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In recent years, graphene growth optimization has been one of the key routes towards large-scale, high-
quality graphene production. We measure in situ residual gas content during epitaxial-graphene growth
on silicon carbide (SiC) to find detrimental factors of epitaxial-graphene growth. The growth conditions in
high vacuum, in argon, purified argon, and the flow of argon are compared. The grown epitaxial graphene is
studied by Raman-scattering mapping. We determine mechanical strain, number of graphene layers and
the graphene quality. The surface topography is measured by atomic force microscopy. Charge density and
carrier mobility are studied by Hall-effect measurements in van der Pauw configuration. We identify the
major role of the chemical reaction of carbon and residual water. The rate of the reaction is lowered when
purified argon is used. We also show that, according to time-varying gas content, it is preferable to grow
graphene at higher temperatures and shorter times. Other sources of growth environment contamination are
also discussed. The reaction of residual gas and SiC is discussed as one of the factors decreasing the lateral
size of SiC atomically flat terraces and leading to their irregular shape. The importance of purified argon
and its sufficient flow rate is concluded to be important for high-quality graphene growth as it reduces the

rate of undesired chemical reactions and provides a more stable and defined growth ambient.
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I. INTRODUCTION

Epitaxial-graphene growth on SiC [1] is a scalable
fabrication method of high-quality graphene for postsilicon
electronics and optoelectronics [2,3]. Among alternative
devices, the growth technique, together with SiC wafer
preparation, stands at the beginning of the whole manu-
facturing process. It is, therefore, a key to understanding
the conditions under which reproducible high-quality
graphene can be reached [4,5]. The growth mechanisms
have been studied both theoretically and experimentally.
First-principles calculations have been done to study
graphene buffer-layer formation on SiC(0001), the diffu-
sion of carbon on SiC [6], and the stability and reactivity of
atomic steps of SiC in the initial graphene growth stage [7].
Experimental studies have been done to understand the
mechanisms of epitaxial-graphene growth on SiC(0001)
[8], SiC(0001) [9], and nonpolar SiC surfaces [10], and to
elucidate the roles of carbon diffusion [11] and silicon
sublimation [9].

It has been shown that graphene with a reduced pit
density can be grown on nominally flat SiC substrates [9]
and graphene quality can be further improved when grown
amid high argon pressure [12]. On the other hand, the
carrier mobility has been observed to decrease with
increasing argon pressure when time and temperature are
kept constant [12]. Other strategies to improve graphene
quality involve thermal decomposition of deposited

“kunc @karlov.mff.cuni.cz

2331-7019/17/8(4)/044011(12)

044011-1

polymer adsorbate, which acts as a carbon source [13].
The SiC step bunching, another issue reducing carrier
mobility in epitaxial graphene on SiC, has been solved by
amorphous carbon step pinning [14]. The thermodynamics
of stable phases that governs the onset of graphene
formation [5], oxidation [15], and other chemical reactions
[16] has been discussed, too. However, there is little to no
experimental evidence of graphene growth conditions and
composition of a residual gas inside a graphene furnace
[17]. These studies are restricted to gas-phase dynamics
during chemical-vapor-deposition graphene growth [18]
and to carbon-nanotube growth [19].

Here, we determine experimentally the residual gas
content in a furnace for epitaxial-graphene growth on
SiC. The measurements are performed in situ by a residual
gas analyzer during the entire graphene growth. We show
that the initial graphene growth is accompanied by chemi-
cal reaction of residual water and carbon. We compare the
chemistry of graphene growth in high vacuum and at low
argon pressure.

The comparison of both growth techniques demonstrates
that argon reduces the rate of water and carbon reaction.
Therefore, the amount of residual gas is smaller and the
graphene quality is higher. We discuss also the role of argon in
terms of growth temperature, time, gas purity, and gas flow.
The graphene quality is analyzed by Raman-spectroscopy
mapping, atomic force microscopy (AFM) and by Hall-
effect measurements. We compare the growth in vacuum
and in high-pressure argon in terms of strain, strain lateral
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distribution, size of the SiC crystallographic terraces, and
carrier mobility.

II. SAMPLES AND EXPERIMENTAL SETUP

The wafers of 4H-SiC were purchased from II-VI Inc. and
are diced into 3.5 x 3.5 mm? rectangles. The samples are
(500 £ 25) um thick and we use semi-insulating, high-
resistivity (10'° Qcm) vanadium-doped SiC. Graphene is
grown on the silicon face SiC(0001) with a wafer miscut of
40.6°. The wafers are chemically mechanically polished and
the surface roughness is about 0.5 nm. Diced samples are
rinsed and sonicated in acetone and isopropyl alcohol for
10 min. The semi-insulating samples are heated in a graphite
crucible by radio-frequency (1f) induction heating at 250—
270 kHz. The graphite used for fabrication of the crucible is
isostatically pressed (ISP) graphite and glassy (vitreous)
graphite. The ISP graphite has the density 1850 kg/m? and
the electrical resistivity 11 x 10~* Q cm. The glassy graphite,
purchased from Final Advanced Materials, is used as a
reference to study effect of crucible prebaking. High epitax-
ial-graphene quality was achieved with the confinement-
controlled-sublimation (CCS) technique [20]. The processing
environment is either high-vacuum 5x 10 mbar or high-
purity argon (a 6/N-purity gas vessel).

The argon is further purified to the level of 9N purity by
gas purifiers to remove residual oxygen and water. The
stainless-steel gas tubes are outgassed at a temperature of
about 200°C for 2 h prior to graphene growth to avoid
contamination by residual water and impurities from the
stainless-steel surface. The temperature is monitored by
either a type-C thermocouple or a two-color pyrometer
working at 0.95- and 1.05-ym wavelengths. The pyrometer
allows us to measure the temperature with a spatial resolution
of about 0.2 mm. The thermocouple of type C is electrically
isolated by alumina shielding. The graphite crucible is placed
inside a hot-wall reactor made of a 4-mm-thick and 250-mm-
long quartz tube. The quartz tube is opened from both sides to
allow effective gas circulation. The growth environment is
studied with a residual gas analyzer (Prisma Plus QMG 220).

CF-40 flanges are used for all connections, except that of
the adapter between the furnace and the turbomolecular-
pump and quartz-tube feedthrough. The quartz feedthrough
is made of two O rings on both sides to allow for a leak-
tight connection up to high vacuum, 1.5 x 10~% mbar, and
yet allowing easy access to the reaction chamber.

III. TEMPERATURE MEASUREMENTS

The standard furnace design for epitaxial-graphene
growth uses either a thermocouple or a pyrometer to
monitor the growth temperature. We use both methods
and compare them. The thermocouple is a cheaper method
and it measures temperature inside the graphite crucible. It
requires electrical isolation (made of alumina for high-
temperature purposes up to 2000 °C), complicating furnace
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FIG. 1. Energy-dispersive x-ray analysis of a quartz tube

coated during the thermocouple-monitored growth process.
The aluminum-oxygen mixture with a varying content of
aluminum is observed along the quartz tube.

design and introducing other elements besides carbon
and silicon (a SiC sample and a C-based crucible). We find
that the electrical shield made of alumina (polycrystalline
Al,O5) is sputtered and deposited on a relatively colder
quartz tube during the cooldown process. Energy-dispersive
x-ray spectroscopy is performed to determine the chemical
composition of the sputtered material, as shown in Fig. 1 for
three different positions along the inner part of the quartz
tube. We find the presence of an aluminum and Al,O4
mixture. Their relative ratio changes along the quartz tube.

As we use thermocouple type C, which is composed of
rhenium and tungsten, we look carefully for traces of those
metals as well. The negative result of our search leads us to
conclude that the sputtered alumina from the thermocouple
electrical shield is a source of furnace contamination,
very often seen in high-temperature graphene furnaces.
We expect the alumina traces to also contaminate the SiC
wafer and the graphene. Hence, in order to keep high
graphene quality, we propose using only remote temper-
ature sensing with a pyrometer. We also note that it is
essential to use a two-color ratio pyrometer to avoid
temperature misreading due to the possible contamination
of the furnace quartz windows. Contamination leads to a
decreased light intensity and to the lower effective temper-
ature determined by a one-color pyrometer.

IV. GRAPHITE CRUCIBLE

We study here the effect of gas adsorption in a graphite
crucible. The commonly used ISP graphite and glassy
graphite crucibles are compared. The major issue with ISP
graphite is its high porosity and its permeability to gases.
The high permeability leads to undesired contamination by
air when the samples are exchanged or the graphite crucible
is stored at ambient conditions for a longer time (on the
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FIG. 2. Mass spectra with an M /z ratio ranging from 12 to 14.
The residual gas spectra measured in the furnace before (the red
solid, dashed, and dotted lines) and after (the black solid, dashed,
and dotted lines) graphene growth at 1550°C for 30 min. The
prebaking at 800°C for 10 min and at 1000°C for 10 min is
performed prior to graphene growth. The growth atmosphere is
studied for the case of high vacuum at 5 x 107° mbar using a
graphite crucible (the solid lines), low-pressure 9N-purity argon
at 5 x 107° mbar (the dotted lines), and, at high vacuum of
5x 107 —10~* mbar using an unbaked glassy graphite crucible
(the dashed lines). The base pressure is 1.5 x 107¢ mbar prior to
rf heating in all cases.

order of hours or longer). A glassy graphite is impermeable
to gases; hence, it is more convenient to keep the furnace
environment clear of air residual gases. The residual gas
stored in ISP graphite is removed within the first two
prebaked graphene growth stages. The pressure usually
grows from 1.5 x 107® mbar to 1.5 x 10~ mbar or more
if the crucible is not well baked. The well-baked crucible
exhibits a small rise of the residual gas pressure of
less than 1 order of magnitude, typically 1.5 x 10~% mbar
to 1.5 x 107> mbar.

Unlike ISP graphite, glassy graphite is impermeable to
gases, and the prebaking removes surface absorbants only.
The glassy carbon crucible is less susceptible to long
exposure to air; however, its prebaking at a temperature
much higher than the growth temperature is also necessary,
as shown in Fig. 2. The well-baked graphite crucible
exhibits comparable strength of peaks at M/z = 12 (car-
bon) and 14 (nitrogen), which is also the signature of a
leak-tight vacuum chamber. The unbaked glassy graphite
exhibits more than the 2x-stronger nitrogen peak which is
supposed to come from a glassy graphite surface. We use a
peak at M /z = 14 instead of M /z = 28 because the latter
overlaps with carbon monoxide.

V. GROWTH ATMOSPHERE

The general growth process consists of three stages. The
prebaking stage (I), depicted in Fig. 3, is used for crucible
outgassing at 800°C for 10 min. The second prebaking
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FIG. 3. Residual gas composition during graphene growth at

high vacuum of 5 x 107% mbar using (a) graphite crucible,
(b) low-pressure 9N-purity argon at 5 x 107 mbar and at high
vacuum of 5 x 10™ — 10™* mbar using (c) an unbaked glassy
graphite crucible. The three growth stages are marked as follows:
(T) preannealing at 800 °C for 10 min, (IT) preannealing at 1000 °C
for 10 min, and (III) graphene growth at 1550°C for 30 min.
Temporal evolution is shown for the major growth environment
components; nitrogen or carbon monoxide (the black solid line),
carbon dioxide (the red solid line), argon (the green solid line),
oxygen (the blue solid line), water (the magenta solid line),
nitrogen monoxide (the black dashed line), hydrogen (the red
dashed line), a —OH fragment (the green dashed line), and a —CH
fragment (the magenta dashed line).

stage (II), 1000 °C-1100°C for 10 min, is used to decom-
pose a native oxide layer on a SiC wafer. The graphene
growth stage (III) is performed at temperatures of
1400°C — 2000 °C at time periods ranging from minutes
to hours. Figure 3 depicts the relative content of the growth
ambient in all three growth stages for the case of growth
in high vacuum [Fig. 3(a)] under continuous vacuum pump-
ing by a turbomolecular pump, low pressure argon [Fig. 3(b)]
under continuous pumping, and limited argon leaking and
growth in high vacuum using a glassy graphite crucible
[Fig. 3(c)]. The graphene growth stage (III) is limited to
30 min to show longtime evolution of the growth ambient.

A change of relative content is caused by a different
pumping rate (e.g., slow hydrogen pumping), outgassing
from the vacuum-chamber walls (mainly water), and chemi-
cal reactions. We identify that oxidizing reactions appear at
every temperature rise [from step (I) to (II) and from step (1)
to (IID], resulting in reductions of both the relative and the
absolute amount of oxygen. These reactions are, however,
negligible for the very small amount of oxygen in the
chamber.
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FIG. 4. The ion current for M/z ratios equal to 2, 12, 14, 17, 18,
28, 32, and 44 in the first 10 min of graphene growth at 1500 °C at
(a),(d) high vacuum of 1 to 2 x 10~ mbar and total pressure and
temperature shown in (f). The M/z ion current is compared with
low argon pressure growth at 1.1 x 107 mbar (9N purity) in (b),
(c),(e), and the corresponding pressure and temperature time
evolution is shown in (g).

The major identified reaction is a reaction of two major
components in the furnace, carbon and water. We discuss
this process in detail here. The epitaxial graphene can be
grown quickly (2-5 min) at higher temperatures, or slowly
(20-90 min) at lower temperatures. We find that 1430°C
for 20 min is equivalent to 1500 °C for 5 min in the amount
of grown graphene. They are, however, not equivalent in
the growth conditions concerning the growth environment.
We discuss here the differences between the two regimes.
The main issue is the content of water and carbon
monoxide, as shown in Fig. 4 at the beginning of graphene
growth. The water content is about 10%—-15% for times
shorter than 5 min, but it then grows steadily and com-
pletely dominates the growth atmosphere at times longer
than 30 min. Detailed analysis of the growth ambient in
high vacuum, Figs. 4(a), 4(d), and 4(f), shows a sharp total
pressure rise accompanied by a sharp rise of ion current by
8x 107 A at M/z = 28.

Similarly, the ion current increases at masses M/z = 44
by 0.6 x10™° A and M/z=12 by 025x 102 A. A
significant rise of hydrogen—by the amount of

6 x 107 A—is also present. The water ion current is
unchanged within the first 60 s of growth stage (III). A
step rise of ion current is expected instead due to the step
rise of temperature and the consequent step rise of mean
velocity of the ions. The lack of such an ion step rise of
water can be attributed to the reduction of the total amount of
water in the chamber. The rise of M/z = 28 by 8 x 10™° A
is attributed to CO. The rise of CO is confirmed by the rise of
ion currentat M /z = 12by 0.25 x 10™° A, which is 3% (the
expected CO contribution is 5%) of the majorion current rise
at M /z = 28. The minor ion current peak at M/z = 14 of
0.05 x 107 A (0.6% of M /z = 28; the expected CO con-
tribution is 1%) is also attributed to CO.

We conclude that there is no absolute change of nitrogen
(M/z = 28, 14), and all content changes can be explained
by increasing the amount of CO and adding a similar
amount of hydrogen. The shift of the hydrogen peak
towards longer times is caused by a slower pumping of
hydrogen than of CO, water, or other heavier ions. The ion-
current rise at mass M/z = 44 of 0.6 x 10™° A is due to the
carbon dioxide (CO,). Therefore, the dynamics of the
growth ambient is dominated by the chemical reaction

C(s) +H,0(g) = CO(g) + Hy(g) +7.5%[CO,(g) + CH,].
(1)

The major chemical reaction given by Eq. (1) is observed
mainly on the short time scale below 30 s after each
temperature step rise. The time scale between 30 and 100 s
is dominated by pumping the products of Eq. (1) out of the
furnace.

The long time scale above 2 min is dominated by both
pumping of the residual gas and water outgassing from the
stainless-steel furnace walls. This behavior is observed in
both high-vacuum and low-pressure argon, and also in the
case of a glassy graphite crucible in high vacuum, as shown
in Fig. 3. The content changes only slowly for longer times
(>60 s); however, water slowly becomes the dominant gas.
The water source is at the surface of stainless-steel furnace
walls. The main issue is that it can promote a reaction with
carbon (1) even more, hence creating defects in a graphene
layer. Therefore, it is preferential to grow graphene at
higher temperatures for shorter times.

As the residual gas analysis has shown that it is more
preferable to grow graphene at higher temperatures and
shorter times, we grow single-layer graphene between
1500°C and 1550°C for 5 min in high vacuum,
5 x 1072 x 10> mbar. The 1500 °C for 5 min of growth
seems to result in a patchy graphene with about 20%—-40%
of a buffer layer. The single-layer graphene is proven by
Raman spectroscopy and discussed later. There are already
signatures of bilayers at the higher temperature of 1550 °C
for 5 min.

Growth in 800-1050 mbar of argon is approximately
30°C-50°C, shifted towards higher temperatures with
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FIG.5. A diagram of the growth environment purity as a function

of total argon pressure in the furnace. The case of 6N-pure argon is
plotted with dashed lines, and the case of 9N purity (purified from
6N) is plotted with solid lines. The final gas purity is calculated
for four different background pressures, as shown by the labels
1073 mbar, 10~* mbar, 10~ mbar, and 107® mbar in the diagram.

respect to growth in high vacuum. The buffer grows at about
1410°C-1430°C in high vacuum and at about 1450°C at
800-1050 mbar of argon pressure. The growth is always done
in the same graphite crucible with a hole 1 mm in diameter and
10 mm long. Argon acting on graphene growth is twofold.
First, it is equivalent to the CCS method, where the lowered
silicon sublimation is due to the small volume in a nearly
closed graphite crucible. Second, argon pressure acts as an
inhibitor for water outgassing, identified earlier as the major
source of residual gas and a potential cause of defect
formation in epitaxial graphene.

We note that high-purity argon is necessary in order to
obtain an overall purity of growth conditions comparable
to those in high vacuum at 1 x 10~ mbar. An equivalent
purity of argon gas for graphene growth at 1000 mbar is 8N
(equal to 1000 mbar/10™> mbar). A lower argon purity
results in a higher relative content of residual gas, which
leads to a higher total amount of, mainly, water at 1000 mbar
of argon pressure growth [the total amount of water is
discussed with respect to the total amount of water at high
vacuum (107 mbar) growth].

Besides the gas purity, the background outgassing in
the furnace also has to be taken into account. A typical

water background pressure in an unbaked furnace is
1076 — 107 mbar. If the background water pressure is
higher, the overall argon purity in the furnace will be lower
even with gas purifiers, as is described in Fig. 5. Figure 5
demonstrates the overall gas purity as a function of the total
argon pressure for 2 degrees of argon purity. The solid
(dashed) lines depict the total argon purity as a function of
the total argon pressure for an inlet of 9N-(6N-) pure argon.
The total gas purity cannot be higher than the inlet gas purity;
therefore, all curves saturate at the value of inlet gas purity
9N (the solid lines) and 6N (the dashed lines). Figure 5 also
shows the influence of four different background impurity
pressures. The background impurity pressure is detrimental
at low total argon pressures; therefore, it is expected that
higher-quality graphene will be grown at higher argon
pressures, as has been shown in the literature [12].

A further reduction of water outgassing could be done
with a growth in argon flow. The graphene quality should
be independent on the flow rate as long as the flow rate is
much higher than the outgassing rate. Another important
role of argon is the reduction of water and carbon reaction
by a factor of 3 [as can be seen in Figs. 4(c), 4(e), and 4(g)]
compared to the growth in high vacuum [Figures 4(a), 4(d),
and 4(f)]. It can be assumed that the reaction rate will be
reduced even further at higher argon pressure.

VI. SAMPLE CHARACTERIZATION

We compare six epitaxial-graphene samples grown in
high vacuum (1550 °C for 5 min) at 10~ mbar, in 9N-pure
argon at 800 mbar (1600°C for 5 min), in 6N argon at
800 mbar (1600 °C for 5 min), a sample grown in 9N argon
and later annealed in high vacuum at 10> mbar for 5 min,
a sample grown in 50-SLPH flow of 9N argon, and, finally,
a sample that is first etched in 20 SLPH of 9N hydrogen at
1350 °C for 20 min and on which graphene is later grown in
50 SLPH of 9N argon at 1600 °C for 5 min. Each graphene
growth time is 5 min. As the graphene Raman spectrum is
merged with the SiC Raman spectrum, we decompose all
spectra by non-negative matrix factorization (NMF), which
we have described elsewhere [21].

We measure 3 x 3 um? maps of Raman spectra with a
step of 100 nm. Integration time is 2 s. We use a confocal
microscope with a 100x-magnification microscope objec-
tive and numerical aperture NA = 0.9. The excitation laser
wavelength is 532 nm, and the laser power on the sample
surface is 5 mW. The measured spectra are organized into a
matrix, and ten bare SiC spectra are added to facilitate
removal of the SiC signal by NMF.

The Raman spectra are decomposed into three compo-
nents for all samples. The first component is the SiC
substrate, the second component is single-layer graphene,
and the third component is bilayer graphene ribbons at the
step edges, a buffer, or a mixture of a single layer and a
bilayer. An example of a decomposed Ramana spectrum is
shown in Fig. 6. The experimental data (the black curve) are
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FIG. 6. An example of the measured Raman spectrum (the
black curve) in the vicinity of (a) the D and G peak and (b) the 2D
peak. The measured spectra are decomposed into the spectrum of
SiC (the blue curve), graphene (the red curve), and the decom-
posed spectra are summed again (the green curve) to verify the
quality of the decomposition.

compared with two NMF components (the blue and red
curves), and these components are summed with the
corresponding weights (the green curve) to verify the quality
of the decomposition. The following analysis of Raman
maps is performed selectively on the areas with a single
layer. The number of graphene layers has been determined
by several authors [22] from the ratio of the integrated 2D
peak I, and the integrated G peak intensity /. This ratio is
N = 1,,/1; =2 for single-layer graphene, N' =1 for a
bilayer, and N’ < 1 for more than two graphene layers.
We note that this relation is the most disputable, and it is
valid only in the limit of a few graphene layers. It cannot be
used, e.g., for determining the number of graphene layers of
multilayer graphene on the C face of SiC. Our graphene
samples are grown at about 50 °C above the lowest graph-
itization temperature for 5 min, and graphene is always
grown on the Si face of SiC; therefore, we are in the limit of
one to two layers, and this method can be used to determine
the number of graphene layers. The narrow 2D peak [full
width at half maximum (FWHM) below 40 cm™!] is also a
fingerprint of single-layer graphene [23]. The intensities,
positions of peak maxima, and FWHMs of the D, G, and 2D
peaks are summarized in Table I. The integrated intensities
are calculated from the spectral intervals 1260-1450 cm™'
for the D peak, 1535-1650 cm~! for the G peak, and

TABLE I.
and FWHM,, of the 2D, G, and D peaks.

2600-2850 cm™! for the 2D peak. The linear background
is subtracted prior to integration.

We compare the single-layer graphene Raman spectra of
all samples in Fig. 7. The spectrum energetically below
the G peak consists of a three-component signal from the
buffer (the peaks labeled By, B,, B3), as indicated by the
magenta curve in Fig. 7(a), and it consists also of a series of
narrow and weaker peaks, labeled D;—D; in Fig. 7(a).
Similar spectra have also been observed in epitaxial-
graphene samples after subtracting the SiC background
signal [24]. All peaks are related to the Raman signal from
the 1-um-thick surface layer in our confocal microscope.
The peak D, at 1330 cm™! can be attributed to the D peak
in epitaxial graphene (carbon-carbon vibration in the
nearest vicinity of the defect). The peaks D, and D, can be
attributed to the carbon-carbon (C-C) vibration in the
nearest-neighbor and next-nearest C-C pair neighbor of
the defect site [25]. Peaks D5, Dg, and D5 can be related
to the buffer layer. The origin of the D peak is currently
unknown. The ratio of the D-to-G peak integrated
intensity cannot be determined due to the buffer-layer
Raman signal.

The relative intensity of the three buffer-related peaks
(B, By, and Bj) is different between the samples with a
buffer only and samples with single-layer graphene (gra-
phene and buffer), as can be seen in Fig. 7. For this reason,
it is not possible to simply subtract the buffer-layer signal
from the graphene signal. Hence, we compare the quality of
different graphene samples by examining the 2D peak-
position distribution and the FWHM of the 2D peak. The
2D peak position corresponds to mechanical strain and
the FWHM has been correlated to the graphene quality by
other authors [26]. The statistical distribution of the 2D
peak position is shown in Fig. 8.

The first three samples show small differences in the
mean 2D peak position and its variance. However, the
reannealed sample, Fig. 8(d) shows an inhomogeneous
distribution of the 2D peak position. This distribution
shows on large variations of strain across the sample.
We determine the mechanical strain €,

Wrp — Wrp o
=2 _ang, @
2w,p 072D

The integrated intensities /,p, I, and I, the peak positions w,p, @g, and wp, and the spectral widths FWHM,,,, FWHM

Lp Wap FWHM, ), Is g FWHMg Ip wp FWHM,,
Sample (arb. units) (cm™') (cm™") (arb. units) (cm™") (cm™") (arb. units) (cm™!) (cm™) € (%)
Ar ON 13.8 2706.1 33.6 8.3 1595.4 12.1 4.0 1356.2 85.1 0.19
vacuum 12.7 2708.3 35.7 9.5 1600.3 17.0 5.2 1356.2 90.2 0.21
Ar 6N 13.2 2710.5 35.7 8.0 1602.9 14.6 4.3 1358.8 92.7 0.22
Ar 9N + vacuum 15.6 2700.0 39.9 9.0 1598.0 194 3.6 1351.3 92.7 0.15-0.33
Ar 9N, flow 12.5 2723.1 35.6 8.0 1607.7 14.6 4.8 1368.9 70.1 0.31
H, + Ar 9N, flow  14.7 2701.9 294 7.1 1590.5 14.6 32 1351.2 52.7 0.17
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FIG. 7. Comparison of the decomposed spectra related to the
graphene in the vicinity of the (a) D and G peak and (b) 2D peak.
The four methods of epitaxial-graphene growth are compared.
Growth in 9N argon at 800 mbar (the red curve), growth in high
vacuum (the black curve), growth in 6N argon (the green curve),
and growth in 9N argon with a subsequent annealing in high
vacuum (the blue curve). All spectra are normalized by the
maximal value of the G peak.

given by the measured position of the 2D peak w,p, the
position of the 2D peak at zero strain w,p o = 2677 cm™!,
and the Griineisen parameter for the 2D peak y,p = 2.8 [27].
The effects of charge density on the position of the 2D

200 300
(a) 9N Ar Ar+vacuum
150
200
100
100
50
0 0
100 t(C) vacuum (d) 9N Arflow
80 150
v
5% 100
O 40
50
20
0 0
(e) 6N Ar ) H, +
150 300 9N Ar flow
100 200
50 100

0 0
2690 2700 2710 2720 2730 2690 2700 2710 2720 2730
2D peak position (cm"1)

FIG. 8. Statistics of the 2D peak position of graphene grown by
four different methods. (a) Growth in static ambient of 9N argon
at 1000 mbar. (b) Growth in static ambient of 9N argon with a
subsequent annealing in high vacuum. (c) Growth in high
vacuum. (d) Growth in 50 SLPH of 9N argon at 1000 mbar.
(e) Growth in static ambient of 6N argon. (f) Samples etched in
20 SLPH of 9N hydrogen prior to growth and graphene was
grown in 50 SLPH of 9N argon.

peak are negligible [28]. Strain spans € = 0.15%—0.33%,
depending on growth conditions, as can be seen in Table I.
The expected strain €peory = (1300 g —6v/3aysic/13a06) =
0.19% is determined from graphene (ay g = 2.462 A) [29]
and SiC (agsic = 3.073 A) lattice constants at 300 K
assuming a 61/3 x 64/3R30° SiC-graphene supercell [30]
containing 13 graphene unit cells and a mutual rotation of
the graphene and SiC lattices by 30°. The expected strain is
observed in samples grown in 9N argon. Samples grown in
high vacuum or 6N argon show higher strain (0.21% to
0.22%). The reannealed sample shows a wide distribution of
strain ranging from 0.15% to 0.33%.

(a) Vacuum (b) 9N Ar + vacuum

z (nm)

X (um)

(d) 9N Ar, flow

z (nm)

0 5 10 15 20
X (pm)
) H2 etch, 9N Ar, flow

10 15 20

X (pm)

FIG. 9. Atomic force microscopy of graphene grown in (a) high
vacuum, (b) 9N argon with additional annealing in high vacuum,
(c) 6N argon, (d) 50 SLPH of 9N argon, (e) static ambient of 9N
argon, and (f) Samples etched in 20 SLPH of 9N hydrogen prior
to growth and graphene was grown in 50 SLPH of 9N argon.
Height profiles are shown below each AFM image, and the
positions of the profile cuts are marked by blue dashed lines. The
inset in (f) displays an enlargement of the wide terrace.
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FIG. 10. Histograms of the terrace sizes in samples grown in
(a) high vacuum, (b) 9N argon with additional annealing in high
vacuum, (c¢) 6N argon, (d) 50 SLPH of 9N argon, (e) a static
ambient of 9N argon, and (f) H, etched samples (20 SLPH of
hydrogen) and graphene grown in 50 SLPH of 9N argon. The
histograms in (f) show distributions of both large and 1-nm-high
terraces (the black histogram) and 2.5-A shallow terraces (the red
histogram).

The graphene grown in 50 SLPH of 9N argon, however,
shows high uniform strain of about 0.31%. The most
relaxed strain is observed in graphene grown on a hydro-
gen-etched sample and subsequently grown in 50 SLPH of
9N argon.

We measure AFM in a contact mode using a cantilever
with a stiffness of 0.5 N/m. The results are summarized in
Fig. 9, where the typical morphology of all samples is
shown after graphene growth. The height profiles are also
shown along selected lines. The samples grown in high
vacuum exhibit a small size of SiC terraces below 1 um,
and the step height is below 2 nm. Similar terrace sizes are
observed after growth in 6N argon. Here, we observe
(1.5-8)-nm-deep pits. The terrace size is increased locally
up to 2 um when graphene is grown in 9N argon and the
step height is between 2.5 A and 2 nm. The step height of
2.5 A corresponds to the height of the SiC bilayer (which
comprises one layer of carbon and one layer of silicon).

We demonstrate the effect of SiC etching by residual gas
(with mainly water as the dominant residual gas) in the
sample grown first in 9N argon and later reannealed in high
vacuum. The grain size is again reduced below 1 pm, which
is comparable to the terrace size in vacuum-grown gra-
phene. Pit formation is not observed in this sample. The
widest terraces in the range of 5 to 20 ym is observed in
the samples grown in 50-SLPH flow of 9N argon, where
the step height is below 1 nm.

We reach the most regular surface when samples are
hydrogen etched prior to the growth in 50 SLPH of 9N
argon. The wide terraces are accompanied by two types of
steps. The steps at the edge of wide terraces are 1 nm high,
which corresponds to four SiC bilayers, each being 2.5 A
high. We note that we use 4H-SiC. The second kind of step
is found occasionally within a large terrace. These steps
are 2.5 A high; see the inset of Fig. 9(f). The statistics of
all observed terrace sizes are shown in the histograms in
Fig. 10.

We measure the Hall effect to determine charge
density and carrier mobility. The room-temperature
measurements are performed in a magnetic field of up to
£0.35 T in the van der Pauw configuration. A dc source is
used (/ = 1 uA), and all combinations of current directions
and voltages are measured to determine the specific
resistance and Hall coefficient. Typical transport coeffi-
cients are shown in Table II.

TABLE II. Transport properties of epitaxial graphene grown in high vacuum, 5 x 107 — 10™ mbar; an 800-mbar, 6N-argon
atmosphere; an 800-mbar, 9N-argon atmosphere; and an 800-mbar, 9N-argon atmosphere, with subsequent annealing in vacuum, in 50
SLPH of 9N argon and in 50 SLPH of 9N argon with prior etching in H,. The typical values are presented for specific two-dimensional
resistivity (resistance per square) R, Hall coefficient Ry, apparent carrier density 1/eRy, and apparent carrier mobility Ry /Rp.

RD RH 1/€RH RH/RD
(Q/0) (Q/T) (102 cm™?) (cm?V-1s™h

high vacuum 2400 £ 100 -96 +4 —-6.5+0.5 390 £ 20
6N Ar 6970 £ 200 -31+£5 -20+03 4 +7
9N Ar, no flow 1150 + 50 =78 £ 10 -8.0+1.0 690 + 80
9N Ar, no flow, annealed in vacuum 2920 + 150 —240 4+ 30 -2.6+03 820 £ 100
9N Ar, 50 SLPH 2150 + 100 —168 + 15 -374+03 780 + 80
9N Ar, 50 SLPH, H, etching 3510 + 180 —340 + 40 -1.84+0.2 980 + 120
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We observe 2 x-lower specific resistance and 1.8 x-higher
apparent carrier mobility in argon-grown graphene. A fur-
ther increase of carrier mobility from 690+ 80 to 780 +
80 cm? V~! 57! is reached in 50 SLPH of 9N argon. If the
SiC wafer is etched in hydrogen (5%H,/95%Ar at
1000 mbar, 1700°C for 5 min) prior to growth in 50-SLPH
9N argon, the mobility increases by 25% to 980 cm? V=1 s7!
The 9N-argon-grown sample annealed later in vacuum
shows higher mobility than the graphene grown only in 9N
argon. This result is partially in contradiction with smaller
SiC terraces measured by AFM. The reason for higher
mobility lies in the inequivalent growth conditions.

The annealing in vacuum is performed at 1550°C for
5 min. It is necessary to keep the same etching rate of SiC
by residual water as in the case of growth in vacuum only.
However, since 1550°C for 5 min is a graphene growth
temperature in vacuum and graphene is already present on
the sample after the growth in 9N argon, we observe two
effects after annealing. First, the residual water etches SiC
and forms small crystallographic terraces. Second, the
single-layer graphene becomes overgrown, thus forming
larger areas with bilayer graphene, as can be noticed in a
Raman spectrum as a broader 2D peak [Table I]. We note
that all samples show a small negative Hall coefficient Ry
ranging from —31 to —168 Q/T, indicating n-type doping
on the order of 10'? cm=2,

VII. DISCUSSION

The results of Raman scattering, AFM, and Hall-effect
measurements show that graphene grown in ultrapure argon
at 800 mbar is of higher quality than graphene grown in
high vacuum or 6N argon. The growth in high vacuum or
6N argon leads to smaller SiC terraces, even if the growth
conditions are well optimized by high-temperature bakeout
of all three major parts of the graphene furnace (gas inlet
pipes, main body of the furnace and graphite crucible). A
key issue in graphene growth is the presence of water and
water outgassing from stainless-steel surfaces. We observe
a chemical reaction of water and solid-state carbon at all
stages of graphene growth. This reaction is important
within the first minute of each graphene growth step. It
becomes important again when graphene is grown for times
greater than 20-30 min. This water desorption is caused by
the gradual furnace warm-up and the consequent water
outgassing from previously colder furnace parts.

As we do not know the origin of carbon, we assume that
the main source is a graphite crucible for a time scale below
60 s at the beginning of each growth step. However, as
graphene grows, the carbon source can be also graphene
itself. The experimental proof of such reaction with
graphene requires us to distinguish between a reaction of
carbon with water and an etching of SiC. The SiC wafer can
be etched by water [31],

SiC + 3H,0(g) — SiO, + CO(g) + 3H,(g),  (3)

at T > 1127 °C. The reaction of residual water with SiC in
high vacuum has been extensively studied [31] and it is
now well established that this reaction leads to a rough SiC
surface. SiC can also react with carbon monoxide [32],

SiC + CO(g) — SiO(g) + 2C(s), (4)
or hydrogen [33],
SiC + 4H, — SiH, + CHy, (5)
at the ideal crystal-lattice sites, or it can react as
2SiC + 5H, — 2SiH, + C,H,, (6)

at lattice defects.

As our measurements indicate, the content of CO, H,O,
and H, varies within 10%-20% in high vacuum and the
content of hydrogen is reduced to 1% in argon, while the
content of CO(g) and H,O is lowered to 10% or below.
The lowered amount of residual gases in ambient argon
correlates with better SiC surface morphology. The high-
vacuum-grown samples exhibit smaller SiC terrace widths
below 1 ym and irregular meandering. We reach wider SiC
steps up to 2 um in 9N argon, and the step width increases
to 20 ym when we grow graphene in a 50-SLPH flow of 9N
argon. Therefore, we assume that reaction of residual gas
with either SiC or graphene can be a reason for lower
sample quality.

We note that the sensitivity of our RGA does not allow us
to observe the amount of a residual gas which is expected
to be observed in any reaction where a SiC wafer of the
size 3.5 x 3.5 x 0.5 mm? is involved. The reactions with a
graphite crucible provide much higher amounts of gaseous
product because of its larger volume and larger geometrical
area, and also due to the porosity of graphite, which greatly
increases the effective surface area. For this reason, we are
currently unable to determine which of the above-discussed
reactions with SiC or graphene is dominant.

However, we can conclude that, based on the content
of residual gas, it is preferable to grow graphene at rather
high temperatures and short times in order to reduce the
amount of time that SiC or graphene is irregularly etched. A
disadvantage of a short growth time is that there is no
temporally stable growth-atmosphere content. Moreover, it
differs slightly from one sample to another. Both hydrogen
and carbon monoxide are produced in a reaction of carbon
and water; hence, the reduction of water seems to be a good
candidate for improving SiC step formation. Hydrogen is
also present as a residual gas in high-vacuum furnaces. An
uncontrolled content of water and hydrogen is therefore
undesirable during graphene growth.

The growth in argon is shown to lead to more stable
growth-atmosphere content, with a small rate of carbon and

044011-9



J. KUNC et al.

PHYS. REV. APPLIED 8, 044011 (2017)

water reactions and also a smaller amount of residual gases
(CO, H,0, and H,) capable of etching SiC. The high argon
pressure reduces both the water outgassing and the mean
free path of water molecules. The shorter mean free path can
be used to restrict water transport towards grown graphene
when growth is performed in argon flow, as we demonstrate
experimentally through SiC atomically flat terraces in the
range of 3-20 um. Argon acts as a carrier gas when growth is
performed in a nonstatic ambient. The flow rate is not
supposed to improve the overall amount of residual gas
because the residual gas is homogeneously spread within the
furnace volume. However, argon carrier gas continuously
removes any remaining outgassed water, and it also removes
products of any remaining reactions of the residual gas with
a graphite crucible, a SiC wafer, or graphene. We also point
out thatitis essential to use ultrapure argon (8N or 9N) at the
furnace inlet. A common 6N argon at 1000 mbar is, in terms
of the total amount of residual gas, equivalent to vacuum
growth at 1073 mbar (if background outgassing leads to
lower or equal pressure). Therefore, growth in 6N argon at
1000 mbar will lead to smaller SiC terraces than are found in
vacuum-grown samples, as we demonstrate experimentally
by AFM in this work.

Air permeability of graphite brings constrictions on a
crucible storage. The nitrogen and water is absorbed into
the crucible after a longer exposure to air. It is, therefore,
suggested to store ISP graphite in vacuum or in an inert gas.
Glassy graphite is impermeable to air components; however,
the surface absorbants still lead to higher desorption when a
glassy graphite crucible is heated to growth temperatures.

Raman spectroscopy has proven to be a versatile tool to
determine most of the basic graphene properties, such as
mechanical strain and the number of graphene layers. The
relative strength of the SiC Raman spectrum and the
intensity of the graphene spectrum (particularly the inten-
sity of the G peak) has been used to determine the number
of graphene layers by certain authors [34]. We point out
that this method can be calibrated (intensity ratio to the
number of layers) to only a given experimental setup, and it
is not transferable. The reason for this limitation is mainly
due to different microscope objective numerical apertures
(NAs). We demonstrate the effect of a numerical aperture
in Fig. 11.

The small NA objectives probe the signal deeper into
bulk crystal, even if it is focused properly on a surface
graphene layer. As a result, the relative intensity of
graphene to the SiC bulk spectrum will be smaller than
the ratio determined from Raman spectra measured with a
high-NA objective. A similar issue comes up in a grain-size
determination from the ratio of D-to-G peak intensity. If a
low-NA objective is used (the green curve in Fig. 11), the
graphene signal is weak relative to the SiC signal and the D
peak can seem to be negligible with respect to the SiC [35].
The small D peak is then mistakenly identified as a
signature of high-quality graphene.
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FIG. 11. Raman spectra measured by three microscope objec-
tives with numerical apertures 0.4, 0.55, and 0.9. (Inset) Ratio
of the Raman signal to graphene and SiC measured (circles) by
microscope objectives with numerical apertures 0.4, 0.55, and
0.9. The measured ratios R = I;/Is;c are compared with the
expected trend (the solid red curve) given by Eq. (8).

The quantitative estimate of the ratio of the Raman signal
from graphene /; and SiC [g;c can be made assuming a
Gaussian laser beam focused by microscope objective, and
also assuming a confocal microscope setup. The volume
of the sample excited by a laser beam and probed by a
confocal microscope is

20 W(Z) 2n
V= / / / rdrdedz, (7)
o Jo 0

where the z axis is chosen along the laser beam, we assume
there is a focused microscope objective (the sample at
z=0), W(z) is the z-dependent width of the Gaussian
beam, r and ¢ are the radial distance and the angle of
the cylindrical coordinate system, and we integrate only
over the confocal depth (z =0 to zj, z is the Rayleigh
parameter of the Gaussian beam). The excited and probed
volume is then V =3zWjzy (W, is a half-width of the
Gaussian beam waist). The probed volume of the graphene
layer is Vi = nW3t, where 7 is the graphene thickness.
The half-width of the Gaussian beam W, can be related
to the numerical aperture of the objective NA by
Wy = A/[rarcsin(NA)], where 1 is the wavelength of
the excitation laser. The ratio of the graphene-to-SiC

signals R =1g5/Isic =1t/zp and, using the relation
70 = aW3/4, we get
1 t
26 resin? (NA). (8)
Isic
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The relative intensity of the Raman signal from graphene
increases when a higher NA objective is used. This effect is
also demonstrated in Fig. 11.

We use three objectives, with NAs 0.4, 0.55, and 0.9, and
measure Raman spectra from one spot on the sample. The
ratio R = I;/Igc follows the expected trend given by
Eq. (8); see the inset in Fig. 11. The measured scaling does
not follow exactly the dependence arcsin’NA due to
factors not included in our simple estimate as abberations
of the objective or the aperture diameter of the confocal
microscope. The small shifts of the G and 2D peaks can be
caused by a slightly different position on the sample and
also by a differing laser spot size, which scales also with
the NA.

VIII. CONCLUSION

In this paper, we analyze experimentally the graphene
growth environment and its influence on graphene quality.
Residual gas analysis shows the important role of a water
reaction with carbon in a high-vacuum growth ambient. We
explore the reduced role of the residual gas in 9N-pure
argon and we compare high-vacuum and argon-grown
graphene. The gas purity and the gas flow are shown to
be detrimental factors for high-quality graphene for elec-
tronic applications. The mechanical strain, the strain lateral
distribution, and the number of graphene layers is deter-
mined from Raman-spectroscopy mapping. The SiC mor-
phology is measured by AFM and the electronic quality of
grown graphene is confirmed by Hall-effect measurements
in the van der Pauw configuration. Raman-scattering
spectroscopy, AFM, and Hall-effect measurements proof
that the highest graphene quality is grown in a flow of high-
purity argon due to the reduced rates of residual gas
reactions.
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