-
phire crystal orientation.

Figure 3b shows the optical transmittance at 550 nm versus
plasma power for all samples where graphene growth was ob-
served. In general, a decrease of the transmission is observed
for increasing plasma power, which is expected since the plasma
power is directly linked to an increased precursor decomposi-
tion and hence to the growth rate. By comparing graphene grown
on differing crystal planes, significant differences in the growth
rate are apparent. After growing for 60 min at 670 °C and a
plasma power of 40 W, the number of estimated layers!*! is ~3
(r-plane), =6 (c-plane), ~8 (a-plane and ca-plane). This resembles
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the trend of the growth rate observed for temperature variation
(see Figure 2) and strengthens the observation that there is a sig-
nificant systematic dependence of graphene growth on the sap-
phire crystal plane in PECVD.

To shed light on the mechanism of PECVD graphene growth
on sapphire, we have explored the role of the surface facets in the
initial nucleation step of carbon species, using density functional
theory calculations with a Becke—Johnson van der Walls disper-
sion correction. In a first step, we determined the most stable
surface terminations of the -, ¢-, and a-plane where the growth
takes place in the framework of ab initio thermodynamicsi®! (for
further details see Experimental Section). Figure 4a—c) shows the
surface phase diagram for the r-, ¢-, and a-crystal plane orienta-
tions as a function of the O chemical potential u,. By truncat-
ing the surface at different planes, O or Al-terminated surfaces
were considered. The side views of the studied terminations are
depicted below the surface free energy diagrams in Figure 4.
The surface phase diagram indicates that the stoichiometric
terminations — r/Term(O1), ¢/Term(All), and a/Term(O1) —
are the most stable ones for these three surface orientations.
This result is consistent with previous studies of sapphire sur-
face terminations.>>=# Strikingly, the a-plane has a three times
higher surface free energy y (cf. Equation (2) in Experimental Sec-
tion) compared to the c- and r-plane, suggesting it is less stable
than the latter two orientations. This correlates with the decreas-
ing coordination of surface O: the two oxygens at the r-plane ori-
entation form either three or four O—Al bonds. At the c¢-plane
surface, oxygen has three O—Al bonds, and at the a-plane, O
atoms form either two or three O—Al bonds. The lower stability
of the a-plane with lower coordinated O sites suggests a higher
reactivity.

In a second step, we search for the adsorption site with the
strongest binding. A C-atom is selectively placed above O and Al
sites, and the system is fully relaxed to find the lowest energy con-
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figuration. After determining the most stable adsorption site for
a single C-atom, further C-atoms are added consecutively to the
system. Hereby, different C-clusters are considered based on the
most likely C-particles found in the growth reactor: A single C-
atom, two and three C-atoms forming a chain, and the less likely
C,-ring as a building block of graphene. Finally, by comparing
the adsorption strength of the C-clusters between the different
surface facets, the most reactive surface facet for growth is deter-
mined.

The top view of the surface facets with the considered sites
of the C-clusters shown as brown spheres is displayed in Figure
5a, and the corresponding adsorption energies are summarized
in Figure 5b. The bond lengths are inversely correlated with the
strength of the adsorption. C—Al bonds are found to be longer
than 2 A, while C—O bonds are shorter, in the range of 1.2-1.6 A.
Hence, they represent preferential sites to bind the C-clusters.
Comparing the adsorption energies after adding a second (third)
C-atom, itis evident that the formation of a bond between the two
(three) C-atoms is preferred over the adsorption of two (three)
separate C-atoms. Thus, a single adsorbed C-atom acts as a nu-
cleation site for other C-atoms to bind onto. This promotes the
formation of larger C-clusters. Particularly for the c-plane, indi-
vidual adsorption sites could not be achieved, due to relaxation of
the system leading naturally to a C—C bond. Moreover, a decrease
in adsorption strength is found for larger C-clusters showing that
the single C-atoms adsorb easier. The relaxed structures of the
most stable configurations are shown in Figure S9 (Supporting
Information).

A key result is the clear trend between the different crystal
plane orientations which indicates a higher a-plane reactivity. For
the single, two, and three atom case the adsorption energy scales
as |Eads,a-plane| > IEads,c-plane| > |Eads,r-plane| with the C-atom bll’ldll’lg
to an O-ion with two O—Al bonds (a-plane), three O—Al bonds (c-
plane), and four Al—O bonds (r-plane). This correlates with the
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enhanced surface free energy of the a-plane shown in the surface
phase diagram of all three surface facets (Figure 4). A change of
the order from weakest to strongest bonding is found when the
adsorption of a C,-ring is considered. While the r-plane still ex-
hibits the weakest adsorption energy with —0.72 eV, the c-plane
allows for a much stronger bonding of the C-ring with —0.96 eV
compared to the a-plane with —0.88 eV.

Figure 6 shows the theoretically derived adsorption energy of
the strongest binding site for each C-cluster plotted against the
approximate number of graphene layers (see Figure 2f) for dif-
ferent surface facets obtained from experiment. A clear relation
between surface facet and number of graphene layers, that is,
growth rate, is revealed. The slow growth on the r-plane and the
fast growth on the a-plane found in experiment nicely coincides
with a lower adsorption energy of C species on the r-plane and
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a larger one on the a-plane. Thus, the surface facets determine
the graphene growth because of the different adsorption ener-
gies of C species, Several reports in the literature indicate a low
diffusion of C-atoms in the low-temperature regime of PECVD
growth(>>3¢] and thus carbon diffusion will play a smaller role in
the PECVD growth of graphene. One can argue that the role of
the substrate is largest in the initial phase of growth before sub-
stantial graphene coverage is achieved. After the initial growth of
a graphene layer, the substrate effect diminishes.

We arrive at the following picture of the role of the substrate
orientation in the growth: The ab-initio results trace the differ-
ent adsorption strengths back to the coordination environment
of the surface terminations. A lower coordination environment
of the surface O is found for the a-plane compared to the ¢- and
r-plane. This leads to a higher reactivity of the a-plane crystal
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a) 670 and b) 710 °C. The different markers indicate the adsorbates considered. The colors light blue, red, and dark blue show the values for the a-plane,

c-plane, and r-plane, respectively.

surface. Hence, the C atoms bind stronger to the lower coor-
dinated O ions, enabling a stronger nucleation on the a-plane
facet. Consequently, fast high-quality graphene growth on in-
sulators can be achieved if their surface is prepared to expose
lower coordinated O. Hayashi et al. showed similar results for the
growth of graphene on a Cu substrate, where the nucleation dur-
ing graphene growth was dependent on the crystal plane of Cu,
since a facet-dependent adsorption energy of incoming carbon
atoms was observed and the graphene film coverage was higher
on planes with lower adsorption strength.[*] Moreover, our cal-
culations show that the initially adsorbed C-atom acts as a nucle-
ation center, with further incoming C-atoms preferring to form a
C—C bond over adsorption on a distant site.

3. Conclusion

In this study, we demonstrate that the crystallographic orienta-
tion of sapphire substrates critically governs the growth kinet-
ics of low-temperature graphene synthesized via PECVD. By sys-
tematically investigating c-, a-, -, and ca-planes, we reveal facet-
dependent growth rates, with the a-plane exhibiting the fastest
and the r-plane the slowest growth. Combining experimental ob-
servations with DFT calculations including van der Walls disper-
sion corrections, we trace these differences to the coordination
environment of surface oxygen atoms. The a-plane’s lower co-
ordinated oxygen sites enhance the adsorption strength of the
carbon species, fostering rapid nucleation and growth, whereas
the higher coordinated oxygen on the r-plane reduces the adsorp-
tion strength. From these results, we find a high level of agree-
ment between the experimentally observed growth rates and the
simulated adsorption energetics. At the same time, it should be
noted that temperature-dependent surface kinetics such as mi-
gration and desorption processes are not captured in the simu-
lations, as in our low-temperature PECVD growth carbon atoms
are adsorbed with a low probability of migrating along or desorb-
ing from the surface. Essentially, our findings establish that en-
gineering insulator surfaces with lower coordinated oxygen envi-
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ronments — such as the a-plane of sapphire — optimizes graphene
growth efficiency. This may serve as a first step toward identify-
ing general design principles for growing 2D materials on non-
catalytic substrates.

4. Experimental Section

Sapphire Wafer Preparation: ~ Sapphire wafers with a diameter of 2-inch
and a thickness of 430 um were used as growth substrates (Helios New
Materials Limited). Four different crystallographic planes were studied in
this work: c-plane sapphire wafers with 0.2° off-cut to the m-plane (referred
to as c-plane) and to the a-plane (referred to as ca-plane) as well as a-plane
and r-plane sapphire wafers. Before growth, the sapphire wafers were pre-
cut into 1x 1cm? pieces and cleaned in boiling acetone for 3 min with a
consecutive ultra-sonication treatment for 2 min. The same procedure was
repeated with boiling ethanol. Finally, the sapphire samples were rinsed
with isopropanol and blown dry under a stream of nitrogen (N,).

Graphene Growth via Plasma-Enhanced Chemical Vapor Deposition:  For
graphene growth, the samples were loaded into a 4-inch cold wall PECVD
reactor system from AIXTRON Ltd. (Black Magic). The system consisted of
a bottom heater and a graphite electrode, which was located above the bot-
tom heater and on which the samples were placed. In a distance of 10 cm
from the graphite electrode a top heater, also consisting of graphite, was
located. Figure S1 (Supporting Information) shows the reactor chamber
from the inside with all the mentioned components. The temperature in
the system was measured with three different thermocouples located at
the bottom heater, the top heater, and directly on a dummy sample, which
was referred to as the surface thermocouple (SFTC), respectively. The lat-
ter was covered in a quartz sleeve to prevent damage from the plasma. The
temperature measured by the SFTC was the reference for all temperatures
mentioned in this work.

Methane (CH,), N5, and Argon (Ar) were used as process gases. The
first process step consisted of heating up the reactor chamber with a rate
of 150 °C min~" in a gas flow of 800 sccm N, at a pressure of 10 mbar.
Once the desired growth temperature was reached, the N, flux was re-
duced to 200, and 5 sccm of CH,4 were introduced into the reactor. In the
next step, a capacitively-coupled direct-current (DC) plasma was ignited
between the graphite electrode at the bottom and the top heater, which
acted as an electrode at the same time. The plasma was pulsed at a fixed
frequency of 10 kHz. In each pulse, the bias was reversed for 1 s to al-
low for the discharge of accumulated charges on the dielectric sapphire
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substrate. The applied bias was dependent on the plasma power, which
was systematically varied in this work. Detailed information about the
PECVD system could be found elsewhere.[33%57] After the desired growth
time was reached, the heaters were turned off and the reactor was cooled
down passively under a flux of 2000 sccm Ar and 500 sccm N,. The cool-
down took ~#40 min to reach a temperature of 200 °C at which the samples
could be taken out of the reactor safely. The complete process is schemat-
ically shown in Figure S2 (Supporting Information).

Characterization Methods:  The graphene layers were extensively char-
acterized. For Raman spectroscopy a confocal NTEGRA Spectra system
from NT-MDT with an excitation wavelength of 532 nm, a laser spot size
<0.5 um, a spectral resolution <4 cm™', a pinhole of 50 um, and an in-
tegration time of 40 s was used. Optical transmittance was measured
with a UV-vis Spectrophotometer UV-2550 from Shimadzu in the spectral
range of 300 to 800 nm. All transmittance measurements were compared
to graphene-free reference substrates for each sapphire crystal orienta-
tion. Topography information of the grown graphene layers on sapphire
was obtained via the Dimension Icon atomic force microscope (AFM)
from Bruker. For sheet resistance measurements, a four-point probe sys-
tem with a probe spacing of 1.27 mm from Ossila B.V. was used. The
voltage- and current-limits were set to 10.5 V and 200 mA, respectively.
Each sample was measured four times, with a rotation of 90° after each
measurement to counteract possible inhomogeneities in the graphene
layer. Surface-sensitive XPS measurements were performed with PHI 5000
VersaProbe Il from Physical Electronics. Selected area electron diffraction
(SAED) and transmission electron microscopy (TEM) imaging were car-
ried out on the JEOL F200 STEM. The microscope was operated at 200 keV.
SAED was recorded on a Gatan 4k X 4k pixel OneView 1095 camera at
a camera length of 500 mm. Diffraction patterns were recorded with 20
frames acquired at an exposure time of 0.2 seconds each and a binning
value of 1. The data was analysed using the Digital Micrograph software
(Gatan) and FlJI. The diffraction rings were manually fitted and converted
to determine the d-spacing of the graphene film. Hall effect measurements
in van der Pauw geometry were carried out to determine the carrier density
and mobility. Ti/Au (5 nm/110 nm) contacts were deposited at the sample
corners and exhibited ohmic behaviour. Measurements were conducted at
room temperature under vacuum. A constant current was applied using a
Keithley 2400 source meter, and the (Hall) voltage was measured using a
Keithley 2000 Digital Multimeter. A perpendicular magnetic field of up to
1.2 T was applied using a Bruker B-E 10 electromagnet.

Density Functional Theory Calculations: The density functional theory
calculations were performed with the projected augmented wave (PAW)
method in the framework of the vienna ab initio simulation packagel*®>°]
code, using the generalized gradient approximation for the exchange
correlation functional in the parameterization of Perdew, Burke, and
Ernzerhof.[0] For accurate structural description and adsorption energies,
the long-range van der Waals interactions using the Grimme DFT-D3 cor-
rection with Becke—Johnson damping were included.[®"2] The wave func-
tions were expanded into plane waves up to cut-off energies of 520 eV,
and a 50 meV Gaussian smearing was added. To limit the spurious inter-
actions between the simulated slabs, a 25 A vacuum in the z-direction was
applied. The positions of all atoms were fully relaxed until the forces were
below 1073 eV A~1. The adsorption energy E,4, was calculated using:

'
Eads = nc (EAIZO3:C - Enbo, — Ecn> (M

where N is the total number of adsorbed C atoms. Ep),0,.c and Ep,0,
represent the total energies of the Al,O; slab with and without adsorbed
C, respectively, while Ec represents the energy of the respective isolated
C, cluster. Thus, a negative energy represented exothermic and energeti-
cally favored adsorption. The surface energy y was calculated in the frame-
work of ab initio thermodynamics,[>' using

1
Y=o (EA|203:surface — Napar = NO”O) )
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where A is the surface area, and the factor 2 accounts for the two
surfaces in the symmetric slab model. Ep, 0, cuface i the total en-
ergy of the slab, while u, and pg represent the chemical potentials
of Al and O, respectively. In thermal and chemical equilibrium the
chemical potentials were constrained by the bulk total energy of sap-
phire En,o, buk = 2Ha + 340 P2 The O-rich limit was defined by ug =

% Eo, molecule: Whereas the Al-rich limit corresponded to the decomposi-
tion of the substrate into metallic Al and was defined by pp = Ejpyic OF

1
Ho = 3 (Eal,05, bulk = 2Hal)-

Supporting Information

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